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Abstract: 

Folic acid is one of the B complex vitamins and 

is now recognised as a vital component of the 

peri-conceptional care of women in the 

reproductive age group. Deficiency of folic acid 

can lead to neural tube defects in the fetus and 

megaloblastic anaemia in the mother. Due to its 

lower bioavailability from natural foods, many 

countries have adopted mandatory folic acid 

food fortification programs. Although these 

programs have been a public health triumph in 

reducing the burden of neural tube defects, 

there have been growing concerns about the 

role played by folic acid supplementation in the 

rising colon cancer rates over the past two 

decades. Folate intake in the range of the 

dietary reference intake is associated with a 

reduced risk for cancer in healthy populations, 

whereas high intakes of folic acid might result 

in an increased risk for cancer incidence or 

progression in persons with precancerous 

lesions and under certain conditions. Since no 

adverse effects have been observed in 

association with the intake of dietary folate, 

research activities that aim at investigating 

cause and effect relationships focus on folic 

acid. The majority of the evidence available to 

date therefore is reassuring and until further 

long-term population as well as laboratory 

studies are completed, folic acid will continue 

to play an important role in pre-conceptional 

and early pregnancy care.  

Keywords: Deficiency, Folic acid, 

Reproduction, Public health 

1. Introduction 

Over the past several decades, folic acid has 

been an integral part of peri-conceptional care 

throughout the world. Since the recognition of 

the link between folic acid and neural tube 

defects (NTDs) in 1960s, folic acid 

supplementation has remained the only 

intervention that can prevent serious 

congenital anomalies in the fetus.  

There is now an overwhelming body of 

evidence that folic acid supplementation 

significantly reduces the risk of neural tube 

defects (NTDs) (De-Regil et al., 2010). The 

programs of mandatory food fortification with 

folic acid in various countries have been a 

massive public health success with regards to 

reduction of these anomalies (Obican et al., 

2010). It is important to note that certain 

groups of patients may have an increased need 

for these supplements. 

Recent years have also witnessed a growing 

controversy regarding the safety of 

fortification of foods with folic acid, with 

concerns expressed over its potential role in 

promoting colorectal cancer and B12 deficiency 

anaemia.  

2. Folic acid – metabolism and role in 

human physiology 

Folic acid, a water-soluble B complex vitamin 

derives its name from ‘folium’ (Latin for leaf) as 

it was first extracted from spinach leaves. It 

was Lucy Wells in 1931 who originally used a 

http://creativecommons.org/licenses/by-nd/4.0/
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yeast extract to correct macrocytic anaemia in 

pregnant women in India. This abstract was 

subsequently identified as folate (Wills, 1931). 

Folic acid was isolated by Mitchell et al. in 1941 

and was shown to be a growth factor for 

Streptococcus lactis R (Mitchell et al., 1941). 

Folic acid consists of a pteridine ring system, p-

aminobenzoic acid and one molecule of 

glutamic acid (chemical name: pteroylglutamic 

acid). Naturally occurring ‘folates’ are 

pteroylpolyglutamic acids with two to eight 

glutamic acid groups. ‘Folic acid’ is the 

synthetic version of folate and is used in 

vitamin supplements and fortified foods 

because of its increased stability. The active 

form of folate in the body is ‘tetrahydrofolic 

acid', which acts as a coenzyme in numerous 

essential metabolic reactions. Folate 

coenzymes act as acceptors and donors of one-

carbon units in these reactions. The synthesis 

of the amino acid methionine from 

homocysteine requires a folate coenzyme and, 

in addition vitamin B12. Increased 

homocysteine levels therefore may indicate 

folate deficiency. Tetrahydrofolic acid is vital 

for synthesis as well as repair of nucleic acids 

(DNA and RNA) and formation of blood cells. 

3.  Sources of folic acid and food 

fortification 

Natural foods like leafy green vegetables, dried 

beans, legumes, fruits and organ foods such as 

liver are rich sources of folates.  

Foods that are high in folate content  

 Leafy green vegetables such as spinach, 

kale, brussels sprouts, cabbage, 

broccoli, turnip greens, potatoes 

 Citrus fruits such as orange, orange 

juice 

 Beans and legumes such as peas, 

chickpeas, blackeye beans, lentils 

 Wheat bran and other whole grain 

foods 

 Breads 

 Cereals 

 Rice 

 Pastas 

 Poultry, pork, shellfish and liver 

Most dietary folates exist as polyglutamates, 

which are converted to the monoglutamate 

form and absorbed in the proximal small 

intestine. However, the body absorbs only 

about 50 percent of food folate. This problem is 

compounded by cooking practices such as 

prolonged stewing, processing and storage, 

which can destroy some of the folates in 

natural foods.  

To overcome these deficiencies, many 

countries have introduced food fortification of 

grain products including flour, rice, pasta, 

bread and breakfast cereals with folic acid 

because, in contrast to natural foods, the folic 

acid absorption rate is estimated at 85 percent 

from fortified foods and 100 percent from a 

vitamin supplement. In March of 1996, the 

United States (US) Food and Drug 

Administration mandated that all enriched 

flour and uncooked cereal grains sold in the 

United States should be fortified with 140 µg 

folic acid/100 g of flour no later than January of 

1998 (Food and Drug Administration, 1996). 

Since then other countries including Canada, 

Costa Rica, Chile, Australia, New Zealand and 

some Middle Eastern countries have also 

introduced their own folic acid fortification 

programs. Although in 2007, the Food 

Standards Agency recommended that folic acid 

should be added compulsorily to either bread 

or flour to help reduce the numbers of neural 

tube defects, the issue of fortification still 

remains a subject of debate and controversy in 

the United Kingdom (UK). The recommended 

daily allowances for folates are expressed in 

Dietary Folate Equivalents (DFEs). DFEs were 

introduced because of the different 

bioavailability of folates and folic acid from 

various sources. The recommended daily 

allowance (RDA) for both men and women is 

400 µg/day of dietary folate equivalents 
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(DFEs), increasing to 600 µg/day in pregnancy 

and 500 µg/day in lactation. DFEs adjust for the 

nearly 50 percent lower bioavailability of food 

folate compared with that of folic acid: 1 µg of 

dietary folate equivalent = 0.6 µg of folic acid 

from fortified food or as a supplement taken 

with meals = 0.5 µg of a supplement taken on 

an empty stomach. To reduce the risk of neural 

tube defects for women capable of becoming 

pregnant, the recommendation is to take 400 

µg of folic acid daily from fortified foods, 

supplements, or both in addition to consuming 

food folate from a varied diet.  

4. Need for folic acid supplementation 

There are various contributors to folate 

deficiency in different populations. In 

pregnancy, the rising demands of increased red 

blood cell (RBC) production and growing fetal 

tissues causes a fall in blood levels of folate. The 

first few weeks of pregnancy are crucial for the 

development of the neural tube and this is the 

period when folic acid is most essential.  

About 5—15% of the general population have 

a variant of 5, 10-methylenetetrahydrofolate 

reductase enzyme essential for catalysing the 

transfer of a methyl group to homocysteine to 

form methionine, and the presence of this 

variant can compromise tissue folate levels 

(Molloy et al., 1997).  

Low folate intake also contributes to folate 

deficiency and is particularly problematic 

when associated with alcohol abuse and 

smoking. In the UK alone, it is estimated that 

over 13 million people currently consume too 

little folates in their diet (Food Standards 

Agency, 2007).  

Malabsorption, intestinal disease, liver or renal 

failure and use of certain medications (valproic 

acid, carbamazepine, trimethoprim, 

phenobarbitol, primidone, diphenylhydantoin, 

oxcarbamazepine, sulfonamides and 

methotrexate) are other conditions where 

folate requirements are increased.  Presence of 

any of these factors in addition to inadequate 

absorption of food folate and further losses 

through cooking practices, means that 

considerable number of women of 

reproductive age fail to get enough daily folates 

from diet alone. 

5. Effects of folate deficiency in 

mother 

Folate deficiency is known to lead to 

megaloblastic anemia, which is characterized 

by large immature RBCs in the peripheral 

smear. Early symptoms of such deficiency are 

non-specific and may include tiredness, 

irritability and loss of appetite. As anaemia 

worsens symptoms of fatigue, shortness of 

breath, headache, gastrointestinal upsets and 

palpitations may appear. If left untreated, 

megaloblastic anaemia may be fatal. Diagnosis 

of a subclinical deficiency relies on 

demonstrating reduced red cell folate 

concentration or on other biochemical 

evidence such as increased homocysteine 

concentration, since haematological 

manifestations are usually absent. In advanced 

cases, the presence of oval macrocytes and 

hyper segmented neutrophils in the peripheral 

smear is highly sensitive and specific for the 

diagnosis of megaloblastic anaemia. Folate 

deficiency during pregnancy has also been 

linked to preterm birth, low infant birth 

weight, intrauterine foetal growth restriction 

and placental abruption, although various 

studies have reported conflicting results 

regarding these complications (Martí-Carvajal 

et al., 2004; Nilsen et al., 2008; Scholl & 

Johnson, 2000; Ananth et al., 2008; Ananth et 

al., 2007).   

6. Folate deficiency and birth defects 

Maternal folate deficiency is associated with 

fetal congenital malformations. The best 

documented are neural tube defects (NTDs), 

including anencephaly and spina bifida. Each 

year these two most common forms of neural-

tube defects occur in 1 in 1000 pregnancies in 

http://en.wikipedia.org/wiki/Megaloblastic_anemia
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the United States (Cragan et al., 1995) and in an 

estimated 300,000 or more new-borns 

worldwide (Shibuya & Murray, 1998). In the 

UK there are estimates of between 700 and 900 

pregnancies with neural tube defects each 

year.  

There are a few studies suggesting that folate 

deficiency may also lead to other birth defects 

including cleft lip, cleft palate, certain heart 

defects and limb malformations (Maldonado et 

al., 2011; Salerno et al., 2008). However, a 

recent Cochrane review concluded that folic 

acid, alone or in combination with vitamins and 

minerals decreases NTD risk but did not have a 

clear effect on the occurrence of other birth 

defects (De-Regil et al., 2010). 

7. Other effects of folate deficiency  

Studies have associated low folate levels with 

an increased risk of Alzheimer´s disease and 

depression, although robust evidence for such 

an association is still lacking and results from 

further studies are eagerly awaited (Malouf & 

Grimley, 2008; Kronenberg et al., 2009; 

Stanger et al., 2009). Numerous studies have 

also indicated that elevated levels of 

homocysteine in the blood directly or 

indirectly increase the risk of atherosclerosis, 

coronary heart disease and stroke. By virtue of 

its involvement in the metabolic pathways, 

deficiency of folate can increase homocysteine 

levels. Low folate levels therefore have been 

described as a risk for cardiovascular disease 

by some authors (Voutilainen et al., 2001) and 

folate supplementation has been shown to 

decrease homocysteine levels and to improve 

endothelial function (Doshi et al., 2002; Doshi 

et al., 2001;Wald et al., 2001a). However due to 

uncertain nature of the existing evidence and 

conflicting reports in the literature, several 

randomised controlled trials are being 

conducted to establish whether folic acid 

supplementation to reduce homocysteine 

levels can lower the actual rates of 

cardiovascular diseases. A meta-analysis of 8 

large, randomized, placebo-controlled trials of 

folic acid supplementation involving 37,485 

individuals at increased risk of cardiovascular 

disease demonstrated that although the folic 

acid allocation yielded an average 25% 

reduction in homocysteine levels, the 

supplementation had no significant effects 

within 5 years on cardiovascular events or on 

overall cancer or mortality in the populations 

studied (Clarke et al., 2010). 

8. Geographic variations in folate 

deficiency 

Folate deficiency is very common in many parts 

of the developing world and is a part of the 

wider problem of poverty and malnutrition. 

Although much less prevalent, in developed 

countries, folate deficiency may be 

encountered mostly in socially or economically 

underprivileged groups or those with specific 

medical conditions. 

9. Folic acid toxicity 

The risk of toxicity from folic acid is low, 

because folate is a water-soluble vitamin and 

easily excreted by the kidneys. It has been 

suggested that high levels of folic acid can 

provoke seizures in some patients taking anti-

convulsant medications (Herbert, 1999). There 

have also been concerns about the masking of 

vitamin B12 deficiency by folic acid 

supplementation. Vitamin B12 deficiency has 

been estimated to affect up to 10–15% of the 

population over 60 years of age. Folic acid 

supplements can correct the anemia associated 

with vitamin B12 deficiency, but they do not 

correct the changes in the nervous system that 

result from vitamin B12 deficiency. Permanent 

nerve damage could theoretically occur due to 

such masking. The elderly population and 

those with folate intake above 1000 

micrograms per day are at particular risk. To 

date the evidence that such masking actually 

occurs is scarce, and studies indicate that food 

fortification has not caused a major increase in 

masking of vitamin B12 deficiency (Mills et al., 

2003). It is important, however, for both 

http://ods.od.nih.gov/factsheets/showterm.aspx?tID=374
http://en.wikipedia.org/wiki/Kilogram
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elderly individuals and health professionals to 

be aware of this relationship between folic acid 

and vitamin B12. In most countries including the 

US, health authorities have set the tolerable 

upper intake level of folic acid from fortified 

foods or supplements at 1,000 μg/day for 

adults.  

10. Folic acid and risk of colorectal 

cancer and adenoma 

Various experimental and observational 

studies have raised concerns about a possible 

role of folic acid in the development of 

colorectal carcinomas and adenomas. It has 

been suggested that folic acid may have dual 

modulatory effects on carcinogenesis 

depending on the timing and dose of its 

administration (Kim, 2003).  

Animal studies have pointed to a possibility 

that increased folic acid intake may decrease 

the risk of early neoplastic lesions, but that 

supplementation in higher amounts once a 

neoplasm has developed may actually increase 

the risk of colorectal cancer (Song et al., 2009a; 

Song et al., 2009b). However, extrapolation of 

observations from animal models to humans 

should be undertaken with caution. The folic 

acid fortification began in the US and Canada in 

1996 and 1997 respectively and concurrently 

both countries experienced an increase in rates 

of colorectal cancers which lead to the 

hypothesis that the institution of folic acid 

fortification may be wholly or partly 

responsible for the increase in colorectal 

cancer rates (Mason et al., 2007).  

Although the bulk of the evidence to date 

favours a good safety profile for folic acid 

supplements, the present scientific consensus 

on the association of folic acid with colon 

cancer appears to be divided. Many early 

epidemiological studies demonstrated a 

protective effect of folic acid supplements 

against colorectal and other organ 

malignancies, while some more recent studies 

have had conflicting results (Kim, 2004a; 

McCullough & Giovannucci, 2004; Crott & 

Mason, 2005; Choi & Mason, 2002; Farber, 

1949; Heinle & Welch, 1948; Cole et al., 2007; 

Mason et al., 2008) with some investigators 

arguing for and others against folic acid 

fortification. 

A meta-analysis challenged the results from 

epidemiological studies which indicated that 

folic acid status is inversely related to the risk 

of developing colorectal tumours. The results 

suggested an increased long-term risk of 

colorectal adenoma, especially advanced 

adenoma, among those participants 

randomised to the folic acid supplementation 

group (Fife et al., 2011).  Another systematic 

review suggested that higher folic acid intake 

levels reduced the risk of developing colorectal 

cancer (Kennedy et al., 2011). A pooled 

analysis of 13 prospective cohort studies found 

that a higher folic acid intake is modestly 

associated with a reduced risk of colon cancer. 

A 2% risk reduction (95% CI 0-3%) was 

estimated for every 100 μg/day increase in 

total folic acid intake (Kim et al., 2010). 

Another prospective study involving use of 

validated food-frequency questionnaires 

examined the latency between folic acid intake 

and the incidence of colorectal cancer. The 

authors did not find any clear evidence that the 

intake of folic acid supplements increased risk 

of colorectal cancer. They in fact supported the 

hypothesis that folic acid intake decreased the 

risk of initiation or early development of 

colorectal cancer (Lee et al., 2011). 

As is evident from the conclusions derived from 

various studies, the question as to whether 

folic acid plays a role in colon cancer reveals 

mixed results at the present time. A number of 

factors need to be considered when evaluating 

and comparing studies, including limitations in 

the current literature. There is a great deal of 

heterogeneity in the populations studied, 

including geographical and ethnic differences, 

presence of polymorphisms, use of data from 

both pre- and post-fortification time periods, 
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and inclusion of populations with and without 

fortification. Different methods and cut-offs are 

used to categorize highest compared to lowest 

intake and there is variability in serum levels, 

with a single serum level used to evaluate risk. 

The length of time for follow up varies between 

studies and may not be adequate to evaluate 

impact on risk. This makes it difficult to form a 

single conclusion regarding the impact of folate 

on cancer risk. However, there are populations 

who appear to be at risk due to either 

inadequate or excess intake. 

As more evidence regarding folic acid and 

colon cancer emerges in the future, if it is 

established that folic acid supplements do play 

a part in promoting tumorigenesis, the 

implications of such findings would be very 

significant from public health point of view. It 

would necessitate a reconsideration of the 

mandatory food fortification programs already 

in place in various countries. Long-term follow-

up studies in countries that have adopted 

mandatory folic acid fortification are therefore 

the need of the hour and their results will likely 

determine the fate of folic acid fortification 

programs in the future. In the meantime, the 

effects of folic acid fortification in the 

population will need careful monitoring (Kim, 

2004b). 

11. Recommendations for folic acid 

supplementation 

11.1 Prevention of neural tube defects 

The suggestion that folate deficiency might 

play a part in the aetiology of NTDs was made 

originally by Brian Hibbard in 1964 (Hibbard, 

1964). It is vital for women to have adequate 

folate stores before conception as neural tube 

development occurs in the first few weeks after 

conception, typically before the woman is 

aware of her pregnancy. Peri-conceptional use 

of folic acid supplements reduces the risk of the 

first occurrence, as well as the recurrence of 

NTDs (relative risk (RR) 0.28, 95% confidence 

interval (CI) 0.13–0.58) (Lumley et al., 2001). 

The exact mechanism how folic acid prevents 

birth defects is unknown however differential 

methylation of the insulin-like growth factor 2 

(IGF-2) gene or abnormal homocysteine 

metabolism are some of the possibilities 

suggested (Steegers-Theunissen et al., 2009). 

Supplementation with folic acid has also been 

shown to reduce the risk of structural cardiac 

and craniofacial abnormalities (Finnell et al., 

2004). The level of protection offered by folic 

acid against NTDs increases with the dosage.  

Serum folate concentrations increase by 0.94 

ng/mL for every 0.1 mg/day increase in folic 

acid intake in women aged 20-35 years, and 

about double that in people aged 40-65. Every 

doubling of serum folate concentration roughly 

halves the risk of a NTD. An increase of 0.4 

mg/day would reduce risk by about 36%, of 1 

mg/day by 57%, and taking a 5 mg tablet daily 

would reduce risk by about 85% (Wald et al., 

2001b). In women at high risk of foetal NTDs 

(due to previous pregnancy with NTD), the 

MRC randomised double-blind prevention trial 

has shown that a higher dose of folic acid 

supplementation (4 mg/day) reduces the risk 

of a subsequent NTD-affected pregnancy by 

72% (RR 0.28, 95% CI 0.12–0.71) (MRC 

Vitamin Study Research Group, 1991). 

Based on the current evidence it is therefore 

recommended that all women of child bearing 

age should take 0·4 mg (400 micrograms) of 

folic acid daily when planning a pregnancy. 

Those women who have had a previous 

pregnancy affected by a neural-tube defect 

should take 5 mg folic acid daily 

periconceptionally, starting at least one month 

before conception and continuing throughout 

the first trimester of pregnancy.  

11.2 Obesity  

Over the years data have emerged that obese 

women are at an increased risk of neural tube 

defects in their offspring and require a higher 

dose of peri-conceptional folic acid 

supplementation.  A meta-analysis of 12 
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observational cohort studies reported an odds 

ratio (OR) of 1.22 (95% CI 0.99–1.49), 1.70 

(95% CI 1.34–2.15) and 3.11 (95% CI 1.75–

5.46) for women defined as overweight, obese 

and severely obese, respectively, compared 

with healthy-weight women (Rasmussen et al., 

2008). There is also evidence from cross-

sectional data that, compared to women with a 

BMI <27, women with a BMI more than 27 are 

less likely to use nutritional supplements and 

less likely to receive folate through their diet. 

Even after controlling for folate intake, women 

with a BMI >27 have lower serum folate levels 

compared to women with a BMI <27 (Mojtabai, 

2004). There is a higher risk of NTDs 

associated with increased maternal weight, 

even after universal folic acid flour fortification 

(Ray et al., 2005). Based on these data, the 2010 

CMACE/RCOG Joint Guidelines for 

Management of Women with Obesity in 

Pregnancy recommend that women with a BMI 

more than 30 wishing to become pregnant 

should be advised to take 5 mg folic acid 

supplementation daily starting at least one 

month before conception and continuing 

during the first trimester of pregnancy 

(Modder & Fitzsimons, 2010).  

11.3 Diabetes and Epilepsy 

 Diabetes and epilepsy are other conditions 

that confer an increased risk of NTDs in 

pregnancy. It is recommended that women 

with these conditions consume a larger dose 

(5mg) of folic acid. Table 1 summarizes the 

conditions where higher dose of folic acid 

supplementation is recommended in 

pregnancy. After the first trimester, most 

women receiving a higher dose of folic acid can 

be advised to transition to a daily multivitamin 

supplement containing 0.4 mg of folic acid for 

the duration of pregnancy and lactation. 

Some authors have suggested a role for 

measurement of red blood cell (RBC) folate 

concentration in order to determine the most 

appropriate dose of folic acid supplements, and 

this may be useful in patients with medical 

conditions such as diabetes, obesity or epilepsy 

(Tam et al., 2009). It has been shown that RBC 

folate concentrations greater than 906 nmol/L 

are maximally protective against folate-

dependent NTDs (Daly et al., 1995).  

Table 1: : Conditions in which a higher dose (5mg) of peri-
conceptional folic acid is recommended 

  

11.4 Megaloblastic anaemia  

In folate deficiency megaloblastic anaemia, 

daily folic acid supplementation (5 – 15 mg in 

mal absorption states) for 4 months brings 

about haematological remission and 

replenishes the body stores. However, in 

managing acute cases of megaloblastic 

anaemia, the treatment often has to be started 

before a diagnosis of the specific cause 

(vitamin B12 or folate deficiency) has been 

made. To avoid complications that may arise 

due to masking of B12 deficiency with folic acid, 

supplementation with both folic acid and 

vitamin B12 is recommended until specific 

diagnosis is available. 

A)  Clinical conditions associated with 

decreased folate levels 

 Alcohol abuse 

 Malabsorption/ intestinal disease 

or gastric bypass 

 Haemolytic anaemias 

 Liver disease 

 Renal failure  

 Medications (alone or in 

combination) - valproic acid, 

carbamazepine, trimethoprim, 

phenobarbitol, primidone, 

diphenylhydantoin, 

oxcarbamazepine, sulfonamides 

and methotrexate. 

B) Clinical conditions associated with an 

increased risk of fetal NTDs 

 Personal or family history of NTDs 

 Obesity 

 Pre-gestational Diabetes 

 Epilepsy 
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12. Summary 

Folic acid has been a long companion not only 

of the obstetricians but also the primary care 

physicians and general practitioners in the 

peri-conceptional care of women in 

reproductive age group. With the emergence of 

new evidence of varying requirements of folic 

acid in different population subgroups it has 

become important for healthcare professionals 

to be aware of varying needs and recommend 

the correct dose of supplements to their 

patients. 

In many populations across the world, 

awareness of the benefits of folic acid before 

conception and during pregnancy is low. 

Health care professionals, magazines, 

newspapers, radio and television are the 

common sources of information. Effective 

knowledge translation is needed to ensure that 

women are informed about the benefits of folic 

acid during the reproductive years. This 

knowledge will allow them to make informed 

decisions about folic acid consumption. Health 

care professionals play an influential role in 

promoting folic acid knowledge among women 

of childbearing age. Lower levels of knowledge 

among women with lower levels of education 

and/or household income must be addressed. 

Although recent years have seen concerns 

raised over the safety of folic acid 

supplementation, the majority of the evidence 

existing to date appears reassuring. Long term 

population follow up studies as well as 

rigorous laboratory research are likely to 

better define the role of folic acid in the 

development of colorectal tumors in the future. 
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Abstract: 

The world’s increasing population, economic 

development and climate change are driving 

the demand for more drinking water. In India 

more than 100 million people live in areas of 

poor water quality. It has been reported that 

more than 33% of India’s groundwater 

resources are unsuitable for consumption due 

to pesticide and microbe contamination. This 

paper discusses the types of pesticides and 

microbes predominantly present in 

groundwater in India. Details on the 

environmental and human health implication 

of consuming groundwater containing these 

contaminants are highlighted. Physiochemical 

properties of pesticides and microbes such as 

the molecular weight, hydrophobicity and 

polarity are evaluated in detail. These 

information provides useful understanding on 

the fundamental causes of widespread 

pesticides and microbes contamination in 

groundwater. Technologies for removal of 

pesticides and microbes are discussed. The 

advantages and disadvantages of each 

technology for effectively removing pesticides 

and microbes to attain portable water standard 

is highlighted. The effectiveness of a 

technology for removing pesticides and 

microbes is dependent on the physiochemical 

properties of the contaminants. 

Keywords: Contamination, Drinking water, 

Ground water, Microbes, Pesticides 

1. Introduction 

The intensive use of pesticides has led to 

widespread contamination of the biotic as well 

as the abiotic environment. Pesticides are 

found in surface water and also in groundwater 

sources all over the world.  

This paper discusses the pesticides and 

microbes present in groundwater in India. 

Groundwater in India is largely used for 

domestic purposes by 80% of the rural 

population and 50% of the urban population. 

In many areas, groundwater serves as the only 

source of drinking water (Chakraborti et al., 

2011). Over abstraction of groundwater and 

river water for agricultural purposes leads to 

rapidly dropping water tables. Untreated 

sewage flowing in open drains and open 

landfills with no protection from leaching into 

the groundwater are the main man-made 

sources for water contamination (Central 

Pollution Control Board, 2008). It has been 

reported that more than 33% of India’s 

groundwater resources are unsuitable for 

consumption (Chakraborti et al., 2011). 

http://creativecommons.org/licenses/by-nd/4.0/
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Anthropogenic pollution such as microbial 

contaminants, nitrate, pesticides and industrial 

discharge, together with geogenic 

contaminants such as fluoride, arsenic, iron 

and saline water, pose a threat to human health 

(McFarlane & Williamson, 2002). 

2. Microbial and chemical contaminants 

in groundwater in India 

2.1. Microbial contamination 

It is estimated that currently only 10% of 

sewage generated in India’s cities is treated 

prior to reaching groundwater or surface 

water resources (Chaudhary et al., 2002). The 

main problem resulting from this is the 

microbial contamination of drinking water. 

Microbes such as bacteria, protozoa and 

viruses are pathogens, which can cause 

diseases. 

Bacteria: Bacterial contamination can be 

removed largely through soil passage (Ayuso-

Gabella et al., 2011; Tielemans, 2007). 

Therefore bacterial contamination applies 

mainly to surface water rather than 

groundwater. However, due to poor sanitation 

practice and infrastructure, bacterial 

contamination can also be found in shallow 

tube wells with a depth of around 10 m. With 

increasing depth, the contamination of bacteria 

decreases (Chakraborti et al., 2011). Another 

source of bacterial contamination is the 

handling of the collected water in rural areas. 

Since many households have no direct fresh 

water access, water has to be collected daily 

and is stored in the house for use. This practice, 

in addition to the already contaminated 

collected water, increases the risk of microbial 

growth, especially in hot climate. If water 

contaminated with bacteria is consumed, the 

most common consequence is diarrhoea 

caused by faecal coliform bacteria, such as 

Escheria Coli 0157:h7 or Enterococci. 

Enterococci are specifically a risk for people 

with a weak immune system such as elderly, 

young children and infants. Legionella is a 

bacterium found naturally in the environment. 

If it is aerosolized for example in a shower or 

during air conditioning and inhaled, 

legionnaires disease, a type of pneumonia, can 

be caused (Woodie, 2014). Salmonella can 

cause intestinal illness as well as typhoid and 

paratyphoid fever (Levantesi et al., 2012). 

Viruses: Viruses present another major group 

of microbial contamination causing 

waterborne diseases such as hepatitis A, polio, 

meningitis, fever and gastroenteritis. Viruses 

are very small (10-100 nm) and often resistant 

for disinfection. Filtration followed by 

disinfection has the best removal efficiency as 

viruses are often occurring in colloids with 

organic matter. In India viruses pose a high 

threat to the population; therefore the Indian 

Drinking Water Specification (BIS 2012 IS 

10500:2012) states that the water should be 

free from viruses.  

Protozoa: Contamination with Gardialamblia 

and Cryptosporium are one of the main 

microbial hazards in drinking water. 

Symptoms of infection are diarrhoea, 

abdominal cramps, headache, and blood and 

weight loss. The symptoms usually start from 

two to twenty five days after swallowing the 

cyst (Vermont Department of Health, 2015). 

Pathogens can be largely inactivated through 

disinfection with chlorination tablets, ozone, 

heat or UV-light, or removed with membrane 

filtration technologies (Ultrafiltration/ 

Nanofiltration/ Reverse Osmosis). For 

drinking water application, it is advised to 

apply a multi barrier approach to establish and 

maintain disinfection (Bennett, 2008). 

2.2. Pesticide contamination 

The intensive use of pesticides in India has led 

to widespread contamination of the biotic as 

well as the abiotic environment in India (Yadav 

et al., 2015). Pesticides were found in surface 

water and groundwater (Lari et al., 2014; 

Mutiyar et al., 2011; Sankararamakrishnan et 
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al., 2005; Sikarwar et al., 2014). In 2005, Singh 

and his co-workers estimated that 9,000 tons 

of pesticides may enter into the river system 

each year. Globally up to 3 million cases of 

acute, severe poisoning with pesticides have 

been recorded. Pesticide poisoning is more 

frequent in developing countries than in 

industrialized countries, even though only 25% 

of the pesticides are consumed in developing 

countries. The reasons for increased risk of 

pesticide poisoning in developing and 

transitional countries are low level of 

protection of workers due to inadequate 

availability of protective equipment, improper 

application, condition and practices, unsafe 

storage and disposal facilities, poor 

management, untrained pesticide dealers and 

inadequate health centres (Yadav et al., 2015). 

A multitude of pesticides have been identified 

as endocrine disrupting chemicals (EDC). In 

2011, Mnif and his co-workers have compiled 

an overview of 105 substances and their effects 

on the hormone system of humans. The 

combined effects of pesticides are a major 

health risk to humans. But, wildlife is also 

particularly vulnerable to the toxic and 

endocrine effects of pesticides.  

In India, 76% of the used pesticides are 

accounted for as insecticides, 13% as 

fungicides and 10% as herbicides. In cotton 

and paddy cultivation, more than 50% of the 

pesticides are used. Depending on the climatic 

conditions and the agriculture in different 

states in India, the pesticide consumption can 

vary strongly from one state to another. Uttar 

Pradesh, Maharashtra and Andhra Pradesh are 

the states with the highest pesticide 

consumption (Yadav et al., 2015). Based on the 

precautionary principle, the European 

Drinking Water Directive (98/83/EC) has set a 

limit of 0.1 μg/L for single pesticides with an 

exception of aldrin, dieldrin, heptachlor and 

heptachlorepoxide (where the limit for the 

single compound is 0.03 μg/L) and 0.5 μg/L for 

the sum of all active pesticides detected. India 

has set individual values for 18 substances in 

the Indian Standard Drinking Water 

Specification as shown in the table below  

(Table 1). It can be seen that the European 

standards are much stricter and less 

compound specific than the Indian threshold 

values. 
 

In general, the mobility of pesticides and thus 

their risk of leachability into the groundwater 

have been correlated with a weak adsorption of 

the soil matrix quantified in terms of a small 

soil organic carbon-water partitioning 

coefficient (KOC) (Arias-Estévez et al., 2008). 

Generally, pesticides with KOC ⩽1,000 are 

potentially leaching compounds whereas 

pesticides with KOC ⩾1,000 have also been 

found in the groundwater. This is mainly due to 

the fact that when the pesticides are polar, 

their behaviour does not follow the rule. Also, 

the specific site and application along with the 

soil type and the climatic conditions play an 

important role on the fate of the pesticide in the 

environment (Arias-Estévez et al., 2008).  

Table 1: Pesticide residue limits according to the Indian 
drinking water guidelines [Indian Standard 
Drinking Water Specification (second revision) 
2012] 

Pesticide  Limit [μg/L] 

Alachlor 20 

Atrazine  2 

Aldrin/Dieldrin 0.03 

Alpha HCH  0.01 

Beta HCH  0.04 

Butachlor 125 

Chlorpyriphos 30 

Delta HCH  0.04 

2,4- Dichlorophenoxyacetic 
acid  

30 

DDT (o,p- and p,p- isomers of 
DDT, DDE and DDD)  

1 

Endosulfan (alpha and beta 
sulphates) 

0.4 

Ethion 3 
Gamma HCH (Lindane)  2 
Isoproturon  9 
Malathion 190 
Methyl parathion 0.3 
Monocrotophos 1 
Phorate 2 
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Another important chemical characteristic of 

pesticides that plays a role in their behaviour in 

the environment or in a treatment system is 

how hydrophilic or hydrophobic they are and 

hence, how prone they are to stay in the water 

phase or to get adsorbed in a different material 

or fluid. The partition coefficient (P) describes 

this behaviour using the logarithm of the ratio 

(Log P) of a compound in a polar (e.g. water) 

and non-polar solvents (e.g. octanol). 

Therefore it is often referred to as the octanol-

water partition coefficient. An extension of the 

Log P is the distribution coefficient Log D which 

also takes into account the ionic species of a 

specific compound at a defined pH. Therefore 

the Log D is preferably used as an indicator of 

the solubility of a compound in water when the 

compound of interest is known to be ionized at 

a certain pH. Hence, KOC is related to the Log D 

(Xing & Glen, 2002). 

The Log D is calculated as follows: 

For acids  
log 𝐷 = log  𝑃 − log [1 + 10(𝑝𝐻 − 𝑝𝐾𝑎)] 

For bases 
 log 𝐷 = log  𝑃 − log [1 + 10(𝑝𝐾𝑎 − 𝑝𝐻)] 
 

where log P is the partition coefficient, and pKa 
is the ionization constant (Xing & Glen, 2002). 

A value of Log D < 0 indicates that the 
compound is highly polar (hydrophilic) and 
therefore well soluble in water. If the Log D > 3, 
the compound is hydrophobic, which means it 
is not well soluble in water and prone to 
adsorption (Sangster, 1997). Table 2 

summarizes the properties of selected 
pesticides. 

Common practices to remove pesticides from 

both drinking water and wastewater, together 

with other trace organic compounds (TROCs) 

such as pharmaceuticals, personal care 

products and industrial chemicals, are 

adsorption on activated carbon (Kennedy et al., 

2015; Mailler et al., 2015), oxidation using 

ozone, chlorine, H2O2 or UV and combination of 

adsorption and oxidation (Broséus et al., 2009; 

Derco et al., 2015). Moreover dense membrane 

filtration systems such as reverse osmosis (RO) 

and nanofiltration (NF) have been proven to 

remove pesticides effectively (Bonné et al., 

2000; Plakas et al., 2006). One laboratory scale 

study in 2014 has proven that membrane 

distillation (MD) provides a barrier for TROCs 

(Wijekoon et al., 2014). In Table 3 the 

advantages and disadvantages of different 

technologies used for removal of pesticides 

from drinking water are listed and evaluated. 

 

Table 2: Physicochemical properties of the selected pesticides 

 

Use 
Log D  

at pH 7 

Vapour 
pressure at 

25ºC 
[mmHg] 

Water 
solubility at 
pH 7, 25ºC 

[mg/L] 

KOC 
pH 7 

Polarity  
at pH 7 

Molecular 
weight 
[g/Mol] 

pKH 
25 °C 

Phorate Insecticide 3.67 2.60 x 10-3 50 2,360 Apolar 260.38 4.75 

Parathionmethyl Insecticide 2.82 2.4 x 10-4 37 816 Apolar 263.21 5.65 

Atrazine Herbicide 2.64 1.27 x 10-5 69 647 Apolar 215.68 7.28 

Dichlorvos Insecticide 1.07 1.45 57,000 91.5 Apolar 220.98 5.13 

Clofibric acid Herbicide -1.06 1.03 x 10-4 100,000 1 Polar 214.65 9.54 
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Table 3: Technologies for removal of pesticides in drinking water 

Technology Removal efficiency Advantage Disadvantage Reference 

Adsorption 
on activated 
carbon 
(GAC/PAC) 

Highly depends on process 
conditions and water 
matrix (DOC), as well as 
selected carbon. 
e.g atrazine: 

50-80% removal with 5 
mg/L PAC and 4-5 h 
contact time, 10% 
breakthrough at 20,000 to 
50,000 BV at EBCT = 7.6 
minutes 

Relatively high 
removal 
efficiency for 
many pesticides 

Selective removal 
depending on physico-
chemical properties such 
as charge of compound 
or its molecular mass, 
competitive adsorption, 
removal of PAC after 
process, saturation of 
activated carbon, non-
destructive method 

Ormad et 
al., 2008; 

Snyder et 
al., 2007 

Oxidation by 
chlorine 

Highly depends on dosage 
and water matrix (NOM) 
10-50% for triazines. For 
other pesticides, ranges 
from 30 to 100% e.g 
atrazine: <20% removal 
with 3 mg/L free chlorine 
and 24 h contact time 

Simple 
application, long 
term disinfection 
with regards to 
bacteria 

Very selective removal, 
formation of 
trihalomethanes, 
formation of oxidation 
by-products, Low 
oxidizing character (E0 = 
1.36V) 

Ormad et 
al., 2008; 
Snyder et al. 
2007 

Ozonation 50% for triazines,  80% for 
organophosphorous 
pesticides 

High oxidizing 
character  
(E0 = 2.8V) 

Selective removal, 
formation of 
trihalomethanes, 
formation of oxidation 
by-products 

Ormad et 
al., 2008 

Chemical 
precipitation 

With 
aluminium 
sulphate or 
ferric chloride 

e.g. atrazine 
<20% removal with 
aluminium sulphate or 
ferric chloride; DDT 20% 
removal with aluminium 
sulphate or ferric chloride 

 

 
Low removal rate, sludge 
generation 

Ormad et 
al., 2008; 
Snyder et 
al., 2007 

UV and 
advanced 
oxidation 
process 
(UV/H2O2) 

Removal efficiency 
depends on chemical 
structure (aromatic 
compounds)   
e.g. atrazine  
main removal with UV  
60-70% removal with 
1000 mJ/cm2 and 5 mg/L 
H2O2 

Effective process 
for many 
substances, 
removes also 
bacteria, 
uncomplicated 
process 

Formation of oxidation 
by-products, footprint of 
peroxide 

Snyder et 
al., 2007 

Tight nano-
filtration (NF) 

Removal through size 
exclusion, electrostatic 
interactions and 
adsorption on membrane. 
Therefore, removal 
efficiency mainly depends 
on molecular size, polarity, 
hydrophobicity/ 
hydrophilicity, and 
molecular weight cut off of 
the selected membrane.  
e.g. atrazine: 
50-80% removal 

Successful large 
scale application 
for pesticide 
removal in WTP, 
Méry-sur-Oise, 
Paris, France 

Not advisable to use NF 
solely for pesticide 
removal, 

Hydrophobic substances 
are not well retained, 
aging of membranes 
leads to reduced 
rejection 

Cyna et al., 
2002; 
Plakas & 
Karabelas, 
2012; 
Plakas et al., 
2006 
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Table 3 (cont.): Technologies for removal of pesticides in drinking water 

Technology Removal efficiency Advantage Disadvantage Reference 

Reverse 
osmosis (RO) 

Removal through size 
exclusion and electrostatic 
Interactions, 
>90% removal for most 
TROCs including pesticides 

Successful large 
scale application 
for pesticide 
removal in WTP, 
Amsterdam, 
Leiduin 
Netherlands 

Energy demand, pre-
treatment of water, 
remineralisation 

Bonné et al., 
2000; 
Snyder et 
al., 2007 

Membrane 
distillation 
(MD) 

Strongly depends on 
vapour pressure and Log 
D, 
e.g. atrazine 
>95% removal 

Very high 
removal rate of 
non-volatile 
compounds 

Energy demand, 
remineralisation, only 
proven in laboratory 
scale 

Wijekoon et 
al., 2014 
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Abstract: 

Longitudinal ordinal responses are often 

encountered in many medical studies. 

Evaluating the temporal trend of the 

probabilities of the individual categories of the 

ordinal response and identifying the risk 

factors that influence these trends are the two 

important statistical analytical steps that can 

influence medical decision making. A nonlinear 

cumulative logit mixed effects model is 

introduced to identify the temporal 

decomposition of the time-varying cumulative 

odds and to estimate the time-related 

probabilities of individual categories of an 

ordinal response variable. Further, patient-

specific risk factors or determinants, whose 

influence may or may not change with time, are 

identified. Marginal likelihood approach using 

adaptive Gauss-Hermite quadrature for 

integral approximation and quasi-Newton for 

optimization were used to estimate the 

regression parameters, and the approach is 

easily implemented using readily available 

software. The application of this model is 

illustrated using two cardiac surgery 

longitudinal data: i). Longitudinal assessment 

of graded heart valve regurgitation following 

aortic valve repair; and ii). Comparison of pain 

intensity score between minimally invasive 

and conventional mitral and/or aortic valve 

surgical procedures. 

Key words: longitudinal ordinal response; 

cumulative logit link; cumulative logit mixed 

model; time-varying coefficients; multiphase 

model. 

1. Introduction 

Often in medical sciences the response of 

interest is an ordinal categorical variable such 

as grade of valve leakage or symptom severity. 

An important goal of longitudinal statistical 

analyzes is to evaluate the temporal trend of 

prevalence of each ordinal category over time 

after a surgical procedure and to identify 

patient risk factors that influence these 

outcomes in the short- or long-term after the 

procedure. That is, risk factors may or may not 

depend on time. For example, after aortic valve 

repair, greater left ventricular hypertrophy 

may be a risk factor for return of aortic valve 

regurgitation in the short-term, but not in the 

long-term; that is, its effect diminishes after the 

first year. Similarly, use of a certain type of 

repair procedure for the repair may be a risk 

factor in the long-term, with an effect 

mailto:rajeswj@ccf.org
http://creativecommons.org/licenses/by-nd/4.0/
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noticeable after the first year of surgery. In 

contrast, patients’ age may be a risk factor 

regardless of time period. Hence, the 

regression coefficients for left ventricular 

hypertrophy and type of anuloplasty are time-

varying. Many have studied time-varying 

coefficient models through a non-parametric 

approach (Hoover, et al., 1998; Wu & Yu, 2002; 

Hastie & Tibshirani, 1993) and mainly involved 

continuous longitudinal data. In this paper, we 

propose a parametric approach to fit a 

longitudinal ordinal data. 

When one encounters responses that are 

measured in a series of ordered categories, 

these ordinal responses requires the use of 

statistical models that take into consideration 

of ordinal nature of the data, such as the 

cumulative or graded response model 

(McCullagh, 1980; McCullagh & Nelder, 1989). 

When the link function is of logit form, the 

model is called a cumulative logistic model. 

Since the link function of an ordinal response is 

already nonlinear, most of the regression 

modeling of ordinal response focuses on the 

linear predictors. That is, regression 

coefficients enter the model linearly in the 

cumulative logit domain. A detailed overview 

of analysis of ordinal categorical data is given 

in, for example, Liu & Agresti (2005) 

When longitudinal (repeated) measurements 

are available for each patient, the two most 

commonly used longitudinal statistical 

approaches are:  

1)  marginal (population-average) models, 

in which the repeated nature of the data 

within each patient is modeled by a joint 

dependence structure, and  

2)  mixed effects models (also known as 

conditional, subject-specific, or 

multilevel), in which, in the simplest 

version, a random effect is introduced for 

each patient (Laird & Ware, 1982; Diggle 

et al., 2002).  

These random effects represent the influence 

of a patient on his or her longitudinal 

observations that is not captured by the 

observed covariates. Further, in observational 

clinical outcomes studies, the longitudinal data 

is often highly unbalanced, in the sense that, 

different number of measurements were 

observed at different time points for each 

patient. Many (Fitzmaurice et al., 2011; Lee & 

Nelder, 2004) have compared these two 

approaches and discussed interpretation of 

each. In this paper, since our data is highly 

unbalanced observational data, we use a mixed 

effects model approach. 

One often overlooked aspect in existing 

longitudinal models using these two 

approaches is that the temporal pattern is not 

explicitly modeled, but is incorporated in only 

simple ways (such as polynomials, and other 

simple transformations) within the regression 

structure. Factors whose influence is time 

dependent typically require a series of 

interaction terms with time, which is 

statistically sub-optimal, especially in 

observational studies in which there are a large 

number of covariates to be considered. 

Rajeswaran & Blackstone (2017) have 

proposed a multiphase nonlinear mixed effects 

model for continuous longitudinal data. In this 

paper, we extend the model for continuous 

longitudinal data to accommodate ordinal 

longitudinal data by introducing a nonlinear 

cumulative logit mixed effects model that 

enables us to perform patient-specific analysis 

for longitudinal ordinal data and to estimate 

the effects of covariates that may or may not 

depend on time. The main features of this 

model are : 

1)  decomposition of cumulative odds into 

different overlapping time phases (for 

example, early, constant and late);  

2)  identification of risk factors influencing 

each of these phases; and  
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3)  recognition that some concomitant 

information can be independent of time 

(proportional odds across time). 

The paper is organized as follows. Section 2 

briefly reviews a generic function of time that 

is used in the decomposition model, Section 3 

introduces the multiphase cumulative logit 

mixed effects model, Section 4 briefly discuss 

data analysis strategy employed, and the model 

is applied to longitudinal assessment of aortic 

regurgitation (heart valve leakage) grades 

after aortic valve repair and to pain score 

categories after mitral and/or aortic valve 

surgical procedure. 

2. Multiphase time function 

We now briefly discuss a family of nonlinear 

function of time that is being used in our 

nonlinear mixed effects model in Section 3. The 

generic equation for the multiphase model was 

originally described as a model of cumulative 

mortality by (Hazelrig et al., 1982; Blackstone 

et al., 1986). The main motivation to use this 

generic time function to model the cumulative 

odds is that, often, in time to event analyzes, 

particularly, in intervention studies such as 

cardiac surgery, the hazard of adverse events is 

high right after the surgery, then the hazard 

gradually decreases and remained low and 

stable during an intermediate period of time, 

and then it starts to increase again. Blackstone 

et al., (1986) showed that these type of time-

varying hazard is easily modeled using the time 

function described below. In our longitudinal 

data analysis experience using cardiac surgery 

data, we also found this type of temporal 

behavior in the longitudinal outcomes. Further, 

this is a very flexible nonlinear function that 

can handle almost any shapes, including linear 

functions. We translate these equations into 

the cumulative odds domain in our model. The 

family of equations is given as,

(1) 𝐺(𝑡, 𝝍) =
|𝜆|−𝜆

2|𝜆|
+

𝜆

|𝜆|
+ [1 + 𝜙(𝛼) (

|𝛼|−𝛼

2|𝛼|
+

|𝜆|𝑡

𝜌(𝑡1/2)
)

−
1

𝜆
]

−
1

𝛼

 

 
 

where α > 0 and/or λ > 0, ϕ(α) = α if α > 0, and 

ϕ(α) = −1 if α < 0. Shaping parameter ψ ≡ (α, λ, 

t1/2), with G(t1/2) = 1/2 and t1/2 > 0. Natural 

constraints on G are that G(0, ψ) = 0 and G(t, ψ) 

→ 1 as t → ∞. G(t, ψ) > 0 for α > 0 and/or λ > 0. 

However, when α < 0 and λ < 0, G(0) ≠ 0. Hence, 

G(t, ψ) does not exists for α < 0 and λ < 0. Thus, 

when α > 0 and λ > 0; or α > 0 and λ < 0; or α < 

0 and λ > 0 the function (1) reduces to simpler 

forms. The function can be further simplified 

when α → 0+ or λ → 0+. These simplifications 

play important role in parameter estimation, 

when α or λ becomes very small. See 

Rajeswaran & Blackstone, (2017) for details of 

these function and their limiting behaviors. The 

first derivative of G with respect to t, a(t, ψ) = 

∂G/∂t is non-negative. Thus, G is non-

decreasing. G(t, ψ) or a(t, ψ) or 

transformations of these can be used as a time 

function in our multiphase model. In our 

experience in analyzing a number of 

longitudinal data from cardiac surgery, the 

most commonly used functions are a(t, ψ) for 

the early phase and

(2) 𝑏(𝑡, 𝛙) =
𝑎(𝑡,𝛙)

1−𝐺(𝑡,𝛙)
 

 

for the late phase. Figure 1 shows some 
typical forms of cumulative odds for

 these two functions. 
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Figure 1 : Typical forms of cumulative odds. Left plot depicts the function a(t, ψ), with t1/2 = 1. (A) starts at an infinite 
value: α = 0.5, λ = −2; (B) early peaking: α = 0.5, λ = 1; (C) starts at a finite value: α = 1, λ = 1. Right plot 
depicts b(t, ψ), with t1/2 = 6. (A) late plateauing: α = −0.75, λ = 0.2; (B) late peaking: α = 0.75, λ = 0.5; (C) 
constant: α = −1, λ = 0. 

3. A nonlinear cumulative logit mixed 

effects model 

Assume a C-category ordinal response Y with 

Yij be the jth (j = 1,...,ki) ordinal longitudinal 

response for subject i (i=1,...,n), then 

conditional cumulative probabilities for the C 

categories of outcome Yij are denoted as πijc = 

P(Yij ≤ c|Ui, xij, tij) = ∑ 𝑃𝑖𝑗ℎ
𝑐
ℎ=1  , where Ui is the 

random intercept, xij is the concomitant 

information, tij is the time point at which 

response Yij observed, and Pijh represents the 

conditional probability of response in category 

h. Suppose, there are L overlapping time phases 

of temporal trend of cumulative odds, we 

propose the following generalized nonlinear 

cumulative logit mixed model for conditional 

cumulative probabilities: 

(3) 𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑗𝑐) = 𝑙𝑜𝑔 (
𝜋𝑖𝑗𝑐

1−𝜋𝑖𝑗𝑐
) = 𝛾𝑐 + 𝑿0𝜷0 + 𝑙𝑜𝑔 (∑ 𝜇𝑙(𝑿𝑙 , 𝜷𝑙)𝐿

𝑙=1 𝑇𝑙(𝒕, 𝛙)) + 𝑈𝑖 ,     

 𝑐 = 1, … . 𝐶 − 1 

where the intercepts {γc} are often called 

cutpoint parameters. They are non-decreasing 

in c, because the cumulative logit is an 

increasing function of πc, which itself is 

increasing in c for fixed concomitant 

information X and time t. This model assumes 

that the log-odds ratio of the cumulative 

probability is the same for all categories, that is, 

identical effect of the predictors for each 

cumulative probability. McCullagh, (1980) 

called this assumption of identical odds ratios 

across C − 1 cutoffs the proportional odds 

assumption. That is, this nonlinear 

proportional odds mixed effects model 

expresses the ordinal responses in C categories 

in terms of C − 1 cumulative logits. See for 

example, Rajeswaran & Blackstone (2007) for 

description of cumulative logit link models. 

Xs are matrices of covariates that are not 

necessarily equivalent, and βs are their fixed-

effect parameters. The Uis are independent 

patient-specific random intercepts normally 

distributed as N(0, 𝝈𝒖
𝟐), and, given the random 

intercept Ui, the conditional distribution of Yij is 

multinomial. That is, we assume conditional 

independence. Tl(t, ψ) is a function of time that 

depends only on time t and shaping parameter 

ψ, and this function can be any of the forms or 

transformations of G(t, ψ) (1) in Section 2. The 

model (3) has two main components of fixed 

covariates: the first is an overall mixed effects 

model (namely, Xoβo + Ui) that does not depend 
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on time, and the second is a series of log-linear 

models µl(Xl, βl) = exp{Xlβl} (l = 1,...,L) that are 

modulated by time function Tl(t, ψ). Hence, the 

effects of covariates Xls are time varying. In the 

cumulative odds domain, the model (3) can be 

written as 

 

(4) 
𝜋𝑖𝑗𝑐

1−𝜋𝑖𝑗𝑐
= exp (𝛾𝑐 + 𝑿0𝜷0 + 𝑈𝑖) × ∑ 𝜇𝑙(𝑿𝑙 , 𝜷𝑙)𝐿

𝑙=1 𝑇𝑙(𝒕, 𝛙)  

 

Hence, multiple overlapping L phases of risk 

are additive in the cumulative odds domain, 

with each phase individually shaped by a 

function of time Tl(t, ψ) and scaled by a 

function of concomitant information µl(Xl, βl). 

Note that we can use as many phases as the 

data warrant, but in our data analysis 

experience, 3 phases – early, constant and late 

– are usually adequate. We now briefly 

describe these 3 commonly occurring phases. 

Early Phase: The time function a(t, ψ) is the 

most commonly used as function Tl(t, ψ) in this 

phase. Under this scenario, the scaling 

parametric function µl(Xl, βl) is related to the 

area beneath function a(t, ψ). 

Constant Phase: This phase is time 

independent. Hence, it will only have 

concomitant information. 

Late Phase: The time function b(t, ψ) is the 

most commonly used as function Tl(t, ψ)in this 

phase. One of the interesting properties of b(t, 

ψ) or any of its transformation is that the 

parameter t1/2 behaves like a scalar. Hence, we 

introduce the concomitant information 

through t1/2 as follows: t1/2 = µl(Xl,βl). 

Note that for terminology convenience, we 

have identified a(t, ψ) with early phase and b(t, 

ψ) with late phase. As we will see in Example 2, 

however, this is not always the case. Any 

equation can be used at any phase of the time 

as data warrant. 

3.1 Estimation 

We use the method of marginal likelihood 
(Diggle et al., 2002) to estimate the shaping 
parameters and concomitant information 
coefficients and the corresponding variances. 
Let β = (β0, β1,...,βL) be a vector of regression 
parameters; ψ = (ψ1,...,ψL) be a vectors of 
shaping parameters; and let Θ=(β, ψ,  𝝈𝒖

𝟐  ). 
Further, we know that  𝑃𝑖𝑗𝑐 =

𝑃(𝑌𝑖𝑗 ≤ 𝑐|𝑈𝑖 , 𝒙𝑖𝑗 , 𝑡𝑖𝑗) − 𝑃(𝑌𝑖𝑗 ≤ 𝑐 − 1│𝑈𝑖 , 𝒙𝑖𝑗 , 𝑡𝑖𝑗) be 

the conditional probability of individual 
category c, (c = 1,...,C), for the ordinal 
longitudinal response for subject i, (i = 1,...,n), 
observed at time tij, (j = 1,...,ki). Then the 
marginal likelihood is given by, 
 

 

where yi = (yi1,...,yiki)T is the vector of observed 

responses for subject i, (i = 1,...,n), fy|Ui is the 

conditional density of the longitudinal 

response, fu is the density of the random effects 

and I(yij = c) = 1 if yij = c and 0 otherwise. 
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In other words, simply speaking. Because 

random effects are unknown, we obtain the 

marginal likelihood function of Y, merely by 

integrating the joint distribution of Y and U 

with respect to U. That is, we construct the 

usual product of multinomials that would 

apply if U were known, and then integrate out 

the random effect U. Because the integral does 

not have a closed form, we use an 

approximation for the likelihood and maximize 

the approximated likelihood using standard 

numerical methods, for example, quasi-

Newton. 

This can be implemented by using PROC 

NLMIXED (SAS®, Inc., Cary, NC). This 

procedure uses adaptive Gauss-Hermite 

quadrature (Pinheiro & Bates, 1995) for 

numerical integration with respect to the 

random effect to determine the marginal 

likelihood function. Although PROC NLMIXED 

is not naturally designed for multinomial 

responses, we can use it for ordinal models by 

specifying the form of the likelihood, which is 

allowed in this SAS procedure. As a note of 

caution when using this procedure, a) care 

should be given to numerical integration when 

the dimension of U is greater than one when 

analyzing non-normal longitudinal responses, 

as in this paper; b) the only distribution 

available for the random effects is normal. SAS 

codes for example 2 is given in Appendix A. 

Note that, by using (3), we can estimate the 

patient-specific conditional probabilities �̂� ijh 

for the individual category h. Further, the 

estimated marginal probabilities, �̂� jh can be 

obtained by integrating the conditional 

probability over the distribution of random 

intercept U (Fitzmaurice et al., 2011). Since this 

is a one dimensional integration, we can use 

integrate( ) function in R (R Core Team, 2013) 

to implement the integration. An 

approximation to marginal probabilities can 

also be obtained by averaging the patient-

specific conditional probabilities, 

 �̂�𝒋𝒉 ≈
1

  𝑛
∑ �̂�𝑛

𝑖=1 ijh. 

4. Data analysis 

As we stated in our objectives in Section 1, we 

employed the following two-step strategy to 

analyze data. 

Step 1 Temporal Trend: 

We explicitly model the temporal pattern 

without considering any covariate information 

in (3). That is, we consider a model with time t 

and the longitudinal outcome, and estimate 

intercepts and the shaping, scaling parameters 

of the time function and identify the phases. 

Remark: We have used the following strategy 

to identify the phases and to estimate the 

shaping and scaling parameters: We have 

started with two phases, with early phase time 

function Tl(t, ψ) = a(t, ψ) with a small starting 

value for t1/2 and late phase time function T2(t, 

ψ) = b(t, ψ) with a larger starting value for t1/2. 

We have used (1,1), (-1,1) and (1,-1) as starting 

values for α and λ, respectively, for both phases 

and noted the convergence, likelihood 

estimates and parameter estimations. It turns 

out, for the data analysis in Example 1 given 

below, T1(t, ψ) function with very small λ, 

almost 0, which was not statistically 

significantly different from 0. Hence, we fixed 

the λ at 0; for T2(t, ψ) function, we observed a 

very small α, almost 0 and λ almost equals to 1, 

which was not statistically significantly 

different from 1. Hence, we fixed the α at 0 and 

λ at 1, for this phase. See Table 1 for the 

estimated and fixed values. 

Step 2 Multivariate Analysis: 

Since most of the observational studies contain 

large number of covariates, more than 50 in 

some studies, and PROC NLMIXED does not 

have any variable selection capabilities, we 

have used the following ad-hoc method to 

screen the variables. Suppose that, for example, 

Step 1 yielded two phases with an early phase 

influencing the trend approximately up to 2 



J Jaffna Sci Association, 2019, 1(1), 19-34  25 
 

Journal of Jaffna Science Association  Volume 1, Issue 1 

years and a late phase thereafter; To identify 

the possible candidate for risk factors for each 

phase, we divided the data (longitudinal 

response and the corresponding baseline 

covariate information) into two parts; 0-2 

years and greater than 2 years and for each 

part, we then use cumulative logistic 

regression and PROC LOGISTICS (stepwise 

selection with liberal entry criteria of 0.12 and 

stay criteria of 0.1) to screen the variables. We 

use all the data and the same liberal criteria to 

select possible variables for the overall model. 

Once we have identified possible of candidates 

for risk factors for the overall model and for the 

models of the each of the phases, these 

variables and their transformations, if any, 

were entered into the models one by one and 

then eliminated one by one until all the 

variables remaining had a P value of 0.05 or 

less. 

We now discuss data analysis results from two 

examples aroused in the field of cardiac 

surgery. 

4.1 Example 1 

Aortic valve replacement is the main choice of 

procedure for patients with severe aortic 

stenosis. However, appropriate surgical 

strategy for patients with severe aortic 

regurgitation (AR, aortic valve leakage) is still 

debated. Aortic valve regurgitation is frequent 

in patients with long-standing left-sided valve 

diseases. Aortic valve repair is a surgical option 

for adult patients with AR. However, its 

durability is questionable. It has been 

suggested that repair should be employed only 

in carefully selected patients. To assess 

durability of repair, postoperative AR grades 

were longitudinally collected from 1,163 

echocardiograms in 521 patients who 

underwent aortic valve repair at Cleveland 

Clinic from 1984 to 2004 are considered in this 

retrospective cohort study. AR was graded as 

none (0), mild (1+), moderate (2+), moderately 

severe (3+) or severe (4+). Hence, this can be 

regarded as longitudinal ordinal response data 

with 5 individual categories. The main 

objective of this data analysis is to quantify the 

temporal trend of prevalence of each grade 

over time after the repair and to identify 

patient-specific risk factors associated with 

higher likelihood of having higher grade of 

postoperative AR. 

Overall Temporal Trend 

Temporal trend analysis using model (3) 

yielded 2 phases: an early decreasing phase 

dominating almost the first 2 years and a late 

phase that increasing initially and plateaued 

thereafter. (Figure 2).  Figure 2 shows the 

temporal decomposition of aortic regurgitation 

grade 0 for a “typical” patient, where the 

random effect is fixed at 0. The estimates and 

the standard error of the scaling and shaping 

parameters and standard deviation of the 

distribution of U are given in the Table 1. 
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Figure 2 : Decomposition of odds of aortic 
regurgitation grade 0 for a “typical” 
patient (Ui= 0). 

Figure 3 : Temporal trend of likelihood of each 
aortic regurgitation regurgitation 
grade after the repair for a “typical” 
patient (Ui = 0). 
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The overall temporal trend shows that the 

likelihood (conditional probabilities) of a 

“typical” patient being in different AR grades 

changed over time (Figure 3). While the 

likelihood of the patient in grade 0 decreased 

rapidly within the first six months after the 

repair and gradually decreased thereafter, 

likelihood of being in grades 2+ or 3+ increased 

rapidly during the during the first six months 

and increased gradually thereafter. Likelihood 

of a “typical” patient in grade 4+ increased 

mildly during the 10 years period after AV 

repair. 

Table 1: Estimates of scaling and shaping parameters of 
the temporal decomposition model. Note that, 
λ = 0 means limiting case of a(t, ψ) when λ → 
0+ and α = 0 means limiting case of b(t, ψ) 
when α → 0+. The column “Fixed” identifies the 
parameters which were fixed to a certain 
values and which were estimated. 

 

Parameter Fixed Estimate ± SE P 

Intercepts (cutpoints) 

γ1 No -0.83±0.23 0.0003 

γ2 No 1.4±0.21 <0.0001 

γ3 No 3.4±0.23 <0.0001 

γ4 No 5.6±0.29 <0.0001 

Early decreasing phase 

α No -2.2±0.45 <0.0001 

λ Yes 0 - 

t1/2 No 0.38±0.16 0.023 

Late increasing phase    

α Yes 0 - 

λ Yes 1 - 

t1/2 No   3.8±1.8 0.0025 

𝜎𝑢
2  5.9±0.85 <0.0001 

 

Multivariate Analysis 

Risk factors for higher likelihood of having 

higher grade of postoperative aortic 

regurgitation were identified by the 

parametric model (3). Because of large number 

of demographic, clinical status, valve 

pathology, morphology, and etiology variables 

were considered in this observational study, 

multivariable analysis was performed as 

described at the beginning of this section. Data 

analysis yielded the following results (Table 2). 

Table 2: Patient-Specific Risk factors for higher 
likelihood of having higher grade of 
postoperative aortic regurgitation. 

Risk Factor Coefficient ± SE P 

Overall   

Tricuspid morphology 1.7±0.28 <.0001 

Early   

Severe left ventricular dysfunction 
0.11±0.039 0.004 

Non-coronary cusp prolapse 0.91±0.46 0.05 

Constant   

Higher preoperative AR grade 0.77±0.24 0.001 

 

Overall risk factors: Tricuspid AV (compared 

to Bicuspid AV:  Figure 4-top left), is appeared 

to be associated with overall higher likelihood 

of higher grade of post-op AR; Note that, this is 

a risk factor that influences the likelihood of 

post-op higher AR grade, regardless of time; 

Early risk factors: Severe left ventricular 

dysfunction ( Figure 4) and non-coronary cusp 

prolapse are appeared to be associated with 

higher likelihood of having higher grade of 

early post-op AR. It can be clearly seen from  

Figure 4 (top right) that the impact of this 

factor is early after the surgery; 

Late risk factors: Higher preoperative AR 

grade ( Figure 4- bottom left), is appeared to be 

associated with higher likelihood of being in 

higher grade of late post-op AR. That is, the 

impact of this variable is late after surgery. 

It can be seen from the  Figure 4 that effect of 

the early-phase risk factor, severe left 

ventricular dysfunction is larger in the first two 

years and started to decrease thereafter, on the 

other hand, the effect of the late-phase risk 

factor, preoperative AV regurgitation is 

noticeable after year two.
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 Figure 4: Likelihood of a “typical” patient being in aortic regurgitation grade 3+ or 4+ after surgery by different risk 

factors. Top left - influence of morphology: tricuspid vs. biscuspid; top right influence of left ventricular 
dysfunction; bottom right – influence of preoperative AV regurgitation. 

 
 

4.2 Example 2 

Full sternotomy for mitral and/or aortic valve 

operations has been the conventional surgical 

approach for 50 years; however, in the mid-

1990s, minimally invasive approaches were 

pioneered with the intention of reducing short-

term and long-term patient and pain 

management. To assess the impact of 

minimally invasive techniques in patients 

undergoing mitral and/or aortic valve surgical 

procedures, we performed a propensity-

matched comparison of safety and clinical 

outcomes between patients who had minimally 

invasive (MIP) and full sternotomy 

(conventional) approaches to mitral and/or 

aortic valve surgical procedures. Detail 

description of the propensity-matched 

comparison of outcomes in mitral valve, double 

(aortic and mitral) valve and aortic valve 

surgical cohorts can be found in Svensson et al., 

(2010); Atik et al., (2011); and Johnston et al., 

(2012), respectively. We now briefly describe 

the propensity score. 

The gold standard study design for comparing 

two treatments is randomized controlled trials 

(RCTs), where randomization ensures that the 

treatments groups are balanced with respect to 

observed and unobserved covariates in the 

study population. Thus, eliminating selection 

bias between the treatment groups which, in 

turns, allows investigators to assess the 

treatment effect without any bias. However, in 

observational studies, because of non-

randomized assignment/selection of 
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treatments, distributions of covariates may 

vary systematically. Hence, to eliminate or 

reduce the selection bias between the 

treatment groups before assessing the 

treatment effect, one has to use some 

appropriate statistical approaches, such as 

regression adjustment or stratification, each 

with their pros and cons. Rosenbaum & Rubin, 

(1983) in their seminal paper proposed 

propensity score (PS) strategy to 

eliminate/reduce selection bias. Simply 

speaking, PSs are summary of multi-

dimensional covariate X reduced into a single 

dimension P(x), propensity (or probability) of 

receiving a treatment of interest (T). One of the 

main properties of PS is that PS is a balancing 

score. This is, X ⊥ T|P(x), conditional on PS, 

treatment T and the distributions of covariates 

X are independent. See, Rosenbaum & Rubin 

(1983) for further discussion on the properties 

of PS. 

In this paper, we illustrate the application of 

the model (3) to pain intensity score 

postoperatively before hospital discharge in 

the combined mitral and/or aortic valve 

surgical procedure cohorts. Pain intensity was 

recorded by nursing staff using the Wong pain-

rating scale (Wong & Whaley, 1986) which 

ranges from none (0) to severe (10). Because of 

low frequency of high pain scores, scores were 

collapsed into 5 pain categories: 0 (pain score 

0), 1 (pain scores 1-3), 2 (pain scores 4-6), 3 

(pain scores 7, 8), and 4 (pain scores 9, 10). 

4.2.1 Patients and Propensity-Score 

Matching 

A total of 2797 patients who underwent mitral 

valve and/or aortic valve using conventional 

(n=1090 (39%)) or MIP (1707 (61%)) surgical 

procedure at the Cleveland Clinic between 

January 2000 to January 2004 are considered 

in this data analysis. A propensity of having 

conventional procedure was created using 

demography, symptoms, valve pathology and 

etiology, cardiac/non-cardiac comorbidities, 

coronary anatomy, and procedure variables 

(44 variables in total). C-Statistic of the 

propensity model is 0.79, which suggests the 

model have a good measure of discrimination 

between the two treatment groups. Using only 

the propensity scores and greedy matching 

algorithm (Bergstralh & Konsanke, 1995), 

conventional patients were matched to MIP 

patients and identified 783 well matched pairs. 

Figure 5-left shows the distribution of 

propensity score in conventional and MIP 

group in the overall and in the matched 

(shaded area) cohorts. It can be clearly seen 

that matched pairs covers whole spectrum of 

propensity score. Covariate balance 

(D’Agostino, 1998) before and after matching 

using standardized difference, for some 

selected variables, is shown in Figure 5-right. 

For example, in the overall cohorts MIP group 

have more mitral valve degenerative disease 

patients than the conventional group and 

difference (bias) is reduced after matching. On 

the other hand, conventional group is older age 

than the MIP group patients and difference 

(bias) is reduced after matching. 
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                                     Propensity Score (%)                                                                                      STD Difference: MIP –conventional 
(%) 

                                  
Figure 5: Left plot depicts mirror histogram of distribution of propensity score in conventional and MIP group with 

shaded histograms depict the distribution of propensity score in the matched cohort. Right plot depicts 
covariate balance before and after matching. Key: MV- mitral valve; AV - aortic valve; COPD: chronic 
obstructive pulmonary disease; BMI - body mass index; BUN - blood uria nitrogen; NYHA class - New 
York heart association functional class. 

 
4.2.2 Pain Score: Overall Temporal Trend 

In the matched cohort a total of 50029 pain 

score records collected before discharge are 

available for the 1566 matched patients. 

Temporal trend analysis yielded, 3 phases: 

early, constant, intermediate peaking, and late 

rising (Figure 6, left). 

It can be seen from Figure 6 (right) that 

percentages of patients (approximate marginal 

probabilities) in categories 0, 1 (score 2-3), 2 

(score 4-6), 3 (score 7-8) and 4 (score 9-10) 

stayed relatively constant for the first 12 hours. 

Then, while the percentages of patients in 

category 0 increased rapidly within the next 4 

days, percentages of patients with pain score 1-

3, 7-8, and 9-10 decreased slightly and patients 

in pain score 4-6 decreased rapidly during he 

same time frame. While percentages of patients 

with pain score 0 increased gradually, all the 

other scores decreased slightly thereafter 

(Figure 6, right). 
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Figure 6 : Left plot depicts decomposition of cumulative odds of pain score category 0. Right plot depicts temporal 
trend of prevalence of individual pain score categories in the matched cohort. Symbols depict the actual 
binned averages of each category without regards to the repeated nature of the data, provided here as 
a crude verification of non-linear model fit. 

 
4.2.3 Pain Score comparison 

Pain score comparison between the two 

approaches in the matched cohort showed that 

there is an early significant difference (p-value 

[early constant]<.0001; p-value [intermediate 

peaking]=0.8; p-value [late rising]=0.6]) in the 

likelihood of different pain scores between 

minimally invasive and conventional 

approaches; with patient who underwent the 

minimally invasive approach experiencing less 

early pain than the patients who underwent 

the conventional approach. That is, in the first 

12 hours, minimally invasive approach group 

appears to be associated with higher 

percentage of patients with pain score 0 than 

the conventional approach patients. The 

percentage of patients with pain score 0 in 

conventional group appears to increase and 

become almost equivalent to that of the 

minimally invasive group after 2 days (Figure 

7).

 

 
Figure 7: Pain score 0: Comparison between minimally invasive (MIP) and conventional sternotomy groups in the 

matched cohort. Symbols depict the actual binned averages of pain score 0 without regards to the 
repeated nature of the data, provided here as a crude verification of non-linear model fit. 
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5. Summary 

This article discusses analysis of ordinal 

longitudinal data using a non-linear temporal 

decomposition model. Decomposition of the 

time-varying pattern of risks into overlapping 

phases has been developed in the hazard 

function domain and currently is extensively 

being used in time-to-event data in cardiac 

surgery field (Blackstone et al., 1986) and the 

concept has been extended to model 

longitudinal continuous data (Rajeswaran & 

Blackstone, 2017).  In this article, we have 

further extended the concept to longitudinal 

ordinal data through the cumulative odds 

domain. In this nonlinear cumulative logit 

mixed model, we have shown that some factors 

do not depend on the time (proportional odds 

assumption across entire period), and some 

others do (proportional odds only within a 

time phase, for example, early, constant, or 

late). Note that one limitation of this model is 

that currently there is no statistical test 

available to test the proportional odds 

assumption. However, as a crude verification, 

we can use other available models for 

independent ordinal responses, such as PROC 

LOGISTIC in SAS, to verify this assumption. 

The generic family of equations (Hazelrig et al., 

1982) originally used as hazard functions 

provides a flexible system of mathematical 

functions for the fitting of temporal pattern. 

Because our modeling scheme restricts 

concomitant information to the scaling 

parameters of each phase, it makes the model 

mathematically and computationally more 

flexible. 

One of the main advantages of our modeling is 

that, we have applied our model using a readily 

accessible standard software. PROC NLMIXED 

is a readily available, simple-to-use statistical 

procedure in SAS that takes a conditional 

(mixed effects) model and estimates 

parameters through marginal likelihood 

approach. In addition, it is very easy to embed 

programming statements to specify complex 

equations or distributions, such as time 

function (1). Even though we are using a 

conditional model approach, we can estimate 

population average by averaging the 

conditional estimates. 

An advantage over the existing non-parametric 

time-varying coefficient modeling approaches 

is that our parametric modeling approach can 

handle large number of covariates. This is 

always the case in observational studies. As 

demonstrated in Example 1, an advantage of 

formal parametric decomposition of temporal 

pattern and identifying time-specific risk 

factors is targeted patient management based 

on short and long-term risk factors. For 

example, because the influence of LV 

dysfunction changes with time and its effect is 

significant in the first 2 years after surgery, 

treating physicians can advise such patient to 

have more periodic follow-ups in the first 2 

years after the cardiac surgery. Early phase 

does not always need to be from equation a(t, 

ψ); in fact, in Example 2, it is a constant. Also 

noted in Example 2, it is easy to model complex 

temporal patterns using the generic function or 

its transformation. The temporal 

decomposition model also made it simple to 

detect early differences in pain scores between 

the surgical groups. 

The main limitation of performing multivariate 

analysis using model (3) is that we have to use 

an ad-hoc method for variable selection. 

Variable selection for longitudinal models is a 

possible future research. Another possible 

extension of the model (3) is that we can add a 

random slope to the model or we can introduce 

a separate random intercepts for each phase 

model. However, when analyzing a mixed 

effects model, particularly for non-normal 

longitudinal data, with more than one 

dimension of random effects components 

along with a non-linear time function as in (1), 

using PROC NLMIXED may sometime produce 

computational problems and may time 

consuming. Hence, we need a robust 
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estimation algorithm to implement the 

extension and we are working towards this 

goal. 
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A Appendix: SAS code 

In this section we provide SAS code for overall trend (Figure 6) in example 2. 

/**************************************************************************** 

built  -- Data set 

ptid  -- Patient ID 

iv_dpain  -- interval to pain score measurement after surgery (in days) 

pain_s  -- pain score categories (0, 1, 2, 3, 4) 

%decompose  -- SAS macro for the non-linear time function described in Section 2 

when _complt=0 we obtain a( , ) function and when _complt=1 we  

obtain b( , ) function as described in Figure 1 

****************************************************************************/ 

proc sort data=built; by ptid iv_dpain; run; 

ods output parameterestimates=peMLu_m; 

proc nlmixed data=built gconv=1E-8; 

 parms 

/* Cut point parameters */ 

   a0=1.7119 a1=1.0041 a2=1.8104 a3=1.5433 

/* Early Constant */ 

   c0=-2.5756 

/* Intermediate peaking */ 

   thalf1=4.9885 m1=-0.1967 

/* Late Increasing */ 

   thalf2=8.7578 nu2=-0.3488 

/* Variance of Random effect */ 

   logsig=-0.08130; 

  bounds a1>0, a2>0, a3>0; 

/* Early Constant */ 

   muc=exp(c0); 

/* Intermediate peaking */ 

nu1=0; 

%decompos(_complet=0, _time=iv_dpain, _thalf=thalf1, _nu=nu1, _m=m1); 

    g1=_hazard; 

/* Late Increasing */ 

m2=0; 

%decompos(_complet=1, _time=iv_dpain, _thalf=thalf2, _nu=nu2, _m=m2); 

    g2=_hazard; 

  eta=exp(u)*(g1 + muc +g2); 
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/* Define the log likelihood by using cumulative odds*/ 

if (pain_s=0) then do; 

 co0=eta*exp(a0); 

 z=( co0/(1+co0)); 

    end; 

else if (pain_s=1) then do; 

 co0=eta*exp(a0); co1=eta*exp(a0+a1); 

 z=( co1/(1+co1) ) - ( co0/(1+co0) ); 

   end; 

else if (pain_s=2) then do; 

 co1=eta*exp(a0+a1); co2=eta*exp(a0+a1+a2); 

 z=( co2/(1+co2) ) - ( co1/(1+co1) ); 

         end; 

else if (pain_s=3) then do; 

 co2=eta*exp(a0+a1+a2); co3=eta*exp(a0+a1+a2+a3); 

 z=( co3/(1+co3) ) - ( co2/(1+co2) ); 

         end; 

else do; 

 co3=eta*exp(a0+a1+a2+a3); 

 z=1- ( co3/(1+co3) ); 

     end; 

if (z > 1e-8) then ll=log(z); 

  else ll=-1e100; 

  model pain_s ~ general(ll); 

  random u ~normal(0, exp(2*logsig)) subject=ptid out=randout; 

run; 
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Abstract: 

Layered lithium-rich metal oxides have 

attracted great interest as potential cathode 

materials for Li ion batteries due to their high 

Li content required for high energy density. 

Using atomistic simulation techniques based 

on classical pair potentials, we calculate 

intrinsic defects, lithium ion diffusion paths 

together with activation energies and trivalent 

doping in Li2MnO2. The most favourable 

intrinsic defect type is found to be the cation 

anti-site defect, in which Li and Mn ions 

exchange their positions. Lithium ions diffuse 

via a zig-zag path with very low activation 

energy of 0.16 eV. Trivalent dopant Sc
3+

 on Mn 

site is energetically favourable and could be a 

synthesis strategy to increase the Li vacancy 

concentration in Li2MnO2. 

Keywords: Defects, Diffusion, Dopants, 

Atomistic simulation 

1. Introduction 

The interest in solid-state lithium batteries is 

driven by the increasing requirement for 

better capacity, cycle performance, safety, and 

durability. This motivates the research interest 

on the discovery and application of advanced 

electrolyte and cathode materials (Tarascon &  

Armand, 2001; Bruce et al., 2011; Jay et al., 

2015; Fisher et al., 2013; He et al., 2017; 

Armstrong et al., 2011; Kuganathan & Islam, 

2009; Islam & Fisher, 2014; Kordatos et al., 

2018; Kuganathan  et al., 2018a; Kuganathan et 

al., 2018b; Kuganathan et al., 2018c; 

Kuganathan  et al., 2018d; Kuganathan et al., 

2018e). 

A key area is the identification and study of 

alternative cathode materials for rechargeable 

Li-ion batteries. These cathode materials are 

required to have high energy density to replace 

more conventional materials and to be 

employed in large scale applications (i.e. 

electric vehicles) ( Mizushima et al., 1980). In 

that respect layered Li-rich metal oxides such 

as Li2MnO2 (David et al., 1983; Johnson et al., 

2002; Johnson et al., 2003) are of interest as 

cathode material for Li ion batteries because 

they have a high Li concentration, which is a 

prerequisite for the high energy density. 

An efficient way to consider the different 

candidate materials for energy applications is 

the use of atomic scale modeling techniques. 

These can provide information on the defect 

http://creativecommons.org/licenses/by-nd/4.0/
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processes including Li ion energetics and 

mechanisms that can be complementary to 

experimental work. There is no related 

theoretical work on the Li related defect 

process in Li2MnO2. The present investigation 

employs established atomistic modeling 

techniques based on classical pair potentials to 

study the intrinsic defect processes, lithium ion 

diffusion mechanisms and the impact of 

trivalent doping (Al, Sc, In, Y, Gd and La) in 

Li2MnO2. 

2. Computational Methods 

All calculations were carried out using the 

classical pair potential method as 

implemented in the GULP package (Gale & 

Rohl, 2003). This method is based on the 

classical Born model description of an ionic 

crystal lattice. All systems were treated as 

crystalline solids with interactions between 

ions consisting of long-range attractions and 

short-range repulsive forces representing 

electron-electron repulsion and van der Waals 

interactions. The short range interactions were 

modelled using Buckingham potentials 

available in the literature (Table 1). Simulation 

boxes and the corresponding atom positions 

were relaxed using the Broyden-Fletcher-

Goldfarb-Shanno (BFGS) algorithm (Gale, 

1997). The Mott-Littleton method (Mott & 

Littleton, 1938) was used to investigate the 

lattice relaxation about point defects and the 

migrating ions. It divides the crystal lattice into 

two concentric spherical regions, where the 

ions within the inner spherical region (on the 

order of >700 ions) immediately surrounding 

the defect relaxed explicitly. Li ion diffusion 

was calculated considering two adjacent 

vacancy sites as initial and final configurations. 

Seven interstitial Li ions were considered in a 

direct linear route and they were fixed while 

all other ions were free to relax. The local 

maximum energy along this diffusion path is 

calculated and reported as activation energy.  

Table 1: Buckingham interatomic potential parameters {Two-body [Φij (rij) = Aij exp (−rij/ρij) −Cij / rij6]} used in the 
atomistic simulations of Li2MnO2 (Kuganathan & Islam, 2009; Islam et al., 2005; Minervini et al., 1999). 

 

3. Results and Discussion 

3.1. Structural Modelling 

The starting point of this study was to test the 

quality of the interatomic potentials used in 

this study by performing a total energy 

calculation of the Li2MnO2 crystal. The layered   

structure of Li2MnO2 (David et al., 1983) 

exhibits a hexagonal type lattice (space group: 

P3̅m1) as shown in Figure 1 . 

Energy minimization calculations were 

performed on Li2MnO2 structure to obtain the 

equilibrium lattice constants. The calculated 

equilibrium lattice constants (refer Table 2) are 

in good agreement with experiment. 

Interaction A (eV) ρ(Å) C (eV·Å6) Y (e) K (eV·Å-2) 

Li+ - O2− 632.1018 0.2906 0.000 1.000 99999 

Mn2+ - O2− 2601.394 0.2780 0.000 3.420 95.0 

O2− - O2− 22764.30 0.1490 27.89 −2.860 74.92 

Al3+ - O2− 1725.20 0.28971 0.000 3.000 99999 

Sc3+ - O2− 1575.85 0.3211 0.000 3.000 99999 

In3+ - O2− 1495.65 0.3327 4.33 3.000 99999 

Y3+ - O2− 1766.40 0.33849 19.43 3.000 99999 

Gd3+ - O2− 1885.75 0.3399 20.34 3.000 99999 

La3+ - O2− 2088.79 0.3460 23.25 3.000 99999 
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Figure 1: Crystal structure of layered Li2MnO2 (David et 
al., 1983). Manganese and lithium atoms 
form octahedron and tetrahedron respectively 
with adjacent oxygen atoms 

 

Table 2: Calculated and experimental (David et al., 
1983) structural parameters for layered 

hexagonal (𝑃3̅𝑚1) Li2MnO2 

Parameter Calculated Experimental  |∆|(%) 

a (Å) 3.1950 3.1571  1.18 

b (Å) 3.1950 3.1571  1.18 

c (Å) 5.3030 5.1964  2.01 

α = β 90.00 90.00  0.00 

γ (°) 120.0 120.0  0.00 

 

 

3.2. Intrinsic Defects  

To calculate the formation energies for Frenkel 

and Schottky-type defects in Li2MnO2, a series 

of isolated point defect (vacancy and 

interstitial) energies were calculated. The 

equations represent the reactions involving 

these defects as written using Kröger-Vink 

notation (Kröger & Vink, 1956) and 

corresponding reaction energies are tabulated 

in Table 3.  

It is calculated that the most favorable intrinsic 

disorder is the Li-Mn anti-site defect (equation 

8). In this defect, Li+ and Mn2+ ions interchange 

their positions. The exact concentration of this 

defect is dependent on the temperature and 

synthesis routes. The formation of Li Frenkel is 

the second most favorable defect process in 

this material. As Mn Frenkel, O Frenkel and 

Schottky defects are highly energetically 

unfavorable and thus it is unlikely to occur in 

any significant concentration in Li2MnO2. 

 
Table 3: Energetics of intrinsic defects in Li2MnO2. 

Defect Process Equation 
Defect energy 

(eV) 
Defect energy 

(eV)/defect 

Li Frenkel/1 LiLi
X  →  𝑉Li

′ + Lii
• 2.59 1.30 

O Frenkel/2 OO
X  →  𝑉O

•• +  Oi
′′ 9.50 4.75 

Mn Frenkel/3 MnMn
X  →  𝑉Mn

′′ +  Mni
•• 5.29 2.65 

Schottky/4 
2 LiLi

X + MnMn 
X + 2 OO

X  → 2 𝑉Li
′ +

𝑉Mn
′′  +  2 𝑉O

•• + Li2MnO2 
12.97 2.59 

Li2O Schottky- like/5 2 LiLi
X + OO

X  → 2𝑉Li
′ + 𝑉O

•• +  Li2O 5.84 1.94 

MnO  Schottky- like/6 
 MnMn 

X + OO
X  →   𝑉Mn

′′  +  𝑉O
•• +

 MnO 
7.02 3.51 

Li/Mn anti-site (isolated)/7  LiLi
X + MnMn

X  → LiMn
′ + MnLi

•  2.90 1.45 

Li/Mn anti-site (cluster)/8  LiLi
X + MnMn

X  → {LiMn
′ : MnLi

• }X 2.00 1.00 
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3.3.  Li ion Diffusion 

The intrinsic lithium ion diffusion in and out of 

the Li2MnO2 material determines its use as a 

possible high-rate cathode material in lithium 

batteries. The diffusion paths in the Li2MnO2 

material have not been established 

experimentally. Using atomistic simulation 

techniques it is possible to examine various 

possible diffusion paths responsible for 

lithium ion diffusion. Two main long range 

diffusion channels (A and B) connecting local 

Li hops (see Figure 2(a)) have been identified. 

The lowest activation energy is calculated to be 

0.16 eV for the channel A. Channel A forms a 

zig-zag pattern with equal Li-Li separation of 

2.24 Å. Channel B is slightly different and it 

exhibits a straight line path with the higher 

activation energy. Individual Li-Li separations 

and corresponding activation energy barriers 

are tabulated in Table 4. Potential energy profile 

diagram for the Li hopping in channel A is 

shown in Figure 2(b).

Table 4: Calculated Li-Li separations and activation energies for the lithium ion migration between two adjacent Li 
sites as shown in Figure 2a 

Migration path Li-Li separation (Å) Activation energy (Ea)(eV) 

A 2.24 0.16 

B 3.16 2.38 

 

Figure 2:   (a) Lithium vacancy migration paths considered  
(b) Energy profile diagram of Li vacancy hopping between two adjacent Li sites in channel A 
 

  

3.4. Trivalent Doping 

In previous sections, we have shown that Li 

ions can diffuse with lower activation energy of 

0.16 eV. However, the concentration of Li ions 

in the lattice is dependent on the Li Frenkel 

energy (1.30 eV/defect) which limits the 

concentration of  𝑉𝐿𝑖
′ . Here we suggest a way to 

increase the concentration by substituting 

trivalent dopants (A) on Mn site (A=Al, Sc, In, Y, 

Gd and La). This processes can be described as 

(using the Kröger-Vink notation):

A2O3 + 2MnMn
X + 2LiLi

X →  2 AMn
• + 2 VLi

′ +  2MnO + Li2O    (1) 
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Calculated solution energies together with the 

ionic radii of trivalent dopants are shown in 

Figure 3. The lowest solution energy is 

calculated for Sc3+. This means that the Sc3+ is 

the candidate trivalent dopant that can 

enhance the concentration of Li vacancy 

defects in Li2MnO2. The second lowest solution 

energy is calculated for In3+ with the energy 

difference of 0.40 eV compared to that of Sc3+. 

Other dopants exhibit high positive solution 

energies meaning that they are less likely to 

enhance Li vacancy concentration at low 

temperature.  

Figure 3:  Enthalpy of solution of A2O3 (A = Al, Sc, In, Y, 
Gd and La) in Li2MnO2 

4. Conclusions 

Atomistic modelling techniques have been 

employed to investigate the key issues related 

to point defects, lithium ion diffusion and 

dopants in the Li2MnO2 material. Our 

simulation shows good reproduction of the 

experimental crystal structure of Li2MnO2. The 

most favourable intrinsic disorder type is the 

Li-Mn anti-site defect. A long range zig-zag Li 

ion diffusion path with a very low activation 

energy (0.16 eV) was found. This clearly shows 

that Li can easily diffuse once the Li vacancies 

are available. In order to increase the Li 

vacancies, trivalent dopants were considered. 

The most energetically favourable dopant on 

the Mn site is Sc3+.  
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Abstract: 

The present study was designed to assess the 

physico-chemical status of the pond 

“Ariyakulam”, to compare its status with 

surface water quality standards and quantify 

the impacts of these parameters on each other 

though the regression and correlation 

coefficient methods. Eleven selected 

parameters such as Air Temperature (AT), 

Water Temperatures (WT), Dissolved Oxygen 

(DO), Total Dissolved Solid (TDS), Electrical 

Conductivity (EC), Salinity, pH, Chemical 

Oxygen Demand (COD), Biological Oxygen 

Demand (BOD), Nitrate nitrogen (NO3
-), 

Ammonia nitrogen (NH4
+) were taken for the 

analyses. Though the pond covers 

approximately an area of 12,000 m2 located in 

a historical place, proper maintenance is 

lacking and the preservation of the beauty of 

this water body is largely neglected. Water 

samples were collected twice a month for a 

period of 8 months from August 2016 to 

January 2017 and then January to February, 

2018 from 0700 to 0800 hrs in eight locations 

within the pond. The values of  TDS, DO, EC, 

and NH4
+ indicated that the pond “Ariyakulam” 

was in polluted state. The correlation 

coefficient values and regression analysis 

methods revealed the relationship among the 

parameters. The results from these methods 

demonstrate a user friendly measure for a 

rapid water quality assessment and 

continuous monitoring programmes.  

Keywords: Water quality, Surface water, 

Physico-chemical parameters, Correlation, 

Regression  

1. Introduction  

Inland waters of Sri Lanka could be categorized 

as surface and ground water. On an average Sri 

Lanka internally produced 52 billion cubic 

meters surface water out of a total of 52.8 

billion cubic meters renewable water 

resources per year (RWR) (Food and 

Agriculture Organization, 2016). As far as Sri 

Lanka is concerned, 4.43% (2905 sq Km) of the 

land area is covered by the surface water 

(Ministry of Forestry and Environment, Sri 

Lanka, 2001). Out of which Jaffna Peninsula 

including islands covering a land area of 1200 

Km2 possesses a total of 297 stagnant water 

bodies (Piyasiri, 2009). Ponds, rivers and 

lagoons are the sources of surface waters.  

Because surface waters significantly 

contribute to the replenishing of ground 

waters, maintenance of the surface water 

quality standards is of utmost importance to 

the healthy environment.  

The pond “Ariyakulam” (9040’5.8’’N and 

8001’8.4’’E) could be assigned to the Class III 

category according to the classification of 

surface waters (United States Environmental 

http://creativecommons.org/licenses/by-nd/4.0/
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Protection Agency, 2014). After the incidence 

of massive fish kills which occurred in March, 

2016, a study was designed to find out the 

physico-chemical status of the pond and also to 

compare its status with Sri Lankan and 

international surface water quality standards.  

“Ariyakulam” is located close to the Jaffna town 

at the Stanley road, Point Pedro road junction 

and covers approximately 12,000 m2 in area. It 

is one of the oldest ponds within the water 

drainage systems that are in operation in 

Jaffna. It receives water mainly from the 

seasonal rains and the excess of water from the 

nearby ponds through the connecting canal. In 

the same way overflowing water from the 

“Ariyakulam” runs into the other pond finally 

reaching the Jaffna lagoon at Pannai. Further 

crowded human settlements are seen along the 

Eastern and Northern boarders and Western 

and Southern sides facing the roads.  

Inspite of the historical significance of the 

pond, anthropogenic impacts were heavy in 

the sense that “Ariyakulam” receives daily 

influx of waste waters from nearby settlements 

and plastics and other wastes seen inside the 

pond.  Its surface was covered with aquatic 

plants such as lotus, Azolla and Lemna species. 

Even though the pond is not clean, it harbours 

number of organisms such as fishes, water 

snakes, avifauna, invertebrates and planktonic 

organisms.  

Though few research papers were published 

with regard to “Ariyakulam” (Balasundaram, 

1986; Selvarajah & Rajaratnam, 1990; Patrick 

et al., 2012; Kadotgasan, 2010; Abyerami & 

Arthiyan, 2016), no detailed report on the 

assessment of the water quality of the pond has 

been done so far. As “Ariyakulam” is situated 

around a high water usage area, proper 

maintenance of water quality of this pond is 

very much essential. As such a study was 

designed to assess the water quality so that the 

proper planning can be formulated to maintain 

this water body. The objectives of the study 

were assessment of the present water quality 

through the analyses of the selected water 

quality parameters; determination of their 

relationships and finally comparing them with 

the surface water quality standards.  

2. Materials and Methods 

2.1 Collection of water samples:  

Water samples were collected twice a month 

for a period of 8 months from August 2016 to 

January 2017 and then January to February 

2018, from the pond “Ariyakulam”. Clean 

buckets were dipped 1m away from its 

boundary and samplings were done from 0700 

to 0800 hrs in eight locations namely L1 - L8 in 

order to cover entire pond (Figure 1).   

 
Figure 1 : Satellite image of the pond “Ariyakulam” 

Eleven physico-chemical parameters were 

measured using standard protocols (Table 1 ). 

Dissolved Oxygen (DO), Air Temperature (AT) 

and Water Temperatures (WT) were 

measured on the site. Samples were brought to 

the laboratory and kept in the ambient 

temperature until processing the rest of the 

parameters such as Total Dissolved Solids 

(TDS), Electrical Conductivity (EC), Salinity, 

pH, Chemical Oxygen Demand (COD), 

Biological Oxygen Demand (BOD), Nitrate 

Nitrogen (NO3
-
), and Ammonia Nitrogen 

(NH4
+
). All analyses except BOD were 

completed within 24 hours of collection. (Table 

2) 
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Table 1: Physico-chemical parameters and their standard protocols 

Parameter Method 

Dissolved Oxygen (DO) HQ30d probe 

Air Temperature (AT) Centigrade thermometer 

Water Temperatures (WT) Centigrade thermometer 

Total Dissolved Solid (TDS)  

Electrical  Conductivity (EC) 

Salinity 

HQ40d probe 

pH Sension+ pH probe 

Chemical Oxygen Demand (COD) APHA, 1999 

Biological Oxygen Demand (BOD) HQ30d probe after three days 

of sample collection 

Nitrate nitrogen (NO3)  

Ammonia nitrogen (NH4+) 
Kjeldhal distillation method 

 

2.2 Statistical analysis 

The regression analysis was done to find out 

the linear relationship among the parameters 

by determining the correlation coefficient 

Table 3. Pearson correlation coefficient was 

calculated using computer software MS Excel 

2010, and a correlation matix was obtained 

Table 4. This analysis attempts to establish the 

nature of the relationship between the 

variables and thereby providing a mechanism 

for prediction or forecasting the status of the 

water resource (Kumar & Sinha, 2010). A 

handful of papers (Daraigan et al., 2011; Meena 

& Bhargava, 2012; Heydari et al., 2013; 

Chaubey & Patil, 2015) assessed the drinking 

water quality by this method. This paper 

utilizes the same methods to assess the surface 

water quality so that planning of rapid water 

quality management programs can be done 

easily. 

3. Results and Discussion 

The summary of monthly variation of the 

physico-chemical parameters of the pond 

(with standard error) and Sri Lankan and 

International surface water quality standards 

were given in the Table 2. The statistical 

differences were calculated for these and given 

in the Table 5. 

3.1 Physico-chemical parameters  

Air temperature showed 5oC fluctuation from 

28.5 (± 1.13) to 310C (± 1.07) and a little lesser 

fluctuation (< than 3oC) from 27.69 (± 1.13) to 

28.56 (± 1.13) was seen in the water 

temperature. Both parameters showed 

statistically significant variations among the 

months. 

Dissolved oxygen significantly varied from 

1.06 (± 0.41) - 5.08 mg/l (± 1.13). Only during 

the pre monsoon and monsoon period, the DO 

of the pond was reaching the Sri Lankan 

standards (4mg /l). ie the value was above the 

standards during October 2016 (5.08 mg/l ± 

1.13) and closed to the standards during 

December 2016 (3.60 mg/l ± 1.08) and January 

2017 (3.76 mg/l ± 0.67).  

Statistically significant differences in pH were 

observed and it showed the basic range {8.2 (± 

0.3) - 9.4 (±0.2)} throughout the study period.  

Kannaiyan et al., (1983) reported that the high 

pH range (> 8.0) resulted because of the 

growth and reproduction of algae when they 

use CO2 and this reduction causes the pH to 

increase. The pond showed the phenomenal 

growth of Azolla, Lemna and Lotus and this 

might be the reason for the higher pH values 

obtained during the study period.
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Table 3: Linear correlation coefficient ‘r’ and regression equation for some pairs of parameters with significant 

value of correlation (p ≤ 0.1) 

 
Table 4 :Pearson Correlation (r) matrix for the abiotic factors 

 

 

 

 

Parameter r value Regression coefficient Regression equation F value p 
 

value 
 A b 

AT- DO 0.653 -26.5028 0.9921 AT = -26.5028 DO + 0.9921 4.480 0.078 

AT- EC 0.572 -1424.841 92.9634 AT= -1424.841 EC + 92.9634 2.919 0.138 

TDS – DO 0.5619 -0.8901 0.0058 TDS = -0.8901 DO+ 0.0058 2.769 0.147 

AT- NH4
+ 0.620 1.0163 0.7070 AT= .0163 NH4

+ + 0.7070 3.75 0.100 

pH - NO3
- 0.607 0.7689 0.0168 pH= 0.7689 NO3

-+ 0.0168 3.517 0.109 

DO – EC 0.802 1132.1848 68.5242 DO= 1132.1848 EC+  68.5242 10.839 0.016 

DO - NO3
- 0.656 0.7912 0.0422 DO =0.7912 NO3

-+0.0422 4.548 0.076 

BOD – SALINITY 0.606 0.5853 0.0491 BOD =0.5853 SALINITY +0.0491 3.486 0.111 

BOD - NH4
+ 0.612 1.3874 0.2155 BOD =1.3874 NH4

++ 0.2155 3.594 0.106 

EC - NO3
- 0.712 0.2457 0.0005x EC =0.2457 NO3

-+ 0.0005 6.196 0.047 

Parameter AT WT pH TDS DO BOD COD EC Salinity NO3-  NH4 

AT 1           

WT 0.163 1          

Ph 0.440 0.363 1         

TDS 0.337 -0.185 0.103 1        

DO 0.653 0.121 0.433 0.561 1       

BOD 0.366 0.316 -0.206 -0.119 0.100 1      

COD -0.236 -0.391 0.436 0.202 -0.223 -0.545 1     

EC 0.572 -0.030 0.203 0.669 0.802 -0.095 -0.136 1    

Salinity 0.212 0.074 -0.023 0.532 0.162 0.606 0.075 0.012 1   

NO3
-
    0.696 0.132 0.607 0.341 0.656 0.163 0.149 0.712 0.155 1  

NH4
+
    0.620  -0.044 0.352 0.079 0.267 0.612   0.150 0.146 0.517 0.687 1 

Strong 1; Moderate 14; Weak 28 ; Negative 12 
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Table 5: Statistical analysis of physico-chemical parameters 

Parameter Max Min Mean Range  
p value (p ≤ 

0.1) 

AT 31.00 28.50 29.88 2.50 6.060e-09 

WT 28.56 27.69 28.25 0.87 8.949e-09 

pH 9.40 8.20 8.83 1.20 2.414e-05 

TDS 801.44 517.88 670.95 283.56 0.00 

DO 5.28 1.06 3.51 4.22 0.004 

BOD 2.01 0.40 1.17 1.61 0.140 

COD 3.50 1.30 2.64 2.20 0.016 

EC 1615.19 1391.14 1391.14 224.05 0.00 

Salinity 0.76 0.62 0.65 0.14 0.268 

(NO
3

-
)  1.54 0.73 1.04 0.81 0.166 

(NH
4

+
) 31.00 1.43 1.70 29.57 0.066 

 

 
The concentrations of nitrate nitrogen was 

within the limits (0.73mg/l - 1.54mg/l), while 

the ammonia nitrogen was exceeded the 

standards (1.43mg/l - 1.86mg/l). The 

maximum permissible level of nitrate nitrogen 

and ammonia nitrogen for the surface water 

are 10 mg/l and 0.02 - 0.8 mg/l respectively. In 

the environment, ammonia generates from the 

agricultural and industrial processes. But this 

pond has possible pollution of fecal 

contaminations, sewage and animal wastes by 

the nearby human settlements over the others 

and fecal contamination was previously 

recorded from the same pond (Abyerami & 

Arthiyan, 2016).  High levels of ammonia with 

corresponding low level of DO indicate the 

prevailing decomposition process in the pond. 

EC values showed fluctuation from 732.34 

μS/cm (±38.85) - 1515.19 μS/cm  (± 93.57) 

and varied significantly among months (p < 

0.1). The standard EC value reported was 1275 

μS/cm (United States Environmental 

Protection Agency, 2014). However the 

conductivity of most freshwaters ranges from 

10 to 1,000 μS cm-1 but may exceed 1,000 

μS/cm especially in polluted water bodies or 

those receiving large quantities of land run-off 

(Meybeck & Helmer, 1996). Further these 

values indicate high mineralization state of the 

surface water area and this may be due to high 

concentration of ionic constituents present in 

the water bodies (Salam et al., 2012). 

TDS value of the pond was ranged between 

517.88 mg/l (± 41.05) to 1615.19 mg/l (± 

92.57). During January and February 2018, 

TDS was higher than the permissible limit of 

1300mg/l. This indicates the turbid nature of 

the pond which obviously limits the level of 

light penetration into the pond. 

BOD ranged from 0.40 mg/l (  0.34) -  3.5 mg/l 

(  0.58) which was found within the 

standards. For most instances tolerable limits 

of BOD ranges from 5 - 6 mg/l. However if the 

BOD value exceeds 4mg/l the water body can 

be considered as polluted (Piyasiri, 2009). COD 

varied from of 1.31mg/l (±0.59) to 5.28mg/l 

(±1.43) which also found to be within the 

standards.  
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3.2 Correlation matrix and regression 

model 

The numerical values of correlation coefficient 

(r) for the eleven water quality parameters are 

tabulated in Table 2 Correlation analysis 

measures the closeness of the relationship 

between chosen independent and dependent 

variables. If the correlation coefficient is 

nearer to (+1) to (-1), then it shows the 

probability of the linear relationship. The 

greater the value of regression coefficient, the 

better is the fit and more useful the regression 

variables (Kumar & Sinha, 2010).  

To find about the relationship among these 

parameters, the regression equation was used 

where the correlation coefficient (r) measures 

the degree of association that exist between 

any two variables. The correlation considered 

as strong when it is in the range of +0.8 to 1.0 

and -0.8 to -1.0; moderate when its value falls 

between 0.5 and 0.8 and -0.5 to -0.8; when the 

range from 0.5 to +0.0 and 0.0 to -0.5, then it is 

week. Actually correlation is the mutual 

relationship between two variables. Direct 

correlation exists when increase or decrease in 

the value of one parameter is associated with a 

corresponding increase or decrease in the 

value of other parameter (Patil & Patil, 2011).  

It is shown that a high positive (strong) 

correlation existed between DO and EC 

(R=0.802). N03-, DO and pH were positively 

correlated with the all the water quality 

parameters.  

The negative correlations were found in 12 

cases between AT and COD, WT and COD, WT 

and TDS, WT and EC, WT and NH4+, PH and BOD, 

PH and Salinity, TDS and BOD, DO and COD, 

BOD and COD, BOD and EC and COD and EC.  

Poor positive correlation (moderate) was 

found in 14 cases. Very negligible positive 

(weak) correlation was observed in 28 cases 

where as the r value was less than 0.5  

In the current study it is evident that AT, PH, 

DO, EC were strongly correlated with NO3
- 

(r >0.6). NH4+ was significantly correlated with 

AT, NO3-, BOD and salinity (r > 0.6). Further 

TDS was significantly correlated with DO, EC 

and salinity (r >0.5).  The following two 

regression relationship have more or less same 

correlation coefficient value such as AT with 

BOD (r=0.366) and WT with PH (r=0.363). 

Likewise PH and Nitrate content (r = 0.607), 

BOD with salinity (r = 0.606) (Table 4 ). 

In 10 cases correlation coefficient for the water 

quality parameters found to have better and 

higher level of significance (p≤ 0.1) were 

shown in  Table 3. In the current study, it is 

evident that the AT, DO, EC, TDS, NH4+, NO3-, 

BOD and salinity were significantly correlated 

(r>0.6) among themselves.  

4. Conclusions 

The values of TDS, DO, EC, and NH4+ indicates 

that the pond “Ariyakulam” is in polluted state 

with high level of ionic compounds. COD values 

obtained in January and February 2018 also 

agreed with this. Lower level of DO in most 

instances suggested survival risks of pond 

organisms during the hotter months. The 

linear correlation is very useful to get fairly 

accurate idea of quality of water by 

determining a few parameters experimentally. 

It can be concluded that the AT, TDS, DO, EC 

and nitrogen contents are important physico-

chemical surface water quality parameters, 

because they are correlated with most of the 

water parameters.This work could be more 

enhanced by studying ground water quality of 

the adjacent areas. Emphasis should be given 

to reduce the PH, EC, TDS, NH4
+ levels and 

whenever COD crosses the permissible level.  

Finally if all or parts of these are implemented, 
the pond “Ariyakulam” can be converted as a 
very good recreational area for the public at 
the same time a healthy environment can also 
be achieved. 
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