
 

5 July 2012
ISSN 1992-2248 
DOI: 10.5897/SRE
www.academicjournals.org 
  

OPEN ACCESS

Scientific Research and Essays



About SRE 

 

Scientific Research and Essays (SRE) is a peer reviewed open access journal with the objective of 

publishing quality research articles in science, medicine, agriculture and engineering such as 

Nanotechnology, Climate Change and Global Warming, Air Pollution Management and Electronics etc. 

 

SRE has an h5-index of 12 on Google Scholar Metrics 

  

Indexing 

Scientific Research and Essays is indexed in: Abstracts on Hygiene and Communicable Diseases 

AgBiotech News and Information, Agricultural Engineering Abstracts, Agroforestry Abstracts, 
Animal Breeding Abstracts, Animal Production Database, Biocontrol News and Information 

Biofuels Abstracts, Botanical Pesticides, CAB Abstracts, CABI's Environmental Impact 
Chemical Abstracts (CAS Source Index), Crop Physiology Abstracts, Crop Science Database 

Dairy Science Abstracts, Field Crop Abstracts, Forest Products Abstracts 

Forest Science Database, Forestry Abstracts, Google Scholar, Grasslands and Forage Abstracts 

Helminthological Abstracts, Horticultural Science Abstracts, Irrigation and Drainage Abstracts 

Leisure, Recreation and Tourism Abstracts, Maize Abstracts, Matrix of Information for The 
Analysis of Journals (MIAR), Microsoft Academic, Nematological Abstracts. 
 

 

Open Access Policy 

Open Access is a publication model that enables the dissemination of research articles to the global 

community without restriction through the internet. All articles published under open access can be 

accessed by anyone with internet connection. 

 

The Scientific Research and Essays is an Open Access journal. Abstracts and full texts of all articles 

published in this journal are freely accessible to everyone immediately after publication without any form of 

restriction. 

  

Article License 

All articles published by Scientific Research and Essays are licensed under the Creative Commons 

Attribution 4.0 International License. This permits anyone to copy, redistribute, remix, transmit and adapt 

the work provided the original work and source is appropriately cited. Citation should include the article 

DOI. The article license is displayed on the abstract page the following statement: 

  

This article is published under the terms of the Creative Commons Attribution License 4.0 Please refer 

to https://creativecommons.org/licenses/by/4.0/legalcode for details about Creative Commons Attribution 

License 4.0 

  

http://www.cabi.org/publishing-products/online-information-resources/agbiotech-news-and-information/
http://www.cabi.org/publishing-products/online-information-resources/agricultural-engineering-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/agroforestry-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/animal-breeding-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/animal-production-database/
http://www.cabi.org/publishing-products/online-information-resources/biocontrol-news-and-information/
http://www.cabi.org/publishing-products/online-information-resources/biofuels-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/botanical-pesticides/
http://www.cabi.org/publishing-products/online-information-resources/cab-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/environmental-impact/
http://cassi.cas.org/publication.jsp?P=eCQtRPJo9AQyz133K_ll3zLPXfcr-WXfq5Zv6P1vCDL5vszF9h5vU4tYgdSEjx4XNYYaa49PcqYyz133K_ll3zLPXfcr-WXf-9sRQmIIxJMyz133K_ll3zLPXfcr-WXfdONjbDOfxz7fzKcm8PwFCg
http://www.cabi.org/publishing-products/online-information-resources/crop-physiology-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/crop-science-database/?newtitlesonly=0&letter=Y
http://www.cabi.org/publishing-products/online-information-resources/dairy-science-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/field-crop-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/forest-products-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/forest-science-database/
http://www.cabi.org/publishing-products/online-information-resources/forestry-abstracts/
http://scholar.google.com/citations?hl=en&view_op=search_venues&vq=Scientific+Research+and+Essays+
http://www.cabi.org/publishing-products/online-information-resources/grasslands-and-forage-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/helminthological-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/horticultural-science-abstracts/#contentExpanderSerialsCited
http://www.cabi.org/publishing-products/online-information-resources/irrigation-and-drainage-abstracts/?newtitlesonly=1&letter=*
http://www.cabi.org/publishing-products/online-information-resources/leisure,-recreation-and-tourism-abstracts/
http://www.cabi.org/publishing-products/online-information-resources/maize-abstracts/
http://www.naasindia.org/documents/journal2013.pdf
http://www.naasindia.org/documents/journal2013.pdf
https://academic.microsoft.com/#/detail/52964627
http://www.cabi.org/publishing-products/online-information-resources/nematological-abstracts/#contentExpanderSerialsCited
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/deed.en_US
https://creativecommons.org/licenses/by/4.0/legalcode
http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US


Article Copyright 

When an article is published by in the Scientific Research and Essays, the author(s) of the article retain the 

copyright of article. Author(s) may republish the article as part of a book or other materials. When reusing a 

published article, author(s) should; 

 

Cite the original source of the publication when reusing the article. i.e. cite that the article was originally 

published in the Scientific Research and Essays. Include the article DOI 

Accept that the article remains published by the Scientific Research and Essays (except in occasion of a 

retraction of the article) 

The article is licensed under the Creative Commons Attribution 4.0 International License. 

 

A copyright statement is stated in the abstract page of each article. The following statement is an example 

of a copyright statement on an abstract page. 

Copyright ©2016 Author(s) retains the copyright of this article. 

  

Self-Archiving Policy 

The Scientific Research and Essays is a RoMEO green journal. This permits authors to archive any version 

of their article they find most suitable, including the published version on their institutional repository and 

any other suitable website. 

Please see http://www.sherpa.ac.uk/romeo/search.php?issn=1684-5315 

  

Digital Archiving Policy 

The Scientific Research and Essays is committed to the long-term preservation of its content. All articles 

published by the journal are preserved by Portico. In addition, the journal encourages authors to archive 

the published version of their articles on their institutional repositories and as well as other appropriate 

websites. https://www.portico.org/publishers/ajournals/ 

  

Metadata Harvesting 

The Scientific Research and Essays encourages metadata harvesting of all its content. The journal fully 

supports and implement the OAI version 2.0, which comes in a standard XML format. See Harvesting 

Parameter 

 

 

 

 

http://www.sherpa.ac.uk/romeo/search.php?issn=1684-5315
http://www.portico.org/digital-preservation/
https://www.portico.org/publishers/ajournals/
http://www.academicjournals.org/oai-pmh
http://www.academicjournals.org/oai-pmh


Memberships and Standards 

 

 

Academic Journals strongly supports the Open Access initiative. Abstracts and full texts of all articles 

published by Academic Journals are freely accessible to everyone immediately after publication. 

 

 

All articles published by Academic Journals are licensed under the Creative Commons Attribution 4.0 

International License (CC BY 4.0). This permits anyone to copy, redistribute, remix, transmit and adapt the 

work provided the original work and source is appropriately cited. 

 

 

Crossref is an association of scholarly publishers that developed Digital Object Identification (DOI) system 

for the unique identification published materials. Academic Journals is a member of Crossref and uses the 

DOI system. All articles published by Academic Journals are issued DOI. 

 

Similarity Check powered by iThenticate is an initiative started by CrossRef to help its members actively 

engage in efforts to prevent scholarly and professional plagiarism. Academic Journals is a member of 

Similarity Check. 

 

CrossRef Cited-by Linking (formerly Forward Linking) is a service that allows you to discover how your 

publications are being cited and to incorporate that information into your online publication platform. 

Academic Journals is a member of CrossRef Cited-by. 

 

 

Academic Journals is a member of the International Digital Publishing Forum (IDPF). The 

IDPF is the global trade and standards organization dedicated to the development and 

promotion of electronic publishing and content consumption. 

 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.crossref.org/
http://www.crossref.org/crosscheck/index.html
http://www.crossref.org/citedby/index.html
http://www.crossref.org/citedby/index.html
http://idpf.org/


 

COUNTER (Counting Online Usage of Networked Electronic Resources) is an international 

initiative serving librarians, publishers and intermediaries by setting standards that facilitate 

the recording and reporting of online usage statistics in a consistent, credible and 

compatible way. Academic Journals is a member of COUNTER 

 

 

Portico is a digital preservation service provided by ITHAKA, a not-for-profit organization with a mission to 

help the academic community use digital technologies to preserve the scholarly record and to advance 
research and teaching in sustainable ways. 
  
Academic Journals is committed to the long-term preservation of its content and uses Portico 
 

 

Academic Journals provides an OAI-PMH(Open Archives Initiatives Protocol for Metadata Harvesting) 

interface for metadata harvesting. 
 

 

 

 

 

 

 

 

 

http://www.projectcounter.org/members.html
http://www.projectcounter.org/members.html
http://www.portico.org/digital-preservation/
http://www.portico.org/digital-preservation/
http://www.openarchives.org/Register/BrowseSites?viewRecord=http://academicjournals.org/oai-pmh/handler


 

 

 

Contact  

 
Editorial Office: sre@academicjournals.org 

 

Help Desk: helpdesk@academicjournals.org 

 

Website: http://www.academicjournals.org/journal/SRE 

 

Submit manuscript online http://ms.academicjournals.org 
 
 

Academic Journals 

73023 Victoria Island, Lagos, Nigeria 

ICEA Building, 17th Floor, Kenyatta Avenue, Nairobi, Kenya. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

mailto:helpdesk@academicjournals.org
http://ms.academicjournals.me/


Editor-In-Chief 
 

Prof. N.J. Tonukari 
Department of Biochemistry 
Delta State University 
Abraka,  
Nigeria. 

 

  

  

Editors  

  

  

Dr. Vishnu Narayan Mishra 

Department of Applied Mathematics and 
Humanities (AMHD), 

Sardar Vallabhbhai National Institute of 
Technology, Surat, India. 

Dr. Neelaabh Shankar 

Biopharma, Finnegan, Henderson, Farabow,  

Garrett and Dunner 

LLP,USA. 

  

  

Dr. Gökçen Firdevs Yücel Caymaz 

Industrial Product Design,  

Istanbul Aydin Univeristy, Turkey. 

Dr. Hussein Togun  

Department of Mechanical Engineering,  

University of Thiqar, Iraq 

  

  

Dr. Junning Li  

School of Mechatronic Engineering  

Xi'an Technological University, China 

Dr. Kamal Salih Taha  

Electrical and Computer Engineering,  

Khalifa University, United Arab Emirates 

  

  

Prof. Luigi Maxmilian Caligiuri 

University of Calabria and Foundation of Physics 
Research Center (FoPRC), 

ITALY 

Dr. Sang-Bing Tsai 
Zhongshan Institute,  
University of Electronic Science and 
Technology of China, China  

  

  

Dr. Tolga Gok 

Torbali Technical Vocational School of Higher 
Education,  

Dokuz Eylul University, Turkey 

Dr. Vembu Ananthaswamy 
Department of Mathematics,  
The Madura College (Autonomous), Madurai, 
Tamil Nadu, India 

  

  

Dr. Jiawang Zhou 

Department of Chemistry, 
Northwestern University, 
USA 

 

 

 

http://www.scopus.com/authid/detail.url?authorId=6602269718


Table of Content 

 
 

Pesticide use in agriculture: The philosophy, complexities and opportunities  

Kishor Atreya, Bishal Kumar Sitaula and Roshan Man Bajracharya 

 2168 

   

The effect of ceramic in combinations of two sigmoid functionally graded  

rotating disks with variable thickness  

Aidy Ali, M. Bayat, B. B. Sahari, M. Saleem and O. S. Zaroog 

 2174 

   

Molecular cloning and analysis of a novel HMW-GS gene Glu1-St1.5 from  

Elymus sibiricus in Qinghai-Tibetan Plateau  

Liu Jin, Zhang Bo, Liu Bao-long, Li Hong-qin, Wang Xin, Liu Qi, Wei Le, Liu Deng-cai  

and Zhang Huai-gang 

 2189 

   

Growth, phosphorus status, and nutritional aspect in common bean exposed to  

different soil phosphate levels and foliar-applied phosphorus forms  

Fabrício William Ávila, Valdemar Faquin, Allan Klynger da Silva Lobato, Danielle Pereira  

Baliza, Douglas José Marques, Alexandre Martins Abdão dos Passos, Carla Elisa Alves  

Bastos and Elaine Maria Silva Guedes 

 2195 

   

Effects of short term exposure of layer-type breeder eggs to magnetic field on  

hatchability and hatching parameters  

Shafey T.M., M.A. Alodan, M.M. Ghannam, M.A.K. Abdelhalim and M.M. Mady 

 2205 

   

Aortic branch variations: An anatomical study in 900 subjects  

Federico Mata-Escolano, Luis Aparicio-Bellver, Vicente Martinez-Sanjuan  

and Juan A. Sanchis-Gimeno 

 2213 

   

Anthropometric measures as predictors for the occurrence of insulin resistance  

among obese Jordanians  

Khalid M. Abu khadra and Ahmad Aljaberi 

 2218 

   

Effects of cold stratification and sulphuric acid pre-treatments on germination of 
pomegranate (Punica granatum L.) seeds in greenhouse and laboratory conditions  

Askin Gokturk, Zafer Olmez, Banu Karasah and Hilal Surat 

 2225 

   

Assessment of atherosclerosis in erectile dysfunction subjects using second  

derivative of photoplethysmogram  

Yousef Qawqzeh, M. B. I. Reaz, M. A. M. Ali, Kok Beng Gan, Zulkifli S.Z. and  

Noraidatulakma A. 

 2230 

   

A pediatric oncology group pilot study on childhood cancers at the Chantal Biya  

Foundation Yaounde, Cameroon: Report of 350 cases  

Enow-Orock G. E., Pondy A., Doumpe P., Koki N. and Lemerle J. 

 2237 

   

   



Table of Content 
  

   

Hybrid multiobjective evolutionary algorithm based technique for economic  

emission load dispatch optimization problem  

A.A. Mousa and Kotb A. Kotb 

 2242 

   

 



 

Scientific Research and Essays Vol. 7(25), pp. 2168-2173, 5 July, 2012  
Available online at http://www.academicjournals.org/SRE 
DOI: 10.5897/SRE10.107 
ISSN 1992-2248 ©2012 Academic Journals 
 
 
 
 

Review 
 

Pesticide use in agriculture: The philosophy, 
complexities and opportunities 

 

Kishor Atreya1*, Bishal Kumar Sitaula1 and Roshan Man Bajracharya2 
 

1
Department of International Environment and Development Studies (Noragric), Norwegian University of Life Sciences 

(UMB), Post Box 5003, 1432, Ås, Norway. 
2
Aquatic Ecology Centre, Kathmandu University, Kathmandu, Nepal. 

 
Accepted 30 May, 2012 

 

Exaggerated and incompetent use of chemical pesticides in crop production can have adverse effects 
on human health, natural ecosystems and social capital. The potential impacts are interconnected and 
complicated, so the current scientific knowledge base of its understanding seems to be imperfect, and 
the degree of impacts could be much more; therefore the rationality of pesticide use in agriculture 
ought to be redefined. The paper highlights how disciplinary sciences professed and interpreted 
multifaceted impacts of pesticide use over time and it explores the opportunities arising from the 
complexities of such impacts. The opportunity is explored for Nepal as an example. 
 
Key words: Pesticides, health and environmental impacts, complexities, interconnectedness, interdisciplinary, 
Nepal. 

 
 
INTRODUCTION 
 
Pesticides are chemical substances used to control 
harmful organisms. Its use in agriculture can adversely 
affect human health, environment and eco-systems. 
Globally, agriculture sector consumes significant amount 
of pesticides – approximately 85 percent of the estimated 
2.9 million tones used each year (Raven et al., 2008). 
Pesticide use is increasing worldwide, and at a rapid rate 
in developing countries. The developing nations utilize 
only 20% of world total pesticides applied. Despite 
increasing application of tons of pesticides worldwide, 
more than 40% of all potential food production and 
another 20% of the harvested crop is lost to pests 
(Paoletti and Pimentel, 2000). For example, a 33-fold 
increase in pesticide use in the United States since the 
1940s, crop lost due to pest have not changed 
significantly (Raven et al., 2008). Only a small amount of 
the applied pesticide actually reaches the intended target 
organism and the vast majority ends up elsewhere in the 
environ-ment (Pimentel, 2005; Pimentel and Burgess, 
2012). Less than one percent of pesticides applied to the 
agriculture reach their  target pests,  and more than  99% 
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of it adversely affects unintended targets including the 
public and environmental health (Pimentel, 2005). And 
pesticides pollute environment and ecosystems and 
marginalize human populace thus its use and sale is 
under strict control in many developed countries.  

In developing countries, the mechanism for controlling 
pesticide use and sale are rudimentary because of many 
reasons. Consequently, pesticide users in developing 
countries, especially agricultural workers or farmers, are 
significantly exposed to different kinds of pesticide risks. 
The magnitude of exposure and associated risks for 
farmers in developing countries are supposed to be high. 
But farmers have been using such toxic chemicals in their 
farm to increase production and to maintain their 
subsistence for living, and also to increase their income. 
Ironically, in developing nations, farmers are under 
increasing pressure to use such toxic chemicals because 
of various social, economical, political and psychological 
factors. For example, subsidies in chemicals, lack of 
alternatives to pesticides, week enforcement of laws and 
regulations, low levels of education and awareness, and 
ease in availability are the drivers for using pesticides. 
Whatsoever the factors exacerbating the pesticide use in 
developing countries, it is well known that it’s 
exaggerated and incompetent use have negative impacts 



 

 
 
 
 
to human and ecosystems health. The areas where 
pesticides have negative impacts are diverse and 
complex. For example, bioaccumulation, biomagnifi-
cations, pest resistance and resurgence (Raven et al., 
2008) are the hotly discussed and threat to the human 
society. In addition, dumping of un-used and date-expired 
highly toxic chemicals into soil is also a major threat to 
human society (WHO, 2007). Further, few linkages 
among pesticide use, arctic degradation, international 
transport, and climate change are the newly born issues. 
Marla Cone‘s Silent Snow (Cone, 2006) illustrated how 
such dangerous chemicals are being carried to the Arctic 
by winds and waves. There are also probable linkages 
between long-term pesticide exposure and human health 
problems like neurological effects, endocrine disruption, 
reproductive health and cancer (EPA, 1999). 

The current scientific knowledge on these impacts 
seems to be imperfect, often estimated and interpreted 
by a single disciplinary science, and could be much more 
than we believe today; therefore the rationality of its use 
in agricultural production ought to be redefined. The main 
objective of the paper is to highlight how the use of 
pesticides is perceived and interpreted over time and to 
make aware scientific communities of the opportunities 
arise from the complexities of such impacts. 
 
 
The philosophy of pesticide impacts  
 
Scientific enquiry into a specific subject is not merely for 
gaining knowledge, but also to transfer new knowledge 
into practical actions for the improvement of human well-
being. However, while doing so, this endeavor pre-
supposes knowledge of the appropriate conceptual 
framework, which, if originally defective will cause a 
malfunctioning of the system, impacting negatively on the 
science and the scientific knowledge (Chalmers, 1999). 
This is what has been observed for the pesticides 
knowledge. Until the early 1960s, the scientific com-
munity and general public operated on the belief that 
pesticide use revolutionized food production and human 
development. They had a uniform understanding of the 
consequences of pesticide use to humankind, focused 
only on the positive aspects. The human perception, 
understanding, and the approach to pesticide science, as 
well as, methods for problem solving, instruments and 
techniques were all framed on the positive aspects of 
pesticides. However, when the book Silent Spring 
(Carson, 1962) was published, a revolutionary shift on 
human thinking from the benefits of pesticides to its 
negative consequences occurred. This new thinking was 
supposed to minimize pesticide use in agriculture, but in 
reality it did not, because shortly after, there was also a 
shift in agricultural practices from ‘primitive’ to the so-
called ‘green revolution’. This transformation of agri-
cultural practices led further increased use of pesticides, 
in response to increased population growth, poverty and  
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global demand for food, without regard for its negative 
externalities. The technology based ‘green revolution’ 
demands high inputs and cash investment, and also 
pollutes the environment and, thus, appears 
unsustainable for future agriculture (Wilson and Tisdell, 
2001). Actually, the original paradigm of the green revolu-
tion was intended to generate positive consequences like 
increased productivity, economy and sustainability. But 
now many scientists have come to the conclusion that the 
green revolution technology, including pesticides, has 
negative consequences for the environment and hence, 
its proper management has become a bigger challenge 
for maintaining human and ecosystem health, having 
major implications for survival and quality of life.  

From the 1960s to about 1990, there were many 
competing theories for and against pesticide use. No 
single theory was widely accepted during that period, 
indicating a condition of turmoil. During the 1990s, a 
school of thought emerged with the widely accepted 
hypothesis that pesticide use in crop cultivation has 
mainly two explicit effects. The first is an income gain in 
the short term. The second is the negative impacts on 
human and ecosystem health. From 1990 to present, 
thousands of articles supporting a variety of aspects of 
the pesticide science according the established rules are 
available in the peer-reviewed journals, books and other 
literature. Most of the published articles have either 
supported beneficial effects of pesticides (Cooper and 
Dobson, 2007) like income gain, or highlighted its 
negative effects like environmental pollution and human 
health problems. In 1994, a small group of scientists 
proposed a new hypothesis for pesticide use that entails 
overall lower returns to human (Antle and Pingali, 1994; 
Pingali et al., 1994) in a long term. Despite much 
literature in favor of this hypothesis, the larger scientific 
community and private sector are not in favour of 
accepting the real consequences of pesticide use for 
human society. The debates are further confounded due 
to the as yet incomplete scientific understanding of long-
term pesticide exposure on human as well as ecosystem 
health. Looking at the advancement of knowledge of 
pesticides it can be concluded that at earlier stages,  
pesticides were observed to be affecting only a single 
discipline, for example agriculture and consequent crop 
production. Later on, human society believed that 
pesticides not only do benefits but also cause negative 
consequences to their health. At later stage, or say 
currently, the use of pesticides is believed to cause 
multiple consequences on social health, environment and 
ecosystems.  

Figure 1 helps to perceive changing knowledge of 
pesticide use with time. Its interpretation with time 
depends on the analytical framework of the scientific 
communities. The initial set of hypotheses (A1, A2, . .) 
made in the past are replaced by new ones, which result 
in the stepwise development of the pesticides science. 
Although it  is  not  possible  to  claim   that  hypothesis or  
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Figure 1. Interpretations of pesticide impacts depend on the analytical framework of the scientific communities and over time 

changing from mono-disciplinary to interdisciplinary sciences. 

 
 
 
theory relating to pesticide use is entirely true, it is 
plausible to say, for example, that the set of hypotheses 
(C1, C2 . . .) in Figure 1, are closer to the truth than the 
previous sets (B1, B2, . . .) and (A1, A2, . . .) and as yet the 
set C has not been disproved based on the existing 
knowledge and understanding, but may be replaced in 
the future. 

The hypotheses set C can be considered to be the best 
based on the current ‘mind’ on pesticide science, but is 
not the absolute truth regarding pesticide use because 
the ‘mind’ could interpret facts based on different 
framework in future. The ‘fact’ is basically constant, but 
our knowledge and understanding changes due to the 
changing ‘mind’, thus the dynamic nature of our ‘mind’ 
with reference to perceptions and interpretation of the 
facts in light of new information will enhance the pesticide 
knowledge. A chapter of a book (Pimentel and Lehman, 
1993) entitled “The Benefits and Risks of Pesticides: Two 
Views” illustrate, for example, how a single fact is 
interpreted by an industrialist and environmentalist. An 
industrialist suggests more research on the benefits of 
pesticides while an environmentalist suggests just 
opposite. But both realize positive and negative multiple 
effects of pesticides. And the understandings on the 
pesticide impacts are shifting from single disciplinary 
science to multidisciplinary and interdisciplinary. Reali-
zation of the multiple impacts of pesticide use either by 
an ‘industrialist’ or an ‘environmentalist’ not only esta-
blished the interconnectedness and complexities of such 
impacts into their own defined disciplinary sciences, but 

also expanded an opportunity for these individual to 
scientific inquiry into its possible solutions.  
 
 
The complexity - an opportunity for scientific inquiry 
 
Use of chemical pesticides not only increases crop 
production and income but also negatively affects human 
health, pollute soil, water, air; and ultimately the 
ecosystems as a whole may be collapsed. Although, at 
the outset, the use of pesticides was believed to be 
beneficial for human society, it has now become amply 
evident that this technology may be more of a curse than 
a boon. The road we passed through was initially 
attractive (income gain for example) but it appears to be 
disaster in a long run. It can, some ways, be compared 
with the invention of nuclear weapons. Despite many 
positive uses of nuclear power, the two atom bombs 
detonated in Japan, at the end of the World War II, 
resulted in the immediate deaths of around 120 thousand 
people and eventually countless others, had been 
developed using the same as researched for nuclear 
energy production. The point here is neither to equate 
pesticides with nuclear weapons, nor to discount the 
value of nuclear power, but to illustrate that just as 
human still suffer from the long-term effects of radiation, 
agrarian societies that applied persistent chemical 
pesticides like DDT and BHC in the past, will continue to 
face health problems from exposure through conta-
minated soil, water and air. The World Health Organization  



 

 
 
 
 
(WHO) of the United Nations has estimated that use of 
pesticides cause 3 million poisonings and 220 thousand 
deaths and about 750 thousand chronic illnesses every 
year worldwide (WHO, 2006).  

In long-term, the benefits received by the use of 
pesticides could outweigh by its impacts. Therefore, 
pesticide use in agricultural farms cannot be viewed in 
part, rather should addressed the whole system. So the 
impacts of pesticide use estimated by the single 
disciplinary science at different levels are minimal and 
underestimated because they seldom incorporate the 
whole system approach. Many scientists and scholars 
(not all) are still working with its own defined field not 
even interested or willing to see how things interact in a 
system. It seems that the traditional structures make it 
hard for researchers to be interdisciplinary and much 
easier for people to get published in traditional 
disciplinary settings. However, the use of pesticides in 
agriculture could be a complex example where scientists 
may begin to look beyond their boundaries of their own 
disciplines and try to understand what they are seeing 
and experiencing. These people will find new ways of 
thinking and new methodological approaches to gain a 
better understanding of the pesticide use. As a result, 
much literature will be emerged in favor of inter-
disciplinary science (or whole system approach) for 
dealing with pesticide dilemma. This is an opportunity for 
the current scientific world. Integration of knowledge for a 
complex phenomenon requires close collaboration 
among scholars from different disciplines. Identifying the 
full impacts of pesticide use on both physical and 
biological interacting factors is much more complicated, 
probably not possible with the current ‘mind’, thus there is 
an opportunity to our ‘mind’ to rethink on the possible 
methodologies for identifying impacts. For this, 
(re)examination of the pesticide issues in the broader 
context of social, environmental, and ecological impli-
cations in alliance with many disciplinary sciences and in 
conjunction with local stakeholders is recommended. 
 
 
Exploring opportunity- an example of Nepal  
 
At national level, pesticides import substantially 
increasing in 2007 and 2008, following a general trend of 
decline since 2002 (Figure 2). According to the Central 
Bureau of Statistics (CBS, 2003), 25% of Terai land 
holdings use chemical pesticides, 7% of Mountain, and 
9% of Mid-hills. There has been a clear trend towards the 
increased use of chemical pesticides, especially in semi-
rural and peri-urban areas that have easy access to 
urban markets where a high demand for vegetables, 
fruits and other fresh produce exists year-round. 
Chemicals are readily available in the local markets now-
a-days. The initial use of chemicals by a few progressive 
farmers has increased pressure for other farmers to also 
use  them.  Generally,  pesticides  in  Nepal  are  used  to  
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control pests such as brown plant hopper, fruit flies and 
diseases like late blight of potato and tomato. High rates 
of pesticides are applied to cash crops such as potato, 
tomato and other vegetables. In Nepal, many studies 
claimed intensive use of pesticide in the market-oriented 
agricultural production areas with minimal pesticide use 
hygiene and safety precaution, but very few of them 
assessed the health and environmental impacts of its 
use. The scientific studies on pesticide use and farmers' 
and environmental health in Nepal are extremely few. 
Why? It is not an easy task to perform a good scientific 
study by a single ‘actor’ taking the multitude of interacting 
factors, for example, health, environment, ecosystems 
etc. Either different areas of knowledge required for the 
‘actor’ or a close collaboration among different disci-
plinary ‘actors’ is needed. Both are very rare in Nepal. 
Neither the university degree has an interdisciplinary 
approach of study, nor institutional collaborations among 
universities, departments, (I) NGOs, etc. along with local 
stakeholders are established for handling such 
complicated problems. 

Nepal Agricultural Research Council (NARC), an apex 
body for agricultural research in the country with ultimate 
goal of poverty alleviation with sustainable growth of 
agriculture production is still working itself on its pre-
defined traditional working fields like pathology, ento-
mology, soil, agronomy; there is possibility to establish 
new field of study to include such externalities with other 
disciplinary sciences. Similarly universities are delivering 
the same traditional disciplinary sciences over significant 
time. Some of the world’s universities have undergone 
departmental restructuring to promote interdisciplinary 
research and collaboration (Lok, 2008), but in Nepal no 
such interdisciplinary department found at Institute of 
Agriculture and Animal Science (http://www.iaas.edu.np/ 
departments/index.htm) of the Tribhuvan University and 
Kathmandu University (http://www.ku.edu.np/ 
departments.php) among many others. Districts 
agricultural offices under the Department of Agriculture 
control and manage pesticides issues at local levels. 
These district level staffs manage and report on the 
integrated pest management (IPM) an approach to 
minimize pesticide use and a complex in its nature with 
multiple benefits without taking care of other disciplinary 
individuals or public-private partnership for research and 
extension. In other countries, applications of IPM reduced 
pesticide use without reducing grain yields. For example, 
Peshin et al. (2009) documented a reduction in pesticide 
use by 68% and public health poisonings by 77% in 
Sweden. In Indonesia, pesticide use was reduced by 
65% and increased rice yields by 12% (Oka, 1991). For 
Nepal, district level staffs manage and report on IPM. 
Therefore, a revision of the current structure of the IPM 
research and reporting is warranted with a clear 
responsibility of a collaborative institutions of the con-
cerned disciplines.  

The point here is neither to  discount  these  institutions
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Figure 2. Total metric tons of pesticide’s active ingredients import in Nepal during 1999 to 2008.  

 
 
 
in their capabilities nor to disqualify their mono-
disciplinary functions, rather to suggest incorporation of 
the global demand of interdisciplinary research and 
collaboration either by restructuring the present functional 
mechanisms or by introducing new departments or 
institutions. Individually these institutions have done 
number of excellent research in terms of finding impacts 
and recommending solutions within their disciplinary 
sciences but no progress be traced for pesticides 
dilemma because of its multifaceted impacts, and 
minimal cooperation among different disciplinary 
individuals/institutions to follow up the recommendations. 
Therefore, there is a tremendous opportunity to 
amalgamate these institutions (see Table 1) for studying 
complex problems like pesticide use, its impacts and 
management. Adding different ideas from different 
disciplinary sciences, and sharing knowledge among 
them is not only a sufficient measure for interdisciplinary 
approach, rather coming to a consensus through 
developing a well defined theoretical perspective on the 
problem analysis (see Table 2) by mutual professional 
respects and creative ‘tension’ is warranted.  

Because of the complex nature of pesticides impacts, a 
simple analysis is an insufficient measure of pesticide 
efficacy. Interdisciplinary holistic systems analyses taking 
a multitude of interacting factors into account are needed.  

CONCLUSION 
 

Single disciplinary sciences seem to have dominated the 
assessment and evaluation of pesticide use impacts in 
agriculture. As the pesticides-induced impacts are 
complex and interconnected in natures, the global know-
ledge on pesticides issues over time has been shifting 
from mono-disciplinary to interdisciplinary sciences. But  
local efforts to move into new areas of interdisciplinary 
science are minimal. In Nepal, intensive use of pesticides 
with minimal hygiene and safety precaution are known 
but interdisciplinary impacts assessments are extremely 
few. An alliance with many disciplinary sciences and with 
local stakeholders either by reorganizing the existing 
body or by reestablishing new organization/institution is 
recommended for (re)examine pesticide issues in the 
broader context of social, environmental, and ecological 
implications.  
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Table 1. The numbers of ‘actors’ who ought to work together for problem solving.  
 

1. Governmental Departments – Agriculture, Health, Education etc. 

2. Universities – Tribhuvan, Kathmandu, Purbanchal, Pokhara etc. 

3. Research Organization – Nepal Academy of Science and Technology (NAST), Nepal Agriculture Research Council (NARC), Nepal            
Health Research Council (NHRC) etc. 

4. (International) non-governmental organizations (I) NGOs – WHO, FAO, ICIMOD, IUCN, Li-Bird, CEPREAD, etc. 

5. Local stakeholders – Farmers, pesticide dealers, retailers, etc. 

 
 
 
Table 2. Few areas where these ‘actors’ bring their ideas and knowledge for problem analyses with mutual professional respect.  

 

1. Assessing pesticide use and its health and environmental impacts (farmers, consumers and environmental health) along with social 
implications. 

2. Enforcing rules and regulations of pesticides use and environmental conservation (for example, Pesticides Act 1991, Regulation 
1994; Environmental Protection Act 1997, Regulation 1998) 

3. Controlling and banning of highly toxic and obsolete pesticides 

4. Advocacy for safety precautions while handling and using pesticides 

5. Designing and developing new interdisciplinary degrees at university levels to undertake complex problems like pesticides use and 
climate change 

6. Redesigning and redeveloping curriculum of the current university degree focusing on interdisciplinary approach 

7. Developing alternatives to chemical pesticides incorporating local knowledge and using local resources, for example integrated 
pest management 

8. Developing mechanisms to inform farmers of the changes in market demands, opportunities, and threats arising from international 
and national rules, regulations, policies, treaties, etc 
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This paper present the elastic solutions of the disk made of functionally graded material (FGM) with 
variable thickness subjected to rotating load. The material properties are presented by combination of 
two sigmoid FGM (S-FGM) and disk thickness profile are assumed to be represented by power law 
distributions. Aluminum-ceramic-aluminum FG rotated disk is considered. Hollow disks are considered 
and the solutions for the stresses and displacements are given under appropriate boundary conditions. 
The results in metal-ceramic-metal FGMs are presented and compared with the known results in the 
literature. The solutions for S-FGM are compared with that of non FGM, and for variable thickness and 
for uniform thickness. The effects of the material grading index, n, and the geometry of the disk on the 
stress and displacement are investigated. It is found that a FG disk with concave thickness profile has 
smaller stresses and displacements compared with the concave or linear by variable thickness profile. 
The results in metal-ceramic or ceramic-metal and metal-ceramic-metal FGMs are compared. These 
results suggest that a rotating FG disk with metal-ceramic-metal can be more efficient than the one with 
ceramic-metal or metal-ceramic. 
 
Key words: Rotating disk, variable thickness, elasticity, sigmoid functionally graded material. 

 
 
INTRODUCTION 

 
Functionally graded materials (FGMs) are defined as 
those materials in which the volume fraction of the two or 
more materials is varied, as a power-law, sigmoid or 
exponential distribution, continuously as a function of 
position along certain dimension(s) of the structure 
(Reddy, 2000; Suresh and Mortensen, 1998). These 
materials are mainly constructed to operate in high 
temperature environments.  

Rotating disks have many practical engineering appli-
cations such as in steam and gas turbine rotors, turbo 
generators, internal combustion engines, fly wheels, 
turbojet engines, reciprocating and centrifugal compressors 
 
 
 
*Corresponding author. E-mail: aidyali@.upnm.edu.my. Tel: 

+60172496293. Fax: +60 3 86567122. 

just to mention a few. Brake disk can be an example of 
solid rotating disk where only body force is involved. Solid 
disks can also be found in components such as cover 
plates of rotating components and idlers used in belt 
assemblies. 

In a turbine rotor, there is always a possibility that the 
heat from the external surface transmits to the shaft and 
from it to the bearings causing adverse effects on its 
function and efficiency. To deal with this situation and to 
prevent heat from being transferred to the shaft and 
bearings, the disk can be made of FGM with ceramic-rich 
at the outer surface and metal-rich at the inner surface. 
While the heat resistant property of the ceramic at the 
outer surface prevents heat from being transferred, the 
metal at the inner surface helps carry the stress for the 
transmission of torque from the disk to the shaft. 

The boundary conditions of the disk depend on the way 



 

 

 
 
 
the disk is attached to the shaft. For a disk connected 
rigidly to the shaft (by means of welding or shaft and rotor 
disk cast together), a fixed-free condition applies. On the 
other hand, for the disk connected to the shaft by means 
of splines where small axial movement is allowed, a free-
free condition applies. Flywheels and gear wheels are 
other examples of fixed-free conditions usually used for 
storing kinetic energy and transmitting mechanical power, 
respectively.  

In any of the mentioned applications, the performance 
of the component in terms of efficiency, service life and 
power transmission depends on the material, speed of 
rotation and operating conditions. Normally, a component 
can be fabricated using any metal. However, for some 
specific applications such as in aerospace engineering 
where the component’s weight and durability in high 
temperature environment are so crucial, the components 
need to be fabricated using special material such as a 
FGM. FGMs are usually made of a mixture of ceramic 
and metals. The ceramic constituent of the material 
provides the high temperature resistance due to its low 
thermal conductivity. The ductile metal constituent, on the 
other hand, prevents fracture caused by stress due to 
high temperature gradient in a very short period of time 
(Reddy et al., 1999). 

Fukui et al. (1993) considered a thick-walled FG tube 
under uniform thermal loading and investigated the effect 
of graded components on residual stresses. They further 
estimated the optimum composition gradient generated 
by compressive circumferential stress at the inner 
surface. Boussaa (2000) investigated the problem of 
optimizing the composition profile of a FG interlayer 
inserted between a metallic tube and a ceramic coating 
so as to alleviate the thermal stresses occurring at the 
metal–ceramic interface. Jabbari et al. (2003) presented 
the general theoretical analysis of two-dimensional 
steady-state thermal stresses for a hollow thick cylinder 
made of FGM. 

Horgan and Chan (1999) investigated the effects of 
material inhomogeneity on the response of linearly-elastic 
isotropic solid circular disks or cylinders rotating at 
constant angular velocity about its axis of symmetry. A 
special case of a body with Young’s modulus depending 
on the radial coordinate only and constant Poisson’s ratio 
was examined. For the case when the Young’s modulus 
had a power-law dependence on the radial coordinate, 
explicit exact solutions were obtained. 
Many studies conducted on FGMs were related to the 
analysis of thermal stresses and deformations (Liew et 
al., 2003; Ootao and Tanigawa, 1999; Ootao and 
Tanigawa, 2004; Shahsiah and Eslami, 2003). Ruhi et al. 
(2005) presented a semi-analytical thermo elastic 
solution for finitely long thick-walled cylinders made of 
FGMs.  

Durodola and Attia (2000a, b) presented a finite 
element analysis for FG rotating disks using comercial 
software   package.   The  disks  were  modeled  as  non- 
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homogeneous orthotropic materials such as those 
obtained through non-uniform reinforcement of metal 
matrix by long fibers. They considered three types of 

gradation distributions of the Young’s modulus E  in the 
hoop direction relative to matrix material modulus. 
Kordkheili and Naghdabadi (2007) presented semi-
analytical thermo elastic solutions for hollow and solid 
rotating axisymmetric disks made of FGMs under plane 
stress condition. They compared their results with those 
of Durodola and Attia (2000a, b) under the centrifugal 
loading. 

Although many earlier studies on rotating disks 
(Tutuncu, 1995) have considered disks with uniform 
thickness, several authors have emphasized the 
importance of variable thickness in the rotating disks 
(Eraslan, 2003; Eraslan and Argeso, 2002; Guven, 1992; 
Reddy and Srinath, 1974). Recent studies (Eraslan and 
Orcan, 2002; Orcan and Eraslan, 2002) indicated that 
stresses in rotating disks (annular or solid) with variable 
thickness are much lower than those in a uniform-
thickness disk at the same angular velocity. Jahed at al. 
(2005) analyzed an inhomogeneous disk model with 
variable thickness to achieve minimum weight of disk. 
Using the variable material properties method, stresses 
were obtained for the disk under rotation and a steady 
temperature field. Bayat et al. (2008) analyzed the FG 
gear wheel with variable thickness using material 
properties as a single power-law FGM (P-FGM). 

To the best of authors’ knowledge, no work has been 
reported to date which concerns with the analysis of the 
combination of two sigmoid FG (S-FG) disks with variable 
thickness. This very fact motivates the present study. In 
this paper, a thin FG disk with variable thickness (Figure 
1) subjected to centrifugal loading due to constant 
angular velocity is considered. The thickness of the disk 
is assumed to be sufficiently small compared to its 
diameter and plane stress condition is applied. The 
symmetry with respect to the rotational axis and the mid-
plane is assumed. This work aims to investigate the 
effect of combination of two S-FGMs and property 
gradation and also the geometry of the disk on stresses 
and displacements in hollow disks under free-free and 
fixed-free boundary conditions. The non-dimensional 
stress and displacement components in the radial 
direction are given using semi-analytical method based 
on the form of the sigmoid distribution for the mechanical 
properties of the constituent components and hyperbolic 
distribution for the thickness profile. 

To implement the semi-analytical method in numerical 
studies, the radial domain of the disk is divided into some 
virtual sub-domains where, in each sub-domain, the 
mechanical property is assumed to be constant. This 
assumption yields the governing equilibrium equations in 
each sub-domain as ordinary differential equations with 
constant coefficients whose general solution can be 
written involving certain unknowns. These unknowns can 
be determined as solution of systems  of  linear  algebraic  
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Figure 1. Configuration of a thin disk with variable thickness. 

 
 
 
equations obtained by imposing the continuity conditions 
at the interface of the adjacent sub-domains together with 
global conditions. Increasing the number of sub-domains 
(divisions) in the radial direction increases the accuracy 
in the solution. 
 
 
GRADATION RELATION 
 

In this study, the property variation P of the material in the 
FG disk along the radial direction is assumed to be the 
following form (Chi and Chung, 2006): 
 

1 1 1 2 1( ) ( ) (1 ( )) ;P r g r P g r P r r r           (1a) 
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Here, 1P  and 2P  are the corresponding properties of  

materials 1 and 2 of the disk; 1r and 2r  are the radius that  

there exist full materials 1 and 2, respectively; 0n  is 

the volume fraction  exponent (also called grading index 

in this paper); ( )g r  is power low function; r is the mean 

radius of 
1r and 2r . In this study, the Poisson’s ratio  is 

assumed to be constant and the elastic modulus E  and 
the density  are assumed to vary according to the 

gradation relations (1), for example, the assumed form for 

the modulus of elasticity E is: 
 

1 1 1 2 1( ) ( ) (1 ( )) ;E r g r E g r E r r r           (2a) 

 

2 1 2 2 2( ) ( ) (1 ( )) ;E r g r E g r E r r r           (2b) 

 
By using Equations 1 and considering two types of S-

FGMs, first aluminum-ceramic between ir (inner radius of 

the disk) and 
2

o ir r
( or is outer radius of disk); second 

ceramic-aluminum between 
2

o ir r
and or . The variation 

of non-dimensional modulus of elasticity,

c

E

E
, with non-

dimensional radial distance,

or

r
, is shown in Figure 2. 

The thickness-profile h  of the disk is assumed to vary 

radially according to the following form: 
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Figure 2. Variation of the non-dimensional elastic modulus versus non-dimensional radius 
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Figure 3. Variation of non-dimensional thickness versus non-dimensional radius. 

 
 
 
Here, q  and m  are geometric parameters such 

that 0 1, 0q m ; oh is the thickness at the axis of 

the disk. A uniform thickness disk can be obtained by 

setting 0,q m . A linearly decreasing 

thickness can be obtained for 1m . The profile is 

concave if 1m  and it is convex if 1m  . Different 

forms of the thickness profiles are shown in Figure 3.  
For a future reference, another important parameter 

that is, the ratio of the weight of the double S-FG 

disk,W , and the weight of all-ceramic disk of same 

size,
CerW , denoted by W /

CerW can be defined as: 
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with Cer denoting the density of the all-ceramic disk. 

/ CerW W  will be used to compare the weights of FG disks 

with the weight of all-ceramic disk in the following 
sections. 
 
 

THEORETICAL FORMULATION AND EQUILIBRIUM 
EQUATIONS  
 

Consider a hollow axial symmetric FG disk with variable 

thickness with inner radius ir  and outer radius or , as 

shown in Figure 1. The disk rotates at an angular 
velocity .  The problem is assumed to be plane stress. 

Due to the axial symmetry assumptions in geometry and 

loading, cylindrical coordinate system ( , , )r z is used. 

The inner and outer surfaces of the FG disk are assumed 

to be metal-rich and at radius r ceramic-rich is assumed. 
Between these two surfaces, the material properties vary 
according to Equations 1.  

It may be mentioned that although a metal-rich at the 
inner and outer surfaces and full-ceramic at mid way 
between inner and outer surfaces, material gradient has 
been considered for all the disks in this paper. The 
method of solution that has been followed is independent 
of such a gradient and may be applied to other gradients 
as well. However, several applications considered in this 
paper such as an FG gear wheel mounted on a shaft-
support justify consideration of metal-rich inner and outer 
surface of the disks. Also, for an FG gear wheel mounted 
on shaft-support ductility plays an important role and thus 
the metal dominated inner and outer surface of the disk is 
further justified. 
 

 

Strains and displacement field 
 

Using the infinitesimal theory of elasticity and the 
rotational symmetry, the strain-displacement relations 
are: 
 

r

du

dr
                                   (4a) 
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Where u is the radial displacement. Also, the linear 

constitutive elastic equations in the cylindrical coordinate 
are used in the form of: 
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Where E is the modulus of elasticity and is the 

Poisson’s ratio. 
 
 

Equilibrium equations 
 

For a rotating disk, if 1U is the total strain energy of the 

body and 
1V is the total potential energy of external force, 

then the total energy  can be represented as: 
 

1 1U V                         (6) 

 

The principle of minimum total potential energy states: 
 

1 1( ) 0U V                                    (7) 

 

And this yield 
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Here, V  represents the total volume of disk. For the 

body force, the potential energy of applied load is given 
by: 
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Substituting for 1U and 1V  form Equations 8 and 9 into 

Equation 7, and integrating once, one gets 
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d
h r r h r h r r r

dr
           (10) 

 
The equilibrium equation is obtained, the results is the 
same as Reddy and Srinath (1974) and yields the Navier 
equation for the radial displacement as follows: 
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Here, for brevity, symbols rh , 
rE and 

r
have been used 

for the functions ( )h r , ( )E r and ( )r
, 

respectively. In 

Equation 11, the displacement u  is a function of r only 

due to axial symmetry and plane stress condition.   
 
 
BOUNDARY CONDITIONS  
 
Hollow disk free-free  
 
The following traction conditions on the inner and outer 
surfaces of the rotating hollow disk must be satisfied. 
 

0r     ir r   

0r     
or r                               (12)      

 
 
Hollow disk fixed-free 
 

0u      ir r   

0r    
or r                               (13)  

 
 
NON-DIMENSIONAL FORM 
 
Navier Equation 11 and the boundary conditions given by 
Equations 12 and 13 can be written in non-dimensional 
form using the following set of variables: 
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The non-dimensional form of Equation 4 is then given by: 
 

2

2

R R
R R R R R R

dH dEd U dU
RH E RE RH E H

dR dR dR dR
 

 

2 21
1 0R R
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m

RH R                                    (16) 

 
 
Non-dimensional boundary conditions 
 
Hollow disk free-free 
 
For this case, the boundary conditions of Equation 12 
reduce to 
 

2
0

1

R
R

E dU U

dR R
 

iR R  0R                      

1R                                                        (17) 
 
 
Hollow disk fixed-free 
 
Boundary conditions of Equation 13 turn out to be 
 

0U      
iR R  

0R    1R                        (18) 

 
It may be noted that the study of Equation 15 in non-
dimensional form makes the absolute values of 
properties and the loading speed unimportant. 
 
 
ELASTIC SOLUTION 
 
A closed-form solution of Equation 15 with variable 
coefficients seems to be difficult, if not impossible, to 
obtain. The method of analysis is the same as describe in 
Bayat et al. (2008). However, for completeness of the 
present paper, the method is also presented here. 



 

2180          Sci. Res. Essays 
 
 
 

 

tk 

tk+1 

tk-1 

R(k) 

(k+1)
th

 division 

Ro= 1.0 

k
th

 division 

(k-1)
th

 division 

 

 
 

Figure 4. Dividing radial domain into some finite sub-domains. 

 
 
 

Hence, in this study a semi-analytical solution of 
Equation 15 is attempted. In this method, a disk is divided 

into some virtual sub-domains (say q ), with 
( )kt denoting 

the radial-width of the 
thk sub-domain as shown in Figure 

4. Evaluating the coefficients of Equation 15 at
( )kR R , 

the mean radius of the 
thk division, an ordinary differential 

equation with constant coefficients is obtained which is 

valid in 
thk sub-domain. That is: 

 

2

2
( ) ( ) ( ) ( ) ( )

1 2 3 4 0k k k k kd d
c c c U c

dRdR
,          (19) 
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( ) ( )

( ) 2 ( ) 2

4 (1 ) ( )k k

k k

R R
c H R .                    (20) 

 
Using the mentioned technique, Equation 15 with variable 
Coefficients  is  changed  into  a  system  of  q   ordinary  

differential equations with constant coefficients with 
q being the number of virtual sub-domains.  

The solution for Equation 19 can be written in the form 
of: 
 

( )
( ) ( ) ( ) ( ) ( ) 4

1 1 2 2 ( )

3

exp( ) exp( )
k

k k k k k

k

c
U X R X R

c
,        (21) 

 

Where  
( )

1

kX  and 
( )

2

kX  are unknown constants for 
thk  

sub-domain and 
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Also, the solution of Equation 21 is valid for 
 

( ) ( )
( ) ( )

2 2

k k
k kt t

R R R  .             (22) 

 

Where 
( )kR  and 

( )kt are the mean radius and the radial-

width of the 
thk sub-domain, respectively. The unknowns 

( )

1

kX  and 
( )

2

kX  can be determined by applying the 

necessary conditions between each two adjacent sub-
domains. For this purpose, the continuity of the radial 

displacement U  as well as radial stress R  is imposed 

at the interfaces of the adjacent sub-domains. The 
continuity conditions at interfaces are given by: 
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Table 1. Different cases of thickness profiles. 
 

Variable 
1m  0,q m  1m  1m  

Case(a)  Case (b) Case (c) Case (d) 

Thickness profile (Equation 3a) Parabolic concave Constant thickness Parabolic convex Linear 
 
 

 

Table 2. Variation of non-dimensional weight with grading index n  and thickness profile. 
 

Thickness profile 
(Equation 2) Cases 

Values of weight ratio, / cW W , (Equation 3b) 

Full-metal n = 1 n = 5.0 
Full-metal, full-ceramic, 

full-metal 
Full-ceramic 

a)  Parabolic concave 0.4737 1194/1580 = 0.7559 1207/1580 = 0.7641 1209/1580 = 0.7652 1 

b)  Uniform 0.4737 2016/2736 = 0.7368 2016/2736 = 0.7368 2016/2736 = 0.7368 1 

c)  Parabolic convex 0.4737 684/909 = 0.7525 690/909 = 0.7591 692/909 = 0.7613 1 

d)  Linear 0.4737 659/851 = 0.7444 673/851 = 0.7908 675/851 = 0.7932 1 
 

 
 

 

( ) ( 1)
( ) ( 1)

2 2

( ) ( 1)
( ) ( 1)

2 2

( ) ( )

( ) ( )

k kt t
k k

k kt t
k k

k k

R R R R

k k

R R
R R R R

U U

                          (23) 

 
These conditions together with the global boundary 
conditions of Equation 17 or Equation 18  yield a set of 

linear algebraic equations in 
( )

1

kX  and
( )

2

kX . Solving 

these equations for 
( )

1

kX  and
( )

2

kX  and substituting them 

in Equation 21, the displacement component,U , is 

determined in each sub-domain. Increasing the number 
of divisions improves the accuracy of the results. 
 
 

NUMERICAL RESULTS 
 

For numerical illustration of the elastic solutions of this 
study, it is assumed that all the disks considered have the 
same volume. The same volume of the disks can be 

achieved by suitably choosing the value of oh . It can be 

noted that the results obtained in this study are based on 
the non-dimensional formulation and thus are 

independent from the absolute value of oh .  

Two cases namely hollow disk free-free, hollow disk 
fixed-free are considered. The analysis is conducted 
using aluminum as the inner-surface metal and Zirconia 
as outer-surface ceramic the same as that considered by 
Bayat et al. (2008). The material properties are: 
 

Al Cer

3 3
Al Cer

E 70.0GPa , E 151.0GPa

2700.0kg / m , 5700.0kg / m , 0.3

      (24) 

 

A hollow disk with 5o iR R  or a solid disk rotating at  

constant angular velocity is considered here. Different 
cases for the thickness profiles used in numerical 
illustrations are shown in Table 1. 

The following four sets of parameter values for m  

(each set representing a particular case of Table 1) are 
considered. 
 

: 0.30, 1.4a q m
 

 

: 0.0,b q m
 

 

: 0.4, 0.55c q m  

 

: 1.0d m                        (25) 

 

The elastic deformation of disk with variable thickness 
due to rotation is determined. The effect of grading index, 
n , and variable thickness on the non-dimensional weight 

of the hallow disk is shown in Table 2. It can be seen that 
all-ceramic disks are the heaviest whereas full-metal disk 
is the lightest. The weight of FG disk is in between the all-
ceramic and all-metal values.  

For the values chosen for q and m  as given in 

Equation 25, each thickness profile of the disk has 70% 
thickness reduction at the outer surface. The effect of 
thickness profile on the weight can be shown by 
comparing the weight values for the same value of 
grading index n . It can be noted both numerators and 

denominators are changed, by considering the 
numerators: it is seen that hollow FG disk with linear 
thickness profile has smaller weight compared to that 
with other thickness profiles; Figure 3 may be referred to 
for more details. To show the effect of grading index n  on 

the weight, disks with the same thickness profile are 
considered. It is noticed that the weights of FG disks lie in  
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Figure 5. Variation of 
R

 versus R for free-free hollow disk in the FG disk with variable thickness for different values 

of the geometric parameters q and m . 
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Figure 6. Variation of 
R

 versus R for free-free hollow disk in the disk with concave thickness profile for different 

values of the grading index n . 

 
 
 

between 0.4737 and 1, where
2700

0.4737
5700

m

c

. In 

this study, the density of ceramic is greater than the 
density of aluminum. It can be noted that for materials 

such that 1m

c

, the weight of FG disk can be made 

even lighter than the full-metal disk.  

It may be mentioned here that the method of solution 
considered in this study is general in nature and is not 
limited to gradients considered in this study only but can 
be applied to other gradients as well. 
 
 
Hollow disk (Free-free) 
 
Figures 5 and 6 show the  non-dimensional  radial  stress  
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Figure 7. Variation of U versus R for free-free hollow disk in the FG disk with variable thickness for different values of 

the geometric parameters q and m . 

  
 
 
and radial displacement, respectively for different values 
of the geometric parameters q , m  and the grading 

index n . 

In Figure 5, the effect of thickness profile on the radial 
stress is shown by fixing the value of the grading index, in 

this case 0.8n  and considering different thickness 

profiles as shown in Figure 2. It is seen that hollow FG 
disks with uniform-thickness have smaller radial stresses 
compared to those with variable thickness. FG disk with 
concave thickness profile is seen to have smaller stress 
for the chosen values of the geometric parameters 
q and m in comparison to other variable thickness 

profiles. Figure 6 shows the effect of grading index n  on 

the stress distributions. It can be seen that the maximum 
of non-dimensional radial stresses are highest for full-
ceramic disk and lowest for full-metal disk and the 
maximum value of the radial stress for different S-FG 
disks occur in between. It is noticed that close to the 
inner surface for the specific values of the grading index 

n ( 0.8n ), the radial stresses for combination of two S-

FG disks may not lie in between the stresses for full-
ceramic and full-metal disks but toward the outer surface,  
the stresses for S-FG disks can be lie in between.  

The variation of the radial displacement with radius is 
shown in Figures 7 and 8. Figure 7 shows the effect of 
the thickness profile on the radial displacement for the 

same value of the grading index 0.8n  and for different 

thickness profiles. It is observed that the radial 

displacement for the S-FG disk with concave profile 
thickness is smallest in comparison with other thickness 
profiles that is, linear or convex. Figure 8 shows the effect 
of grading index, n , on the radial displacement for all the 

disks with the same concave thickness profile as shown 
in Figure 2 but having different grading index. As 
expected, the radial displacement values for full-metal 
(Aluminum) disk are greater than those for full-ceramic 
(Zirconia) disk due to higher modulus of elasticity of the 
latter. It is noticed that close to the outer surface the 
radial displacements for S-FG disks lie in between the 
stresses for full-ceramic and full-metal disks but toward 
the inner surface, for the specific values of the grading 

index n  ( 2.0n ) the displacements for S-FG disks can 

be even larger than the radial displacement for full-metal 
disk. It is worth mentioning that near to full metal surface, 
inner or outer; the radial displacement varies by, 
increasing or decreasing, the radius, respectively.   

The results of Figures 5 to 8 can be summarized to 
conclude that, for the same value of grading index, n , the 

hollow S-FG disk with concave thickness profile is better 
than those with other variable thickness profiles. This 
result is similar to the one reported by Eraslan (2003). 
 
 
Hollow disk (Fixed-free) 
 
The stress distributions for S-FG disk with variable 
thickness mounted on a rigid shaft for different values of  
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Figure 8. Variation of U versus R for free-free hollow disk in the disk with concave thickness profile for different values of 

the grading index n . 
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Figure 9. Variation of R  versus R for fixed-free hollow disk in the FG disk with variable thickness for different values of 

the geometric parameters q and m . 

 
 
 

the geometric parameters q , m  and the grading index n  

are shown in Figures 9 and 10.  
It  is  shown  in  Figure  9  that  for   the  same  value  of  

grading index n ( 0.8n ) the maximum value of the 

radial stress, for each thickness profile from four 
cases ( )a , ( )b , ( )c and ( )d , occurs at the inner  surface  
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Figure 10. Variation of 
R

 versus R for fixed-free hollow disk in the disk with concave thickness profile for different values of 

the grading index n . 

 
 
 
and each of them is greater than its corresponding value 
with free-free condition shown in Figure 5. Here again a 
concave disk is found to have maximum radial stress 
smaller than other disks with variable thickness. It can 
also be seen that mounted S-FG disks with uniform-
thickness have smaller radial stresses compared to those 
with variable thickness. Figure 10 shows the effect of 
grading index n  (Figure 4) on the radial stress 

distributions for S-FG disk with concave thickness profile 
mounted on a rigid shaft. It is noticed from all the cases 
considered for different n that for the specific value of the 

grading index 0.8n , the radial stress is smaller than 

that of full metal disk. Taking into account the boundary 
condition, this phenomenon can be explained by the 
presence of interactive effects between stiffness and the 
centrifugal force due to constant angular velocity of the 
disk. Figure 2 may be referred to for more details. It is 

seen near to full-ceramic surface ( / 0.6or r ), the radial 

stress is constant. 
The variation of radial displacements with radius in 

disks having same grading 0.8n  but different 

thickness profiles (Figure 2) is shown in Figure 11. It is 
observed that the radial displacement in S-FG disk with 
concave thickness profile is smaller compared with disks 
with linear or convex profiles. It is also observed that if 
the value of n  is kept fixed, in the present example, at 

0.8n then the FG disks with uniform constant 

thickness have smaller radial displacements than the disk 
with variable thickness. It is shown from Figure 12 that 
the full-ceramic or full-metal mounted disks have smaller 
or bigger displacements compared to S-FG disks. 

 
 
Comparison between metal-ceramic, metal-ceramic-
metal and ceramic-metal 

 
For a future investigation, another comparison between 
non-dimensional displacement for one S-FGM (metal-
ceramic or ceramic-metal) and two types of S-FGM 
(metal-ceramic-metal) are shown in Figure 13.  

The variation of the radial displacement with radius is 
shown in Figure 13. It shows the effect of combination 
two S-FG disks on the radial displacement for the same 

value of the grading index 1.0n  and for concave 

thickness profiles. It is observed that the maximum radial 
displacement for the two S-FG disks with concave profile 
thickness is smallest in comparison with one S-FG disk 
(meta-ceramic or ceramic-metal). As expected, the radial 
displacement values for metal-ceramic disk are greater 
than those for ceramic-metal and metal-ceramic-metal. It 
is noticed that close to the inner surface the radial 
displacements for S-FG disks (ceramic-metal) is smaller 
than metal-ceramic-metal disk but toward the outer 
surface the displacements for combination of two S-FG 
disks can be  even  smaller  than the radial  displacement  
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Figure 11. Variation of U versus R for fixed-free hollow disk in the FG disk with variable thickness for different 

values of the geometric parameters q and m . 
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Figure 12. Variation of U versus R for fixed-free hollow disk in the disk with concave thickness profile for different 

values of the grading index n . 

  
 
 
for one S-FG disk.  
 
 
CONCLUSIONS 
 
An analysis of FG rotating disks with variable thickness is  

presented. Combinations of two S-FGMs with hyperbolic 
thickness profile type are considered. Elastic radial 
stresses and radial displacements for the hollow disks 
with both free-free and fixed-free boundary conditions are 
obtained. The effects of the grading index, n, and 
geometry of the disk based on different thickness profiles  
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Figure 13. Variation of U versus R for fixed-free hollow disk in the disk with concave thickness profile for different type of 

S-FGM. 

  
 
 
on the stresses and the radial displacements are 
investigated. Numerical results are presented for the S-
FG disk using aluminum as the inner and outer surface-
metal and Zirconia at mean radius of disk. These results 
are compared with those for rotating disks with uniform 
thickness. 

Some salient conclusions of this study can be 
summarized as follows: 
 
1) For the same grading index, n , linear thickness profile 

is the lightest disk followed by convex,  concave and 
constant, respectively.  
2) The combination of two S-FG disks with concave 
thickness profile has smaller stresses than with linear or 
convex thickness profile while the same grading is 
considered for all the disks.  
3) For each of thickness profiles, the radial stress in S-FG 
disks increases with increase in n by certain radius, after 
that certain radius the radial stress in S-FG disks 
decrease with increase in n. Furthermore, for some 

specific values n ( 0.8n ) the radial stress in S-FG 

disks are smaller than those in pure material disks. 
4) For a given pair of materials, there is a particular 
volume fraction that maximizes a specific mechanical 
response under centrifugal loading due to constant 
angular velocity. In other words, free-free or mounted FG 
disks can have larger radial displacement than full-metal 
near to the inner surface for some specific grading while 
maximum values of radial displacements in S-FG disks 
with variable thickness are smaller than the maximum 
values for homogenized disks.  

5) Hollow rotating FG disks with uniform-thickness profile 
have smaller stresses and displacements compared to 
those with parabolic convergent.  
6) Maximum radial displacement for fixed-free rotating 
disk in combination of two S-FG disks is smaller than 
those in one S-FG disks. 
 
From the semi-analytical results for combination of two S-
FG disks given in this study, it can be suggested that an 
efficient and optimal design of the FG disk calls for a 
variable section being thicker at the hub and tapering 
down to a smaller thickness toward the periphery. And 
also the combination of two S-FG disks can be more 
effective in comparison with one S-FG disk. 
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In the present study, a HMW-GS allele Glu1-St1.5 was isolated and characterized from Elymus sibiricus. 
Nucleotide sequence analysis indicated that the St1.5 shared the highest similarity with St1.3 from 
Elymus canadensis, but the “TA” insertion mutation at 15 to 16 bp in signal peptide sequence made it 
an inactive gene, because three premature stop codons were generated by “TA” insertion in signal 
peptide region, N-terminal region and C-terminal region, respectively. To identify the type of St1.5, the 
inserted “TA” was eliminated factitiously and the deduced amino acid sequence was analyzed, the 
result showed that St1.5 was a y-type HMW-GS pseudo gene. Phylogenetic tree demonstrated that St1.5 
had the closest relationship to the St1 allele of Pseudoroegneria stipifolia, which indicated that St1.5 
was a novel gene of St Genome. These results provide insights into the evolutionary biology of Glu1-
St1.5 and other HMW-GS genes. 
 
Key words: Glu1-1St1.5, HMW-GS, Elymus sibiricus. 

 
 
INTRODUCTION 
 
The end-use quality of wheat (Triticum aestivum L.) flour 
is largely determined by the composition of storage 
proteins in seed endosperm (Payne, 1987; Gianibelli, 
2001a, b). The high molecular weight glutenin subunit 
(HMW-GS) is one of most important storage proteins in 
seed endosperm of wheat and related species and 
accounting for approximately 10% of the total proteins in 
wheat seed (Shewry et al., 1995). In hexaploid wheat, 
HMW-GS is encoded by the Glu-A1, Glu-B1 and Glu-D1 
locus on the long arm of homologous chromosomes 1A, 
1B and 1D, respectively  (Shewry et al., 1992). There  are 
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two tightly linked genes encoding a larger x-type (80-88 
kDa) and a smaller y-type (67 to 73 kDa) subunit at each 
locus. But only three to five HMW-GSs could be detected 
in hexaploid wheat seed by conventional SDS-PAGE 
analysis, because the y-type gene of Glu-A1 locus is 
often silenced and the x-type gene of Glu-A1 locus and y-
type gene of Glu-B1 locus are silence occasionally 
(Harberd et al., 1986; Payne, 1987; Shewry et al., 1992, 
2001, 2002). 

Elymus L. is the largest genus in the tribe Triticeae with 
about 150 species distributed in most places of the world, 
especially in some high altitude, cold and arid areas. (Lu, 
1993; Ma et al., 2009). As the type species of the genus 
Elymus, Elymus sibiricus L. is a perennial, self-pollinating 
and allotetraploid grass indigenous to Northern Asia, 
possessing the St and H genome (Dewey 1974, 1984). 
Its geographic distribution extends from Sweden to Japan 
and even to parts of  Alaska and   Canada  (Bowden  and  
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Figure 1. The SDS-PAGE characters of HMW-GS in Elymus 

sibiricus (lane 1) and the common wheat line Chinese Spring 
(lane M) with HMW-GS composition 1Dx2, 1Bx7, 1By8 and 
1Dy12 was used as control. The Elymus sibiricus posses two 

glutenin subunits, both of them moved slower than 1Dy12 of 
the control. 

 

 
 

Cody, 1961) and then extends southernly to Qinghai-
Tibet Plateau, which is the highest plateau in the world.E. 
sibiricus usually grows on wet meadows, riverside sands 
and among open forest or shrubs. In the subalpine 
meadows with less than 4000 meter altitude in Qinghai-
Tibet Plateau, E. sibiricus usually serves as an important 
forage species.  

Orthologous HMW glutenin subunits have been found 
in many Triticeae grasses including various Aegilops 
species and rye (De Bustos et al., 2001; De Bustos and 
Jouve, 2003; Liu et al., 2003; Wan et al., 2002; William et 
al., 1993). Up to now, no research work has been 
reported on HMW-GS gene isolation and characterization 
in Elymus sibiricus. 

In the present work, a novel HMW-GS gene Glu1-St1.5 
was isolated and chracterized from Elymus sibiricus. The 
gene structure was analyzed by comparation with HMW-
GS genes in other wheat related wild species. The results 
will help us understanding the evolutionary relationship 
between Glu1-St1.5 and other HMW-GS genes. 

 
 
 
 
MATERIALS AND METHODS 
 
Plant material 

 
SDS-PAGE analysis of 105 individual plants of Elymus L. 
distributed in 56 different longitude and dimensionality using seed 
protein extracts, revealed the presence of two putative HMW 
glutenin subunits in one of the Elymus sibiricus collected from 
Qinghai-Tibetan Plateau (Figure 1). The longitude and 
dimensionality of collected site was E 100.913663 and N 
36.372140, respectively and the altitudes was 3535.16 m. 
Therefore the Elymus sibiricus was chosen as the material for the 
follow-up experiment. SDS-PAGE analysis was conducted 

according to Wan et al. (2002). 
 
 
Genomic DNA extraction and PCR amplification 

 
Seeds of Elymus sibiricus were germinated under the dark at room 
temperature for two weeks. Genome DNA was extracted from 
young leaves by conventional CTAB method with some 
modifications, ethanol precipitated, re-suspended in 50 ul of sterile 

distilled water and then stored at -20°C. 
In order to amplify HMW-GS genes by genomic PCR, a pair of 

degenerated primers P1 (5’-ATGGCTAAGCGGC 
/TTA/GGTCCTCTTTG-3’) and P2 (5’-CTATCACTGGCTA/ 
GGCCGACAATGCG-3’), which could amplify the complete ORFs of 
HMW-GS genes of wheat related species were used (Liu et al., 
2003; Li et al., 2008). Primer P1 contains the start codon of the 
HMW-GS ORF whereas primer P2 contains the two tandem stop 
codons that are conserved in the HMW-GS ORFs characterized so 

far (Liu et al., 2003). PCR were carried out using ABI Gene Amp 
PCR System 9700, the high fidelity polymerase HiFi Taq with GC 
buffer (TransGen Biotech, Beijing, China) were used. Different 
annealing temperatures were tested and 65°C appeared to be 
optimal for PCR amplification of the complete ORFs of HMW-GS 
genes. The PCR reaction programmed at 94°C for 5 min to 
denature the DNA, followed by 30 cycles each with a 50 s 
denaturing step at 94°C, a 1 min annealing step at 65°C and a 1.5 

min extension step at 72°C. The final extension step was for 10 
min, followed by a 4°C soak step. PCR products were separated by 
1% agarose gel electro-phoresis in TAE buffer. 
 
 
DNA cloning, sequencing and phylogenetic analysis 
 
The PCR product of expected size was extracted from agarose gel; 
the fragment was ligated into the pEASY-T1 vector (TransGen 
Biotech, Beijing, China) and transformed into competent cells of 
Escherichia coli DH-10B strain. The positive clones were identified 
using blue/white screening and colony PCR. The complete 
sequence was acquired by sequencing three different positive 
clones; the sequencing was performed by AUGCT Biotechnology 
Company (Beijing, China). Nucleotide sequences assemble and 
phylogenetic analysis were carried out by Invitrogen Advance 10 
program. 

 
 
RESULTS 
 
Isolation and sequencing of HMW-GS gene Glu1-
St1.5 
 
PCR amplification was carried out using the two 
degenerated primer P1 and P2 which could amplify the 
complete ORFs of HMW-GS  genes  in  all  of  the  wheat 



 

 
 
 
 

 
 
Figure 2. Agarose-gel separation of amplified 

products of Elymus sibiricus using primers 
P1+P2 (lane 1) and DNA size makers (lane 
M). 

 
 
 
related species. The agarose electro-phoresis analysis of 
the PCR products showed that only one fragment have 
been amplified, the size of the fragment was just 
approximate 1300bp (Figure 2). Previous studies showed 
that the DNA sequence length of 1Dy12 in the control 
Chinese Spring was 1977 bp (Cunsolo et al., 2003), so 
the PCR fragment was not correspondent with the two 
subunit in SDS-PAGE, the PCR fragment may be another 
HMW-GS gene which have not been detected by SDS-
PAGE. 

To elucidate whether the PCR fragment in Figure 2 was 
a HMW-GS gene and whether it could translate into 
glutenin subunit, the fragment was cloned into the 
pEASY-T1 vector and sequenced. The sequence was 
deposited in GenBank under the accession number 
HM804857. 
 
 
Characterization of St1.5 gene  
 
BLAST analysis in NCBI revealed that the DNA sequence 
of St1.5 showed very high homology to that of previously 
cloned HMW-GS genes in all kinds of wheat related  
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species, Glu1-St1.3 in Elymus canadensis was the 
highest one, coefficient of similarity between these two 
genes was 94.50%, so the St1.5 was a family member of 
high molecular weight glutenin subunit genes. 

Compared the DNA sequences of St1.5 and St1.3, 29 
different sites were observed, two sites were nucleotide 
insertion, others were nucleotide substitution or deletion 
mutation (boxed in Figure 3). The most crucial difference 
of these two sequences was the “TA” insertion mutation 
at 15 to 16 bp downstream the start codons of St1.5, 
which caused three stop codons at 34 to 36 bp, 397 to 
399 bp, 1237 to 1239 bp downstream the start codons, 
these stop codons made St1.5 could not be translated 
into protein normally. The other nucleotide insertion 
occurred at the central repetitive domain, but it did not 
caused any mutation of the reading frame of St1.5. 

Regardless of its inactivation, elucidating whether St1.5 
had the typical HMW-GS structure before the “TA” 
insertion in its evolutionary processing was much more 
valuable to us.  So the inserted “TA” of St1.5 was 
eliminated factitiously, the deduced amino acid 
sequences of St1.5 (TA) and St1.3 were compared. 

The deduced amino acid sequences of both St1.5 (TA) 
and St1.3 shared the typical HMW-GS structure, 
including the signal peptides, N-terminal region, central 
repetitive domain and C-terminal region (Figure 4). The 
signal peptides, N-terminal region and C-terminal region 
were conservative, but the central repetitive domain 
which consisted of nonapeptide (GYYPTSP/LQQ) and 
hexapeptide (consensus PGQGQQ) was semi-
conservative. There were eleven different sites between 
the deduced amino acid sequences of St1.5 (TA) and 
St1.3, seven of them were amino acid substitution, and 
the other four were amino acid insertion or deletion.  

Both of St1.5 (TA) and St1.3 had six cysteine residues, 
five in N-terminal region and the other one in C-terminal 
region. Previous studies showed that x-type HMW-GS 
has three conservative cysteine residues in its N-terminal 
region and one in its C-terminal region, but the y-type 
HMW-GS has five conservative cysteine residues in its N-
terminal region and one in its C-terminal region, both of 
them have a semi-conservative cysteine residue the 
central repetitive domain (Shewry and Tatham, 1997; 
Belton, 1999; Veraverbek and Delcour, 2002; Wieser, 
2007). So it was obvious that St1.5 was a y-type HMW-
GS gene. 
 
 

Phylogenetic analysis of HMW-GS genes  
 
Sequence comparisons among different HMW-GS alleles 
could provide useful information relevant to the 
evolutionary relationship among them. There are nearly 
two hundred HMW-GS genes from more than thirty 
different wheat related species which belong to 12 
different genera have been cloned till now 
(www.ncbi.nlm.nih.gov), it was difficult to analyze the 
phylogenetic relationship of all the cloned genes, so 23 x-
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Figure 3. Nucleotide sequences of the novel inactive HMW-GS gene St1.5 compared with the ORFs of another active 

gene St1.3 which came from Elymus canadensis, the GenBank accession number for St1.5 and St 1.3 were HM804857 
and GU998882.1, respectively. Solid boxes point out the sites of difference among the two nucleotide sequences, the start 
codons and stop codons are marked by bold line, the “TA” insertion of St1.5 was marked by a bold box. Broken bold line 

point out the stop codons induced by the “TA” insertion mutation in St1.5.  

 
 
 

 
 

Figure 4. The deduced amino acid sequences of St1.5 while eliminated the inserted “TA” factitiously, compared with the 
deduced amino acid sequences of the ORFs of St1.3. Solid boxes point out the sites of difference among the two 
sequences, the signal peptides are underlined with solid line, while the N-terminal region and the C-terminal region are 

underlined with double lines and triplicate lines, respectively. The central repetitive domain which consisted of 
nonapeptide (GYYPTSP/LQQ) and hexapeptide (consensus PGQGQQ) are indicated by bold line and cysteine residues 
are indicated by black trigones. 

 
 
 
and y-type genes from 12 different genera of Triticeae 
were chosen to analyze the phylogenetic position of the 
novel gene- St1.5 in this study. 

As shown in Figure 5, the phylogenetic tree was 

obviously divided into two halves. The y-type subunit 
genes were clustered into one subclass and the x-type 
ones were clustered into another. The newly cloned Glu1-
St1.5 gene from Elymus sibiricus was a y-type gene.
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Figure 5. A phylogenetic tree derived from the sequences alignment of 24 HMW-GS genes from different wild species of 12 

different genera of Triticeae. 

 
 
 
St1.5 of Elymus sibiricus and St1 of Pseudoroegneria 
stipifolia were clustered into one group inferring their 
closest relationship. It is known that Pseudoroegneria 
stipifolia was one of wild wheat related species with the 
genome of St (2n = 2x = 14), so we speculated St1.5 was 
a novel HMW-GS allele in St Genome. 
 
 
DISCUSSION 
 
In the present study, a novel HMW-GS gene Glu1-St1.5 
was isolated and characterized, the insertion mutation of 
“TA” at signal region resulted three stop codons in N-
terminal region, central repetitive domain and C-terminal 
region, respectively, which made St1.5 gene not being 
translated into protein. Previous studies showed that not 
all HMW-GS genes could be translated, the 
representative case is Glu1-Ay in common wheat 
(Harberd et al., 1987; Halford et al., 1989; Sun et al., 
2004) and the main reason of HMW-GS gene silence was 
the insertion transposon element or the presence of stop 
codon (Xiang et al., 2010). So the St1.5 represented a 
new silence mechanism compared with the previous 
published inactive HMW-GS genes. 

The molecular size of x-type HMW-GS genes was 
bigger than y-type genes, but the cysteine number of y-
type was more than x-type (Shewry and Tatham, 1997; 
Belton, 1999; Veraverbek and Delcour, 2002; Wieser, 
2007) and they were useful significant characteristics to 
distinguish the x- and y-type HMW-GS alleles. Wheat 
flour quality was affected by the different composition of 
HMW-GS alleles because cysteine number affected the 
volume and quantity of glutenin macro polymer, which 
positively correlated with the visco-elastic property of 

wheat dough, so the y-type genes were more important 
than x-type for wheat flour quality. Although the St1.5 was 
an inactive y-type gene, but more research should been 
carried out in other y-type alleles of Elymus sibiricus and 
if there existed active y-type allele, it could be used as a 
target gene to modified the quality of wheat flour by 
transgenic approach. 

The evolutionary origin of different HMW-GS alleles 
from different Triticeae grasses and genome was an 
interesting issue for scientists. The St Genome of Elymus 
L. was probably derived from Pseudoroegneria (Nevski) 
A. Love, which only has the St Genome. The 
phylogenetic tree of 24 HMW-GS genes from different 
genome showed that the alleles from St (Elymus 
sibiricus, Elymus canadensis, Pseudoroegneria stipifolia, 
Thinopyrum intermedium) have closer relationship with 
those from V genome (Dasypyrum breviaristatum), R 
genome (Secale cereale) and D genome (Triticum 
aestivum 1Dy) than those from P genome (Agropyron 
cristatum), K genome (Crithopsis delileana), B genome 
(Triticum aestivum 1By), E

e
 genome (Lophopyrum 

elongatum) and Ns genome (Leymus mollis). 
Interestingly, the “TA” insertion resulted gene silence was 
observed in the present study. The silence mechanism of 
St1.5 was different from the previous studies. Further 
investigations are underway to examine if the above 
feature is common to the HMW glutenin subunits 
encoded by other species in Elymus L. from Qinghai-
Tibetan Plateau.  
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This study aimed to investigate the effect of the foliar application of phosphite and phosphate on 
growth, phosphorus (P) status, and nutritional aspect of common bean (Phaseolus vulgaris cv. 
Radiante) plants grown under different soil phosphate levels. Experiment was organized in factorial 
scheme completely randomized using 2 soil phosphate levels (Pi-starved and Pi-sufficient plants), 
combined with 3 nutrient sources supplied via foliar application (KH2PO3, KH2PO4, and KCl used as 
control), and 2 foliar application numbers (single and two applications). In this study were measured 
root dry weight, shoot dry weight, and root to shoot ratio, as well as shoot P concentration, root P 
concentration, accumulated P in shoot, accumulated P in root, P uptake efficiency, P utilization 
efficiency, P translocation, and macro and micronutrients in shoot. Common bean growth under 
limiting phosphate availability in soil exhibited lower biomass yield and higher concentration of 
nutrients in shoot tissues. The results exhibit foliar-applied KH2PO3 causes harmful effects in 
phosphate-starved common bean. Either one or two foliar sprays of KH2PO4 were not sufficient to affect 
the growth and nutrition of the common bean plants, regardless of soil P status. 
 
Key words: Phaseolus vulgaris, phosphorus, phosphate and phosphite anions, foliar application. 

 
 
INTRODUCTION 
 
Limited phosphorus (P) availability in Ultisols and Oxisols 
has been identified as one of the major problems for plant 
growth in tropical and subtropical regions of the world. 
High rate P “fixation” and formation of insoluble com-
plexes with aluminum and iron under acid conditions are 
recognized as an important factor contributing to the low 
P availability. Thus, application of P-containing fertilizers 
in these soils is a necessary practice for adequate crop 
yields in many instances  (Vance et al., 2003)  and  foliar- 
 
 
 
*Corresponding author. E-mail: fabriciowilliamavila@yahoo. 
com.br. Tel: +55 35 38291252. 

applied P may increase use efficiency by minimizing soil 
supply (Girma et al., 2007; Mosali et al., 2006). 

Phosphate anions (H2PO4
-
, HPO4

2-
 and PO4

3-
) are 

considered as the main phosphorus forms assimilated by 
plants and these can induce adequate growth and 
development with consequences in yield. However, 
another P form known as phosphite has been widely 
marketed either as fungicide or as a superior P source for 
plant nutrition (McDonald et al., 2001; Thao and 
Yamakawa, 2009; Deliopoulos et al., 2010). Phosphite 
anions (H2PO3

-
 and HPO3

2-
) are reduced forms of 

phosphate anions, in which one hydroxyl group is 
substituted by hydrogen (Danova-Alt et al., 2008).  

Several studies conclusively indicate  that  phosphite  is 
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effective in controlling some important plant diseases 
caused by pathogens belonging to the class Oomycetes 
(phylum Oomycota), such as Phytophthora sp. Action of 
phosphite anion is based on two mechanisms: the first is 
a direct toxic action on the pathogen and the second in 
indirect action due to phosphite anion activates plant 
defence responses (McDonald et al., 2001; Wilkinson et 
al., 2008; Shearer and Fairman, 2007; Orbovic et al., 
2008; Cook et al., 2009; Moor et al., 2009). Thus, 
phosphite has been used as active ingredient in several 
fungicides. 

In terms of plant nutrition, phosphite-based products 
have been recommended as fertilizers for foliar 
application, and number of foliar fertilizers containing the 
phosphite anion has recently increased (Moor et al., 
2009). Phosphite salts are recommended as fertilizer 
because they contain a cation that may be plant nutrient, 
such as K

+
, NH4

+
, Ca

2+
, Mg

2+
, Cu

2+ 
or Zn

2+
, and  the P in 

form of phosphite anion. However, results of studies that 
investigated nutritional value of phosphite anion as a P 
nutrient are inconclusive. In the year 1990, it was 
reported foliar application of potassium phosphite 
improved set fruit and yield of avocado, and restored 
normal growth of phosphate-starved citrus (Lovatt, 1990; 
Lovatt, 1990). Similarly, positive effects of phosphite on 
plant P nutrition or crop yields also were demonstrated in 
other works (Albrigo, 1999; Rickard, 2000; Watanabe, 
2005). On the other hand, recent studies have indicated 
phosphite anion may not be used by plants as a P 
nutrient, even though it is well absorbed by leaves and 
roots. Moreover, there are indications phosphite supply 
causes growth depression in phosphate-starved plants 
(McDonald et al., 2001; Schroetter et al., 2006; Thao et 
al., 2008, 2009). In this case, it appears that phosphite 
inhibits the gene expression related to the responses for 
overcoming P starvation, such as increased phosphatase 
activity, synthesis of high affinity transporters for P and 
elongation of the root system (Varadarajan et al., 2002; 
Ticconi et al., 2001; Lee et al., 2005). 

The aim of this study was to investigate (i) interference 
produced by different soil phosphate levels, to evaluate 
(ii) action produced by foliar-applied phosphorus forms 
(phosphite and phosphate), and to measure (iii) as 
number of foliar application can act on growth, 
phosphorus status, and nutritional aspect in common 
bean (Phaseolus vulgaris cv. Radiante) plants. 
 
 
MATERIALS AND METHODS 

 
Growth conditions, substrate, and plant material 

 
Study was implemented in Departamento de Ciência do Solo of the 
Universidade Federal de Lavras, Brazil (21°14' S; 45°00' W; 915 m 
asl). Plants remained in glasshouse environment under natural 
conditions day/night. Substrate used was composed by low-fertility 

Oxisol (Typic Haplustox) placed in plastic pots with capacity of 6 L 
(Table 1). For plant material, common bean (Phaseolus vulgaris 
cv.Radiante) was used. 

 
 
 
 
Substrate preparation 

 
Surface soil with depth from 0 to 20 cm was collected from a non-
cultivated field with natural Brazilian cerrado vegetation, allowed to 
dry, crushed to pass through a 4-mm sieve and then mixed with 
CaCO3 and MgO (4:1 stoichiometric ratio of Ca:Mg) to raise soil 
base saturation to 60% of cation exchange capacity at pH 7.0. After 
30 days of incubation, a basal nutrient solution was applied and 
was thoroughly mixed with the soil. Nutrients without P treatments 
were supplied at the following rates of 90 N, 80 K, 30 S, 5 Zn, 5 Mn, 
2 Cu, 1 B and 0.25 Mo mg dm

-3
 of dry soil. 

 
 
Experimental application 

 
Experiment was organized in factorial scheme completely 
randomized using 2 soil phosphate levels (Pi-starved and Pi-
sufficient), combined with 3 nutrient sources supplied via foliar 
application (KH2PO3, KH2PO4, and KCl used as control), and 2 foliar 
application numbers (single and two applications). For soil 
phosphate levels, Pi-starved and Pi-sufficient corresponded to 40 

and 200 mg of P per dm
3
 of dry soil, respectively, applied together 

with the basal nutrient solution. This study had 3 replicates, and 
each experimental unit consisted of one pot containing two plants, 
and all variables measured were expressed as mean of two plants. 

 
 
Nutrient solutions and foliar applications 

 
Solutions of KH2PO3 (monobasic potassium phosphite pa), KH2PO4 
(monobasic potassium phosphate pa) and KCl (potassium chloride 
pa) were sprayed at concentration of 40 µM, using a manual 
backpack sprayer. Concentration of P equals the used dose of 
approximately 3 L of commercial potassium phosphate to 400 L of 
water, which is usually recommended for growing beans. And 
KH2PO3 was obtained by reaction of H3PO3 (phosphorous acid pa) 
with KOH (potassium hydroxide pa). Single application was 

implemented when plants presented fourth trifoliate leaf stage, and 
two applications was carried out in stage of fourth trifoliate leaf and 
another application in the beginning of flowering stage. 

 
 
Fertilization as top dressing, irrigation, and harvest 

 
During the soil pot experiment, fertilizations with 240 N, 210 K, and 
45 S mg dm

-3
 of dry soil were supplied as top dressing. These 

fertilizations were split among into three applications throughout the 
experiment. Soil moisture was maintained at 60% of the total soil 
pore space occupied by water through daily irrigation. Plants were 
harvested at full flowering stage and separated into shoot and root. 
Both shoot and root were rinsed in deionized water and dried at 
60°C for 72 h prior to dry weight determination.  

 
 
Phosphorus determinations 

 
Shoot and root dry mass were ground and analyzed for total P 
content colorimetrically (Murphy and Riley, 1962) after nitric-
perchloric digestion of the plant material (Johnson and Ulrich, 
1959). Data from shoot and root dry wt and total P concentration 
were used to calculate the P accumulation, P uptake efficiency 
(Swiader et al., 1994) (P total accumulation in plant / root dry wt), P 

utilization efficiency (Siddiqi and Glass, 1981) [(plant dry wt)
2
/ (P 

total accumulation in plant)], and P translocation from root to shoot 
(P total accumulation in shoot / P total accumulation in plant)
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Table 1. Chemical, physical and mineralogical compositions of Oxisol. 

 

Chemical compositions
(1)

 

pH
 

P K Zn Cu Mn Fe  EP Ca Mg Al H+Al T  m V MPAC
 

 (mg dm
-3
 of soil)  (mg L

-1
) (cmolc dm

-3
 of soil)  (%) (mg kg

-1
) 

5.4 0.9 22 0.5 0.7 0.4 27.4  20.5 0.1 0.1 0.1 1.7 2  28 13.3 396 

 

Physical compositions (%)
(2)

 

Sand Silt Clay OM
 

60 17 23 0.8 

 

Mineralogical compositions (g kg
-1
 of clay)

(3)
 

SiO2 Al2O3 Fe2O3 TiO2 P2O5 Fed
 

Feo
 

Ct
 

Gb
 

Ki
 

Kr
 

95.1 97.4 36.2 6.2 0.0 10.8 0.1 752.0 63.0 0.98 0.71 
 
(1)

 pH in water (1:2.5), P and K by MehlichI extraction, Mg and Al extractable by 1 M KCl solution (Thomas, 1982); P in the equilibrium solution (EP) 
according to Alvarez et al. (2000); level of organic matter (OM) according to Anne (1945). T = Cation exchange capacity at pH 7.0; m = Aluminum 

saturation index; V = Base saturation index and MPAC = maximum P adsorption capacity (Ohtake et al., 1996).
(2)

 The soil granulometry was 
determined by the pipette method of Day (1965). 

(3)
 SiO2, Al2O3, Fe2O3, TiO2 and P2O5 were determined according to Vettori (1969) with modifications 

(Embrapa ,1997); Fed, according to Mehra and Jackson (1960); Feo, according to Schwertmann (1964) and Ct (kaolinite) and Gb (gibbsite) according 

to Klug and Alexander (1974).
 
Ki = SiO2 / Al2O3 and Kr = SiO2 / (Al2O3 + Fe2O3).  

 
 

 
Macro and micronutrients 

 
Concentrations of nutrients in shoot were determined after 
nitric-perchloric digestion as follows: S by turbidimetry; K 
by flame photometry; Ca, Mg, Cu, Mn, Fe, and Zn by flame 
atomic absorption spectroscopy. Total N was determined 
using the Kjeldahl method after sulphuric digestion, and B 
by colorimetry using the Azomethine-H method after dry 
digestion, with ash content obtained in muffle furnace by 1 
h at 550°C. 

 
 
Data analysis 

 
Results were submitted to variance analysis (F teste, p ≤ 
0.05), and when significant differences occurred were 
applied to Tukey test at 5% level of error probability (p ≤ 
0.05), standard errors were calculated in all evaluated 
points. The statistical analyses were carried out with the 

Sisvar software (Ferreira, 2008). 

RESULTS AND DISCUSSION 
 
Biomass yield 
 
Most variables in this study were not significantly 
affected (p > 0.05) by foliar application numbers 
during single application timing and two appli-
cation timings (Figure 1). As expected, common 
bean plants grown under limiting phosphate 
availability (Pi-starved) showed considerable 
reductions in the root and shoot dry wt and 
increased root to shoot ratio. The increase root to 
shoot ratio by phosphate-starved plants is a 
mechanism for overcoming P deficiency 
(Clarkson, 1985). 

Foliar application of potassium phosphite 
(KH2PO3) and potassium phosphate (KH2PO4) 
had no significant effect (p > 0.05) on biomass 

yield of phosphate-sufficient common bean, when 
compared with the control (foliar application of 
potassium chloride). However, for plants grown 
under limiting phosphate availability, shoot and 
root dry weight were significantly decreased by 
foliar-applied potassium phosphite. In addition, 
root to shoot ratio also was increased with two 
foliar applications of potassium phosphite (an 
application in the fourth trifoliate leaf stage and 
another application in the beginning flowering 
stage) due to the strong inhibition of shoot dry 
mass yield. This same behavior also occurred for 
a single foliar application of potassium phosphite 
(in the fourth trifoliate leaf stage) but in this case 
there was no significant difference by Tukey’s test 
(p > 0.05). Hence, our results showed phosphite 
may not be used by common bean as a P 
nutrient, and that this anion inhibits biomass  yield
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Figure 1. Root dry weight, shoot dry weight, and root to shoot ratio in common bean grown in Oxisol 
under 2 phosphate levels (Pi-starved and Pi-sufficient), 3 nutrient sources supplied via foliar 
application (KH2PO3, KH2PO4, and KCl), and 2 foliar application numbers (single and two 
applications). Averages followed by the same lowercase letter within soil phosphate levels and 
uppercase letter among foliar application for each phosphate level, do not differ among themselves 
by the Tukey test at 5% of probability. The bars represent the mean standard error. 

 
 

 

under phosphate-deficient conditions. 
The inhibiting effect of the phosphite anion on growth of 

phosphate-starved plants has been reported by different 
workers (Thao and Yamakawa, 2009). The causes of this 
effect are not well understood. The most plausible 
hypothesis to date is that plants do not metabolize 

phosphite anion, which, after uptake, remains stable in 
the cell compartments. Furthermore, phosphite anion 
inhibits some mechanisms involved in overcoming of 
phosphate deficiency, such as increased synthesis of 
phosphatases, phosphodiesterases, nucleases, and high-
affinity P transporters. Most likely, the  molecular  mecha-  
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Figure 2. Shoot P concentration, root P concentration, accumulated P in shoot, and 

accumulated P in root in common bean grown in Oxisol under 2 phosphate levels (Pi-starved 
and Pi-sufficient), 3 nutrient sources supplied via foliar application (KH2PO3, KH2PO4, and 
KCl), and 2 foliar application numbers (single and two applications). Averages followed by 
the same lowercase letter within soil phosphate levels and uppercase letter among foliar 
application for each phosphate level, do not differ among themselves by the Tukey test at 5% 
of probability. The bars represent the mean standard error. 

 
 

 

nisms responsible for signaling P deficiency do not 
discriminate phosphate from phosphite. Thus, there is no 
expression of genes responsible for proteins involved in 
P starvation responses (Varadarajan et al., 2002; Ticconi 
et al., 2001; Lee et al., 2005). 

We also found that one and two foliar applications of 
potassium phosphate had no significant effect (p > 0.05) 
on biomass yield of phosphate-starved common bean, 
when compared with the control. Thus, these results 
suggest that several foliar applications of phosphate may 

be necessary to adequately correct a P deficiency, 
impractical in most cases. 
 
 
Concentrations and accumulations of P in shoot and 
root 
 
Common bean plants grown under limiting phosphate 
availability (Pi-starved) showed decreased concentrations 
and accumulations of P in shoot and root (Figure 2). 
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Foliar-applied potassium phosphite did not affect P 
nutrition of phosphate-sufficient plants, but increased 
concentration of P in shoot of phosphate-starved plants. 
However, accumulation of P was not significant varied 
among foliar application treatments (p > 0.05), showing 
that this increased concentration of P was not due 
directly to the P from the foliar-applied phosphite, but 
likely to concentration effect, which is confirmed by the 
lower shoot dry weight. When biomass yield decreases, 
this concentration effect for some nutrients may occur 
(Crusciol et al., 2008; Marschner, 1995), which is the 
elevation of their concentration in the tissues without 
there being an alteration in the quantity of nutrient taken 
up. 

In this study, foliar-applied potassium phosphate did 
not significantly affect (p > 0.05) concentrations and 
accumulations of P in common bean, when compared 
with the control. This shows that either one or two foliar 
applications of phosphate were not sufficient to affect the 
plant P status. Several attempts to use foliar-applied 
phosphate in plant nutrition are known, but results are 
inconclusive. It was recorded that phosphate uptake by 
leaves after the foliar spray is about 50% (Kannan, 1990). 
A previous study reported that P concentration in grain of 
common bean grown under field conditions was not 
affected by three foliar application timing of phosphate 
anion (Contee Castro and Boaretto, 2001). On the other 
hand, Girma et al. (2007) found effect of foliar-applied 
phosphate on forage and grain P concentrations of maize 
varied with both applied P levels and plant growth stage. 
Another study by Mosali et al. (2006) on winter wheat 
indicated foliar application of phosphate generally 
increased grain yield, P uptake and P use efficiency, 
suggesting the authors that low rates of foliar-applied 
phosphate might correct mid-season P deficiency. 
 
 
Effects on P uptake efficiency, P utilization efficiency, 
and P translocation 
 
Either one or two foliar applications of potassium 
phosphate and phosphite had no significant effects (p > 
0.05) on P uptake efficiency such as ability to take up P 
from soil, and also P translocation such as ability to 
transporter P from root to shoot (Figure 3). Nevertheless, 
regardless of the foliar-applied treatments, limiting phos-
phate availability in soil reduced P uptake efficiency and 
P translocation by common bean. This was principally 
due to decreased P uptake by phosphate-starved plants 
according to the Figure 2, although the root dry weight 
(Figure 1) also was reduced, but in lower magnitude. To 
reiterate, in this study the P uptake efficiency represent 
the P-uptake amount per root dry weight unit, and the P 
translocation from root to shoot represent the ratio 
between accumulated P in shoot and accumulated P in 
plant. When the phosphate availability to plants is 
insufficient, P translocation from root to shoot decreases, 

 
 
 
 
increasing the root growth rate to the detriment of shoot 
growth rate. Thus, phosphate-starved plants commonly 
have higher root dry weight to shoot dry weight ratio, a 
response that enhances the P uptake efficiency 
(Raghothama, 1999; Schenk, 2006).  

Foliar-applied treatments did not affect P utilization 
efficiency (that is, ability to yield biomass for a given plant 
P concentration) (Siddiqi and Glass, 1981) of phosphate-
sufficient plants, whereas under limiting phosphate 
availability in soil, foliar-applied phosphite decreased P 
utilization efficiency of common bean. This result was due 
to the inhibitory effect of phosphite on biomass yield of 
the phosphate-starved plants (according to the Figure 1), 
since accumulated P of the plants was not affected by the 
treatments. In contrast, when compared with the control, 
either one or two application timings of foliar potassium 
phosphate had no significant effect (p > 0.05) on P 
utilization efficiency. Other studies had shown phosphate-
starved plants exhibit more P utilization efficiency, as 
response to soil phosphate deficiency, but this more P 
utilization efficiency varies among cultivars of the same 
species. Akhtar et al. (2008) found Brassica cultivars 
differ substantially in P utilization efficiency when grown 
with sparingly soluble P-forms (Ca3(PO4)2 and Jordan 
rock-P). These investigators suggested the existence of 
useful genetic differences among cultivars for mobili-
zation of P from sparingly soluble P-sources. In spite of 
phosphate-starved plants tend to increase the P 
utilization efficiency; the results of this study may have 
been a reflection of the strong P uptake decrease of the 
plants grown under phosphate deficient Oxisol. 
 
 
Concentrations of nutrients in shoot 
 
Likewise for shoot P concentration, concentrations of 
other nutrients in plant shoot tissues were not signifi-
cantly affected (p > 0.05) by foliar application numbers 
(Table 2). Apart from the K, common bean grown under 
limiting phosphate availability exhibited higher concen-
trations of nutrients in shoot, regardless of the foliar-
applied treatments. Foliar application of potassium 
phosphite also increased concentrations of N, K, Mg, B, 
Cu, Mn and Fe in shoot tissues of phosphate-starved 
plants. However, this increased concentration of nutrients 
coincides with the decreased shoot dry weight (Figure 1), 
which may suggest that it is involved with the concen-
tration effect, as mentioned above in the presentation of 
P concentration. Indeed, the applied treatments did not 
increase accumulation of nutrients in shoot (data not 
shown), supporting the suggestion above. On the 
contrary, plants grown under limiting phosphate avail-
ability exhibited lower accumulations for all nutrients 
measured in shoot, regardless of the foliar-applied 
treatments, due the strong inhibition of shoot biomass 
yield. Likewise, foliar application of potassium phosphite 
decreased the accumulation for the  majority  of  nutrients  
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Figure 3. P uptake efficiency, P utilization efficiency, P translocation in common 
bean grown in Oxisol under 2 phosphate levels (Pi-starved and Pi-sufficient), 3 
nutrient sources (KH2PO3, KH2PO4, and KCl), and 2 foliar supplied via foliar 
application application numbers (single and two applications). Averages followed by 
the same lowercase letter within soil phosphate levels and uppercase letter among 
foliar application for each phosphate level, do not differ among themselves by the 

Tukey test at 5% of probability. The bars represent the mean standard error.  
 
 
 

in shoot of phosphate-starved plant, whereas for others 
nutrients the foliar treatment effects were not significant 
(p > 0.05). In general, foliar-applied phosphate has no 
effect on nutrient concentrations and accumulations in 
shoot. Hu et al. (2008) also did not find alterations in leaf 
P concentrations of maize plants submitted to foliar NPK 

applications. In this study the concentrations of nutrients 
in roots (data not shown) were not affected by application 
of foliar potassium phosphate and phosphite as well as 
by foliar application numbers, whereas the limiting 
phosphate availability in soil increased concentration and 
decreased accumulation of some nutrients. 
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Table 2. Concentrations of nutrients in common bean shoot grown in Oxisol under 2 phosphate levels (Pi-starved and Pi-sufficient), 3 nutrient sources 

supplied via foliar application (KH2PO3, KH2PO4, and KCl), and 2 foliar application numbers (single and two applications). 
 

Application 
numbers 

Soil P status 
Foliar 
treatments 

Macronutrients (g kg
-1

)  Micronutrients (mg kg
-1
) 

N K Ca Mg S  B Zn Cu Mn Fe 

A single  

foliar application 
timing 

Pi-starved 

KCl 47
bA

 19
bA

 13
aA

 6
bA

 2
aA

  32
abA

 57
aA

 6
bA

 61
bA

 347
bA

 

Phi 57
aA

 22
aA

 15
aA

 9
aA

 2
aA

  37
aA

 61
aA

 8
aA

 77
aA

 511
aA

 

Pi 46
bA

 18
bA

 14
aA

 6
bA

 2
aA

  30
bA

 58
aA

 5
bA

 58
bA

 381
bA

 

             

Pi-sufficient 

KCl 33
aB

 17
aA

 9
aB

 4
aB

 1
aB

  17
aB

 30
aB

 4
aB

 39
aB

 131
aB

 

Phi 33
aB

 17
aB

 9
aB

 4
aB

 1
aB

  17
aB

 29
aB

 3
aB

 42
aB

 183
aB

 

Pi 31
aB

 18
aA

 8
aB

 3
aB

 1
aB

  16
aB

 35
aB

 4
aB

 37
aB

 167
aB

 

              

Two  

foliar application 
timings 

Pi-starved 

KCl 46
bA

 20
bA

 14
aA

 6
bA

 2
aA

  31
abA

 52
aA

 5
bA

 55
bA

 334
bA

 

Phi 55
aA

 23
aA

 16
aA

 8
aA

 2
aA

  36
aA

 53
aA

 7
aA

 73
aA

 559
aA

 

Pi 45
bA

 19
bA

 13
aA

 6
bA

 2
aA

  29
bA

 51
aA

 5
bA

 62
abA

 310
bA

 

             

Pi-sufficient 

KCl 29
aB

 18
aA

 9
aB

 3
aB

 1
aB

  17
aB

 32
aB

 4
aB

 40
aB

 186
aB

 

Phi 34
aB

 19
aB

 8
aB

 4
aB

 1
aB

  16
aB

 34
aB

 3
aB

 38
aB

 176
aB

 

Pi 32
aB

 19
aA

 7
aB

 4
aB

 1
aB

  16
aB

 36
aB

 3
aB

 41
aB

 148
aB

 

Source of variation:            

Foliar application numbers (A) ns ns ns ns ns  ns ns ns ns Ns 

Soil P status (B) *** *** *** *** ***  *** *** *** *** *** 

Foliar treatments (C) *** * ns *** ns  ** ns *** * *** 

A × B ns ns ns ns ns  ns ns ns ns Ns 

A × C ns ns ns ns ns  ns ns ns ns Ns 

B × C * * ns ** ns  * ns *** * *** 

A × B × C ns ns ns ns ns  ns ns ns ns Ns 
 

In each number of foliar application (a single application timing and two application timings), lower case compare the foliar application products (KCl, Phi and Pi) 
for each soil phosphate level (Pi-starved and Pi-sufficient), and upper case compare the soil phosphate levels for each foliar application product. Means followed 
by same letter are not different by Tukey's test (p ≤ 0.05). *, **, ***, and ns corresponding to p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, and non-significant, respectively, by F 

test. 

 
 
 
Conclusion 
 
Common bean growth under limiting phosphate 
availability in soil exhibited lower biomass yield 
and higher concentration of nutrients in shoot 

tissues, which may be due to concentration effect 
since accumulation of nutrients in shoot was not 
increased. Either one or two foliar sprays of 
potassium phosphate were not sufficient to affect 
the growth and nutrition of the common bean, 

regard-less of soil P status. However, the results 
exhibit foliar-applied potassium phosphite causes 
harmful effects in phosphate-starved common 
bean, but no effect is observed in phosphate-
sufficient common bean, confirming earlier 



 

 
 
 
 
investigations with other plant species. Our results 
indicate phosphite anion may not be recommended as a 
P source for nutrition of common bean, but it is suitable to 
be used for other purposes that requires an optimum soil 
phosphate status.  
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Two trials were conducted to investigate the effects of short term exposure of layer-type breeder eggs 
to magnetic field (MF) of 7.5 Gauss (0.75 mT) at 50 Hz, for 0, 20, 40 and 60 min before incubation on the 
characteristics of egg contents, egg weight loss, embryonic growth and hatching time (Trial 1) and 
hatchability of eggs (Trials 1 and 2). 384 and 240 Leghorn and Baladi eggs were used in trials 1 and 2, 
respectively. Treatments were replicated 4 times in the two trials. Exposing Leghorn eggs to MF did not 
influence weight of egg contents, eggshell thickness, albumen and yolk heights, embryo weight, 
hatching time and hatchability of eggs. Eggs exposed to MF for 40 and 60 min had higher weight loss 
percentage and chick hatching weight when expressed on the basis of absolute value. It can be 
concluded that short term exposure of layer-type breeder eggs to MF of 7.5 Gauss (0.75 mT) at 50 Hz, 
for up to 60 min before incubation did not influence the characteristics of egg contents, embryonic 
growth, hatching time, and hatchability of eggs. MF exposure of eggs for 40 and 60 min increased egg 
weight loss during incubation, and chick weight at hatch day.  
 
Key words: Magnetic field, layer eggs, embryonic growth, hatchability. 

 
 
INTRODUCTION 
 
The use of electrical devices around us has resulted in a 
great interest in the biological effects of the 
electromagnetic fields (EMF) radiated from these 
devices. Magnetic field (MF) is part of the 
electromagnetic spectrum. All living organisms (almost) 
are exposed to MF from various sources. MF affects 
various biological functions of living organisms, for 
example, DNA synthesis and transcription (Phillips et al., 
1992), as well as ion transportation through cell 
membranes (Liburdy et al., 1993). The geomagnetic field 
on the surface of the earth is approximately 0.50  to  0.75  
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Gauss (0.05 to 0.075 mT) at 50 Hz in strength. The 
detectable limit of interaction between higher animals and 
a stationary MF is 80 to 100 Gauss (8 to 10 mT) (Ketchen 
et al., 1978).   

The body of birds is formed by many cells that 
communicate with the environment through information 
transfer carried out by electric impulses or chemical 
substances. The body EMFs from the biological 
structures are characterized by certain specific 
frequencies that can be interfered with by the EMF 
radiation, through induction and causing modification in 
their biological responses, and capable of morphological 
change and metabolism, growth and reproduction 
(Hyland, 2000). Animals exposed to the EMF can suffer a 
deterioration of health, changes in behaviour (Marks et 
al.,  1995;  L’oscher  and  K’as,  1998),  and  reproductive 
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success (Doherty and Grubb, 1996; Fernie et al., 2000). 
EMF exposure affected the reproductive success of 
kestrels (Falco sparverius), increasing fertility, egg size, 
embryonic development and fledging success but 
reduced hatching success (Fernie et al., 2000). Birds are 
especially sensitive to MFs (Liboff and Jenrow, 2000). 
Grigoriew (2003) reported a high mortality rate of chicken 
embryos subjected to the radiation from a cell phone 
when compared with those of the control group.  
Exposing chicken embryos to pulsed MFs increased 
mortality (Youbicier-Simo and Bastide, 1999) and 
morphological abnormalities, especially of the neural tube 
(Ubeda et al., 1983, 1994; Farrell et al., 1997). Recently, 
Shafey et al. (2011) found that exposing meat-type 
breeder eggs to MF of 18 Gauss (1.8 mT) at 50 Hz for up 
to 75 min did not influence the hatchability of eggs and 
chick weight at hatch. However, hatched chicks from 
eggs exposed to MF for 60 and 75 min had lower weight 
gain and feed intake than those of the non-exposed 
treatment at 39 days of age.  

There is lack of information regarding the effects of MF 
on the hatchability traits of layer type breeder eggs. The 
objectives of this study were to examine the effects of MF 
before incubation of layer-type breeder eggs on the 
characteristics of eggs, embryonic development, 
hatchability, hatching time and chick weight at hatch day.    
 
 
MATERIALS AND METHODS 

 
The effects of exposure of fertile eggs to MF before incubation on 
the characteristics of egg contents, embryonic growth and 

hatchability of layer-type breeder eggs were investigated in 2 trials. 
A total of 384 freshly laid eggs produced by a layer-type breeder 
flock (Leghorn, King Saud University), at 50-weeks of age were 
used in trial 1. Birds were fed a standard breeder ration (16% CP, 
2866 kcal/kg of ME per kg, 3.4% calcium, 0.45% available 
phosphorus) and reared under standard husbandry conditions. A 
photoperiod of 14 h commenced when the birds were caged at 22 
weeks of age and was maintained throughout the trials. Eggs were 
numbered, weighed individually, distributed into weight classes and 

assigned into 16 replicates of 24 eggs each. Four replicates were 
randomly assigned to each of the four experimental treatments. The 
treatments were non-exposed control (MF0) or exposed to MF of 
7.5 Gauss (0.75 mT) at 50 Hz for 20, 40 and 60 min (MF20, MF40 
and MF60) before incubation. Twelve eggs from each treatment 
were selected at random to investigate the effects of MF on the 
quality and characteristics of egg contents. Eggs were broken, 
albumen and yolk separated, weighed and then percentage of 
albumen and yolk were calculated (percent albumen = albumen 
weight/egg weight*100, and percent yolk = yolk weight/egg 
weight*100, respectively). Egg shells were washed with water, dried 
at room temperature of 25°C with paper towels, weighed and then 
percent eggshell was calculated (percent eggshell = eggshell 
weight/egg weight*100). Three eggshell thickness measurements 
were taken from each eggshell with a micrometer (Ames, Waltham, 
MA, USA). Measurements of eggshell weight and eggshell 
thickness were done with the membranes intact. The remaining 

eggs were incubated and four eggs per treatment were removed for 
egg weight loss and embryo weight measurements on day 7, 14, 
and  18   of   incubation.   Eggs  were  weighed,  broken  open,  and  

 
 
 
 
embryos were separated and weighed individually after removing 
the yolk sac and placing it on a paper tissue to dry. Percents of egg 
weight loss and embryonic weight were calculated (percent egg 

weight loss = (1-egg weight after incubation/egg weight before 
incubation)*100, and percent embryo = embryo weight/egg weight 
before incubation*100, respectively). Measurements were made of 
egg contents and characteristics (weight of albumen, yolk, and 
eggshell, eggshell thickness, and height of albumen and yolk), 
embryonic growth and egg weight loss during incubation, percents 
of hatchability and hatchability failures (pips with live embryos, pips 
with dead embryos, dead embryos), and hatching time. 

The incubation trial was repeated with different strain of eggs. A 
total of 240 eggs produced by a layer-type breeder flock (Baladi, 
King Saud University), at 53-week of age were used in this trial. 
Husbandry conditions of the flock were similar to those of the 
Leghorn flock. Eggs were evenly assigned into 16 replicates of 15 
eggs of equal weight per each replicate. Replicates were assigned 
to the four treatments as in trial 1. Measurements were made of 
percentages of hatchability and hatchability failures (pips with live 
embryos, pips with dead embryos, dead embryos). 

 
 
Magnetic field 
 
A homogenous MF was generated by four solenoids of 270 turns 
each of electrically insulated copper coil of 2.2 mm, wound around 
a parallel double walled cylindrical chamber from copper of 2 mm 
thick and internal and external diameter of 45 and 55 cm, 
respectively (Figure 1). The four coils are connected in parallel to 

minimize the total impedance of the wire and to get a homogeneous 
MF within the chamber volume. The coils are connected to a variac 
fed from the main power outlet (220 Vpp and 50 Hz). The strength of 
MF was controlled and varied by the variac. The MF inside the 
chamber is measured at different locations in order to find out the 
most homogenous zone inside the chamber. A hand-held 
Gauss/Tesla Meter Model 4048, with probe T-4048-001 (USA) of 
accuracy ± 2% is used to calibrate the MF. Homogeneity of MF 
under different field intensities is shown in Figure 2.  

The space between the double walled cylindrical chamber was 
sealed with an inlet and outlet to permit water flow between the two 
cylinders in order to keep the temperature of the chamber constant 
during the exposure period. The temperature of the flowing cooling 
water at the outlet of the jacket and the temperature inside the 
irradiation chamber were constantly measured through the use of 
thermocouple thermometer, which can give reading for the 
temperature variations within ± 0.1°C. There was no difference in 

temperature between the room and the chamber.  
 
 

Incubation of eggs 
 

Eggs were set in a Maino, force-draft incubator (Model II, Maino 
Enrico, Co., Rome, Italy) and incubated at 99.5°F (37.5°C) and 55% 
relative humidity. Eggs were transferred to separate compartments 

in the hatching tray on 19 days of incubation, for chick identification 
at hatch. The hatching tray was divided into individual hatching 
compartments using thin sheets of wire mesh. Incubation 
procedures were similar to those published previously (Shafey et 
al., 2005b), in which eggs were examined by candling at days 6 and 
14 of incubation, and clear eggs and eggs containing dead embryos 
were removed. Early dead embryos were counted from days 1 to 14 
of incubation. The hatcher condition was 98.6°F (37°C) and 65% 
relative humidity until the end of day 21 of incubation, at which time  
chicks, pips (unhatched eggs with live or dead chicks) and late 
dead embryos (unhatched eggs with unbroken shell) were counted. 
Late dead embryos were counted from day 14 to the end of day 21,
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Figure 1. Magnetic field. 

 
 
 
when incubation ended. Percentage of hatchability was calculated 
on the basis of the number of hatched chicks as a per cent of the 
number of fertile eggs per treatment. Hatching time was recorded 
every 24 h in the first trial. Chicks were removed every 24 h 
intervals from 432 to 504 h of incubation and hatching weight were 
recorded by scale with 0.1 g accuracy. Percent of hatched chicks 
over each interval of 24 h was calculated as percentage of the total 
number of hatched chicks over the whole incubation period.  

Data on egg contents, and characteristics, and chick hatching 
weight (trial 1), hatchability (trials 1 and 2) were subjected to a one-
way ANOVA. Data on egg weight loss, and embryonic weight were 
arranged in 4 × 3 factorials with four levels of treatments [0 (non-
exposed eggs, control), 20, 40, and 60 min of MF] and three days 
of incubation (days 7, 14 and 18) as main effects and their two-way 
interactions fitted into the model. All percent data were transformed 
using arc sine square root percentage transformation before 
analysis. When significant variance ratios were detected, 
differences between treatment means were tested using the least 

significant difference (LSD) procedure. All statistical analysis was 
performed using the Statistical Analysis System (SAS Institute, 
1985). 

 

 
RESULTS 
 
The effects of exposing layer-type breeder eggs to MF of 
7.5 Gauss (0.75 mT) for up to 60 min before incubation 
on the characteristics of egg contents, weight of embryos, 

egg weight loss, hatchability and hatchability failures 
(early or late dead embryos and pips with live or dead 
chicks), chick hatching weight and length of incubation 
are shown in Tables 1 to 4, respectively (trial 1). There 
were no significant differences in the percentage of 
albumen, yolk, eggshell, and embryo weights in the egg, 
eggshell thickness, egg albumen, and yolk heights, and 
percentages of hatchability and hatchability failures, and 
incubation period. Eggs of MF40 and MF60 had 
significantly (P < 0.05) higher weight loss percentage 
during incubation and chick weight when expressed on 
the basis of absolute value (g) than those of MF0, whilst 
percent of egg weight loss and chick hatching weight (g) 
of MF20 were intermediate. Age of embryo significantly 
(P < 0.01) influenced percent of egg weight loss and 
embryo weight. Embryos at older age had higher percent 
of egg weight loss and body weight when compared with 
those of younger age (18 days < 14 days < 7 days). 
Percent of chick hatching weight of MF40 was 
significantly (P < 0.05) higher than those of MF0, whilst 
percent of chick hatching weight of MF20 and MF60 was 
intermediate. Percent of hatched chicks of MF40 and 
MF60 was higher at 456 h of incubation and lower at 480 
h of incubation than those of MF0 and MF20 (trial 1).  

The effects of exposing Baladi eggs to MF of 7.5 Gauss 
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Figure 2.  Homogeneity of magnetic field (MF) inside the cylinderical 

                             chamber under different field intensities
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Figure 2. Homogeneity of magnetic field (MF) inside the cylindrical chamber under different field intensit ies. 

 
 
 

 (0.75 mT) for up to 60 min before incubation on 
hatchability and hatchability failures are shown in Table 5 
(trial 2). Exposing Baladi eggs to MF did not significantly 
influence percents of hatchability and hatchability failures 
of eggs. 
 
 
DISCUSSION 
 
Results from this study indicated that exposing layer-type 
breeder eggs to MF of 7.5 Gauss (0.75 mT) for up to 60 
min before incubation did not influence the egg contents 
and its characteristics, embryonic growth, hatchability, 
hatchability failures and incubation period (trial 1). Eggs 
exposed to MF for 40 and 60 min had higher weight loss 
per cent during incubation and chick hatching weight 
when expressed on the basis of absolute value than 
those of the non-exposed treatment by approximately 
10.4 and 1.2, and 14.4 and 1.2%, respectively (trial 1). 
The effects of MF on the chicken embryo weight and 
chick weight at hatch day are in agreement with Koch 
and Koch (1991) who reported no effects for MF of 
pulsed waveforms and 50 Hz sinusoidal fields on 
embryos. Similarly, Cox et al. (1993) reported no effect 
on the development of chicken embryos when eggs  were 

exposed to MF of 10 µT, 50 Hz in the first 52 h of 
incubation. The effect of MF on chick weight was in 
agreement with Pierra et al. (1992) who reported an 
increase in chick weight at hatch day. In contrast, several 
studies reported that MF affected early development of 
chicken embryos, and increased malformation (Delgado 
et al., 1982; Juutilainen, 1986; Juutilainen and Saali, 
1986; Juutilainen et al., 1986, 1987; Farrell et al., 1997), 
and hatchability of chicken eggs exposed to MF before 
incubation, and reduced hatchability and chick weight 
from eggs exposed to MF during incubation (Toman et 
al., 2002), and had no affect on chick hatching weight 
(Veicsteinas et al., 1996; Shafey et al., 2011). These 
studies on the effects of MF on chicken embryos, 
hatchability and chick hatching weight have been 
reported in the literature, but evaluation of the 
consistency of the findings is difficult due to the varying 
methods, periods of exposures, approaches used in 
different studies and strain of bird.  

The increase in chick weight at hatch day in this 
experiment may have resulted, partly from the difference 
in egg weight loss during incubation. Shafey et al. 
(2005a, 2007) reported that incubation of eggs under the 
influence of electric field of 30 Kv/m at 60 Hz significantly 
increased the percentage of egg  weight  loss  and  chick- 
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Table 1. Egg contents, eggshell thickness and albumen and yolk heights of layer-type breeder (Leghorn) eggs exposed to magnetic field 
(MF) of 7.5 Gauss before incubation for up to 60 min (Trial 1) 

1
. 

 

MF treatment 

(min) 

Egg 

weight (g) 

Albumen 
weight (%)

2
 

Yolk 

Weight (%)
2
 

Shell 

weight (%)
2
 

Shell thickness* 

100 (mm) 

Albumen 
height*10 (mm) 

Yolk height 

*10 (m m) 

0 55.4 ± 1.80 59.7 ± 0.80 30.7 ± 0.91 9.5 ± 0.21 38.7 ± 1.32 80.2 ± 2.27 53.0 ± 2.81 

20 55.9 ± 1.61 58.5 ± 1.46 31.9 ± 1.21 9.6 ± 0.45 37.4 ± 1.69 73.7 ± 2.85 52.3 + 3.50 

40 55.1 ± 2.02 59.5 ± 0.74 30.6 ± 0.68 9.8 ± 0.11 39.2 ± 0.25 76.7 ± 3.00 52.4 + 2.84 

60 55.7 ± 1.78 58.8 ± 1.51 31.8 ± 1.68 9.4 ± 0.26 39.0 ± 1.58 72.4 ± 6.53 52.4 + 3.42 

Probability NS NS NS NS NS NS NS 
 
1
,
 
Values are means ± SE of 12 eggs; 

2
, As a percentage of egg weight; 

 
NS=

 
Not significant (P > 0.05). 

 
 
 

Table 2. Mean percent of egg weight loss, and embryo weight of layer-type breeder eggs (Leghorn) exposed to magnetic field 

(MF) of 7.5 Gauss before incubation for up to 60 min (Trial 1) 
1
. 

 

Treatment Egg weight (g) Egg weight loss (%)
2
 Embryo weight (%)

2
 

MF (T) (min)    

0 (18) 55.24 ± 0.95 9.04 ± 0.72
b
 18.41 ± 3.76 

20 (18) 55.39 ± 0.83 9.64 ± 0.79
ab

 18.80 ± 3.88 

40 (18) 54.90 ± 0.82 9.98 ± 0.89
a
 18.73 ± 3.84 

60 (18) 54.34 ± 1.07 10.34 ± 1.06
a
 19.72 ± 3.80 

    

Embryonic age (day)    

7 (24) 55.33 ± 0.84 5.58 ± 0.17
c
 1.13 ± 0.04

a
 

14 (24) 54.3 ± 0.67 10.04 ± 0.28
b
 15.96 ± 0.31

b
 

18 (24) 55.32 ± 0.86 13.63 ± 0.45
a
 38.87 ± 0.74

a
 

    

T NS P < 0.05 NS 

Age NS P < 0.0001 P < 0.0001 

T × Age NS P < 0.05 NS 
 
1
,
 
Values are means ± SE of the number of replicates given in parentheses; 

2
, As a percentage of egg weight. 

a,b,c
,
 
Means within column 

followed by different superscripts are significantly different (P < 0.05); 
 
NS= Not significant (P > 0.05). 

 
 

 

hatching weight of Baladi eggs by approximately 18.4 
and 1.7%, respectively. Egg weight loss during incubation 
is very important for embryonic growth and development 
(Rahn and Ar, 1974; Rahn et al., 1981), and 
consequently, hatchability (Meir et al., 1984). However, it 
seems that the increase in egg weight loss during 
incubation of MF treated eggs was not enough to 
influence hatchability and hatchability failures of eggs 
(Romanoff, 1930; Peebles and Brake, 1985). MF 
exposure of eggs for 20, 40 and 60 min reduced albumen 
height by approximately 8.1, 4.4 and 9.7% (Table 1), 
respectively, albeit non-significantly, may indicate that MF 
exposure of eggs before incubation tended to increase 
the liquefaction of albumen of eggs and consequently 
vital gas exchange. Meuer and Baumann (1988) and 
Brake et al. (1993) suggested that thick albumen might 
interfere with gas exchange during early incubation. In 
this study, eggs of comparable weights, contents, and 
eggshell thickness were used (Table 1). This finding  may 

suggest that MF exposure of eggs before incubation 
increased the evaporation rate of water from eggs and 
consequently increased egg weight loss. The 
improvement of evaporation rate of water from the 
incubated egg may improve the capacity of eggshell to 
vital gas exchange and consequently, support oxygen 
consumption of the embryo.  

Results indicated exposure of eggs to MF for 40 and 60 
min before incubation increased percent of hatching 
chicks within 456 h of incubation by approximately 85.7 
and 98.6%, respectively and reduced percent of hatching 
chicks within 480 h of incubation by approximately 29.7 
and 15.6%, respectively, without any significant effect on 
the length of incubation when compared with those of the 
control (Table 4). It appears that exposing layer-type 
eggs to MF for 40 and 60 min increased egg weight loss, 
chick hatching weight (g), and hatching rate of chicks 
at456 h of incubation and tended to increase chick weight 
percentage   and   liquefaction   of   albumin,   albeit  non- 
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Table 3. Mean percent of hatchability, hatchability failures, egg weight and chick hatching weight express on an absolute and percentage basis (chick hatching weight*100/egg weight) 
of layer-type breeder eggs (Leghorn) exposed to magnetic field (MF) of 7.5 Gauss before incubation for up to 60 min (Trial 1)

1
. 

 

MF treatment 
(min) 

Hatch of 

fertile (%)
2
 

Early dead 
embryo (%) 

Late dead 
embryo (%) 

Pipped with live 
embryos (%) 

Pipped with dead 
embryos (%) 

Egg weight 
(g) 

Chick weight 
(g) 

Chick weight 
(%) 

0 84.48 ± 2.04 1.39 ± 1.39 11.27 ± 0.16 1.47 ± 1.47 1.39 ± 1.39 55.44± 0.51 36.88 ± 0.37
b
 66.41 ± 0.28

b
 

20 87.17 ± 4.97 4.33 ± 2.80 8.50 ± 3.63 0.00 ± 00.00 0.00 ± 00.00 55.33 ± 0.47 36.85 ± 0.32
ab

 66.63 ± 0.26
ab

 

40 80.15 ± 3.91 10.05 ± 5.03 8.41 ± 3.66 1.39 ± 1.39 0.00 ± 00.00 55.32 ± 0.49 37.31 ± 0.38
a
 67.45 ± 0.32

a
 

60 85.78 ± 2.45 5.71 ± 0.16 8.50 ± 2.61 0.00 ± 00.0 0.00 ± 00.00 55.46 ± 0.59 37.31 ± 0.50
a
 67.23 ± 0.41

ab
 

Probability NS NS NS NS NS NS P < 0.05 P < 0.05 
 

1
, Values are means  SE of 4 replicates with 21 eggs in each replicate. There was no significant difference in the percentage of fertile eggs (mean  SE) between treatments (95.8  1.39, 98.6  

1.39, 97.2  2.78, and 98.6  1.39, for eggs exposed to MF for 0, 20, 40 and 60 min, respectively,
 
NS=

 
Not significant (P > 0.05). 

 
 
 

Table 4. Incubation period of layer-type breeder eggs (Leghorn) exposed to magnetic field (MF) of 7.5 Gauss before incubation for up to 60 min (Trial 1)
1
. 

 

MF treatment (min) Incubation period (h) 

Hatching distribution over the incubation period (%) 

Incubation period (h) 

456 480 504 

0 475.0 ± 2.99 21.0 ± 12.46
b
 79.0 ± 12.46

a
 0.0 ± 0.00 

20 475.5 ± 2.52 21.8 ± 9.01
b
 75.3 ± 7.60

a
 2.9 ± 1.71 

40 471.9 ± 0.86 39.0 ± 5.05
a
 55.5 ± 6.72

b
 5.4 ± 1.86 

60 472.7 ± 0.47 41.7 ± 4.81
a
 47.1 ± 11.35

b
 11.2 ± 6.57 

Probability NS P < 0.0201 P < 0.0031 NS 
 

1
 Values are means  SE of hatching hour; NS= Not significant (P > 0.05).  

 
 
 

Table 5. Mean percent of hatchability and hatchability failures of layer-type breeder eggs (Baladi) exposed to magnetic field (MF) of 7.5 Gauss before incubation for up to 60 

min (Trial 2)
1
. 

 

MF treatment (min) Hatch of fertile (%)
2
 Early dead embryo (%) Late dead embryo (%) 

Pipped with live embryos 
(%) 

Pipped with dead 

embryos (%) 

0 87.48 ± 3.41 6.39 ± 1.69 3.66 ± 1.63 2.47 ± 1.68 0.00 ± 0.00 

20 85.17 ± 4.18 4.33 ± 1.91 6.50 ± 2.31 2.50 ± 1.25 1.50 ± 1.500 

40 83.15 ± 3.98 5.05 ± 3.09 8.41 ± 2.79 1.31 ± 1.31 2.08 ± 2.08 

60 86.78 ± 2.44 6.50 ± 1.96 5.51 ± 2.61 1.21 ± 1.09 0.00 ± 00.00 

Probability NS NS NS NS NS 
 

1 
Values are means  SE of 4 replicates with 15 eggs in each replicate. There was no significant difference in the percentage of fertile eggs (mean  SE) between treatments (97.6  

1.32, 98.4  1.79, 96.9  2.13, and 97.9  1.89, for eggs exposed to MF for 0, 20, 40 and 60 min, respectively;
 
NS=

 
Not significant (P > 0.05).  



 

 

 
 
 
 
significantly. These results may suggest that exposure of 
eggs to MF for 40 and 60 min improved the 
characteristics of egg contents leading to increased 
eggshell conductance and gas exchange (Christensen et 
al., 1996), and increased the efficiency of transfer of 
nutrients from the eggs, and consequently enhanced 
nutrient utilization by embryos.  

It can be concluded that MF exposure of eggs to MF of 
7.5 Gauss at 50 Hz for up to 60 min for layer breeder 
eggs did not influence the characteristics of egg contents, 
hatchability and hatchability failures of eggs. MF of 7.5 
Gauss at 50 Hz exposure of eggs for 40 and 60 min 
increased egg weight loss during incubation, and 
hatching weight of chickens.  
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The anatomic variations in the branches arising from the aortic arch in 900 Caucasian subjects and the 
exact origin of the right subclavian artery, the right common carotid artery, the left common carotid 
artery, the left subclavian artery, the right vertebral artery, and the left vertebral artery were analyzed by 
means of angio-computerized tomography. Seven hundred and thirty-four subjects (81.55%) had three 
branches arising from the aortic arch, 126 subjects (14%) had 2 branches and 40 subjects (4.44%) had 4 
branches. In addition, the following anatomic variations were found: The left common carotid was 
observed arising from the brachiocephalic trunk in 80 subjects (8.88%); the left carotid and the 
brachiocephalic trunk arose from a common stem, which in turn arose directly from the aortic arch in 
46 subjects (5.11%); the right common carotid and the right subclavian artery (arteria lusoria) arose 
directly from the aortic arch in 30 (3.33%) and 4 subjects (0.44%), respectively; the left vertebral artery 
and the right vertebral artery arose directly from the aortic arch in 16 (1.77%) and 2 subjects (0.22%), 
respectively. The study revealed that more than 20% of the Caucasian subjects had anatomical 
variations in the aortic arch branches.  
 
Key words: Aortic arch, arteries, vessels. 

 
 
INTRODUCTION 
 
Theoretically, human body anatomy is very well known as 
should be the case of the number of branches arising 
directly from the human aortic arch. Normally, three 
branches arise directly from the human aortic arch, these 
being the brachiocephalic trunk (BCT), the left common 
carotid artery (LCCA), and the left subclavian artery 
(LSA). It is considered as normal that the right common 
carotid artery (RCCA) and the right subclavian artery 
(RSA) arise from the BCT. Moreover,  the  right  vertebral 

 
 
 
*Corresponding author. E-mail: juan.sanchis@uv.es. Tel: + 34 
96 3983518. Fax: + 34 96 3864815. 

 
Abbreviations: BCT, Brachiocephalic trunk; LCCA, left 
common carotid artery; LSA, left subclavian artery; RCCA, right 
common carotid artery; RSA, right subclavian artery; RVA, right 
vertebral artery; LVA, left vertebral artery.  

artery (RVA) arises from the right subclavian artery (RSA) 
and the left vertebral artery (LVA) from the left subclavian 
artery (LSA).  

Currently, the development of modern imaging 
techniques makes it possible to study the human aortic 
arch branches in vivo. The use of imaging techniques is 
increasing the knowledge of the anatomy of the branches 
that arise from the aortic arch (Lemke et al., 1999; Goray 
et al., 2005; Natsis et al., 2009; Fawcett et al., 2010). The 
exact anatomy of an aortic arch malformation and its 
relationship to adjacent structures can be accurately 
defined by computerized tomography (CT) and magnetic 
resonance (MR). Both methods allow excellent 
delineation of all patent vessels by contrast enhanced 
angiography (angio-CT and angio-MR) with comparable 
image quality and the possibility of 3-D display of the 
malformation (Kellenberger, 2010).  

In the light of the aforementioned, we present the 
largest    study,    to    our    knowledge, carried    out    on  
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Figure 1. Angio-CT showing the „normal‟ three branches 

arising from the aortic arch. From left to right: the BCT, the 
LCCA, and the LSA. 

 
 

 
Caucasians using angio-CT that analyzes the variations 
in the number of branches arising directly from the 
human aortic arch. In addition, we also analyzed the 
exact origin of the RSA, the RCCA, the LCCA, the LSA, 
the RVA, and the LVA. 

 
 
MATERIALS AND METHODS 

 
We carried out a four-year prospective study in order to quantify the 
number of branches arising directly from the human aortic arch. We 
analyzed a large sample of 900 Caucasian volunteers. The mean 
age of the 900 subjects was 62.84 ± 15.04 years old (range, 18 to 
88 years). There were 400 women (44.44%) and 500 men 
(55.55%). All protocols were approved by the Committees of Ethics 
and Research of the Faculty of Medicine, University of Valencia. 
The work was performed in accordance with the World Medical 

Association's Declaration of Helsinki and written informed consent 
was obtained from all subjects. Subjects who were diagnosed with 
cardiovascular pathology before the study were excluded. No 
subjects had either clinical symptoms of cardiovascular pathology 
during the study. We analyzed these kinds of subjects because we 
wanted to study variations of the anatomical normality in 
asymptomatic subjects. 

We quantified the number of branches arising directly from the 
aortic arch and analyzed the exact origin of the RSA, RCCA, LCCA, 

LSA, RVA, and LVA arteries by means of angio-CT. The angio-CT 
study was carried out with a LightSpeed ultra CT (General Electric 
Medical Systems, Milwaukee, WI, USA). The device used can make 

16 slices per second; the slice thickness was 0.63 mm. Iopamidol 
300 (Bracco UK. Ltd, High Wycombe, Bucks, UK) intravenous 

contrast medium was administered during the study (100 ml). 
Image reconstructions were made with Voxar 3D software (Barco, 
Kortrijk, Belgium). 
 
 

RESULTS 
 

Of the 900 subjects examined, 734 (81.55%) presented 3 
branches (for example, BCT, LCCA, and LSA, in that 
order) arising directly from the human aortic arch (Figure 
1). In that typical branching pattern, the RCCA and the 
RSA arose from the BCT, the RVA arose from the RSA 
and the LVA arose from the LSA. Nevertheless, we also 
found 126 subjects (14%) that presented 2 branches and 
40 subjects (4.44%) that presented 4 branches that arose 
from the aortic arch (Figures 2 and 3).  

In addition, we found the following anatomic variations 
in the origin of the arteries: the LCCA was observed 
arising from the BCT in 80 subjects (8.88%); the LCCA 
and the BCT arose from a common stem, which in turn 
arose directly from the aortic arch in 46 subjects (5.11%); 
the RCCA and the RSA (aberrant RSA or arteria lusoria) 
arose directly from the aortic arch in 30 (3.33%) and 4 
subjects (0.44%), respectively; the LVA and the RVA 
arose directly from the  aortic  arch  in  16 (1.77%)  and  2 
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Figure 2. Angio-CT showing only two branches arising from the 

aortic arch. From left to right: the BCT and the LSA. The LCCA 
was observed arising from the BCT.  

 

 
 

 
 
Figure 3. Angio-CT showing four branches arising from the 

aortic arch. From left to right: the BCT, the LCCA, the LVA and 
the LSA. 
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subjects (0.22%), respectively. 
 
 
DISCUSSION 
 

We have analyzed the number of branches arising 
directly from the human aortic arch and the exact origin of 
the RSA, the RCCA, the LCCA, the LSA, the LVA, and 
the RVA in a large sample of Caucasian subjects. The 
exact anatomy of an aortic arch malformation and its 
relationship to adjacent structures can be accurately 
defined by CT (Kellenberger, 2010); thus we used this 
technique to study the aortic arch branches. Moreover, 
we used angio-CT because it has the great advantage of 
making a hospital stay unnecessary. Another of the most 
important points of the study is the large cohort we 
analyzed with this technique. In addition, angio-CT 
makes it possible to obtain anatomic images in vivo 
simulating a “virtual dissection”, thus similar results can 
be obtained to those acquired when performing cadaveric 
human dissections.  

Natsis et al. (2009) in an angiographic study carried out 
on 633 subjects, described eight types (I to VIII) of the 
aortic arch; Type I being the most common type (83%), 
that is, the “normal” aortic arch giving rise to three 
branches: the BCT (or innominate artery), which then 
branches into the RSA and RCCA, the LCCA and the 
LSA. We also found the same normal pattern. Similar 
results were found in the classic study carried out on 
cadavers by Thomson (1893) and in the cadaveric 
studies carried out by Grande et al. (1995) and by Shin et 
al. (2008). However, Williams et al. (1932) and McDonald 
and Anson (1940) observed that only approximately 50% 
of Afro-Americans have the most common type of aortic 
arch. More recently, Nelson and Spark (2001) and Nayak 
et al. (2006) observed that more than 90% of the 
American-Japanese and Indian cadavers they studied 
have the most common type of the aortic arch. Aortic 
arch anomalies are usually incidental findings on imaging 
studies (Kellenberger, 2010). These anatomical 
anomalies of the aortic arch are usually asymptomatic 
(Poultsides et al., 2004; Chahwan et al., 2006; Natsis et 
al., 2009) as was the case in the subjects we analyzed.  

We also found the presence of an aberrant RSA or 
arteria lusoria in 0.44% of the subjects we analyzed. 
Arteria lusoria is the most common anomaly of the aortic 
arch, occurring in 0.5 to 2.5% of individuals (Myers et al., 
2010). Arteria lusoria is usually asymptomatic because 
the aberrant artery does not form a complete vascular 
ring around the esophagus and trachea, and is most 
often discovered during the course of evaluation of other 
mediastinal anomalies (Myers et al., 2010). Although 
these variations are often asymptomatic, they have been 
described as being the cause of a condition called 
“dysphagia lusoria”. This situation is characterized by 
difficulty in swallowing and pain in some cases, due to 
the pressure applied by the artery onto the wall of the  
esophagus (Natsis et al., 2009). 

 
 
 
 
Results obtained in the present study are of special 
importance for surgeons. Preoperative angio-CT can be 
ideal for studying the anatomy of the aortic branches. 
Surgeons can obtain an idea of what they are going to 
find before performing surgery. In addition, the results of 
this kind of study may be of interest to surgeons when 
they cannot carry out radiologic studies before surgery 
(that is emergency surgery on a patient in a critical 
condition) because, as was described in this study, the 
anatomy of aortic branches is different in approximately 
20% of subjects and knowing this can help to anticipate 
possible complications during surgery. Moreover, we 
have found variations in the aortic branches. An 
explanation for the variations in the aortic arch has been 
thought to be related to a different development of the 
aortic branches during the embryonic period (Barry, 
1951). Nevertheless, ethnicity may be another cause for 
the differences, as has been suggested by other authors 
(Williams et al., 1932; McDonald and Anson, 1940). 
Based on this, we analyzed a large sample exclusively 
made up of Caucasian subjects.  

In conclusion, the present study has shown that 
approximately 20% of subjects have a „non normal‟ 
anatomy of the aortic branches, if we take into account 
that a normal anatomy has three branches arising directly 
from the aortic arch: The BCT, the LCCA and the LSA.  
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A total of 210 overweight and obese participants were recruited to investigate the association between 
various obesity parameters with insulin resistance (IR) in Jordanians. Weight, height, waist 
circumference (WC) and hip circumference were measured, and the corresponding body mass index 
(BMI), waist to hip ratio (WHR), and waist to height ratio (WHtR) were calculated. HOMA-IR was 
calculated from the corresponding fasting blood sugar and plasma insulin levels for each participant. 
The correlation as well as the prediction ability of obesity parameters for the occurrence of insulin 
resistance was evaluated statistically. Pearson and point-biserial correlation coefficients revealed that 
only BMI, WC and WHtR correlated with insulin resistance. However, the strength of correlation 
appeared to be gender-dependent. Logistic regression and ROC curve analysis showed that BMI is the 
best parameter to predict insulin resistance in the male population followed by WHtR. In females 
however, WHtR appeared to be a better classifier than BMI. In conclusion, BMI and WHtR were found to 
be the most significant obesity parameters for predicting insulin resistance in Jordanians male and 
female populations, respectively. 
 
Key words: Obesity, body mass index, waist circumference, waist

 
to height ratio, insulin resistance. 

 
 
INTRODUCTION 
 
Insulin resistance is a pathophysiological condition 
characterized by an impaired response to the presence of 
insulin. The exact mechanism behind the development of 
this condition is complex and not well understood. 
Several factors have been thought to play a major role in 
the development of insulin resistance. At the top of the 
list is obesity-associated exposure of tissues  to  elevated 
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Abbreviations: BMI, Body mass index; HOMA, homeostatic 
model assessment; IR, insulin resistance; ROC, receiver-
operating characteristic; T2DM, type 2 diabetes mellitus; WC, 
waist circumference; WHR, waist

 
to hip ratio; WHtR, waist

 
to 

height ratio. 

dietary nutrients and the resultant accumulation of toxic 
metabolic by-products (Kahn et al., 2006; Muoio and 
Newgard, 2008). The high association between obesity 
and insulin resistance was recognized among both males 
and females, and it appeared across all ethnic groups 
(Khan and Flier, 2000). 

On the other hand, obesity is considered as an 
independent risk factor to type 2 diabetes mellitus 
(T2DM) (Carey et al., 1997; Chan et al., 1994). This 
association depends basically on the aforementioned link 
between obesity and the risk of developing insulin 
resistance. Insulin resistance was found to be a reputable 
finding among obese patient with T2DM, and considered 
by some authors to be the basic etiology for T2DM as 
most of T2DM patients shows this resistance (Reaven, 
1988; Taylor, 1999; Wellen and Hotamisligil, 2005). Ac-
cordingly, obesity and  insulin  resistance  could  be  used 
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Table 1. Baseline characteristics of study participants. 
 

Characteristic Men Women All participants 

Participants (n) 91 119 210 

Age (years) 32.82 ± 11.99 33.53 ± 11.79 33.22 ± 11.86 

Weight (kg) 103.30 ± 23.69 81.03 ± 14.76 90.68 ± 22.07 

Height (m) 1.73 ± 0.07 1.60 ± 0.05 1.66 ± 0.09 

BMI (kg/m
2
) 34.51 ± 6.7 31.55 ± 5.51 32.83 ± 6.22 

WC (cm) 108.09 ± 14.73 97.66 ± 10.39 102.18 ± 13.46 

WHR (kg/m) 0.92 ± 0.05 0.90 ± 0.06 0.91 ± 0.06 

WHtR (kg/m) 0.63 ± 0.08 0.61 ± 0.08 0.62 ±  0.07 

Fasting blood glucose level (mg/dl) 90.56 ±  11.00 88.45 ± 10.76 89.37 ± 10.89 

Insulin level (mU/L) 14.11 ± 9.53 10.46 ± 6.50 12.04 ± 8.14 

Insulin resistance 3.23 ± 2.43 2.32 ± 1.52 2.72 ± 2.02 

 
 
 
used as strong predictors for the development of T2DM. 

Investigation of obesity and fat accumulation as a risk 
factor for chronic diseases relies on obesity parameters 
and measurable indicators such as body mass index 
(BMI), waist circumference

 
(WC), waist to hip ratio (WHR) 

and waist to height ratio (WHtR). Considerable attention 
has been given to the

 
BMI as a universal measurable 

indicator of overall obesity. On the other hand, WC was 
found to be directly associated with the increase of the 
risk of insulin resistance as well as cardiovascular 
diseases and mortality (Koike et al., 2009; Schneider et 
al., 2007; 2010). The remaining two parameters, WHR 
and WHtR, were less investigated as compared to BMI or 
WC. Nevertheless, all parameters appear to increase the 
incidence of insulin resistance, and they are considered 
independent risk factors for T2DM (Kawada et al., 2010). 
However, the parameter that has the most predictive 
power of insulin resistance as well as other obesity-
related health problems is not known. Apparently, the 
most predictive parameter is still a matter under dispute. 
In addition to this, many authors found that the different 
parameters are equally predictive with no significant 
difference between them (Janghorbania and Amini, 2010; 
Qiao and Nyamdorj, 2010; Sargeant et al., 2001; Stevens 
et al., 2001).  

Worldwide, most researchers focused on investigating 
the association between obesity parameters and the 
incidence of T2DM as well as cardiovascular diseases 
(Carey et al., 1997; Schneider et al., 2007, 2010; Stevens 
et al., 2001). Few attempted to specifically characterize 
the association of these parameters with the increased 
risk of developing insulin resistance. To our knowledge, 
none has reported on the association between obesity 
parameters and insulin resistance in the Arab world 
although the prevalence of T2DM and the metabolic 
syndrome is high and increasing in Jordan and other 
Arab countries (Ajlouni et al., 2008; Khader et al., 2007). 
Moreover, the environmental and dietary factors which 
are major risk factor for diabetes-obesity end point 
related disease are different between Western  and  Arab 

societies.  Therefore, the current work was undertaken to 
investigate the association between obesity parameters 
and insulin resistance in Jordanians as a representative 
Arabic community. The correlation and the ability to 
predict insulin resistance of BMI, WC, WHR and WHtR as 
reliable and measurable anthropometric obesity 
parameters were explored. We hope that the findings of 
this work will shed light on the obesity-diabetes dogma as 
a major public health problem and establish a simple, yet 
robust obesity parameter that can be used to predict and 
monitor obesity-related diseases in Arabic communities.   
 
 
MATERIALS AND METHODS 

 
Study subjects 

 
This study was conducted in the Faculty of Science, Yarmouk 
University, Irbid, Jordan, during the period of March to September 
2010. A total of 210 overweight and obese individuals were 
recruited for this study in order to test the relationship between 
insulin resistance and various obesity indicators. Participants were 
considered to be overweight if they have a BMI ≥ 25 and obese if 
their BMI was ≥ 30, according to the WHO definition of obesity and 
overweight. In this study group, 43% were males and 57% were 

females aged from 18 to 50 years and 52% of them were married. 
The base line characteristics of the study participants are shown in 
Table 1. The study was approved by the ethical and research 
committee of Yarmouk University and informed written consents 
were obtained from all participants. Medical history was taken from 
all individuals recruited in this study to rule out any possibility of 
chronic diseases. Patients who were previously diagnosed of 
diabetes or individuals whose fasting blood sugar was above 120 
mg/dl were excluded, and they were not part of the study.  
 
 
Measurements  
 
For anthropometric measurements, participants stood and dressed 
in light clothing without shoes. Body weight were measured with a 
calibrated balance beam scale to the nearest 0.5 kg, and height 
with a vertical ruler to the nearest 0.5 cm. Waist and hip 

circumference was measured in accordance with WHO standards 
with a tape to the nearest 0.5 cm. WC was measured midway 
between lower rib margin and the iliac crest in the horizontal  plane.  
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Table 2. The Pearson and point-biserial correlation coefficients between various anthropometric measurements and insulin resistance. 
 

Measurement 
Men  Women  All participants 

Pearson R
2 

Point-biserial R
2 

 Pearson R
2 

Point-biserial R
2
  Pearson R

2 
Point-biserial R

2
 

BMI 0.320** 0.238*  0.228* 0.349**  0.318** 0.325** 

WC 0.359** 0.181  0.173 0.329*  0.347** 0.303** 

WHR 0.133 -0.155  -0.51 0.100  0.075 -0.059 

WHtR 0.307** 0.185  0.221* 0.370**  0.286** 0.301** 
 

**Correlation is significant at the 0.01 level (2-tailed); *Correlation is significant at the 0.05 level (2-tailed). 

 
 
 
Hip circumference was measured at the point yielding the maximum 
circumference over the buttocks.  

All participants fasted for 10 to 12 h before blood sample were 
collected into vacuum tubes containing no preservative. Serum was 
separated by centrifugation at 4°C within 1 h. Fasting blood glucose 
was directly measured by the hexokinase method, and the rest of 
the serum was stored in freezer at -20°C for insulin level 

determination as well as any possible extra laboratory analysis. 
Fasting insulin level was measured by Enzyme Linked Immuno 
Sorbant Assay (ELISA) according the kit instructions provided by 
the supplier using standard laboratory procedures. The insulin 
resistance was quantified using the Homeostatic Model 
Assessment (HOMA) as glucose (mg/dl) × insulin (mU/L)/405 
(Matthews et al., 1985). A cutoff value of 1.4 to indicate if the 
participant is insulin resistant or not, was used based on the 
common practice of endocrinologists in Jordan (Dr. Nadima 

Shuqom, internal medicine and endocrinologist, personal 
communication). 
 
 
Statistical analysis 

 
The relationship between the various obesity parameters with the 
HOMA insulin-resistance was systematically studied using standard 

statistical tests. The analysis was performed with SPSS 17 
(Statistical Package for social sciences). The correlation between 
obesity parameters and insulin resistance was evaluated by 
calculating the Pearson and point-biserial correlation coefficients. 
The insulin-resistance predicting power of these obesity parameters 
was evaluated by logistic regression and three models for male 
participants, female participants, as well as all participants were 
obtained. Finally, a receiver-operating characteristic (ROC) curve 
analysis was used to examine the discriminatory power of the 

various obesity parameters. The sensitivity (true positive) and 
specificity (true negative) for all possible cutoff points for each 
parameter were simultaneously measured by performing ROC 
curve analysis. The ROC curves were constructed by plotting 
sensitivity against 1–specificity for each obesity parameters. The 
areas under the curve (AUCs) for each ROC curve were calculated 
to assess the overall performance of each anthropometric test for 
detecting insulin resistance.  

 
 
RESULTS 
 
The current work involved 210 overweight and obese 
individuals whose base line characteristics are 
summarized in Table 1. In this sample group, the 
relationship between four obesity parameters, namely 
BMI, WC, WHR and WHtR, with insulin resistance was 
evaluated. Table  2  shows  the  correlation  between  the 

obesity anthropometric parameters and the dependent 
variable under the study, the insulin resistance. The 
results revealed a positive correlation between BMI, WC 
and WHtR and the dependent variable under evaluation 
when the analysis was conducted for all the participants 
regardless of the gender. When Pearson correlation 
coefficient was calculated, WC was found to be more 
correlated with

 
insulin resistance than BMI and WHtR. 

The fourth parameter on the other hand, WHR, appears 
to be poorly correlated with insulin resistance for that 
same group. However, the dependent variable in this 
work is dichotomous, i.e., it is categorical with only two 
categories as the participant is either insulin resistant or 
not. HOMA insulin resistance was categorized such as 
those values less than 1.4 indicate no insulin resistance 
and ≥ 1.4 indicate insulin resistance. Therefore, the 
relationship between the obesity parameters and insulin 
resistance is better investigated using the point-biserial 
correlation coefficient. When this correlation coefficient 
was calculated, BMI was the parameter that was most 
correlated with

 
insulin resistance in the all participants 

group.  
To assess the effect of the gender, the same eva-

luation was carried out for male and female participants 
separately. Strikingly, different results were obtained than 
those discussed before when the correlation was 
investigated for all the participants. In the male popula-
tion, only BMI appears to be significantly correlated with 
insulin resistance as indicated by the point-biserial 
correlation coefficients calculation. Surprisingly, the other 
obesity parameters were poorly correlated in spite of the 
significant correlation shown by the Pearson correlation 
coefficients for these parameters when insulin resistance 
is treated as a continuous variable than a discrete 
dichotomy. Analysis of the female population on the other 
hand shows BMI and WHtR to be the parameters that are 
most correlated with

 
insulin resistance. However, the 

WHtR parameter correlated better with insulin resistance 
than BMI as indicated by the point-biserial correlation 
coefficients of these two parameters shown in Table 2.   

Logistic regression was also applied to find the factors 
(age and gender) and obesity parameters that 
significantly predict the incidence of insulin resistance 
among the various populations in the study. To start with, 
logistic regression for  all  participants  was  performed  in   
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Table 3.  Logistic regression analysis of insulin resistance as a function of the various obesity parameters.. 
 

Participant Predictor B SE Significance e
B

 95% CI for e
B

 

Men BMI 0.179 0.064 0.005 1.196 1.056 - 1.355 

 Constant - 3.962 1.955 0.043 0.019 NA 

       

Women WHtR 0.154 0.041 0.000 1.167 1.078 - 1.263 

     Constant - 8.635 2.405 0.000 0.000 NA 

       

All participant BMI 0.138 0.062 0.027 1.148 1.016 - 1.296 

          
    

WHtR 0.209 0.089 0.019 1.232 1.035 - 1.467 

           Gender 1.604 0.531 0.003 4.972 1.757 - 14.064 

  Constant - 7.081 1.920 0.000 0.001 NA 
 

Nagelkerke R
2
, Hosmer and Lemeshow 

2
 were 0.195 and 8.007, 0.203 and 5.475, 0.276 and 12.828, for male, 

female and all participants’ models, respectively. 
 
 

the backward stepwise method for insulin resistance as a 
function of age, gender, BMI, WC and WHtR. A 
significant model was obtained in which BMI, WHtR and 
gender were significant variables in the model (Table 3). 
The odd ratios (e

B
) suggest that gender, as a categorical 

variable, has a profound effect on the model. To assess 
that effect, logistic regression models for individual male 
and female populations were constructed, and again 
significant models could be obtained. For the male 
population, BMI remained as the most significant obesity 
parameter for developing insulin resistance; while on the 
other hand, WHtR appears to be the most significant 
predictor in the female population.   

Similar to logistic regression, the ROC curve analysis is 
an excellent diagnostic tool that is commonly used to 
establish the usefulness of particular obesity parameters 
for distinguishing populations with particular diseases or 
metabolic syndrome. The ability of the parameters to 
predict the response in question is classified according to 
the magnitude of the area under the ROC curve. The 
area under the ROC curve should usually range from 0.5 
to 1.0 with larger values being indicative of better fit. ROC 
curves illustrating the performance of each obesity 
parameter as explained in the method section are 
presented in Figure 1. The calculated areas under the 
ROC curves (AUCs) and their 95% confidence intervals 
are summarized in Table 4.   

In agreement with the analysis of the point-biserial 
correlation coefficient as well as the logistic regression for 
the male population, the ROC curves of BMI had the 
largest AUC and thus, it appears to be the most 
predictive obesity parameters for the development of 
insulin resistance in men. In the female population on the 
other hand, equal AUCs for BMI and WHtR were 
obtained indicating comparable predictive capabilities of 
these two parameters for the development of insulin 
resistance. It is worth mentioning that, in theory, no 
realistic classifier should have an AUC less than 0.5. 
Otherwise, the performance of this classifier would be 

worse than random guessing represented by the diagonal 
line between points (0,0) and (1,1) in Figure 1.  The 
performance of the obesity parameter WHR was an 
example of such behavior. Clearly, WHR offers no 
information about the possibility of developing insulin 
resistance. On the contrary, this parameter may be said 
to predict insulin resistance incorrectly and in a reverse 
manner where the larger the WHR and the more obese 
the person is the less likely he or she might develop 
insulin resistance. Lastly, the ROC curve analysis for the 
all participant group revealed a similar pattern to that 
obtained by logistic regression modeling. Specifically, 
both parameters, BMI and WHtR are excellent classifiers 
with a slight superior predicting ability for BMI (AUC = 
0.73) over WHtR (AUC = 0.72).   
 
 
DISCUSSION 
 
Insulin resistance gained more attention recently as 
researchers tried to understand the pathogenesis 
mechanisms of T2DM and metabolic syndrome from the 
insulin-resistance point view. Insulin resistance together 
with beta cell dysfunction leads to the appearance and 
gradual progression of type 2 diabetes. Accordingly, 
insulin resistance can be targeted to reduce the risk of 
diabetes and many other chronic diseases. However, 
HOMA insulin resistance as calculated parameter de-
pends on two laboratory tests, fasting blood glucose and 
serum insulin level, which are costly and time consuming. 
In contrast, obesity parameters are simple and 
associated with fewer measurement errors and could be 
used as precious markers and exemplary indicators for 
the occurrence of insulin resistance.  

Therefore, clinicians are encouraged to target obesity 
as a manageable health problem to prevent or delay the 
onset of diabetes through lifestyle intervention approa-
ches such as weight reduction and increasing physical 
activity   (National  Institutes  of  Health,  2000;  Qiao  and  
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Figure 1. Receiver operating characteristic (ROC) curves to predict insulin resistance from 

various anthropometric measurements in (A) men, (B) women and (C) all participants.  

 
 
 

Table 4. Areas under the receiver operating characteristic curves to predict insulin resistance from various obesity parameters.   

 

Measurement 
Men  Women  All participants 

AUC (95% CI) Significance  AUC (95% CI) Significance  AUC (95% CI) Significance 

BMI 0.71 (0.55 – 0.87) 0.013  0.73 (0.63 – 0.83) 0.000  0.73 (0.65 – 0.81) 0.000 

WC 0.67 (0.51 – 0.82) 0.051  0.70 (0.60 - 0.80) 0.000  0.71 (0.63 – 0.79) 0.000 

WHR 0.38 (0.24 – 0.52) 0.167  0.46 (0.35 – 0.57) 0.446  0.48 (0.39 – 0.56) 0.599 

WHtR 0.67 (0.51 -0. 84) 0.044  0.73 (0.64 – 0.83) 0.000  0.72 (0.64 – 0.80) 0.000 

 
 
 
and Nyamdorj, 2010; Zimmeta et al., 2011). As 
mentioned previously, continuous findings for the 
indicative strength of various obesity parameters left 
clinicians nearly confused on which obesity parameter 
should be considered. In the Arabic and Middle Eastern 
societies, the situation is even vaguer as the association 
and the predictability of obesity parameters to the risk of 
insulin resistance has never been investigated. 

This    work    presents    a   cross-sectional  study  that  

investigated the association between obesity parameters, 
namely BMI, WC, WHR and WHtR, with insulin 
resistance in eastern Arab society. Most of the previous 
studies on obesity and insulin resistance were taken in 
the western societies and Japan. However, dietary 
patterns and individual's lifestyle for eastern Arab society 
are different from those of the aforementioned societies. 
These factors directly affect the weight

 
status and fat 

distribution    demonstrated    by    the    various    obesity  
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parameters. Therefore, the aim of this study was to 
delineate the relationship between obesity parameters 
with insulin resistance in Jordanian society. To this end, 
210 overweight and obese individuals were recruited, and 
their anthropometric measurements were taken. The 
participant's glucose and insulin levels were measured, 
and the subsequent insulin resistance was calculated. 
The obesity parameters were statistically investigated 
and modeled to identify which parameter is better related 
to insulin resistance and thus, should be used as a 
predictor for the development of T2DM.     

The current data suggests that BMI and WHtR are 
more significantly associated and correlated with the 
development of insulin resistance in Jordanians than WC 
or WHR. Estimation of correlation coefficients, logistic 
regression and ROC curve analysis were applied to 
assess the relationship between these obesity para-
meters and the occurrence of insulin resistance. BMI, WC 
and WHtR were positively correlated with insulin 
resistance as indicated by Pearson as well as point-
biserial correlation coefficients calculated for the whole 
population under study. Nevertheless, when the latter 
correlation coefficient was calculated for the individual 
male and female populations, the strength of these 
markers appeared to be gender-dependent. While BMI 
was the only significantly correlated parameter with 
insulin resistance in males, WHtR and to a less degree 
BMI were the most correlated parameters with insulin 
resistance in females. These findings were further 
investigated by modeling insulin resistance as a function 
of age, gender, BMI, WC and WHtR using logistic 
regression. In agreement with correlation calculation, 
gender was found to have significant effect on the 
incidence of insulin resistance when this dependent 
variable was modeled in all participants. Moreover, BMI 
and WHtR were found to be the most significant para-
meters for predicting insulin resistance in the male and 
female populations, respectively. The goodness of fit as 
well as the outcome of the three logistic regression 
models obtained were evaluated and validated by perfor-
ming ROC curve analysis. The calculated AUCs agree 
with the findings discussed above regarding BMI being 
the best obesity parameters to predict the occurrence of 
insulin resistance in men. In women however, both WHtR 
and BMI resulted in similar AUCs and thus, they are 
predicted to have equal classifier performance by this 
statistical tool.  

The gender-specific behavior obtained is expected due 
to the vast differences in body composition between men 
and women. However, the combined population was 
always subjected to analysis in this work. This was in an 
attempt to explore the possibility of establishing a univer-
sal obesity parameter that has the strongest correlation 
and the prediction ability of insulin resistance in both 
genders. Apparently, this quest was not satisfactorily 
successful as different parameters were consistently 
associated with each gender.  

It is  also  worth  mentioning  that  our  conclusions  are 
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restricted to the inability to include certain confounding 
factors that could affect the dependent variable under 
study. Such factors include individual variations in the 
lifestyle pattern and the nutritional habits of our partici-
pants. Limitations of resources and many social barriers 
are the main reasons that restricted our conclusions to 
include and study these factors. In conclusion, the current 
findings suggest that BMI and WHtR are better indicative 
markers for insulin resistance than other obesity 
parameters such as WC or WHR. Therefore, BMI in men 
and WHtR in women are promoted to be used as obesity 
parameters for many risk conditions related to insulin 
resistance. Moreover, clinicians in eastern Arab societies 
are encouraged to use them to monitor obese and 
diabetic patients' response to body weight reduction 
treatments.  
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This study was carried out to determine the effects of some pretreatments including soaking in 

concentrate (98%) H2SO4 for 10, 20, 30, 40 and 50 min and cold stratification (at 41°C) for 15, 30, 45 and 
60 days followed by soaking in H2SO4 for 10, 20, 30, 40 and 50 min on seed germination and to 
investigate how to overcome dormancy of Punica granatum L. seeds. The seeds were sown in 
polyethylene pots in the greenhouse and sown at 22±1°C under darkness in laboratory conditions. The 
statistical approach was a randomized complete block design with three replications. Germinated seeds 
were observed periodically during 50 days to determine germination percentages and germination 
rates. Soaking in H2SO4 for 30 min with cold stratification for 45 days gave the highest germination 
percentage (60.7%) in the laboratory while, the highest germination percentage (85.5%) was obtained 
from soaking in H2SO4 for 40 min with 30 day cold stratification pre-treatment although there were not 
any significant differences for germination percentages between pre-treatments in the greenhouse. In 
addition, the best germination rate (21 days) was obtained from the seeds which were soaked in H2SO4 
for 30 min with 45 day cold stratification and soaked in H2SO4 for 40 min with cold stratification for 45 
days pre-treatments in the greenhouse. 
 
Key words: Dormancy, germination, pre-treatment, Punica granatum, seed. 

 
 
INTRODUCTION 
 
Vegetation cover is one of the most important factors in 
preventing and controlling soil erosion. It gives long-term 
soil surface protection by providing leaf cover that 
reduces rain-drop effects. In addition, it helps better soil 
structure development through establishing a root 
system, thereby increasing infiltration and soil stability 
(Pritchett and Fisher, 1987; Balci, 1996).  

Punica granatum is believed to have originated from 
Southern Caspian belt and Northeast Turkey, and the 
Mediterranean basin is an important diversification center  
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of the plant (Halilova and Yildiz, 2009). Pomegranate is 
one of the oldest subtropical species cultivated in Turkey 
and surrounding areas. The country has very rich 
pomegranate genetic resources mostly found in semi-arid 
and arid areas (Halilova and Yildiz, 2009). P. granatum is 
a drought tolerant tree suitable for arid and semi-arid 
zone afforestation. This species is important in soil 
erosion control and is planted along rivers to stabilize 
banks. Pomegranate leaf litter decomposes slowly and is 
suitable for mulching. It is also used as an ornamental 
plants in many countries (Orwa et al., 2009).  

Seeds of many woody plant species cannot germinate 
even if they are sown under optimal moisture, oxygen 
and soil conditions (Dirr and Heuser, 1987; Landis et al., 
1996; Urgenç, 1998; Yahyaoglu and Olmez,  2005).  This  
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problem is called dormancy and their causes are a hard 
and impermeable seed coat, immature or dormant 
embryo, absence of endosperm, or thick, fleshy seed 
cover (ISTA, 1966, 1993). There is a great deal of 
variation in germination ability of seeds even within the 
same species. Poulsen (1996) reported that dormancy 
among and within seed lots of the same species varies 
with provenance, crop year, and individual trees. 

There are various germination obstacles in Punica 
seeds (Ellis et al., 1985; Olmez et al., 2007a, b; Yucedag 
and Gultekin, 2009; Rawat et al., 2010) resulting in 
propagation difficulties. 

Generally pre-treatments such as submersion in hot 
water, mechanical or chemical scarification, and hot 
aeration are used for seed coat dormancy while the cold 
and warm stratifications are usually applied to dormancy 
caused by restrictions at the embryo level (Landis et al., 
1996). Among these methods and techniques, especially 
cold stratification and submersion in concentrated H2SO4 
are used to increase germination percentage of P. 
granatum seeds (Riley, 1981; Piotto et al., 2003; Olmez 
et al., 2007a, b; Yucedag and Gultekin, 2009; Rawat et 
al., 2010).  

Olmez et al. (2007a) obtained both the highest germi-
nation percentage (84.4%) and the best germination 
rates (30 and 36 days) in seeds pre-treated with soaking 
in H2SO4 for 15 min followed by cold stratification for 60 
days. Olmez et al. (2007b) achieved 11.2% germination 
in seeds that were cold stratified for 60 days in 
greenhouse conditions. Yucedag and Gultekin (2009), 
obtained best germination percentage (71.8%) in seeds 
that were cold stratified for 45 days. Ravat (2010) stated 
that stratification for 30 days at 5°C showed highest 
germination percentage (91.7%). Pioto et al. (2003) 
recommended 28 to 56 days cold stratification for P. 
granatum seeds. 

The aim of this study was to examine the influence of 
cold stratification and submersion in sulphuric acid pre-
treatments on breaking dormancy of P. granatum seeds 
sown both in the laboratory and in the greenhouse 
conditions. 
 
 
MATERIALS AND METHODS 

 
Ripe fruits were collected from P. granatum individuals in 
September 2007, in Artvin region located in the North-Eastern part 
of Turkey. The seeds were separated from the fruit material, rinsed 

with tap water, dried in the shade, and stored at 51°C in plastic 
bags. 

The following pre-treatments were applied to determine their 
effects on germination percentage (GP) and germination rate (GR) 
of P. granatum seeds: 
 
i) Submersion in concentrated (98%) sulphuric acid for 10, 20, 30, 
40 and 50 min. 
ii) Cold stratification (CS) for 15, 30, 45 and 60 days. 

iii) Submersion in concentrated (98%) sulphuric acid for 10, 20, 30, 
40 and 50 min + CS for 15, 30, 45 and 60 days. 
iv) Control. 

 
 
 
 
The seeds were stratified at 4±1°C by putting layers of moistened 
sand and seeds on top of each other in the closed boxes. Since 
there was a risk of some of the seeds being mixed with the sand 
because of their small size, linen cloth was placed between the 
sand and the seeds. The moisture of the sand and the seeds were 
checked regularly so that the seeds would not get mouldy.  

The seeds were sown in polyethylene pots in the greenhouse 
and into the petri dishes on filter paper at 22±1°C under darkness in 
laboratory, in April 2008. The polyethylene pots were filled with 
growing medium composed of forest soil, creek sand, and cattle 
manure (3:1:1). The experimental design was a randomized 
complete block with three replications (30 seeds in each replication) 
for each treatment.  

Numbers of germinated seeds [evaluation done according to 
ISTA Rules (1993)] were recorded for 7th, 10th, 14th, 21st, 28th, 
35th and 42nd days after the sowing. 

The GP and GR values were determined for each pre-treatment. 
The formula used in determining GR (Pieper, 1952) and GP values 
is as follows 
 

       
T

tinitntntn
GR




...332211
 

 
Where; GR: Germination rate, n: Number of days for each counting 
of germinated seeds, t: Number of germinated seeds at each 
counting day, T: Total number of germinated seeds. 
 

100
TS

T
GP  

 
Where; GP: Germination percentage, T: Total number of 
germinated seeds, TS: Total seeds. 
 
The whole experiment lasted for about 50 days when it was 
observed that the seeds stopped germinating. Data from the pre-
treatments were analyzed using the SPSS statistical software after 
arc-sinus transformation was applied to GP values to meet ANOVA 
assumptions. The ANOVA and Duncan tests were used to compare 

treatment groups to find out whether they showed any statistically 
significant differences with significance level (α) set at 0.05. 

 
 
RESULTS AND DISCUSSION 
 
Statistical analyses showed that the pre-treatments used 
in this study affected seed GP and GR in the laboratory 
and seed GR only in the greenhouse conditions 
significantly. While the GPs of the seeds varied between 
0.7 and 60.7% in the laboratory, the GPs in the 
greenhouse ranged from 61.0 to 85.5%. The highest GP 
in the greenhouse (85.5%) was obtained from the seeds 
which were soaked in H2SO4 for 40 min with CS for 30 
days although there were not any significant differences 
for GP between pre-treatments. On the other hand, the 
highest GP (60.7%) was obtained from submersion in 
H2SO4 for 30 min with CS for 45 days pre-treatment in the 
laboratory (Tables 1 and 2). No germination was acquired 
in seeds soaked in H2SO4 for 50 min followed by CS 
for60 days in laboratory condition. When concentrated 
H2SO4 was used with cold stratification method, GPs 
resulted in an increase both in the greenhouse and 
laboratory comparing to using H2SO4 alone (Tables 1 and 
2). Previous  studies  that  used  CS  application  reported  
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Table 1. Results of statistical analyses showing the relationship of the germination percentage and rate with 
different pre-treatments for laboratory conditions (Means in column with the same letter are not significantly different 
at α=0.05). 
 

Pre-treatment F-ratio GP (%) F-ratio GR (days) 

50 min H2SO4 + 60-day cold stratification 

9.99* 

0.0
a
 

3.21* 

0
a
 

50 min H2SO4 0.7
a
 12

ab
 

40 min H2SO4 + 60-day cold stratification 2.0
a
 9

ab
 

30 min H2SO4 + 60-day cold stratification 3.3
a
 26

cde
 

20 min H2SO4 + 60-day cold stratification 3.3
a
 19

bcde
 

40 min H2SO4  4.0
a
 31

de
 

Control  4.7
ab

 28
de

 

30 min H2SO4  4.7
ab

 29
de

 

20 min H2SO4  4.7
ab

 32
de

 

10 min H2SO4 + 60-day cold stratification 6.0
ab

 9
ab

 

10 min H2SO4  7.3
ab

 28
de

 

30 min H2SO4 + 15-day cold stratification 28.7
bc

 27
de

 

10 min H2SO4 + 15-day cold stratification 36.0
cd

 25
cde

 

20 min H2SO4 + 15-day cold stratification 36.7
cd

 26
cde

 

50 min H2SO4 + 45-day cold stratification 38.0
cd

 24
cde

 

40 min H2SO4 + 15-day cold stratification 44.7
cd

 26
cde

 

40 min H2SO4 + 30-day cold stratification 46.7
cd

 18
bcde

 

20 min H2SO4 + 30-day cold stratification 46.7
cd

 25
cde

 

50 min H2SO4 + 30-day cold stratification 48.0
cd

 18
bcd

 

20 min H2SO4 + 45-day cold stratification 50.7
cd

 22
bcde

 

10 min H2SO4 + 30-day cold stratification 54.7
d
 24

cde
 

50 min H2SO4 + 15-day cold stratification 56.0
d
 22

bcde
 

30 min H2SO4 + 30-day cold stratification 57.3
d
 24

bcde
 

40 min H2SO4 + 45-day cold stratification 58.7
d
 22

bcde
 

10 min H2SO4 + 45-day cold stratification 60.0
d
 21

bcde
 

30 min H2SO4 + 45-day cold stratification 60.7
e
 20

bcde
 

 

* VS: Pre-treatments, significantly different at = 0.05 

 

 
 

successful outcomes to overcome dormancy of P. 
granatum seeds (Riley, 1981; Piotto et al., 2003; 
Yucedag and Gultekin, 2009; Rawat et al., 2010). Riley 
(1981) reported that CS pre-treatment at 1 to 5°C for 30 
to 60 days gave good GPs that varied between 91 and 
96% for P. granatum seeds. Rawat et al. (2010) implied 
that the highest GP (91.7%) was determined from the 
seeds stratified for 30 days at 5°C and sown in the 
laboratory. In addition, Yucedag and Gultekin (2009) 
obtained the highest GP (71.8%) from CS treatment for 
45 days and sown in open field conditions. On the 
contrary, Olmez et al. (2007b) stated that the highest GP 
in the greenhouse was 11.2% for the seeds cold stratified 
for 60 days. In addition, scarification with H2SO4 for 15 
min followed by CS for 60 days were suggested by 
Olmez et al. (2007a) for P. granatum seeds, and the 
highest GPs determined from their study were 32.0 and 
84.8% for the open field and the greenhouse conditions, 
respectively.  

Dormancy among and within seed lots of the same 
species varies with provenance, crop year, and individual 

trees like Poulsen (1996)’s explanation. In addition, 
provenance differences in seed germination have been 
explained by the conditions of the site of origin for several 
species (Olmez et al., 2007c, 2009; Wang et al., 2010).  

In general, the present results for P. granatum seeds 
showed that soaking in H2SO4 followed by CS resulted in 
early, uniform and high GP in the greenhouse. Therefore, 
the results indicated that greenhouse conditions can be 
preferably used to improve germination of the seeds.  

The best germination rate (21.3 and 20.7 days) was 
determined in seeds soaked in H2SO4 for 30 or 40 min 
followed by 45-day CS pre-treatments and sown in the 
greenhouse. In addition, the GR was 22.3 days for the 
highest GP (85.5%) that were obtained from submersion 
in H2SO4 for 40 min with CS for 30 days pre-treatment in 
the greenhouse condition (Table 2). The GR was 19.7 
days for the highest GP in the laboratory conditions 
(Table 1). The difference of GP and GR in the green-
house and laboratory conditions could have resulted from 
germination conditions. Geisel (2004) stated that the 
medium in which the  seeds  are  sown  should  be  loose  
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Table 2. Results of statistical analyses showing the relationship of the germination percentage and rate with different 
pre-treatments for the greenhouse conditions (means in column with the same letter are not significantly different at 
α=0.05). 
 

Pre-treatment  F-ratio GP (%) F-ratio GR (days) 

Control  

0.43
NS

 

61.0 

7.11* 

28
h
 

20 min H2SO4 + 30-day cold stratification 68.0 23
abcd

 

10 min H2SO4 68.7 28
gh

 

10 min H2SO4 + 45-day cold stratification 68.7 24
bcdef

 

30 min H2SO4 + 30-day cold stratification 71.7 22
ab

 

20 min H2SO4 + 15-day cold stratification 72.7 26
efg

 

30 min H2SO4 + 45-day cold stratification 72.8 21
a
 

30 min H2SO4  74.8 26
fgh

 

20 min H2SO4  76.1 28
gh

 

10 min H2SO4 + 15-day cold stratification 76.7 25
defg

 

50 min H2SO4 + 30-day cold stratification 77.0 23
abcde

 

40 min H2SO4 77.8 26
efg

 

10 min H2SO4 + 45-day cold stratification 78.6 25
cdef

 

50 min H2SO4  78.8 25
defg

 

50 min H2SO4 + 15-day cold stratification 79.5 23
abcd

 

40 min H2SO4 + 45-day cold stratification 79.8 21
a
 

20 min H2SO4 + 45-day cold stratification 81.0 23
abcd

 

50 min H2SO4 + 45-day cold stratification 81.4 23
abcd

 

30 min H2SO4 + 15-day cold stratification 81.5 25
cdefg

 

40 min H2SO4 + 15-day cold stratification 82.7 25
cdefg

 

40 min H2SO4 + 30-day cold stratification 85.5 22
abc

 
 

* VS: Pre-treatments, significantly different at = 0.05, NS: not significant. 

 
 
 
and well during germination is limited or reduced, 
germination can be severely retarded or inhibited. 
Greenhouse conditions were well aerated than laboratory 
conditions, so the differences could be derived from 
aeration. 

 
 
Conclusions 

 
Consequently, among all the pre-treatments applied to 
the P. granatum seeds, submersion in H2SO4 for 30 min 
with 45 day-CS in the laboratory and submersion in 
H2SO4 for 40 min with 30 day-CS resulted in the highest 
GPs, 60.7 and 85.5%, respectively. The results indicated 
that CS with submersion in H2SO4 pre-treatments gave 
higher GP values both in the greenhouse and in the 
laboratory than H2SO4 pre-treatment alone to improve 
germination dormancy of P. granatum seeds. 
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Cardiovascular diseases are the main cause of death worldwide. Stiffing of the arterial wall is normally 
related with the beginning, or the progression of atherosclerosis. Atherosclerosis plays an important 
role in loss of the elastic properties of arteries walls. Thereby, atherosclerosis might cause harmful 
damage to arteries which in turn might cause cardiovascular disease and erectile dysfunction. Carotid 
intima-media thickness (CIMT) is used to measure atherosclerosis in parallel with the recording of 
Photoplethysmogram (PPG) from samples of erectile dysfunction subjects (68 patients). The results 
revealed PPG and clinical indices were correlated to CIMT. An index extracted from PPG 2

nd
 derivative 

(b/a ratio) was found to be a good measure of high-risk of atherosclerosis in parallel with CIMT 
measurement. In addition, pulse pressure (PP) which is an indicator of arterial stiffness, was found to 
be positively correlated to CIMT. PP, b/a index and subject’s height (H) were used to predict a high-risk 
of atherosclerosis by means of a logistic regression model. The developed model showed a sensitivity 
of 76.4% and specificity of 64.7% in the prediction of high-risk of atherosclerosis. In addition, the 
Nagelkerke R-square was better in backward logistic regression (0.372) compared to forward logistic 
regression (0.288). Thus increases in thickness of the intima and media of the carotid artery, as 
measured by CIMT, are directly associated with a decreased of b/a index values and increased of PP 
values. Thereby, PPG is recommended to be used as an assistant technique in the prediction of high-
risk of atherosclerosis. 
 
Key words: Photoplethysmogram (PPG), carotid intima-media thickness (CIMT), pulse pressure (PP), arterial 
stiffness and atherosclerosis. 

 
 
INTRODUCTION 
 
Coronary heart disease (CHD) or coronary artery disease 
(CAD) is generally caused by a condition 
called atherosclerosis, which occurs when fatty material 
and  a  substance  called plaque builds-up on the walls of  
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our arteries. Thickening and loss of elasticity of the 
coronary arteries occurs, leading to progressive 
insufficiency of the arteries and they start narrowing. 
Understanding the process of atherosclerosis would go a 
long way in helping to develop methods for prevention 
and treatment of such a disease. A marked increase in 
the incidence of coronary artery disease and death rates 
has been reported in both hemodialysis (HD) and diabetic  
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Figure 1. Description of the process of locating points of interest from PPG waveform and its 1st and 2nd derivatives 

(recorded PPG and its derivatives). 
 
 
 
patients when compared with an age-matched general 
population (Koch et al., 1997). Atherosclerotic CVDs are 
a significant cause of morbidity and mortality for patients 
with end-stage renal disease (ESRD) (Fujisawa et al., 
2000; Lindner et al., 1974; Dursuna et al., 2009). The 
major risk factors for atherosclerosis are serum lipid 
concentrations, smoking, and hypertension. Carotid 
intima-media thickness (CIMT) test is an established 
method for the measurement of atherosclerosis. The 
common carotid artery in the neck is accessed by an 
ultrasound probe, which in turn allows the measurement 
of the thickness of the inner two layers the carotid called 
the intima and media by high frequency sound waves. 
CIMT is costly and operator dependent which raises the 
desire of having an assistance tool which can be used to 
predict the high-risk of atherosclerosis in an easier, 
simple, operator independent, and low cost method. 
Photoplethysmogram (PPG) is an optoelectronic method 
for measuring and recording changes of blood volume of 
a body part. PPG signals have been applied in many 
different settings including clinical physiological 
monitoring, vascular assessment and autonomic function 
(Gonzalez et al., 2008). Atherosclerosis plays an 
important role in the propagation of blood stream since it 
accelerates blood velocity and harms the elastic 
properties of arteries. 

The second derivative wave had characteristic contours 
that  facilitated  the interpretation of the original PPG 

(Takazawa et al., 1998). However, a sophisticated 
approach to contour analysis of the PPG has been 
developed by investigators in Japan (Takazawa et al., 
1998; Takada et al., 1997). Imanaga et al. (1998) have 
proposed using the second derivative of PPG (SDPPG). 
This facilitates the distinction of five sequential waves 
called a, b, c, d and e waves. The relative heights of 
these waves (b/a, c/a, d/a and e/a ratios), have been 
related to age, arterial blood pressure, large artery 
stiffness and effects of vasoactive drugs. The indices 
calculated from the SDPPG waveforms are reported to 
correlate closely with both the distensibility of the carotid 
artery (Imanaga et al., 1998) and the central 
augmentation index (AIx) (Takazawa et al., 1998), 
suggesting the SDPPG indices may be a surrogate 
measure of arterial stiffness. Several previous studies 
showed that the SDPPG indices are associated with age 
(Hashimoto et al., 2005; Otsuka et al., 2006; Hashimoto 
et al., 2002; Ohshita et al., 2004), blood pressure (BP) 
(Hashimoto et al., 2005; Otsuka et al., 2006; Hashimoto 
et al., 2002), the estimated risk of coronary heart disease 
(Otsuka et al., 2006), and the presence of atherosclerotic 
disorders (Bortolotto et al., 2000). The dyslipidemia was 
independently associated with the b/a, Figure 1 illustrates 
PPG waveform, its 1st and 2nd derivatives, and the 
process of points locating. 

Arterial stiffness is an independent risk factor of 
cardiovascular  disease  (Arnett et al., 1994),  and   pulse  
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pressure, a surrogate marker of increased arterial 
stiffness, is a powerful predictor of cardiovascular (CV) 
events (Franklin et al., 1999; Klocke et al., 2003). The 
aim of our work was to study the characteristics of PPG 
that can be used to predict high-risk atherosclerosis and 
to explore any relation between CIMT and PPG indices in 
these patients. We determined HRART as an indicator of 
atherosclerosis. 
 
 
MATERIALS AND METHODS 

 
Subjects and protocol 

 
The study is conducted in Urology Clinic in the National University 
of Malaysia Medical Centre (PPUKM). PPUKM is a Teaching 
Medical Centre with 750 beds. The Medical Centre provides health 
services to most of the population around Kuala Lumpur as well the 
State of Selangor. The study was approved by the PPUKM ethics 
community review. Each patient was informed about the details of 

the study and their written consent was taken before the recordings 
were made. Patients were subject to obeying some inclusion criteria 
(high risks (hypertension, diabetes mellitus, dyslipidaemia, obesity, 
smoking, and significant family history) and no cardiovascular 
disease or risks at all) and to some exclusion criteria as well 
(establish cardiovascular disease, liver cirrhosis, renal failure, 
thyroid disease and spinal cord injuries and finger or having 
Raynauld’s). PPG measurements were collected from the right and 
left index fingers of the 68 participants with ages ranging from 30 to 

78 years and median age 56 years (all male). The samples were 
classified into two groups, 34 each (case group who had a CIMT 
value greater than 0.7 mm and control group who has CIMT value 
less than or equal to 0.7 mm). A written consent was taken from 
each participant. The data was recorded from a longitudinal study 
initially undertaken for the assessment of endothelium dysfunction 
in subjects presented with erectile dysfunction. The subjects were 
from three different races in Malaysia (Malay, Chinese and Indian). 
 
 
Hardware and data acquisition 

 
PPG pulse measurements collected simultaneously from the right 
and left index fingers to study and analyze arterial conditions. After 
subjects were rested for five minutes, PPG recordings was carried 
out for duration of 90 s. During the measurements, subjects were 
quiet, and breathed normally while resting in a supine position. PPG 

measurements were performed in hospital conditions at room 
temperature (24±1°C). A special National Instruments with Data 
Acquisition Board (NI cDAQ-9172) was used to digitize the signals 
locally and transmit the digital data to the personal computer with 
sampling rate of 5500 Hz. The recorded signals were analyzed off-
line using customized algorithms developed in MATLAB (The 
MathWorks, Inc). These filters did not introduce phase delays or 
distortion to the waveforms (Edmond et al., 2007). Utilizing PPG 

derivatives, PPG’s points of interest can be located and determined 
(Mustafa, 1997; Rubins et al., 2008; Qawqzeh et al., 2010). 
 
 
Signal processing 
 
A customized algorithm written in Matlab is used to analyze the 
contour of PPG signal. Contour or morphology analysis depends 
mainly on the detection of PPG’s inflection peak (second peak or 
diastolic peak) since it tends to be less pronounced in most cases, 
especially aging and diabetic PPGs. However, among 12 variables 
extracted  from  PPG  signal,  an  index  derived  from  SDPPG (b/a  

 
 
 
 
ratio) is found to be a promising tool to assist the process of 
prediction high-risk atherosclerosis. The algorithm loads PPG data 
(txt file), PPG signals are down-sampled (275 Hz), de-trended for 
removing outliers, drifts, offset and any movement artifacts. Next 
PPG signals are band-pass filtered (0.6 to 15 Hz) for removing the 
effect of the respiratory rhythm and higher frequency disturbances. 
PPG 1st and 2nd derivatives are evaluated. PPG inflection point is 
determined as the first local maximum of PPG 1st derivative and it 
can be confirmed by the 2nd positive-to-negative crossing zero of 
SDPPG. In our study, b/a and c/a waves of SDPPG are evaluated 
and extracted. In real experiment, PPG wave is very sensitive to 
noise and artifacts, therefore, it needs good filtering and those 
unstable waveforms need to be excluded from any calculations, to 

avoid affecting the normal trend of the measurements. Basically, all 
unclean PPG waveforms are excluded (since their b/a ratios are 
inaccurate). 
 
 
Statistical analysis 
 
Descriptive analysis was summarized by means and standard 
deviations, while Pearson correlation test was used to assess the 

relationship between CIMT and PPG. Bland-Altman test was 
performed to know the degree of agreement between CIMT and 
PPG. The value of CIMT greater than (0.7 mm) is considered high-
risk of atherosclerosis. A new index was derived from CIMT named 
as HRART is used to represent the presence or absence of 
atherosclerosis. CIMT value ≤ 0.7 represents 0 (No-Risk) and CIMT 
value > 0.7 represents 1 (High-Risk)). Predictive equations of high 
risk of atherosclerosis were produced by using stepwise multiple 
logistic regression analyses. MedCalc software version 11.4.4 is 

used to obtain receiver operating characteristics (ROC) curve and 
area under curve (AUC). P-value with less than 0.05 was 
interpreted as statistically significant. All analysis' were carried out 
by using Predictive Analytics Software (PASW, formerly known as 
SPSS) version 11.5 and MedCalc software version 11.4.2.0. 
HRART was taken as dependent variable. 

 
 
RESULTS 
 
The baseline characteristics of the study subjects are 
shown in Table 1. The mean age was 56.5±9.8 years. 
The comparison between b/a index (the relative height of 
b wave to a wave) and CIMT data showed a good 
agreement which raised the ability of using b/a index as 
assistance tool for the prediction of risk of 
atherosclerosis. CIMT was significantly correlated with 
age, b/a, max ejection time (MET), pulse pressure (PP), 
and subject’s height (H). The rest of the variables showed 
no significance statistically. 

Logistic regression is used to identify the factors that 
contributed to the risk of atherosclerosis. All the factors 
(BMI, SP, DP, MAP, Age, H, PT, MET, ST, DT, PPT, SI, 
MEV, PM, DM, RI, b/a and c/a) are tested one by one 
using (ENTER) method. Only (Age, b/a, H, and PP) is 
significant. In the multiple logistic regression, all the 
significant factors are included. Forward and backward 
stepwise procedures were performed to identify the risk 
factors and controlling for the confounding effect. In the 
forward stepwise procedure, only b/a and height are 
significant. The characteristics of forward method are 
shown in Table 2. In the other side, when (Backward: LR)  
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Table 1. Clinical and demographic characteristics of subjects. 
 

Characteristic N Mean Standard deviation 

AGE 68 56.5 9.8 

BMI 68 26 4.2 

CIMT 68 0.84 .36 

DP 68 82 7 

H 68 167 6.4 

MAP 68 101 7.3 

PP 68 56 9 

SP 68 138 10.6 

Valid N (listwise) 68   
 

The values are expressed as mean±SD. H, subject’s height; BMI, body max index; CIMT, carotid-intima-media 
thickness; DP, diastolic pressure; MAP, main arterial pressure; PP, pulse pressure; SP, systolic pressure. 

 
 
 

Table 2. Forward: LR characteristics. 

 

Factor-Model B S.E Sig. Exp (B) 

b/a ratio -5.465 1.9 0.006 0.004 

H -0.117 0.5 0.020 0.890 

Constant 23.796 8.7 0.006 2.1025e+010 

The Nagelkerke R
2 
is 0.288 

 
 
 

Table 3. Backward: LR characteristics. 

 

Factor-Model B S.E Sig. Exp (B) 

b/a ratio -4.758 2.00 0.019 0.009 

H -0.123 0.050 0.018 0.884 

PP 0.066 0.037 0.040 1.069 

Constant 20.696 8.90 0.020 9.7310e+008 

The Nagelkerke R
2
 is 0.372 

 
 
 
logistic regression is used, the model performed better. 
The characteristics of backward: LR is shown in Table 3. 

In the forward: LR method, the Nagelkerke R-square 
was 0.288 which means that, b/a index and H contribute 
28.8% to the risk of atherosclerosis, while other 71.2% 
are contributed by other factors that are not tested in this 
work. 

However, backward: LR method gave better results 
since Nagelkerke R-square was 0.372 which means that, 
b/a index, H, and PP contribute 37.2% to the risk of 
atherosclerosis, while other 62.8% are contributed by 
other factors that are not tested in this work. 

HRART was negatively correlated with b/a ratio. This 
indicated that, a reduction of b/a value may reflect the 
presence of high-risk atherosclerosis. In contrast, PP 
which is an indicator or atherosclerosis processes 
(Solonevich and Cobb, 1975),  was  positively correlated 

with HRART which in turn, confirm the association 
between hypertension and atherosclerosis. The 
implemented model showed a sensitivity of 76.5 and a 
specificity of 64.7 in the detection of true-positive and 
true-negative respectively. The receiver operating 
characteristics (ROC) curve for b/a ratio vs. HRART is 
shown in Figure 2. In addition, ROCs for all factors of the 
developed model are shown in Figure 3. 

Mainly, our interest is to use the logistic model to 
predict the outcome for a new subject. When we have a 
new subject, the developed model can be used to predict 
the probability of having high-risk atherosclerosis. Let us 
say that, we have the inputs of b/a index, PP and H of an 
individual subject and the output is a number between 0 
and 1 which denotes the probability of the subject to 
having high-risk atherosclerosis. Therefore, the predictive 
equation  from  the  developed  statistical  model given by  
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Figure 2. ROC curve of b/a ratio in the prediction of high-risk atherosclerosis. 
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Figure 3. ROCs of all factors of the developed model in the prediction of high-risk atherosclerosis. 
 
 
 
with Y (Model’s outcome) = 20.696 – 4.758*b/a + 
0.066*PP – 0.123*H. Therefore, the probability of having 
high-risk atherosclerosis can be calculated as with 
HRART = Exp (Y) / (1+Exp (Y)). This tells us that 
increasing b/a value decreases the risk of 
atherosclerosis. Moreover, increasing PP increases the 
chance of being under high-risk atherosclerosis. Finally, 
increasing height decreases the risk of atherosclerosis. 
 
 
DISCUSSION 
 
The novelty of this work is the evaluation of the 
independent determinants of the SDPPG (b/a ratio) 
among  subjects with high-risk atherosclerosis as a factor 

for CVD by means of multiple logistic regression analysis. 
In our study, we determined the presence of early sub 

clinical atherosclerosis in erectile dysfunction patients by 
measuring CIMT. CIMT represents a marker of structural 
atherosclerosis. We found a significant increase in CIMT 
compared to age, PP which is found to be a marker of 
arterial stiffness. An important finding in our study was 
the demonstration of a negative correlation between 
atherosclerosis as indicated by CIMT and b/a ratio. 
Based on our findings, we suggest the use of b/a ratio in 
addition to PP and subject’s height as determinants of 
high-risk atherosclerosis in erectile dysfunction patients 
as an alternative method for the assessment of 
atherosclerosis. Figure 4 represents the grouping of b/a 
ratio based on HRART index. 
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Figure 4. The interactive dot diagram of b/a index in the prediction of HRART.  
 
 
 

Measuring the value of b/a ratio gives the opportunity to 
establish an alternative way of screening atherosclerosis. 
The fluctuations of PPG’s morphology, observed by, 
normal PPG waveform, 1st PPG derivative waveform and 
2nd PPG waveform, offer a window for screening the 
structural atherosclerosis. By its simple means, PPG 
(b/a) ratio therefore, can be utilized to track changes in 
the structural contents of atherosclerosis. Probably, the 
simplicity of running this proposed method encouraged 
further investigations to be implemented. As we are 
seeking to establish PPG technique, looking for its 
derivatives, relatively, gives a fruitful environment for 
more reliable and useful information for understanding 
changes to the structural atherosclerosis.  

The major limitation of the study was the small size of 
the sample. The study is conducted to study and 
investigate the characteristics of PPG’s indices that might 
yield better results in exploring the effects of 
atherosclerosis on erectile dysfunction patients. However, 
our study was the first study demonstrating a negative 
correlation between HRART and b/a ratio and a positive 
correlation between HRART and PP. 
 
 

Conclusion 
 

Atherosclerosis disturbances play an important role in the 
loss of elastic properties of arterial system, thereby, 
affecting the propagation of blood stream. CIMT used to 
screen carotid intima-media arteries in order to provide a 
window to the amount of hardening and stiffness of 
arteries. PPG is a non-invasive technique which reflects 
blood volume changes in arteries close to the skin. 
However, SDPPG is shown to be useful in explaining and 
understanding the characteristics of PPG waveform 
variations.  The  index b/a  ratio  is  found  to  be useful in 

the assessment of the prediction of high-risk of 
atherosclerosis in parallel with CIMT. We concluded that, 
SDPPG’s b/a ratio is a promising tool that might be used 
as a negative determinant of sub-clinical prediction of 
high-risk of atherosclerosis. 
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Cancer, especially in children is a public health problem in Cameroon. Suspected cases in the centre 
are biopsied and analysed in the Pathology Service of the Yaounde General Hospital. To find out the 
clinico-pathologic profile of patients seen at the centre, Clinical and Pathology registers of the two 
services were reviewed in this retrospective 3 years study from 2005 to 2007 and the data were 
analyzed. 350 specimens were analyzed in 3 years giving an annual average of 117.78.57% showed 
malignancy, 13.35% non-neoplastic diseases and 8.08% benign tumours. 55.7% were males, against 
44.3% females. The predominant age group in both sexes was 5 to 14 years with peak at 5 to 9 years. 
The main diagnosis were Burkitt’s lymphoma (40.86% of Acute lymphocytic leukemia (ALL) diagnosis, 
52% of all malignancies and 54.79% of lymphomas). It is localised in the maxilllo-facial region (71%), 
abdomino-pelvic organs (17%) and eye (5%). Non Hodgkin lymphoma (NHL) (38.91%) was second 
commonest and the predominant type of NHL is non-Hodgkin’s lymphoblastic lymphoma (26.29%). 
Among the cancers are rare malignancies that include nephroblastomas (0.73%), neuroblastomas 
(0.36%), Kaposi sarcoma (1.09%) hepatocellular carcinoma (0.36%) and soft tissue sarcomas (1.82%). 
Diagnosis was by fine-needle aspiration cytology (97.5%). The study reveal that childhood tumours are 
not rare in Cameroon. The commonest pathology seen at the Haemato-Oncology Service of the Chantal 
Biya Foundation is a lymphoma, mainly a Burkitt’s. Late and adolescent childhood age groups are 
mostly affected. The pilot centre statistics reflect trends and patterns of pediatric cancers nationally. 
More indepth studies are recommended. 
 
Key words: Acute lymphocytic leukemia (ALL) diagnosis, Cameroon, childhood cancers. 

 
 
INTRODUCTION 
 
In Africa, and Cameroon in particular, statistics on 
childhood malignancies are rare and fragmented 
(Lemerle et al., 2003). Malignant disease has been 
recognised in the past decades as a public health 
problem in near equal proportions to infectious diseases 
and  malnutrition  in  developing  countries (Abondo et al.,  
 
 
 
*Corresponding author. E-mail: 
enowrock24@yahoo.com. Tel: (237)77716045.  

1994). In Cameroon, a sub-saharan country in the 
Central African sub-region, there have been many 
studies on neoplastic diseases. In most of the studies, 
lymphoproliferative malignancies in general and Burkitt’s 
lymphoma in particular have been cited as predominant, 
especially in the children (Mbakop et al., 1996). The 
Groupe Franco-Africaine d’Oncologie pediatrique 
(GFAOP) Yaounde Pilot Centre in the Chantal Biya 
Foundation is a specialized pediatric oncology structure 
that serves as referral for childhood malignancies from all 
over Cameroon and the sub-region. 
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Figure 1. Age distribution by sex of cases seen at Chantal Biya Foundation between 2005 and 

2007. 

 
 
 
MATERIALS AND METHODS 

 
Data from the registers of the Haemato-Oncology Service in the 
Chantal Biya Foundation Pilot Centre and the Pathology Service of 

the Yaounde General Hospital were consulted between 2005 and 
2007. All patients with microscpically confirmed childhood cancers 
were recruited. The clinical and pathological data was analyzed. All 
cases out of the study period were rejected. 
 
 
RESULTS 
 
350 specimens were analyzed in 3 years giving an 
annual average of 117.78.57% showed malignancy, 
13.35% non-neoplastic and 8.08% benign. 55.7% were 
males, against 44.3% females. The predominant age 
group in both sexes was 5 to 14 years with peak at 5 to 9 
years. Main diagnosis were Burkitt’s lymphoma at 
40.86% of Acute lymphocytic leukemia (ALL) diagnosis, 
52% of all malignancies and 54.79% of lymphomas. The 
tumour is localised in the maxilllo-facial region (71%), 
abdomino-pelvic organs (17%) and eye (5%) (Figure 2). 
Non-Hodgkin’s (NH) lymphoma was the second 
commonest finding (30.6% of ALL diagnosis, 38.91% of 
all malignancies and 43% of lymphomas). In this last 
category NH lymphoblastic lymphoma (26.29%) was the 
commonest type. Rare malignancies include 
nephroblastomas (0.73%), neuroblastomas (0.36%), 
Kaposi sarcoma (1.06%), hepatocellular carcinoma 
(0.36%) and soft tissue sarcomas (1.82%). Diagnosis 
was by fine-needle aspiration cytology (97.5%). 

 Both non-Hodgkin’s (NH) and Burkitt’s lymphoma (BL) 
lymphomas are more prevalent in male than female 
children in late and adolescent childhood (> 5 years). BL 
is more common in males in late childhood (5 to 9 years), 
while  NHL is  more  prevalent  in  the   adolescent   male 

compared to females of same age (14 to 19 years). In 
early childhood (<5 years), NHL and BL have no sex 
predeliction. Generally, BL is a disease of early 
childhood, while NHL is a disease of late childhood to 
adolescence. The incidence of both NHL and BL falls 
sharply after 10 years and decreases exponentially to 20 
years. 
 
 
DISCUSSION 
 
Specimens from 350 patients in the GFAOP Yaounde 
Pilot Centre were analyzed in 3 years at the Pathology 
Service of the General Hospital Yaounde, giving an 
average incidence of 117.78.57% of the specimens 
analysed showed a malignant lesion. This is higher than 
reports from previous studies in this population (Abena 
Obama et al., 1989). Generally, pediatric malignancies 
show a slight male predominance (55.7%) in our series, 
similar to findings in earlier reports (Mbakop et al., 1996) 
(Figure 1). The patients were mainly children below 14 
years (90.29%), and the predominant age group involved 
in both sexes was 5 to 14 years with peak at 5 to 9 years 
(43.41%) (Mbakop et al., 1996). The diagnosis was 
microscopically confirmed mainly by Fine-Needle 
Aspiration Cytology (FNAC) (97.5% against 2.5% by 
histology). No post-biopsy complication was reported. 
FNAC has been reported to be a cheap, rapid, non-
invasive and reliable diagnostic method for tumour 
diagnosis in low-resource communities like ours (Brown 
and Coghill, 1992). The average duration of 
hospitalization of the patients was 14 days and only 8.0% 
of the patients had a post-therapeutic control FNAC. 
Malignant non-Hodgkin’s lymphoma is the main 
childhood cancer in our community. The commonest type  
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Figure 2. Localisation of Burkitt’s lymphoma. 
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Figure 3. Distributon of BL and NHL by age and by sexes. 

 
 
 

is Burkitt’s lymphoma-BL (40.86% of all cases and 
54.79% of lymphomas). It is predominant in the 5 to 9 
years age range. Generally, and in each age group, BL is 
numerically more common in males than females, though 
with no statistically significant sex predilection (Figure 3). 
Lemerle et al. (2003) reported that BL is the most 
frequent cancer in children in subsaharan Africa, more 
than leucemias, and its preponderance in malaria 
endemic zones and relationship with Ebstein-Barr virus 
are established. They estimated about 8 to 12.000 new 
cases in 2004. The tumour is mainly localized in the 
maxilllo-facial region (71%), abdomino-pelvic organs 
(17%) and eye (5%). These findings were reported in 
some studies (Burkitt and O’connor, 1961) though others 
(Belly-Priso et al., 1999) observed an increasing 
abdomino-pelvic localization of the tumour especially in 
females. 

The second most common tumour is NHL, particularly 
non-Hodgkin’s lymphoblastic lymphoma (26.29% of all 
cases and 35.25% of all lymphomas). Other types of non-

Hodgkin’s lymphomas are rare (Table 2). Hodgkin’s 
disease is not common in our study, accounting for only 
2.80% of all lymphomas and 2.16% of all malignant 
lesions amongst the patients (Tables 1 and 2). This 
observation has been reported by Mbakop who observed 
that Hodgkin’s disease is rare in both adults and children 
in Cameroon (Mbakop et al., 1991). Other rare 
malignancies in our series include nephroblastomas 
(0.73%), neuroblastomas (0.36%), Kaposi sarcoma 
(1.09%), hepatocellular carcinoma (0.36%) and soft 
tissue sarcomas (1.82%) (Table 1). This prevalence has 
been reported in earlier studies on this population. 
Although hepatoblastoma has been reported to be a 
common childhood liver tumour (Ishak and Glunz, 1967), 
in our series, hepatocellular carcinoma is more common, 
with a cytology similar to that found in adults (Weinberg 
and Finegold, 1983). 

NH and BL show interesting trends among the various 
age groups in the 2 sexes. Both are more prevalent in 
male     than   female  children  in   late   and   adolescent  
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Table 1. All malignant tumours by sex. 
 

Diagnosis Male Female Total cases % 

Hodgkin’s lymphoma 3 3 6 2.18 

Other NHL 61 46 107 38.91 

Burkitt’s lymphoma 79 64 143 52.00 

Unspecified lymphoma 2 3 5 1.82 

Nephroblastoma 1 1 2 0.73 

Adenocarcinoma 1 1 2 0.73 

Neuroblastoma 1 0 1 0.36 

Hepatocellular carcinoma 1 0 1 0.36 

Kaposi sarcoma 2 1 3 1.09 

Soft tissue sarcoma 3 2 5 1.82 

Total 154 121 275 100 

 
 
 

Table 2. Distribution of lymphoma type by sex. 

 

Diagnosis Male Female Total cases % 

Burkitt 79 64 143 54.79 

Lymphoblastic 52 40 92 35.25 

Centroblastic 3 1 4 1.53 

Lymphocytic 1 1 2 0.76 

Lymphocytic/lymphoblastic 5 2 7 2.68 

Lymphoma/leukemia 0 1 1 0.38 

Hodgkin  3 3 6 2.30 

Histiocytic 0 1 1 0.38 

Unspecified 2 3 5 1.93 

Total 145 116 261 100 

 
 
 

Table 3. Non-malignant diagnosis by sex. 

 

Diagnosis Male Female Total % 

Leishmaniasis 0 1 1 1.6 

Tuberculosis 4 4 8 12.9 

Other Benign tumours  10 5 15 24.2 

Reactive/inflammatory adenitides 17 10 27 43.6 

Others 8 3 11 17.7 

Total 39 23 62 100 

 
 
 
childhood (>5 years). BL is more common in males in late 
childhood (5 to 9 years), while NHL is more prevalent in 
the adolescent male compared to females of same age 
(14 to 19 years) In early childhood (<5 years), NHL and 
BL have no sex predeliction (Figure 3). Generally, BL is a 
disease of early childhood, while NHL is a disease of late 
childhood and into adolescence. The incidence of both 
NHL and BL falls sharply after 10 years of age and 
decreases exponentially to 20 years in both sexes 
(Figure 3). These trends have been observed in past 
studies    (Parkin   et al.,  1998).    About  13.35%   of   all 

diagnosis in our study are non-neoplastic conditions like 
reactive or non-specific inflammatory adenitides and 
tuberculosis. In 8.08%, the disease was a benign tumour 
(Table 3). 
 
 
Conclusion 
 
Childhood tumours are not rare in Cameroon. The 
commonest pathology seen at the GFAOP Chantal Biya 
Foundation   Pilot   Centre  is  cancer,  mainly  NHL,   and  



 
 
 
 
predominantly a Burkitt’s lymphoma. Other childhood 
cancers are rare. Late and adolescent childhood are the 
most commonly affected age group. At an annual 
incidence of 117, the centre receives pediatric oncology 
cases more than anywhere in the country. For their 
proper management, Fine Needle Aspiration Cytology 
has proven to be a reliable diagnostic procedure which 
not only distinguishes inflammatory from neoplastic but 
also between benign and malignant lesions. Further 
studies are recommended to find out trends in incidence, 
prevalence and disease outcome. 
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In this paper, we present a hybrid approach combining two optimization techniques for solving 
economic emission load dispatch (EELD) optimization problem. The proposed approach integrates the 
merits of both genetic algorithm (GA) and local search (LS), where it employs the concept of co-
evolution and repair algorithm for handling nonlinear constraints, also, it maintains a finite-sized 
archive of non-dominated solutions which gets iteratively updated in the presence of new solutions 
based on the concept of  -dominance. The use of  -dominance also makes the algorithms practical 

by allowing a decision maker to control the resolution of the Pareto set approximation. To improve the 
solution quality, local search technique was implemented as neighborhood search engine where it 
intends to explore the less-crowded area in the current archive to possibly obtain more nondominated 
solutions. Several optimization runs of the proposed approach are carried out on the standard IEEE 30-
bus 6-genrator test system. Simulation results with the proposed approach have been compared to 
those reported in literature. The comparison demonstrates the superiority of the proposed approach 
and confirms its potential to solve the multiobjective EELD problem. 
 
Key words: Economic emission load dispatch, evolutionary algorithms, multiobjective optimization, local 
search. 

 
 
INTRODUCTION 
 
The purpose of economic emission load dispatch (EELD) 
problem is to figure out the optimal amount of the 
generated power for the fossil-based generating units in 
the system by minimizing the fuel cost and emission level 
simultaneously, subject to various equality and inequality 
constraints including the security measures of the power 
transmission/distribution. Various optimization techniques 
have been proposed by many researchers to deal with 
this multiobjective programming problem with varying 
degree of success. 

Different techniques have been reported in the 
literature  pertaining  to  economic emission load dispatch 
 
 
 
*Corresponding author. E-mail: a_mousa15@yahoo.com. 

problem. In Brodesky and Hahn (1986) and Granelli et al. 
(1992), the problem has been reduced to a single 
objective problem by treating the emission as a constraint 
with a permissible limit. This formulation, however, has a 
severe difficulty in getting the trade-off relations between 
cost and emission. Alternatively, minimizing the emission 
has been handled as another objective in addition to 
usual cost objective.  

A linear programming based optimization procedures in 
which the objectives are considered one at a time was 
presented in Farag et al. (1995). Unfortunately, the EELD 
problem is a highly nonlinear and a multimodal 
optimization problem. Therefore, conventional optima-
zation methods that make use of derivatives and 
gradients, in general, not able to locate or identify the 
global  optimum. On  the  other hand, many mathematical  



 
 
 
 
assumptions such as analytic and differential objective 
functions have to be given to simplify the problem. 
Furthermore, this approach does not give any information 
regarding the trade-offs involved. 

In other research direction, the multiobjective EELD 
problem was converted to a single objective problem by 
linear combination of different objectives as a weighted 
sum (Chang et al., 1995; Dhillon et al., 1993; Xu et al., 
1996; Zahavi and Eisenberg, 1985). The important 
aspect of this weighted sum method is that a set of 
Pareto-optimal solutions can be obtained by varying the 
weights. Unfortunately, this requires multiple runs as 
many times as the number of desired Pareto-optimal 
solutions. Furthermore, this method cannot be used to 
find Pareto-optimal solutions in problems having a 
nonconvex Pareto-optimal front.  

In addition, there is no rational basis of determining 
adequate weights and the objective function so formed 
may lose significance due to combining non-
commensurable objectives. To avoid this difficulty, the 
 -constraint method for multiobjective optimization was 

presented in (Hsiao et al., 1994; Osman et al., 2004). 
This method is based on optimization of the most 
preferred objective and considering the other objectives 
as constraints bounded by some allowable levels. These 
levels are then altered to generate the entire Pareto-
optimal set. The most obvious weaknesses of this 
approach are that it is time-consuming and tends to find 
weakly nondominated solutions.  

Goal programming method was also proposed for 
multiobjective EELD problem (Kermanshahi et al., 1990. 
In this method, a target or a goal to be achieved for each 
objective is assigned and the objective function will then 
try to minimize the distance from the targets to the 
objectives. Although the method is computationally 
efficient, it will yield an inferior solution rather than a 
noninferior one if the goal point is chosen in the feasible 
domain. Hence, the main drawback of this method is that 
it requires a priori knowledge about the shape of the 
problem search space. 

Heuristic algorithms such as genetic algorithm have 
been recently proposed for solving optimal power flow 
problem (Osman et al., 2004). The results reported were 
promising and encouraging for further research. 
Moreover the studies on heuristic algorithms over the 
past few years, have shown that these methods can be 
efficiently used to eliminate most of difficulties of classical 
methods (Abido, 2003a, Fonseca and Fleming, 1995). 
Since they are population–based techniques, multiple 
Pareto-optimal solutions can, in principle, be found in one 
single run. 

In this paper, a hybrid multiobjective approach is 
proposed, which was based on concept of co-evolution 
and repair algorithm for handing constraints.  -

Dominance concept was implemented to maintains a 
finite-sized archive of non-dominated solutions which 
gets  iteratively  updated   according   to  the  chosen   - 
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vector. Also, local search method was introduced as 
neighborhood search engine where it intends to explore 
the less-crowded area in the current archive to possibly 
obtain more nondominated solutions. 
 
 
MATERIALS AND METHODS  
 
Here, we present a new technique combining two optimization 
techniques for solving economic emission load dispatch 
optimization problem (EELD). 
 
 
Multiobjective optimization 
 
Multiobjective optimization differs from the single objective case in 
several ways:  
 
1. The usual meaning of the optimum makes no sense in the 
multiple objective case because the solution optimizing all 
objectives simultaneously is, in general, impractical; instead, a 
search is launched for a feasible solution yielding the best 
compromise among objectives on a set of, so called, efficient 
solutions;  
2. The identification of a best compromise solution requires taking 
into account the preferences expressed by the decision-maker;  
3. The multiple objectives encountered in real-life problems are 
often mathematical functions of contrasting forms.  
4. A key element of a goal programming model is the achievement 
function; that is, the function that measures the degree of 

minimization of the unwanted deviation variables of the goals 
considered in the model. A general multiobjective optimization 
problem is expressed by:  
 
Multiple objective programming (MOP):  
 

T

1 2 m

T

1 2 n

 Min  F(x)  ( f (x),f (x),...,f (x))

s.t.     x S

x  (x ,x ,..., x )







 

 

where 1 2( ( ), ( ),..., ( ))mf x f x f x are the m objectives 

functions, 1 2 n( , ,..., )x x x are the n optimization parameters, and 

nS R  is the solution or parameter space.  

 

Definition 1 (Pareto optimal solution): 
*x  is said to be a Pareto 

optimal solution of MOP if there exists no other feasible x  (that is, 

x S ) such that, 
*( ) ( )j jf x f x for all 1,2,...,j m  and 

*( ) ( )j jf x f x for at least one objective function jf . 

 

Definition 2 (Laumanns et al., 2002) (ε-dominance): Let 

: mf x R  and ,a b X . Then a  is said to ε-dominate b  for 

some ε > 0, denoted as a b , if and only if for 

{1,..., }i m (1 ) ( ) ( ) i if a f b  (Figure 1). Definition 3 (ε-

approximate Pareto set): Let X be a set of decision alternatives 

and 0  . Then a set x  is called an ε-approximate Pareto set of 

X ,  if   any   vector      a x  is ε-dominated   by   at   least   one 
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Figure 1. Graphs visualizing the concepts of dominance (left) and ε-dominance (right). 

 
 
 

vector b x  , that is, 

 

 
:    ba x b x such that a     

  
 

According to definition 2, the ε value stands for a relative 
“tolerance” allowed for the objective values which was declared in 

Figure 1. This is especially important in higher dimensional 
objective spaces, where the concept of ε-dominance can reduce 

the required number of solutions considerably. Also, the use of  -

dominance also makes the algorithms practical by allowing a 
decision maker to control the resolution of the Pareto set 
approximation by choosing an appropriate   value. 

 
 
Economic emission load dispatch (EELD) 
 
The economic emission load dispatch involves the simultaneous 
optimization of fuel cost and emission objectives which are 
conflicting ones. The deterministic problem is formulated as 
described subsequently. 

 
 
Objective functions 
 
Fuel cost objective: The classical economic dispatch problem of 

finding the optimal combination of power generation, which 
minimizes the total fuel cost while satisfying the total required 
demand can be mathematically stated as follows (Yokoyama et al., 
1988): 
 

2

1 1

( ) ( ) ( )$ /
n n

t i Gi i i Gi i Gi

i i

f C C P a b P c P hr
 

        

where, 

i

i i i

C: total fuel cost ($/hr),  C : is fuel cost of generator i

a ,b ,c : fuel cost coefficients of generator i,

 and 

GiP : power generated (p.u)by generator i,

n: number of generator.
 

Emission objective: The emission function can be presented as  

the sum of all types of emission considered, such as xNO , 2SO , 

thermal emission, etc., with suitable pricing or weighting on each 
pollutant emitted. In the present study, only one type of emission 

xNO  is taken into account without loss of generality. The amount 

of xNO emission is given as a function of generator output, that 

is, the sum of a quadratic and exponential function: 
 

2 2

2

1

( ) [10 ( ) exp( )] /
x

n

NO i i Gi i Gi i i Gi

i

f E P P P ton hr    



     
 

where, , , , ,i i i i i     : coefficients of the ith generator's 

xNO emission characteristic. 

 
 
Constraints 

 
The optimization problem is bounded by the following constraints: 

 
Power balance constraint: The total power generated must supply 
the total load demand and the transmission losses. 

 

1

0
n

Gi D Loss

i

P P P


    

 

where DP : total load demand (p.u.), and lossP : transmission 

losses (p.u.). 
The transmission losses are given by (Hazarika and Bordoloi, 

1991). 

 

1 1

[ ( ) ( ]
n n

Loss ij i j i j ij i j i j

i i

P A P P Q Q B Q P PQ
 

      

 
where, n: number of buses, Rij: series resistance connecting buses i 



 
 
 
 

and j, Vi: voltage magnitude at bus I, i : voltage angle at bus I, Pi: 
 
real power injection at bus i. Qi: reactive power injection at bus i. 

 
Maximum and minimum limits of power generation: The power 

generated GiP  by each generator is constrained between its 

minimum and maximum limits, that is, 

 

 

 

 
min max min max min max,       ,     ,              1,......,Gi Gi Gi Gi Gi Gi i i iP P P Q Q Q V V V i n      

 
min max min max min max,       ,     ,              1,......,Gi Gi Gi Gi Gi Gi i i iP P P Q Q Q V V V i n      

 
 

where; minGiP : minimum power generated, and maxGiP : 

maximum power generated. 

 
Security constraints: A mathematical formulation of the security 

constrained EELD problem would require a very large number of 
constraints to be considered. However, for typical systems, the 

large proportion of lines has a rather small possibility of becoming 
overloaded. The EELD problem should consider only the small 
proportion of lines in violation, or near violation of their respective 
security limits which are identified as the critical lines. We consider 
only the critical lines that are binding in the optimal solution. The 
detection of the critical lines is assumed done by the experiences of 
the decision maker (DM). An improvement in the security can be 
obtained by minimizing the following objective function.  

 

max

1

( ) (| ( ) | / )
k

Gi j G j

j

S f P T P T


   

 

where, ( )j GT P  is the real power flow 
max

jT is the maximum 

limit of the real power flow of the j th line and k is the number of 

monitored lines. The line flow of the j th line is expressed in terms of 

the control variables GsP , by utilizing the generalized generation 

distribution factors (GGDF) (Ng, 1981) and is as follows: 

 

1

( ) ( )
n

J G ji Gi

i

T P D P


  

 

where, jiD is the generalized GGDF for line j, due to generator i 

For secure operation, the transmission line loading lS is restricted 

by its upper limit as 

 

max , 1,....,S S n     

 

where n  is the number of transmission line. 

 
 
Multiobjective formulation of EELD problem 

 
The multiobjective EELD optimization problem is therefore 
formulated as: 
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The proposed algorithm 

 
Recently, the studies on evolutionary algorithms have shown that 
these algorithms can be efficiently used to eliminate most of the 
difficulties of classical methods which can be summarized as: 
 
1. An algorithm has to be applied many times to find multiple 
Pareto-optimal solutions. 
2. Most algorithms demand some knowledge about the problem 
being solved. 
3. Some algorithms are sensitive to the shape of the Pareto-optimal 
front. 
4. The spread of Pareto-optimal solutions depends on efficiency of 

the single objective optimizer. 
 
It is worth mentioning that the goal of a multiobjective optimization 
problem do not only guide the search towards Pareto-optimal front 
but also maintain population diversity. 

 
 
Initialization stage 

 
The algorithm uses two separate population, the first population 

( )t
P consists of the individuals which initialized randomly satisfying 
the search space (The lower and upper bounds), while the second 

population 
( )t

R consists of reference points which satisfying all 
constraints. However, in order to ensure convergence to the true 
Pareto-optimal solutions, we concentrated on how elitism could be 

introduced in the algorithm. So, we propose an archiving/selection 
(Laumanns et al., 2002) strategy that guarantees at the same time 
progress towards the Pareto-optimal set and a covering of the 
whole range of the non-dominated solutions. The algorithm 

maintains an externally finite-sized archive 
( )t

A  of non-dominated 
solutions which gets iteratively updated in the presence of new 
solutions based on the concept of  -dominance. 

 
 
Repair algorithm 

 
The idea of this technique is to separate any feasible individuals in 
a population from those that are infeasible by repairing infeasible 
individuals. This approach co-evolves the population of infeasible 
individuals until they become feasible. Repair process works as 

follows. Assume, there is a search point S (where S is the 

feasible space). In such a case, the algorithm selects one of the 
reference points (Better reference point has better chances to be 

selected),  say r S  and  creates  random  points   Z  from the  
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segment defined between ,r , but the segment may be extended 

equally on both sides determined by a user specified 

parameter [0,1] . Thus, a new feasible individual is expressed 

as: 
 

1 2. (1 ). ,    (1 ). .          z r z r  

 

where (1 2 )       and [0,1]  is a random 

generated number 
 
 
Local search (LS) stage 

 
In this stage, we present modified local search technique (MLS) to 
improve the solution quality and to explore the less-crowded area in 
the external archive to possibly obtain more nondominated 
solutions nearby. We propose a MLS, which is a modification of 
Hooke and Jeeves (1961) method to be suitable for MOP. The 
general procedure of the MLS techniques can be described by the 
following steps. 
 

Step1. Start with an arbitrary chosen point (  n t

nX R E  , 

and the prescribed step lengths ix in each of the coordinate 

directions u , 1,2,...., .i i n  Set m = 0, assume that m is the 

size of 
tE .  

Step 2. Set m = m + 1, and k = 1 where k is number of trial (s.t., 

max1,...,k k ) to obtain preferred solution than Xm .  

Step 3. The variable ix is perturbed about the current temporary 

base point Xm  to obtain the new temporary base point 
'

mX as: 

 

 

      

      

'

        if    

        if                               i=1,2,...,n          

                     if    



 

 

   



      


   







m

m i i

m i i

m

X x u f f

X X x u f f f

X f f f
 

 

Where,    mf f X  ,    m i if f X x u     , and 

   m i if f X x u    . Assume  f is the evaluation of 

the objective functions at a point.
 

Step 4. If the point mX  unchanged. While the number of trial k is 

not satisfied, reduce the step length ix . The following dynamic 

equation is presented to reduce ix , 

 

  max1 ,      [0,1]
 

     
 

k

k
i ix x r r  

 

and go to step 3.  

Step 5. Else, if 
'

mX  is preferred than mX (that is, 

   '

m mf X f X ), The new base point is 
'

mX  . 

Step 6. With the help of the base points mX and 
'

mX , establish a 

 
 
 
 
pattern direction S as; 
 

'

m mS X X   

 

and find a point 
mX as 

' λS  m mX X  ,Where λ is the step 

length, (taken as 1). 

Step 7. If    '' '

m mf X f X
 

set 
'

m mX X , 

' ''

m mX X , and go to 6. 

Step 8. If    '' '

m mf X f X
 
set 

'

m mX X  , and go to 4. 

 

These steps is implemented on all nondominated solutions in 
tA  

to get the true Pareto optimal solution and to explore the less-
crowded area in the external archive. The following shows the 
pseudo code of the MLS algorithm. 
 

MLS technique 

Start with t

mX E  

Generate '

mX  

While (    '

m mf X f X stopped criterion 

satisfied ) DO 

If '

m mX X  

Reduce 
ix   Generate '

mX  

End 

Establish a pattern direction S   Generate ''

mX  

If    '' '

m mf X f X , set '

m mX X , ' ''

m mX X  

Set S   Generate ''

mX  

Else if    '' '

m mf X f X  

'

m mX X  

End 

End 

 

 
 
 
Basic algorithm  

 

It uses two separate population, the first population 
( 0)t

P (where t 
is the iteration counter) consists of the individuals which initialized 
randomly satisfying the search space, while the second population 

( )t
R consists of reference points which satisfying all constraints. 
Also, it stores initially the Pareto-optimal solutions externally in a 

finite sized archive of non-dominated solutions
(0)

A . We use 

cluster algorithm (Das and Patvardhan, 1998) to create the next 

population   
( 1)t

P ,  if  
( ) ( )| | | |t t

P A    (that   is,   the  size   of  the 



 
 
 
 

population 
( )t

P  greater than the size of archive 
( )t

A ) then new 

population
( 1)t

P consists of all individual from 
( )t

A and the 

population 
( )t

P are considered for the clustering procedure to 

complete 
( 1)t

P , if 
( ) ( )| | | |t t

P A  then | |P  solutions are 

picked up at random from 
( )tA and directly copied to the new 

population 
( 1)tP 

. 
Since our goal is to find new nondominated solutions, one simple 
way to combine multiple objective functions into a scalar fitness 
function is the following weighted sum approach: 
 

1 1

1

( ) ( ) ... ( ) ... ( ) ( )
m

i i m m j j

j

f x w f x w f x w f x w f x


       

 

where x is a string (that is, individual), ( )f x  is a combined fitness 

function, ( )if x  is the ith objective function. When a pair of strings 

is selected for a crossover operation, we assign a random number 

to each weight as follows. 
 

1

(.)
,     1,2,..,

(.)

i
i m

j

j

random
w i m

random


 



 

 

Calculate the fitness value of each string using the random weights 

iw . Select a pair of strings from the current population according 

to he following selection probability ( )x of a string x in the 

population 
( )tP . 

 

 

 

 

( )

( )
( ) ( )min

min( )

min

( ) ( )
( ) ,   where ( ) min{ ( ) | }

{ ( ) ( )}
t

t
t t

t

x P

f x f P
x f P f x x P

f x f P





  



 

( )

( )
( ) ( )min

min( )

min

( ) ( )
( ) ,   where ( ) min{ ( ) | }

{ ( ) ( )}
t

t
t t

t

x P

f x f P
x f P f x x P

f x f P





  

  
 

This step is repeated for selecting | | / 2P  Paris of strings from 

the current populations. For each selected pair apply crossover 
operation to generate two new strings, for each strings generated 
by crossover operation, apply a mutation operator with a 
prespecified mutation probability. The system also includes the 

survival of some of the good individuals without crossover or 
selection. This method seems to be better than the others if applied 
constantly. 
The proposed algorithm is shown as follows:  

 

(0) (0)

(0) (0)

(t)

( ) ( 1) ( 1)

( ) ( 1) ( )

1. t 0

2. Create P ,

3. nondominated( )

3.  terminate (A , )  do

4. 1

5. P generate( , ) {generate new point}

6. update( , )     {update archive }

7. 

t t t

t t t

R

A P

while t false

t t

A P

A A P

e

 







 







( ) ( )

( )

 

8. ( )

9. Output :

t t

t

nd while

A LS A

A
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The purpose of the function generate is to generate a new 
population in each iteration t, possibly using the contents of the old 

population 
( 1)tP 

and the old archive set 
( 1)tA  in associated 

with variation (recombination and mutation). The function update 

gets the new population 
( )tP  and the old archive set 

( 1)tA and 

determines the updated one, namely 
( )tA as indicated as shown 

as follows (Algorithm of select operator): 
  

1.  A,x

2. D={x A:box(x) box(x ))

3. if D  

4. { } \

5. : ( ( ) ( ) )

6. { } \{ }

7. : ( ( ) ( ))

8. { }

9. 

10. 

11. 

12.  

INPUT

then

A A x D

else if x box x box x x x then

A A x x

else if x box x box x then

A A x

else

A A

endif

OUTPUT



 



 

    

 

 

 

 















A

 

 
The function Ls is to explore the less-crowded area in the current 
archive to possibly obtain more nondominated solutions which is 
declared in pseudo code of the MLS algorithm. 

The algorithm maintains a finite-sized archive of non-dominated 
solutions which gets iteratively updated in the presence of a new 

solutions based on the concept of  -dominance, such that new 

solutions are only accepted in the archive if they are not  -

dominated by any other element in the current archive (Algorithm of 
select operator). The use of  -dominance also makes the 

algorithms practical by allowing a decision maker to control the 
resolution of the Pareto set approximation by choosing an 

appropriate   value. 

 
 
Implementation of the proposed approach 

 
The described methodology is applied to the standard IEEE 30-bus 
6-generator test system to investigate the effectiveness of the 
proposed approach. The values of fuel cost and emission 

coefficients are given in Table 1. For comparison purposes with the 
reported results, the system is considered as losses and the 
security constraint is released. The techniques used in this study 
were developed and implemented on 1.7-MHz PC using MATLAB 
environment. Table 2 lists the parameter setting used in the 
algorithm for all runs.  

 
 
RESULTS  
 
Figure 2 shows well-distributed Pareto optimal 
nondominated solutions obtained by the proposed 
algorithm after 200 generations after and before applying 
local search technique. Tables 3 and 4 show the best fuel 

cost and best xNO emission obtained by proposed 

algorithm as compared to nondominated sorting genetic 
algorithm (NSGA) (Abido, 2003a), niched pareto genetic 
algorithm  (NPGA)  (Abido, 2003b)  and  strength   pareto 
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Table 1. Generator cost and emission coefficients. 
 

Parameter G1 G2 G3 G4 G5 G6 

Cost 

a 10 10 20 10 20 10 

b 200 150 180 100 180 150 

c 100 120 40 60 40 100 

        

Emission 

 4.091 2.543 4.258 5.426 4.258 6.131 

 -5.554 -6.047 -5.094 -3.550 -5.094 -5.555 

 6.490 4.638 4.586 3.380 4.586 5.151 

 2.0E-4 5.0E-4 1.0E-6 2.0E-3 1.0E-6 1.0E-5 

 2.857 3.333 8.000 2.000 8.000 6.667 

 
 

 
Table 2. GA parameters. 

 

Population size (N) 60 

No. of generation 200  

Crossover probability 0.98 

Mutation probability 0.02 

Selection operator Roulette wheel  

Crossover operator BLX-α 

Mutation operator Polynomial mutation 

Relative tolerance   10e-6 

 
 
 
evolutionary algorithm (SPEA) (Abido, 2003c). 
 
 

DISCUSSION 
 

The results declare that, implementing local search 
improve the solution quality for the same approach Also, 
for different approaches. Also, it can be deduced that the 
proposed algorithm finds comparable minimum fuel cost 

and comparable minimum xNO emission to the three 

evolutionary algorithms.  
In this part of the study a comparative study has been 

carried out to assess the proposed approach concerning 
large size problem of the Pareto-set, DM preference and 
computational time. On the first hand, evolutionary 
techniques suffer from the large size problem of the 
Pareto-set. Therefore the proposed approach has been 
used to reduce the Pareto-set to a manageable size. 
However, the goal is not only to prune a given set, but 
also to generate a representative subset, which maintains 
the characteristics of the general set and take the DM 
preference into consideration. Some proposed 
approaches have been developed using cluster analysis 
to reduce the size of the Pareto-set, but unfortunately it 
does not concern the DM preference.  

On the other hand, evolutionary techniques suffer from 
the quality of the Pareto set. Therefore the proposed 
approach  has  been used to increase the solution quality 

by combing the two merits of two heuristic algorithms, 
genetic algorithm and local search techniques. Where, 
the proposed algorithm implements local search (LS) 
technique as neighborhood search engine such that it 
intends to explore the less-crowded area in the current 
archive to possibly obtain more nondominated solutions 
to improve the solution quality.  

Another advantage is that the simulation results prove 
superiority of the proposed approach to those reported in 
the literature, where it completely covers and dominates 
all Pareto-set found by the other approaches. Finally, the 
reality of using the proposed approach to handle on-line 
problems of realistic dimensions has been approved due 
to small computational time. 
 
 

Conclusions 
 

The approach presented in this paper was applied to 
economic emission load dispatch optimization problem 
formulated as multiobjective optimization problem with 
competing fuel cost, and emission. The algorithm 
maintains a finite-sized archive of non-dominated 
solutions which gets iteratively updated in the presence 
of new solutions based on the concept of  -dominance. 

Moreover, local search is employed to explore the less-
crowded area in the current archive to possibly obtain 
more nondominated solutions. The following are the 
significant contributions of this paper: 
 
(a) The proposed technique has been effectively applied  
to solve the EELD considering two objectives 
simultaneously, with no limitation in handing more than 
two objectives. 
(b) Allowing a decision maker to control the resolution of 
the Pareto set approximation by choosing an appropriate 
  value.  

(c) The proposed approach is efficient for solving 
nonconvex multiobjective optimization problems where 
multiple Pareto-optimal solutions can be found in one 
simulation run.  
(d) Local  search method is employed to explore the less- 
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Figure 2. Pareto-optimal front of the proposed approach (before and after applying local search). 

 
 
 

Table 3. Best fuel cost. 
 

Parameter NSGA NPGA SPEA Proposed  

PG1 0.1168 0.1245 0.1086 0.1737 

PG2 0.3165 0.2792 0.3056 0.3568 

PG3 0.5441 0.6284 0.5818 0.5411 

PG4 0.9447 1.0264 0.9846 0.9890 

PG5 0.5498 0.4693 0.5288 0.4529 

PG6 0.3964 0.39993 0.3584 0.3705 

Best cost 608.245 608.147 607.807 606.012 

Corresponding emission 0.21664 0.22364 0.22015 0.20080 
 
 
 

Table 4. Best xNO Emission. 

 

Parameter NSGA NPGA SPEA Proposed 

PG1 0.4113 0.3923 0.4043 0.3675 

PG2 0.4591 0.4700 0.4525 0.4904 

PG3 0.5117 0.5565 0.5525 0.5177 

PG4 0.3724 0.3695 0.4079 0.4512 

PG5 0.5810 0.5599 0.5468 0.5215 

PG6 0.5304 0.5163 0.5005 0.5304 

Best cost 0.19432 0.19424 0.19422 0.1880 

Corresponding emission 647.251 645.984 642.603 644.5346 
 
 
 

crowded area in the current archive to possibly obtain 
more nondominated solutions. 
(e) This work may be very valuable for on-line operation 
of power systems when environmental constraints are 
also needed to be considered. In addition to on-line 
operation,  this  work  can be a part of an off-line planning 

tool when there are hard limits on how much emission is 
acceptable by a utility over a period of a month or a year. 
 
For further work, we intend to solve large scale EELD 
problem with multiple dimension in a different vision using 
energy market which changes the role of dispatcher. 
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