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Preface

Nutrition is one of the most important require-
ments of humans, after oxygen and water. Human 
evolution is closely related to nutrition and aimed 
at improving nutrition to meet the high energy 
needs of evolving brain and body. Globally about 
50.5 million children are undernourished, 38.3 
million overweight and 20 million obese. Poverty, 
war, famine, sanctions and comorbidities are the 
common causes of malnutrition. Even in the eco-
nomically developed countries, malnutrition occurs 
because of food faddism, isolation, depression 
addiction and prolonged intensive care treatment.

Medical curriculum does not give the desired 
emphasis on nutrition especially in postgraduate 
training programs. Malnutrition is one of those 
disorders for which the treatment is known and 
available; the question is of awareness and imple-
mentation. While organizing neurology training 
program at Sanjay Gandhi Post Graduate Institute 
for over three decades, interacting with students 
and faculty, the need of such a book was felt.

This book begins with a chapter on the role of 
nutrition in development of the nervous system. 
Chapters 2–9 are on protein energy malnutri-
tion and vitamin deficiencies. A chapter on fluo-
rosis is added because of its importance in the 

fluorosis-endemic area. Chapters on deficiencies 
of iodine, copper and zinc are also included. Fluid 
and electrolytes are extremely important and are 
generally excluded from the text of nutritional dis-
orders, but we have included these aspects because 
of their important role in critically ill neurological 
patients. The last chapter summarizes the dietary 
manipulation in various inherited metabolic dis-
orders because of its therapeutic implication.

The authors have tried to simplify the subject 
by the ample use of clinical photographs, radio-
logical images, schematic diagrams, charts and 
tables. The emphasis has been on clinical rel-
evance and bedside application. This book will 
meet the need of medical students pursuing 
medicine, pediatric, and neurology programs, 
consultants and faculties.

This is the first edition and may have some 
shortcomings or limitations. We welcome sug-
gestions that will help in improving a subsequent  
edition. We sincerely hope that this book would 
improve the diagnosis and management of patients 
and help in creating new knowledge in this area.

U. K. Misra
J. Kalita
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1
Role of nutrition in the growth 
and development of nervous system

INTRODUCTION

Nutrition is essential throughout life, and is espe-
cially important during pregnancy, infancy and 
early childhood for the development of nervous 
system. Development of brain is related to the 
development of cognitive and motor functions, 
and socioemotional skills during childhood 
and adulthood. Nutritional deficiencies during 
pregnancy and infancy can affect cognitive and 
behavioral functions, which predict school per-
formance as well as performance in later life. 
This chapter highlights the importance of nutri-
tion in different stages of the nervous system 
development.

STRUCTURAL DEVELOPMENT

The biological time scale of human development 
requires observation in a large number of individu-
als. Since it is difficult to accurately decide the time 
of conception, the gestational age (GA) may not 
be precise. The average human GA is 40 weeks. In 
early prenatal life, the chronological and biological 
scales have special importance. The development 
in this period is so fast that there is change every 
day. During infancy, the tempo of development is 
slower than that in the parental life, but it is faster 
than that in childhood.

Central nervous system is developed as a spe-
cialized ectoderm, called “neuroectoderm”. The 
thickening of neuroectoderm results in the forma-
tion of neural plates, which in turn fuse to form a 
neural tube. The cephalic portion of the neural tube 
enlarges to form the brain, and the caudal portion 

narrows to form the spinal cord and peripheral 
nerves. There are three dilatations in the cranial 
part: prosencephalon, mesencephalon and rhomb-
encephalon. The prosencephalon differentiates 
into telencephalon and diencephalon. The telen-
cephalon differentiates into cerebral hemispheres, 
corpus striatum and cerebral ventricles. The struc-
tures develop from the diencephalon are thalamus, 
hypothalamus and related structures, including 
the third ventricle. The mesencephalon gives rise 
to midbrain and cerebral aqueduct. The rhomb-
encephalon has two parts: metencephalon (from 
which pons, cerebellum and the fourth ventricle 
develop) and the myelencephalon (which differen-
tiates into medulla and spinal cord) (Figures 1.1 
and 1.2). The outer layer of the spinal cord develops 
into peripheral nerves. The lateral aspects of neural 
crest and adjacent cells differentiate into dorsal root 
ganglia, adrenal medulla, sympathetic and para-
sympathetic ganglia, Schwann cells and neurolem-
mal sheets. The neural tube with single-cell lining 
develops into three layers: ependymal matrix, men-
tal and meningeal layers. The neurons are derived 
from the mental layer.

The development of nervous system is a contin-
uous process rather than a stepwise event. Several 
functions develop in parallel, and any dissociation 
is abnormal.

EMBRYONAL AND FETAL 
DEVELOPMENT

At 3 weeks of embryonic life, there are neuroblastic 
differentiation, migration and neuronal multipli-
cation, which have a genetic basis. The neuronal 
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proliferation occurs at an average speed of 
250,000/minute for several days to weeks. The neu-
rons become bipolar and migrate to the marginal 
layer through radial glial cells to form the cerebral 
cortex. Migration is completed by the fifth fetal 
month when the cortex contains billions of post-
mitotic cells. During the mid-fetal life, cerebral  
hemispheres develop into a deeply sulcated struc-
ture. The major sulci such as Sylvian, Rolandic 
and calcarine sulci achieve an adult configura-
tion by the fifth month. Secondary sulci develop 
by 6–7 months of fetal life, and tertiary sulci also 
develop by 8–9 months. Simultaneously, there is 
an organization of cortical and neuronal masses. 
Synaptogenesis and axonal path finding take place 

subsequently by 30th week. The cytoarchitectural 
pattern of the cerebral cortex develops and dif-
ferentiates neurons of the cortical region, e.g., pri-
mary motor, sensory and auditory cortices.

The time scale of myelin development is not 
as clearly known as that of the neuronal develop-
ment. By 10th week, spinal roots and nerves are 
myelinated, which correspond with the reflex 
motor activity. Subsequently, segmental and inter-
segmental fibers are myelinated followed by the 
myelination of ascending and descending tracts 
that start from the brainstem. By 28th–30th week, 
vestibulo-cochlear pathways are myelinated; by 
37th week, myelination of spinocerebellar and 
dentatorubral tracts takes place. By 40th week 

Brain

Spinal cord

Prosencephalon

Mesencephalon

Rhombencephalon

Diencephalon

Prosencephalon

Mesencephalon

Metencephalon

Myelencephalon

Figure 1.1  Schematic diagram shows the development of different parts of notochord.

Prosencephalon
Talencephalon

Diencephalon

Cerebral hemisphere
Basal ganglia
Lateral ventricles

Hypothalamus
Thalamus
3rd ventricle

Mesencephalon Mid-brain
Cerebral aqueduct

Rhombencephalon
Metencephalon

Myelencephalon

Pons
Cerebellum
4th ventricle

Medulla

Spinal cord
From outer 
layer-
peripheral 
nerves

Figure 1.2  Origin of different structures of the nervous system from prosencephalon, mesencephalon 
and rhombencephalon.
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of gestation, the visual system starts myelinat-
ing, which is completed by 3 months of postna-
tal life. The corticospinal tracts are myelinated 
by 18 months of postnatal life. Posterior frontal 
and parietal lobes are myelinated by 40th week of 
gestation, which is followed by the myelination of 
other parts of the brain. By 2 years, the myelina-
tion of the nervous system is complete. The 
myelination of intra- and interhemispheric fibers 
continues till 10 years of age or beyond. The den-
sity of neurons increases up to 15 months of post-
natal life; thereafter, it decreases with increasing 
dendritic arborization and synaptogenesis. The 
growth of human embryo and fetus is presented 
in Table 1.1. The neurons begin to function before 
myelination. By the age of 12–15 years, the weight 
of the brain in females is 1230–1275 g and in males 
1350–1410 g. The development of brain structure 
at different time points is shown in Figure 1.3.

REQUIREMENT OF NUTRIENTS 
IN THE DEVELOPING BRAIN

Growth factors and nutrients play an important 
role in the development of brain during fetal and 
early postnatal life. Some nutrients play a greater 
role, such as protein, carbohydrate, fat, iron, zinc, 
copper, iodine, selenium, choline, vitamin A, folate 
and cobalamin. The effects of nutritional defi-
ciency may depend on timing, dose and duration 
of deficiency. There are three stages of neuronal 
involvement in malnutrition:

	1.	 Stage 1: Structure of cell and process may be 
intact but its function may be impaired.

	2.	 Stage 2: Demyelination with an intact axis 
cylinder.

	3.	 Stage 3: Demyelination, destruction of axis 
cylinder and cell death.

Table 1.1  Growth of nervous system in human 
embryo and fetus

Fetal age 
(days)

Length 
(mm)

Nervous system 
development

18 1.5 Neural groove and tube 
21 3 Optic vesicles
26 3 Anterior neuropore 

closure
27 3.3 Posterior neuropore 

closure
31 4.3 Anterior horn cell 

appears
Anterior and posterior 

roots 
35 5 Five vesicles
42 13 Primordium of 

cerebellum
56 25 Differentiation of cortex 

and meninges 
150 225 Primary cerebral  

fissures
180 230 Cerebral myelination
8–9 months 240 Growth of brain and 

myelination 

Motor, cognitive & socioemotional
development 

Caregiver attitude
Parent-child interaction

Brain development
&

function
Environmental 

stimulation

Physical 
growth  

Physical 
activity

Nutritional status

Figure 1.3  Organization of cellular and functional structures at different natal and postnatal periods 
of life.
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Replenishment of nutrients in stage 1 rapidly 
restores the function. In stages 2 and 3, there may 
be a permanent deficit. During 24–42 weeks of 
GA, brain is particularly vulnerable to nutritional 
deficiency, because myelination and synaptogen-
esis take place during this period. During the late 
fetal and early neonatal life, hippocampus, visual, 
auditory cortex and corpus striatum have a fast 
pace of development with regard to morphogen-
esis and synaptogenesis. Hippocampus is the first 
region to have a cortico-cortical connectivity 
and becomes functional by 1 month of postnatal 
life. Myelination may also be affected if there is a 
nutritional deprivation. Nutrients at a particular 
concentration may be beneficial at one time, but 
can as well be toxic at the other time. Iron and 
certain other nutrients are regulated in a nar-
row range, highlighting this effect. Deficiency of 
nutrients in early stage affects the cell prolifera-
tion, and at a later stage, it affects differentiation 
processes such as size, synaptogenesis and den-
dritic arborization.

Genes of cell proliferation are expressed earlier 
than those of cell differentiation. Several genes are 
expressed as regulatory genes from the region-
specific development of the brain. To study the 
spatial and temporal expression of genes, 9955 
genes in hippocampus, hypothalamus and frontal 
cortex were evaluated in rats during four stages 
of prenatal development and seven stages of post-
natal development (Stead et al., 2006). More than 
97% of neurally expressed genes showed changes 
at different time points. There were 20 clusters of 
transcriptional genes involved in DNA metabo-
lism, nuclear function, synaptic vesicle transport, 
myelination and neuropeptide hormone activity. 
There were specific time points for the expression 
of these genes. The salient findings of this impor-
tant study are as follows:

	1.	 Two-third of probed genes are expressed in the 
postnatal period.

	2.	 More than 95% of expressed genes show a 
change during different time points of the 
development.

	3.	 More than 85% of genes show a difference in 
expression in the three regions.

	4.	 The maximum expression of genes occurs in 
1–2 weeks of postnatal life.

	5.	 The difference in gene expression is also maxi-
mum during 1–2 weeks of postulated life.

	6.	 Less than 300 genes are differentiated in the 
hippocampus from the frontal cortex at post-
natal day, which increase to more than 2000 
genes in adult brain. By 2 weeks of postnatal 
life, the regional differentiation is nearly com-
plete in rat brain (Stead et al., 2006).

Early postnatal life in rats corresponds to late ges-
tational period in humans. These studies under-
score the importance of genetic factors in the 
growth and development of brain.

The nutrients can affect the structure (anat-
omy), function (physiology, metabolism and sig-
nal propagation) and neurochemistry (synthesis of 
neurotransmitter and receptors, and neurotrans-
mitter reuptake). These also affect the overall 
neuronal performance. Long-standing nutritional 
abnormality may result in an irreversible struc-
tural damage.

By 24–44 weeks, the bilobed brain and the third 
ventricle at the beginning of third trimester reach 
the adult structure in full-term neonates. During 
this time, there are neuronal growth, differentia-
tion and synaptic connection. There is a formation 
of experience-based synapse before birth, which 
explains the anatomical basis of fetal learning. 
The connectivity of hippocampus to enterorhi-
nal cortex to thalamus to frontal cortex forms the 
key pathway for memory formation. Nutritional 
deficiency, therefore, can affect the cognitive and 
behavioral functions even in the later life if it 
occurs during the development of this circuit. The 
important nutrients for the brain development are 
discussed in the following sections.

Iron

Iron is a transition metal, which has an ability to 
transport oxygen and transfer electrons, and is a 
key nutrient for the brain development. Iron acts 
as a catalyst in various reactions. Brain has a high 
demand for iron in the last trimester and early 
postnatal life. Neonatal brain is metabolically very 
active and consumes 60% of body oxygen com-
pared to 20% in adults (Erecińska and Silver, 1989). 
Premature infants, on the other hand, have a higher 
risk of iron deficiency due to early erythropoiesis, 
rapid growth and low iron store (Choudhury et al., 
2015). Iron rapidly accumulates in the last trimester 
during which it affects myelination, neurotransmit-
ter production and energy metabolism. In the rat 
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model, the biochemical, structural and behavioral 
effects of iron deficiency have been documented. 
There are reduced oxidative metabolism in the 
hippocampus and frontal cortex, increased intra-
cerebellar glutamate concentration and reduced 
striated dopamine concentration (Wang et al., 
2019). There is fatty acid and myelin defect globally. 
Structurally, there are truncated dendrites in the 
hippocampus and a reduction in neuronal mass.

Behaviorally, there are reduced recognition, 
procedural memory and spatial recognition. This 
behavioral abnormality correlates with a reduction 
of iron in the hippocampus and striatum. Maternal 
iron deficiency in humans results in intrauter-
ine growth retardation and premature birth. 
Cord ferritin concentration in infants is related to 
poor school performance. Infants with low iron 
also have poor auditory recognition and memory 
(Wang et al., 2019). Children who develop iron defi-
ciency before 2 years of age show reduced cognitive 
and school performance at 4–9 years of age (Lozoff 
et al., 2006). The importance of iron deficiency ane-
mia in infancy and later neurobehavioral functions 
has been reported in a long-term follow-up study. 
Those with iron deficiency anemia during infancy 
when followed up in adolescence revealed lower IQ, 
social problem and inattention compared to non-
anemic counterparts even though they were treated 
for anemia during infancy (Walker et al., 2007). 
Maternal supplementation of iron during preg-
nancy has not shown an improvement in IQ and 
behavioral performance at the short- and long-term 
follow-up (Zhou et al., 2006; Parsons et al., 2008). 
The benefit of iron supplement in infancy, however, 
has not been confirmed in other studies (Berglund 
et al., 2013; Christian et al., 2011). To prevent the ill 
effects of iron deficiency on CNS development, the 
following steps are recommended:

	1.	  Feed iron-rich food to mother and infants.
	2.	  Provide postnatal services.
	3.	  Encourage mother and infant interaction.
	4.	  Provide learning opportunities.

Iron deficiency should be corrected but taking care 
to avoid iron toxicity is important.

Copper

Copper is essential for the synthesis of hemoglo-
bin and helps in the formation of connective tissue, 

blood vessels, bone and tendon. Copper helps 
in the development and maintenance of myelin, 
which depends on phospholipids. Synthesis of 
phospholipids needs cytochrome C oxidase, a 
copper-dependent enzyme. Copper also regulates 
ferroxidase activity, which maintains the iron 
distribution to various tissues (Vashchenko et al., 
2013). Premature and low-birth-weight newborns 
are prone to copper deficiency. The fetus accumu-
lates copper in the last month of gestation, which 
meets the requirement in the first month of life 
when the copper intake is the minimum (Harvey 
and McArdle, 2008). Copper is required for brain 
energy metabolism and dopamine metabolism, and 
is also an antioxidant. Copper deficiency results in 
demyelination of posterior column and cortico-
spinal tract of the spinal cord. In rodents, copper 
deficiency produces cerebellar dysfunction, which 
manifests with imbalance and incoordination.

Zinc

Zinc is the fourth most abundant ion in the 
brain and is a cofactor in enzymes of protein and 
nucleic acid metabolism. Reduced level of zinc 
is therefore associated with a reduction of DNA, 
RNA and protein synthesis. Insulin-like growth 
factor I and growth hormone receptor gene 
expression is regulated by presynaptic buttons 
that depend on zinc. Zinc also helps in the release 
of neurotransmitters. Zinc deficiency results in 
a reduction of brain mass in cerebellar, limbic 
and cerebral cortices. Orbitofrontal cortex is also 
susceptible to zinc deficiency and is associated 
with a reduction of dendritic arborization. Zinc-
deficient fetus shows an autonomic instability in 
the form of heart rate variability, and there may 
be a reduced fetal movement. The infants who are 
zinc deficient have a preferential looking abnor-
mality. In humans, zinc supplementation during 
pregnancy has not shown any benefit on motor 
or cognitive abilities during childhood compared 
to placebo (Gardner et al., 2005). Animal and 
human studies, however, have shown a reduced 
activity, poor attention, learning and memory 
functions (Christian et al., 2010; Tamura et al., 
2005; Caulfield et al., 2010).

Zinc supplementation during infancy has not 
revealed a cognitive improvement (Tamura et al., 
2005; Hamadani et al., 2002). In nine random-
ized controlled trials, zinc was supplemented for 



6  Role of nutrition in growth of nervous system

at least 6 months within 2 years of age, and was 
compared with placebo for motor and cognitive 
effects. None of these studies found a cognitive 
benefit. In two studies, there was an improvement 
in motor function (Sazawal et al., 1996; Bentley 
et al., 1997). In one study, an improvement in 
motor function was noted when zinc was com-
bined with iron and other micronutrient (Black 
et al., 2004). A meta-analysis on zinc supple-
mentation revealed no evidence of improvement 
in cognitive and motor functions; however, the 
authors felt that studies were small and supple-
mentation was given for a short duration to derive 
a valid conclusion (Brown et al., 2009).

Fatty acid

Long-chain polyunsaturated fatty acids (LCPUFAs) 
are essential for the maturation of brain, retina 
and other organs during the third trimester and 
neonatal period. LCPUFAs are produced from the 
essential fatty acids. Docosahexaenoic acid (DHA) 
is synthesized from linoleic acid, and arachidonic 
acid is from α-linolenic acid. DHA is needed for 
neuragenesis, migration and synaptogenesis. It also 
has an important role in cholinergic, aminergic 
and GABAergic neurotransmitter systems. There 
is a preferential accumulation of DHA in fetal 
retina and brain gray matter. Deficiency of DHA 
therefore may result in abnormal visual functions 
and impaired cognitive and behavioral functions. 
The cognitive and behavioral abnormalities have 
been attributed to DHA, which is needed for the 
synthesis of proteins, receptors and neurotrans-
mitters. DHA also helps in synaptogenesis and 
myelination. In preterm infants, formula feeding 
enriched with LCPUFA improved electroretino-
gram, visual acuity and short-term global devel-
opment (Carlson et al., 1996). Mothers deficient 
in LCPUFA, if DHA is supplemented, may benefit 
the neonate because it crosses the placenta and is 
secreted in mothers’ milk. The role of LCPUFA 
in term infants, however, is not convincing. In a 
meta-analysis of 38 trials, the effect of n-3 PUFA 
on visual and cognitive functions in the child-
hood was evaluated. This study included 13 trials 
on maternal supplementation, seven in preterm 
neonates and 18 trials in term neonates. n-3 PUFA 
supplementation improved visual and psychomo-
tor functions but not global IQ in later childhood 
(Shulkin et al., 2018).

PROTEIN ENERGY MALNUTRITION

Protein and energy are important for brain devel-
opment, including intrauterine and postnatal life. 
Depletion of protein and energy may result in a 
reduction in DNA and RNA contents, reduced num-
ber of neurons, fatty acid synthesis and myelination, 
which manifest with a reduced brain size. At an 
ultrastructural level, there is a reduced synaptic and 
dendritic complexity as well as reduced neurotrans-
mitters, growth factors and structural proteins 
(Wiggins et al., 1984; Ke et al., 2006). Fetal protein 
energy malnutrition (PEM) results in intrauter-
ine growth retardation, and PEM during neonatal 
period results in hypotonia. Postnatal malnutri-
tion is common in preterm infants who have food 
restriction or food intolerance. Intrauterine growth 
retardation may be associated with a reduced 
growth and development in later life. Minimal 
cognitive impairment, especially verbal and spatial 
memory, has been reported in 15% of children with 
IUGR (Cusick and Georgieff, 2016).

OTHER NUTRIENTS

Iodine, sodium, choline, folate and vitamin B6 
have a role in the brain development. Iodine and 
selenium also affect the thyroid metabolism.

Iodine

Iodine is necessary for the synthesis of thyroid 
hormone. Thyroid hormone helps in neurogen-
esis, neuronal migration, axonal and dendritic 
outgrowth, synaptogenesis and myelination. 
Maternal iodine deficiency results in cretinism, 
which manifests with mental retardation, facial 
dysmorphism, deaf mutism and stunted growth. 
In China, the children in iodine deficiency region 
had 12.5% IQ point differences compared to their 
age group (Qian et al., 2005). An RCT on school 
children, however, did not support this effect 
(Melse-Boonstra and Jaiswal, 2010). Iodine sup-
plement to pregnant mother, who are deficient in 
iodine, is the best strategy to prevent cretinism. 
Two trials in Peru and Congo revealed an increase 
in 10.2 IQ points in children aged 0–5 years fol-
lowing iodine supplementation to pregnant moth-
ers (Bougma et al., 2013).

Vitamin B12 and folic acid have an impor-
tant role in the development of fetus. Folic acid 
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deficiency has been linked to the neural tube 
defect, and its supplementation is recommended 
for the prevention of these developmental anoma-
lies in children. A systematic review, however, does 
not support the importance of maternal nutri-
tional status defined by body mass index, micro-
nutrient and macronutrient levels in the cognitive 
function of the offspring (Taylor et al., 2017). The 
role of nutrients in the development of the nervous 
system is summarized in Table 1.2.

ASSESSMENT OF NUTRITIONAL 
DEFICIENCY IN NEONATES AND 
CHILDREN

There are several limitations in the evaluation of 
nutritional effect on brain development in neo-
nates and children (Table 1.3):

	1.	 There are limited methods for evaluating neu-
robehavioral functions in neonates and infants.

	2.	 Superadded infection may also affect the 
growth and development.

	3.	 Children may catch up after supplementa-
tion, overshadowing the effects of nutritional 
deficiency.

	4.	 There may be overlapping (similar) effects of 
different nutrients on the nervous system.

The assessment of neurodevelopment may be done 
by the following methods:

	I.	 Neurobehavioral and neurological 
examinations
4 month of age: Cortically dominant behavior 

may be assessed.
4–6 months: Affect, distractibility, preferential 

looking task and event-related potential 

Table 1.2  Role of nutrients in late fetal and neonatal brain development

Nutrient Part of brain involved Mechanism

Metal White matter Myelin

Iron Striatum and frontal Monoamine synthesis
Hippocampal – frontal Neuronal and glial energy 

metabolism
Copper Cerebellum Neurotransmitter synthesis, glial 

and neurons energy 
metabolism, antioxidant

Zinc Hippocampus, cerebellar Neurotransmitter release 
Autonomic CNS DNA synthesis

Choline Hippocampus DNA methylation
White matter Myelin synthesis
Global Neurotransmitter synthesis

LCPUFA Cortex Myelin
Eye Synaptogenesis

Protein energy Global Cell proliferation, differentiation 
Cortex Synaptogenesis
Hippocampus Growth factor synthesis

Table 1.3  Investigative modalities for different parts of nervous system

Techniques Structure of brain

MRI conventional sequence Regional and global volume, structural changes
MRI-diffusion tensor imaging Myelin and tract integrity
MR spectroscopy Neurochemistry
Auditory brainstem responses (ABT) Brainstem auditory tract (myelin) and synaptic 

function 
Autonomic function test Autonomic system
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(ERP) are possible. ERPs can assess 
memory functions.

1 year: Reasoning skills by Bayley Scale of 
Infant Development.

3 years: Cambridge Neuropsychological Test 
Battery evaluates strategy, switching, 
executive functions and working  
memory.

6 years: Functional MRI, near-infrared spec-
troscopy and magnetoencephalography.

	 II.	 �Brain size: Head circumference, CT or 
MRI scan.

III.	 Tract size: Diffusion tremor imaging.
	IV.	 �Electrical activity: Electroencephalography, 

evoked potentials.

FACTORS INFLUENCING THE 
EFFECT OF UNDERNUTRITION

Brain development is not only affected by the 
nutrition and genetic factors but also affected by 
the experience and environmental stimulation 
(Figure 1.4). There are two main experience-based 
learning methods:

	1.	 Experience expectant: In which sensory, 
visual and auditory circuits are stimulated by 
the afferent stimuli.

	2.	 Experience dependent: Experience-dependent 
learning refers to the way the brain organizes 
itself in response to individual stimuli.

Experience-dependent learning is responsible for 
acquired learning, which continues throughout 
the life. It helps to adapt and thrive in their respec-
tive environment. Nutrient and environment may 
have an additive, interactive and mediating effect. 
Environmental stimulation probably has a greater 
role in the development of motor, sensory, cognitive 
and socioeconomic effects in children (Grantham-
McGregor et al., 1991; Waber et al., 1981).

It has been shown that the children who play 
with toys, colors, shape and numbers have a higher 
cognitive and brain development. Children in 
Costa Rica with iron deficiency anemia from the 
low socioeconomic background had poor school 
performance (Lozoff et al., 2006). Children of 
12–23 months of age having chronic iron defi-
ciency were followed up at 5, 11–14 and 15–19 years 
of age. Their cognitive functions did not catch up 
on iron supplementation compared to those who 
had the normal iron status. The interacting effect 
of environment stimulation was illustrated in 
Chile. Low-birth-weight children from high socio-
economic status who received good environmental 
stimuli were at a lower risk of poor development 
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compared to those born in the disadvantaged 
environment (Torche and Echevarría, 2011). An 
interacting effect of nutrition and environment 
was illustrated in a Jamaican study. Infants and 
children aged 9–30 months received zinc supple-
mentation in one group, and zinc with psychoso-
cial stimulation in the other group. The children 
receiving both zinc and environmental stimula-
tion had a better cognitive and brain development 
compared to those who received only zinc supple-
mentation (Gardner et al., 2005).

MEDIATING EFFECT: 
UNDERNUTRITION AFFECTS 
PHYSICAL AND MENTAL 
DEVELOPMENT BY TWO 
MECHANISMS

	1.	  Caregiver behavior
	2.	  Child’s exploration of environment.

Caregiver behavior: (a) The caregiver may treat 
the child as smaller (younger) than his age, thereby 
reducing environmental inputs; (b) the undernour-
ished child may also have intercurrent infections 
and irritability, which may render the caregiver 
unduly protective, thereby reducing environmen-
tal inputs; (c) the undernourished children may not 
be able to explore the environment as compared to 
the well-nourished children. These factors cause a 
vicious cycle of poor cognitive development and 
lack of environmental exploration.

RECOVERY FROM NUTRITIONAL 
DEFICIENCY

Nutritional supplementation and enhanced 
sensory, linguistic and social interactions may 
improve the recovery. In a study, undernourished 
orphans below 2 years of age from Korea were 
adopted by American middle-class families. These 
children had normal IQ at school but their IQ was 
lower than that in the well-nourished adopted 
orphans (Winick et al., 1974). During World War 
II, children born in Holland during famine had 
nutritional deprivation in utero. After adequate 
health care and nutrition, the IQ at the age of 
19 years was normal and was not different from 
those born out of the well-nourished mothers. 
This study highlights the recovery potentials of IQ 
following nutritional supplementation. However, 

the children born out of malnourished mothers 
had higher frequency of schizophrenia, addic-
tion and antisocial behavior (Stein and Susser, 
1975). WHO recommends the structured activity 
to promote cognitive development as a compo-
nent of treatment of early childhood malnutrition 
(Ashworth et al., 2003). The protective effects of 
neurodevelopment and cognitive functions are 
attributed to high socioeconomic status, cogni-
tive stimulation in early life, increased duration of 
breast feeding and catch-up growth (Wang et al., 
2008). Those results, however, are not supported 
by some studies from Jamaica, Bangladesh and 
South Africa (Walker et al., 2010; Emond et al., 
2006; Prado and Dewey, 2014). Growth and intel-
lectual development are determined by genetic 
factors, nutrition at crucial time points and envi-
ronmental stimulation (Figure 1.5). These factors 
may result in structural and epigenetic changes 
leading to the long-term socioemotional and cog-
nitive consequences.

CONCLUSION

	1.	 Central nervous system development is influ-
enced by the nutritional status of the mother 
and nutrients during neonatal and childhood 
period.

	2.	 Protein, carbohydrate, fatty acids, iron, 
zinc, copper, iodine, folic acid, selenium and 
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Figure 1.5  Effect of nature and nurture on  
health and disease.
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cobalamin are especially important for the 
brain development.

	3.	 Brain development not only depends on nutri-
ents and genetic factors, but also depends on 
experience and environmental stimuli.
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2
Protein energy malnutrition

INTRODUCTION

Protein energy malnutrition (PEM) is defined as a 
prolonged inadequate protein and energy intake with 
a consequent depletion of body cell mass and body 
fat. Starvation-induced PEM is also known as “star-
vation disease”, hunger disease or starvation-related 
malnutrition. Body generally adapts to starvation 
by reducing energy expenditure and catabolism, 
which are mediated by hormones and nervous sys-
tem-regulated changes in the cell metabolism. PEM 
is associated with a reduced muscle mass. Mild-to-
moderate starvation is associated with adaptation 
but at the cost of lethargy, weakness, hypothermia, 
muscle and skin atrophy, and functional disability. 
On clinical examination, muscle atrophy and loss 
of fat are easily identified. However, in hospitalized 
patients, these may be overlooked.

Historical background

Malnutrition and its consequences are linked to 
socioeconomic, political and natural disasters. 
The description of PEM did not appear till 1865. In 
1930s, Cecile Williams described African children 
with diarrhea, edema and wasting. In local lan-
guage, it was called as “kwashiorkor” (Williams, 
1935). These children were usually between 6 months 
and 4 years of age when they were weaned from 
breastfeeding, and were fed maize porridge. These 
children improved with milk and cod liver oil. 
Williams considered that amino acid or protein 
deficiency is responsible for kwashiorkor. In whole 
of Africa, kwashiorkor was prevalent except in 
Masai and Batussi tribes who used cow milk for 
porridge (Brock and Autret, 1952). Kwashiorkor 
was commonly reported from Central America 

and Brazil. In 1949, World Health Organization 
(WHO) and Food and Agricultural Organization 
(FAO) conducted investigations of kwashiorkor. In 
1952, the experts of WHO and FAO highlighted 
the malady as protein calorie malnutrition. In 
1955, milk was used as a reference protein, and 
the policy of using locally available food items was 
advised to overcome malnutrition (Waterlow and 
Stephen, 1957). Rockefeller Foundation and United 
Nations International Children’s Emergency Fund 
(UNICEF, 2020) collaborated for research and pre-
vention of protein calorie malnutrition, and high-
lighted the importance of animal protein, fish and 
dairy products to prevent and treat PEM. In 1965, 
UNICEF was awarded Nobel Peace Prize, and the 
contribution of Maurice Pate was acknowledged 
(Nobelstiftelsen, 1965). Pate joined Red Cross as 
Director in 1939. Pate and Herbert Hoover sur-
veyed 38 countries in 76 days, underscored the 
problem of malnutrition and laid down the con-
cept of UNICEF, which was headed by Pate in 
1947 till his death in 1965. Pate emphasized that 
UNICEF will serve all the children including those 
from enemy countries without any discrimination 
regardless of race and politics. UNICEF imple-
mented programs under the leadership of Pate to 
improve the maternal and child health using low-
cost preventive health care measures. In 1971, the 
United Nations resolved to eradicate protein crisis 
in the developing countries. Protein calorie mal-
nutrition is related to infant and child mortality, 
stunted growth, low work output, premature aging 
and reduced lifespan. Protein advisory group 
emphasized a dietary improvement by including 
soy, fish, protein concentrate, peanuts, sesame 
and sunflower seeds in the diet. Following fam-
ine in Bangladesh in 1974, in which 1.5 million 
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people died leading to the concept of quantity 
over quality, protein gap was no longer acceptable 
(Waterlow and Payne, 1975). It is estimated that 
50% deaths in children have underlying undernu-
trition, and the cause of death in PEM is diarrhea 
in 60.7%, pneumonia in 52.3%, malaria in 57.3% 
and measles in 44.8% (Caulfield et al., 2004). PEM 
is not restricted to poor and developing countries 
only, but is also prevalent in economically devel-
oped countries because of food faddism, anorexia 
nervosa, isolation, homelessness, institutionaliza-
tion and chronic diseases such as renal failure,  
liver failure, stroke and dementia.

Nutrition is important from the conception to 
24 months of age because deficiency during this 
period may led to the long-term effects on health 
and cognition. Undernutrition of the mother is 
reflected by low birth weight. In 2010, there were 
15% low-birth-weight newborns especially in low- 
and middle-income countries, highest in South-
East Asia. Asian countries carry 69% of global 
burden of underweight, 58% of stunted and 70% of 
wasted children (Kliegman et al., 2019).

Global burden

Malnutrition is a public health problem and is 
linked to poverty and low productivity. Elimination 
of malnutrition is likely to reduce the global burden 
of disease by 32% (WHO, 2020a,b). Malnutrition 
is a double burden: overnutrition results in over-
weight and obesity, whereas undernutrition in 
underweight, wasting and stunting. Malnutrition 
is prevalent in all the groups of population and 
geographical regions with an inverse relation-
ship between undernutrition and overnutrition. 
Overnutrition also contributes to a number of non-
communicable diseases such as diabetes mellitus, 
heart disease and metabolic syndrome.

The clinical marker of child undernutrition is 
measured by height and weight against the age-
specific standard. Based on height and weight, the 
effects of undernutrition in children are termed as 
“stunting, wasting and underweight”. It is impor-
tant to address the problem of PEM by the age of 
6 months to 2 years, which is regarded as the win-
dow period to prevent or manage acute or chronic 
malnutrition. Maternal and child malnutrition is 
responsible for 3.5 million deaths annually (Black 
et al., 2008). In 2008, the mortality of children 
below 5 years of age was 8.8 million globally, and 

93% of deaths occurred in Asia and Africa (Walton 
and Allen, 2011). Malnutrition is associated with a 
series of mental, social, economic and developmen-
tal burden. Neonate born out of undernourished 
mother in a poor family is likely to have a stunted 
growth with poor neuropsychological develop-
ment. Malnutrition renders the child prone to poor 
immunity and infection, leading to a restricted 
mobility, which in turn results in an impairment of 
psychological and intellectual development. Studies 
from Sudan, Bangladesh, Ethiopia and Haiti have 
revealed multiple causes of malnutrition, includ-
ing environmental and dietary factors. Diet is the 
immediate and primary cause of undernutrition. 
The other factors contributing to undernutrition 
are household food security, access to health facil-
ity, healthy environment and child care practice 
(Müller and Krawinkel, 2005). Malnutrition in 
children below 3 years is mainly due to poor feed-
ing practices, education and occupation of parents 
or caregiver, household income, mother’s knowl-
edge about nutrition and residence (Seligman 
et al., 2010). This study highlights the importance of 
maternal education. Intervention studies have also 
shown benefits in terms of development, growth 
and survival (Bhutta et al., 2013). The global burden 
of stunting in the children below 5 years of age was 
21.3% in 2009, which had declined from 32.4% in 
2000. About 199.5 million children below 5 years 
were stunted in 2000, which reduced to 144 mil-
lion in 2019. About 40% of stunted children are in 
South-East Asia, and another 40% in sub-Saharan 
Africa. Stunting has not improved in West and 
Central Africa. In 2019, the global burden of wast-
ing in children below 5 years was 47 million, and 
14.3 million of them were severely wasted. More 
than 50% of the wasted children are in South-
East Asia, and another 25% in sub-Saharan Africa 
(UNICEF, WHO 2020).

The global problem of overweight is 5.6%, which 
is highest in the Middle East and North Africa 
(11%), Eastern Europe and Central Asia (10.8%), 
and North America (8.9%), and least in South-
East Asia (2.5%). About 1.9 billion adults are over-
weight or obese, while 462 million are underweight 
(WHO, 2020a,b). The global burden of malnu-
trition is shown in Figure 2.1. The percentage of 
stunting, wasted and overweight is highest in Asia 
(Figure 2.2). The country-wise percentages of chil-
dren with stunting, wasting and overweight are 
shown in Figures 2.3–2.5. In India, the prevalence of 
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Figure 2.1  Global burden of malnutrition (UNICEF/WHO/World Bank, 2020).

Figure 2.2  Asia shares the highest percentage of stunting, wasting and overweight children under 
5 years of age (UNICEF/WHO/World Bank Group – Joint Child Malnutrition Estimates 2020 edition).

Figure 2.3  Global burden of stunting in different countries during 2012–2019 (UNICEF/WHO/World 
Bank Group – Joint Child Malnutrition Estimates 2020 edition).
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child growth failure varies widely in different states  
and different ethnic populations. In 2017, the preva-
lence of stunting in different states of India was 
21.3%–49.0%, wasting 6.3%–19.3% and under-
weight 16.5%–42.2% (India State-Level Disease 
Burden Initiative Malnutrition Collaborators, 
2019). National Nutrition Mission of India was 
launched in 2018 to improve child growth failure 
and other indicators of malnutrition (India State-
Level Disease Burden Initiative CGF Collaborators, 
2020). The changes in stunting, wasted and under-
weight since 2000 are presented in Figures 2.6–2.8.

Types of malnutrition

	1.	 Uncomplicated protein energy malnutrition 
or starvation-related malnutrition: Starvation-
related malnutrition occurs due to prolonged 
inadequate food intake associated with weight 
loss. The severity of muscle wasting is pro-
portional to the severity of PEM. Sometime 
there may be edema, which may camouflage 
muscle wasting. Starvation-related malnutri-
tion is attributable to unavailability of food 
due to poverty or famine. The hospital cases of 

Figure 2.4  Percentage of wasted children under 5 years of age in different countries (UNICEF/WHO/
World Bank Group – Joint Child Malnutrition Estimates 2020 edition).

Figure 2.5  Percentage of overweight children under 5 years of age (UNICEF/WHO/World Bank 
Group – Joint Child Malnutrition Estimates 2020 edition).
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Figure 2.6  The change in prevalence of stunting in different regions in India.

Figure 2.7  The change in prevalence of wasted in different regions in India.

Figure 2.8  The change in prevalence of underweight in different regions in India. 
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starvation-related malnutrition are due to physi-
cian prescription, depression, anorexia nervosa, 
nausea, vomiting, dysphagia, and esophageal, 
duodenal or small intestinal obstruction.

	2.	 Chronic disease-related malnutrition or 
cachexia: Both these terms refer to malnutri-
tion due to systemic inflammation, which is 
commonly associated with infection, auto-
immune diseases, hepatic, renal, cardiac or 
pulmonary diseases, or malignancy. This group 
of malnutrition is attributed to an increased 
catabolism leading to fatigue, weakness and 
muscle atrophy. In cachexia, there is poor or no 
adaptation for starvation. The premorbid per-
sonality is important in chronic disease-related 
malnutrition; those who are obese or had good 
appetite, in them anorexia is less prominent 
compared to thin and small eaters.

	3.	 Acute disease-related malnutrition (ADRM): 
ADRM refers to specific nutritional condition 
which results in very high risk severe mal-
nutrition, such as in catabolic critical illness, 
including severe sepsis and injury. If primary 
illness is not corrected, then malnutrition will 
develop in short time.

DIAGNOSIS OF UNDERNUTRITION

The indicator of undernutrition in a society may be 
measured by underweight, stunting and wasting.

Underweight suggests low weight for the age 
and may be due to acute or chronic undernutrition. 

Stunting refers to low height for the age and 
suggests chronic undernutrition.

Wasting refers to low weight for the height and 
suggests acute undernutrition.

The Indian Association of Pediatrics classifies 
undernutrition into:

Grade I (mild): 70%–80% of standard (reference) 
weight for the age.

Grade II (moderate): 61%–70% of standard (refer-
ence) weight for the age.

Grade III (severe): 51%–60% of standard (refer-
ence) weight for the age.

Grade IV (very severe): < 50% of standard (refer-
ence) weight for the age (Ghai et al., 2013).

The clinical features of mild-to-moderate mal-
nutrition are growth failure, infection, anemia, 
reduced activity, and skin or hair changes.

Moderate-to-severe malnutrition manifests with 
marasmus, kwashiorkor or both. The children with 
marasmus have severe wasting of proximal muscles. 
The child appears thin with no fat and has redun-
dant skin and hollowed cheek (Simian faces). The 
skin of the buttock is loose and saggy (baggy pant) 
(Figure 2.9). These children are active, do not have 
edema and have good appetite. With supplementa-
tion, they improve better than those with kwashior-
kor. The child with kwashiorkor manifests between 
1 and 4 years of age and is more prevalent in Africa. 
Pitting edema of legs and feet which may involve 
the hands and face later is typical of kwashiorkor 
(Figure 2.10). Muscle wasting also occurs and may 
be camouflaged by edema. Skin pigmentation is 
confluent, flaky and paint-like especially in but-
tocks and upper thighs (Figure 2.11). Skin may 
peel off resulting in ulceration, and there may be 
petechiae. Mucus membrane involvement is asso-
ciated with glossitis, cheilitis and angular stoma-
titis (Figure 2.12). There may be Bitot’s spot due to 
the associated vitamin A deficiency (Figure 2.13). 
Hair are depigmented and lusterless. The nails 
are brittle and may have associated koilonychias 
and ridges. Children with kwashiorkor have a 
multisystem involvement such as gastrointestinal 
(diarrhea, vomiting, ascites), cardiovascular (car-
diomyopathy, heart failure), peripheral vascular 
diseases, and hematological (anemia) and renal 
(reduced glomerular filtration rate) dysfunctions. 
The clinical features of undernutrition are summa-
rized in Table 2.1.

Diagnosis

The diagnosis of PEM is possible clinically by the 
loss of muscle mass and body fat especially in star-
vation-related PEM in the community. In acute and 
chronic disease-related malnutrition, PEM may be 
overlooked. The nutritional status can be assessed 
by the measurement of muscle mass, subcutaneous 
adipose tissue, extracellular fluid volume (ECFV), 
body mass index (BMI), visual BMI, and labora-
tory and technical assessments.

Muscle mass: Starvation-related PEM may be 
easy to diagnose by determining a reduction in 
muscle mass especially shoulder and pelvic girdle 
muscles. In hospital setting however, the muscle 
wasting may be overlooked, which is attribut-
able to disease, old age, high-dose glucocorticoid, 
endocrine disease or neurological disease. Old age, 
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Figure 2.9  A 14-month-old child with kwashiorkor. The child is edematous, irritable with flaky skin 
lesion on buttocks. (Courtesy Professor A. Deka, Silchar Medical College, Assam.)

Figure 2.10  A child with kwashiorkor having skin pigmentations that are confluent, flaky, paint-like in 
buttocks, thighs, legs and trunk. (Courtesy Professor A Deka, Silchar Medical College, Assam.)
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Figure 2.11  A child with marasmus showing wasting of muscles and loss of subcutaneous fat. 
(Courtesy Professor A Deka, Silchar Medical College, Assam.)

Figure 2.12  A 18-month malnourished child shows angular cheilitis (Courtesy Professor A Deka, 
Silchar Medical College, Assam.)

Figure 2.13  A 7-year stunted child having Bitot’s spot. (Courtesy Professor A Deka, Silchar Medical 
College, Assam.)
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disease and starvation may coexist; therefore, the 
reversible cause of starvation should be consid-
ered and managed. Muscle disease in ADRM is 
more serious problem, because internal pool of 
amino acid from muscle catabolism is not avail-
able. Wound healing is also delayed, and reduced 
immunity predisposes to infections.

Subcutaneous adipose tissue: Measurement 
of triceps skin fold is a good indicator of fat loss 
in PEM, but the obese patients on a strict dietary 
restriction may develop PEM with a relative pres-
ervation of fat. In such patients, a targeted exami-
nation for muscle bulk may help in revealing 
muscle atrophy due to PEM.

Extracellular fluid volume (ECFV): Chronic 
starvation results in increased ECFV and even 
edema (starvation edema). In chronic disease-
related malnutrition, there may be hypoalbumin-
emia resulting in increased ECFV and edema, 
which may mask muscle wasting and fat depletion.

Body mass index (BMI): BMI is calculated by 
body weight in kg/height in meter square

	 BMI Body weight in kg/height in meter .2= 	

Normal BMI is 20–25; BMI more than 25 sug-
gests overweight; and BMI less than 20 suggests 
the loss of muscle mass and body fat. BMI below 
13 is incompatible with life, and that below 17 is 
consistent with PEM. BMI more than 17 does not 
rule out PEM because BMI may be high due to an 
increase in ECFV and the presence of fat in the 
obese person on dietary restriction (Flier, 2018). 

Visual BMI may be useful in this situation as an 
experienced physician could differentiate muscle 
wasting in an obese and edematous patient. Body 
fat and protein help the individual to survive 
in severe malnutrition. In ADRM especially in 
stroke patients, the survival is better with higher 
BMI. In a multicenter study in India, the role of 
premorbid undernutrition was evaluated in 448 
patients with stroke. On admission, 27.2% patients 
were undernourished based on Objective Global 
Assessment. Older age, hypertensive patients from 
Andhra Pradesh were more frequently under-
nourished. Premorbid undernutrition and length 
of hospital were the independent predictors of 
30-day poor outcome (Pandian et al., 2011). In 
another study, overweight measured by waist cir-
cumference was associated with a good outcome 
in females (Bembenek et al., 2018).

In chronic diseases, frailty is one of the important 
risk factors for survival. Tuberculosis is endemic 
in low- and middle-income countries where mal-
nutrition is also prevalent. It has been suggested 
that undernutrition may impair innate and adap-
tive immunity required to control Mycobacterium 
tuberculosis infection. Response to BCG vaccina-
tion is also affected in poorly nourished children 
(Sinha et al., 2019). Meta-analysis of six studies 
revealed that one-point increase in BMI reduces 
the incidence of tuberculosis by 13.5% (Lönnroth 
et al., 2010). HIV patients with a BMI of less than 
18.5 were at the fourfold increased risk of tuber-
culosis within 6 months of antiretroviral treatment 
(Van Rie et al., 2011).

Table 2.1  Clinical features of malnutrition

	 1.	Facial appearance: 
Moon face in kwashiorkor, Simian face in marasmus

	 2.	Eye:
Dry pale conjunctiva, Bitot’s spot

	 3.	Mouth:
Angular cheilitis, stomatitis, glossitis, spongy bleeding gums, parotid enlargement 

	 4.	Teeth: 
Delayed dentition, mottled enamel 

	 5.	Hair: 
Brittle, hypopigmented 

	 6.	Skin: 
Loose, and wrinkled in marasmus, shiny edematous in kwashiorkor, pigmentation may increase 

or decrease
	 7.	Wound healing:

Poor in keratinization



22  Protein energy malnutrition

Muscle mass: Muscle mass palpation and power 
testing during clinical examination is more impor-
tant than the ultrasound of muscle.

Markers of systemic inflammation: The mark-
ers of systemic inflammation differentiate starvation 
malnutrition from acute or chronic disease-related 
malnutrition. Serum albumin and C-reactive pro-
tein (CRP) are the markers of systemic inflamma-
tion, which include anorexia, muscle catabolism 
and wasting. Hypoalbuminemia occurs after sev-
eral months of starvation. The intensity of protein 
catabolism is higher in acute and chronic disease-
related malnutrition. Muscle catabolism fulfills the 
amino acid need and increases nitrogen production, 
thereby increasing the excretion of nitrogen in urine. 
Urinary urea constitutes about 80% of urinary nitro-
gen. The nitrogen loss can be calculated as follows:

	 N Nloss (g) g in urinary urea/0.85 2.= + 	

Muscle catabolism is proportional to urinary nitro-
gen. In severely malnourished patients, the loss of 
nitrogen may not be as high as mild-to-moderate 
malnutrition due to severe muscle weakness. The 
nitrogen loss data therefore should be carefully 
interpreted in light of muscle bulk.

Subjective Global Assessment: Subjective global 
assessment is a cost-effective and easy tool to assess 
the nutritional status of the patient. This scale 
includes (a) history regarding the amount of food 
intake and its composition, weight loss, food fad-
dism and systemic infection; (b) body configuration 
by examining muscle bulk, subcutaneous fat and 
signs of ECFV expansion (edema); and (c) func-
tional status of the patient that could be examined by 
patient’s mobility and muscle strength.

Subjective global assessment can clearly define 
malnutrition as well as severe disease-related mal-
nutrition (Jameson et al., 2018).

PATHOPHYSIOLOGY OF 
MALNUTRITION

In the early stage of malnutrition, there is a phe-
nomenon of “reductive adaptation” by which body 
learns to survive with a minimal energy. The body 
fat store is mobilized for energy production fol-
lowed by the mobilization of protein from muscle, 
skin and gastrointestinal tract. The physical activity 
is minimized and growth is retarded, which reduce 

the metabolic requirement. In the later stage of 
malnutrition, the liver becomes less efficient in pro-
ducing glucose, albumin and transferrin, leading 
to hypoglycemia, infection and anemia. Low body 
metabolic rate results in hypothermia, because of 
reduced heat production, and loss of adipose tis-
sue. Fluid overload occurs due to less-efficient renal 
functions in excreting fluid and electrolyte. A small 
heart during the adaptive phase when exposed to 
high intravascular volume results in heart failure. 
Hypokalemia occurs due to an increased excre-
tion of potassium in urine. Leaky cell membrane 
and impaired K+/Na+ pump activity result in 
the accumulation of intracellular sodium. Muscle 
catabolism is associated with the loss of copper, 
zinc and magnesium. Impaired conversion of fer-
ritin results in anemia in spite of high serum iron, 
and high serum iron produces oxidative stress. As 
a result of reductive adaptation, there is a decreased 
intestinal secretion and motility, which increases 
bacterial growth leading to indigestion, diarrhea 
and reduced absorption.

Treatment

The treatment of malnutrition depends on severity 
and underlying disorders. The mode of treatment 
(oral, enteral or parenteral) depends on urgency of 
treatment and the underlying cause of malnutri-
tion. In a conscious and cooperative patient with-
out nausea and vomiting, the oral feeding should 
be encouraged. Enteral feeding is indicated in the 
patients who are unable to eat because of severe dys-
phagia, unconsciousness, gastrointestinal motility 
disorder, anorexia nervosa, severe depression criti-
cal illness, and those on mechanical ventilation. 
Enteral nutrition can be given through nasogastric 
tube (NGT), feeding gastrostomy or jejunostomy. 
Nasogastric feeding may be given as a bolus con-
taining 200–400 ml over 15–60 min at an interval 
of 3–6 hours in an adult. For children, the treat-
ment of malnutrition has been discussed separately. 
Initially, the feeding is started with 50 ml bolus, 
which is increased by 25 ml in each feed till the tar-
get is achieved. The bolus feeding is not possible in 
feeding jejunostomy, and the feed is given continu-
ously. If the NGT output is less than 1200 ml daily, 
the feeding may be continued. NGT feeding is not 
recommended in the patients with gastrointestinal 
ischemia, intestinal obstruction, gastrointestinal 
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hemorrhage, coagulopathy, esophageal varices, 
paralytic ileus and peritonitis. The aim of enteral 
feeding is to provide macronutrients (carbohydrate, 
protein and fat). Most feeding formulas also con-
tain standard amount of micronutrients, minerals 
and electrolytes. In these patients, blood glucose 
and electrolytes should be monitored periodically. 
There are several enteral feeding formulas available, 
some of which are as follows:

	1.	 Standard polymeric formula: It comprises 
carbohydrate for energy and protein (casein, 
soy, whey). Fat can be added to reduce the 
volume of carbohydrate. Pancreatic enzymes 
are important for protein digestion. In this for-
mula, the calorie content is 1000–2000 kcal/l 
with a protein content of 50–70 g/l, and the 
remaining is carbohydrate.

	2.	 Polymeric formula with fiber: In this for-
mula, in addition to protein and carbohydrate, 
fermentable and nonfermentable dietary fibers 
are also added. Fermentable fibers are pectin 
and guar. These are digested by the colonic 
bacteria and produce short-chain fatty acid, 
which is used as a fuel of colonic epithelium. 
Nonfermentable fibers increase the fecal bulk, 
thereby improving peristalsis and preventing 
diarrhea.

	3.	 Elemental and semi-elemental formula: This 
formula is composed of partially or completely 
hydrolyzed ingredients for the patients with 
maldigestion and malabsorption.

	4.	 Immune-enhancing formula: In addition 
to macronutrients, some micronutrients are 
known to enhance immune functions, e.g., 
arginine, glutamine, nucleotide and antioxi-
dants. This formula is beneficial in the patients 

with gastrointestinal surgery and head injury, 
but not in critically ill patients.

	5.	 Protein-enriched formula: This formula con-
tains 90 g of protein in 1000 kcal/l. It is used for 
the treatment of obesity and patients with high 
catabolism.

	6.	 F75 and F100 formulae: F75 formula is used as 
a starter formula during stabilization, and F100 
as a catch-up or rehabilitation formula when the 
appetite returns. The compositions of F75 and 
F100 are presented in Table 2.2. These formulae 
have low thiamine content, which should be 
supplemented to avoid complications. Thiamine 
deficiency occurs in the children in precarious 
communities such as in South-East Asia, Africa 
and America in whom diet is mainly based on 
rice, wheat and cassava (Hailemariam et al., 
1985; Khounnorath et al., 2011; Tang et al., 
1989). The prevalence of thiamine deficiency in 
hospitalized children ranges between 13.4% and 
40% in Laos, Jamaica and Ghana. The majority 
of infants in Cambodia are thiamine deficient 
(Coats et al., 2012), and 45% of infant mortal-
ity in rural Cambodia is attributed to thiamine 
deficiency (Kauffman et al., 2011). Rapid initia-
tion of feeding in the malnourished children 
may increase the requirement of thiamine 
and may precipitate wet beriberi and cardiac 
arrest. In F75 and F100 formulae, thiamine 
is not adequate to avoid these complications. 
The American Academy of Pediatrics has 
recommended the administration of thiamine 
50–100 mg iv or 100–300 mg po during the first 
3 days of feeding (Pulcini et al., 2016).

There are disease-specific enteral formulae such 
as for diabetes, and renal and hepatic disorders.

Table 2.2  Composition of F75 and F100 feeding formulae 

Ingredient F75 F75 (cereal 1) F75 (cereal 2) F100 F100 (cereal)

Cow milk (ml) 30 30 25 95 75
Sugar (g) 9 6 3 5 2.5
Cereal (puffed rice 

powder, g) 
0 2.5 6 - 7

Vegetable oil (g) 2 2.5 3 2 2
Water (ml) 100 100 100 100 100
Protein (g) 0.9 1.1 1.2 2.9 2.9
Lactose (g) 1.2 1.2 1.1 3.8 3.0
Energy (kcal) 75 75 75 100 100
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Complications of enteral feeding

Nasogastric and enteral feeding may have the 
following complications: aspiration, diarrhea, 
infection, gastrointestinal intolerance to enteral 
feeding; imbalance of electrolyte, glucose and vol-
ume; and inability to achieve nutritional goals. 
Aspiration is a major complication as it may 
lead to pneumonia and septicemia. In an adult, 
if prefeed nasogastric tube output is more than 
300 ml, and if there is abdominal pain or disten-
sion, NGT feed should be stopped. Diarrhea may 
be due to disease per se, infection or antibiotics. 
If these conditions are excluded, diarrhea may 
be due to enteral formula. The existing formula 
may be changed to the fiber-containing formula. 
Diarrhea may be prevented by the use of proki-
netics and antiemetics.

Parenteral nutrition

The aim of parenteral nutrition is to provide a 
complete nutritional requirement through cen-
tral venous pressure, including dextrose, amino 
acids, triglycerides, minerals (calcium, phospho-
rus, magnesium, zinc), electrolytes, and micro-
nutrients. Protein synthesis requires 21 α-amino 
acids, 9 essential amino acids and 11 nonessen-
tial amino acids. The essential amino acids are 
phenylalanine, valine, threonine, tryptophan, 
methionine, leucine, isoleucine, lysine and his-
tidine. Six amino acids, namely, arginine, cyste-
ine, glycine, glutamine, proline and tyrosine, are 
considered conditionally essential. The essential 
amino acids cannot be synthesized in the body 
using other amino acid or carbohydrate, whereas 
nonessential amino acids could be synthesized 
from the other amino acids as well as from car-
bohydrates. The parenteral formulation therefore 
should have essential amino acids and some of 
the conditional essential amino acids such as 
arginine, cysteine and glutamine. Carbohydrate 
is used in the formula as dextrose monohydrate 
having 3–4 kcal/g. Lipids are used in the form of 
soybean oil, olive oil or fish oil in different pro-
portion. High lipid content formulations have a 
possibility of peroxidation leading to oxidative 
injury. Therefore, the infusion rate should not 
exceed 8 g/h or 175 g/day in a 70-kg adult man.  

These formulations are available in two-chamber 
bags (dextrose and amino acid bags) or three-
chamber bags (dextrose, amino acid and lipid 
bags) which are mixed just before infusion. A 
standard amount of electrolyte, vitamins and 
trace elements are injected into the bag prior to 
the infusion for maintaining their stability. The 
requirement of water-soluble vitamins is higher 
than the oral route because of an increased excre-
tion in urine.

Refeeding syndrome: Refeeding syndrome 
occurs due to rapid correction during the first 
week of replacement therapy. Carbohydrate stim-
ulates insulin secretion, which has anti-natriuretic 
effect, leading to the expansion of ECFV which is 
compounded by hypernatremia. Refeeding edema 
can be minimized by a slow introduction of car-
bohydrate and low sodium-containing diet. Low 
serum phosphate in refeeding syndrome is due 
to overactive intracellular glucose 6 phosphatase 
and glycogen synthase. During parenteral nutri-
tion, the level of potassium, phosphorus, zinc 
and magnesium should be closely monitored and 
corrected. An abrupt increase in intravascular 
volume may result in heart failure, and cardiac 
arrhythmia may occur due to electrolyte imbal-
ance and wet beriberi. The features of refeeding 
syndrome in severely malnourished children are 
summarized in Table 2.3.

MANAGEMENT OF MALNUTRITION 
IN CHILDREN

Mild-to-moderate malnutrition: Among the 
malnourished children, more than 80% have a 
mild-to-moderate degree of malnutrition. These 
children can be treated in outpatient service advis-
ing about the frequency and composition of the 
diet. The mainstay of the treatment is to provide 
adequate calorie and protein. The calorie require-
ment of a child is 150 kcal/kg/day with protein  
3 g/kg/day. Protein is given in the form of milk, 
nuts, soy or nonvegetarian food. A little increase 
in protein in the diet helps in catch-up. The 
remaining energy can be prescribed as carbohy-
drate. Use of oil may help in reducing the amount 
of carbohydrate and the volume of the diet. The 
child should be given frequent small feeds every 
2- to 3-h interval.
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Severe malnutrition: Severe malnutrition in 
the children should be managed in the hospital. 
The attention should be paid to the underlying 
cause of malnutrition. The death in severe mal-
nutrition increases due to hypoglycemia, hypo-
thermia, electrolyte imbalance, infection and 
heart failure. The nutritional supplementation 
should be tailored according to socioeconomic 
and cultural background. WHO recommends 
the ten steps for the management of severe mal-
nutrition (WHO, 1999):

	1.	 Management of hypoglycemia: 
Hypoglycemia is considered if blood glucose 
is less than 54 mg/dl. If blood glucose cannot 
be measured, consider it as hypoglycemia and 
it should be treated. Asymptomatic hypogly-
cemia is treated with 10% of 50 ml glucose or 
sucrose orally or through NGT. This should 
be followed by formula F75 feeding 2 hourly 
round the clock. Symptomatic hypoglycemia 
is treated by infusion of 10% dextrose in a 
dose of 5 ml/kg. Antibiotic should be pre-
scribed, and hypothermia should be pre-
vented. Once the child is alert, oral or NGT 
feed should be started as in asymptomatic 
hypoglycemia.

	2.	 Hypothermia: Hypothermia is diagnosed if 
the rectal temperature is below 35.5°C/95.5°F 
or axillary temperature 35°C/95°F. The 
child should be covered with warm clothing 
including head, and a skin-to-skin contact 
with mother’s chest is encouraged if a warmer 
or heater is not available. Warming should 
be slow to avoid a disequilibrium. Usually, 
hypothermia occurs in association with 

infection and hypoglycemia, which should be 
managed accordingly.

	3.	 Dehydration: In a severely malnourished 
child, it is difficult to assess dehydration. 
Low osmolar oral rehydration solution (ORS) 
is used with potassium supplementation, 
depending on the thirst and output (stool, 
urine and nasogastric output). Feeding 
should be started within 2–3 h of rehydra-
tion. F75 formula feed and low osmolar ORS 
should be used alternately. Watch for overhy-
dration, and continue breastfeeding. If there 
is diarrhea, after each stool low osmolar ORS 
in a dose of 5–10 ml/kg should be given. Once 
the dehydration is corrected, F75 formula 
feed should be started (Ghai et al., 2013).

	4.	 Electrolyte: Potassium supplementation of 3–4 
mEq/kg/day for 2 weeks should be given. On 
day 1, 50% magnesium sulfate (equivalent to 
4 mEq/ml, maximum 2 ml, thereafter 0.8–1.2 
mEq/kg) should be administered daily. Diet 
should have low salt because serum sodium 
may be low in spite of high total body sodium.

	5.	 Infection: Gram-negative infection is com-
mon. The child should be given ampicillin of 
50 mg/kg IV 6 hourly for 2 days, followed by 
oral ampicillin of 50 mg/kg 8 hourly for 5 days. 
In addition, gentamycin (7.5 mg/kg) or amika-
cin (15–20 mg/kg IM or IV) should be given. If 
the child does not improve in 48 h, intravenous 
ceftriaxone 50–75 mg/kg/day 12 hourly may 
be prescribed instead. The antibiotic may be 
changed according to the culture sensitivity 
report. For preventing infection, hand hygiene 
is very important. Measles vaccination should 
be given if the child is above 6 months and not 

Table 2.3  Refeeding syndrome in severely malnourished children

	 1.	Sodium retention:
Fluid overload, pulmonary edema, heart failure 

	 2.	Hypokalemia:
Arrhythmia, muscle weakness, rhabdomyolysis, nausea, vomiting, constipation 

	 3.	Hypomagnesaemia:
Arrhythmia, weakness, tremor, seizure, altered sensorium, nausea, vomiting, diarrhea

	 4.	Hypophosphatemia:
Hypotension, muscle weakness, paresthesia, confusion, seizure, hemolysis 

	 5.	Hyperglycemia:
Dehydration, hyperosmolar coma, hypotension 
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immunized. Mother should be taught about 
hand hygiene, to maintain a growth chart and 
vaccination schedule.

	6.	 Micronutrients: Double dose of vitamins and 
minerals should be given except vitamin A. 
On day 1, vitamin A is prescribed as per age: 
for 0<6 months of age 50,000 IU, 6–12 months 
of age 100,000 IU and for more than 1 year 
200,000 IU. On day 1, folic acid 5 mg should be 
given and thereafter 1 mg/day. The daily doses 
of trace elements are as follows: zinc 2 mg/kg/
day, copper 0.2–0.3 mg/kg/day and iron 3 mg/
kg/day. Iron is started after 1 week because 
its impaired absorption and gastrointestinal 
irritation during first week. All the supplemen-
tations should be continued till the child gains 
weight after the initial stabilization.

	7.	 Feeding: Small and frequent feeds should 
be started as soon as possible. There should 
be a gradual increase to prevent refeeding 
syndrome. The total fluid intake is 130 ml/
kg/day, and it is 100 ml/kg/day when edema 
reduces. Encourage breastfeeding, and start 
with F75 starter feed 2 hourly. If the child has 
diarrhea, low-lactose F75 formula should be 
advised, and if diarrhea persists, lactose-free 
F75 formula should be used. Children with 
malnutrition when fed may develop refeed-
ing syndrome. Attention should be paid to 
diagnose and manage these complications.

	8.	 Catch-up growth: The child catches growth 
after 2 weeks of stabilization. After 2–3 days 
when appetite returns, the intake may be 
increased by increasing the volume and 
decreasing the frequency of feed, gradually to 
six feeds a day. The children on breastfeeding 
should be continued till 2 years of age. There 
should be a gradual transition from F75 to 
F100 formula. The calorie should be calcu-
lated as 150–250 kcal/kg/day in which protein 
should be 4–6 g/kg/day. The parents should be 
encouraged to give a supplementary food.

	9.	 Sensory stimulation: The children should be 
in a good cheerful environment with facilities 
for playing for 15–30 min/day. Age-appropriate 
physical activity should be encouraged as 
soon as possible. Both child and parent need 
emotional support.

	10.	Prepare for follow-up: If the child is stabi-
lized with the above-mentioned treatment, 
they may be prepared for rehabilitation and 

home care after 2–6 weeks. The primary 
treatment failure is suspected by the follow-
ing indicators:

	 a.	 Appetite that is not regained by 4th day
	 b.	 Edema that is not decreased by 4th day
	 c.	 Persistence of edema by 10th day
	 d.	 Failure to gain weight of 5 g/kg/day till 

10 days
	 e.	 Secondary treatment failure is suspected 

if child is not gaining 5 g/kg/day during 
rehabilitation.

PREVENTION OF MALNUTRITION

Prevention of malnutrition is possible if there is 
political will and commitment of the government. 
Improved food production, supply and attention 
to distribution are important for the elimination of 
malnutrition. Food fortification, salt iodization 
and supplementation of food as mid-day meal are 
organized by many governments as national pro-
gram. Nationwide surveillance of the vulnerable 
population may help in better planning. At the 
community level, health and nutritional education 
are important regarding the quality and quantity 
of food. Community education is also important 
for the removal of prejudice and false beliefs. It is 
important to encourage those dietary items that 
are locally available, culturally acceptable, have 
nutritive value and are affordable. Improvement in 
literacy and education with empowerment to the 
females of the reproductive age may reduce the inci-
dence of malnutrition. Mothers should be encour-
aged to maintain a growth and vaccination card of 
the child. Primary health care facilities, including 
universal free immunization, hydration, periodic 
deworming and early diagnosis and treatment of 
infections, can help in preventing malnutrition. 
Mothers should be encouraged to breastfeed their 
children till 2 years of age. Supplementation of food 
after 6 months of age and maternal education about 
child health and common infection are important. 
In India, integrated child development scheme, 
national mid-day school meal and national ane-
mia prophylaxis program have been undertaken to 
overcome malnutrition. Health care system has to 
be revamped to take care of common acute infec-
tions (Table 2.4). UNESCO and WHO have several 
child welfare programs. The prevention of mal-
nutrition in elderly isolated people needs special 
attention, including family and social levels.
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CONCLUSIONS

Malnutrition is still prevalent, and the burden of 
stunting, wasted and underweight is highest in 
Asia followed by Africa. Asia is facing both under-
nutrition and overweight problems. It is important 
to eliminate malnutrition to avoid undernutrition-
related death, infection and poor immunity on one 
hand, and overnutrition, hypertension, metabolic 
syndrome, coronary artery disease and diabetes 
mellitus on the other. In the recent era, undernu-
trition in chronic diseases and in intensive care 
setting is quite common; attention to these issues 
is important for survival and better functional 
recovery.

REFERENCES

Bembenek, J. P., Karlinski, M., Niewada, M., 
Kurkowska-Jastrzębska, I., Członkowska, A. 2018. 
Measurement of nutritional status using body 
mass index, waist-to-hip ratio, and waist circum-
ference to predict treatment outcome in females 
and males with acute first-ever ischemic stroke. 
Journal of Stroke and Cerebrovascular Diseases: 
The Official Journal of National Stroke Association 
27(1):132–139.

Bhutta, Z. A., Das, J. K., Rizvi, A., et al. 2013. Evidence-
based interventions for improvement of mater-
nal and child nutrition: What can be done 
and at what cost? Lancet (London, England) 
382(9890):452–477.

Black, R. E., Allen, L. H., Bhutta, Z. A., Caulfield, L. E., 
de Onis, M., Ezzati, M., Mathers, C., Rivera, J., 
Maternal and Child Undernutrition Study Group. 
2008. Maternal and child undernutrition: Global 
and regional exposures and health consequences. 
Lancet (London, England) 371(9608):243–260.

Brock, J. F., Autret, M., World Health Organization. 1952. 
Kwashiorkor in Africa. World Health Organization.

Caulfield, L. E., de Onis, M., Blössner, M., Black, R. E. 
2004. Undernutrition as an underlying cause of 
child deaths associated with diarrhea, pneumonia, 
malaria, and measles. The American Journal of 
Clinical Nutrition 80(1):193–198.

Coats, D., Shelton-Dodge, K., Ou, K., et al. 2012. 
Thiamine deficiency in Cambodian infants with 
and without beriberi. The Journal of Pediatrics 
161(5):843–847.

Flier J. S., & Maratos-Flier E. 2018. Pathobiology of 
obesity. Jameson J, & Fauci A. S., & Kasper D. L., 
& Hauser S. L., & Longo D. L., & Loscalzo J. (Eds.), 
Harrison’s Principles of Internal Medicine, 20e. 
McGraw-Hill. https://accessmedicine.mhmedi-
cal.com/content.aspx?bookid=2129&sectio
nid=192288213.

Table 2.4  Interventions to prevent malnutrition

	A.	Nutrition for specific intervention: 

	 1.	Promoting breastfeeding 6–24 months 
	 2.	Complementary feeding after 6 months of age
	 3.	Diversity in diet to increase micronutrient
	 4.	Supplementing micronutrient (iron, folate) to pregnant women and to young children 

(vitamin A, iron, zinc in deficient areas)
	 5.	Children with diarrhea: zinc 10–20 m daily for 2 weeks. Improve water sanitation, hygiene 
	 6.	Fortification of food 

	 B.	Nutrition-sensitive intervention:

	 1.	Credit and microfinance to needy persons 
	 2.	Postharvesting food processing and preservation
	 3.	Vaccination
	 4.	Accessibility to health care
	 5.	 Improve water sanitation, hygiene 
	 6.	Preventing and treating acute viral infection
	 7.	Gender equality with empowerment in economy and education
	 8.	Social protection, cash transfer
	 9.	Control of vector-borne and water-borne diseases
	 10.	Birth spacing and pregnancy after 18 years of age 
	 11.	Reduce heavy physical activity during pregnancy

https://accessmedicine.mhmedi-cal.com
https://accessmedicine.mhmedi-cal.com
https://accessmedicine.mhmedi-cal.com


28  Protein energy malnutrition

Ghai, O. P., Paul, V. K., Bagga, A. 2013. Nutrition, Ghai 
Essential Pediatrics. 8th Edition. New Delhi, India: 
CBS.

Hailemariam, B., Landman, J. P., Jackson, A. A. 1985. 
Thiamin status in normal and malnourished chil-
dren in Jamaica. The British Journal of Nutrition 
53(3):477–483.

India State-Level Disease Burden Initiative CGF 
Collaborators. 2020. Mapping of variations in 
child stunting, wasting and underweight within 
the states of India: The Global Burden of Disease 
Study 2000–2017. EClinicalMedicine 22:100317. 
DOI: 10.1016/j.eclinm.2020.100317.

India State-Level Disease Burden Initiative Malnutrition 
Collaborators. 2019. The burden of child and mater-
nal malnutrition and trends in its indicators in the 
states of India: The Global Burden of Disease Study 
1990–2017. The Lancet. Child & Adolescent Health 
3(12):855–870.

Jameson, L. J., Fauci, A. S., Kasper, D. L., Hauser, S. L., 
Longo, D. L., Loscalzo, J. 2018. Malnutrition and 
Nutritional Assessment. 20th Edition. Harrison’s 
Principles of Internal Medicine. New York: Jensen, 
G.L. McGraw Hill Education.

Kauffman, G., Coats, D., Seab, S., Topazian, M. D., 
Fischer, P. R. 2011. Thiamine deficiency in ill chil-
dren. The American Journal of Clinical Nutrition 
94(2), 616–617.

Khounnorath, S., Chamberlain, K., Taylor, A. M., et al. 
2011. Clinically unapparent infantile thiamin 
deficiency in Vientiane, Laos. PLoS Neglected 
Tropical Diseases 5(2): e969.

Kliegman, R. M., Stanton, B. M. D., Geme, J. S., Schor, 
N. F., 2019. Nelsons Text book of Pediatrics. 
Elsevier Health Sciences, Philadelphia, PA.

Lönnroth, K., Williams, B. G., Cegielski, P., Dye, C. 2010. 
A consistent log-linear relationship between 
tuberculosis incidence and body mass index. 
International Journal of Epidemiology 39(1): 
149–155.

Müller, O., Krawinkel, M. 2005. Malnutrition and health 
in developing countries. CMAJ: Canadian Medical 
Association Journal 173(3), 279–286.

Nobelstiftelsen: Les Prix Nobel en 1964. Stockholm: 
Imprimerie Royale, P.A. Norstedt & Söner, 1965.

Pandian, J. D., Jyotsna, R., Singh, R., et al. 2011. 
Premorbid nutrition and short term outcome of 

stroke: A multicentre study from India. Journal of 
Neurology, Neurosurgery, and Psychiatry 82(10): 
1087–1092.

Pulcini, C. D., Zettle, S., Srinath, A. 2016. Refeeding 
syndrome. Pediatrics in Review 37(12):516–523.

Seligman, H. K., Laraia, B. A., Kushel, M. B. 2010. Food 
insecurity is associated with chronic disease 
among low-income NHANES participants. The 
Journal of Nutrition 140(2):304–310.

Sinha, P., Davis, J., Saag, L., et al. 2019. Undernutrition 
and tuberculosis: Public health implications. The 
Journal of Infectious Diseases 219(9):1356–1363.

Tang, C. M., Rolfe, M., Wells, J. C., Cham, K. 1989. 
Outbreak of beri-beri in The Gambia. Lancet 
(London, England) 2(8656):206–207.

UNICEF-WHO-World Bank: Joint Child Malnutrition 
Estimates. 2020 edition – interactive dashboard, 
https://data.unicef.org/resources/joint-child-mal-
nutrition-estimates-interactive-dashboard-2020/.

Van Rie, A., Westreich, D., Sanne, I. 2011. Tuberculosis 
in patients receiving antiretroviral treatment: 
Incidence, risk factors, and prevention strategies. 
Journal of Acquired Immune Deficiency Syndromes 
(1999) 56(4): 349–355.

Walton, E., Allen, S. 2011. Malnutrition in develop-
ing countries. Paediatrics and Child Health 
21(9):418–424.

Waterlow, J. C., Payne, P. R. 1975. The protein gap. 
Nature 258:113–117.

Waterlow, J. C., Stephen, J. M. L. (eds). 1957. Human 
protein requirements and their fulfillment in prac-
tice. Proceedings of a Conference in Princeton, 
United States (1955) Sponsored Jointly by the 
Food and Agricultural Organization of the United 
Nations (F.A.O.), World Health Organization 
(W.H.O.), and Josiah Macy Jr. Foundation, New 
York. Bristol, John Wright and Sons.

Williams, C. D. 1935. Kwashiorkor: A nutritional disease 
of children associated with a maize diet. The 
Lancet 226(5855):1151–1152.

WHO. 1999. Management of Severe Malnutrition: A 
Manual for Physicians and Other Senior Health 
Workers. Geneva: The Organization.

WHO. 2020a. Malnutrition, https://www.who.int/
news-room/fact-sheets/detail/malnutrition.

WHO. 2020b. Nutrition, https://www.who.int/nutrition/
topics/2_background/en/.

https://doi.org/10.1016/j.eclinm.2020.100317
https://data.unicef.org
https://data.unicef.org
https://www.who.int
https://www.who.int
https://www.who.int
https://www.who.int


29

3
Thiamine deficiency neurological 
disorders

INTRODUCTION

Thiamine (vitamin B1) is an essential water-soluble 
sulfur-containing vitamin belonging to vitamin 
B complex group. Since there is no endogenous 
synthesis, body store is limited to 30 mg, which is 
sufficient only for 9–18 days. A constant supply of 
thiamine is therefore essential. The clinical picture 
of thiamine deficiency is quite variable, and there 
are no easily available laboratory tests; therefore, 
thiamine deficiency is often unrecognized or diag-
nosed late. Thiamine deficiency is more common 
in low-income countries because of dietary defi-
ciency and lack of food fortification. About 90% of 
world’s rice is consumed in Asian countries, and 
polished rice with high-carbohydrate diet ren-
ders the population in this region vulnerable to 
thiamine deficiency. In the developed countries, 
thiamine deficiency also occurs because of food 
faddism, depression, isolation, alcoholism and 
critical illness. Thiamine deficiency, if untreated, 
results in high mortality especially in children, 
and if treated late, it results in sequelae. Early clini-
cal suspicion and prompt management is the key 
for good outcome of thiamine deficiency.

HISTORY

Beriberi-like illness has been reported as early as 
2600 BC in Chinese literature. The term “beri-
beri” means weak or I cannot in Sinhalese lan-
guage. In the third century, there is a reference 
to beriberi-like illness characterized by leg weak-
ness, numbness and swelling of feet. In 1580, a 
Portuguese priest reported beriberi from East 

Indies Portuguese colony; the patient was unaware 
of sandals coming out from his feet. Even before 
the establishment of etiology, the disease was 
subtyped as affecting the nervous system mani-
festing with dropsy, and in the final stage with 
pounding heart and death. In 1880, beriberi-like 
illness was reported in Dutch troops in Indonesia. 
Eijkman, a Dutch physician, was investigating 
beriberi in chicks to explore the microbiological 
basis. He noted paralysis in control chicks. These 
chicks surprisingly improved when their diet was 
changed from polished rice to ordinary brown 
rice due to logistic reasons. Eijkman believed that 
the disease was due to a nutrient in rice which 
was lost while polishing (Eijkman, 1898). It is a 
pity that Eijkman’s hypothesis was drowned in 
Industrial Revolution in Europe especially due to 
rice industry. The work of Eijkman was carried on 
by Grijns who confirmed the nutritional basis of 
beriberi (Grijns, 1935). Pure crystals of nutrient 
were isolated in 1926 by Jansen and Donath (1926). 
The chemical structure was confirmed by Robert 
Williams and was named thiamine in 1935, and 
its chemical production started in 1936 (Williams 
and Cline, 1936). In 1929, Eijkman and Hopkins 
were awarded the Nobel Prize (Carpenter, 2012; 
Figure 3.1).

The contribution of Japanese naval doctor 
Takaki Kanehiro in 1884 was unique. He stud-
ied 376 Japanese sailors: 169 of whom developed 
beriberi and 25 died. He sent another mission to 
the same destination (Hawaii) with changed diet, 
including meat, fish, rice and beans in contrast 
to diet of rice only in the earlier expedition. This 
time, there were only 14 patients with mild beriberi 
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and there was no death (Sugiyama and Seita, 
2012). These findings were ignored till 1905 when 
Takaki became the Baron. As a reward for elimi-
nating beriberi from Japanese Navy, he was named 
as Barley Baron. Following his suggestion, sailors 
were advised to eat barley to prevent beriberi. He 
was honored after his death by naming the Takaki 
promontory in Antarctica on his name, the only 
such peninsula named after a Japanese.

Thiamine is a colorless organosulfur compound, 
and it consists of an aminopyrimidine and a thia-
zolium ring linked by a methylene bridge. The thi-
azole is substituted with methyl and hydroxyethyl 
side chains. Thiamine is soluble in water, glycerol 
and methanol, and is stable at acidic pH and fro-
zen storage, but unstable in alkaline pH, UV light, 
gamma radiation and heat. There are five known 

natural thiamine phosphate derivatives: thiamine 
monophosphate (TMP), thiamine diphosphate 
(TDP), thiamine triphosphate (TTP), adenosine 
thiamine triphosphate (ATTP) and adenosine 
thiamine diphosphate (ATDP) (Figure 3.2). The 
role of TDP as a coenzyme in various intracellular 
reactions is well characterized. The non-coenzyme 
action of thiamine and its derivatives has been 
recently recognized in which thiamine and its 
derivatives bind to a number of recently identified 
proteins that do not involve the catalytic action.

PATHOPHYSIOLOGY

Daily requirement of thiamine is 1.2 mg in 
adult males and 1.1 mg in females. The require-
ment of thiamine increases during pregnancy 

Figure 3.1  Photograph of some scientists who have worked in the discovery of thiamine. In 1929, 
Christiaan Eijkman and Sir FG Hopkins were awarded the Nobel Prize in physiology or medicine.
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(1.4 mg/day) and lactation (1.5 mg/day). Thiamine 
requirement depends on the carbohydrate intake 
of 0.5 mg/1000 calories. Age-wise requirement 
of thiamine is presented in Table 3.1. There is no 
upper limit of thiamine, and there is no adverse 
effect of high dose. Thiamine is found in whole 
grains, yeast, legumes, nuts and meat (Table 3.2). 
Thiamine is absorbed from the jejunum. Following 
hydrolysis of thiamine pyrophosphate, it dissoci-
ates to free thiamine. If the concentration of free 
thiamine is more than 1 µM in the intestinal 
lumen, it enters the enterocyte through diffusion. 
In the lower gastrointestinal tract, thiamine is 

Figure 3.2  Structures of thiamine and its derivative.

Table 3.1  Daily requirement of thiamine

Age group
Thiamine requirement 

(mg/day)

0–6 Months 0.2
7–12 Months 0.3
1–3 Years 0.5
4–6 Years 0.6
7–9 Years 0.9
Adult male 1.2
Adult female 1.1
Pregnancy 1.4
Lactation 1.5

Table 3.2  Dietary sources of thiamine

Source Thiamine mg/100 gm

A. Cereals
Wheat – whole grain 0.41
Whole flour 0.13
Rice-brown 0.33

Polished 0.08
Parboiled 0.22

Maize 0.18
Oatmeal 0.63
Sorghum 0.15
Pasta 0.13

B. Pulses, seeds, nuts
Chickpeas 0.40

Soybeans

Dry whole seed 1.03
Flour 0.77

Raw ground nut 0.84
Peas 0.77
Lentils 0.50

C. Tubers
Potato 0.10
Raw sugar 0.09

(Continued )
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absorbed through thiamine transporter 1, which 
is an ATP-dependent active process. After absorp-
tion, thiamine is converted to TMP by thiamine 
phosphokinase 1, and then crosses the basal 
lamina to enter the bloodstream. About 90% of 
thiamine is present in the red blood cell and white 
blood cell. Free thymine in the cell is phosphory-
lated (monophosphate, diphosphate or triphos-
phate). TDP is metabolically active and is used 
as a cofactor for many enzyme processes such as 
pyruvate dehydrogenase, α-ketoglutarate dehy-
drogenase complex, branched-chain α-ketoacid 
dehydrogenase complex and α-transketolase.  
α-Ketoglutarate dehydrogenase is the most sen-
sitive to thiamine deficiency; therefore in its 
absence, there is reduced energy metabolism, and 
increased glutamate and free radical formation in 
mitochondria. Thiamine mainly circulates in the 
body through the red blood cell and is delivered 
to the metabolically active organs such as heart, 
brain, liver, pancreas and muscles.

The cellular uptake of thymine is mediated 
by two high-affinity carriers: (a) thiamine trans-
porter 1 (THTR1) encoded by SLC19A2 and (b) 
thiamine transporter 2 (THTR2) encoded by 
SLC19A3. These transporters are expressed maxi-
mally in the intestine and also in the liver, leuko-
cytes, breast, pancreas and kidney. Inside the cell, 
thiamine is rapidly phosphorylated to thiamine 
pyrophosphate through thiamine pyrophosphoki-
nase. Thiamine pyrophosphate may be converted 
to TMP, TDP and TTP. These phosphorylated 
thiamines may as well be dephosphorylated. TDP 
is the most active metabolically, and about 90% 
of thiamine is in TDP form. In the brain, 10% of 
thiamine is in the form of TTP, which helps in 
membrane excitability and nerve conduction by 
modulating sodium channels. Inside the cell, thia-
mine acts at the cytosol, mitochondria and peroxi-
some in various enzymatic reactions.

Cytosol: In the cytosol, thiamine pyrophosphate 
acts as a cofactor in transketolase enzyme pathway. 
Transketolase is the key enzyme for nonoxidative 
pentose phosphate pathway. Pentose monophos-
phate pathway generates (a) nicotinamide adenos-
ine dinucleotide phosphate (NADPH), which is a 
cosubstrate for fatty acid biosynthesis as well as 
antioxidant, and (b) ribose, which is needed for 
nucleic acid synthesis especially in high prolifer-
ating tissues. Impairment of cytosolic functions of 
thiamine therefore may result in oxidative stress 
and cell damage, reduced cell proliferation and 
reduced fatty acid synthesis.

Mitochondria: About 90% of cytosolic TPP 
is transferred to the mitochondria by mitochon-
drial TPP transporter, which is regulated by 
SLC25A19 gene. In the mitochondria, TPP acts in 
three important enzymatic processes as a cofactor: 
(a) pyruvate dehydrogenase, (b) α-ketoglutarate 
dehydrogenase and (c) branched-chain α-ketoacid 
dehydrogenase. Pyruvate dehydrogenase con-
verts pyruvate to acetyl CoA with the help of TPP. 
Acetyl CoA enters into the Krebs cycle for energy 
production. Pyruvate dehydrogenase is the key 
enzyme and helps in choosing between glycolytic 
and fatty acid pathways for energy production. In 
the absence of thiamine, glucose is converted to 
pyruvate but pyruvate is not converted to acetyl 
CoA, resulting in the accumulation of pyruvate 
leading to lactic acidosis and energy depletion. In 
severe thiamine deficiency, neonates and children 

Table 3.2 (Continued )  Dietary sources of thiamine

Source Thiamine mg/100 gm

D. Nonvegetarian diet
Pork 0.42
Poultry 0.10
Liver-pork 0.40
Beef 0.07
Egg 0.12

E. Milk, milk product
Milk 0.01
Cheese 0.02–0.06

F. Vegetables
Cassava leaves 0.16
Cauliflower 0.11
Spinach 0.11
Carrot/cabbage/tomato 0.06

G. Fruits
Breadfruit 0.09
Orange/pineapple 0.08
Banana 0.05
Apple/apricot/lemon 0.04

H. Others
Brown yeast 15.6



Pathophysiology  33

may develop fatal lactic acidosis and milder defi-
ciency may result in spasticity, seizure and cog-
nitive decline. α-Ketoglutarate dehydrogenase 
complex is another TPP-dependent enzyme, which 
converts α-ketoglutarate to succinyl CoA in Krebs 
cycle. During this reaction, NADPH is formed. 
Impairment in this reaction results in a reduction 
in energy and NADPH production and an increase 
in glutamate, resulting in oxidative stress and exci-
totoxicity. Branched-chain α-ketoglutarate dehy-
drogenase complex is another TPP-dependent 
enzyme, which converts the branched-chain 
α-ketoacids to branched-chain acetyl CoA. These 
amino acids are needed for protein synthesis and 
energy production in citric acid cycle. Impaired 
function of this enzyme results in reduced protein 
synthesis and energy production.

Peroxisomes: Peroxisomes help in the catabo-
lism of hydrogen peroxide and shortening of 
long-chain fatty acids. In the peroxisomes, TPP-
dependent enzyme 2-hydroxy acetyl CoA lyase 1 
(HACL1) catalyzes very long-chain fatty acids. An 

inability to cleave very long-chain fatty acid and 
phytanic acid results in increased triglyceride lev-
els. Accumulation of these substances leads to cer-
ebellar ataxia, peripheral neuropathy, hearing loss, 
anosmia, cardiac dysfunction and epiphyseal dys-
plasia. In humans, the mammillary body, thala-
mus and hypothalamus are vulnerable to thiamine 
deficiency in adults, whereas in children, mammil-
lary bodies and basal ganglia are especially vulner-
able (Dhir et al., 2019). The functions of thiamine 
are shown in Figure 3.3.

Thiamine deficiency

Thiamine deficiency is rare in healthy individuals 
with normal food intake. Thiamine deficiency occurs 
in the regions where diet mainly comprises starchy 
carbohydrate-rich food, polished rice and cassava, 
consuming thiamine antagonist (betel nut, raw fish, 
African raw silk worm larvae), and with Clostridium 
botulinum infection (Table 3.3). Critically ill patients, 
prolonged intravenous dextrose infusion, infant and 

Figure 3.3  Schematic diagram shows the functions of thiamine. (1) Thiamine diphosphate (TDP) 
works as a cofactor with pyruvate dehydrogenase enzyme to convert pyruvate to acetyl CoA. Lack 
of this reaction will result in an increased lactate and a reduced supply of acetyl CoA to Krebs cycle. 
(2) In the Krebs cycle, TDP acts as a cofactor with α-ketoglutarate dehydrogenase, which converts 
α-ketoglutarate to succinyl CoA. Impairment of this function will lead to increased glutamate and 
oxidative stress. (3) In the pentose phosphate pathway, TDP acts as a cofactor with transketolase.
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children on formula feed, and severe malnutrition 
may also be associated with thiamine deficiency. 
Prolonged starvation, alcoholism, bariatric surgery, 

dialysis, food faddism, anorexia nervosa, depression 
and isolation may also result in thiamine deficiency 
(Table 3.4).

CLINICAL MANIFESTATIONS OF 
THIAMINE DEFICIENCY

Thiamine deficiency primarily results in neurolog-
ical, cardiac and gastrointestinal manifestations 
(Table 3.5; Figure 3.4).

NEUROLOGICAL MANIFESTATIONS 
OF THIAMINE DEFICIENCY

The neurological manifestations of thiamine defi-
ciency are mainly:

	1.	 Wernicke encephalopathy (WE) or Wernicke–
Korsakoff syndrome

	2.	 Beriberi.

Wernicke encephalopathy

WE is a common neuropsychiatric manifesta-
tion of thiamine deficiency. In 1881, Wernicke 
described three patients characterized by confu-
sion, stumbling gait and bilateral VIth cranial 
nerve palsy with normal pupillary reflex (Kulkarni 
et al., 2005). Subsequently, Korsakoff described 
alcoholic patients with memory impairment. 
Murawieff in 1897 described the relationship of 
WE with Korsakoff psychosis (Victor, 1976). WE 
is characterized by a triad of ocular, cerebellar and 

Table 3.3  Causes of thiamine deficiency

A. Increased demand
Carbohydrate-rich diet
Pregnancy
Lactation
Hyperthyroidism
Fever
Cancer
Intensive care unit
Exercise

B. Increased depletion 
Diarrhea 
Diuretics
Dialysis
Hyperemesis gravidarum 
Hyperthyroidism

C. Reduced absorption 
Chronic intestinal diseases 
Alcoholism 
Malnutrition
Gastrointestinal bypass surgery
Malabsorption due to celiac disease, Crohn’s 

disease, sprue 
D. Dietary deficiency and intake thiamine 

antagonist
E. Genetic

Inactivation of thiamine transporter

Table 3.4  Antithiamine factors

Source Mechanism

A. Thiamine antagonist
Hemin Animal tissue Absorption or digestion
Flavonoids Tea, fruits, vegetables, buck 

wheat plants
Polyphenols Tea, coffee, betel nuts, red 

cabbage, blueberries, red 
currant, red beets, oils seeds 

B. Thiaminase
Type I Raw or fermented fish, shell fish, 

ferns, some bacteria
Alters thiamine structure

Type II Certain bacteria ↓Biological activity of thiamine
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mental changes. The ocular symptoms in order 
of frequency are nystagmus, bilateral VIth nerve 
palsy and conjugate gaze palsy. The pupillary reflex 
is normal, and involvement of IIIrd and IVth cra-
nial nerves is uncommon. There may be retinal 
hemorrhage. Ataxia is due to vestibular, cerebel-
lar and peripheral nerve involvement. Vestibular 
dysfunction is evidenced by a universal impaired 
caloric response. The patient has global confusional 
state characterized by apathy, insomnia, halluci-
nation, disorientation, lethargy and drowsiness. 
Stupor and coma occur in less than 4% of patients. 
The patients have tachycardia, glossitis, angular 

cheilitis and skin changes. Two-thirds of patients 
have fatty liver, and 17% may have cirrhosis of 
liver. The complete triad of WE is found in 16% of  
patients only (Torvik, 1991). Therefore, it is fre-
quently underdiagnosed. Only one-third of alco-
holic and 6% of nonalcoholic WE are diagnosed 
during life (Day and del Campo, 2014; Galvin et al., 
2010). The clinical features of WE are presented in 
Table 3.6. In a study on 17 patients with nonalcoholic  
WE, the delay in diagnosis ranged between 0 and 
273 days (Yin et al., 2019). In the medical literature, 
among 600 patients on nonalcoholic WE, the fol-
lowing clinical settings were observed: malignancy, 

Table 3.5  Involvement of different organs in thiamine deficiency and its 
clinical manifestations

Organ involved Clinical manifestation

A. Nervous system
Central Encephalopathy, ataxia, ophthalmoplegia, 

amblyopia, dementia, autonomic dysfunction
Peripheral Peripheral neuropathy – symmetrical sensory, 

motor and autonomic
B. Cardiovascular Cardiomegaly, congestive heart failure
C. Gastrointestinal Constipation, abdominal distension, anorexia, 

nausea, vomiting

Figure 3.4  Schematic diagram shows clinical manifestations of thiamine deficiency.
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chemotherapy especially erbulozole, gastrointes-
tinal disease or surgery, hyperemesis gravidarum, 
fasting, starvation, malnutrition, unbalanced 
diet and bariatric surgery (Galvin et al., 2010). 
Psychiatric diseases and food faddism are also 
important causes of thiamine deficiency (Yin et al., 
2019). In these situations, therefore, there should be 
a high index of suspicion. In a systematic review of 
autopsy studies on 256 WE, a complete triad was 
present in 8.2%, altered sensorium in 53%, memory 
impairment in 23.4%, cerebellar sign in 25.4%, eye 
sign in 24.2% and seizure in 3.1% (Galvin et al., 
2010). In another autopsy study on 106 alcoholic 
WE, the sensitivity was highest (85%) if two out of 
four components (dietary deficiency, eye sign, cer-
ebellar signs and memory/altered sensorium) were 
present. Therefore, it is recommended to consider 
WE if two out of four above-mentioned symptoms 
or signs are present (Galvin et al., 2010). The clinical 
features are similar in alcoholic and nonalcoholic 
WE; however, the alcoholic WE has slower onset 
and more frequently has neurological symptoms 
and signs (Table 3.7).

Neuropathology

There are three stages of WE: acute, subacute and 
chronic. Sometime there may be acute or chronic 
in the patients with repeated episodes of WE 
(Harper and Butterworth, 2002). The autopsy find-
ings in WE depend on the stage of the disease. In 
the early stage, there are symmetrical grayish con-
gested areas with punctate hemorrhages, which are 
seen in medial thalamus and dorsolateral thala-
mus in nearly all the patients with WE. About 50% 
patients have these changes in periaqueductal gray 
matter, mammillary bodies and medial thalamus 
(Figure 3.5). About 30% of patients may have these 
changes in cerebellar vermis. Other areas involved 
are cranial nerve nuclei, red nuclei, dentate nucleus, 
reticular formation and cerebral cortex. There is no 
capillary proliferation or macrophage infiltration. 
In the late stage, there is swelling of astrocytes, 
reduced myelin, minimal neuronal loss gliosis 
and astrocytosis. The acute on chronic WE shows 
both the above mentioned pathological changes 
(Harper and Butterworth, 2002; Olds et al., 2014). 
The kinetics of neuropathological changes follow-
ing thiamine deficiency are shown in Figure 3.6.

Clinicopathological correlation: The mammil-
lary body and medial thalamic involvement result 
in memory impairment, psychosis and behavioral 
abnormality. Optic nerve edema results in visual 
loss, and cerebellar involvement results in ataxia. 
In the late stage of WE, cortical involvement may 
result in spastic weakness, hypothalamic involve-
ment in refractory hypothermia and basal ganglia 
involvement in choreiform movement and rigidity.

Computerized tomography and magnetic 
resonance imaging: CT is usually normal in the 
acute stage of WE, but may show hypodensity in 
periaqueductal gray (PAG) and medial part of the 

Table 3.6  Clinical features of Wernicke 
encephalopathy

A. Acute stage
Classical features:
Mental changes, ophthalmoplegia, ataxia
Uncommon features:
Hallucination, behavioral abnormality, seizure, 

stupor or coma, tachycardia, hypotension, 
visual disturbance, hearing loss, papilledema, 
hypothermia.

B. Late features
Spasticity, hyperthermia, movement disorder –  

chorea, coma

Table 3.7  Comparison of clinical features between alcoholic and 
nonalcoholic Wernicke encephalopathy

Alcoholic (N = 102) Nonalcoholic (N = 116)

Triad of WE 55 (53.9%) 39 (33.6%)
Altered sensorium 77 (75.5%) 78 (68.2%)
Memory impairment 9 (8.8%) 13 (11.2%)
Cerebellar signs 82 (80.4%) 58 (50%)
Eye signs 92 (98.2%) 82 (70.7%)
Mechanical ventilation 7 (6.9%) 36 (31%)
Deficient diet 4 (3.9%) 96 (82.8%)
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thalamus. MRI has a sensitivity of 53% and a spec-
ificity of 93% in the diagnosis of WE; therefore, it 
has been considered as a diagnostic test (Sechi and 
Serra, 2007; Ota et al., 2020). MRI shows more fre-
quently abnormal results in nonalcoholics (97.6%) 
than in alcoholics (63.4%) on conventional MRI 
sequences. Diffusion weighted image (DWI) and 
fluid attenuation inversion recovery (FLAIR) 
sequences are more sensitive. Classically, there is 
an involvement of thalamus (symmetrical, bilat-
eral), hypothalamus, mammillary body, PAG mat-
ter and floor of the fourth ventricle (Figures 3.7 and 
3.8). In a study, the frequency of involvement of 
these areas is as follows: around the third ventricle 

in 80%, PAG matter in 59%, mammillary body in 
45%, tectal plate in 36%, cranial nerve nuclei  in 
18%, floor of the 4th ventricle in 7%, cerebellum 
in 5%, vermis in 4%, dentate nuclei in 1.8%, and 
pre- and post-central cortex in 1.8% patients. 
Contrast enhancement of mammillary body, tec-
tal plate, PAG matter and cranial nerve nuclei is 
seen in 63% (Zuccoli et al., 2009). Cranial nerve 
nuclei involvement is a feature of nonalcoholic 
WE. In children, putaminal involvement is typi-
cal and is attributed to high thiamine-dependent 
metabolism (Zuccoli et al., 2010). FLAIR sequence 
is more sensitive and accurate than T2 sequence 
in detecting the abnormalities in WE because 

Figure 3.5  Pathological changes of a patient with Wernicke encephalopathy. (a) Macroscopic picture 
of brain shows hemorrhagic changes in the mammillary bodies (arrow) and periventricular area. (b) 
Microscopic section of the mammillary bodies showing microhemorrhage (arrow), prominent micro-
vascular proliferation and endothelial swelling (Hematoxylin and Eosin × 100). With permission from 
rOlds, K., Langlois, N. E., Blumbergs, P., Byard, R. W. 2014. The pathological features of Wernicke 
encephalopathy. Forensic Science, Medicine, and Pathology 10(3):466–468.

Figure 3.6  The pathophysiological changes of brain at different time points of thiamine deficiency.
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CSF appears black in FLAIR sequence and peri-
ventricular hyperintensity is clearly seen. DWI is 
also sensitive for detecting cytotoxic edema and 
differentiating from vasogenic edema. On DWI 
sequence, cytotoxic edema appears hyperintense 
but apparent diffusion coefficient (ADC) values are 
low; however in vasogenic edema, DWI is hyper-
intense with high ADC value. In acute WE, DWI 
may reveal the underlying pathological changes of 
brain. In 50% of patients with WE, there may be 
contrast enhancement and sometimes enhance-
ment of mammillary body may be the only finding 
(Mascalchi et al., 1999). Magnetic spectroscopy 
reveals a reduced NAA/creatine ratio, suggest-
ing an impairment of neuronal metabolism, and 
an increased lactate peak, suggesting glycolysis 
(Figure 3.9). Improvement in NAA/creatine ratio 

parallels a clinical improvement (Murata et al., 
2001). The classical MRI lesions in WE should 
be differentiated from Japanese encephalitis (JE), 
atypical Creutzfeldt–Jakob disease, deep cerebral 
venous thrombosis, paramedian thalamic syn-
drome and top of basilar syndrome. The distin-
guishing features of WE are mammillary body, 
and symmetric tectal and PAG involvement. The 
MRI lesion in metronidazole encephalopathy 
may simulate WE and is attributed to a reduced 
conversion of thiamine to its active analogue 
(Zuccoli et al., 2009).

In a study on six infants with thiamine defi-
ciency, MRI revealed a bilateral symmetrical 
hyperintensity in periaqueductal area, basal gan-
glia and thalami in T2-, FLAIR- and proton-atten-
uated sequences. Five patients had mammillary 

Figure 3.7  MRI in FLAIR sequence of Wernicke encephalopathy. A 61-year-old male addicted to alco-
hol presented with ataxia and confusion, and improved on the third day following IV thiamine treat-
ment of 300 mg 8 hourly. His MRI shows (a) hyperintensities in mammillary bodies bilaterally (white 
arrow) and periaqueductal gray matters (red arrow), (b) Fornix (yellow arrow) and medial thalamus (red 
arrow), (c) periventricular (third ventricle) region (white arrow) and (d) medial thalamus (white arrow).
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Figure 3.8  A 56-year-old alcoholic male with Wernicke encephalopathy. (a) Coronal FLAIR image 
shows hyperintensities in mammillary bilaterally bodies (yellow arrow) and periaqueductal gray 
matters (red arrow). (b) Axial T2FS showed the T2 hyperintensities in periaqueductal gray matters 
and minimal affection of antero-medial thalami. (Courtesy Dr D Baruah, Associate Professor, Tezpur 
Medical College, Assam.)

Figure 3.9  A 17-year-old boy, chronic alcoholic with Wernicke encephalopathy. (a) Sagittal FLAIR 
image showed the hyperintensity of hypothalamus. (b) Low TE (30) MR spectroscopy showed mini-
mally raised choline peak with a reduction of NAA. (Courtesy Dr D Baruah, Associate Professor, 
Tezpur Medical College, Assam.)
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body, three had brainstem involvement, and all had 
frontal, cortical and subcortical involvement. MR 
spectroscopy revealed the lactate doublet in peri-
aqueductal area. After 2–5 months, only one child 
had normal MRI and others had residual damage. 
Clinically, only one child improved completely, and 
the remaining children had developmental delay, 
dysphagia and ataxia (Kornreich et al., 2005).

Laboratory tests: Whole-blood TDP measure-
ment using HPLC is the most practical method. 
Measurement of ETK is sensitive, but is not widely 
available. Blood in EDTA, amber-colored vial 
is collected and frozen till analyzed. The normal 
TDP level in adults is 70–180 nM/l, but a normal 
value does not exclude WE (Table 3.8).

Treatment

The patient with suspected WE should be treated 
with thiamine of 200 mg IV 8 hourly before start-
ing IV glucose. Thiamine is dissolved in 100 ml 
saline and infused in 30 min. Half-life of thymine 
is 96 min; hence, 2–3 dosages daily are recom-
mended. In alcoholic patients, the dose of thiamine 
is 500 mg 8 hourly. This treatment is continued 
for 2–3 days or till improvement ceases. Those 
resistant to thiamine, a magnesium deficiency 
should be checked and corrected. After the initial 
improvement, the patient should be treated with 
200 mg thiamine daily for 3–5 days to replenish the 
body store depending on the severity of thiamine 
deficiency. Intravenous regimen is followed by 
oral supplementation indefinitely (Thomson et al., 
2012; NICE, 2011; Sechi and Serra, 2007).

Outcome and recovery pattern 
of WE

Death in WE per se occurs in 15%–20% of patients. 
In the remaining patients, the death may be 
due to alcohol and alcohol-withdrawal cardiac 

complications. Alcohol is associated with pro-
longed QT interval, cardiac failure and sudden car-
diac death (George et al., 2010). WE patients recover 
in a predictable manner following the treatment. 
The ocular symptoms improve within hours; VIth 
cranial nerve palsy improves completely within a 
week followed by ptosis and gaze paralysis. Vertical 
nystagmus improves by 2–3 months. Ataxia and 
vestibular dysfunction improve slowly over weeks 
to months. Ataxia clears in 40% of patients only. 
Global confusion starts improving in 1–2 weeks, 
and a complete recovery occurs in 15% of patients 
only. Once global confusion subsides, the memory 
impairment becomes apparent and persists in 85% 
of patients as Korsakoff psychosis (Sechi and Serra, 
2007). In a study on 11 patients, 73% had, however, 
had a complete resolution of symptoms following 
500 mg of thiamin daily for 3 days after a median 
duration of 92 h (Nishimoto et al., 2017).

Korsakoff syndrome

Korsakoff syndrome (KS) is defined as a dispro-
portionate memory impairment in comparison 
with other cognitive functions due to thiamine 
deficiency as a sequel of WE (Kopelman, 1995). 
Korsakoff psychosis has two major components: 
(a) retrograde amnesia and (b) impaired ability to 
acquire new information due to anterograde amne-
sia. Confabulation is regarded as a typical symptom 
but not an essential prerequisite for the diagnosis of 
KS (Kopelman, 1995). These patients are conscious, 
alert, oriented and co-operative, but apathetic. 
These features help the patients with KS to differen-
tiate from other psychiatric disorders. Anterograde 
amnesia is of varying severity in which registra-
tion is intact but retention is impaired; hence, the 
learning of new information and skill are grossly 
affected. The patient is therefore able to perform 
the habitual tasks only. Retrograde amnesia is rela-
tively severe and may antedate the onset of illness 

Table 3.8  Thiamine biomarkers and thiamine status

Biomarkers Thiamine TMP TDP ETK activity

Specimen Plasma Plasma Blood/RBC Washed RBC
Indicator of 

thiamine status
Recent intake Recent intake Bioactive 

thiamine
Functional activity

Limitation Do not indicate 
thiamine status

Do not indicate 
thiamine status

Unstable, 
needs 
expertise

Not widely 
available
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by several years. Recent memory is impaired more 
than the remote. The other cognitive and behav-
ioral abnormalities include impaired digital sym-
bol task, calculation, block design, shifting task and 
concept formation. The patient may also have a lack 
of spontaneity and initiation. Two-third patients 
with KS may have lower limb weakness. Cranial 
nerve involvement is rare except vagus nerve result-
ing in dysphagia or dysphonia.

Neuropathology: The neuropathological find-
ings are similar to WE but reveal chronic patho-
logical changes. There may be a dilatation of the 
third and lateral ventricles. Petechiae seen in WE 
are replaced by brown- or tan-colored areas of gli-
osis and necrosis. In KS, mammillary bodies are 
invariably involved. The involvement of mammil-
lary bodies, mammillothalamic tract and anterior 
thalamus is responsible for anterograde amnesia. 
Frontal lobe involvement is responsible for retro-
grade amnesia, apathy and emotional blunting 
(Kril et al., 1997; Brokate et al., 2003).

Treatment: Treatment of KS is similar to that 
of WE. Timely and adequate treatment of WE with 
thiamine may prevent the development of KS.

Prognosis: The prognosis of KS is not good; 
only 20% recover completely, 40% partially and 
another 40% have minimal or no improvement. 
The improvement starts after weeks of treatment 
and may continue for months to years.

BERIBERI

Beriberi refers to edema of legs and unsteadiness in 
walking. Beriberi is common in East Africa, East 
Asia and South America where rice is a staple diet. 
Low-protein, low-fat and high-carbohydrate meals 
result in beriberi. The causes of thiamine deficiency 
have been mentioned above. Beriberi has diverse 
presentations, and can be broadly categorized into 
wet beriberi, dry beriberi and mixed types. These 
disorders are also grouped as thiamine deficiency 
disorders (TDDs). The presentation of beriberi var-
ies in different age groups.

Infantile beriberi: Infantile beriberi occurs 
in low-income countries in the infants who are 
on exclusive breastfeeding of thiamine-deficient 
mother (Whitfield et al., 2017; Allen, 2012). Infantile 
beriberi manifests with diverse clinical features, 
including heart failure, and central and peripheral 
nervous system involvement; therefore, it is also 
referred as “thiamine deficiency disorder” (TDD). 

Infantile beriberi manifests before 4 months of age 
but not during the neonatal period. It manifests 
with varied clinical features such as irritability, 
refusal to feed, vomiting and tachypnea. Initially, 
the infant has a shrill cry, which is replaced by 
aphonia in later stage. The child may be dyspneic 
because of heart failure and may even be cyanosed. 
At times, infantile beriberi may be triggered by an 
infection, rendering the differentiation difficult. 
These infants have a rapid downhill course unless 
thiamine is corrected (Luxemburger et al., 2003). 
Beriberi may be misdiagnosed as malaria, typhoid 
or pneumonia, and the patient may die undiag-
nosed due to cardiogenic shock, lactic acidosis and 
multiorgan failure.

Beriberi in older infants and children: Beriberi 
in older infants and children may manifest with 
nystagmus, anorexia, ophthalmoplegia, bulging of 
fontanelle and altered sensorium (Wani et al., 2016; 
Harel et al., 2017). These patients are confused 
with meningoencephalitis. In older children and 
adolescences, beriberi manifests with neuropathic 
symptoms and signs such as tingling, numbness, 
paresthesia, pain, weakness and loss of reflexes.

Beriberi in adults: In the adults and children, 
dry beriberi refers to neuropathy. The patients may 
have pins and needles burning sensations in feet 
and hands with widespread sensory abnormalities, 
including legs, thigh, chest, forearm and occasion-
ally lips. If untreated, the patient may develop foot 
drop and wrist drop, loss of tendon reflexes and 
muscle tenderness. The severely affected patients 
may also have deafness, as well as dysphonia and 
dysphagia due to the vagal nerve involvement 
(Duce et al., 2003; McCandless, 2009). The other 
cranial nerves are usually normal unless associ-
ated with WE. In beriberi, the neuropathy is usu-
ally subacute to chronic, but rarely it may be acute 
mimicking Guillain–Barre syndrome or acute 
flaccid paralysis. In a study on 13 patients with 
beriberi neuropathy, 11 had chronic and 2 had 
acute presentation. The underlying causes of beri-
beri were anorexia, recurrent vomiting and alcohol 
abuse. Twelve patients had weakness, six dysauto-
nomia, four bulbar weakness and three nystagmus. 
Cerebrospinal fluid analysis was normal, and the 
nerve conduction study revealed sensory motor 
axonal neuropathy. Following thiamine treat-
ment, 11 patients improved, 2 had sequelae and  
1 died of pulmonary embolism (Saini et al., 2019). 
In another study, 7 out of 11 patients with dietary 
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thiamine deficiency neuropathy had acute presen-
tation (Koike et al., 2008).

Pathology of beriberi: In the early stage, 
there is segmental demyelination giving a beaded 
appearance, and in the late stage, there is evi-
dence of axonal degeneration. Beriberi in alcoholic 
patients may have both segmental demyelination 
and primary axonal degeneration. The diverse 
pathology in alcoholic patients may be due to mul-
tiple etiologies of neuropathy. Nerve conduction 
studies reveal the features of axonal degeneration 
evidenced by marginal slowing of nerve conduc-
tion velocity, with reduced sensory nerve action 
potentials. Electromyography may reveal evidence 
of denervation and reinnervation in the distal 
muscles. Beriberi should be differentiated from 
other causes of neuropathy such as diabetes mel-
litus, toxic neuropathy and porphyria.

The patient with beriberi should be given a 
vitamin-rich high-calorie diet and thiamine of 
5–25 mg orally thrice daily. A higher dose of thia-
mine (>50 mg/day) has no advantage (Whitfield 
et al., 2018). About 50% of patients with beriberi 
neuropathy improvement. The neuropathic symp-
toms in mildly affected patients improve within 
weeks, whereas it takes months to years in severely 
affected patients.

THE OTHER SYNDROMES 
POSSIBLY RELATED TO THIAMINE 
DEFICIENCY

The other syndromes possibly related to thiamine 
deficiency are as follows:

	a.	 Tropical ataxic neuropathy: Tropical ataxic 
neuropathy is characterized by gait ataxia, 
bilateral optic atrophy and sensory polyneu-
ropathy. This condition is primarily reported 
from Nigeria, Ghana and other West African 
countries. Tropical ataxic neuropathy is attrib-
uted to cassava consumption, which contains 
cyanogenic glycoside. These patients show an 
improvement with thiamine supplementation 
highlighting an etiological link (Monekosso 
et al., 1964; Adamolekun, 2011).

	b.	 Epidemic spastic paraparesis (Konzo): Konzo 
is the leading cause of disability in African 

children especially in Democratic Republic of 
Congo, Mozambique, Tanzania, Cameroon, 
Central African Republic and Angola. Konzo 
is associated with food shortage, famine or 
drought, and is also attributed to the consump-
tion of cyanogenic glycoside from partially 
processed cassava. Konzo patients have spastic 
paraparesis with some overlapping features 
with beriberi. Thiamine deficiency is attributed 
to the etiology of this disease (Nzwalo and 
Cliff, 2011).

	c.	 Seasonal ataxia in Nigeria: During rainy 
season, the consumption of roasted African 
silk worms (Anaphe venata), which contain 
thiaminase, results in WE-like symptoms. 
The patient has nausea, vomiting, dizziness 
progressing to nystagmus, tremor, ataxia, 
dysarthria, confusion and coma. The patient 
recovers fully within 72 h of thiamine treat-
ment (Adamolekun and Ndububa, 1994).

Case definition of thiamine 
deficiency disorders

There should be a high index of suspicion for the 
diagnosis of TDD in view of nonspecific presen-
tation, high mortality in untreated patients and 
good response to early treatment without any side 
effects. The laboratory confirmation of thiamine 
deficiency is difficult and not widely available. 
Therefore, a case definition based on clinical and 
therapeutic responses to 50–100 mg of thiamine is 
available (Table 3.9). In an appropriate clinical set-
ting if the patient responds to thiamine treatment 
with in 24 h, it is regarded as “most likely thiamine 
deficiency disorder”, and if the response occurs 
within 72 h, it is regarded as “probable thiamine 
deficiency disorder”.

Genetic defect resulting in thiamine 
deficiency disorders

Thiamine is essential for various cytosolic, mito-
chondrial and peroxisomal functions. Genetic 
mutations in these steps may lead to thiamine 
metabolism disorders with diverse clinical manifes-
tations. They may manifest in infancy to adolescence 
and respond to high-dose thiamine (Table 3.10).
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Table 3.9  Case definition of thiamine deficiency disorders in adults and children

Major manifestations Minor manifestations 

Children and adult Ataxia
Abnormal eye movement
Behavioral change, confusion
Impaired consciousness, coma

Pins and needle in limbs 
Lethargy, apathy
Tachycardia with warm extremities
Signs of vitamin B deficiency –  

angular stomatitis
Infant Sudden heart failure 

Increased cry, hoarseness 
Breathing difficulty, cyanosis
Hepatomegaly
Nystagmus
Bulging fontanelle
Muscle twitching 
Seizures (without fever ) 

Refusal to feed, reduced sucking 
for >48 h

Vomiting
Constipation
Tachycardia with warm extremities 

without fever 

Table 3.10  Diseases related to genetic defect of thiamine metabolism

Disease Age onset Clinical feature
Mutation/

protein Treatment

Rogers syndrome/
TRAM

Neonate to 
adolescence

Diabetes, deafness, optic 
atrophy, short stature, 
macrocytic anemia, 
congenital heart  
disease

SLC 19A2/ 
THTR1

Thiamine 
(50–100 mg)/
day

Biotin-thiamine-
responsive 
basal ganglia 
disease

Birth to 
adolescence

Episodic encephalopathy 
with seizure, fever, 
external 
ophthalmoplegia, ataxia, 
basal ganglia lesion

SLC19A3/ 
THTR 2

Biotin 
(5–10 mg)+

Thiamine 
(100–300 mg)/
day

Amish lethal 
microcephaly/
THMD3

Birth Episodic encephalopathy 
with lactic acidosis, 
α-ketoglutaric aciduria, 
microcephaly, seizure, 
mental retardation, 
lactate in urine

SLC25A19/
Mitochondrial 
TTP carrier.

Thiamine 
100–200 +  
high-fat diet

THMD4 (thiamine 
metabolism 
dysfunction)

Adolescence Episodic febrile 
encephalopathy, 
neurologic deficit 
(transient), progressive 
polyneuropathy, 
bilateral striatal 
degeneration

SLC25A29/ 
MTPC

High-dose 
thiamine

THMD5 Early childhood Episodic encephalopathy, 
high lactate, ataxia, 
dystonia, spasticity

TPK I/thiamine 
phosphokinase I

High dose of 
thiamine

THMD, thiamine metabolism dysfunction syndrome; TRAM, thiamine-responsive megaloblastic anemia syndrome.
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PREVENTION

Thiamine is a water-soluble vitamin; therefore, a 
regular supply is essential. In intensive care set-
ting, there is high incidence of thiamine deficiency, 
which may remain undiagnosed or be attributed 
to primary disease. After one week, critically ill 
patients should be supplemented with thiamine. 
Community awareness about the source of thia-
mine is important for its prevention. Thiamine is 
degraded in food processing. The following meth-
ods are recommended to minimize the thiamine 
degradation (WHO, 1999):

	1.	 Use minimum water in vegetable preparation, 
and do not discard the water.

	2.	 Avoid high-flame cooking.
	3.	 Cover by a lid while cooking.
	4.	 Avoid storing for long time.
	5.	 Wash vegetable just before cooking.
	6.	 Use parboiled rice.
	7.	 Alkali, and oxidizing and reducing agents 

enhance the thiamine degradation.

CONCLUSION

TDDs are common in infants and children in 
low-income countries, leading to high infant mor-
tality. It is also common in alcoholics, elderly, 
undernourished, psychiatric diseases, in isolation, in 
chronic illness and in hospitalized patients. TDDs 
are characterized by the central and peripheral 
nervous system involvement with some overlap-
ping features. Associated cardiac involvement and 
autonomic dysfunction may result in higher mor-
tality. High index of suspicion and prompt treat-
ment is life-saving, and an improvement occurs 
without sequelae.
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4
Niacin deficiency: Pellagra

INTRODUCTION

Pellagra is a complex metabolic disorder pre-
senting with dermatitis, dementia and diarrhea, 
which is attributed to the deficiency of niacin or 
tryptophan. In the past, pellagra occurred in large 
epidemics in Europe, Africa and Asia. Pellagra epi-
demics have declined significantly after the 1970s; 
however, sporadic cases and outbreaks are reported 
from refugee camps and drought-affected areas.

HISTORICAL BACKGROUND

The spread of pellagra throughout the world is linked 
to the expedition of Christopher Columbus. He 
introduced maize to Europe. Columbus considered 
maize to be the tastiest food in any form – boiled, 
roasted or ground to flour. Portuguese traders 
brought maize to India and Africa. In 1555, there 
were reports of maize cultivation in China and 
Tibet. In the last voyage in 1521, Columbus intro-
duced maize in the Philippines. In this way, maize 
became available globally and led to a widespread 
occurrence of pellagra. Pellagra was first described 
in Spanish farmers as mel de la rosa by Casal in 1735. 
Casal observed dermatitis, diarrhea and dementia 
in the farmers. He also observed that corn was the 
staple diet of laborers and may be responsible for 
this disease. He, however, regarded mel de la rosa 
a form of leprosy. Casal noted the therapeutic ben-
efit of diets containing milk, eggs and fresh meat. 
In 1771, Frapoli, an Italian physician to Ospedale 
Maggiore of Milan, termed this disease as “pellagra” 
(rough skin). He reported three stages of pellagra: 
initially dry itchy skin followed by infiltrated fis-
sured skin with neuropsychological abnormalities, 
stupor, fever, diarrhea, failure of mental power and 

emaciation and finally death (Still, 1977). Goldberger 
disproved the infective theory of pellagra that pella-
gra (infection) cannot be transmitted to monkeys. 
He, his wife and colleagues consumed blood, nasal 
secretion, urine and feces of the pellagra patients, 
but did not develop pellagra. He also confirmed that 
pellagra can be prevented by consuming proteins 
(Barrett-Connor, 1967). In 1937, Conrad Arnold 
Elvehjem and his colleagues from Wisconsin, USA, 
isolated the pellagra-preventing factor from the 
liver extract and demonstrated that nicotinic acid 
could cure black tongue in dogs, other animals and 
humans (Elvehjem et al., 1937; Fouts et al., 1937). 
This treatment resulted in a dramatic improvement 
of patients within 48–72 h (Pies et al., 1939). These 
studies confirmed the therapeutic efficacy of niacin 
in pellagra (Lanska, 2010). In the 1950s, it was noted 
that pellagra could not be accounted by niacin only. 
The diet in some area where pellagra was rare used 
lower niacin compared to pellagra-endemic areas. 
The difference was milk consumption in low pella-
gra-endemic area, which has resulted in the concept 
of niacin–tryptophan link. The amino acid trypto-
phan is converted to niacin by the intestinal bacteria 
(Lanska, 2012).

Till the 1970s, there were several epidemics of 
pellagra in Europe, Asia, Africa and America. In 
South Africa, more than 100,000 patients were 
reported every year during the 1970s. Currently, 
large-scale outbreaks are not reported because of 
education and availability of alternative sources 
of niacin. Pellagra has declined substantially in 
1900 and disappeared since 1916. Pellagra, how-
ever, has been reported as a major problem in 
Romania and Central Europe. In Romania, more 
than 55,000 patients were reported in 1932, with 
1654 deaths (WHO, 2000). In Moldavia, about 
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10% of population suffered from pellagra in spring 
season because most of the villagers took maize 
as a staple diet comprising 70% of calorie intake 
(WHO, 2000).

Dogs fed on the diet of pellagra patients devel-
oped black tongue. Low tryptophan in maize may 
be compensated by animal protein and other cere-
als. Maize is also deficient in riboflavin and thia-
mine, which are deficient in pellagra patients. The 
generic name of niacin is pyridine 3-carboxylic 
acid, which is biologically active form of nicotin-
amide. Nicotinic acid and nicotinamide are white 
crystals – the latter is more stable. 60 mg of trypto-
phan is converted into 1 mg of niacin. Riboflavin, 
pyridoxine and iron are needed for the conversion 
of tryptophan to niacin.

SOURCES OF NIACIN

Niacin is composed of two vitamers: nictotinic 
acid and nicotinamide (Figure 4.1). Niacin has 
exogenous and endogenous sources. The endog-
enous niacin is formed from the conversion of 
tryptophan. The exogenous sources are meat, 
fish, egg, milk, cheese, cereals, legumes and seeds. 
Vegetables, coffee and tea also contain niacin. In 
animal tissues, niacin is present as nicotinamide 
and in plants as nicotinic acid. Niacin in mature 
grain, especially in corn, is present as niacin-gly-
coside and the minor proportion as peptide-bound 
niacin – these are collectively known as “niaci-
nogen”. Niacin in grain is therefore poorly avail-
able because intestinal enzyme cannot free niacin 
from niacinogen. The availability of niacin may be 
improved by soaking maize in lime water, heating 

or roasting. Protein deficiency results in the metab-
olism of tryptophan to maintain nitrogen balance, 
but in the presence of adequate protein, it is con-
verted to niacin. It is interesting to note that milk 
prevents pellagra. Rice eaters do not have pellagra 
in spite of lower niacin content in rice. Both rice 
and milk have higher protein and tryptophan con-
tents than maize. Cooking methods also influence 
niacin levels: boiling and blanching reduce the nia-
cin levels (40%) compared to boiling alone. Hence 
if cooking water is not discarded, then niacin loss 
is minimal. Similar to thiamine, milling reduces 
the niacin levels in cereals. The fermented food 
using yeast has a higher niacin content. Sprouted 
grains have higher riboflavin, ascorbic acid and 
niacin levels. In certain countries, cereals like rice, 
pasta and breakfast cereals are fortified with ribo-
flavin, niacin and folic acid, as these fortified cere-
als cannot be differentiated by the consumer from 
nonfortified foods because of similar taste, smell 
and flavor (Table 4.1).

Endogenous niacin is produced by the con-
version of tryptophan by kynurenine pathway 
mainly in the liver. Several nutritional, hormonal 
and physiopathological factors influence the 

Table 4.1  Dietary sources of niacin

Nonvegetarian source mg/100 g Vegetarian source mg/100 g

Tuna 10–22.1 Yeast 56.0
Bacon 10.4 Peanuts 14.3
Salmon 10.0 Almond 3.6
Turkey 7–12 Mushroom 3.6
Chicken 7–12 Avocado 1.7
Beef 4–8 Potato 1.4
Pork 4.8 Corn 1.0
Cod fish 2.5 Rice 0.5
Egg 0.1 Kale 0.4

Milk, cheese 0.1
Tofu 0.1

Figure 4.1  Schematic diagram showing the struc-
tures of nicotinic acid and nicotinamide.
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kynurenine pathway. Deficiency of thiamine, 
pyridoxine, heme, iron, copper and zinc, and low-
protein diet impair the conversion of tryptophan 
to niacin. Leucine-containing foods such as maize 
and sorghum also reduce the biosynthesis of nia-
cin. The endogenous synthesis is increased with 
estrogen, glucocorticoid, unsaturated fatty acid 
and sucrose (Gasperi et al., 2019).

ABSORPTION AND METABOLISM

Niacin is a water-soluble vitamin and is almost 
completely absorbed from the small intestine. 
There are two active forms of nicotinamide in blood 
and tissues of various organs: nicotinamide ade-
nine dinucleotide (NAD) and nicotinamide ade-
nine dinucleotide phosphate (NADP) (Figure 4.2). 
There is little storage of niacin in the liver; hence, it 
has to be replenished daily. Absorption of niacin is 
not affected by food but can be inhibited by drugs 
like isoniazid, 6-mercaptopurine, 5-flurouracil, 
chloramphenicol and alcohol, and in malabsorp-
tion syndrome. In Hartnup disease, pellagra 
occurs due to the tryptophan metabolism abnor-
mality. Tryptophan, nicotinamide and nicotinic 
acid can be converted to NAD and NADP. Niacin 
is important for oxidation in the cells, and it helps 

in the release of energy from fat, protein and car-
bohydrate. Nicotinamide biosynthesis can occur 
in the brain via kynurenine reaction (Figure 4.3). 
Nicotinamide can cross blood–brain barrier freely. 
Nicotinamide helps in neuronal differentiation, 
growth and development (Williams and Ramsden, 
2005; Fricker et al., 2018). It inhibits cytochrome 
c oxidase and caspase 3 and 9 activities, thereby 
reducing oxidative stress and cell death. Niacin and 
niacin metabolites are excreted in urine. Pellagra is 
the first disorder of electron transport chain affect-
ing humans (Chong et al., 2004).

EPIDEMIOLOGY

Endemic pellagra was prevalent in maize-eating 
zone from 58° North to 40° South latitude. In the 
first half of 20th century, pellagra declined globally 
except in Africa and India. In the Upper Egypt, the 
incidence of pellagra in 1958–1963 was 45/100,000 
population, which declined to 10.3/100,000 popula-
tion during 1964–1966. At the same time, the inci-
dence of pellagra in Lower Egypt was 83.2/100,000 
population (Barrett-Connor, 1967; Patwardhan 
and Darby, 1972). In Italy, the new cases of pel-
lagra in 1906 were 6783 with 437 deaths, which 
declined to 91 new cases and 0.2/100,000 deaths in 

Figure 4.2  Schematic diagram showing coenzymatic form of niacin and its action. NAD = nicotinamide 
adenine dinucleotide. NADP = nicotinamide adenine dinucleotide phosphate.
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1928 (Lavinder and Babcock, 1910; Aykroyd, 1933). 
In 1932, new cases of pellagra in Romania were 
55,013 with 1654 deaths (Aykroyd, 1935; Roe, 1973). 
Replacement of maize by wheat eradicated pellagra 
from Romania in 1966. In South Carolina, death 
due to pellagra was 44.8/100,000 population in 
1916, which dropped to 8.5/100,000 in 1940 (Davis, 
1964). The incidence of pellagra rapidly declined in 
the USA due to a universal fortification of bread, 
corn meal and flour with niacin which was legally 
enforced. In the 1960s, during Green Revolution, 
opaque 2 mutant gene of maize was introduced. 
This variety of maize had 86% increase in protein 
and 38% reduction in leucine (Mertz, 1964). In 
the 1930s, the incidence of pellagra in most of the 
countries declined but it remained a public health 

problem in 1960 and 1970 in some countries of Asia, 
Egypt and South Africa. Pellagra has been reported 
from Hyderabad in Sorghum (Jowar)-eating popu-
lation but has not been found in Sorghum eaters in 
Africa and Europe (Gopalan and Srikantia, 1960). 
In Malawi, 690 patients with pellagra from a local 
Kasese Catchment area of 30,000 people were iden-
tified during July 2015 and April 2016. About 96% 
patients were above 15 years of age. They had typi-
cal skin disease, which was considered as eczema 
in 60%. The skin lesions responded to multivitamin 
tablet containing 20 mg of niacin daily or twice 
daily for 30 days (Matapandeu et al., 2017). In recent 
years, the pellagra outbreaks have been reported in 
the refugee camps and in the areas with food sanc-
tions and war (Table 4.2).

Figure 4.3  Schematic diagram showing the synthesis of niacin from tryptophan and the role of B1 
(thiamine), B2 (riboflavin) and B6 (pyridoxine) as cofactors in this pathway.

Table 4.2  Outbreaks of pellagra in the past few decades 

Year Location Underlying situation Prevalence

1988 Zimbabwe Refugee camp 1.5%
1989 Malawi Refugee camp 0.5%
1990 Malawi Mozambican refugees 2.0%
1994 Nepal Bhutanese refugees 0.5/10,000/day
1995 Mozambique Population survey 1.4%
1999 Angola Population survey 2.6/1000/week
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CLINICAL FEATURES OF NIACIN 
DEFICIENCY

Niacin deficiency results in a clinical triad of diar-
rhea, dermatitis and dementia. In the early stage, 
the patient may have vague clinical symptoms 
such as anorexia, asthenia, weight loss, dysphagia, 
indigestion, diarrhea and constipation, which may 
lead to the aggravation of symptoms and signs in a 
vicious manner (Table 4.3). The patient may mani-
fest with neuropsychiatric abnormalities, such 
as insomnia, irritability, nervousness, depres-
sion, apathy and mild memory impairment. If the 
patients remain untreated, they develop dementia. 
Pellagra is recognized by the typical skin lesions, 
which are symmetrical, erythematous, in the sun-
exposed areas and looking like sunburn. There are  
symmetrical face involvement, Casal’s necklace, 
and glove and stocking appearance of pigmented 
lesions. These lesions are scaly and exfoliative, 
and may have itching or burning sensations. The 
demarcation from the normal skin is very clear 
and typical, as opposed to other dermatitides 
(Figures 4.4 and 4.5). The patient has progressive 
weight loss, disappearance of subcutaneous fat, 
muscle atrophy, increased weakness, bulbar palsy, 
psychotic behavior along with cardiac decompen-
sation, reduced immunity and secondary infection. 
In the terminal phase, the patient may have fever, 
neck retraction and epileptiform attack (typhoid 
pellagra). If the patient is untreated, death ensues 
in a few months. In recent years, the classical triad 
of pellagra is rare, and often the patient presents 
with skin changes. In a retrospective study from 
a dermatology department, 178 of 47,219 (0.4%) 
had pellagra-like skin lesions. All the patients 

had at least one skin lesion in sun-exposed area. 
Diarrhea was present in 12.4%, peripheral neurop-
athy in 8.4% and insomnia in 8.4%. 42.1% patients 
were alcoholic, and 6.7% patients had dietary defi-
ciency. These patients improved on nicotinamide 
and multivitamins (Akakpo et al., 2019). Another 
study from a de-addiction center from India 
reported 31 out of 2947 (1%) patients with pella-
gra. 64.5% were from low-income group, all had 
dermatitis, 58% were delirious and 19% had diar-
rhea. 61% of these patients had the associated alco-
hol-withdrawal symptoms. Peripheral neuropathy 
was present in 32%, Wernicke encephalopathy in  
26% and seizure in 16% patients (Narasimha et al., 
2019). In a report of 335 patients from Andhra 
Pradesh, typical skin lesions were seen on the 
dorsum of hand and extensor surface of forearm 

Table 4.3  Clinical features of pellagra

Organ Symptoms and signs

Nervous system Neuropsychiatric abnormality: insomnia, irritability, depression, apathy
Cognitive: dementia
Peripheral neuropathy

Skin Symmetrical erythema of skin in the sun-exposed area (face, neck, hand 
and feet), hyperpigmentation, hyperkeratosis, swelling and thickening 
of skin, dark red or purple skin rash followed by exfoliation with 
demarcated line between normal and abnormal skin

Gastrointestinal tract Stomatitis, glossitis, anorexia, dysphagia, indigestion, diarrhea and 
constipation

Others Asthenia, weight loss, cachexia, infection, neck traction and epileptic fit

Figure 4.4  Clinical photograph of a patient with 
pellagra showing a scaly pigmented skin lesion 
in the neck area (Casal’s necklace). (With permis-
sion Brahmaiah, U., Parveda, A.R., Hemalatha, R., 
Laxmaiah, A. 2019. Pellagra: A forgotten entity. 
Clinical Dermatology Review 3:126–129.)
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followed by neck and face. Skin lesions were less 
common in feet and legs. Peripheral neuropathy was 
present in 2% and anemia in 1.8% (Brahmaiah et al., 
2019). The dermatitis in niacin deficiency is due to 
the reduced ADP ribose polymerase activity, which 
is needed for DNA repair. The dermatitis in pellagra 
may simulate xeroderma pigmentosum, subacute 
dermatitis or dermatitis of kwashiorkor; their dif-
ferentiating points are mentioned in Table 4.4.

DIAGNOSTIC CRITERIA

The diagnosis of pellagra is easy in a patient with 
likely deficiency of niacin and tryptophan with a 
characteristic skin lesion. In a patient without skin 
lesion, the laboratory tests are required. Urinary 
metabolites are usually measured for the diagnosis of 
pellagra. Fasting urine normally has N1-methyl nic-
otinamide (mg/g of urinary creatinine) more than 
0.6 mg in adults and more than 2.5 mg in the third 
trimester of pregnancy. A level below those afore-
mentioned levels is associated with niacin deficiency.

PATHOPHYSIOLOGY

Both niacin and nicotinamide are easily absorbed 
from the small intestine. In the tissue, niacin is 
converted to NAD with the help of kinase; it is 
phosphorylated to NADP. Liver can produce niacin 
from tryptophan. Sixty milligrams of tryptophan 
is equivalent to 1 mg of niacin. The conversion of 
nicotinic acid, nicotinamide and tryptophan to 
NAD and NADP requires Cu, Zn and pyridox-
ine. Blood, kidney, brain and liver store NAD and 
NADP for a very short time. NAD and NADP act 
as coenzymes for many dehydrogenases partici-
pating in H+-transfer processes. NAD is needed for 
enzyme production from carbohydrate, fat, pro-
tein and alcohol, and also helps in cell signaling 
and DNA repair. NADP helps in the anabolic reac-
tion of fatty acid and cholesterol synthesis, result-
ing in increased HDL and a reduction in LDL and 
VLDL, thereby improving the endothelial func-
tion and plaque stability. Niacin also upregulates 
the brain-derived neurotrophic factor and tropo-
myosin receptor kinase B. The effect of niacin is 
mediated through G-protein-coupled receptor, 
including niacin receptors R1 and R2. These recep-
tors are expressed in the adipose tissue, spleen and 

Figure 4.5  Pigmented scaly skin lesion in a male 
with pellagra from Malawi. (With permission 
Matapandeu, G., Dunn, S.H., Pagels, P. 2017. 
An outbreak of pellagra in the Kasese catch-
ment area, Dowa, Malawi. American Journal of 
Tropical Medicine and Hygiene 96(5):1244–1247. 
DOI:10.4269/ajtmh.16-0423.)

Table 4.4  Differential diagnosis of pellagra dermatitis

Subacute dermatitis Dry hyperkeratotic, fissured, hyperpigmented skin affecting dorsum 
of hand, feet, leg and forearm especially during winter. Absence of 
demarcated line separating normal to abnormal and rim scales, and 
response to moisturizing agent differentiated from pellagra 

Dermatitis of 
kwashiorkor

Extensive pigmented skin desquamation bilaterally in infant especially 
localized to buttocks and thigh

Xeroderma Generalized dryness with thin atrophic, bran-like desquamation in leg 

https://doi.org/10.4269/ajtmh.16-0423
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immune cells of adipocytes but not in the heart, 
intestine and kidneys.

Niacin is excreted in urine as N1-methylnic
otinamide and 1-methyl 6-pyridone 3-carbox-
amide. Daily excretion of niacin by-product is 
30 mg. In case of high niacin intake, it may be 
excreted as such. Interconvertibility of NADH 
and NADPH has been demonstrated. NADPH 
has a synergistic effect on the oxidation of NADH 
through NADH dehydrogenase cytochrome sys-
tem. NADPH is also directly oxidized by cyto-
chrome P450. Cerebral tissues are rich in NADH 
glutathione reductase, which catalyzes the reduc-
tion of oxidized glutathione at the rate of 250 
µmol/h/g of brain tissue. NADH-related enzyme 
reactivity is mainly present in blood vessels, glia, 
white matter and other brain tissues, except cat-
echolaminergic neurons and cerebellar molecular 
layer. This helps in maintaining the myelin integ-
rity (by NADPH-mediated reductase biosynthe-
sis of lipids), phagocytosis (by pentose phosphate 
pathway for the utilization of oxidative burst activ-
ity), and detoxification of drugs and chemicals (by 
NADPH cytochrome P450 reductase system).

PATHOLOGY

The pathological changes in pellagra have been 
observed in almost all the structures of the body. 
Brain is diffusely atrophied in chronic niacin defi-
ciency and moderately edematous in acute stage. 
Dura matter is opaque, thickened and adher-
ent to the cranium. There are punctate cerebral 
hemorrhages, sclerosis and softening of the cer-
ebellum and spinal cord. In the gastrointestinal 
system, there are ulcers in mouth, stomach and 
intestine. There is a cystic dilatation of the crypts 
of Lieberkuhn. Ulcers are also seen in the colon, 
which are covered by fibrinous material. There may 
be atrophic gastritis and achlorhydria.

Skin ulcers are characterized by the rarefaction 
of superficial corium, endothelial proliferation 
and dilatation of blood vessels giving rise to ery-
thematous spongy appearance in the initial stage. 
Hyperkeratotic epithelium is separated from the 
corium due to the formation of intraepidermal and 
subepidermal vesicles containing fluid, RBC, fibrin 
and melanin. Rupture of vesicles and bullae and 
proliferating capillaries result in desquamation 

beginning at the center of the lesion. Tongue may 
be inflamed and atrophic with fungiform papillae.

TREATMENT

Pellagra is treated with nicotinamide 300 mg in 
divided doses for 3–4 weeks. Appetite and general 
health improve rapidly. Stomatitis, glossitis and 
gastrointestinal symptoms improve within a few 
days. Dermatitis and dementia improve by weeks. 
A longer treatment is required for the chronic 
patients. It is also recommended to administer 
other B vitamins as there may be multiple defi-
ciencies of thiamine, riboflavin and pyridoxine. In 
severely affected patients with encephalopathy and 
vomiting, parenteral administration is needed in 
the patients with gastrointestinal upset and coma.

HARTNUP DISEASE

In 1956, Hartnup disease was first described in 
two siblings of Hartnup family. Hartnup disease is 
an autosomal recessive disorder due to the trans-
porter gene SLC6A19, located on the short arm of 
chromosome 5 (5p15.33) (Seow et al., 2004). This 
transporter is found in the kidney and intestine, 
which helps in the absorption of neutral amino 
acids, including tryptophan. In Hartnup disease, 
this defect results in hypoaminoacidemia. Reduced 
level of tryptophan results in deficiency of niacin, 
melatonin and serotonin, and these patients clini-
cally manifest with pellagra-like symptoms.

The clinical manifestations of Hartnup disorder 
vary widely ranging from infancy to adulthood or 
may remain asymptomatic. Infants may manifest 
with failure to thrive, delayed development, photo-
sensitivity, dermatitis, episodic ataxia, tremor and 
nystagmus (Figure 4.6). The underlying defect in 
Hartnup disorder is in kidney and intestine but its 
manifestations are in the skin and brain. In chil-
dren and adults, Hartnup disorder is character-
ized by short stature, mental retardation, unsteady 
gait, fainting attacks, headache and psychiatric 
symptoms, including anxiety, mood changes, hal-
lucination and delusions (Seow et al., 2004). The 
illness may be triggered by infection, fever, drugs, 
sunlight, physical and mental stress or underlying 
gastrointestinal diseases such as coeliac or Crohn’s 
disease (Ciecierega et al., 2014).
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The diagnosis of Hartnup disorder is sup-
ported by urinary chromatography, which reveals 
increased levels of neutral amino acids (glutamine, 
valine, leucine, isoleucine, phenylalanine, serine, 
histidine, tyrosine and tryptophan) (Milovanović 
et al., 2003). The diagnosis is confirmed by SLC6A19 
gene defect. The treatment of Hartnup disease 
includes high-protein diet, which overcomes neu-
tral amino acid deficiency. The patient should be 
advised to have good nutrition and protect from 
sunlight using sun screen. Symptomatic patients 
should be treated with niacin as in pellagra.

PREVENTION

An average intake of 15–20 mg niacin daily pre-
vents pellagra in all age groups. In a stressful con-
dition such as coinfection, a higher daily dose may 
be needed because of higher metabolic need. Mass 
administration of niacin as a preventive measure 
is not recommended, because it is not stored in the 
body (Table 4.5).

Preventing pellagra in the community: Pellagra 
can be prevented by health education, changing the 
cooking process and food fortification. Niacin is 
widely available in both animal and plant foods. 
In the plants, niacin is present in the form of nia-
cytin or niacinogen. In maize, niacin is bound 

to small peptide and carbohydrate; therefore, a 
substantial amount may not be bioavailable. The 
method of food processing or cooking may render 
niacin bioavailable. Though maize is a staple diet 
in South and Central America, pellagra is rare in 
these regions because maize is soaked in lime water 
or consumed after boiling. The water in which 
maize is boiled contains niacin, hence, it should 
not be discarded. Similarly, roasting coffee beans  
increases the bioavailability of niacin from 20 to 
500 mg/kg. Niacin is lost during milling of grains. 
Whole wheat bread contains five times more niacin 
compared to white bread (WHO, 2000). A num-
ber of ethnic cooking methods preserve niacin. In 
Indonesia, “Tempeh”, which is a fermented dehould 
with partially cooked soybean with molds of genus 
Rhizopus, results in 7-fold increase in niacin (van 
Veen, 1970). In Nigeria, “Logi” is prepared by fer-
menting maize with lactobacilli, and yeast also 
improves the bioavailability of niacin and other 
vitamins (Uzogara et al., 1990). Germination of 
cereals and legumes also increases the bioavailabil-
ity of niacin, riboflavin and other vitamins (Chen 
et al., 1975; Lay and Fields, 1981).

In a study from Malawi, the risk factors of pel-
lagra in a community were female gender, unem-
ployed head of the family, residence in a close 
camp rather than living in a village, absence of 

Figure 4.6  A girl with Hartnup disease. (a) Scaly desquamating skin rash with pigmentation involving 
the whole body. She was irritable. (b) The same girl one month after niacin of 50 mg thrice daily. There 
was a complete resolution of skin lesion and diarrhea. (With permission from Ciecierega, T., Dweikat, 
I., Awar, M. et al. 2014. Severe persistent unremitting dermatitis, chronic diarrhea and hypoalbu-
minemia in a child: Hartnup disease in setting of celiac disease. BMC Pediatrics 14:311. DOI:10.1186/
s12887-014-0311-6.)

https://doi.org/10.1186/s12887-014-0311-6
https://doi.org/10.1186/s12887-014-0311-6
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groundnut and fish in the diet, lack of kitchen gar-
den and domestic poultry, and absence of home-
based milling (Toole, 1992). These results throw a 
light on the preventing strategies of pellagra in the 
community. Groundnut and beans are rich in nia-
cin but have relatively low levels of riboflavin and 
pyridoxine, which are needed for the conversion of 
tryptophan to niacin.

The other strategies to prevent pellagra are 
shifting of staple diet from maize to other cere-
als such as rice, millet or sorghum. Consumption 
of other cereals, pulses and nuts may be advised 
to get the desired amount of niacin. Fortification 
of maize flour with niacin and multivitamin may 
also be tried.

Preventing pellagra in special groups: In the 
last decade, there are only a few outbreaks of pel-
lagra in the community, which are mainly in refu-
gee camps or following food sanctions. Food ration 
containing adequate bioavailable niacin or niacin 
equivalent may be followed as mentioned below:

	1.	 Maize-based ration should be supplemented 
with legumes, pulse, meat, nuts and fish.

	2.	 Use staple general rations such as maize and 
fortified breakfast with cereals or maize with 
other cereals like rice, millet and sorghum. If 
the ration is only maize, it should be fortified 
with niacin.

	3.	 Provide supplementation with vitamin B 
complex.

TOXICITY OF NIACIN

Niacin in a dose of 50–500 mg may be associated 
with flushing, abdominal pain, nausea, vomiting, 
diarrhea, headache, rash, pruritus or rhinitis. 
These adverse effects may be reduced by start-
ing at low dose and increasing slowly. Very high 
dose of 1–3 g/day of niacin may result in fatigue, 
hypotension, insulin resistance, impaired glu-
cose tolerance, hepatic dysfunction, visual blur-
ring and maculopathy. At 2 g/day of niacin, there 
are reports of ischemic and hemorrhagic stroke, 
gastric ulcer and hematemesis. Flushing in nia-
cin toxicity is mediated by prostaglandin, and 
serotonin plays a secondary role (Makri et al., 
2013; Alsheikh-Ali and Karas, 2008; Papaliodis 
et al., 2008).

CONCLUSIONS

Niacin is a water-soluble vitamin, which is widely 
available in diet, and its deficiency is rarely 
encountered in contemporary medical practice. 
In recent years, pellagra is rare except in refugee 
camps and in alcoholics. The complete triad of 
pellagra – diarrhea, dermatitis and dementia – 
may not occur but may have partial manifesta-
tions. Pellagra recovers completely following the 
niacin treatment. Pellagra can be prevented by 
ensuring high-protein diet containing 15–20 mg 
of niacin daily.

Table 4.5  Daily requirement of niacin in healthy subjects 

Age 
Energy requirement 

kcal/day Niacin (mg)

0–6 months 117/kg, breastfed 5
7–12 months 1000 6.6
1–2 years 1300 8.6
3 years 1450 9.6
4–6 years 1700 11.2
7–9 years 2100 13.9
10–12 years 2500 16.5
13–15 years (males/females) 3100/2600 20.4/17.2
16–19 years (males/females) 3600/2400 23.8/15.8
>19 years (males/females) 3200/2300 21.1/15.2
Pregnancy +300 +2
Lactation +500 +4

1 mg niacin = 60 mg tryptophan.
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5
Neurological manifestations of 
pyridoxine deficiency

INTRODUCTION

Vitamin B6 is a family of compounds, including 
pyridoxine, pyridoxamine, pyridoxal and their 5′ 
phosphate derivatives. Chemically, vitamin B6 is a 
derivative of 2-methyl-3-hydroxy 5-hydroxymethyl 
pyridine. Substitution at C4 position determines 
the three components: these are hydroxymethyl 
(–CH2OH) in pyridoxine, aminomethyl (–CH2NH2) 
in pyridoxamine and aldehyde (–CHO) in pyri-
doxal. The 5′ alcohol group can be esterified to 
phosphate, producing pyridoxine-5′-phosphate 

(PNP), pyridoxamine-5′-phosphate (PMP) and 
pyridoxal-5′-phosphate (PLP). When pyridoxine is 
linked to glucose, it forms pyridoxine-β-glucoside 
(PNG) (Figure 5.1).

HISTORY

Rudolf Peters in 1932 noted acrodynia in rats 
exposed to a semisynthetic diet in addition to thia-
mine and riboflavin. Paul Gyorgy in 1934 treated 
acrodynia in rats by pyridoxine. Deficiency of pyr-
idoxine has resulted in convulsions and microcytic 

Pyridoxine Pyridoxine 5’-phosphate

Pyridoxal Pyridoxal 5’-phosphate

Pyridoxamine Pyridoxamine 5’-phosphate

Figure 5.1  Management protocol of pyridoxine-responsive neonatal seizure.
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anemia in experimental animals. Vitamin B6 was 
purified and crystallized by Samuel Lepkovsky 
in 1938. The chemical structure of vitamin B6 is 
similar to the pyrimidine derivative, and Gyorgy 
named it as pyridoxine. In 1942, the derivatives 
of pyridoxine, pyridoxamine and pyridoxal were 
described (Rosenberg, 2012).

MECHANISM OF ACTION

Pyridoxal-5′-phosphate acts as a cofactor in more 
than 140 enzymatic reactions; 70% of these reac-
tions occur in humans. Because of its active alde-
hyde group, PLP acts in the metabolism of protein, 
amino acids, carbohydrate, lipid and folate as well as 
polyamine synthesis. Vitamin B6 also participates 
in protein and polyamine synthesis, mitochon-
drial functioning and erythropoiesis. Impairment 
in PLP functioning in these reactions is evident 
in its deficiency states, and can be associated with 
biomarker abnormalities such as elevated plasma 
threonine and glycine, and reduced cerebrospinal 
fluid GABA (gamma amino butyric acid).

Vitamin B6 acts in the cell as an antioxidant 
similar to vitamin C and vitamin E. Pyridoxal-
5′-phosphate can also modify the expression and 
action of steroid hormone receptors, can also 
modulate the immune functions and has an anti-
epileptic activity. PLP blocks P2X7 (P2 purinocep-
tor 7). During neuroinflammation, intracellular 
ATP release is increased leading to the activation 
of P2X7, which can produce epilepsy.

UNWANTED EFFECTS OF PLP

Aldehyde component renders PLP highly reac-
tive. With intracellular macromolecules, PLP par
ticipates in the production of reactive oxygen 
species (ROS) and can alter amino acid structure. 
Intracellular concentration of PLP above 10–100 µM 
can inhibit the enzyme activity, thereby leading to 
DNA damage and mutagenesis (Garaycoechea et al., 
2018). Reactivity of PLP with small molecules leads 
to the production of thiazolidines. Aldehyde group 
of PLP also reacts with Knoevenagel condensation 
with Δ1 pyrroline 5-carboxylate and Δ1 piperideine 
6-carboxylate. In ALDH7A1 deficiency and hyper-
prolinemia type II, PLP deficiency occurs due to 
above-mentioned mechanisms (Mills et al., 2006). 
Aldehyde group of PLP also reacts with hydralazine, 
isoniazid, penicillamine and cycloserine. The cell 

maintains a PLP level around 1 µM concentration to 
avoid unwanted reactions (di Salvo et al., 2011).

SOURCES OF PYRIDOXINE

Pyridoxine is available in all the vegetarian and 
nonvegetarian diets. The rich sources of pyridoxine 
are legumes, nuts, wheat bran, fruits, vegetables, 
meat, eggs and fish. The plant source of vitamin B6 
is pyridoxine, and its animal source is 5′-pyridoxal 
phosphate. Gut microbiota can also synthesize vita-
min B6. The rich sources of vitamin B6 are sum-
marized in Table 5.1.

ABSORPTION AND DISTRIBUTION

For entering in any compartment, the phos-
phorylated form of vitamin B6 needs to be de-
phosphorylated, which is again phosphorylated 
to be biologically active once it enters the com-
partment. Vitamin B6 is absorbed from the small 
intestine in nonphosphorylated form. The phos-
phorylated and glucoside forms of pyridoxine are 
first hydrolyzed by the intestinal phosphatases and 
glucosidases, respectively. Once within the entero-
cytes of the small intestine, pyridoxine or pyridox-
amine can be converted prior to transportation 
to liver. In the liver, pyridoxine, pyridoxal and 
pyridoxamine are re-phosphorylated by pyridoxal 
kinase. Pyridoxal-5′-phosphate is exported from 
the liver and bound to the lysine residue of albu-
min in the circulation. Excessive amount of PLP 
is de-phosphorylated to pyridoxal, which is again 
oxidized to pyridoxic acid before it is excreted in 
urine. Aldehyde dehydrogenase or aldehyde oxy-
genase helps in the conversion of pyridoxine to 
pyridoxic acid. Pyridoxal-5′-phosphate is bound to 
albumin present in the blood; hence, it cannot cross 
the blood–brain barrier; therefore, it has to be de-
phosphorylated to pyridoxal. De-phosphorylation 
of PLP to pyridoxal is done by the enzyme alkaline 
phosphatase. Pyridoxal crosses the blood–brain 
barrier by diffusion, and in the brain cell or in the 
choroid plexus, it is converted again to PLP. Next 
to the liver, the choroid plexus can rapidly release 
PLP. This explains the high level of pyridoxal in the 
CSF. In the CSF and extracellular space, PLP has to 
be de-phosphorylated for entry into the brain cells.

The uptake of vitamin B6 by the cells is regulated 
by genes or proteins, which are yet to be character-
ized in humans. Intracellular PLP is maintained at 
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1 µM to prevent inappropriate reaction (aldehyde 
and carbonyl stress). In the muscle, low PLP level is 
maintained by glycogen phosphorylase, in RBC by 
hemoglobin and in plasma by albumin. Free PLP is 
degraded by phosphatases.

CAUSES OF PYRIDOXINE 
DEFICIENCY

The daily requirement of vitamin B6 varies from 
0.1 to 1.7 mg depending upon the age and physi-
ological conditions (Table 5.2). In healthy indi-
viduals, pyridoxine deficiency is rare because of 
its wide availability in food. The risk of pyridox-
ine deficiency is increased in pregnant and lac-
tating women, and in exogenous estrogen use. 
Pyridoxine deficiency has been reported in 12.4% 
of females of child-bearing age in Canada, and 
49% of Norwegian nursing home residents (Ho 
et al., 2016; Kjeldby et al., 2013). Patients with mal-
absorption and those undergoing bariatric surgery 

may develop pyridoxine deficiency due to an 
impaired absorption. Following bariatric surgery, 
up to 17.6% of patients may develop pyridoxine defi-
ciency (Clements et al., 2006). In neonates, vitamin 
B6 deficiency can occur because the gut micro-
biota in neonates is not well established. Neonate 
may also suffer from vitamin B6 deficiency if the 
mother is pyridoxine-deficient. About 24%–56% of 
patients on hemodialysis may develop vitamin B6 
deficiency due to the loss and impaired conversion 
of PLP in uremic state (Kosmadakis et al., 2014). 
Drugs like hydralazine, isoniazid, phenelzine, cyclo-
serine and penicillamine may also be responsible 
for pyridoxine deficiency due to the activation of 
phosphokinase, leading to an increased metabo-
lism of pyridoxine. Levodopa utilizes pyridoxine, 
folate and vitamin B12 in its metabolism; there-
fore, patients treated with levodopa for a long time 
are prone to develop pyridoxine deficiency. Nearly 
all the patients treated with levodopa at a dose of 
2000 mg/day develop neuropathy (Table 5.3).

CLINICAL SYNDROMES OF 
PYRIDOXINE DEFICIENCY

Pyridoxine deficiency results in three major clini-
cal manifestations:

	1.	 Seizures and encephalopathy
	2.	 Peripheral neuropathy
	3.	 Systemic manifestations such as seborrheic 

dermatitis, angular stomatitis, glossitis,  
microcytic anemia, lactic acidosis and 
hypoglycemia.

Table 5.1  Rich sources of vitamin B6 

Nuts and seeds mg/100 g Fruits mg/100 g

Pistachio 1.7 Mamey sapote 0.7
Sunflower seed 1.3 Apricot 0.5
Sesame seed 0.8 Banana 0.4
Butter nut, hazelnut, lotus 0.6 Jackfruit, mango, raisins, avocado 0.3
Peanut, walnut 0.5 Dairy and poultry
Cashew nuts 0.4 Cheese 0.6
Vegetables Milk/yogurt 0.1
Peppers 3.5-4.2 Egg 0.2
Garlic 1.2 Chicken 0.9
Mushroom 1 Meat and fish
Mustard green 0,2 Beef 0.5
Potato 0.3 Salmon 0.9

Table 5.2  Daily requirement of pyridoxine

Age Daily dose (mg/day)

0–6 months 0.1
7–12 months 0.3
1–3 years 0.5
4–8 years 0.6
9–13 years 1.0.
14–50 years 1.3
> 50 years 1.7 male, 1.5 female
Pregnancy 1.9
Lactation 2.0
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Pyridoxine-responsive epilepsy (PRE): The basis of 
pyridoxine-responsive seizures has been attributed 
to the role of pyridoxine in the formation and degra-
dation of GABA. Pyridoxal 5′-phosphate has lower 
susceptibility to the decarboxylase system com-
pared to the transaminase system (Frimpter et al., 
1969). The differential enzymatic susceptibility of 
PLP leads to lower GABA concentration in pyridox-
ine deficiency leading to seizure (Figure 5.2). There 
are seven well-characterized autosomal recessive 
diseases associated with PRE, which are as follows:

	1.	 ALDH7A1 deficiency
	2.	 PNPO deficiency
	3.	 PLPBP deficiency
	4.	 Hyperprolinemia type II (ALDH4A1)
	5.	 Hypophosphatasia (ALPL)
	6.	 GP1-anchor defect (PIGO, PIGV/+others)
	7.	 Molybdenum cofactor deficiency (MOCS1, 

GPHN).

Out of these PRE, ALDH7A1 deficiency is the com-
monest. PRE is a rare genetic disease, and its prev-
alence in the UK is 1/100,000 (Baxter et al., 1996), 
in Ireland 1/700,000 (Baxter, 1999) and in the 
Netherlands 1/396,000 (Been et al., 2005). A sum-
mary of PRE is presented in Table 5.4.

ALDH7A1 deficiency: ALDH7A1 deficiency is 
an autosomal recessive disorder due to mutations in 
ALDH7A1 gene. More than 165 pathogenic muta-
tions have been reported. The frequency of carrier 
is 1:127, and that of ALDH7A1 deficiency is 1:64352 
(Coughlin et al., 2019). It is characterized by seizures 
that are resistant to antiepileptic drugs (AEDs). 
Seizures occur on the first day of life or may occur in 
the neonatal period. This disease may manifest dur-
ing childhood with developmental delay, learning 
disability and attention deficit hyperkinetic disorder. 
Seizures are resistant to AEDs, but respond to a high 
dose of pyridoxine. In the third trimester, mother 
may feel increased fetal movements due to seizures. 
Pyridoxine-dependent epilepsy should be consid-
ered in the following clinical settings:

	1.	 Neonatal or infantile seizures without apparent 
brain malformation, perinatal or gestational 
injury or in the absence of hypoxic–ischemic 
encephalopathy.

	2.	 Seizure may be prolonged focal, myoclonic, 
tonic–clonic, atonic, infantile spasm or status 
epilepticus. The neonate may manifest with 
facial grimacing and abnormal eye movements.

	3.	 Inadequate response to AEDs.
	4.	 In children with epilepsy having mental retar-

dation and developmental delay, and epilepsy is 
not responding to AEDs.

	5.	 Seizures respond to pyridoxine or folinic acid.
	6.	 Seizures are preceded by vomiting, irritability 

and crying.
	7.	 Consanguinity, family history of seizures or 

status epilepticus in the first week of life lead-
ing to death of sibling.

Besides seizure, the patient may have encephalopa-
thy, low Apgar score and hypoxia in the cord blood 
mimicking hypoxic–ischemic encephalopathy. 

Table 5.3  Causes of pyridoxine deficiency

A. Population at risk:
Pregnancy, lactation, nursing home residents, neonate of vitamin B6-deficient mother
B. Malabsorption:
Inflammatory bowel disease, intestinal resection, surgery or bariatric surgery 
C. Increased loss:
Hemodialysis
D. Drugs:
Hydralazine, isoniazid, penicillamine, cycloserine, phenelzine, levodopa
E. Genetic causes

Glutamic acid
decarboxylase

Vitamin B6
L-Glutamic acid GABA

Succinyl semialdehyde

GABA 
transaminase
Vitamin B6

Figure 5.2  Role of pyridoxine in gamma amino 
butyric acid (GABA). 
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There may be atypical manifestations of ALDH7A1, 
such as expressive language defect in the later 
stage or rarely normal intellect with seizures up to 
3 years of life. Mental retardation may also occur 
along with macrocephaly. Electroencephalogram 
may reveal multifocal seizure discharges, burst 
suppression, hypsarrhythmia or may be normal 
(Bok et al., 2010). Magnetic resonance imaging may 
show callosal hypoplasia, large cisterna magna, ven-
triculomegaly, cortical atrophy, and rarely white 
matter abnormality or focal cortical dysplasia 
(Bennett et al., 2009).

Laboratory diagnosis: Pyridoxine deficiency 
may be associated with (a) elevated plasma and 
urinary α-aminoadipic semialdehyde (α-AASA), 
(b) elevated CSF and plasma pipecolic acid, and 
(c) monoamine metabolite abnormality in plasma 
and urine measured by HPLC. Neonatal screen-
ing can be done by demonstrating α-AASA level 
in the dried blood spot test (Wempe et al., 2019; 
Coughlin et al., 2019). The diagnosis is confirmed 
by genetic studies by demonstrating allelic patho-
genic variants of ALDH7A1. The commonest muta-
tion (> 30%) is P. glu 399Gln (Bennett et al., 2005). 
There is no genotype and phenotype correlation.

Treatment: Seizure responds to pyridoxine 
treatment in 90% of children, and 75% of them 
have intellectual and developmental delay irrespec-
tive of treatment (Coughlin et al., 2019). Additional 
treatment such as low lysine and high arginine has 
been evaluated. Lysine-restricted diet reduces the 
toxic α-AASA, and arginine competes with lysine 
at the intestinal absorption site. The beneficial 
effect of triple therapy (pyridoxine, arginine and 
restricted lysine) in ALDH7A1 deficiency has been 
reported (Coughlin et al., 2015).

Pyridoxine phosphate oxidase (PNPO) defi-
ciency: PNPO deficiency is an autosomal reces-
sive disease due to mutation in PNPO gene, which 
results in PNPO deficiency. This enzyme is needed 
for the conversion of pyridoxine to PNP. PNPO 
deficiency manifests with seizures similar to 
ALDH7A1, but the onset of seizure may occur after 
1 week (1 day–3 years), typically within 2 weeks 
of life. The seizures are refractory to AED. Three 
groups of patients with PNPO mutations have been 
described in relation to their seizure response:

(a) Those with neonatal-onset seizures respond-
ing to PLP, (b) infantile spasms responding to PLP 
and (c) seizures occurring below 3 months of age 

responding to pyridoxine. Seizures in R225H/C 
and D33V genotypes are responsive to pyridox-
ine (Mills et al., 2014). These neonates may have 
fetal distress, prematurity, developmental delay, 
seizure, and brain damage if treatment is delayed. 
These children may be flaccid or spastic, have oro-
facial dyskinesia, dystonia, irritability, lethargy 
and encephalopathy. The systemic manifestations 
include abdominal distension, anemia, cardiac 
abnormality, renal dysfunction, hepatomegaly and 
microcephaly. The children may also have hypo-
glycemia, metabolic acidosis, elevated lactate and 
coagulopathy. Plasma threonine and glycine and 
urinary vanillactate are elevated. Cerebrospinal 
fluid analysis reveals the reduced levels of HVA 
and HIAA, and elevated 3-methoxytyrosine. 
PNPO is necessary in many enzymatic processes 
of monoamine synthesis (Clayton et al., 2003).

EEG may show epileptiform discharges, burst 
suppression or hypsarrhythmia. MRI reveals white 
matter abnormalities, basal ganglia and hippo-
campal atrophy, hypomyelination, diffuse cortical 
atrophy, encephalomalacia and cortical laminar 
necrosis. Plasma and CSF pyridoxine is elevated 
on the dried blood spot but PNPO enzyme activity 
is reduced. The diagnosis is confirmed by PNPO 
mutation analysis. R116Q genotype has a milder 
phenotype with later clinical manifestation and 
better developmental outcome (Wilson et al., 2019).

Congenital hypophosphatasia (CHP): The 
clinical manifestations of CHP are widely variable. 
Due to low alkaline phosphatase enzyme level, the 
children with CHP manifest with bone and teeth 
abnormality. There are hypomineralization of 
bone, rickets like changes on radiograph, restric-
tive lung disease due to thoracic deformity, and 
premature fall of deciduous teeth and poor denti-
tion. In severely affected patients, there may be neo-
natal seizures before the bone changes. Seizures are 
resistant to AEDs but respond to pyridoxine in 50% 
of patients only. There are isolated reports of sub-
acute brainstem degeneration, which are attributed 
to high level of extracellular PLP-related toxicity  
(de Roo et al., 2014). There are low serum ALP level, 
high urinary phosphoethanolamine, high plasma 
PLP and PLP-to-pyridoxine ratio (Akiyama et al., 
2018). The diagnosis is confirmed by ALPL gene 
mutation. Recently, enzyme replacement therapy 
especially in the early stage has been reported to be 
beneficial (Whyte et al., 2017)
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Hyperprolinemia type II: Hyperprolinemia type 
II (HP II) is due to mutation in the gene ALDH4A1, 
which results in the deficiency of pyrroline-5 car-
boxylate dehydrogenase. This enzyme is necessary 
in the second stage of proline catabolism. Absence 
of this enzyme results in hyperprolinemia as high 
as 1000 µM. Neonatal seizures are rare. About 50% 
of patients develop seizures during infancy and 
childhood, which are usually triggered by fever. 
Unlike other pyridoxine-dependent epilepsy, the 
seizures in HP II respond to AED. During seizures, 
there is elevated urinary xanthurenic acid, suggest-
ing PLP deficiency. In one study, all the patients 
had seizures, behavioral abnormality and halluci-
nations with low plasma PLP level. The diagnosis 
is confirmed by the demonstration of ALDH4A1 
gene mutation. The disease course is nonprogres-
sive and is independent of pyridoxine treatment 
(van de Ven et al., 2014).

Pyridoxal phosphate-binding protein (PLPBP) 
deficiency: PLPBP deficiency is a rare disease and is 
due to mutation of PLPBP gene. PLPBP deficiency 
results in seizures either in intrauterine or in neo-
natal period (1–30 days). The neonate may have  
pneumonia, enterocolitis, electrolyte imbalance 
and microcephaly. Electroencephalography may 
be normal or may show a burst suppression. MRI 

shows broad gyri, shallow sulci and white matter 
abnormalities (Wilson et al., 2019).

Treatment: New enzymopathies related to 
pyridoxine are being reported. The common 
pyridoxine-responsive epileptic encephalopathies 
are ALDH7A1, PNPO or PLPBP deficiency. The 
neonatal/infantile seizures or status epilepticus 
not responding to AED should be treated with 
iv pyridoxine. If pyridoxine fails to respond, iv 
folinic acid followed by PLP should be tried. The 
recommended treatment protocol is shown in 
Figure 5.3.

PERIPHERAL NEUROPATHY

After infancy, the brain is protected from PLP 
deficiency due to the maturation of protective 
mechanism. The major neurological deficit of PLP 
deficiency after infancy therefore manifests with 
peripheral neuropathy. Peripheral neuropathy in 
acquired vitamin B6 deficiency is not well charac-
terized, except in relation to isoniazid treatment. 
Pyridoxine neuropathy is a length-dependent distal 
symmetrical predominantly sensory neuropathy 
manifesting with painful paresthesia. Neuropathy 
also occurs in penicillamine, hydralazine, isonia-
zid and cycloserine therapy, if these drugs are not 

Neonatal seizure of unknown etiology non-responsive to BDZ and or 
Phenobarbitone 

Collect biological fluid (Plasma, Urine, CSF) & store in -80ºC

Pyridoxine 100mg IV

Clinical and or ECG response + ve

Continue Pyridoxine till genetic confirmation

Not responded

IV Folinic acid 3-5 mg/Kg in 1-2 doses

Responded

Responded- PLP Deficiency.
Continue till  genetic confirmation                                                 

Continue till genetic confirmation

30mg/Kg/day in 2-3 doses

Not responded

PLP 30-60mg/Kg IV in 4-6 doses

Consider other 
possibilities 

Figure 5.3  Schematic diagram shows the structures of pyridoxine, pyridoxal, pyridoxamine and its 
phosphorylated forms.
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supplemented with pyridoxine. Isoniazid-induced 
neuropathy may be prevented with as low as 6 mg/
day pyridoxine supplementation.

SYSTEMIC MANIFESTATIONS OF 
PYRIDOXINE DEFICIENCY

Angular stomatitis, glossitis, stomatitis and seb-
orrheic dermatitis may occur. Pyridoxine is also 
required in heme synthesis, and its deficiency results 
in microcytic anemia. Pyridoxine also acts as a 
cofactor in various enzymatic reactions in carbohy-
drate metabolism; therefore, congenital deficiency 
of pyridoxine is associated with hypoglycemia.

PYRIDOXINE HYPERVITAMINOSIS

Pyridoxine toxicity is rare and occurs following 
supratherapeutic dosage or as an iatrogenic com-
plication. Pyridoxine has been used in high dose 
by food faddists, alcoholics and patients on treat-
ment with isoniazid, cycloserine or penicillamine. 
Some health food and drinks also contain a high 
amount of pyridoxine.

The clinical picture of pyridoxine toxicity is sim-
ilar to that of pyridoxine deficiency. High-dose pyr-
idoxine inhibits PLP formation, which is the active 
form of vitamin B6. Neuropathy, encephalopathy 
and fetal malformation have been reported follow-
ing pyridoxine toxicity. Maternal abuse of pyridox-
ine may result in fetal phocomelia. High dose of 
pyridoxine may also result in encephalopathy.

Peripheral neuropathy: Pyridoxine toxicity is 
a rare cause of peripheral neuropathy. In a study 
on 284 patients with peripheral neuropathy, only 7 
(2.5%) were attributed to pyridoxine toxicity (Farhad 
et al., 2016). In an experimental study, neuropathic 
and neurotoxic effects have been demonstrated. 
Pyridoxine toxicity is dependent on dose and dura-
tion of exposure; neuropathy develops at a dose of 
5 g/day in 3 months, and below 500 mg/day by 
2 years. Pyridoxine intake below 50 mg is safe. The 
clinical features depend on the pattern of neu-
ropathy. Four patterns of neuropathy have been 
described in pyridoxine toxicity:

	1.	 Sensory neuronopathy due to dorsal root gan-
glia involvement

	2.	 Sensory and autonomic neuropathy
	3.	 Painful axonal sensory motor neuropathy
	4.	 Demyelinating sensory motor neuropathy.

The patients manifest with the features of large fiber 
involvement predominantly sensory neuropathy. 
These patients manifest with tingling paresthesia 
in glove and stocking distribution. There may be 
sensory ataxia, numbness in hand and feet, and 
rarely Lhermitte’s sign and autonomic dysfunction. 
In normal volunteers, increased vibration thresh-
old precedes the onset of symptoms. There are two 
reports of acute sensory neuronopathy following 
intravenous doses of 132 and 189 mg of pyridoxine 
for 3 days for the treatment of mushroom poisoning 
(Albin et al., 1987).

Nerve conduction studies in pyridoxine toxicity 
neuropathy are consistent with sensory axonopa-
thy with absent or reduced sensory nerve action 
potentials, and relatively normal motor conduc-
tions. Biopsy of sural nerve reveals the nonspecific 
axonal degeneration.

DIAGNOSIS AND TREATMENT

Serum PLP assay may help in the diagnosis of 
pyridoxine toxicity. Treatment is withdrawal 
of pyridoxine source or to reduce it to a safe dose 
if pyridoxine supplementation is essential. There 
may be deterioration initially after withdrawal due 
to the coasting effect, but eventually most of the 
patients improve.

CONCLUSION

Pyridoxine is widely available in vegetarian and 
nonvegetarian foods; hence, pyridoxine deficiency 
is rare. Pyridoxine deficiency manifests with 
encephalopathy and seizure during neonatal period 
and neuropathy in adults. Pyridoxine-responsive 
seizures due to the genetic defect are important to 
recognize because these patients respond to a high-
dose pyridoxine and not to antiepileptic drugs.
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6
Neurological effects of Vitamin B12 
deficiency

INTRODUCTION

Vitamin B12 is also known as cobalamin, a water-
soluble vitamin, and is essential for cell metabo-
lism and cell functioning. Vitamin B12 is a group 
of compounds formed by a porphyrin-like corrin 
nucleus that contains a cobalt atom, which is bound 
to benzimidazolyl nucleotide. Vitamin B12 acts as 
a cofactor in DNA synthesis and helps in metabo-
lism of fatty acids and amino acids. Vitamin B12 
deficiency though can occur because of vegetari-
anism and dietary deficiency, it can occur as well 
due to autoimmune, genetic and a variety of other 
causes. Since vitamin B12 deficiency has diverse 
clinical manifestations including hematological, 
psychiatric and neurological, it may be clinically 
overlooked. A high index of suspicion therefore is 
required to diagnose it especially at an early stage. 
Vitamin B12 deficiency is the most misdiagnosed 
and most cost-effective treatable condition.

HISTORICAL BACKGROUND

Pernicious anemia (PA) was first reported by 
Thomas Addison and associated neuropathy by 
William Gardner and William Osler. Hayem 
reported “giant blood corpuscle”, and Paul Ehrlich 
reported megaloblast in the bone marrow. Ludwig 
Lichthein reported myelopathy, which was named 
as subacute combined degeneration in 1900. In 
1920, George Whipple reported liver as antiane-
mia therapy in dogs that were anemic because 
of blood loss. Taking this analogy to PA, Edwin 
Cohn prepared liver extract which was 50–100 
times more potent than liver. William Castle noted 

an intrinsic factor in gastric juice; when this was 
mixed with liver extract, it helped in treating PA. 
In 1934, George Whipple, William P Murphy and 
George Minot were awarded Nobel Prize for treat-
ment of PA. Marry Shaw Shorb, who was working 
on Lactobacillus lactis Dorner culture, used liver 
extract in this process. Incidentally, her father-
in-law had PA and was being treated with liver 
extract. This observation paved the way for discov-
ery of vitamin B12. In Cambridge, Shorb, Folker 
and Todd extracted a PA factor from the extract of 
Lactobacillus lactis Dorner, and they named it vita-
min B12. Todd in 1957 was awarded Nobel Prize in 
chemistry. In 1964, Dorothy Hodgkin reported the 
structure of vitamin B12 using crystallography for 
which she was awarded the Nobel Prize (Scott and 
Molloy, 2012) (Figure 6.1).

STRUCTURE AND FUNCTION 
OF VITAMIN B12

Vitamin B12 is chemically the most complex of all 
the vitamins. It is based on a corrin ring similar to 
porphyrin ring in the heme. It has central metal 
ion cobalt, and four out of six coordination sites are 
occupied by nitrogen atom and fifth by dimethyl-
benzimidazolyl group, which is linked to a ribose-
3-phosphate. The ribose-3-phosphate binds to 
aminoisopropanolyl group. Cobalt atom may be 
in 1+, 2+ or 3+ oxidation state (Figure 6.2). In the 
β position, different ligands such as methyl, cya-
nide, adenosyl and hydroxyl groups are attached, 
and depending on their attachment, the vitamers 
are named methylcobalamin, adenosylcobalamin, 
cyanocobalamin and hydroxycobalamin. Cobalt is 
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naturally in trivalent state and is known as cob(III)
alamin, and when cobalt is in monovalent state, it 
is known as Cob(1)alamin. This monovalent state 
can be attached either to methyl group producing 
methylcobalamin or to a 5′-adenosyl group giving 

rise to adenosylcobalamin. Methyl and adeno-
sylcobalamin are found in mammalian cells. The 
industrial forms of hydroxycobalamin and cyano-
cobalamin have to be converted to methyl or ade-
nosylcobalamin for its cellular functions.

Figure 6.1  Six Nobel Prizes have been awarded to the scientists who worked on vitamin B-12: 
(a) William Parry Murphy, (b) George Hoyt Whipple and (c) George Richards Minot in 1934 for the 
discovery of vitamin B-12; (d) Robert B Woodward received it in 1965 for synthesis of vitamin B-12 and 
(e) Lord Todd and (f) Dorothy Crowfoot Hodgkin were awarded in 1957 and 1964, respectively, for 
discovering the structure of vitamin B-12.

Figure 6.2  Structure of vitamin B12 and its related compounds.
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DIETARY SOURCES OF VITAMIN B12

Vitamin B12 is synthesized by certain anaerobic 
bacteria and by archaeon and not by animals or 
plants. Vitamin B12 synthesized by bacteria and 
archaea is accumulated in animal tissues especially 
in organs and muscles. Meat and milk of ruminant 
herbivorous animals are good sources of vitamin 
B12. Bovine milk mainly binds to transcobalamin 
(TC); therefore vitamin B12 is more bioavailable. 
In human milk, vitamin B12 is bound to haptoco-
rin (HC), which needs processing for its absorp-
tion. The rich dietary sources of vitamin B12 are 
organ meat (mainly liver and kidney). Beef, pork, 
lamb, mutton and chicken are also good sources of 
vitamin B12. Bovine milk is a better source of vita-
min B12 than cow milk. The vitamin B12 content 
of nonruminant animals depends on the livestock. 
Fish, egg and mushroom also contain vitamin B12. 
Sea weeds (red and green algae) are a rich source, 
whereas cereals and fruits are a poor source. The 
details of dietary vitamin B12 content are presented 
in Table 6.1. Cooking though reduces vitamin B12, 
it improves its bioavailability due to loss of mois-
ture and lipids. Fermentation of dairy products by 
bacteria increases vitamin B12 because fermenting 
bacteria not only consumes vitamin B12 but also 
produces B12. In healthy adults, the bioavailability 
of vitamin B12 is about 50%, and remaining unab-
sorbed vitamin B12 maintains the microbial ecol-
ogy in human intestine and may impact human 
health through gut microbiota. The vegetarians 
and vegans should consume fortified food to meet 
their daily requirement.

DAILY REQUIREMENT 
OF VITAMIN B12

The daily requirement of vitamin B12 in adults is 
about 2–3 μ. The dietary intake of vitamin B12 in 
Americans is higher, about 4 μ/day. The requirement 
is higher in pregnancy, lactation and elderly. The rec-
ommended daily dose is mentioned in Table 6.2.

ABSORPTION

Absorption of cobalamin is a well organzied activ-
ity of gastric, duodenum, ilium, liver and pancre-
atic functions. About 50%–60% of ingested vitamin 
B12 is absorbed (Carmel, 2008). In the food, cobal-
amin is bound to R-proteins or R-binders. The 

R-proteins are digested by pepsin in the stomach 
at low pH and the released cobalamin binds to 
haptocorin (HC), a protein ligand secreted in the 
saliva and to transcobalamin (Cob1-TC). In the 
next phase, when cobalamin (Cob1)–HC reaches 
the duodenum, biliary and pancreatic proteases 
digest TC and HC and liberate Cob1 which binds to 
intrinsic factor (Cob1-IF). In distal ilium Cob1-IF 
is attached to cubulin and megalin receptors which 
are present in the brush border of ileal enterocyte. 
Cubulin and megalin receptors both are involved in 
the absorption of Cobl but have some differences. 
Megalin is a single spanning transmembrane glyco-
protein, whereas cubulin is a glycoprotein attached 
to plasma membrane. Megalin is more widely avail-
able and belongs to low density lipoprotein. Megalin 
also mediates endocytosis of cubulin and helps in 
uptake of Cob1-TC complexes from the proximal 

Table 6.1  Vitamin B12 content of different 
food items

Food item Vitamin B12 (µg/100 g)

Liver
Beef 52.8
Pork 25.2
Chicken 24.4

Meat
Beef 0.7–6.2
Lamb, mutton 1.2–2.9
Pork 0.4–2.0
Chicken 0.2–0.6
Kidney beef 27.0–31.0
Fish 2.1–13.3
Snail 20.0
Egg (yolk) 6.9

Dairy milk
Sheep 0.71
Cow 0.35
Goat 0.06
Human 0.04
Cheese 2.8–4.2
Mushroom 0.1–2.65

Algae
Red 2.8–66.8
Green 0.1–415
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renal tubule. Both CobI and cubulin have epider-
mal growth factor type repeats. Human astrocytes 
also secrete TC II. Once inside the enterocyte, the 
intrinsic factor is degraded in the lysosome. The 
released cobalamin binds to TC or HC, and these 
are released in the plasma. About 80% of Cob1 in 
plasma is bound to HC and is not available for cel-
lular functioning. The Cob1-TCII is available for 
cellular functions in different organs (Figure 6.3). 
Unused cobalamin is stored in the liver, kidney 
and muscles. The total body store of cobalamin is 
2–3 mg (Institute of Medicine, 1998). The half-life 
of cobalamin is 1–4 years (Stahl and Heseker, 2007).

CELLULAR FUNCTION OF 
COBALAMIN

Vitamin B12 acts as a cofactor in two most impor-
tant reactions in the mammalian cells. In the 
cytoplasm, conversion of homocysteine (Hcy) to 

methionine (Me) occurs with the help of methio-
nine synthase (MeS) in which methyl cobalamin 
acts as a cofactor. Methionine and its subsequent 
products are involved in the formation of neu-
rotransmitters, phospholipids, DNA and RNA. 
In the mitochondria, methyl-malonyl CoA is con-
verted to succinyl-CoA with the help of l-methyl-
malonyl CoA mutase in which adenosyl Cob1 acts 
as a cofactor. Succinyl CoA is involved in the catab-
olism of cholesterol, fatty acids and amino acids 
(Scalabrino, 2005) (Figure 6.4).

CAUSES OF VITAMIN B12 
DEFICIENCY

Vitamin B12 deficiency is closely linked to perni-
cious anemia and is an autoimmune gastropathy 
targeting the parietal cells that produce gastric 
acid and intrinsic factor. Dietary deficiency of 
cobalamin may occur in vegetarians and vegans. 

Table 6.2  Recommended daily dose of vitamin B12

Age group

Recommended dose µg/day

USA (Institute  
of Medicine, 1998)

Europe (German Society 
Nutrition, 2013)

0– <12 months 0.4–0.5 0.4–0.8
1– <13 years 0.9–1.8 1.0–2.0
>13 years 2.4 3.0
Pregnancy 2.6 3.5
Lactation 2.8 4.0

Cob1, CNCob1, OHcob1, 
AdCob1

Diet
Inactive form

HC from saliva
Cob1-HC

Cob1-HC
IF Stomach

Cob1-HC

Cob1-IF

Duodenum
Pancreatic proteases

HC

Cob1-IF

IF

Ileal mucosa

Liver
Peripheral
tissue

Figure 6.3  Schematic diagram shows the process of absorption of dietary vitamin B12. 
Ado = adenosyl, Cob1 = Cobalamin, CN = Cyano, HC = Haptocorin, IF = Intrinsic factor, 
OH = Hydroxyl, TC II = Transcobalamin II.
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Various infective and inflammatory diseases of 
small intestine, pancreas and liver, atrophic gas-
tritis, infestations and infections of small bowel, 
gastrectomy, small bowel resection and bariatric 
surgery may result in absorptive defect. A number 
of drugs such as metformin, H2 receptor blocker, 
proton pump inhibitors, nitrous oxide, colchicine 
and neomycin may also reduce the bioavailabil-
ity of vitamin B12. A number of genetic diseases 
linked to cobalamin transport and intracellular 

functioning of cobalamin have been reported. The 
important causes of vitamin B12 deficiency are 
presented in Table 6.3.

COBALAMIN AND FOLATE 
RELATIONSHIP

Cob1 is necessary for synthesis of methionine from 
Hcy. Tetrahydrofolate is generated from 5 methyl 
THF, which acts as a coenzyme with thymidylate 
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Figure 6.4  Intracellular metabolism of cobalamin, THF = tetrahydrofolate, MTHF = methyl tetrahy-
drofolate, MeCob = methyl cobalamin, Ado = adenosyl, TC = transcobalamin, TCII-R = transcobalamin 
receptor (cubulin and megalin).

Table 6.3  Causes of vitamin B12 deficiency

	 1.	Autoimmune:
	 Pernicious anemia, inflammatory bowel disease of small intestine

	 2.	Dietary insufficiency:
	 Vegetarian, vegans

	 3.	Gastrointestinal disease:
	 Gastrectomy, atrophic gastritis, small intestinal resection, bariatric 

surgery, infection and infestations, pancreatic or liver disease
	 4.	Drugs: 

	 H-2 receptor blocker, proton pump inhibitors, metformin, nitrous 
oxide, colchicine, neomycin

	 5.	Genetic:
a.	Defective absorption/transport: inherited intrinsic factor 

deficiency, TC II deficiency, Cubulin/Megalin receptor mutation
b.	Defective intracellular metabolism: Mutation of methionine 

synthase, methyl malonyl Co-A synthase, MTHFR mutation
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synthetase and in DNA synthesis. Thymidylate 
activity and DNA synthesis are dependent on tet-
rahydrofolate. Folate and cobalamin deficiency may 
contribute to functional intracellular deficiency of 
tetrahydrofolate. Due to impaired synthesis of thy-
midylate synthetase as a result of folate and Cob1 
deficiency, there is impaired synthesis of deoxythy-
midine monophosphate and deoxythymidine tri-
phosphate from deoxyuridine monophosphate. 
These abnormalities in turn lead to faulty incorpo-
ration and recognition of abnormal DNA resulting 
in DNA strand breaking. Deficiency of these two 
vitamins may therefore result in defective repair 
which may be responsible for megaloblastic anemia 
in both cobalamin and folate deficiency. Since folate 
deficiency does not produce neurological dysfunc-
tion, therefore, in a patient with neurological mani-
festations with megaloblastic anemia, one should 
search for cobalamin deficiency (Briani et al., 2013).

CLINICAL FEATURES OF 
COBALAMIN DEFICIENCY

Cobalamin deficiency has a wide range of clinical 
features including hematological, gastrointesti-
nal and neurological manifestations (Figure 6.5). 
Megaloblastic anemia although is common and 
manifests early, the neurological manifestations 

may occur without hematological manifestations. 
In the recent years due to folate fortification of 
food, the neurological manifestations have become 
more frequent and lesser proportion of patients 
reveal hematological findings.

HEMATOLOGICAL MANIFESTATIONS

The patients with vitamin B12 deficiency present 
with clinical manifestations of anemia such as irri-
tability, fatigue, exertional dyspnea or nocturnal 
diuresis. Patients with severe anemia may have diz-
ziness, postural hypotension or painful swallowing 
due to glossitis. Gastrointestinal motility may be 
affected because of involvement of Meissner’s and 
Auerbach’s plexus (Briani et al., 2013). Sometimes, 
macrocytic anemia may be found in an asymp-
tomatic patient. Anemia in cobalamin deficiency is 
characterized by macrocytosis, polysegmented (>5 
lobes) neutrophils and elevated lactate dehydroge-
nase. Sometimes raised mean corpuscular volume 
may be attributed to liver disease, chronic alcohol-
ism and myelodysplastic syndrome. In cobalamin 
deficiency, DNA synthesis is defective which results 
in nuclear cytoplasmic asynchrony, slow cell divi-
sion and arrest at various stages of cell cycle. All 
three cell lines are affected. In bone marrow, ery-
throid cells are more affected resulting in altered 

Brain
Cognitive
neurobehavioral

Optic atrophy,
Agusia, anosmia
stomatitis

Spinal cord
Spastic ataxia

Blood
Macrocytic anemia
Thrombocytopenia
Hypersegmented polymorph

Bone marrow
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Megaloblastic

Infertility

Peripheral nerve
Symmetric sensory loss
↓ankle reflex
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Incontinence
Impotence
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Infant & Children
Hypotonia, developmental delay, 
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Seizure, stroke, 
movement disorder

Figure 6.5  Schematic diagram shows the effect of vitamin B12 deficiency in humans.
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myeloid erythroid ratio from 3:1 to 1:1. The megalo-
blastic changes which are most prominent in bone 
marrow may spill over to the peripheral blood. The 
peripheral blood smear reveals large RBC, poi-
kilocytosis, anisocytosis, Howell Jolly body (DNA 
traces) or Cabot ring (nonhemoglobin iron). These 
changes result in early destruction of RBC, which 
is responsible for elevated LDH, elevated haptoglo-
bin, and low reticulocyte count. The involvement of 
myeloid series is responsible for hypersegmented 
polymorphs, which is present in more than 5% of 
peripheral neutrophils (Figure 6.6). Megakaryocytes 
may also be hyper-segmented resulting in giant 
platelets in the peripheral blood. Megaloblastosis 
is not only restricted to the blood cells but also is 
seen in rapidly proliferating cells of gastrointestinal 
epithelium and female genital tract. These changes 
result in luminal cell atrophy leading to reduce 
secretion of intrinsic factor thereby reducing cobal-
amin absorption in a vicious cycle.

NEUROLOGICAL MANIFESTATIONS

The neurological manifestations of cobalamin 
deficiency are classically described as subacute 
combined degeneration (SACD). The neurological 
manifestations can be grouped as neuropsychiat-
ric, cognitive, myelopathy, neuropathy and optic 
neuropathy. In a study of vitamin B12 deficiency 
neurological syndromes, myelopathy was present 
in 93%, encephalopathy in 48% and neuropathy 

in 44% of patients, in various combinations and 
permutations. Combined syndromes occurred in 
nearly all patients, and pure syndromes occurred 
as an exception (2%) (Misra and Kalita, 2007). 
Similar results have been reported in an earlier 
study including 143 patients with 153 episodes of 
cobalamin deficiency in which myelopathy was 
reported in 88% and encephalopathy in 15%; 14% 
of patients had symptoms only without corre-
sponding neurological signs (Healton et al., 1991).

Neuropsychiatric manifestations: Subtle neu-
ropsychiatric symptoms are common and often 
go unnoticed. The frequency of neurobehavioral 
changes is quite variable ranging from 3% to 42% 
(Healton et al., 1991; Kalita et al., 2013). This varia-
tion in the frequency of neuropsychiatric symptoms 
may be due to selection of subjects and method 
of evaluation. The neuropsychiatric symptoms 
include slow cerebration, confusion, delirium with 
or without hallucination, delusion, depression and 
acute psychosis (megaloblastic madness) and rarely 
it may mimic manic or schizophreniform psychosis 
(Kalita and Misra, 2008; Hector and Burton, 1988; 
Dangour et al., 2015). In a study using neuropsy-
chiatric inventory on 33 patients with vitamin B12 
deficiency, neurologic syndrome revealed abnor-
mality in 14 subjects; irritability, aggression and 
apathy in 7 each, hallucination in 4, delusion in 2 
and disinhibition and depression in 1 each. The 
most of these patients recovered completely follow-
ing cobalamin treatment (Kalita et al., 2013).

Figure 6.6  Macrocytic anemic with polysegmented polymorph in a patient with subacute combined 
degeneration.
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Cognitive impairment: About 30%–50% 
patients with SACD have mild to moderate cogni-
tive dysfunction as assessed by Mini Mental Scale 
Examination (MMSE). In a study on 33 patients, 
MMSE score was below 18 in 3 patients, and the 
remaining had milder reduction. The domains 
involved were recall, calculation, orientation to 
time, copying and clock drawing. The detailed 
neuropsychological testing of patients with vita-
min B12 deficiency neurological syndrome has 
revealed impaired category naming, motor speed 
and precision test, trail making and clock drawing. 
These findings were consistent with involvement of 
fronto-subcortical circuit. The cognitive impair-
ment is supported by abnormal cognitive evoked 
potential. P300 latency was prolonged or unre-
cordable in the 15 out of 26 patients, which cor-
related with MMSE score. Following vitamin B12 
supplementation, both neuropsychological abnor-
malities and P300 improved at 3 and 6 months fol-
low up (Kalita et al., 2013). Trail making test and 
clock drawing test involve executive function and 
require visuospatial functions and task switching, 
which depend on fronto-subcortical circuit includ-
ing frontal cortex, basal ganglia and thalamus 
(Figure 6.7; Mendez and Cummings, 2003).

Spinal cord: Subacute combined degeneration 
of spinal cord is typical of cobalamin deficiency. 
It is characterized by symmetrical dysesthesia of 
hands and feet, sensory ataxia and spasticity, more 
marked in the lower limbs. These manifestations 
are due to the involvement of posterior and lateral 
columns of cervico-thoracic spinal cord. The onset 
is usually subacute to chronic but may manifest 

acutely if there is a high metabolic demand. On 
examination, the patient has impaired or loss of 
joint position sensation mainly in the lower limbs. 
Pinprick and touch impairment may be present in 
the distal lower limbs, which may be due to associ-
ated peripheral neuropathy in SACD (Misra et al., 
2008). Severely affected patients with SACD may 
have micturition disturbance. Urodynamic study 
in eight patients with SACD having bladder dys-
function revealed voiding and storage abnormality 
in all, detrusor areflexia in two, neurogenic detru-
sor over activity with high pressure voiding in three 
and normal detrusor activity in two patients. These 
bladder symptoms and urodynamic abnormalities 
improved following intramuscular hydroxycobal-
amin treatment in majority (Misra et al., 2008).

Peripheral nerves: Peripheral neuropathy 
occurs in about 25% patients with cobalamin defi-
ciency (Healton et al., 1991). The onset of periph-
eral neuropathy is usually subacute to chronic but 
may be acute especially following nitrous oxide 
poisoning or in those patients with high demand 
(Zhao et al., 2020). The neuropathy may be distal 
axonal in 76% and demyelinating in 24% (Leishear 
et al., 2012a,b). Some patients may have subclini-
cal neuropathy which may be evident on nerve 
conduction study. The elderly patents or those on 
metformin treatment, the possibility of vitamin 
B12 deficiency should be considered if neuropathic 
symptoms are present (Leishear et al., 2012a,b). 
Early diagnosis of neuropathy is important for 
good outcome. There is a controversy about the 
coexistence of neuropathy in SACD because of 
common occurrence of myelopathy. Coexisting 

Figure 6.7  (a) Clock drawing test of a patient with myeloneuropathy due to vitamin B12 deficiency 
shows improvement from baseline. (b) Cranial MRI of a patient with vitamin B12 deficiency who pre-
sented with encephalomyeloneuropathy shows T2 hyperintense lesion in the subcortical white matter 
(arrow). (With permission from Kalita, J., Agarwal, R., Chandra, S., Misra, U. K. 2013. A study of neu-
robehavioral, clinical psychometric, and P3 changes in vitamin B12 deficiency neurological syndrome. 
Nutritional Neuroscience 16(1):39–46.)
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myelopathy may overshadow the neuropathic 
symptoms. Isolated neuropathy in cobalamin defi-
ciency is uncommon and has been reported in 6% 
patients only; whereas evidence of neuropathy was 
present in 69.7% patients with myelopathy.

Nerve conduction studies have revealed both 
axonal and demyelinating findings (Kalita et al., 
2014; Puri et al., 2005; Huang et al., 2011). In view of 
the controversy about the presence and type of neu-
ropathy in cobalamin deficiency, a sequential NCV 
study has been conducted in 66 patients. The clini-
cal feature of neuropathy (sensory loss with ankle 
areflexia) was present in 69.7% patients whereas 
nerve conduction was abnormal in 54.5% patients. 
The nerve conduction findings were axonal in 12%, 
demyelinating in 6.1% and mixed in 66.7%. On fol-
low up, majority of the patients improved both in 
clinical and neurophysiological parameters. All 
four patients with isolated neuropathy improved 
completely. On biopsy, chronic axonal changes of 
varying severity were noted. Patients with less than 
2 months illness had acute axonal degeneration 
with myelin ovoids (Kalita et al., 2014).

Optic neuropathy: Cohen et al. in 1936 reported 
the association of optic neuropathy with pernicious 
anemia. Subsequent studies revealed that visual 
loss in cobalamin deficiency is rare. In a review 
of 153 patients with cobalamin deficiency, visual 
impairment with bilateral centrocecal scotoma 
was present in one patient only (Fine and Hallett 
1980). Visual evoked potential, however, revealed 

abnormal P100 latency and amplitude without 
any visual impairment (Misra et al., 2003; Pandey 
et al., 2004). Experimental studies have revealed 
patchy areas of demyelination in optic nerve and 
optic tract (Agamanolis et al., 1976). This has also 
been confirmed in human studies (Kalita et al., 
2018). Sometimes, acute visual loss may be due to 
macular hemorrhage, which has been reported in a 
patient with thrombocytopenia due to vitamin B12 
(Figure 6.8; Dongre et al., 2021).

PATHOLOGY

The typical neuropathological changes in cobala-
min deficiency are referred as SACD, which refers 
to the involvement of posterior and lateral column 
of spinal cord. The changes include the swelling 
of myelin sheath, which are followed by demy-
elination and astrocytic gliosis. The pathological 
changes start in the posterior column especially 
fasciculus cuneatus. The small foci of demyelin-
ation coalesce to form large plaque, which extend 
both horizontally and vertically. The lateral corti-
cospinal tracts are more severely affected than the 
anterior corticospinal tract. Spinothalamic tracts 
are usually spared. These changes are prominent 
in lower cervical, upper thoracic and upper lum-
bar regions. Focal demyelinating plaques in the 
subcortical white matter of the brain were initially 
reported (Kunze and Leitenmaier, 1976; Pant et al., 
1968) and may also present in cerebellar white 

Figure 6.8  (a) Macular hemorrhage because of thrombocytopenia in a girl with vitamin B12 defi-
ciency. (b) Spinal MRI revealed posterior T2 hyperintensity. (With permission from Dongre, N., Singh, 
V. K., Kalita, J., Misra, U. K. 2020. Vitamin B12 deficiency presenting as acute febrile encephalopathy 
and retinopathy. Postgraduate Medical Journal, 2021;97:141–142.
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matter. Similar changes have also been reported 
in optic nerve carrying papulomacular bundle. In 
the peripheral nerve, there is axonal degeneration 
in the initial stage which is followed by secondary 
demyelination (Figure 6.9).

LABORATORY DIAGNOSIS

The diagnosis of cobalamin deficiency neurologi-
cal syndrome is based on the demonstration of low 
serum vitamin B12 with high serum MMA and 
Hcy, hematological changes and characteristic spi-
nal MRI findings.

Radiological findings: Following the discovery 
of MRI, the pathological changes in vitamin B12 
deficiency can be visualized in the early and late 
stage of the disease. The most significant changes 
are T2 hyperintensity in the posterior column in 
the cervicodorsal region giving rise to inverted 
“V” sign (Figure 6.10). There is T2 hyperintensity 
of lateral column as well. Spinal cord may be swol-
len in the early stage and atrophic in the late stage. 

Patchy gadolinium enhancement may be seen 
rarely in the patients with acute myelopathy. The 
spinal cord changes are best seen on T2 sequences 
as hyperintensity. Using diffusion weighted 
sequence hyperintensity in posterior and lateral 
column with restricted diffusion on apparent dif-
fusion coefficient map is consistent with edema in 
myelin. In experimental studies, myelin edema 
has been reported (Scalabrino 2005). Cranial MRI 
reveals subcortical T2 or FLAIR hyperintense 
lesions in some patients. Subcortical white mat-
ter lesions are better seen on FLAIR sequence. The 
MRI changes in cobalamin deficiency should be 
differentiated from multiple sclerosis, neuromye-
litis optica, post infectious demyelination, copper 
deficiency and zinc intoxication.

Serum vitamin B12: Serum vitamin B12 level 
provides a confirmatory evidence of cobala-
min deficiency. The radioisotope assay for serum 
vitamin B12 was done by Schilling test, which 
is now replaced by chemiluminescence, radio 
immunoassay or HPLC. About 99% patients with 

Figure 6.9  Spectrum of findings seen on sural nerve biopsies in B12 deficiency neuropathy. 
(a) Acute axonal degeneration and formation of myelin ovoids evident on longitudinal sections 
(arrow). The myelin was preserved in these nerve fibers. (b) Focal depletion of large myelinated fibers 
with prominent remyelination was seen in cases with short duration of illness (2 months). (c) Increasing 
fibrosis of endoneurium accompanied by fiber depletion and (d) prominent axonal regeneration 
was seen with increasing duration of disease (24 months). (a) Masson trichrome ×300; (b) Kulchitsky 
Pal × 280; (c) Masson trichrome ×160; (d): Kulchitsky Pal ×300. (With permission from Kalita, J., Chandra, 
S., Bhoi, S. K., Agarwal, R., Misra, U. K., Shankar, S. K., Mahadevan, A. 2014. Clinical, nerve conduction 
and nerve biopsy study in vitamin B12 deficiency neurological syndrome with a short-term follow-up. 
Nutritional Neuroscience 17(4):156–163.)
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hematological or neurological manifestations have 
serum vitamin level below 300 pg/ml. The level is 
considered adequate if it is more than 350 pg/ml.  
In patients suspected of having cobalamin defi-
ciency, but serum vitamin B12 is normal, the 
measurement of MMA or Hcy is helpful. Methyl 
malonic acid level of 3SD of controls has a sensitiv-
ity of 98.4% and that of Hcy 98.9% for the diagno-
sis of cobalamin deficiency (Savage et al., 1994). A 
number of conditions may affect cobalamin, MMA 
and Hcy levels, which are summarized in Table 6.4.

Electrodiagnostic study: Evoked potential and 
nerve conduction studies have important role in 
documenting and prognosticating the patients 
with cobalamin deficiency. Tibial somatosensory 
evoked potential is most commonly impaired; 
the P40 (cortical potential) may be unrecord-
able or central sensory conduction time may be 
prolonged. SSEP objectively confirms the pro-
prioceptive sensory loss or may reveal subclinical 
abnormality. Visual evoked potential is frequently 
abnormal without impaired visual acuity, color 
and field of vision. The P100 latency is prolonged 

and amplitude may be reduced. Authors find VEP 
as a useful tool to differentiate SACD from cervi-
cal spondylotic myelopathy. If VEP is abnormal, 
one may investigate for cobalamin deficiency. In  
electrodiagnostic evaluation of SACD, highest 
abnormality was noted in tibial SEP 87.3%–100%, 
VEP in 63.6%–70%, MEP 56.6%, P3 in 58% and 
NCV in 15%–67% (Figures 6.11 and 6.12; Misra 
et al., 2007; Pandey et al., 2004; Carmel, 2008; 
Hemmer et al., 1998; Kalita et al., 2013; Kalita et al., 
2018; Kalita and Misra, 2015).

CONUNDRUM OF SUBCLINICAL 
COBALAMIN DEFICIENCY

There is a group of individuals who do not have 
clinical manifestations of cobalamin deficiency in 
spite of low level of serum vitamin B12 (subclini-
cal cobalamin deficiency). These subjects are more 
in number compared to symptomatic patients. A 
majority of such patients are due to food bound 
Cobl malabsorption rather than PA. This may be 
due to low acid secretion, antacids, proton pump 

Figure 6.10  MRI changes in subacute combined degeneration manifesting with myelocognitive symp-
toms. (a) Cranial MRI T2 sequence shows subcortical hyperintensity. (b) Spinal MRI shows posterior 
T2 hyperintensity in cervicodorsal region and (c) Axial T2 sequence shows inverted “V” sign due to 
involvement of posterior columns and corticospinal tracts.
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inhibitors and H2 receptor blockers which may 
impair dissociation of Cobl from R-protein. It may 
be a transitory phenomenon, and the offending 
agents should be withdrawn if possible. Serum vita-
min B12 level should be checked after 1–2 months, 
if low, anti intrinsic factor antibody should be 
tested to decide about oral or parenteral cobala-
min therapy. The patients should be warned about 
the neurological manifestations which should be 
immediately reported.

TREATMENT

The patients with vitamin B12 deficiency with 
clinical manifestations (hematological, neuro-
logical, others) require urgent medical treatment. 
Injection hydroxycobalamin 1000 µg IM on alter-
nate days for 2 weeks followed by 3 monthly is 
recommended in UK (Shipton and Thachil, 2015). 
In USA, hydroxycobalamin 1000 µg IM daily is 
given for 10 days followed by weekly injection 
for 1 month and then monthly. The hematologi-
cal improvement occurs earliest; reticulocyte 

count increases by 1 week, and MCV and hemo-
globin normalize by 6–8 weeks. The neurologi-
cal improvement takes longer time to improve; 
behavioral, cognitive and bladder dysfunctions 
improve earlier, and spinal cord manifestations 
improve later. Sensory ataxia is last to improve 
and may persist in long standing severely affected 
patients. The treatment of patients with neuro-
logical manifestation should be continued daily 
till there is no further improvement and then two 
monthly injection may be continued (Shipton and 
Thachil, 2015). High dose oral cobalamin tablets 
are available in Europe and have been reported 
to be equally effective as parenteral injection 
(Stabler, 2013). Oral vitamin B12 replacement 
1000 µg is adequate to normalize serum vitamin 
B12 level, cure clinical manifestations related to 
vitamin B12 deficiency and is safe. High-dose oral 
vitamin B12 is also safe and effective in absorp-
tive vitamin B12 defect except some neurologi-
cal syndromes that should be managed with IM 
injection. Intranasal vitamin B12 as dried pow-
der or nasal gel of cyanocobalamin has been used 

Table 6.4  Causes of abnormal serum cobalamin, homocysteine and methyl malonic 
acid level 

Biomarkers Increase Decrease 

Cobalamin Renal failure 
Liver disease
Myelodysplastic syndrome 
Hematological malignancy
Polycythemia rubra vera
Carcinoma of breast & colon

TC1 deficiency
Folate deficiency 
HIV
Myeloma
Pregnancy
Contraceptive pills 
Anticonvulsants 

Homocysteine Renal failure 
Hypothyroidism
Alcoholism
Pyridoxine or folate deficiency 
Psoriasis 
Leukemia 
Renal transplant 
MTHFR mutation 
Inborn error of Hcy metabolism 

-

Methyl malonic acid Renal failure
Hypovolemia 
MMA related enzyme defects 
Methyl malonyl Co mutase 

deficiency 
Intestinal bacterial overgrowth 

-
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as an alternative to oral or IM injection. Intra 
nasal spray 500 µg/0.1 ml has been approved 
for the treatment of vitamin B12 deficiency and 
Pernicious anemia (García-Arieta et al., 2001). 
However, more studies are needed before it can be 
recommended (Andrès et al., 2018).

COBALAMIN DEFICIENCY IN 
PEDIATRICS

Cobalamin is essential for the growth and devel-
opment of CNS both in utero and after birth. 
During pregnancy, placenta actively concentrates 
cobalamin, and the fetal cobalamin level may be 
twice that of maternal level (Fréry et al., 1992). 
Fetus accumulates cobalamin which fulfills the 
requirement till 1 year of age (McPhee et al., 1988). 

The neurological manifestations of cobalamin 
deficiency if occurring within 6 months of age 
are attributed to maternal cobalamin deficiency 
or fetal cobalamin transporter defect. The new-
born depends on the maternal milk for cobalamin 
supply; therefore, cobalamin deficiency generally 
manifests after 1 year of age.

Pediatric cobalamin deficiency is commoner in 
the developing countries. In 3766 children in USA 
aged 4–19 years, only 1 in 1255 children had serum 
vitamin B12 less than 100 pg/ml and 1 in 200 had 
less than 200 pg/ml (Wright et al., 1998). In Mexico, 
22% of children had vitamin B12 level below 140 
pg/ml and 25% of them were due to intestinal infec-
tion or infestation leading to malabsorption (Allen 
et al., 1995). In Turkey, 41% of newborn have low 
vitamin B12 levels (Koc et al., 2006).

Figure 6.11  (a) FA, (b) ADC, and (c) structural diffusion tensor index maps obtained in a 27-year-old 
male with subacute combined degeneration. Regions of interest are placed in the middle part of both 
the optic nerves. (d) VEP of the same patient revealed prolonged P100 latency on both right and left 
eye (126.9/121.8 ms) which normalized (102.5 /101.5 ms) at 3 months after treatment. ADC, appar-
ent diffusion co-efficient; FA, fractional anisotropy; VEP, visual evoked potential. (With permission 
from Kalita, J., Soni, N., Dubey, D., Kumar, S., Misra, U. K. 2018. Evaluation of optic nerve functions in 
subacute combined degeneration using visual evoked potential and diffusion tensor imaging – a pilot 
study. The British Journal of Radiology 91(1091):20180086.)
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Clinical feature: The infants and children with 
vitamin B12 deficiency have special clinical features 
which are quite different from adults resulting in 
delayed diagnosis. The neurological findings may 
antedate the hematological findings. Low vitamin 
B12, high Hcy and MMA levels may precede the clin-
ical manifestations. The newborn may have irritabil-
ity, vomiting, refusal to feed and failure to thrive. The 

neurological findings include developmental delay, 
regression of milestone, hypotonia, tremor, chorea 
focal or generalized seizures. The older children 
have skin pigmentation of dorsum of hands (knuck-
les, toes, axilla, arm and medial side of thigh). They 
may have hypotonia, hyperreflexia, ataxia, paresthe-
sia, chorea and neuropsychiatric changes. Seizures 
may occur in severely affected children. In a study 

Figure 6.12  (a and b) Cognitive evoked potential of the same patient shows prolonged P3 latency 
which improved 3-months of B12 therapy. His MMSE score also improved from 23 to 30. F frequent 
stimuli. (c) Cranial MRI, T2 sequence of the patient revealed multiple white matter T2 hyperintensity. 
(With permission from Kalita, J., Misra, U. K. 2008. Vitamin B12 deficiency neurological syndromes: 
Correlation of clinical, MRI and cognitive evoked potential. Journal of Neurology 255(3): 353–359.)
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from Iran, 303 children between 2 and 18 months 
of age having vitamin B12 deficiency were reported; 
maternal cobalamin deficiency was present in 163 of 
them (group I) and not present in 103 (group II). The 
neurological manifestations were more common in 
group I compared to group II (29% vs 12.4%). MRI 
abnormality was also more common in group I. The 
cranial MRI findings included delayed myelina-
tion, demyelination, thin corpus callosum and ven-
tricular dilatation (Tanyildiz et al., 2017). The MRI 
changes in a girl with mental retardation and spastic 
hemiplegia due to cobalamin deficiency is shown 
in Figure 6.13. The clinical presentation in different 
etiologies of cobalamin deficiency in children and 
infants is presented in Table 6.5.

The diagnosis of cobalamin deficiency or its 
enzymatic defect can be evaluated by the follow-
ing protocol:

	1.	 Vitamin B12 deficiency/transporter defect: Low 
serum vitamin B12, high MMA and high Hcy

	2.	 Ado Cob1 abnormality: Normal serum vitamin 
B12, normal Hcy and high MMA

	3.	 Methyl Cob1 defect: Normal serum vitamin B 
12 and MMA, and high Hcy.

Treatment: The treatment of cobalamin deficiency 
in children includes injection hydroxycobala-
min 1000 µg IM 2–7 times a week. The duration 
of treatment is determined by optimal clinical 

Figure 6.13  (a) A 9-month-old girl with alopecia, failure to thrive and spasticity, and (b) her cranial MRI 
reveals cortical atrophy and widening of sulci. Her vitamin B12 was low (<150 ng/ml), mean corpuscu-
lar volume 104, hemoglobin 6.5 gm/dl. Both parents also had low serum vitamin B12 (<85 ng/ml). Nine 
months after hydroxycobalamin injection, (c) she could stand and walk with normal black hair and 
(d) MRI also revealed improvement.
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improvement and normalization of hematologi-
cal and serum vitamin B12, MMA and Hcy level. 
Dietary deficiency requires additional dietary 
modification. Intrinsic factor deficiency and 
absorptive defects require lifelong treatment.

OUTCOME

Adequate vitamin B12 treatment reverses mega-
loblastosis in 24 h and normalizes marrow hema-
topoiesis in 48 h. The reticulocyte count increases 
after 3–4 days and peaks after a week. The polyseg-
mented neutrophils remain in the peripheral blood 
till 2 weeks. The abnormal hematological parame-
ters start improving by 1 week, and blood picture 
normalizes by 2 months. Neurological improve-
ment depends on how early the diagnosis is made 
and treatment is offered. Sleep, taste and smell are 
earliest to improve usually within a week. Cognitive 
and neurobehavioral abnormalities improve 
within 3 months. Posterior column dysfunction 
and peripheral neuropathy takes several months,  
and some residual deficit may persist if treated 
late. The response to treatment in the patients with 
autoimmune and dietary deficiency of vitamin 
B12 deficiency is the same because the neurologi-
cal dysfunction is due to deficiency of vitamin B12 
and not due to intrinsic factor deficiency (Misra 
and Kalita, 2007). Early and adequate treatment 
improves most of the neurological abnormalities 
including MRI changes (Figure 6.14).

CONCLUSION

Cobalamin deficiency occurs due to dietary defi-
ciency, pernicious anemia or due to genetic disor-
ders. It occurs more commonly in elderly isolated 
individuals but is also prevalent among vegetari-
ans and vegans. Majority of vitamin B12 deficiency 
individuals remain asymptomatic or have subtle 
neurobehavioral problems. Classically it manifests 
with megaloblastic anemia, myelopathy, neuropa-
thy and neurobehavioral changes. Genetic cobala-
min metabolism disorder may manifest at early 
age with delayed development, mental retardation, 
seizure, stroke and movement disorders. The diag-
nosis of vitamin B12 deficiency is confirmed by low 
serum vitamin B12, elevated MMA and Hcy levels. 
Spinal MRI reveals inverted “V” sign. Vitamin B12 
deficiency is treated by hydroxycobalamin injec-
tion with which patients usually recover.
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7
Vitamin D deficiency

INTRODUCTION

Vitamin D is a fat-soluble vitamin, mainly synthe-
sized by the skin when exposed to ultraviolet (UV) 
light hence known as sunshine vitamin. It is an 
essential vitamin for calcium regulation and bone 
health. Vitamin D is also associated with several 
disorders such as diabetes, heart disease, obesity, 
depression and many other autoimmune disorders. 
Vitamin D is traditionally associated with rickets 
and osteomalacia. About 50% of world population 
is deficient in vitamin D.

HISTORY

Sir Edward Mellanby was struck by high incidence 
of rickets in Britain especially in Scotland. Rickets 
was therefore known as “the English disease”. At 
that time, Mellanby thought that rickets may be a 
dietary deficiency disease. He produced rickets-
like disease in dogs by feeding Scottish diet (oats) 
and inadvertently kept the dog indoor away from 
sunlight (Mellanby, 1919; 1976). Mellanby used 
cod liver oil to treat this disease, and he presumed 
that rickets may be due to vitamin A deficiency. 
McCollum at Johns Hopkins University inves-
tigated vitamin A and rickets link. He bubbled 
oxygen through cod liver oil to destroy vitamin A 
and the remaining product was still able to cure 
rickets. McCollum concluded that rickets is caused 
by a new vitamin deficiency and named it vitamin 
D. Hulshinsky from Vienna and Chick and col-
leagues from England observed that the children 
with rickets could be cured by summer sunlight 
or UV light (Hulshinsky, 1919; Chick et al., 1923). 
Harry Steenbock exposed goats to sunlight and 

noted that during summer, they had a positive 
calcium balance and during winter negative bal-
ance (Steenbock and Hart, 1913). These experi-
ments established the link between sunlight and 
calcium metabolism. He also noted that UV light 
irradiation to rats and their food also cured rick-
ets. The structure of vitamin D was discovered 
by Askew et al. (1930). They isolated vitamin D2 
from an irradiated mixture of Ergosterol. In 1935, 
Windaus and colleagues isolated 7-dihydrocho-
lesterol, and in 1937, Windaus and Bock isolated 
Vitamin D3 which is the natural form of Vitamin 
D produced following UV irradiation of dihydro-
cholesterol. The dilemma whether the vitamin D 
is naturally synthesized product in the skin, or a 
dietary component was resolved by Esvelt and col-
leagues in 1978 by identifying vitamin D3 using 
mass spectroscopy (Esvelt et al., 1978). Discovery 
of vitamin D resulted in substantial reduction in 
rickets and research in vitamin D became quies-
cent. Nicolaysen and colleagues demonstrated that 
vitamin D increases absorption of calcium from 
small intestine (Nicolaysen et al., 1953). Carlsson 
and Bauer demonstrated that Vitamin D mobilizes 
calcium from bone into the plasma (Carlsson et al., 
1952; Bauer et al., 1955). They postulated that vita-
min D regulates not only serum and bone calcium 
but is also important for neuromuscular function.

EPIDEMIOLOGY

Vitamin D deficiency is common, and nearly half of 
world population is regarded as vitamin D deficient. 
Vitamin D affects all the age and ethnic groups. In 
USA, UK and Canada, the prevalence of vitamin D 
deficiency in elderly ranges between 20% and 100%. 
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It is also common in Austria, Middle East, Africa, 
South America and India (Holick, 2007; Marwaha 
et al., 2005; Thacher et al., 2006). In temperate zone, 
serum vitamin D level is lower in winter than in 
summer because of low sun exposure. Pregnant and 
lactating mothers are at high risk of vitamin D defi-
ciency in spite of vitamin D and calcium supplemen-
tation (Hollis and Wagner, 2004). When sun is above  
or below 30° latitude, vitamin D synthesis is reduced.

The serum vitamin D level above 20 ng/ml is 
considered sufficient to prevent rickets. Serum 
vitamin D level of 12–20 ng/ml is considered insuf-
ficient and below 12 ng/ml is considered deficient 
(Table 7.1; European Food Safety Authority, 2016). 
The data about presence of vitamin D deficiency 
is related to the cut-off value used for defining 
vitamin D deficiency. Taking the cut-off value of 
serum vitamin D below 20 ng/ml, the prevalence 
of vitamin D deficiency ranges between 25% and 
96% is different countries. The highest incidence of 
osteomalacia and rickets has been reported from 
Iraq, Pakistan, Afghanistan, Belgium and France, 
whereas the incidence is lower in Australia and 
Canada (WHO, 2019).

PATHOPHYSIOLOGY

Vitamin D is a group of secosteroids, which 
enhances absorption of calcium, potassium and 
magnesium. It has two important forms: D2 (ergo-
calciferol) and D3 (cholecalciferol). Vitamin D2 is 
present in plants and fish, whereas vitamin D3 is 
produced in skin following sunlight or UV ray expo-
sure (Figure 7.1). The ingested vitamin D is absorbed 
in small intestine through chylomicrons and reaches 
venous blood through lymphatics. Vitamin D3 (cho-
lecalciferol) from skin also enters the venous system 
through chylomicrons and lymphatic. Both vitamin 
D2 and vitamin D3 need hydroxylation to be in active 
form. In the liver, vitamin D is hydroxylated to form 
25-OH-ergocalciferol or 25-OH-cholecalciferol. 
These compounds are further hydroxylated in the 

kidney producing 1–25(OH)2 cholecalciferol which 
is biologically active vitamin D (calcitriol) (Figure 
7.2). Calcitriol circulates in the body like a hormone 
and acts through vitamin D receptors (VDR).

Vitamin D receptor belongs to nuclear receptor 
superfamily or steroid hormone receptors. These 
receptors are present in most of the tissues including 
skin, brain, heart, prostate, breast, bone and mus-
cles. Vitamin D receptors are located in the nuclei 
of the target cells and act as a transcription factor 
leading to gene expression of transport proteins. 
Vitamin D maintains skeletal calcium balance 
through enhancing calcium absorption from the 
intestine. Calcitriol increases intestinal absorption 
of calcium by 30%–40% and phosphorus by 60%. 
In the absence of calcitriol, calcium is absorbed by 
10%–15% only and phosphorus by 60%. Low cal-
cium diet increases the conversion of 25-OH-D3 to 
1–25(OH)2D3, which helps in calcium absorption 

Table 7.1  Definition of vitamin D status based on serum 25(OH)D3

Vitamin D status Serum 25(OH)D3 level Clinical manifestations Treatment

Sufficient •	 >20 ng/ml •	 Healthy •	 None
Insufficient •	 12–20 ng/ml •	 Disease risk •	 Supplementation of 

vitamin D
Deficient •	 <12 ng/ml •	 Rickets/osteomalacia •	 High dose calciferol

HO

HO

HO

7-dehydrocholesterol

Pre vitamin D3

Vitamin D3

Figure 7.1  Schematic diagram showing how 
sunlight converts 7-dehydrocholesterol to pre 
vitamin D3 and vitamin D3.
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from small intestine, whereas high calcium con-
tent in food suppresses the synthesis of active form 
of vitamin D (Holick, 2005). Hypocalcaemia is 
sensed by parathyroid gland which liberates para-
thormone hormone. Parathyroid hormone acts 
through G protein to enhance transcription and 
translation of 1α-hydroxylase enzyme which con-
verts 25-OH-D3 to 1–25-(OH)2-D3 in the proxi-
mal renal tubule (Dusso et al., 2006; Holick, 2007). 
Vitamin D regulates about 200 genes, and their 
additional action includes inhibition of cellular 
proliferation, angiogenesis, enhances cell differen-
tiation and apoptosis.

Autophagy and ageing: Autophagy is a process 
by which healthy cells are maintained by remov-
ing damaged protein and malfunctional organelle 
especially mitochondria. Ageing mitochondria 
cannot generate ATP resulting in reactive oxy-
gen species (ROS). Calcium at high concentration 
inhibits autophagy by activating inositol triphos-
phate receptors, whereas lower level of calcium 
enhances autophagy. The main driver of ageing is 
reduction of ATP generation and increased oxidative 
stress. Increased ROS may also generate inflamma-
tory response. Vitamin D maintains mitochondrial 
respiratory chain, regulates thermogenesis (Abbas, 

2017) and its insufficiency may impair the func-
tion of mitochondrial respiratory chain complex. 
It increases the formation of sirtuin 1, thereby 
improving mitochondrial biogenesis (Manna 
et al., 2017). Vitamin D-Clotho-Nrf2 network 
increases cellular antioxidant (glutathione) which 
neutralizes ROS.

Vitamin D and Bone: Vitamin D has an impor-
tant role in bone metabolism because of its action 
on calcium and phosphorus. Vitamin D deficiency 
results in reduction in calcium and phosphorus 
absorption. Reduced calcium increases parathor-
mone, which mobilizes calcium from bone to 
maintain normal serum calcium. This is due to 
increased osteoclastic activity, which results in 
osteopenia and osteoporosis. In children, the defi-
ciency of vitamin D results in bone deformity and 
muscle weakness.

Vitamin D receptors are also present in brain, but 
their role is not well understood. Vitamin D recep-
tors are present in most of the body tissue and it has 
wide range of biological functions. It inhibits cellular 
proliferation, improves cell differentiation, increases 
insulin secretion, macrophage and cathelicidin pro-
duction, and inhibits renin and angiotensin synthesis 
(Figure 7.3) (Yuk et al., 2009; Berridge, 2017).

Sunshine Dietary source

7OHC → previtamin D3 → vitamin D3

Heat

Previtamin

Calciferol

Vitamin D2 and D3

25(OH)D3
Calcidiol

CYP2R1

1-25(OH)2D3
Calcitriol

CYP27B1

Vitamin D receptor

Figure 7.2  Schematic diagram showing conversion of dietary vitamin D and sunshine vitamin D3 to 
25(OH)D3 in the liver and 1–25(OH)2D3 in the kidney. The 1–25(OH)2D3 is the active vitamin D and 
acts through vitamin D receptor.
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SOURCES OF VITAMIN D

The main source of vitamin D is sunlight (UV 
290–315 nm), which is responsible for 90% of vita-
min D. Ultraviolet rays penetrate the skin (mainly 
during 10 am to 3 pm) and convert 7-dihydro-
cholesterol to previtamin D3, which rapidly con-
verts to vitamin D3. The excess previtamin D3 
and vitamin D3 are destroyed by solar UV light, 
hence, excess sunlight exposure does not result 
in hypervitaminosis D. Previtamin D3 lasts lon-
ger (15 days) than dietary vitamin D (5 days). 
Exposure to sunlight in a swimming costume till 
erythema develops produces 10,000–25,000 IU of 
vitamin D. Face and arm exposure for 20–30 min 
at mid-May in a fair skin person results in syn-
thesis of 2000 IU vitamin D; two to three such 
exposures weekly are sufficient to meet vitamin D 

requirement in a healthy person. Elderly and dark 
skin person need 2–10 times more exposure than 
normal (Pearce and Cheetham, 2010). Sunscreen 
30 UV application may reduce vitamin D synthe-
sis by 90%. The dietary source of vitamin D is oily 
fish, cod liver oil, mushrooms, egg yolk and forti-
fied beverages (Table 7.2).

RECOMMENDED DIETARY INTAKE 
OF VITAMIN D

The daily requirement of vitamin D depends on the 
age, pregnancy, lactation and associated comor-
bidities. The daily requirement of vitamin D dur-
ing infancy is 400 IU/day, 1–18 years of age 600 IU/ 
day, 19–50 years 600 IU/day and after 50 years of 
age 800 IU/day. During pregnancy and lactation, 
the vitamin D requirement is higher and may go 

25(OH)D3 >30ng/ml

↓ PTH→ Good
bone health

↓ Renin from 
kidney→ BP

↑ Insulin→ blood
Sugar control 

↑ p21 and p27 → 
inhibit 
angiogenesis and 
↑ apoptosis → 
Breast, prostate 
and colon cancer

Macrophage and 
monocyte 
stimulate→ ↑ 
cathelicidin →
↑innate immunity to
kill  M. tuberculosis

Stimulate T and B cells → ↑ 
cytokines and 
immunoglobulin

Figure 7.3  Cellular functions and health benefits of vitamin D.

Table 7.2  Sources of vitamin D

Sources Amount of vitamin D

Sunlight/UV •	 20,000 IU per erythema dose of sunbath in swimsuit 
•	 3000 IU/ half erythema dose in arms and legs

Dietary source

Cod liver oil •	 400–1000 IU/10 g
Salmon fish (fresh water) •	 600–1000 IU/100 g
Salmon fish (canned) •	 300–600 IU/100 g
Sardine •	 300 IU/100 g
Tuna •	 236 IU/100 g
Mackerel •	 236 IU/100 g
Mushroom (fresh) •	 100 IU/100 g
Mushroom (sun dried) •	 1600 IU/100 g
Egg yolk •	 20 IU/yolk
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up to 2000 IU/day. The patients receiving antifun-
gal, antiretroviral or corticosteroid therapy require 
2–3 times more vitamin D than their counterparts. 
The details of daily requirement of vitamin D are 
presented in Table 7.3.

CAUSES OF VITAMIN D DEFICIENCY

The major cause of vitamin D deficiency in both 
adults and children is inadequate sun exposure. 
The dietary sources of vitamin D are limited unless 
fortified. The neonates depend on the mother’s milk 
for vitamin D, hence, mother’s vitamin D status is 
crucial. Human milk contains 25–78 IU/L only, 

which is inadequate; therefore supplementation is 
needed if sun exposure is not optimal. Dark skin 
persons need 3–5 times longer sun exposure than 
fair skin individuals. Applying sunscreen of 30 UV 
reduces vitamin D synthesis by 95%. Obesity, mal-
absorption syndrome, bariatric surgery, nephrotic 
syndrome, parathyroid disorder, and drugs like 
corticosteroids, anticonvulsant, antitubercular 
and antiretroviral drugs result in vitamin D defi-
ciency (Table 7.4).

CLINICAL SYNDROMES OF 
VITAMIN D DEFICIENCY

Musculoskeletal system

Deficiency of vitamin D and calcium in utero and 
during childhood reduces bone mineralization. 
As a result of vitamin D deficiency, parathyroid 
gland is stimulated resulting in secondary hyper-
parathyroidism. Parathormone increases con-
version of 25-OH-D3 to 1–25(OH)2D3; thereby 
further aggravating the deficiency of 25-OH-D3. 
Parathormone also increases phosphaturia result-
ing in hypophosphatemia. Low serum calcium 
and phosphorus lead to impaired bone mineral-
ization producing rickets in children and osteo-
malacia in adults. It is important to appreciate 

Table 7.3  The recommended daily allowance 
(RDA) of vitamin D in different age groups as per 
the Institute of Medicine (IOM) and Endocrine 
Society Clinical Practice Guideline for the 
patients at risk of Vitamin D deficiency (ESCPG)

Age groups RDA (IOM) RDA (ESCPG)

0–1 year •	 400 IU •	 400–1000 IU
2–18 years •	 600 IU •	 600–1000 IU
19–70 years •	 600 IU •	 1500–2000 IU
>70 years •	 800 IU •	 1500–2000 IU
Pregnancy •	 600 IU •	 1500–2000 IU
Lactation •	 600 IU •	 1500–2000 IU

Table 7.4  Causes of vitamin D deficiency

	 1.	Reduced availability 
	 a.	 Inadequate sun exposure
	 2.	Reduced synthesis
	 a.	Dark skin
	 b.	Short duration sun exposure
	 c.	Obesity (Body Mass Index > 30)
	 3.	Reduced absorption
	 a.	Malabsorption syndrome
	 b.	Bariatric surgery 
	 c.	 Intestinal resection
	 4.	Increased excretion
	 a.	Nephrotic syndrome
	 5.	Increased metabolism
	 a.	Drugs: anticonvulsant, antitubercular, antiretroviral, antifungal and corticosteroid
	 6.	Impaired 25-hydroxylation: Impaired conversion to 25(OH)D3 due to liver failure and isoniazid
	 7.	Impaired 1α hydroxylation: Hypoparathyroidism, renal failure, ketoconazole, 1α-hydroxylase 

mutation, oncogenic osteomalacia, X-linked hypophosphatemic rickets
	 8.	Target organ resistance: Vitamin D receptor mutation, phenytoin
	 9.	Granulomatous disease: tuberculosis, lymphoma
	10.	Primary hyperparathyroidism
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that osteomalacia is associated with pain whereas 
osteoporosis is not unless associated with fracture. 
The mechanism is that in rickets and osteomala-
cia, there is hydration of demineralized gelatin 
matrix just beneath the periosteum. The swell-
ing of matrix pushes the periosteum resulting in 
throbbing pain. Clinical manifestations of rickets 
and osteomalacia are attributed to hypocalcaemia 
in the early stage manifesting with seizure, tetany 
and cardiomyopathy, and in the later stage poor 
bone mineralization and muscle weakness.

RICKETS

Vitamin D deficiency in children before the epiph-
yseal fusion results in rickets, which is charac-
terized by growth retardation and expansion of 
growth plate. In 1976, rickets was categorized into 
three stages:

	1.	 Mild rickets in early stage: Early stage of 
rickets is characterized by osteopenia, low or 
normal serum calcium and phosphorus, high 
alkaline phosphate and parathormone, and low 
vitamin D level. Serum alkaline phosphate is a 
sensitive marker of vitamin D deficiency.

	2.	 Moderate rickets: Moderate rickets is charac-
terized by radiological changes such as wrist 
expansion, bowing of legs and periosteal expan-
sion with bone pain. The biochemical changes are 
similar to early severe stage but more marked.

	3.	 Severe rickets in late stage: In severe rickets, 
there are skeletal changes, and serum calcium, 
phosphorus and vitamin D levels are low. 
Serum alkaline phosphatase and parathor-
mone levels are elevated.

Seizure and tetany are more common during 
neonatal period. After 6 months of age, vitamin 
D deficiency manifests with features of rickets. 
The children have irritability, bone pain, muscle 
weakness and recurrent infection (Rachitic lung). 
Rachitic lung is attributed to pliable ribcage and 
muscle weakness. The common features of rick-
ets include bony deformity such as genu valgum 
(knock knee), genu varum (bowing of leg), saber 
tibia (anterior bowing of tibia), anterior bowing of 
femur, internal rotation of ankle, and costochon-
dral swelling (rickety rosary), Harrison sulcus 

widening of wrist, and craniotabes (deformed skull 
due to softening of bone). Rickets is associated with 
poor cardiac function, and children with severe 
rickets may have heart failure. Rickets is due to 
deficiency of mineralization of growth plate. The 
underlying pathophysiology in all forms of rick-
ets is low level of serum phosphate leading to 
reduced apoptosis of hypertrophic chondrocytes 
in the growth plate. There is reduced mineral-
ization of primary spongiosa in the metaphysis. 
Hypophosphatemia in rickets is due to secondary 
hyperparathyroidism. Hypocalcaemia contributed 
to death in 3 out of 52 children; 2 had cardiomy-
opathy and 1 had seizure (Scheimberg and Perry, 
2014). In another postmortem study in unexpected 
death in infancy and childhood, 76% children were 
vitamin D deficient and 69% of them had evidence 
of rickets (Cohen et al., 2013).

OSTEOMALACIA

Vitamin D deficiency in adults manifests with 
osteomalacia, which is characterized by bone pain 
and muscle weakness. Pain occurs in rib, hip, 
pelvis, joints and back. It simulates fibromyalgia. 
Generalized aches and pains in osteomalacia dif-
ferentiate from osteoporosis in which pain is local-
ized. In hospital-based study, vitamin D deficiency 
was found in 93% in the patients between 10 years 
and 65 years of age who were referred as fibromyal-
gia, chronic fatigue, pain or depression (Plotnikoff 
and Quigley, 2003). In a study on 15 women with 
nutritional osteomalacic myopathy, all presented 
with bone pain especially in pelvis. They had pelvic 
girdle muscle weakness as well as waddling gait. 
Radiological changes of osteomalacia (demineral-
ization, looser zone, tri-radiate pelvis) were pres-
ent in 13 patients. Serum alkaline phosphatase was 
elevated in 12 patients. Electromyography revealed 
short duration polyphasic potentials in the proxi-
mal muscles. Muscle biopsy revealed nonspecific 
muscle atrophy. These patients improved clinically 
and electrophysiologically following calcium and 
vitamin D supplementation for 3 months (Irani, 
1976). Osteomalacia in young girls may result in 
pelvic deformity which may result in obstructed 
labor subsequently. Elderly patients with osteo-
malacia may have recurrent falls due to proximal 
muscle weakness and fractures.
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DIAGNOSIS OF VITAMIN D 
DEFICIENCY, RICKETS AND 
OSTEOMALACIA

The screening test of vitamin D deficiency is the 
measurement of serum 25(OH)D3 because 1–25 
(OH)2D3 may be elevated due to high parathor-
mone level. Serum calcium is normal but may be 
low. Serum alkaline phosphatase is elevated even 
when serum calcium is normal. There is calciuria 
and phosphaturia resulting in hypophosphatemia.

The characteristic radiological findings of 
rickets are widened expanded growth plates not 
only in long bones but also in costochondral 
junction giving rise to rachitic rosary. There 
is delayed fusion of sutures of skull bones and 
radiolucency of long bones. After epiphyseal 
fusion, the characteristic radiological finding of 
vitamin D deficiency includes reduced cortical 
thickness and increased radiolucency of bone. 
The looser zones or pseudofractures are pro-
duced especially in scapula; neck of femur and 
pelvis due to pulsation of arteries of surrounding 
bone (Figures 7.4–7.6).

NONSKELETAL FUNCTIONS OF 
VITAMIN D

Vitamin D receptors are present not only in bone 
and muscles but also in brain, breast, prostate, 
colon and immune cells, and these receptors 
respond to 1–25(OH)2D3. Some tissues also have 
receptors for 25(OH)D3. Vitamin D regulates a 
large number of genes which are responsible for 
cellular proliferation, cell differentiation, apoptosis 
and angiogenesis.

Osteoporosis and fracture: Chronic vitamin D 
deficiency is associated with osteoporosis and bone 
fractures. Above the age of 50 years, about 47% 
women and 22% men have osteoporosis. Above the 
age of 80 years, the frequency of osteoporosis rises 
to 66% (Holick, 2007). A number of studies have 
shown that supplementation of vitamin D below 
700 IU per day or those who have vitamin D less 
than 26 ng/ml are unlikely to reduce fracture risk 
(Holick, 2007). In a meta-analysis of seven trials, 
700–800 IU vitamin D daily reduced the relative 
risk of hip fracture by 26% and nonvertebral frac-
ture by 23%. Studies using vitamin D 400 IU daily 

Looser zone
Bowing &
Radio-lucent
bones

Figure 7.4  Radiograph of an 11-year-old girl with severe rickets. Radiograph of legs shows bowing 
of leg bones, radiolucency, expansion of epiphyseal growth plate and looser zone. (Courtesy Dr DK 
Boruah, Associate Professor, Tezpur Medical college, Assam.)
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Metaphyseal cupping, 
splaying with spur

Figure 7.5  Radiograph of hands of an 11-year-old girl showing metaphyseal cupping splaying with 
spur. (Courtesy Dr DK Boruah, Associate Professor, Tezpur Medical college, Assam.)

Figure 7.6  Radiograph showing triradiate pelvis and looser zone.
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have shown little advantage in reducing fracture 
compared to placebo (Bischoff-Ferrari et al., 2006).

Muscle strength and falls: Since vitamin D defi-
ciency causes muscle weakness, improving 25-OH 
vitamin D from 4 to 16 ng/ml improves muscle 
power and performance speed. A meta-analysis of 
seven trials including 1237 subjects recorded reduc-
tion of falls by 22% compared to placebo and found 
that vitamin D 400 IU was not effective but 800 IU 
with calcium was (Bischoff-Ferrari et al., 2006). 
Vitamin D has many other important functions in 
the body. Vitamin D receptors gene and 25-OH vita-
min D1α-hydroxylase gene receptors are expressed 
in monocytes and macrophages in presence of lipo-
polysaccharide or mycobacterium tuberculosis. This 
may explain the role of vitamin D in controlling 
infections. It has been shown that vitamin D level 
below 20 ng/ml impairs the activation of macro-
phage and monocyte generated innate immunity. 
1–25-dihydroxy vitamin D3 leads to increased syn-
thesis of cathelicidins, a peptide capable of destroy-
ing mycobacterium tuberculosis, and other infective 
agents. This may explain higher prevalence and a 
more aggressive course of tuberculosis in black pop-
ulation compared to white (Liu et al., 2006).

MULTIPLE SCLEROSIS AND 
INFLAMMATORY DISEASE

Multiple sclerosis, type I diabetes mellitus and 
inflammatory bowel diseases also have linked 
to vitamin D deficiency. These diseases are more 
prevalent in the population living in high altitude. 
If an individual resides 10 years of his early life 
below 35° latitude, the risk of multiple sclerosis 
is reduced by 50% (VanAmerongen et al., 2004). 
The risk of multiple sclerosis reduces by 42% in the 
women receiving 400 IU vitamin D daily (Munger 
et al., 2004). Risk of type I diabetes also decreases 
by increased intake of vitamin D by pregnant 
mothers as well as the child. In a study from 
Finland, 10,366 children were given 2000 IU vita-
min D3 daily in the first year of life. At 31 years fol-
low-up, the risk of type I diabetes was reduced by 
80% (Hyppönen et al., 2001). In the children with 
vitamin D deficiency, the risk of diabetes increases 
by 200% (Chiu et al., 2004). Low level of vitamin 
D results in reduced insulin synthesis thereby 
increasing metabolic syndrome. The risk of type 2 
diabetes mellitus also reduces by 33% by 1200 mg 
calcium and 800 IU vitamin D daily compared to 

those having less than 600 mg calcium and 400 IU 
vitamin D (Pittas et al., 2006).

Cancer: The incidence of prostate cancer, breast 
cancer and lymphoma is higher in the people living 
at high altitude compared to low (Holick, 2007). The 
role of vitamin D in reducing the incidence of can-
cer may be due to its effect on reducing angiogen-
esis (which reduces cell proliferation) and enhancing 
apoptosis. In population studies, it has been reported 
that if vitamin D is below 20 ng/ml, the risk of colon 
cancer, breast cancer and lymphoma increases by 
30%–50% (Holick, 2007). In the Nurse’s Health 
Study on 32,826 subjects, odds of colorectal cancer 
were inversely related to vitamin D level (Feskanich 
et al., 2004). Prospective studies have also revealed 
relative risk reduction from 1 to 0.53 when intake 
of vitamin D was increased from 6 to 94 IU daily to 
233–652 IU daily (Gorham et al., 2005). In children, 
the risk of non-Hodgkin’s lymphoma was reduced by 
40% who were exposed to sunlight (Berwick et al., 
2005). Similarly, men working outdoor develop can-
cer prostate 3–5 years later than those working 
indoor. Vitamin D deficiency has also been linked 
to hypertension, schizophrenia and respiratory dys-
function. The indications for vitamin D measure-
ment are summarized in Table 7.5.

TREATMENT OF VITAMIN D 
DEFICIENCY

Rickets: To improve 1 ng/ml of serum vitamin D 
level, 100 IU of 25(OH)D2 or D3 are required. The 
requirement of vitamin D in infants and toddler 
with rickets is 2000 IU daily or 50,000 IU weekly 
for 6 weeks. Once serum vitamin D level reaches 
more than 30 ng/ml, the maintenance dose of vita-
min D is 400–1000 IU daily (Holick et al., 2011). 
Rickets may also be treated by 600,000 IU intra-
muscularly orally or once a year (Gordon et al., 
2008; Bischoff-Ferrari et al., 2009; Chibuzor et al., 
2020). The yearly dosing may be appropriate for 
remote and resource poor setting with poor health 
infrastructure. In patients between 1 and 18 years 
of age with rickets, the recommended daily dose 
of vitamin D is 2000 IU daily or 50,000 IU weekly 
for 6 weeks. After this, the maintenance dose is 
600–1000 IU daily if vitamin D level is more than 
30 ng/ml. A combination of vitamin D and cal-
cium is better than vitamin D alone in children of 
6 months–14 years of age with nutritional rickets 
(Chibuzor et al., 2020).
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Osteomalacia: The adults with osteomalacia 
are treated with 6000 IU daily or 50,000 IU weekly 
of vitamin D2 or D3 orally for 8 weeks. Once target 
vitamin D level is achieved (30 ng/ml), the main-
tenance dose of vitamin D is 1500–2000 IU daily 
(Holick et al., 2011) (Table 7.6). If serum vitamin 
D level is not improved, the underlying cause of 
malabsorption (coeliac disease, cystic fibrosis, etc.) 
should be investigated. Toxicity occurs if daily 
vitamin D dose exceeds 40,000 IU.

Granulomatous disease: In granulomatous 
diseases such as sarcoidosis, tuberculosis and lym-
phoma, the macrophages are activated and stimu-
late 1–25(OH)2D3. The active vitamin D increases 
the absorption of calcium from small intestine 
and mobilizes calcium from the skeletal system. 
This results in hypercalcemia and calciuria. These 
patients require maintenance of vitamin D defi-
ciency. Over-dosing of vitamin D may result in 
hypercalcemia and hypercalciuria.

Hyperparathyroidism: The patients with pri-
mary hyperparathyroidism usually have high 

serum calcium and low vitamin D level. Their vita-
min D level should be corrected with caution.

Obesity: The obese patient needs 2–3 times more 
vitamin D compared to nonobese vitamin D defi-
ciency patients. The recommended dose of vitamin 
D is 6000–10,000 IU daily for 8 weeks followed by 
maintenance dose of 3000–6000 daily.

A systemic review on the role of vitamin 
D-raising intervention study in the functional out-
come (pain, falls and quality of life) and cardiovascu-
lar risk (death and stroke) revealed definite benefit 
in falls but not in pain or quality of life. There was 
no consistent benefit in myocardial infarction, 
stroke, lipid levels, blood glucose level and blood 
pressure (Elamin et al., 2011).

GENETICALLY MEDIATED RICKETS 
OR OSTEOMALACIA

Rickets or osteomalacia may also occur in a num-
ber of hereditary disorders of vitamin D metabo-
lism, vitamin D receptor mutations, renal tubular 

Table 7.5  Indication for measuring vitamin D level

Suspected patients with
Rickets
Osteomalacia
Osteoporosis
Malabsorption syndrome: Inflammatory bowel disease, bariatric surgery, cystic fibrosis, radiation 

enteritis, Crohn’s disease
Hepatic failure
Chronic renal failure
Hyperparathyroidism
Granulomatous disorder: Sarcoidosis, tuberculosis, histoplasmosis, coccidioidiomycosis, berylliosis, 

lymphoma
Pregnancy and lactation
Elderly with fall
Nontraumatic fracture
Body mass index >30 kg/m2

Drugs:	 First generation anticonvulsants, glucocorticoids, cholestyramine, antifungal (ketoconazole), 
antiretroviral drugs

Table 7.6  Recommended vitamin D for the treatment of rickets and osteomalacia

Rickets Treatment Maintenance

<1 year •	 2000 IU daily/50,000 weekly × 6 weeks OR
600,000 IU yearly

•	 400–1000 IU daily
600,000 IU yearly

1–18 years •	 2000 IU daily/50,000 weekly × 6weeks •	 600–1000 IU daily
Osteomalacia •	 6000 IU daily/50,000 IU weekly × 8 weeks •	 1500–2000 IU daily
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dysfunction (Fanconi syndrome) and phosphate 
absorption defect. Majority of these patients man-
ifest during early life but may also manifest late 
depending on the severity of defect. Vitamin D  
dependent rickets (type 1) is due to impaired 
conversion of 25(OH)D3 to 1–25(OH)2D3 in 
proximal renal tubules. Their serum 25(OH)D3 
level is normal, but 1–25(OH)2D3 level is low 
or undetectable. These patients respond to cal-
citriol. In vitamin D resistant rickets (type 2), 
serum 1–25(OH)2D3 level is high and also have 
alopecia. These patients are resistant to calcitriol 
treatment and require daily infusion of calcium 
and phosphate. X-linked hypophosphatemia 
is due to defective phosphate reabsorption in 
the renal tubule. These patients have features 
of rickets or osteomalacia, but their serum 
vitamin D level is normal. Fanconi syndrome 
is an autosomal recessive disease with impaired 
absorption of amino acid, uric acid, phosphate, 
bicarbonate and glucose. Along with features 
of vitamin D deficiency, they have metabolic  
acidosis.

CONCLUSION

Vitamin D deficiency is a treatable and entirely 
preventable disease except hereditary causes of 
osteomalacia or rickets. Serum 25(OH)D2 or D3 
level more than 20 ng/ml is considered sufficient. 
A level of <12 ng/ml is considered deficient and 
manifests with rickets in children and osteo-
malacia in adults. A serum level 12–20 ng/ml  
is considered insufficient and increases the risk 
of diabetes, hypertension, cancer and infection. 
Serum 1–25(OH)2D3 should not be measured for 
diagnosis of vitamin D deficiency because it may 
be normal or elevated due to high parathormone 
hormone. Treatment of vitamin D deficiency 
requires high dose of 25(OH)D3 for 6–8 weeks 
followed by maintenance dose. Individuals with 
insufficient vitamin D should be supplemented. 
Community education regarding benefit of sun 
exposure and vitamin rich diet is useful.

REFERENCES

Abbas, M.A. 2017. Physiological functions of Vitamin 
D in adipose tissue. The Journal of Steroid 
Biochemistry and Molecular Biology 165(Pt 
B):369–381.

Askew, F. A., Bourdillon, R. B., Bruce, H. M., Jenkins, 
R. G. C., Webster, T. A. 1930. The distillation 
of vitamin D. Proceedings of the Royal Society 
of London. Series B, Containing Papers of a 
Biological Character 107(748):76–90.

Bauer, G. C. H., Carlsson, A., Lindquist, B. 1955. 
Evaluation of accretion, resorption and exchange 
reactions in the skeleton. Kungl Fysiograf 
Sallskap I Lund Forh 25:3–18.

Berridge, M.J. 2017. Vitamin D deficiency acceler-
ates ageing and age-related diseases: A 
novel hypothesis. The Journal of Physiology 
595(22):6825–6836.

Berwick, M., Armstrong, B. K., Ben-Porat, L., et al. 
2005. Sun exposure and mortality from mela-
noma. Journal of the National Cancer Institute 
97(3):195–199.

Bischoff-Ferrari, H. A., Dawson-Hughes, B., Staehelin, 
H. B., et al. 2009. Fall prevention with supple-
mental and active forms of vitamin D: A meta-
analysis of randomised controlled trials. BMJ 
(Clinical Research ed.) 339:b3692.

Bischoff-Ferrari, H. A., Giovannucci, E., Willett, W. C., 
Dietrich, T., Dawson-Hughes, B. 2006. Estimation 
of optimal serum concentrations of 25-hydroxyvi-
tamin D for multiple health outcomes. The 
American Journal of Clinical Nutrition 84(1):18–28.

Carlsson, A. R. V. I. D., Lindqvist, M., Magjrusson, T. 
1952. Tracer experiments on the effect of vitamin 
D on the skeletal metabolism of calcium and 
phosphorus. Acta Physiologica Scandinavica 
26:212–220.

Chibuzor, M. T., Graham-Kalio, D., Osaji, J. O., 
Meremikwu, M. M. 2020. Vitamin D, calcium 
or a combination of vitamin D and calcium for 
the treatment of nutritional rickets in children. 
The Cochrane Database of Systematic Reviews 
4(4):CD012581.

Chick, H., Palzell, E.J., Hume, E.M. 1923. Studies of 
rickets in Vienna 1919–1922. Medical Research 
Council, Special Report No. 77.

Chiu, K. C., Chu, A., Go, V. L., Saad, M. F. 2004. 
Hypovitaminosis D is associated with insulin resis-
tance and beta cell dysfunction. The American 
Journal of Clinical Nutrition 79(5): 820–825.

Cohen, M. C., Offiah, A., Sprigg, A., Al-Adnani, M. 
2013. Vitamin D deficiency and sudden unex-
pected death in infancy and childhood: A cohort 
study. Pediatric and Developmental Pathology: 
The Official Journal of the Society for Pediatric 
Pathology and the Paediatric Pathology Society 
16(4):292–300.

Dusso, A. S., Sato, T., Arcidiacono, M. V., et al., 
2006. Pathogenic mechanisms for parathyroid 
hyperplasia. Kidney International Supplement 
70(102):S8–S11.



100  Vitamin D deficiency

EFSA NDA Panel (EFSA Panel on Dietetic Products, 
Nutrition and Allergies). 2016. Scientific opinion 
on dietary reference values for vitamin D. EFSA 
Journal 14(10):4547, 145 pp.

Elamin, M. B., Abu Elnour, N. O., Elamin, K. B., et al. 
2011. Vitamin D and cardiovascular outcomes: 
A systematic review and meta-analysis. The 
Journal of Clinical Endocrinology and Metabolism 
96(7):1931–1942.

Esvelt, R. P., Schnoes, H. K., DeLuca, H. F. 1978. Vitamin 
D3 from rat skins irradiated in vitro with ultravio-
let light. Archives of Biochemistry and Biophysics 
188(2):282–286.

Feskanich, D., Ma, J., Fuchs, C. S., Kirkner, 
G. J., Hankinson, S. E., Hollis, B. W., Giovannucci, 
E. L. 2004. Plasma vitamin D metabolites and 
risk of colorectal cancer in women. Cancer 
Epidemiology, Biomarkers & Prevention: A 
Publication of the American Association for 
Cancer Research, Cosponsored by the American 
Society of Preventive Oncology 13(9):1502–1508.

Gordon, C. M., Williams, A. L., Feldman, H. A., May, 
J., Sinclair, L., Vasquez, A., Cox, J. E. 2008. 
Treatment of hypovitaminosis D in infants and 
toddlers. The Journal of Clinical Endocrinology 
and Metabolism 93(7):2716–2721.

Gorham, E. D., Garland, C. F., Garland, F. C., et al. 
2005. Vitamin D and prevention of colorectal 
cancer. The Journal of Steroid Biochemistry and 
Molecular Biology 97(1–2):179–194.

Holick, M.F. 2007. Vitamin D deficiency. The New 
England Journal of Medicine 357(3):266–281.

Holick, M. F. 2005. Vitamin D for health and in 
chronic kidney disease. Seminars in Dialysis 
18(4):266–275.

Holick, M. F., Binkley, N. C., Bischoff-Ferrari, H. A., 
et al. 2011. Evaluation, treatment, and prevention 
of vitamin D deficiency: An Endocrine Society 
clinical practice guideline. The Journal of Clinical 
Endocrinology and Metabolism 96(7):1911–1930.

Hollis, B. W., Wagner, C. L. 2004. Vitamin D require-
ments during lactation: High-dose maternal 
supplementation as therapy to prevent hypovi-
taminosis D for both the mother and the nursing 
infant. The American Journal of Clinical Nutrition 
80(6 Suppl):1752S–1758S.

Hulshinsky, K. 1919. Heilung von rachitis durch kun-
stlich hohen-sonne. Deut. Med. Wochenscher 
45: 712–713; Z. Orthopad. Chir. 1920; 39:426 
as described in Bills CE. In: Sebrell, Jr W.H., 
Harris, R.S. (Eds). The vitamins. Vol. II. New York: 
Academic Press, 1954, pp. 162.

Hyppönen, E., Läärä, E., Reunanen, A., Järvelin, M. R., 
Virtanen, S. M. 2001. Intake of vitamin D and risk 
of type 1 diabetes: A birth-cohort study. Lancet 
(London, England) 358(9292):1500–1503.

Irani, P. F. 1976. Electromyography in nutritional 
osteomalacic myopathy. Journal of Neurology, 
Neurosurgery, and Psychiatry 39(7):686–693.

Liu, P. T., Stenger, S., Li, H., et al. 2006. Toll-like recep-
tor triggering of a vitamin D-mediated human 
antimicrobial response. Science (New York, NY) 
311(5768):1770–1773.

Manna, P., Achari, A. E., Jain, S. K. 2017. Vitamin D 
supplementation inhibits oxidative stress and 
upregulate SIRT1/AMPK/GLUT4 cascade in high 
glucose-treated 3T3L1 adipocytes and in adipose 
tissue of high fat diet-fed diabetic mice. Archives 
of Biochemistry and Biophysics 615:22–34.

Marwaha, R. K., Tandon, N., Reddy, D. R., et al. 2005. 
Vitamin D and bone mineral density status 
of healthy schoolchildren in northern India. 
The American Journal of Clinical Nutrition 
82(2):477–482.

Mellanby, E. 1919. An experimental investigation on 
rickets. Lancet 1:407–412.

Mellanby, E. 1976. Nutrition classics. The Lancet 
1:407–12, 1919. An experimental investigation 
of rickets. Edward Mellanby. Nutrition Reviews 
34(11):338–340.

Munger, K. L., Zhang, S. M., O‘Reilly, E., et al. 2004. 
Vitamin D intake and incidence of multiple scle-
rosis. Neurology 62(1):60–65.

Nicolaysen, R., Eeg-Larsen, N., Malm, O. J. 1953. 
Physiology of calcium metabolism. Physiological 
Reviews 33(3):424–444.

Pearce, S. H., Cheetham, T. D. 2010. Diagnosis and 
management of vitamin D deficiency. BMJ 
(Clinical Research ed.) 340:b5664.

Pittas, A. G., Dawson-Hughes, B., Li, T., et al. 2006. 
Vitamin D and calcium intake in relation to 
type 2 diabetes in women. Diabetes Care 
29(3):650–656.

Plotnikoff, G. A., Quigley, J. M. 2003. Prevalence of 
severe hypovitaminosis D in patients with per-
sistent, nonspecific musculoskeletal pain. Mayo 
Clinic Proceedings 78(12):1463–1470.

Scheimberg, I., Perry, L. 2014. Does low vitamin D 
have a role in pediatric morbidity and mor-
tality? An observational study of vitamin D 
in a cohort of 52 postmortem examinations. 
Pediatric and Developmental Pathology: The 
Official Journal of the Society for Pediatric 
Pathology and the Paediatric Pathology Society 
17(6):455–464.

Steenbock, H., Hart, E. B. 1913. The influence of func-
tion on the lime requirements of animals. Journal 
of Biological Chemistry 14:59–73.

Thacher, T. D., Fischer, P. R., Strand, M. A., Pettifor, J. 
M. 2006. Nutritional rickets around the world: 
causes and future directions. Annals of Tropical 
Paediatrics 26(1):1–16.



References  101

VanAmerongen, B. M., Dijkstra, C. D., Lips, P., Polman, 
C. H. 2004. Multiple sclerosis and vitamin D: An 
update. European Journal of Clinical Nutrition 
58(8):1095–1109.

Windaus, A., Lettre, H.,  Schenck, Fr.  1935. 
7-Dehydrocholesterol. Justus Liebigs Annalen 
der Chemie 520:98–106.

Windaus, A., Bock, F. 1937. Über das provitamin aus 
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8
Vitamin E deficiency and its neurological 
effects

INTRODUCTION

Vitamin E consists of eight soluble compounds, 
four tocopherols (Tα, Tβ, Tϒ and Tδ) and four 
tocotrienols (TEα, TEβ, TEϒ and TEδ). Tα is the 
most important form of vitamin E in the tissues. 
Vitamin E is considered as an antioxidant, and 
also it has anti-inflammatory and antidegenera-
tion effects. In humans, vitamin E deficiency has 
been associated with ataxia, neuromuscular weak-
ness and macular degeneration. Tα has also been 
used to prevent a number of degenerative and sys-
temic disorders. Dietary vitamin E deficiency is 
rare and usually associated with fat malabsorption 
syndrome. Lately inherited genetic defects in vita-
min E metabolism causing isolated vitamin E defi-
ciency or in association with abetalipoproteinemia 
have been reported. In this chapter, pathophysi-
ology, clinical manifestations and management 
aspects of vitamin E deficiency are presented.

HISTORICAL BACKGROUND

Herbert M. Evans and Katherine S. Bishop 
described a factor in the lipid extract of lettuce 
which was needed for reproduction of rats (Evans 
and Bishop, 1922). In 1924, this factor was named 
vitamin E (Barnett, 1924). The effect of vitamin E 
on neurological disorders was demonstrated in the 
offspring of vitamin E deficient rats. The affected 
pups had limb paralysis. This effect of vitamin E 
was attributed to its antioxidant action (Olcott and 
Mattill, 1931). In humans, the role of vitamin E 
deficiency in neurological disorders was reported 
in 1965 (Kayden et al., 1965). Though vitamin E was 
regarded as an antioxidant, alternative molecular 

mechanisms in cell signaling and inflammation 
have been reported in recent years (Mahoney and 
Azzi, 1988). Several genetic mutations have been 
reported which can result in vitamin E deficiency. 
Milestones in the discovery of vitamin E have been 
mentioned in Figure 8.1.

SOURCES OF VITAMIN E

Vitamin E is abundantly present in both vegetar-
ian and nonvegetarian food. Fruits and vegetables 
have a lower amount of vitamin E compared to 
meat, nuts and cereals. Fruits mainly contain Tα. 
Among the nuts, Tα is found in peanuts, sunflower, 
and almonds, and Tϒ is found in walnut, peanuts, 
pistachio and sesame seeds. Both Tα and Tϒ are 
found in various oils derived from corn, soybean, 
peanuts and sunflower. Tδ is found in tomato 
seeds, rice germ and soybean oil. Tocotrienols 
are found in lower quantity in nuts but are mostly 
available in palm oil, barley, annatto and some 
cereals (Table 8.1). Since tocopherols are closely 
associated with oils, Tα found in plant oils is also 
rich in MUFA (monounsaturated fatty acid), and 
Tϒ is found in nuts and nut oils and is rich in 
PUFA polyunsaturated fatty acid. Plasma level of 
Tϒ suggests monounsaturated fat intake, and Tϒ 
suggests polyunsaturated fatty acid intake.

STRUCTURE AND FUNCTIONS 
OF VITAMIN E

The natural form of vitamin E has eight types of 
lipophilic molecules (Tα, β, ϒ, δ and TEα, β, ϒ, δ). 
All these forms of tocopherols have a chromanol 
ring with 16 carbon phytyl-like side chains in which 
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Table 8.1  Dietary sources of vitamin E

Source mg/100 mg food mg/100 g

Oils Fruits
Wheat germ oil 149 Olive 3.8
Hazelnut oil 47 Avocado 2.1
Sunflower oil 41 Cranberries 2.1
Almond oil 39 Kiwi 1.5

Nuts and seeds Blackberries 1.2

Almond 26 Apricot 0.9
Hazelnut 15 Mango 0.9
Pine nut 9.3 Raspberries 0.9
Peanut 8.3 Vegetables
Pistachio 2.9 Turnip green 2.9
Pumpkin seed 2.2 Mamey sapote 2.1
Cashew 0.9 Spinach 2.0

Nonvegetarian diet Mustard green 1.8
Crayfish 15 Beet green 1.8
Octopus 12 Butternut squash 1.5
Fish roe 7.0 Broccoli 1.5
Snail 5.0 Milk and milk product 0.03–1.3
Abalone 4.0
Rainbow trout 2.8
Goose meat 1.7
Atlantic salmon 1.1
Lobster 1.0
Meat & meat product 0.02–1.1

1922 ’24 ’31 ’65 ’88 2003 ‘05

Factor X
Evans & Bishop

Vitamin E
Barnett

Antioxidant 
Olcott & Mattill

Human benefit 
Kayclen

Cell signaling

Gene expression
v

Tocopherol phosphate
Activated form of vitamin E

Future research
in restorative
medicine

Figure 8.1  Milestones in the discovery of vitamin E and its biological functions.
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tocopherols are saturated, and tocotrienols have 3 
double bonds (Figure 8.2). Different isoforms of T 
and TE differ at five or seven position of chroma-
nol ring with –H or –CH3 group. Out of all these 
isoforms, Tα is the predominant form of vitamin E. 
Low intake of Tα may result in vitamin E deficiency.  
Animal and initial human data have revealed benefit 
of Tα in preventing atherosclerosis, inflammation 
and Alzheimer disease; however, subsequent human 
studies failed to support these findings, rather, there 
was an increased frequency of carcinoma prostate 
(Klein et al., 2011; Christen et al., 2015; Huttunen, 
1995; Christen et al., 2010; Farina et al., 2017). 
Recent studies have therefore evaluated the effects 
of other isoforms of vitamin E.

Tocopherols are important substances and can-
not be synthesized in humans; therefore, dietary 
intake is necessary. The recommended daily allow-
ance for adults is 15 mg. There is no additional 
requirement in pregnancy; however, the recom-
mended daily allowance in lactating mother is 
19 mg. The recommended daily allowance for 
infants (0–6 months) is 4 mg, for 7–12 months of 
age 5 mg, for 1–3 years of age 6 mg, 4–8 years of 
age 7 mg and for 9–13 years of age 11 mg (Table 8.2; 
Traber and Manor, 2012).

ABSORPTION AND METABOLISM

About 20%–40% of dietary vitamin E is absorbed 
from the small intestine. Dietary vitamin E is 
hydrophobic; hence, it has to be stabilized by bile 
acid (micellar stabilization) so that it can flow 
through the aqueous environment of the intestine. 
Before absorption, it is hydrolyzed by the esterases 
secreted from the pancreas and intestinal mucosa. 
In the intestine, it is absorbed into the enterocyte 
through passive diffusion. Inside the enterocyte, 

vitamin E is incorporated with dietary lipid and 
apolipoprotein into chylomicron and transported 
through mesenteric lymphatic to systemic circula-
tion. Vitamin E is stored in liver as a rapid turnover 
depot and in the adipose tissue as slow turnover 
depot. About 8% of vitamin E is excreted in bile. 
Vitamin E circulates with HDL (high density 
lipoprotein) and LDL (low density lipoprotein). 
Vitamin E is hydrolyzed before entering the cell, 
and it enters the cell through LDL receptor. About 
1% of vitamin E is excreted in urine (Figure 8.3).

In the liver, Tα binds to α-tocopherol transfer 
protein (αTTP). αTTP with ATP binding cassette 
transporter A1 (ABCA1) incorporates Tα with 
lipoprotein, which is released into circulation, and 
is available to the tissues (Traber, 2007; Manor and 
Morley, 2007). Tα has 100% affinity for αTTP but 
the other isoforms have lower affinity; Tβ 50%, 
Tϒ 10%–30% and Tδ has 1% affinity for αTTP. 
The majority of unbound vitamin E is catabolized 
by cytochrome P450. There are other vitamin E 
binding proteins such as SEC14p and supernatant 
protein factor.

MECHANISM OF ACTION

Vitamin E has antioxidant and nonantioxidant 
mechanisms of actions. Antioxidant effects of vita-
min E are mediated by peroxy radical scavenging 
and inhibition of lipid peroxidation. Vitamin C 
and glutathione maintain vitamin E in a reduced 
state (Figure 8.4; Traber and Manor 2012). The non-
oxidant effects of vitamin E are being increasingly 
recognized, which include inhibition of protein 
kinase C, leading to decreased cell proliferation, 
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Figure 8.2  Schematic diagram showing the struc-
ture of tocopherol and its analogues.

Table 8.2  Daily requirement of vitamin 
E in different age groups

Age mg/day

0–6 months 4
7–12 months 5
1–3 years 8
4–8 years 7
9–13 years 11
>13 years 15
Pregnancy 15
Lactation 19
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inflammation, atherosclerosis, diabetic vascu-
lar complication and platelet aggregation. It also 
affects prostaglandin synthesis and phospholipase 
A2. The transcription factors such as peroxisome 
proliferator-activated receptor ϒ, nuclear factor kB, 
nuclear factor erythroid-derived 2 – like 2, RAR-
related orphan receptor α, hypoxia inducible factor 
1α, pregnane X receptor and estrogen receptor β 
(Khadangi and Azzi, 2019). Vitamin E also regu-
lates a number of genes such as xanthine oxidase, 
scavenger receptors SR-A, collagenase, CD36, 
tropomycin, αTTP and Cyp3a (Azzi et al., 2016).

VITAMIN E DEFICIENCY STATE

In humans, dietary vitamin E deficiency is extremely 
rare, and occurs in the following settings:

	1.	 Along with fat malabsorption
	2.	 Liver disease
	3.	 Pancreatic disease
	4.	 Intestinal resection
	5.	 Genetic: abetalipoproteinemia 

and isolated α-tocopherol transporter 
(αTTP) deficiency.
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Figure 8.4  Antioxidative functions of vitamin E that help in scavenging ROS (reactive oxygen species). 
GSH = glutathione.
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Fat malabsorption occurs in cystic fibrosis, hepato-
biliary disease and abetalipoproteinemia. Amongst 
the liver diseases, chronic cholestatic hepatobiliary 
disease is associated with vitamin E deficiency in 
50%–70% of patients. The other liver diseases asso-
ciated with vitamin E deficiency include biliary 
atresia, neonatal hepatitis, steatohepatic dyspla-
sia and familial cholestatic syndrome. Resection 
of small intestine and bariatric surgery may also 
result in vitamin E deficiency after 10–20 years.

CLINICAL FEATURE OF VITAMIN E 
DEFICIENCY

Vitamin E deficiency may be due to fat malab-
sorption or isolated vitamin E deficiency. Fat 
malabsorption may be associated with deficiency 

of other fat-soluble vitamin (A, D and K). Both 
these groups of disorders have similar clini-
cal manifestation. The clinical picture resembles 
spinocerebellar ataxia characterized by retinal 
degeneration, ptosis, ophthalmoplegia, ataxia, 
areflexia, proximal muscle weakness and loss of 
joint position and vibration. Touch and pinprick 
are minimally affected distally (Figure 8.5; Jung 
et al., 2019). Patients may have dysesthesia and 
distal sensory loss due to associated neuropathy 
(Sokol, 1988). Vitamin E deficiency neurological 
syndromes are well characterized in childhood 
cholestasis. These patients get five neurological 
signs at 2 years interval.

	1.	  Hyporeflexia or areflexia
	2.	  Truncal ataxia

Figure 8.5  MRI and clinical photographs of a 50-year-old woman who presented with ataxia and 
myeloneuropathy following intestinal resection. (a) Spinal MRI shows T2 hyper intensity of cervical spi-
nal cord. (b) Axial section shows T2 hyper intensity of posterior and lateral columns. (c) Generalized 
wasting. Her serum vitamin E level was low (3.71 mg/dl, normal 5–20 mg/dl), but serum vitamin B12, 
serum copper and ceruloplasmin levels were normal. (With permission from Jung, J. B., Kim, Y., Oh, 
K., et al. 2019. Subacute combined degeneration associated with vitamin E deficiency due to small 
bowel obstruction: A case report. Medicine 98(36):e17052.)
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	3.	  Limb ataxia
	4.	  Ophthalmoplegia
	5.	  Peripheral neuropathy.

Hyporeflexia is the earliest to appear by 2 years of 
age. Other symptoms appear by 2–4 years, and limb 
ataxia is the last to appear at 6 years (Sokol et al., 
1985). Few patients may manifest in adulthood with 
psychomotor abnormality and chronic liver disease.

Vitamin E deficiency due to abetalipoprotein-
emia occurs due to defects in absorption of vita-
min E in intestine and transportation in liver. 
Abetalipoproteinemia is a rare metabolic disorder 
occurring in less than 1 in 100,000 populations. It 
has multisystem manifestations characterized by 
fat malabsorption leading to diarrhea, acanthocy-
tosis (Figure 8.4), retinitis pigmentosa leading to 
night blindness, spino-cerebellar ataxia, periph-
eral neuropathy and muscle weakness. Defective 
absorption of fat and fat-soluble vitamins 
results in failure to thrive. A majority of these 
patients manifest with neurological complaints 
by second decade, and if untreated succumb by 
third decade (Berriot-Varoquetux et al., 2000). 
Abetalipoproteinemia is attributed to mutations 
in microsomal triglyceride transfer protein (MTP) 
gene leading to defective absorption of vitamin E 
by intestinal mucosa and transport from liver to 
blood circulation due to low or absence of lipid 
molecule (Zamel et al., 2008).

ISOLATED VITAMIN E DEFICIENCY

Ataxia with isolated vitamin E deficiency (AVED) 
is a rare autosomal recessive disease, which mani-
fests by second decade. The neurological symptoms 
include spinocerebellar ataxia, areflexia, sensory 
ataxia, dysarthria, muscle weakness and positive 
Babinski sign.

AVED resembles Friedreich ataxia but differs 
by the absence of skeletal abnormalities, diabe-
tes mellitus and cardiomyopathy. The presence 
of titubation and dystonia are features of AVED 
which also help to distinguish from Friedreich 
ataxia. Since these patients do not have fat malab-
sorption, acanthocytosis is not present and helps 
in differentiation from abetalipoproteinemia. 
Several genetic mutations of αTTP gene have been 
reported (Di Donato et al., 2010). The phenotypic 
expression of different mutations is beyond the 
scope of this chapter.

INVESTIGATIONS

The diagnosis of vitamin E deficiency is based on 
clinical findings and low level of serum vitamin 
E (Tα) of 5 µg/ml or lower. The serum level of Tα 
should be interpreted in the light of clinical find-
ings. Sometimes low serum levels do not have cor-
responding clinical signs. Plasma vitamin E is 
incorporated into the chylomicrons; therefore, its 
level depends on the level of plasma lipid; 0.8 mg 
Tα/g lipid or lower is considered abnormal (Russell, 
2005). Stool fat is increased in fat malabsorption 
and serum lipid concentration, and other fat-soluble 
vitamins are also low suggesting a generalized state 
of malabsorption. Cerebrospinal fluid is normal. 
Nerve conduction study reveals distal sensory poly-
neuropathy, although motor conduction abnormal-
ity and features of demyelinating neuropathy has 
been reported (Puri et al., 2005). Somatosensory 
and visual evoked potentials are frequently abnor-
mal. Magnetic resonance imaging reveals T2 hyper 
intensity in the spinal cord simulating subacute 
combined degeneration and copper deficiency.

TREATMENT

There is no consensus on the ideal dose of vitamin 
E (Tα), and a dose of 200 mg/day to 100 mg/kg/
day has been tried. One mg Tα is equal to 10 IU 
of Tα. Following the treatment, improvement or 
stabilization of neurological status is possible even 
in those with hereditary vitamin E deficiency. The 
patients with abetalipoproteinemia may require 
high dose (5000–7000 mg/day). It has been sug-
gested to start with 200–600 mg water miscible 
αT. The dose may be adjusted depending on clini-
cal response and serum level. If no improvement 
occurs, high dose or parenteral administration 
should be tried (2 mg/kg/day intramuscularly). 
Bile salt supplementation in patients with mal-
absorption and other vitamin deficiencies should 
also be corrected (Russell, 2005).

VITAMIN E IN RESTORATIVE 
NEUROLOGY

Dietary vitamins and micronutrients are tried in 
the prevention and treatment of various age-related 
degenerative diseases either as a preventive or ther-
apeutic measure. Vitamin E has also been used in 
these disorders in isolation or in combination.
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Mortality benefit: Based on 78 randomized 
controlled trials including 296,707 participants 
aged 63 (18–103) years received antioxidants orally 
for 28 days to 12 years. The antioxidant group had 
morality benefit (11.7% vs 10.2%). However, the 
analysis of 56 trials with low risk of bias, the par-
ticipants on antioxidants had increased mortality 
(12.8% vs 11.6%) especially with β carotene (13.8% 
vs 11.1%) and vitamin E (12% vs 10.3%) (Bjelakovic 
et al., 2012). These results have been questioned. 
Higher mortality in β carotene and vitamin E 
was due to inclusion of a Finish study, which had 
very high mortality because of a large proportion 
of smokers. Reanalysis of data in different subsets 
revealed that mortality was not significantly differ-
ent in vitamin E group compared to placebo (Oliver 
and Myers, 2017).

Stroke: The association of stroke with vitamin 
E concentration in a meta-analysis on 3156 stud-
ies revealed that the increased dietary vitamin E 
intake was inversely related to stroke, and this ben-
efit was present up to 10 years but not after 10 years. 
A nonlinear association between dietary vitamin E 
intake and stroke was also observed. A 17% reduc-
tion in stroke risk was present in those with high 
quantity of vitamin E intake (Cheng et al., 2018). 
The stroke prevention effect of vitamin E may be 
due to antioxidant property as it inhibits lipid per-
oxidation by scavenging reactive oxygen species, 
thereby protecting cell membrane. Atherosclerotic 
plaque stabilization, inhibition of platelet aggrega-
tion and prevention of thrombus formation has 
been reported by vitamin E. Four prospective tri-
als, however, have not revealed a protective role of 
vitamin E in stoke of any type (Hirvonen et al., 
2000; Keli et al., 1996; Marniemi et al., 2005; Ross 
et al., 1997). The role of dietary vitamin E in reduc-
ing stroke mortality in postmenopausal women 
and ischemic stroke in male smokers has also been 
reported (Vokó et al., 2003). High dietary vitamin 
E intake was associated with risk of intra-cerebral 
hemorrhage (Del Rio et al., 2011).

Dementia and cognitive impairment: Oxi
dative stress and excitotoxicity have been reported 
in the pathogenesis of Alzheimer disease (AD) and 
dementia; therefore, antioxidants and antigluta-
minergic therapies have been tried in the treatment 
and prevention of dementia. In a meta-analysis, 
the role of vitamin E has been evaluated in 304 
AD and 516 MCI (minimal cognitive impairment) 
patients from 4 randomized controlled trials. In 

AD, there was no benefit in cognitive measures over 
6–8 months assessed by AD Assessment Scale – 
Cognitive Subscale but had less functional decline 
measured by AD Cooperative Study/Activity of 
Daily Living Inventory. There was no effect on 
neuro-psychiatric symptoms. Vitamin E did not 
have any effect in preventing cognitive decline in 
MCI patients (Farina et al., 2017).

Others: In muscular dystrophy, vitamin E and 
selenium have been tried. There was however no 
significant improvement in muscle power at 1 year 
(Gamstorp et al., 1986). In age-related macular 
degeneration, antioxidant (vitamin E, vitamin C 
and beta carotene) and zinc resulted reduction in 
progression of macular degeneration and to some 
extent improvement in visual acuity at 6.3 years 
follow up (AREDS, 2001).

Therefore, routine use of vitamin E is not rec-
ommended for prevention of neurological disease.

VITAMIN E TOXICITY

High dose vitamin E (>800 mg/day) reduces plate-
let aggregation and interferes with vitamin K 
metabolism and therefore should not be used with 
anticoagulants. A dose of 1 g/day or more may be 
associated with gastrointestinal disturbances.

CONCLUSION

Vitamin E is a fat-soluble vitamin comprising of 
four tocopherols and four tocotrienols. Vitamin 
E has antioxidative, antiinflammatory, antide-
generative and various nonoxidant activities for 
maintaining cell biology. Both vegetarian (fruits, 
vegetables, seeds and oils) and nonvegetarian 
foods contain vitamin E, but nonvegetarian food 
is a richer source. The causes of vitamin E defi-
ciency are fat malabsorption, liver disease, pan-
creatic disease, intestinal resection and genetic 
disorders. Neurological presentation of vitamin 
E deficiency is rare and manifests with ataxia, 
peripheral neuropathy, neuromuscular weak-
ness, ophthalmoplegia and macular degenera-
tion. Vitamin E deficiency is diagnosed by the 
clinical presentation and low serum vitamin E 
level below 5 µg/ml. A wide range of dose has 
been tried ranging from 200 mg/day to 100 mg/
kg/day. The role of vitamin E in preventing neu-
rodegenerative and cardiovascular diseases is yet 
to establish.
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9
Neurological manifestations of fluorosis

INTRODUCTION

Fluorosis occurs due to ingestion or inhalation 
of excessive fluoride and manifests with teeth, 
skeletal and ligament involvement. It is a crip-
pling disease due to deposition of fluoride in hard 
and soft tissues of the body. Fluorosis is a public 
health problem because of high fluoride content 
in the soil and thereby in drinking water and 
vegetables. High water fluoride levels are found 
in the foot of high mountains and in the areas 
where sea has made geographical deposits. There 
are many fluorosis belts. The neurological mani-
festation in fluorosis is secondary to bone and 
ligament calcification leading to entrapment and 
compression.

HISTORY

The term fluorosis was first coined by Christiani 
and Gautier in 1925. Later Feil reported fluoro-
sis as an occupational disease (Feil, 1930). Møller 
and Gudjonsson from Denmark described indus-
trial fluorosis in cryolite miners (Møller and 
Gudjonsson, 1932). In India, endemic fluorosis 
was first reported by Shortt and colleagues in 1937 
from Madras (Shortt et al., 1937; Reddy, 1979).

Earth crust contains about 85 million tons of 
fluoride, which is the 13th most common naturally 
occurring element. About 25 million tons of this 
element is in India. Fluorine is the most reactive 
halogen and the most electronegative; therefore, 
it is not found in a free state in the nature, but is 
bound as fluoride mineral complex. Fluorosis is 
endemic in India, China, Mexico and Argentina. 
A population of 66 million is at risk and six million 
mainly children are crippled by fluorosis.

EPIDEMIOLOGY

The main sources of fluoride are water, food and 
occupational exposure. The ground rich in phos-
phatic rocks is responsible for high fluoride con-
tent of ground water. The geographic fluoride belt 
extends from Turkey to China, and Japan through 
Iraq, Iran and Afghanistan (Figure 9.1; UNICEF, 
1999). Contaminated groundwater though is the 
main source of fluorosis, contaminated cook-
ing or drinking water, agricultural food prod-
ucts, industrial emissions and pollution as well 
as drugs and cosmetics may also contribute to 
fluorosis. The volcanic region has fluoride rocks. 
Water fluoride content of more than 1.5 ppm is 
considered toxic. Alkaline pH also increases fluo-
ride absorption, whereas vitamin C, calcium and 
fresh fruits reduce fluoride absorption and its ill 
effects. Fluoride content of ground water var-
ies in different geographical regions. The highest 
fluoride content of water is reported to be 95 mg/l 
in certain regions of South and North Africa. In 
India, the highest level of water fluoride has been 
reported from Haryana, up to 48.3 mg/l. Among 
the beverages, the high level of fluoride is reported 
in black tea (1 mg/cup), and excess drinking of tea 
can cause fluorosis (Whyte et al., 2008).

The environmental factors responsible for fluo-
rosis are high ambient temperature, low rainfall 
and humidity, which may cause thirst leading to 
a large amount of water intake. Fluoride-rich sub-
soil rocks in the region, vegetable and fruits grown 
in fluoride-rich soil, fluoride-rich toothpaste, pro-
longed use of quinolones, voriconazole and indoor 
coal burning may also contribute to fluoride tox-
icity. About 40%–100% districts are affected in 
Rajasthan, Gujarat and Andhra Pradesh, about 
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40%–70% districts are affected in Haryana, 
Punjab, Madhya Pradesh and Maharashtra and 
less than 40% districts are affected in Tamil Nadu, 
West Bengal, Bihar and Uttar Pradesh (Figure 9.2; 
UNICEF, 1999; FRRDF, 1999).

The worldwide prevalence of fluorosis is 4.8%–
47.5% (Datta and Datta, 2013), and it is a major 
health problem in 25 countries of Asia and Africa 
(Sellami et al., 2020). There are two major fluorosis 
belts: one that stretches from Kenya through Sudan, 
Algeria, Libya, Jordan and Syria and the other 
belt that stretches from China through Northern 
Thailand, India, Afghanistan, Iran, Iraq and Turkey. 
There are similar fluorosis belts in the Americas and 
Japan. Argentina and Mexico are also endemic for 
fluorosis. Fluorosis is uncommon in Europe and 
America. Children below 7 years manifest with 
dental fluorosis, and the adults with skeletal fluo-
rosis. The development of skeletal fluorosis requires 
decades of fluoride exposure. The highest incidence 
of fluorosis is reported in the adults of 30–60 years 
of age. The males are more frequently affected than 
females. Malnutrition increases fluoride toxicity. 
Diet poor in calcium and vitamin C increases fluo-
ride toxicity. In a study from China, fluorosis was 
less common in well-nourished individuals com-
pared to poorly nourished (43.8% vs 69.2%). The defi-
cient group consumed less than 400 mg of calcium  
and 20 g of protein daily (Liang and Cao, 1997). 
Magnesium reduces fluoride toxicity (Marier, 1969). 

In the endemic areas, the main source of fluoride is 
water, but in China and India foods such as cere-
als and vegetables grown in fluoride rich fields are 
an important source of fluorosis. The laborers con-
suming 3000 calories diet have 54.66–75.76 mg of 
fluoride in their food which are above the recom-
mended dose (Reddy, 1985).

ABSORPTION AND DISTRIBUTION

Fluoride is absorbed from gastrointestinal and 
respiratory tract. The absorption of fluoride depends 
on the solubility or whether it is in organic or inor-
ganic form. Soluble form of fluoride is completely 
absorbed, whereas 60%–80% of less soluble inor-
ganic or organic fluoride compounds are absorbed. 
Fluoride in water is absorbed by 90% and dietary 
fluoride by 30%–69%. The absorption of fluoride in 
gastrointestinal tract is influenced by dietary com-
positions. Presence of calcium, magnesium and alu-
minum in the diet reduces the solubility of fluoride, 
thereby reducing its absorption. Fluoride is absorbed 
by diffusion, circulates in the body and also enters 
the cells. It is excreted in stool, urine, sweat and 
breast milk. 10%–19% of fluid intake is excreted in 
the stool. Urinary excretion of fluoride depends on  
the pH and renal function. In chronic kidney dis-
ease, urinary excretion of fluoride is decreased, and 
these patients may develop fluorosis even at 1 mg/l 
of fluoride in drinking water.

Figure 9.1  Global distribution of endemic fluorosis as per UNICEF in 1999.
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PATHOPHYSIOLOGY

Fluoride is a bone-seeking element similar to cal-
cium and magnesium. About 99% of fluoride is 
present in the bone. Uptake of fluoride is more in 
the actively growing end of the cancellous bone 
than compact mature bone. Fluoride is deposited 
in the bone as fluorapatite, and the bone becomes 
sclerosed (osteosclerosis). In children in South 

Africa, osteoporosis of the long bone has been 
reported especially in the lower limbs. The skeletal 
deformity simulates features of vitamin D defi-
ciency such as bowed legs, genu valgum, saber tibia 
(Figures 9.3 and 9.4), widening of wrist and cubi-
tus valgus (Jackson, 1962; Krishnamachari and 
Krishnaswamy, 1973). There is osteosclerosis of 
vertebra. The osteoporotic changes are more prom-
inent in the areas with low dietary calcium, and it 

Figure 9.2  Areas with high water fluoride level in India (UNICEF, 1999; FRRDF, 1999).
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is postulated that secondary hyperparathyroid-
ism due to hypocalcaemia might have mobilized 
bone calcium to the circulation because fluorapa-
tite crystals are less soluble than hydroxyapatite. 
In India, the bony deformity of the lower limbs 

with osteoporosis is more prevalent in South India. 
In Punjab, these changes have not been reported 
although Haryana and Punjab have higher fluoride 
levels in drinking water. This may be due to higher 
calcium intake in their diet.

Figure 9.3  (a) A 6-year-old girl from Uttar Pradesh, India, with saber tibia and (b) her radiograph 
showing bowing of tibia, cortical thickening and radiolucency of medullary bone. 

Figure 9.4  Bowing of legs in women from fluorosis endemic belt in Uttar Pradesh.
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CLINICAL FEATURES

The clinical features of fluorosis may be described 
as dental, skeletal and miscellaneous. The neuro-
logical complications of fluorosis are rare and seen 
in advanced stage of skeletal fluorosis.

DENTAL FLUOROSIS

Exposure to high fluoride content before 7 years 
of age results in dental fluorosis. Dental fluoro-
sis more commonly affects the permanent teeth, 
but in the endemic areas even the deciduous teeth 
may also be affected. Fluorosis mainly affects the 
enamel of the teeth. About 80% of the enamel is 
made of hydroxyapatite which is translucent. The 
fluoride replaces the hydroxyl part, and forms flu-
orapatite giving rise to chalk white color. Teeth 
lose their shining appearance and acquire chalky 
white patches mostly affecting the upper incisor 
teeth. These patches turn yellow to dark brown 
(Figure 9.5). Following loss of enamel, the teeth 
get corroded, and there is permanent loss of teeth. 
The severity of dental fluorosis is measured by 
Dean’s index (Table 9.1). Community fluorosis 
index (CFI) measures both prevalence and sever-
ity of fluorosis (Table 9.2).

SKELETAL FLUOROSIS

Skeletal fluorosis occurs because of prolonged 
chronic ingestion of fluoride-rich water or diet 
above 1.5 mg/dl (Arlappa et al., 2013). The com-
monest age group for skeletal fluorosis is the third 
and fourth decade. In an endemic area, besides 
environmental factors, a number of genetic factors 

have been suggested for selective occurrence of flu-
orosis in some individuals. The possible candidate 
genes are matrix metallopeptidase 2, glutathione 
S-transferase pi-1, prolactin, vitamin D receptor 
and myeloperoxidase (Liu et al., 2016). Once flu-
oride enters the bone, it has a half-life of 7 years. 
Fluoride affects the bone strength in two ways: (a) 
50% of fluoride forms fluorapatite hydroxide ion 

Figure 9.5  Dental fluorosis: pitting, brown pigmentation and hypoplastic teeth.

Table 9.1  Dean’s index for measurement of 
dental fluorosis 

Subgroup Manifestations

0 Normal enamel
0.5 Questionable fluorosis

Slight alteration in translucency 
of enamel and occasional 
flake or spot

1 Very mild fluorosis
White flake affects less than 

25% of tooth area in 2 most 
affected teeth

2 More than 50% area in 2 most 
affected teeth

3 All enamel surface affected
Discolored brown teeth

4 Severe hypo-plastic teeth with 
attrition and pitting, brown 
and black staining

Table 9.2  Community fluorosis index (FCI)

CFI: < 0.4 is considered little or no public health 
problem 

CFI: 0.4–0.5 Borderline fluorosis
CFI: > 0.6 Excessive fluorosis 
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from hydroxyapatite crystal. (b) Fluoride increases 
bone turnover by regulating Runx-2 and RANKL 
(Pei et al., 2014). It affects expression of osteopro-
tegerin and osteocalcin leading to increased osteo-
blastic activity. Fluorapatite crystal is lager and has 
greater crystallinity; however, it has lesser solubil-
ity than hydroxyapatite crystal. This accounts for 
grater opacity of bone.

Most of the individuals with fluorosis are 
asymptomatic in the initial stage, but later may 
have vague pain, backache and pain in the hands, 
feet and joints due to stiffness. There is calcification 
of ligaments and tendinous attachment of muscles. 
There may be poker back deformity due to calci-
fication of spinal ligaments. On examination, the 
spinal mobility is reduced. The patients are unable 
to extend the spine (Figure 9.6). They are unable 
to pick up any object from the floor (coin test) 
and unable to flex the neck to touch the chest by 
chin (chin test) and unable to extend the neck and 
shoulder (extension test) (Figure 9.6).

Radiological findings: The skeletal fluorosis 
can be diagnosed by the imaging findings and epi-
demiological data. Three stages of skeletal fluorosis 
have been described by Roholm in 1937.

	1.	 Thick trabeculations and dense spans of axial 
bones resulting in a ground glass appearance of 
thoracolumbar vertebrae and iliac wings.

	2.	 Loss of trabeculation and regular contours of 
the bone with ligament calcification such as 
paraspinous, sacrospinous and sacrotuberous 
ligaments along with tendinous insertion of 
muscles (Figure 9.7).

	3.	 The bone becomes denser and opacified. There 
is periosteal thickening and cortex giving rise 
to marmoreal appearance of the skeleton. 
Radiograph of the bone reveals osteosclerosis, 
osteophytosis and ligamentous calcification of 
the pelvis and spine. The calcification of ten-
dinous attachment to the bones looks like rose 
thorn. Calcification of interosseous membrane 

Figure 9.6  A 52-year-old male with skeletal fluorosis. (a) He is in an attitude of flexion. Unable 
to extend his back, touch chest by chin and extend his elbow. (b) Radiograph shows calcification 
of tendons at the origin of peroneal muscles (thin white arrow), interosseous membrane (thick black 
arrow) and periosteal thickening (thick white arrow). 
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and posterior longitudinal ligament along with 
the opacification of axial bone is suggestive 
of skeletal fluorosis. The vertebrae have beak-
like osteophyte and chalky white ground glass 
appearance more marked in the lumbar and 
cervical regions. Ossification and ligamentous 
calcification lead to spinal canal stenosis and 
foraminal narrowing resulting in spinal cord 
and root compression in the later stage. The 
other radiological features include coxa vara, 
genu valgum, genu varum, acetabular protru-
sion and reduction in vertebral height with cor-
responding increase in the width of the vertebra.

Computed tomography also reveals similar changes 
and is helpful in the evaluation of the patients with 
myelopathy, radiculopathy and rarely in verte-
bral artery occlusion. Spinal MRI also reveals the 
above mentioned changes but is specially indicated  

for soft tissue imaging and excluding other possi-
bilities. In the later stage of skeletal fluorosis, there 
is restrictive lung disease because of stiff rib cage.

Bone mineral density is increased in fluorosis. 
99mTc MDP scintigraphy reveals increased uptake 
of radiotracer in the axial bones and at the site of 
tendinous or ligamentous insertion

Histopathology of bone: Histology of com-
pact bone reveals poorly formed Haversian system 
and disorganized lamellar system. Osteoid tissues 
extend to ligaments and muscle tendon.

Differential diagnosis: A number of conditions 
such as Paget’s disease, ossification of posterior 
longitudinal ligament, diffuse idiopathic spinal 
hyperostosis (DISH), osteopetrosis, renal osteo-
dystrophy and pseudohypoparathyroidism may 
also have osteosclerosis and ligamentous calcifica-
tion which should be differentiated from fluorosis 
(Table 9.3).

Figure 9.7  Radiograph of (a) pelvis showing calcification of ischio-tuberal ligament (white arrow). 
(b) Calcification of interosseous membrane of tibia and fibula (black arrow).

Table 9.3  Differential diagnosis of skeletal fluorosis

Disease

Radiological findings

Bone density Osteophytosis Ligament calcification

Fluorosis Diffuse ↑ +++ Diffuse
Paget’s disease Localized ↑ - Diffuse
OPLL - = PLL
DISH - +++ Diffuse
Osteopetrosis Localized, multiple - -
Renal osteodystrophy Diffuse ↑ - -
Hypoparathyroidism Localized ↑ - -

OPLL, ossification of posterior longitudinal ligament; DISH, diffuse idiopathic skeletal hyperostosis; PLL, 
posterior longitudinal ligament.
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NEUROLOGICAL COMPLICATIONS 
OF FLUOROSIS

The nervous system is not directly affected in 
endemic fluorosis, and the neurological complica-
tions are due to entrapment or compression of spi-
nal cord, nerve root and/or peripheral nerve. The 
neurological complications are as follows:

	1.	 Pain
	2.	 Radiculopathy
	3.	 Myelopathy
	4.	 Entrapment neuropathy

Pain is the commonest complaint and is due to 
articular and ligament involvement. Rarely pain 
can be due to compression of nerve root or impair-
ment in spinal mobility. Radiculopathy is associ-
ated with nerve root compression in upper limb 
with respective sensory motor deficit. Cervical 
myelopathy occurs due to cervical canal stenosis, 
and the patient presents with walking difficulty, 
weakness, sensory impairment, and bladder dys-
function occurs in the advanced stage of disease 
(Modi et al., 2019; Misra et al., 1988). There may be 
crippling deformity and flexor spasms. The periph-
eral nerves may be affected due to entrapment of 
peroneal, sciatic, ulnar or lateral cutaneous nerves. 
The nerve entrapment occurs due to calcification 
of ligament or tendon resulting in narrowing in of 
the tunnel through which the nerve passes. Rarely 
cranial nerve involvement occurs because of com-
pression of 2nd and 8th cranial nerve. Vertebral 
artery compression in foramen transversarium 
may lead to vertebrobasilar ischemia or stroke. 
Vertebral arterial aneurysm has also been reported 
in fluorosis (Diao et al., 2018).

INVESTIGATIONS

The diagnosis of fluorosis is easy in the presence of 
dental or skeletal fluorosis in a fluorosis endemic 
area. Water fluoride level (>1.5 mg/l) provides 
additional help.

Urinary fluoride: Measurement of 24 h uri-
nary fluoride is better than a spot value because 
of variability in the urinary excretion of fluoride. 
The reported range of 24 h fluoride in the patients 
with skeletal fluorosis is 0.5–13.0 mg/l (Reddy and 
Deme, 2016).

Serum fluoride has also wide variability. In nor-
mal individuals, it varies between 0.08 (0.03–0.13) 
mg/l, and in endemic fluorosis, it was 0.68 (0.04–
0.20) mg/l. In 17 patients with skeletal fluorosis, 
urinary fluoride level was 3.28 (0.68–7.8) mg/l 
(Xiang et al., 2005). Blood fluoride in normal indi-
viduals has been reported to be less than 0.05 mg/l, 
and the level above 0.2 mg/l suggests a high chance 
of skeletal fluorosis.

MANAGEMENT

There is no specific treatment of fluorosis. 
Prevention or stopping the exposure is the most 
important management strategy. Skeletal fluorosis 
is treated by symptomatic treatment and nonsteroi-
dal antiinflammatory drugs.

Dental fluorosis in children of 6–12 years of age 
is treated with a combination of calcium, vitamin 
D3 and vitamin C and has been reported to favor 
the regression of signs of skeletal fluorosis (Wang 
et al., 2007). For dental fluorosis, resin infiltra-
tion seems to be a promising treatment followed 
by bleaching and microabrasion (Nevárez-Rascón 
et al., 2020). Topical fluoride agents reduce dental 
caries in children compared to no fluoride sup-
plementation (Zhang et al., 2020). Compressive 
myelopathy may be benefitted by decompressive 
surgery (Figure 9.8; Misra et al., 1988)

PREVENTION

Providing safe drinking water is the most impor-
tant strategy to prevent fluorosis. Various materials 
such as activated alumina, serpentine, bone char-
coal, alum and lime have been used for defluori-
dation of household water. Water supply source 
such as Nalgonda defluoridation project, India was 
undertaken to prevent fluorosis. The target of pre-
venting dental fluorosis is that the water fluoride 
should be 0.2–0.4 mg/l. In the patients with kidney 
disease, the target should be lower. As per WHO, 
large-scale defluoridation plants have not been 
successful. It is recommended to harvest ground 
and surface water.

CONCLUSION

Fluorosis is a global health problem in Asia, Africa, 
Americas and Australia. Fluorosis is a crippling 
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disease resulting from deposition of fluoride in the 
bone and hard tissue of the body. Fluorosis is due 
to excessive intake of fluoride in drinking water, 
food or industrial pollution over a long period. 
Fluorosis mostly affects teeth, bone and ligaments. 
Dental fluorosis occurs in children and skeletal flu-
orosis in adults when water fluoride level is more 
than 1 mg/l especially in tropical countries. The 
patients manifest with stiffness and body ache. The 
neurological manifestations include myelopathy, 
radiculopathy, myeloradiculopathy and neuropa-
thy because of compression of spinal cord, root or 
nerves. The neurological manifestations have been 
reported mainly from India. Fluorosis can be pre-
vented by safe drinking water.
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10
Iodine deficiency disorders and their 
neurological consequences

INTRODUCTION

Iodine has an atomic weight of 126.9 g per atom 
and is an essential element for thyroid hormone 
production by the thyroid gland. Most iodide is 
found in seawater and when oxidized, forms ele-
mental iodine, a volatile substance which evapo-
rates and returns back to soil by rain. Vegetables 
grown in soil contain iodine and maintain an 
iodine-food chain in iodine sufficient areas. Iodine 
deficiency belts are usually in inland, mountainous 
and flooding areas. Vegetables and plants grown 
in iodine deficient belt contain iodine 10 μg/kg, 
whereas in iodine sufficient areas, it is 1 mg/kg. 
Therefore, iodine supplementation or food from 
iodine sufficient belt should be made available. 
Iodine deficiency is the most important nutritional 
cause of impairment of brain development as well 
as the most important cause of preventable men-
tal retardation. Children born in iodine deficiency 
belt are prone to suffer from mental retardation 
and other neurological disorders due to combined 
effect of maternal, fetal, neonatal and postnatal 
hypothyroxinemia.

HISTORY

Iodine is a Greek word, which means violet. During 
the period of Napoleon, Courtois observed violet 
vapors from seaweed ash, while preparing gun-
powder. Gay Lussac named this element iodine. 
In 1895, iodine was demonstrated in thyroid by 
Baumann. In 1917, Marine and Kimball for the 
first time reported goiter in iodine deficiency state, 
following which iodine supplementation for goiter 
prevention was started in Switzerland and USA in 

the 1920s. In 1980, the World Health Organization 
(WHO) estimated 20%–60% people to have iodine 
deficiency state or goiter, which was more frequent 
in the developing countries. Since 1970–1990, 
most of the countries in the world practiced iodine 
supplementation for prevention of goiter. The 
discovery of neurological involvement in iodine 
deficiency is a by-product of iodine supplementa-
tion. Following iodine supplementation, not only 
goiter regressed but also the incidence of cretinism 
and mental retardation declined, and there was 
improvement in cognitive functions in the popu-
lation. A number of conditions are included in 
iodine deficiency disorders (IDD).

EPIDEMIOLOGY

About 2 billion individuals in the world have 
insufficient iodine intake, and one-third of them 
are children (de Benoist et al., 2008; Zimmermann, 
2009). As per WHO estimate in 2007, the world-
wide prevalence of iodine deficiency is 30%, and  
the proportion of household iodized salt access 
is 70%. The prevalence of iodine deficiency is 
the highest in Europe 52% followed by eastern 
Mediterranean 47.2%, South-East Asia 30%, 
Western Pacific 21.2% and lowest in America 11% 
(WHO, 2007). Switzerland, Scandinavian coun-
tries, Canada, America and Australia have elimi-
nated iodine deficiency by 1990. Iodine deficiency 
is still a public health problem in 47 countries. 
Household coverage of iodized salt in South-East 
Asia is 49%, and about 17 million babies are born 
annually in these areas are unprotected for iodine 
deficiency, and they constitute 40% of world’s 
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iodine unprotected children. Small-scale iodized 
salt production, lack of monitoring, lack of politi-
cal commitment and low socioeconomic condi-
tions are responsible for persistence of iodine 
deficiency in these countries. About 64% of 
households in sub-Saharan countries use iodized 
salt, but it is widely variable from country to coun-
try. In Sudan, Mauritania, Guinea Bissau and 
Gambia, only 10% households use iodized salt, 
whereas more than 90% households use iodized 
salt in Burundi, Kenya, Nigeria, Tunisia, Uganda 
and Zimbabwe. Nigeria has eliminated iodine 
deficiency. Iodine supplementation is politically 
appealing because of its direct intervention in 
humans as well as cognitive, social and economic 
advantages at a very low cost (Zimmermann 
et  al., 2008). Worldwide distribution of iodine 
deficiency is shown in Figure 10.1.

SOURCES OF IODINE

The main source of iodine is sea food, seaweeds 
and fish, which contain large amounts of iodine. 
Meat is a poor source of iodine, and it depends on 
the feed provided. Other sources are dairy prod-
ucts, poultry, cereals and vegetables. Cooking, 
baking and food preservation by canning reduce 

the iodine content minimally (<10%). Erythrosine, 
a coloring agent of food, is a rich source of iodine. 
The iodine content of food is also affected by irriga-
tion, fertilizer and livestock feed. Rock slat is a rich 
source of iodine. The important sources of iodine 
are presented in Table 10.1.

Figure 10.1  Distribution of iodine status in different regions of the world based on urinary excretion. 
(With permission from Zimmermann, M. B., Jooste, P. L., Pandav, C. S. 2008. Iodine-deficiency 
disorders. Lancet (London, England) 372(9645):1251–1262. DOI:10.1016/S0140-6736(08)61005-3.)

Table 10.1  Average iodine content in 
selected food items

Food item
Mean iodine level 

(µg/100g)

Bread 3

Cheese
Whey 203
Cottage 27
Coffee 8
Egg 36

Fish 
Cod 180
Salmon wild 20
Salmon farm 3.8
Fruit and vegetable 0.7
Meat 4
Milk 16

https://doi.org/10.1016/S0140-6736(08)61005-3
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ABSORPTION AND DISTRIBUTION

In healthy adults, iodine is rapidly and almost 
completely (>90%) absorbed in the stomach and 
duodenum. Before absorption, dietary iodine 
(iodate) is converted to iodine in the gut. Iodine is 
equally distributed in intracellular and extracel-
lular compartments. It is cleared from circulation 
by thyroid and kidney. Little iodine is excreted 
in feces. In normal individuals, 10% of iodine is 
taken up by thyroid, but in chronic iodine deficient 
state, the uptake by thyroid may reach up to 80%. 
Iodine is secreted in breast milk. The half-life of 
circulating iodine is 10 h and is reduced in iodine 
deficiency state. Normal adults have 10–20 mg 
of iodine, 70%–80% of which is in thyroid gland 
(Chavasit et al., 2002). In chronic iodine deficiency, 
iodine concentration in thyroid may be below 20 
µg (normal 60 µg). There is about 20–50 times con-
centration gradient of iodine between plasma and 
thyroid, which is maintained by sodium/iodine 
symporter (SIS) gene located on chromosome 19. 
Mutations of this gene may result in iodine trans-
portation defect. In the thyrocyte, iodine is used 
for synthesis of thyroid hormone which is liberated 
into the circulation. The half-life of T4 is 5–8 days 
and that of T3 is 1–3 days. Subsequently, the hor-
mone is degraded, and liberated iodine is taken 
up by the thyroid gland or excreted in the urine. 
Ultimately, 90% of ingested iodine is excreted in 
urine. Thyroid gland adapts for some time in a 
state of iodine deficiency by producing thyroid 
hormone. When iodine intake is less than 100 µg/
day, there is rise in TSH, which increases plasma 
inorganic iodine clearance by stimulating sodium/
iodine symporter. Thyroid stimulating hormone 
increases iodine uptake by thyrocyte, decreases 
renal excretion of iodine, increases synthesis and 
release of T3 by increasing the breakdown of thy-
roglobulin (TG). On Iodine intake up to 50 µg/
day, thyroid gland can maintain its iodine pool; 
however below this level, thyroid iodine is depleted 
leading to goiter (Delange, 2000).

Multi nodular goiter is a result of somatic muta-
tion of monoclonal origin. In endemic iodine defi-
ciency areas, children have high TSH, low T4, high 
or normal T3 level, and serum thyroglobulin is 
typically elevated. Cretinism and thyroid failure 
occurs in prolonged severe iodine deficiency state. 
Their circulating T3 and T4 levels are low, and TSH 

is very high. In endemic area, susceptibility for 
developing goiter may be due to both genetic and 
epigenetic factors.

Goitrogens: A number of dietary goitrogens 
may interfere with iodine uptake by thyroid gland. 
These include vegetables such as cabbage, cauli-
flower, kale, broccoli, turnip and rape seed. The 
other dietary goitrogens are lima beans, linseed, 
cassava, sorghum and sweet potato. Certain cya-
nogenic glucosides and thiocyanates of the cyano-
genic glucosides compete with iodine uptake by 
the thyroid gland. Heavy smoking may also inter-
fere with iodine uptake because of thiocyanates. 
Soy bread and infant formula without iodine forti-
fication may produce hypothyroidism and goiter in 
infants. Deficiency of vitamin, iron and selenium 
may also aggravate iodine deficiency (Table 10.2).

DAILY RECOMMENDED DOSE 
OF IODINE

The World Health Organization recommends 
iodine intake 150 µg/day for men and women. 
The daily requirement is increased to 250 µg/day 
during pregnancy and lactation (WHO, 2001). 
The details of iodine requirement in different age 
groups as per WHO and US Institute of Medicine 
are presented in Table 10.3.

ROLE OF IODINE IN NEUROLOGICAL 
DEVELOPMENT

Iodine deficiency influences the growth and devel-
opment and results in a wide variety of disorders 
which are included under the rubric of iodine 
deficiency disorders (IDD) (Table 10.4). In nor-
mal subjects, T4 is 50–100 µg and is more than 
T3. In iodine deficient state T4 is depleted, and 
T3 remains in the normal range for some time. In 
prolonged and severe iodine deficiency, T3 is also 
depleted. Therefore, T3 is a better index of severity 
of iodine deficiency, whereas maternal T4 is a bet-
ter indicator of neurological development.

During pregnancy, iodine requirement 
increases by 50%. In an iodine deficient mother, 
since circulating T4 is low, she is unable to cope 
with the increased requirement which leads to 
further decrease in T4 level. This results in serious 
effects on neural development. Thyroid hormone 
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Table 10.3  Recommendation of daily iodine intake

Age groups 
World Health  

Organization (µg/day) Age groups
US Institute  

of Medicine (µg/day)

0–5 years 91 0–12 months 110–130
6–12 years 120 1–8 years 90
>12 years 150 9–13 years 120
Pregnancy 250 >14 years 150
Lactation 250 Pregnancy

Lactation
220
290

Table 10.4  Iodine deficiency disorders

Neurological:
	 Neurological cretin (mental retardation, deaf mutism, strabismus, spastic diplegia, rigidity)
	 Low intelligence and emotional quiescent
	 Increased reaction time 
Nonneurological:
	 Myxedematous cretin
	 Short stature/ growth retardation
	 Endemic goiter
	 Neonatal hypothyroidism
	 Neonatal hyperthyrotropinemia
	 Early and late pregnancy loss
	 Increased perinatal and infant mortality

Table 10.2  Mechanism of iodine deficiency by different foods, nutrients and toxins

Substance Mechanism

A. Food
Cassava, sweet potato, lima 

beans, sorghum, linseed
Cyanogenic glucosides Compete with iodine uptake of 

thyroid
Millet, Soy Flavonoids Impair thyroid peroxidase activity.
Cruciferous vegetables 

(cabbage, kale, cauliflower, 
broccoli, turnip)

Glucosinolates Compete with iodine uptake of 
thyroid 

B. Nutrients
Selenium deficiency ↑ Peroxides

↓ Deiodinase
Thyroid damage
↓ Thyroid hormone synthesis

Iron deficiency ↓ Thyroperoxidase Efficacy of iodine
Vitamin A deficiency ↑ TSH

↓ TSH β gene
Goiter

C. Toxins
Perchlorate Sodium/iodine symporter 

competitive inhibitor
↓ Iodine transport to thyroid
↓ Iodine uptake to thyroid

Disulphides - ↓ Thyroidal iodine uptake
Smoking mother Thiocyanate ↓ Iodine secretion in breast milk
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is important for cell migration, myelination and 
maturation of the nervous system (Stepien and 
Huttner, 2019).

In earlier studies, there was a controversy about 
trans-placental transfer of thyroid hormone to the 
fetus (Osorio and Myant, 1960; Fisher and Oddie, 
1964). Subsequent studies, however, have revealed 
that the presence of T3 and T4 in the fetal tissues using 
radio-ligand studies (Obregón et al., 1984). T3 recep-
tors in fetal brain have been demonstrated before 
fetus synthesizes thyroid hormone. Fetal thyroid 
gland starts producing T3 and T4 by 10–11 weeks 
of gestation, and TSH by 10 weeks (Norris, 1916; 
Shepard, 1967). Fetus depends on maternal thyroid 
hormone up to 10 weeks of gestation.

The degree of iodine deficiency affects maternal 
and fetal thyroid functions. There is no evidence of 
neurological involvement in mild iodine deficiency 
(50–99 μg/day). Aghini-Lombardi et al. reported 
delayed reaction time in 6–10 years of children 
whose daily iodine intake is 64 μg/day compared 
to those having 142 μg/day. The cognitive function 
however was normal (Aghini Lombardi et al., 1995). 
Children with moderate iodine deficiency (20–49 
μg/day) with normal thyroid function manifest with 
low visuo-motor abilities, motor skill, perceptual 
and neuromotor abilities with low developmental 
and intellectual quotients (Delange, 2000). Severe 
iodine deficiency (<20 μg/day) manifests with more 
florid neurological and physical impairment.

Thyroid hormone deficiency in fetus results in 
irreversible brain damage (McCarrisson, 1908) 
and produces two polar forms of cretins:

	A.	 Neurologic cretin
	B.	  Myxedematous cretin.

Myxedematous cretin is more common in Africa 
and neurogenic cretin in other endemic areas.

(A) Neurogenic cretin: Neurologic cretin man-
ifests with deafness, mutism, moderate to severe 
learning disability, spastic diplegia or quadriplegia 
and strabismus. The severity of these features is 
variable. The neurologic cretin simulates cerebral 
palsy. However, the spasticity in neurologic cre-
tins is more proximal with hyperreflexia of biceps, 
knee and adductors, whereas ankle and wrist are 
relatively less affected. Neurogenic cretins are 
generally able to walk better than spastic cere-
bral palsy. About half the cretins have a complete 
sensory neural deafness (Figure 10.2). Memory 

is relatively less affected and abstract thinking is 
more impaired. Bladder and bowel functions are 
spared. Thyroid function tests are normal.

(B) Myxedematous cretin: Myxedematous cre-
tin manifests with florid features of hypothyroid-
ism. Cognitive impairment is less severe. There 
is prominent growth retardation and impaired 
mentation. Myxedematous cretin has hypoplastic 
mandible, poor naso-orbital configuration, dry 
thick skin, dry hair, eyebrows and eye lashes and 
atrophic thyroid. Serum T3 and T4 levels are low, 
and TSH level is markedly elevated.

The prevalence of neurologic cretin in New 
Guinea, Thailand, China and Indonesia has 
been attributed to isolated iodine deficiency. 
Myxoedematous cretin in democratic Republic of 
Congo has been attributed to iodine deficiency in 
addition to selenium deficiency and high thiocya-
nate as a result of cassava-based diet. Iodine defi-
ciency state results in over-stimulation of thyroid 
gland producing H2O2 and reactive oxygen spe-
cies, which need an antioxidant (glutathione) for 

Figure 10.2  A 7-year-old girl having neurologic 
cretinism. She has mental retardation, deafness, 
speech abnormality and hyperreflexia. (Courtesy 
Prof D Sharma, Endocrinology Department, 
Guwahati Medical College.)
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its clearance. Low selenium level results in defi-
ciency of glutathione peroxidase there by increases 
oxidative stress. Low selenium also reduces con-
version of T4 to T3 thereby increases the bioavail-
ability of T4 to fetal brain. Increased thiocyanate 
following cassava consumption reduces iodine 
level. Neurological features of endemic cretin 
reported from China, Ecuador and Zaire are sum-
marized in Table 10.5.

COMMUNITY INTERVENTION 
STUDIES

A number of iodine intervention studies have been 
conducted in severely and mildly affected areas in 
Africa, China, South America as well as other parts 
of the world. A double-blind placebo-controlled 
trial was conducted in Papua New Guinea in 1966. 
Iodized oil was injected intramuscularly to prevent 
cretinism and was compared with saline injection. 
Infants born between 1965 and 1972 were followed 
up for 10–15 years till 1982. In iodine-treated 
group at 4 years follow up, the risk reduction of 
cretinism was 0.27 and at 10 years 0.17. At 15 years 
follow up, the cumulative survival rate was better 
in iodine group. Motor and intellectual functions 
of the children born to the mother given iodine 
injection performed significantly better. This study 
highlights the importance of iodine in preventing 
cretinism as well as in improving cognitive and 
motor functions (Pharoah and Connolly, 1987). In 
a study from Zaire having a severe cretinism rate 
of 0.4%, 28 weeks pregnant women were allocated 
to iodized oil injection or placebo (vitamin). The 
offsprings were followed up at 72 months of age 
revealed much higher psychomotor developmen-
tal score compared to placebo (91 ± 13 vs 82 ± 14). 
(Zimmermann, 2009).

A study in severe iodine deficient region of 
China revaluated effect of iodine injection at dif-
ferent time points in pregnancy. The prevalence of 
moderate to severe neurological abnormalities in 

infants was 2% born out of mothers who received 
iodine in first and second trimester and 9% in 
third trimester; the latter was similar to those in 
no supplementation group. The mean develop-
ment quotient was also improved in the treated 
group compared to children of untreated mother 
(90 ± 14 vs 75 ± 10). The newborn who received 
iodine for initial 3 years also had lower frequency 
of microcephaly compared untreated group (11% 
vs 27%) (Cao et al., 1994). A study in two villages of 
Ecuador with severe iodine deficiency was evalu-
ated following iodine injection covering 90% of 
pregnant women, women in child-bearing age 
and children, and no intervention in the other vil-
lage. Four yearly follow up was done for 20 years. 
No cretin was born in the treated village, and the 
children had 10 IQ points higher in the first and 
second grade school (Fierro-Benitez et al., 1988; 
Greene, 1994).

Intervention studies in mild to moderate iodine 
deficiency areas in Italy, Denmark and Belgium 
were conducted. Supplementation of iodized salt 
to the pregnant ladies in first, second and third 
trimester did not have any effect on maternal and 
childhood TSH, T3 and T4 levels (Berghout and 
Wiersinga, 1998; Zimmermann and Delange, 
2004). The intervention studies revealed that iodine 
supplementation is beneficial in severe iodine defi-
ciency areas, preconceptual supplementation is the 
best followed by first and second trimester supple-
mentation. Supplementation in the third trimester 
is not beneficial. Iodine supplementation seems to 
have substantial effect in reducing the incidence of 
cretinism and microcephaly. The long-term effect 
on cognition and cognitive functions is not clear.

Infant mortality: Infant mortality is reduced by 
iodine supplementation in iodine deficient mothers. 
Maternal T4 level during pregnancy has an inverse 
relationship with death of offspring. In China, 
infant mortality and neonatal mortality rates were 
reduced following potassium iodide water irrigation 
for 2–4 weeks in three regions with severe iodine 

Table 10.5  Neurological features of endemic cretin reported from China, Ecuador and Zaire

Clinical features China (N = 247) Ecuador (N = 67) Zaire (N = 106)

Mental retardation 100% 87% 80%
Hearing impairment 87% 84% (deaf 48%) 38% (deaf 28%)
Speech abnormality 95% 95% (mute 73%) 48% (mute 28%)
Pyramidal/extrapyramidal 34% cerebral palsy 85% hyperreflexia 20% rigid
Inability to walk 20% 5% 4%
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deficiency. The neonatal death reduced by 65% in 
the treated region (DeLong et al., 1997). In another 
study, iodized oil given to pregnant mothers at 
28 weeks of gestation resulted in reduction of infant 
mortality rate (Thilly et al., 1994).

In Africa, the effect of iodized salt 1–3 months 
before conception was evaluated. There was 
reduced abortion, still births and prematurity in 
the treated group. The effect of iodine has also been 
evaluated in infants and school children. Infants 
were given 100 mg of iodized oil with oral polio 
vaccine at 6 months of age resulted in 72% reduc-
tion in death by 6 months of age (Chaouki and 
Benmiloud, 1994). In Indonesia, a cross-sectional 
study has shown the reduction in infant mortality 
rate and death by 5 years of age following iodized 
salt supplementation. Iodized salt supplementa-
tion in iodine deficient areas may reduce infant 
mortality rate by 50% (Cobra et al., 1997). Two 
meta-analysis have revealed the cognitive effects 
of iodine supplementation. In the group without 
iodine deficiency, the children had 13.5 IQ points 
higher than iodine deficient children (Bleichrodt 
and Born, 1994). In another meta-analysis includ-
ing the Chinese studies revealed 12.5 IQ points 
improvement in children born after 3.5 years of 
iodine supplementation highlighting the impor-
tance of maternal iodine supplementation before 
conception (Qian et al., 2005).

Growth and development: Improvement in 
somatic growth has been reported in the children 
with normal iodine status as well as after iodine 
supplementation. The effect of iodine on somatic 
growth may be due to the effect of thyroid hormone 
on growth hormone secretion and modulation of 
growth hormone receptors. Insulin growth factor 
1 (IGF 1) and insulin growth factor binding pro-
tein III are also dependent on thyroxin (Burstein 
et al., 1979; Näntö-Salonen et al., 1993). The role of 
growth hormone receptors is not well established 
(Zimmermann et al., 2007). Subclinical hypothy-
roidism due to iodine deficiency may be associated 
with thyroid atrophy, reduced scholastic perfor-
mance, psychomotor retardation and poor learning.

MEASUREMENT OF IODINE STATUS

There are four methods to assess iodine status in 
the individual and in the community:

	1.	 Urinary iodine
	2.	 Goiter rate

	3.	 Serum TSH
	4.	 Serum thyroglobulin

These tests are complimentary. Urine iodine con-
centration is a sensitive indicator of iodine intake 
in recent few days, whereas thyroglobulin (TG) 
indicates iodine intake over weeks and months. 
Goiter is an indicator of chronic iodine defi-
ciency status.

Measurement of thyroid size: Thyroid size 
measurement can be done by clinical examination 
(inspection or palpation) and thyroid ultrasonog-
raphy (USG). Goiter survey is done in school-age 
children. If thyroid gland is more than the size of 
terminal phalanx of thumb, it is regarded as goiter. 
WHO classification of goiter is based on clinical 
examination is as follows (WHO, 2007):

0 = Not visible or palpable.
1 = Palpable but not visible in normal neck 

position.
2 = Thyroid gland is clearly visible in normal neck 

position.

Palpation of thyroid has poor sensitivity and speci-
ficity. Thyroid ultrasonography has been used for 
measurement of thyroid size in field survey. There 
are certain limitations of thyroid ultrasonography 
such as need of normative data, it is operator depen-
dent and has high (4%–26%) inter-rater variability 
(Zimmermann et al., 2001, 2008). Thyroid size may 
not return to normal even after iodine supplemen-
tation. Goiter rate is an indicator of the severity of 
iodine deficiency in the community. In India, the 
prevalence of goiter in Maharashtra is 11.9%, West 
Bengal 9%, and Kerala, Tamil Nadu, Karnataka, 
Andhra Pradesh and Orissa is 4%. About 91% of 
households in India have access to iodized salt. The 
coverage of iodized salt is better in urban than rural 
areas (83.2% vs 66.1%) (UNICEF, 2009).

The WHO guidelines for measuring severity of 
iodine deficiency based on goiter rate are presented 
in the Table 10.6.

Table 10.6  Goiter rate and severity of iodine 
deficiency in the community (WHO, 2007)

Goiter rate (%) Iodine deficiency

<5 Iodine sufficient
5–19.9 Mild iodine deficiency
20–29.9 Moderate iodine deficiency
>30 Severe iodine deficiency
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Urinary iodine concentration: Urinary iodine 
concentration is a more reliable indicator of iodine 
intake because more than 90% of dietary iodine is 
excreted in urine. Urinary iodine can be measured 
by (a) a spot urine test, (b) ratio of urinary iodine 
to creatinine (µg of urinary iodine/g of creatinine) 
and (c) 24 h of urinary iodine excretion. Spot urine 
test is done in field surveys, but iodine excretion is 
variable in a day; therefore, a 24 h urinary excre-
tion is a better indicator of iodine status. Ratio of 
iodine to creatinine may not be reliable as creati-
nine value may be low in malnourished, moreover 
iodine in spot urine is also variable at different 
time of the day. Low urinary iodine concentra-
tion suggests high probability of thyroid disorder. 
Urinary iodine level may be used for daily require-
ment of iodine intake (Table 10.7).

	 BMI Body weight in kg /height in meter2= 	

Thyroglobulin: Thyroglobulin is synthesized in 
the thyroid gland and is the most abundant intra 
thyroid protein. Iodine deficiency increases pro-
duction of thyroglobulin due to high TSH and thy-
roid mass. Thyroglobulin correlates with iodine 
deficiency state. Normal thyroglobulin level is less 
than 10 µg/l (Institute of Medicine, Academy of 
Sciences, 2001). Following iodine supplementation 
thyroglobulin falls more rapidly than TSH. Spot 
test for thyroglobulin is available and may be used 
in community surveys.

Thyroid hormone and TSH: Thyroid hormones 
are a poor indicator of iodine status because T3 
may remain unchanged or may be higher in iodine 
deficient population. T4 level however is low in 
iodine deficiency. TSH is a sensitive indicator of 
iodine deficiency in newborn, but in older chil-
dren, it may remain in normal range even with 
iodine deficiency.

TREATMENT AND PREVENTION

Iodine deficiency can be treated by administering 
iodine either as drop, iodine solution or tablet.

The preventive strategies for iodine deficiency are:

	1.	 Fortification of salt
	2.	 Fortification of other food items e.g. bread, 

milk, water, etc.
	3.	 Direct administration of iodine.

Iodized salt: Universal salt iodization has been 
widely practiced. Salt iodization is attractive 
because virtually everyone takes salt daily in fairly 
constant amount, salt iodization is simple, inex-
pensive and does not interfere with taste and fla-
vor of food. The recommended dose is 20–40 mg 
iodine/kg salt (WHO/UNICEF/ICCIDD, 2007). 
For iodization, either potassium iodide (KI) or 
potassium iodate (KO3) is used, but iodate is pre-
ferred because of greater stability (Diosady et al., 
1997). If the iodized salt is stored in a humid envi-
ronment or in porous bags, about 90% of iodine is 
lost in 1 year. Iodized salt was taken up in the 10th 
five-year plan in India with the goal of reducing the 
prevalence of IDD by less than 10%.

Iodization of drinking or irrigation water is 
expensive, and its monitoring is difficult. Some 
Western countries use iodophors in dairy industry 

Table 10.7  Urinary iodine concentration and 
iodine status

Urinary iodine (µg/l) Iodine status of subject

Children < 2 years
< 100 Insufficient
> 100 Sufficient

School-aged children
< 20 Severe iodine deficiency
20–49 Moderate deficiency
50–99 Mild deficiency
100–199 Sufficient
200–299 High (iodine-induced 

hyperthyroidism)

Pregnancy
< 150 Insufficient
150–249 Adequate
250–499 More than adequate
> 500 Excessive

Lactation
< 100 Insufficient
> 100 Adequate

Source:	 Modified from Zimmermann, M. B., Jooste, P. L., 
Pandav, C. S. 2008. Iodine-deficiency disorders. 
Lancet (London, England) 372(9645):1251–1262. 
DOI:10.1016/S0140-6736(08)61005-3; and 
World Health Organization. 2007. Assessment of 
iodine deficiency disorders and monitoring their 
elimination: a guide for programme managers. 
3rd ed. Geneva: World Health Organization. 
https://apps.who.int/iris/handle/10665/43781.

https://doi.org/10.1016/S0140-6736(08)61005-3
https://apps.who.int
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especially in Switzerland and USA. In Finland, 
animal fodder is fortified with iodine to increase 
the iodine content of milk and meat. In inacces-
sible areas, iodized salt may not be available. In 
such situations, iodized oil orally or as intra-
muscular injection has been used in yearly dos-
ing. Iodized oil is produced by esterification of 
unsaturated fatty acid in vegetable or seed oil. 
Infants below 6 months are recommended 100 
mg/year and between 7–24 months 200 mg/year. 
School age children, pregnant or lactating mothers 
require 200–400 mg iodized oil yearly. Universal 
iodized salt supplementation has been achieved in 
Switzerland, Iran and China.

CONCLUSIONS

Iodine deficiency is prevalent in South East Asia 
and sub-Saharan Africa and results in a wide 
variety of disorders including mental retarda-
tion, deaf mutism, cognitive impairment, growth 
retardation, cretinism, goiter, hypothyroidism and 
increased fetal and infant mortality. Iodine defi-
ciency can be prevented by supplementing iodine 
to mother before or during pregnancy, neonates 
and young children.
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11
Neurological consequences of copper 
and zinc deficiency

INTRODUCTION

Copper and zinc are the two essential trace ele-
ments needed for a number of biological and enzy-
matic reactions. Copper store in an adult human 
is 100 mg and zinc store in a meager amount; 
hence, zinc has to be regularly consumed. Copper 
and zinc homeostasis is delicately maintained for 
a smooth body function. Copper deficiency and 
excess are usually uncommon because of a tight 
balance except in genetic copper transportation 
defects such as copper toxicity in Wilson disease 
due to ATP7B mutation and copper deficiency in 
Menkes disease due to ATP7A mutation. Dietary 
deficiency of zinc is common and manifests with 
skin, gonadal, gastrointestinal and neurological 
manifestation. A number of transporter defects 
can also result in zinc deficiency.

COPPER

History

Copper is one of the few metals available in 
nature, which can be directly used in a metallic 
form. Copper is in human use as far as 8000 BC. 
Copper was the first metal to be smelted from sul-
fide ores in 5000 BC. Copper was the first metal 
to be cast in mold in 4000 BC, and was the first 
metal to be used as alloy. Copper was mixed with 
tin to produce bronze in 3500 BC, which is even 
now used for carving sculptures. Copper was ini-
tially mined in Cyprus, a Mediterranean island, 
and was known as Cyprium (metal of Cyprus). 

The Latin name cuprum became popular in old 
English and was called copper in 1530. Copper is 
used as bacteriostatic, fungicide, wood preserva-
tive and coloring agent.

Copper is an essential trace element for all liv-
ing organisms and plants, and is utilized by aerobic 
organism for cellular respiration through mito-
chondrial respiratory chain cytochrome C oxidase. 
Copper is a redox metal and participates in vari-
ous enzymatic reactions in cytosol as superoxide 
dismutase (SOD), in mitochondria as cytochrome 
C oxidase and in secretory compartment as tyrosi-
nase and dopamine β-hydroxylase (Zucconi et al., 
2007; Rinaldi, 2000; Kaler, 1998). Both low and 
high copper levels are hazardous for biological sys-
tem; therefore, copper homeostasis is regulated at 
systemic, cellular and subcellular levels. Genetic 
dysregulation of copper metabolism results in 
Wilson disease, Menkes disease and aceruloplas-
minemia (ACP).

Absorption

Dietary copper is in cupric (Cu++) form, which 
is converted to cuprous (Cu+) form in the intes-
tinal apical epithelium. The reduction of cupric 
form is mediated by ferroreductase, DCYTB and 
STEAP2 metalloreductase (El Meskini et al., 2003; 
Hardman et al., 2007). Copper is taken up by Ctr 1 
in the intestinal apical membrane depending on 
the cellular copper concentration. Once the copper 
enters the intestinal cell, copper chaperon ATOX1, 
an antioxidant, transfers copper to copper trans-
porter ATPase. ATP7A is located in trans-Golgi 
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network (TGN) and exports copper to the portal 
vein. ATP7A mutations result in Menkes disease. 
ATP7A also fuses with the basolateral membrane 
to export copper into the circulation. ATOX1 also 
transfers copper to ATP7B, which helps in binding 
copper to ceruloplasmin (CP) and transporting Cu 
to the systemic circulation. About 95% of serum 
copper binds to CP. The mutation of ATP7B gene 
results in Wilson disease. Excess copper in intes-
tinal epithelial cells binds to metallothionein and 
glutathione to prevent copper-induced oxidative 
stress (Figure 11.1).

Dietary sources of copper

There was no reference value of dietary cop-
per intake till UK reference values published in 
1991. Subsequently, other countries also pub-
lished their dietary reference values (Bost et al., 
2016) (Table 11.1). Copper content in the diet is 
highly variable because it is determined by a 
number of local conditions such as soil concen-
tration, manure, slurry, pesticide used on crops 
and emission from smelting and casting industry. 
Corrosion of plumbing pipes can also increase 
the copper level. The rich sources of copper are 
organ meat, nuts, cereals, fruits and vegetables. 
Milk and dairy products are not a rich source of 
copper. The copper intake in vegetarian diet is 
much higher than in the omnivorous diet. The 
bioavailability of vegetarian diet, however, is poor 
because of high phytate and fiber contents. The 
details of copper content in various dietary items 
are provided in Table 11.2.

Copper deficiency

Copper deficiency may be due to a number of 
genetic or acquired causes. The genetic causes are 
Menkes disease – which is due to ATP7A mutation – 
and ACP – due to the absence of CP synthesis. The 
acquired cause of copper deficiency may be due to 
nutritional deficiency and is seen in malnourished, 
low-body-weight newborns and infants. Copper 
deficiency is seen in gastrointestinal resection sur-
gery, intractable diarrhea and prolonged enteral or 
parenteral nutrition without copper supplemen-
tation. Bariatric surgery is an important cause. 
Prolonged zinc therapy in Wilson disease may also 
result in copper deficiency. The causes of copper 
deficiency and excess are summarized in Table 11.3.

Figure 11.1  Schematic diagram showing maintenances of copper pool in the body.

Table 11.1  Recommended dietary copper 
value (mg/day) in different age groups 

Age
Reference range of dietary 

copper intake

0–6 months 0.2–0.4
7–12 months 0.2–0.6
1–3 years 0.3–0.75
4–6 years 0.4–1.0
7–10 years 0.5–1.3
11–20 years 0.7–1.5
21–50 years 0.9–2.0
>50 years 0.9–1.7
Pregnancy 1.0–2.0
Lactation 1.3–2.0

The reference values are for USA, France, Australia, 
Nordic countries and UK (Boost et al., 2016).



Copper  135

Gastrointestinal secretion of copper plays an 
important role in the control of copper homeosta-
sis with endogenous losses increasing from 0.45 to 
2.46 µg/day when copper intake is increased from 
0.7 to 6.6 µg/day.

Role of copper in cell injury

Copper is a redox metal and acts as a cofactor 
in many enzymatic actions that are essential for 
cell functioning (Table 11.4). Copper is carried by 

Table 11.2  Copper content in various food items

Vegetarian food
Copper 
(mg/kg) Nonvegetarian 

Copper 
(mg/kg) Dairy product

Copper (mg/
kg)

Cereals Beef liver 157.0 Milk 0.1–0.88
Maize 0.6–16.6 Kidney 2.1–4.3 Fresh cheese 0.03
Wheat bread 2.9 Muscle 0.1–1.8 Processed cheese 0.025
Whole grain bread 3.4 Pork meat 0.1–9.1

Vegetables Fish
Potato 0.48–16 Oyster 0.3–16

Carrot 0.37–0.62 Tuna 0.1–1.2

Broccoli 0.68–0.87 Salmon 0.5–0.8

Peas 1.9–2.4 Shrimp 2–2.9

Lettuce 0.1–2.9

Tomato 0.1–3.4

Cabbage 0.1–7.7

Fruits
Apple 0.1–2.3

Banana 0.7–3.0

Oranges 0.8–0.9

Table 11.3  Causes of copper deficiency and excess

	A.	Causes of copper deficiency 

	 1.	Genetic: Menkes disease, aceruloplasminemia 

	 2.	Acquired:

Malnutrition 
Malabsorption syndrome 
Inflammatory bowel disease: Cystic fibrosis, celiac disease, chronic diarrhea 
Gastrointestinal surgery: Gastrectomy, gastric bypass, small intestine resection, bariatric surgery

	 3.	Excessive use of copper-chelating agents 

	 4.	Overuse of zinc, denture cream 

	 5.	Total parenteral nutrition, jejunal feeding 

	 6.	Diet low in copper 

	 B.	Causes of excess copper 

	 1.	Genetic: Wilson disease 

	 2.	Acquired: 

Indian childhood cirrhosis
Non-Indian childhood cirrhosis
Parenteral bolus administration of copper
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a protein, CP, which oxidizes cuprous to cupric 
form and is subsequently bound to transferrin. 
Transferrin is another important element for 
copper–iron interaction in hephaestin, which is 
a copper-dependent ferroxidase and helps in iron 
absorption from the enterocyte. Absence or low 
level of copper therefore results in microcytic 
hypochromic anemia. Copper is also involved in 
cell division and protein synthesis. Copper also 
has an important role in the functioning of neu-
rotransmitter pathways in central nervous sys-
tem, e.g., melatonin, norepinephrine, dopamine, 
etc. For cellular respiration, copper helps in an 
electron transport through cytochrome 3 oxi-
dase in the mitochondria. Copper is a cofactor 
in oxidative phosphorylation and SOD to prevent 
oxidative stress, cross-linking of collagen and 
elastin through lysyl oxidase. Low copper results 
in cerebral and peripheral demyelination simu-
lating subacute combined degeneration. Excess of 
copper results in cirrhosis, cardiac dysfunction, 
pancreatic dysfunction, basal ganglia and brain-
stem degeneration.

Clinical effects of copper deficiency

Copper deficiency results in a variety of clinical 
manifestations, which include anemia, myelopa-
thy, neuropathy, hair and cardiac involvement.

Hematological manifestations: The typical 
hematological effect of copper deficiency is ane-
mia, which is usually microcytic hypochromic, 
but may as well be normocytic or macrocytic 
depending on the underlying cause of copper defi-
ciency. Thrombocytopenia and neutropenia are 
unusual. Microcytic anemia is due to a decrease in 

ferroxidase activity of CP and reduced iron oxida-
tion. Anemia in copper deficiency may as well be 
due to an impaired iron transport. Haphaestin is a 
copper-containing ferroxidase enzyme and is pres-
ent in the duodenal mucosa, which oxidizes iron 
and facilitates the iron transfer through the baso-
lateral membrane into the circulation. Haphaestin 
also helps to transfer iron from the reticuloendo-
thelial cells to plasma.

Microcytic anemia in malnourished infants, and 
those with chronic diarrhea and prolonged enteral 
or parenteral nutrition, may not only be due to iron 
deficiency but also be due to coexisting copper 
deficiency. Bone marrow may show the maturation 
abnormality of granulocyte and cytoplasmic vacu-
olation in RBC and WBC precursors. There may be 
features of myelodysplastic syndrome. Sideroblasts 
(rim granules around the nucleus of erythroblasts) 
are also present. Sideroblastic anemia may be due 
to abnormal cytochrome c oxidase, which fails to 
produce heme from ferric iron leading to the accu-
mulation of iron.

Neurological manifestations: The neurologi-
cal manifestations of copper deficiency involve 
spinal cord, peripheral nerve, dorsal root ganglia 
and optic nerve. The spinal cord involvement is 
similar to subacute combined degeneration in 
vitamin B12 deficiency. There is demyelination of 
posterior column and pyramidal tract. Peripheral 
nerve involvement manifests with distal sym-
metrical neuropathy. These patients manifest with 
ataxic paraparesis or quadriparesis with absent 
ankle reflex and prominent sensory ataxia. The 
spinal MRI reveals T2 hyperintensity of the pos-
terior columns in cervical and dorsal regions 
(Figure 11.2). Involvement in copper deficiency has 

Table 11.4  The action of main copper-requiring enzymes 

Enzyme Action

Ceruloplasmin Oxidase activity, Fe Fe→++ +++

Superoxide dismutase Superoxide radical metabolism
O O 2H O H O2 2 2 2 2+ + → +− − +

Cytochrome c oxidase Mitochondrial respiratory chain terminal 
enzyme complex of cytochrome a and a3

Lysyl oxidase Elastin cross-linkage, collagen formation
Ascorbate oxidase Oxidation of vitamin C
Tyrosinase Melanin synthesis
Monoamine oxidase Oxidative deamination
Dopamine β-hydroxylase Epinephrine synthesis
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two mechanisms: (a) impaired cytochrome c func-
tion leading to an impairment of electron trans-
port resulting in spinal cord demyelination and 
(b) impairment in methylation cycle, i.e., methyl 
tetrahydrofolate transfers a methyl group to a wide 
range of macromolecule. This reaction occurs with 
the help of methionine synthase and copper, and 
produces myelin and purine, a component of DNA 
nucleotide bases. Impairment of this methylation 
process may result in myelin dysfunction. In seven 
patients with copper deficiency neurological syn-
drome, three were due to prolonged total parenteral 
nutrition, malabsorption syndrome, secondary to 
mastectomy, esophagectomy with jejunostomy, 
and bariatric surgery, and four were due to zinc-
enriched dental cream. These patients presented 
with ascending paresthesia and gait ataxia was 
due to a posterior column impairment. They also 
had superficial hyoesthesia in feet, and all the 
patients had pyramidal signs. Nerve conduction 

was abnormal in four patients. Spinal MRI was 
abnormal in 4; T2 hyperintensity was present in 
the cervical region. Brain MRI revealed changes in 
three patients. Serum copper was low (1+1.2 µg/l) 
and urinary copper was normal in six patients. 
Serum and urinary zinc level was high in four 
patients. Six patients had normocytic normochro-
mic anemia. The patients were treated with cop-
per histidine 3.2 + 0.4 mg/day subcutaneously, and 
another received 6 mg monthly for 5 months. All 
the patients received oral supplementation. Six out 
of seven improved after 2 years. After 10 months, 
spinal MRI normalized though brain MRI was 
unchanged. Neurological improvement may occur 
in 2 months and MRI in 10 months (Poujois et al., 
2018). In a Scottish study, 16 patients were detected 
in 5 years with copper deficiency, and 12 of whom 
had neurological manifestations. Sensory ataxia 
was the earliest symptom, and small-fiber neurop-
athy was common (Gabreyes et al., 2013).

Figure 11.2  Cervicodorsal MRI of a patient with copper deficiency myelopathy. (a) Sagittal section on 
T2 sequence shows hyperintense signal changes in the cervical spinal cord. (b) (c) Axial section in the 
cervical spinal cord shows the involvement of dorsal cord (arrow). (d) The signal changes regressed 
after copper supplementation. (With permission from Zara G., Grassivaro F., Brocadello F., Manara R., 
Pesenti F. F. 2009. Case of sensory ataxic ganglionopathy-myelopathy in copper deficiency. Journal of 
the Neurological Sciences. 277(1–2):184–186. DOI:10.1016/j.jns.2008.10.017.)

https://doi.org/10.1016/j.jns.2008.10
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Bone changes: The bone changes in copper defi-
ciency are similar to rickets and scurvy, because of 
an impaired function of many copper-containing 
enzymes such as ascorbate oxidase and lysyl oxi-
dase. There is an enlargement of epiphyseal bone 
with changes in the margins. Sometimes the bone 
may have osteoporotic changes.

Hair changes: The hair changes are rare in 
acquired copper deficiency, but in Menkes disease, 
the hairs are curled, rough and kinky (Figure 11.3). 
The concentration of copper is low in hair and nails.

Vascular complications: Blood vessel, espe-
cially in Menkes disease, may be tortuous with an 
enlarged lumen with increased capillary fragility.

Miscellaneous findings: There may be hypo-
thermia, hypotonia, hepatosplenomegaly or achro-
matodermia. In Menkes disease, there may be 
convulsions and hypotonia along with cerebral 
and cerebellar degeneration (Figures 11.3 and 
11.4). The CNS involvement in copper deficiency is 
attributed to an impaired functioning of dopamine 
β-hydroxylase and cytochrome c oxidase.

Diagnosis of copper deficiency state

Copper deficiency is rare, but in an appropriate 
clinical setting, it should be suspected. The diagno-
sis of copper deficiency is confirmed by serum cop-
per and serum CP. Based on serum copper level, it 
is categorized as follows:

Mild deficiency: 60–80 µg/dl
Moderate deficiency: 40–59 µg/dl
Severe deficiency: < 40 µg/dl

In copper deficiency, serum CP is low, and based 
on CP levels, the copper deficiency is categorized 
as follows:

Figure 11.3  A child with Menkes disease. This 
18-month very fair male baby was severely hypo-
tonic (abducted hip) and had darks rough curly hair.

Figure 11.4  Cranial MRI of the same child with Menkes disease. (a) Axial section, T1 sequence shows 
hyperintense signal changes along the temporoparietal guri. (b) In T2 sequence, these lesions are 
isointense with hyperintensity just below the cortical mentle.
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●● Mild copper deficiency: serum CP level  
10–20 mg/dl

●● Moderate copper deficiency: serum CP levels 
5–9 mg/dl

●● Severe copper deficiency: serum CP levels  
< 5 mg/dl

●● Serum CP may be falsely low in the newborn 
and those with low birth weight.

●● Copper level in hair and nails is also helpful in 
supporting the diagnosis.

Treatment

In acquired copper deficiency, oral copper is pre-
ferred in both low-birth-weight, newborn infants 
and children. If the child is not improving in 
3 weeks, intravenous copper may be tried. The pro-
posed doses of copper for the patients with copper 
deficiency are mentioned in Table 11.5.

Menkes disease: Menkes disease is an X-linked 
recessive disorder, and the defect lies on chromo-
some Xq13.7 with mutation of ATP7A gene. It is a 
rare disease affecting the boys, and its incidence is 
1/100,000 to 1/200,000. Menkes disease manifests 
with neurological, collagen, hair and rarely hema-
tological involvement. The newborns manifest 
with hypothermia, hypotonia and poor sucking. 
During infancy, the child may have seizures. Mild 
Menkes disease may manifest during 6–24 months 
with occipital horn syndrome and Ehler–Danlos 
syndrome IX. Extremely mild form of Menkes dis-
ease may manifest even during adolescence. The 
patients have extremely fair skin (achromodermia).
and dark curly, rough and kinky hair (Figures 11.3 
and 11.4). Microcytic hypochromic anemia is rare 
unlike acquired copper deficiency.

In Menkes disease, there may be diverticu-
lae in urinary bladder. ATP7A gene is dominantly 
expressed in duodenum, upper part of small intes-
tine and renal tubules. Copper deficiency in Menkes 
disease may be due to a reduced absorption from 
the intestine and kidney. Serum copper and CP 
levels are low. Cranial MRI may show cerebral and 
cerebellar atrophy, white matter T2 hyperintensity 

and tortuous intracerebral vessels on angiography. 
There may be subdural hygroma due to cerebral 
atrophy (Rangarh and Kohli, 2018). The diagnosis 
of Menkes disease is confirmed by ATP7A mutation 
study. There is no definite cure for Menkes disease. 
Intravenous or subcutaneous injection of copper 
is recommended but is not effective in advanced 
disease with neurological manifestations. Copper 
treatment is helpful in preventing infection and 
improving bone, skin and hair changes. Most chil-
dren die by the age of 4 years.

Occipital horn syndrome: Occipital horn syn-
drome manifests with cutis laxa, hypermobile 
joints and bony prominence of occipital bone due 
to an impaired lysal activity leading to the disrup-
tion of collagen and elastin cross-linking. Due 
to the reduced dopamine β-hydroxylase activity, 
there is a reduced production of norepinephrine 
manifesting with post-ganglionic sympathetic 
dysfunction. Dysautonomia in occipital horn syn-
drome is characterized by bradycardia, postural 
hypotension and diarrhea. There is a reduced level 
of CSF catecholamine in both Menkes disease and 
occipital horn syndrome.

Aceruloplasminemia: ACP is an autosomal reces-
sive disorder of iron metabolism due to a mutation 
in CP gene. ACP gene is located on chromosome 3q 
24–25 spreading over 20 exons having 65 kb of DNA 
(Yoshida et al., 1995). CP can bind up to 6 atoms of 
copper, and it helps in the stability of copper in blood. 
There are two isoforms of CP: (a) soluble form is pres-
ent in plasma and synthesized by hepatocyte, and (b) 
glycosyl phosphotidyl inositol-anchored membrane 
form is produced and expressed by various cells, 
including astrocytes, hepatocyte, pancreatic, retinal, 
epithelial cells and macrophages (Kono et al., 2010). 
CP is a ferroxidase and plays an important role in 
iron export from various cells mainly from astrocyte, 
neurons, hepatocyte, pancreatic and retinal cells. 
Because of an impaired iron transportation, erythro-
poiesis is also affected. These mechanisms result in 
iron deposition in the liver, pancreas and retina.

Clinical features: The clinical picture of ACP 
may be due to the iron deposition in the brain and 

Table 11.5  Dose of copper in copper-deficient patients suggested by Akoi (2004)

Age groups Oral dose Parenteral (μg/kg/day)

Low-birth-weight neonate and infant 100–200 μg/kg/day 20–30
Infant and children 2.5–5.0 mg/day 20–35
Adolescent and adult 5–10 mg/day 15–20 (total 900–1500 μg/day)
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other organs. ACP manifests during 40–60 years of 
age. About 65%–68% of patients with ACP manifest 
with neurological symptoms, including neuropsy-
chiatric symptoms in 48%, cognitive impairment in 
60%–80%, cerebellar signs in 62%–71% and extra-
pyramidal signs in 20%–64% of patients. Cerebellar 
signs include tremor, ataxia and dysarthria. 
Movement disorders include chorea, athetosis, dys-
tonia, speech abnormality and walking difficulty. 
The movement disorders are due to the involvement 
of thalamus, basal ganglia and cerebellum. Cranial 
MRI reveals T2 hyperintensity of thalamus, basal 
ganglia, dentate nuclei of cerebellum and subcor-
tical white matter. The clinical and radiological 
features of ACP resemble Wilson disease or neuro-
nal brain iron accumulation (NBIA); however, the 
absence of Kayser–Fleischer ring and the presence 
of microcytic anemia help in differentiating ACP 
from Wilson disease. Iron deposition occurs in the 
liver but cirrhosis and liver failure are uncommon 
in ACP. Similarly, peripheral retinal degeneration 
occurs in 14%–76% but vision loss is uncommon 
(Figure 11.5) (He et al., 2007; Marchi et al., 2019).

The majority of patients with ACP are due to 
homozygous mutation but compound hetero-
zygosity with milder symptoms has also been 
reported (Pelucchi et al., 2018; McNeill et al., 2008). 
The genotype and phenotype correlation has been 
reported. Some ACP phenotypes (Cys338Ser and 

IIe991Thr) are associated with the reduced fer-
roxidase activity with no or mild neurological 
impairment (Pelucchi et al., 2018). Homozygosity 
for Gly631Arg is associated with extra pyramidal 
features in Caucasians (Vroegindeweij et al., 2017).

Diagnosis: The diagnosis is suspected if there is 
a raised serum ferritin, microcytic anemia, reduced 
level of serum copper and absence of serum CP. 
The diagnosis is confirmed by genetic studies.

Treatment: Iron overload is treated by iron-
chelating agents. Deferiprone crosses the blood–
brain barrier and might be preferred in ACP. All 
iron-chelating drugs reduce serum ferritin and 
iron accumulation in the liver, but not in the brain. 
Clinical improvement, however, has been reported 
in some patients following chelating therapy but is 
not optimal (Dusek et al., 2016). Bloodletting for 
managing iron overload is not practiced because of 
associated anemia. Antioxidants such as vitamin E 
and zinc sulfate have been used for reducing iron-
induced oxidative injury. Zinc sulfate resulted in 
the improvement of extrapyramidal features in 
anecdotal reports (Kuhn et al., 2007).

Copper toxicity

Acquired copper toxicity is rare because of a tight 
control of copper homeostasis. Up to 0.5 mg/kg/
day of copper intake is considered safe. Copper in a 

Figure 11.5  Schematic diagram shows clinical manifestations of aceruloplasminemia.
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dose of 10–15 mg/kg/day is associated with metal-
lic taste, diarrhea and vomiting. Copper toxicity 
generally occurs in genetic disease like Wilson dis-
ease, an autosomal recessive disorder due to muta-
tion of ATP7B in chromosome 13q 14.3 spanning 
over 21 exons. ATB7B is expressed in the liver, kid-
ney, brain, heart, cornea etc. and is important for 
the incorporation of copper in CP. The patient with 
Wilson disease manifests with hepatic dysfunction 
in the first decade and neurological symptoms 
in the second decade. The neurological symp-
toms and signs include cognitive impairment, 
behavioral abnormality, movement disorders and 
spasticity (Figure 11.6). Cranial MRI reveals the 
involvement of corpus striatum, thalamus, and 
midbrain more frequently than the subcortical or 
cortical involvement (Figure 11.7; Ranjan et al., 
2015). Seizure occurs in the late stage of the disease 
(Kalita et al., 2019). Wilson disease is treated with 
penicillamine, trientine, sodium thiomolybdate 
and zinc. Patients should also receive pyridoxine 

and other symptomatic treatment for movement 
disorder and osteomalacia.

ZINC

Zinc is the 24th most abundant metal in the earth 
crust, and is abundantly found in Australia, Asia 
and USA. Zinc was used as an alloy with copper to 
make brass which was initially used in 3rd millen-
nium BC. Pure metallic zinc was discovered by a 
German chemist Andreas Sigismund Marggraf in 
1746. In 1800, Luigi Galvani and Volta described 
the electrical properties of zinc. Zinc is used as an 
alloy in brass, corrosive-resistant zinc plating for 
iron, battery, small nonstructural casting, dietary 
supplement, deodorant (ZnCl), anti-dandruff (zinc 
pyrethrins) and luminescent paint (zinc sulfide). 
The role of zinc in the growth of Aspergillus niger 
was reported by Raulin in 1869. Todd et al., (1934) 
demonstrated the role of zinc in the growth and 
development of rats. About 100 years later, Prasad 

Figure 11.6  A 12-year-old boy with Wilson disease presented with severe dystonia.
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and colleagues reported children with zinc defi-
ciency from Persia who consumed clay (pica). 
The children manifested with anemia, hepato-
splenomegaly, skin changes, physical and mental 
retardation. Later, zinc-specific malabsorption 
syndrome or autosomal recessive genetic disorder 
was reported by Neldner and Hambidge in 1975.

Zinc is needed for antenatal and postnatal 
development. About 2 billion people in the devel-
oping world are affected by zinc deficiency. About 
1,40,000 patients are registered annually, 30% of 
whom are due to dietary Zn deficiency. Zinc is 
needed for about 1000 enzymatic reactions, and its 
deficiency results in growth retardation, diarrhea 
and susceptibility to infections.

Daily requirement and dietary 
sources of zinc

Human body contains about 2–4 g of zinc but 
plasma zinc concentration is only 12–16 µM, of 
which 60% is bound to albumin, 30% to α2 mac-
roglobulin and 10% to transferrin (Rink and 
Gabriel, 2000). There is no storage of zinc in the 

body; therefore, daily intake of zinc is needed for 
maintaining a steady state. The requirement of zinc 
is age dependent: in an adult male 15 mg, females 
12 mg and children 5–12 mg daily (Table 11.6).

The bioavailability of zinc is dependent on 
the composition of diet. The presence of phytate, 
phosphate and fibers reduces the bioavailability of 

Figure 11.7  Representative cranial MRI findings in the patients with Wilson disease having neu-
rological manifestation in axial section. (a) Basal ganglia T2 hyperintensity in putamen, caudate, 
globus pallidus. (b) Thalamus and corpus striatum T2 hyperintensity. (c) Midbrain T2 hyperintensity. 
(d) Pontine T2 hyperintensity. (e) Frontoparietal subcortical white matter and cortical T2 hyper-
intensity. (f) Cortical atrophy in T1 sequence. (With permission from Ranjan, A., Kalita, J., Kumar, 
S., Bhoi, S. K., Misra, U. K. 2015. A study of MRI changes in Wilson disease and its correlation with 
clinical features and outcome. Clinical Neurology and Neurosurgery 138, 31–36. DOI: 10.1016/j.
clineuro.2015.07.013.)

Table 11.6  Daily requirement of zinc in different 
age groups

Age groups

Zinc 
requirement 

(mg/day)

9–12 months 5
1–≤ 4 years 7
4–≤7 years 10
7–≤10 years 11
10–≤13 years 12
Adult and adolescent males 15
Adult and adolescent females 12
Pregnancy 15
Lactation 22

https://doi.org/10.1016/j.clineuro.2015.07.013
https://doi.org/10.1016/j.clineuro.2015.07.013
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zinc. Other bivalent cations such as copper, iron, 
magnesium, cadmium and nickel also reduce the 
absorption of zinc. Iron supplementation dur-
ing pregnancy may reduce zinc in both mother 
and fetus (Scholl et al., 1993). Zinc requirement 
increases during growth and pregnancy should be 
taken care of, because zinc has an important role in 
cell proliferation.

Dietary source of zinc

Zinc is widely available, and the rich sources are 
nonvegetarian food items such as meat, sea foods 
including oysters, shrimps, mussels and Alaskan 
crabs. Eggs have a moderate amount of zinc. A large 
egg contains 5% of daily requirement of zinc. Dairy 
products such as milk, curd and cheese also con-
tain a moderate amount of zinc. The other sources 
of zinc are legume, chickpea, lentils and beans. 
Seeds of squash, pumpkins, sesame, nuts (pea nuts, 
cashew, almonds and pine) are medium sources of 
zinc. Poor sources of zinc are whole grain, wheat, 
rice, oats, quinoa and vegetables (potato, sweet 
potato, green pea and kale). The zinc content of dif-
ferent food items is mentioned in Table 11.7.

Absorption

About 16%–50% of dietary zinc is absorbed, 
and absorption depends on dietary composition 
and plasma zinc concentration. Zinc is mainly 
absorbed from the intestinal brush border in the 
duodenum and jejunum. Zinc absorption occurs 
by (a) a carrier-mediated mechanism and (b) 
saturable processes in a rate-limiting manner. 
If the luminal zinc is very high (200–1000 µM), 
zinc may be absorbed by a passive diffusion. 
Usually, zinc absorption depends on its dietary 
concentration. If there is low zinc concentration, 
the absorption is enhanced, and vice versa. Zinc 
absorption is better in aqueous solution compared 
to meals. Zinc is transported from the lumen to 
the enterocyte with the help of Zrt and Irt-like 
protein (ZIP). In the enterocyte, zinc remains in 
three forms: (a) bound to protein, (b) in the ves-
icle, or (c) in free form. Free zinc is available to 
tissues, for cell signaling and redistribution. In 
the cell, free zinc is maintained in a pico-molar 
concentration. Free zinc is regulated with the help 
of zinc-transporting protein.

Cellular biology of zinc

Zinc acts as a cofactor in more than 1000 enzy-
matic processes and more than 2000 transcription 
processes. Incorporation of zinc in the target cells 
is not well understood. Transferrin receptors for 
zinc influx have been reported. In the peripheral 
blood mononuclear cell, free zinc may reach up to 
70% following the exogenous zinc administration. 
Zinc is important for the following reasons:

	1.	 Structural integrity of cells,
	2.	 Cell proliferation

Table 11.7  Zinc concentration in various dietary 
sources

Food items Zinc (mg/100 g)

Nonvegetarian food
Beef 2.5–6.0
Pork 1.3–3.8
Liver 4.0–6.0
Poultry (chicken, duck, turkey) 2.0–3.0
Egg 0.3–0.5
Fish 1.0–2.0
Oysters 20.0–150.0

Dairy products
Milk 0.2–0.4
Cheese 1.0–5.0
Butter 0.1–0.15

Cereals
Wheat flour 0.9
Whole meal flour 3.0
Beans and lentils 3.03–4.02
Rice 1.3
Sugar 0.1
Fruits 0.1–0.3
Seeds 2.48
Coconut 0.5

Vegetables
Potato 0.2–0.3
Carrot 0.64
Radish 0.16
Cauliflower 0.23
Red cabbage 0.22
Sweet corn 0.12
Vegetable oil 0.12–0.2
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	3.	 Enzymatic activity,
	4.	 Modulation of number of enzymes,
	5.	 Immune modulation,
	6.	 Growth and development.

Transcription and replication of fetal genes are 
regulated by zinc finger motif. Zinc deficiency 
therefore results in an impaired cell proliferation 
especially in the cells with high turnover rate such 
as reproductive cells and immune cells. Thymulin 
is secreted by thymocyte, which induces markers 
of differentiation in immature T cells. Zinc acts 
as a cofactor for thymulin. Thymulin helps in 
the release of cytokine from the peripheral blood 
mononuclear cells and increases the proliferation 
of CD8 cells with the help of IL2. Zinc is important 
for CNS functioning from intrauterine life. In the 
CNS, zinc regulates the expression of transcrip-
tion factor, cell proliferation and myelination, 
and modulates synaptic activity and neuronal 
plasticity during the developing phase and adult-
hood. Zinc is also used by several key enzymes in 
neuronal metabolism and neurotransmitter for-
mation (Table 11.8).

Clinical features of zinc deficiency

Zinc deficiency results in diverse clinical manifes-
tations with large cell turnover rate. The clinical 
manifestations of acquired zinc deficiency are pre-
sented in Table 11.9.

The clinical features of zinc deficiency may be 
divided into mild, moderate and severe.

Mild zinc deficiency: It is due to dietary defi-
ciency without premorbid conditions. The patient 
presents with hypogusia, weight loss, infertility or 
delayed gonadal maturation due to low testoster-
one levels.

Moderate zinc deficiency: It occurs with under-
lying malabsorption, liver or kidney disease or 

severe malnutrition. These patients have additional 
features such as anorexia, growth retardation and 
impaired gonadal development or dysfunction, 
skin changes and night blindness.

Severe zinc deficiency: It usually occurs in 
patients on total parenteral nutrition, penicilla-
mine therapy or genetic cause of zinc absorption 
defect (ZIP4 mutation). The patients manifest 
with severe pustular or bullous dermatitis start-
ing from mucocutaneous junction (eye, anal, 
oral) to the periphery. The patient may also 
have diarrhea, alopecia, recurrent infections, 
and various neuropsychiatric and neurological 
manifestations.

Acrodermatitis enteropathica: Skin is the 
third most zinc-abundant tissue. Acrodermatitis 
enteropathica may be due to the zinc transporter 
defect or due to acquired zinc deficiency, includ-
ing necrolytic migratory erythema, chronic diar-
rhea, pellagra, biotin deficiency, total perenteral 
nutrition or intestinal resection. Among the 
zinc transporter protein, ZIP4 (Zrt and Irt-like) 
mutation is responsible for acrodermatitis entero-
pathica. These transporter proteins are located 
in the intestinal epithelium and epidermal basal 

Table 11.8  Enzymes in which zinc is a cofactor

Enzyme Enzyme class

Alcohol dehydrogenase Oxidoreductase
Aldolase II Isomerase
Alkaline phosphatase Hydrolase
Carbonic anhydrase Lyase
RNA polymerase Transferrase
tRNA synthetase Ligase

Table 11.9  Clinical features of zinc deficiency

Gastrointestinal Anorexia, diarrhea 

Skin and hair Bullous/ pustular 
dermatitis, erosive 
eczema, 
hyperkeratosis, skin 
atrophy, alopecia

Gonads Delayed maturation, 
hypogonadism

Growth Physical retardation
Immunity Reduced immunity, 

susceptibility to 
infection

Neurological Hypogusia, hyposmia, 
night blindness, 
pica, depression, 
emotional instability, 
ataxia, dementia

Others Impaired glucose 
tolerance, coronary 
artery disease, 
cataract, cancer, 
abnormal pregnancy
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keratocyte. More than 30 mutations of ZIP4 have 
been reported in relation to inherited acroderma-
titis enteropathica. The other clinical features of 
acrodermatitis enteropathica are similar to severe 
zinc deficiency.

The other diseases linked to zinc transporter 
defects are

	1.	 Spondylo Cheiro dysplastic form of Ehler–
Danlos syndrome in which ZIP 13 muta-
tion has been demonstrated in the dermal 
fibroblast.

	2.	 Transient neonatal zinc deficiency is due to 
ZnT2 mutation in the secretory vesicle of 
mammary gland.

	3.	 Epidermodysplasia verruciferous is due to 
ZnT1 mutation in the epidermal keratinocyte. 
The skin manifestations depend on the type of 
dermal cell involvement.

Diagnosis of zinc deficiency

The diagnosis of zinc deficiency can be made by the 
following:

	1.	 Low serum zinc level (normal serum zinc level 
is 84–159 µg/dl.)

	2.	 Serum copper level (>120 µg/dl) is usually 
increased in zinc deficiency, and the copper/
zinc ratio is 1.5 or more.

	3.	 Improvement after zinc therapy.

Plasma or serum zinc may not reflect the intra-
cellular zinc level, which is higher than plasma. 
If there is a clinical suspicion, and zinc level is 
normal, a therapeutic trial of zinc is justified. 
Serum zinc level has a diurnal variation, high in 
the morning and low in the evening. Serum zinc 
level is also affected by certain drugs: its level is 
decreased by glucocorticoiods, clofibrate and oral 
contraceptive pills, and it is increased by thiazide, 
loop diuretics and disulfiram. Neonate, infant 
and pregnant women have low zinc level, whereas 
seafood and stress are associated with high levels 
(Yanagisawa, 2004).

Treatment

The standard treatment of zinc deficiency is 2–3 
mg/kg/day orally. It may be given in the form of 

zinc sulfate, zinc gluconate or zinc picolinate. The 
clinical features improve in 1–3 weeks. In acroder-
matitis enteropathica due to ZIP4 mutation, life-
long treatment with zinc in a dose of 1–2 mg/kg/
day is needed. In preterm infants with zinc defi-
ciency, breastfeeding is sufficient and symptoms 
resolve in a week. If mother is deficient, she should 
be supplemented with zinc 1mg daily.

Zinc as a therapeutic option: Zinc has wide-
ranging biological and immunological effects. 
Zinc is a standard treatment for acrodermatitis 
enteropathica, malabsorption syndrome, chronic 
diarrhea and bariatric surgery. In Wilson disease, 
zinc is used as a competitive inhibitor for cop-
per absorption, and it increases metallothionein. 
Zinc has been recommended for neurological 
Wilson disease though it is not a primary disor-
der of zinc metabolism. Supplementation of zinc 
in pregnancy has reduced preterm birth but not 
fetal loss, congenital malformation, intrauterine 
growth retardation, low birth weight, prolong 
labor and pre- or post-term delivery (Chaffee and 
King, 2012). Zinc supplementation in children 
has shown a mild benefit in growth in malnour-
ished children from underprivileged section, but 
there was no effect on the children with normal 
height and weight.

CONCLUSION

Copper and zinc are trace elements needed for cel-
lular growth and development, and take part in 
several enzymatic reactions. Treatment of dietary 
zinc deficiency is rewarding, and dermatitis recov-
ers within week. Copper deficiency takes a longer 
time to recover. Attention to clinical and biochem-
ical changes may clinch the diagnosis.
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12
Water as a nutrient in health 
and disease

INTRODUCTION

Water is an essential nutrient for all living beings. 
Without food, humans can survive for 4–6 weeks 
but without water not more than 2–4 days. Water 
constitutes 75% of body weight in infants, 60% in 
adults and 55% in the elderly. The water in human 
body is present in intracellular (55%–75%) and 
extracellular compartments (25%–45%; Figure 12.1). 
A 70-kg adult will have 42 l of total body water: 28 l 
in the intracellular and 14 l in the extracellular space 
(Wang et al., 1999). Of the extracellular fluid (ECF), 
1 l will be in transcellular (cerebrospinal fluid, pleu-
ral, peritoneal, synovial and ocular) and 3 l in the 
blood as plasma, and 10 l as the interstitial fluid, 

including lymph. The fluid in the intracellular space 
should be constant for a proper cellular function-
ing. This constancy is due to homeostasis mecha-
nism that regulates and monitors intracellular 
solutes, osmotic pressure, pH and temperature. 
Water homeostasis is maintained in a narrow 
range because of an intricate balance between 
neuroendocrine and renal system. Since there is a 
limited store of water in human body, it is excreted 
by kidney, skin, gastrointestinal tract and through 
respiration; therefore, water has to be taken daily. 
Water intake depends on ambient temperature, 
humidity as well as age and physical activity. Hypo
hydration and overhydration both can affect physi-
cal and mental functioning.

Figure 12.1  Schematic diagram shows the total amount of water in human body, which reduces with 
increasing age.
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HISTORY

Water is closely linked to life and human civi-
lization. About 10,000 years ago when humans 
took to agrarian lifestyle, they settled along the 
river, spring, lake and sea. Jericho is the earliest 
urban civilization near a spring as early as 8000–
7000 BC. In Egyptian civilization, about 3000 
BC, there are evidences of wells, and in Meso
potamian civilization rain water stone channel 
(canals). In Mohenjo-Daro civilization, there are 
evidences of well, water pipes and toilets. The 
importance of safe drinking water was realized 
even in ancient period.

WATER HOMEOSTASIS

Water intake is partially controlled by the thirst. 
Hypohydration (output exceeding intake) results 
in the activation of hypothalamic osmoreceptors, 
thereby releasing antidiuretic hormone (ADH) 
from the posterior pituitary. Thirst is elicited by 
both ECF osmotic pressure and ADH release. 
The threshold for hypothalamic osmoreceptors 
for thirst is higher than for the osmoreceptors 
involved in ADH release; hence, ADH can act on 
the kidney to increase water reabsorption before 
the onset of thirst. This response is blunted in the 
elderly; therefore, they have a risk of dehydration in 
hot and humid environment (Phillips et al., 1984).

REGULATION OF FLUID INTAKE

All land animals drink water because of thirst, 
which prevents hypohydration. Humans are the 
only species to drink not only because of thirst but 
also for pleasure (Hedonic drinking). There are 
three sources of water: (a) beverages, (b) food and 
(c) metabolic. Drinking includes water and other 
drinks, which constitutes 85%–90% of water intake. 
However, food water constitutes 40%–80%, and 
this amount depends on the types of food. Fruits 
and vegetables have higher water content compared 
to cereals and pulses. The water content in different 
food items is presented in Table 12.1. The metabolic 
water (endogenous) refers to the water produced 
by the oxidation of macronutrients. In normal 
adults, 70%–80% of water is in the form of water 
and beverage, 20%–30% is from food and 10% from 
metabolic water. In the temperate region, a normal 
person drinks 1.5 l daily. Another 500–1000 ml is as 
a component of food and 200–300 ml as metabolic 
water, so the total fluid intake is 2–3 l. The amount 
of drinking water is influenced by climate (humid-
ity and temperature) and physical activity.

OUTPUT

Water is mainly excreted by kidney, skin, respi-
ratory and gastrointestinal tract. In a sedentary 
adult, daily urine output is 1–2 l. Sweating and 

Table 12.1  Water content of different food items

Food item Percentage of water

Water 100
Fat-free milk, watermelon, cantaloupe, strawberries, lettuce, cabbage, 

celery, spinach, pickles, squash (cooked)
90–99

Yogurt, fruit juice, apples, grapes, pears, pineapple, oranges, carrots, 
broccoli (cooked) 

80–89

Avocados, bananas, cottage cheese, ricotta cheese, backed potato, cooked 
corn, cooked dal, shrimp

70–79

Cooked rice, legumes, pasta, ice cream, salmon, chicken breast 60–69
Cheese, cooked tenderloin steak, ground beef, hot dogs 50–59
Pizza 40–49
Bread, chapati, roti, paratha (wheat), cheddar cheese, bagels 30–39
Biscuits, cake, pepperoni sausage 20–29
Butter, margarine, raisins 10–19
Walnuts, roasted peanuts, chocolate, chip cookies, crackers, cereals, 

pretzels, taco shells, peanut butter
1–9

Sugar, oil 0
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insensible loss is 450 ml, respiratory loss is 200–350 
ml and fecal water loss is 100–200 ml, amounting 
to a total loss of 2–3 l, thereby balancing the intake. 
The water loss from the skin and respiratory tract 
depends on ambient temperature, humidity and 
physical activity. Sweating is an effective means of 
reducing body temperature in hot and humid cli-
mate. Sweat loss may be as high as 1–2 l/h, which 
may lead to hypohydration and hyperosmolality. 
Sweat is hypotonic (20–40 mmol/l) compared to 
the plasma and  ECF (150 mmol/l). The intake and 
output of water in a healthy adult in temperate cli-
mate are presented in Table 12.2.

REGULATION OF WATER BALANCE

Coordination of sensitive detection of water vol-
ume and osmolality in the body is needed to main-
tain a constant water and mineral balance. The 
neural pathways act as integrative centers, specially 
hypothalamus and pituitary gland. These neural 
centers are sensitive to humoral factors such as 
ADH, atrial natriuretic peptide (ANP) and aldoste-
rone leading to diuresis, natriuresis and blood pres-
sure control. The signal from the integrative center 
comes to executive organs such as kidney, sweat 
gland and salivary gland. Homeostasis of water is 
maintained by a change in water volume within 
few 100 ml. Thirst manifests when plasma osmolal-
ity is increased to 288 mOsmol/Kg or ECF volume 
depletion is 1%–3% of body weight. In hypovole-
mic state, posterior pituitary releases ADH, which 
enhances the water absorption from renal tubules. 
Hyperosmolar state stimulates osmoreceptors of 
hypothalamus, which also induce thrust. Thrust 
is associated with firing of hypothalamic neurons. 
Restoration of water volume reduces the firing of 
hypothalamic neurons. Experimental study put-
ting water on the tongue also has shown a reduction 

in firing of hypothalamic neurons and thrust. This 
anticipatory reflex explains the relation of taste 
and hypothalamic thrust neurons. In hypovolemic 
state, kidney has to actively absorb water and pro-
duce concentrated urine to maintain euvolemia. 
There is increasing stress on kidney if intravascular 
volume is depleted and there is hyperosmolar state 
(Figure 12.2). It is therefore recommended to drink 
water before being thirsty.

The elderly are less thirsty on fluid depletion, 
and fluid intake may not increase even by highly 
palatable drinks. This is attributed to the impair-
ment of osmo- and baroreceptors. Elderly individ-
uals also have impaired renal fluid conservation 
mechanism and impaired response to hot and cold 
stress. During cold exposure, there is an impaired 
vasoconstriction, thereby resulting in the shift of 
fluid to the interstitial and intracellular space. This 
results in intravascular hypovolemia and hyperos-
molar states. During hot weather, the sweating is 
also ineffective in the elderly.

HEALTH EFFECTS OF 
HYPOHYDRATION

Adequate hydration is important for proper body 
functioning in all age groups. There is, however, 
little objective evidence about daily water require-
ment in healthy individual. The effects of dehydra-
tion on different body systems are discussed in the 
following section.

Neurological effects

Hypohydration may result in headache, varying 
degree of cognitive impairment, delirium and coma.

Headache: It is a common belief that hypohy-
dration is associated with headache, which may be 
associated with poor concentration and irritability. 

Table 12.2  Intake and output of water in a healthy adult in temperate climate (modified from Jéquier 
and Constant, 2009)

Input (ml/day) Output (ml/day)

Average Range Average Range

Beverages 1575 1400–1750 Urine 1600 1200–2000
Food 675 600–750 Skin 450 450–450
Metabolic 

water
300 250–350 Respiration 300 250–350

Feces 200 100–300
Total 2550 2250–2850 Total 2550 2000–3100
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Studies have revealed that hypohydration may 
trigger and perpetuate migraine, chronic daily 
headache or tension headache (Blau et al., 2004, 
Blau, 2005). If headache is the sole manifestation 
of hypohydration, it improves within 30 min to 3 h 
of fluid replacement. It is possible that the reduced 
plasma volume may induce intracranial dehy-
dration or intracranial hypotension, which may 
account for headache. In a randomized controlled 
trial, the patients with migraine and tension head-
ache were advised to take 1.5 l of additional water. 
In the treated group, there was a modest reduction 
in severity and duration of headache compared to 
the control group although the frequency of head-
ache was not affected. This suggests that water 
has a limited role in migraine and tension head-
ache prophylaxis (Spigt et al., 2005). Intravenous 
therapy is only indicated in migraine patients in 
emergency with features of dehydration. Headache 
with uncertain etiology should not be treated with 
intravenous fluid (IVF) (Naeem et al., 2018).

Delirium: In the elderly, hypohydration is 
an important risk factor for delirium. In a cross-
sectional study, the predisposing factors for delir-
ium in 155 patients with dementia were assessed. 
109 (70.3%) of them had delirium, which was related 
to dehydration, pain, depression and preexisting 
behavioral disturbance, number of medications, 
fever and malnutrition (Voyer et al., 2008). This 
study suggests that modifiable risk factors such as 

dehydration, infection and electrolyte imbalance 
should be given due importance to prevent delir-
ium in the elderly. In sick and elderly individuals, 
the thirst and kidney regulation mechanisms are 
impaired; therefore, these need special attention to 
prevent dehydration.

Cognition: Mild dehydration manifests with 
poor concentration, vigilance and impaired 
short-term memory (Bar-Or et al., 1980; Cian 
et al., 2001; Gopinathan et al., 1988; D’Anci et al., 
2009; Suhr et al., 2004). Moderate dehydration is 
associated with impaired task performance, per-
ceptual discrimination, arithmetic ability, visuo-
motor tracking and short-term memory (Cian 
et al., 2001; Gopinathan et al., 1988; D’Anci et al., 
2009). Restoration of fluid in mild dehydration 
reverses the cognitive impairment (Meeusen and 
Decroix, 2018).

Muscle cramp: Muscle cramp is a transient 
severe painful involuntary contraction of skeletal 
muscle that can occur during or soon after exer-
cise. The exact cause of cramp is uncertain, but has 
been attributed to disturbances of water and salt 
balance, sustained abnormal spinal reflex activ-
ity, result of fatigue of the affected muscles or 
underlying genetic channelopathies. In an earlier 
study, muscle cramp was evaluated in the workers 
in Hoover Dam and in steel mills of Youngstown, 
Ohio. The workers developing muscle cramps had 
higher frequency of dehydration, lower plasma 

Figure 12.2  Schematic diagram shows the relationship of plasma osmolality with threshold for 
antidiuretic hormone (ADH) release and thrust, plasma ADH level, urinary osmolality and urine 
volume. (Adapted from Verbalis, J. G. 2003. Disorders of body water homeostasis. Best Practice & 
Research. Clinical Endocrinology & Metabolism 17: 471–503. DOI: 10.1016/S1521-690X(03)00049-6.)

https://doi.org/10.1016/S1521-690X(03)00049-6
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sodium and chloride, little or no sodium or chlo-
ride in urine, elevated serum protein, increased red 
blood cell count and normal osmotic pressure (Dill 
et al., 1936). In an interventional study, dehydra-
tion has been attributed as a major cause of muscle 
cramp in athletes. Electrical stimulation or intense 
voluntary contractions of small muscles held in 
a shortened position have also been reported to 
produce cramp. This study suggests the role of 
dehydration in producing cramp (Maughan and 
Shirreffs, 2019).

Physical activity

The effect of dehydration on physical performance 
is evident from the athletes and military personal. 
As little as loss of 2% of body weight reduction due 
to dehydration is associated with reduced perfor-
mance, reduction in endurance, increased fatigue, 
reduced motivation, increased perceived effort and 
impaired thermoregulation (Cheuvront et al., 2003, 
Paik et al., 2009). Rehydration can reverse these 
deficits and reduce oxidative stress. These effects 
are more apparent in sports like tennis and long-
distance running compared to weight lifting and 
rowing (Vogelaere and Pereira, 2005; Kovacs, 2008; 
Cheuvront et al., 2007). Hypohydration may persist 
for a few hours if fluid intake after exercise is inad-
equate (Bar-Or et al., 1980). The risk of dehydra-
tion is more in un-acclimatized person, especially 
if there is a sudden change in weather or activity 
(Bergeron et al., 2005; Godek et al., 2005). Children 
may have greater risk of dehydration during exer-
cise; hence, the coach should be educated about 
maintaining an adequate fluid intake. Children 
also take longer time than adults to acclimatize.

Skin

There is a pervasive myth in lay press that drinking 
8–10 glasses of water daily results in glowing skin 
by removing toxins, but it is not supported by the 
evidence. Skin contains 30% water, which gives it 
elasticity, resilience and plumpiness. Stratum cor-
neum and lipid layer of skin render it water proof. 
Loss of water from sweating occurs through both 
accrine and apocrine sweat glands rather than from 
the skin per se (Champion et al., 1992). Skin may be 
dry due to a prolonged hot water bath, scrubbing by 
soap, exposure to dry air, medications and diseases. 
Severe dehydration is associated with reduced 

turgor and tenting of skin. Adequate hydration 
may increase the skin thickness due to improved 
hydration. Wrinkling is a sign of aging and may 
also occur due to excessive sun exposure or genetic 
cause, and is not influenced by dehydration.

Cardiovascular effects

Loss of body water can result in a reduced blood 
volume. A slight change in intravascular volume 
leads to tachycardia, and a further reduction may 
result in postural hypotension and syncope. Rapid 
replenishment of water reduces heart rate and 
increases blood pressure due to its effect on baro-
receptors. Following bloodletting, it is therefore 
important to replenish with water to prevent syn-
cope (Lu et al., 2003). Rarely cold drinks may lead 
to bradycardia and syncope.

Renal functions

Kidney not only maintains water homeostasis but 
also excretes solutes to maintain serum osmolality. 
Kidney has an ability to dilute or concentrate urine 
from 40 to 1400 mOsmol/kg. The conservation of 
water by kidney is possible through ADH, renin–
angiotensin–aldosterone and ANP. In the elderly, 
the ability to concentrate or dilute urine is reduced 
by 50% (80–700 mOsmol/kg). Kidney functions in 
severe dehydration are altered, resulting in acute 
renal failure.

Gastrointestinal functions

Water is mainly absorbed from the small intestine, 
and the rate of absorption depends on gastric emp-
tying, and is faster if volume is large and of low 
osmolality. The capacity of small intestine to absorb 
water is 15 l and colon 5 l daily (Ritz et al., 2005). 
Constipation is often treated by increasing fluid 
intake; however, it is rarely effective in euhydrated 
individuals. A study in children with constipation 
did not show an improvement by increasing 50% 
water intake (Young et al., 1998). In the elderly, low 
water intake is an important cause of constipation 
(Robson et al., 2000).

Diarrhea and dysentery are important causes of 
dehydration and result in 1.5–2.5 million deaths in 
children annually. Oral rehydration is an impor-
tant measure to prevent mortality due to diarrhea 
and dysentery.
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RELATIONSHIP BETWEEN 
WATER CONSUMPTION AND 
ENERGY INTAKE

There are several studies about the role of bever-
ages on health, but there is paucity of information 
on the role of water in reducing calorie intake and 
obesity. It is not known that consuming water is 
better than beverages. Beverages have calories, 
whereas water has none; therefore, drinking water 
with or before meal may help in the management of 
obesity. Consuming beverages before food did not 
reduce the calorie intake (Piernas et al., 2010a,b; 
Popkin et al., 2010). In the elderly, the mean energy 
intake is increased by 14.8% when premeal water 
was removed (Davy et al., 2008), but this effect was 
not present in nonobese young and middle-aged 
individuals (Daniels and Popkin, 2010). In a ran-
domized controlled trial, school children supple-
mented by additional 1.1 glass of water reduced the 
risk of obesity by 31% (Muckelbauer et al., 2009).

WATER REQUIREMENT

The measurement of water intake in the community 
is a new concept, and such data are not available. 
Only a few countries regard water as a nutrient. 
Germany and USA have provided recommenda-
tions about water intake. It is not clear if water 
alone or in beverages (with sweet or with flavonoids) 
has the similar nutritional significance. Moreover, 
water is used in the preparation of food while 
cooking has also to be considered and may dif-
fer significantly in different cultures and regions. 
In USA, a normal adult consumes 2100 ml water 
daily, whereas in Europe, 500 ml only (Raman 

et al., 2004). The age-wise requirement of water is 
presented in Table 12.3. Water intake is related to 
calories. In the elderly, the calorie intake is less and 
water consumption is also low. Both body size and 
activity are considered for energy needs, and the 
same is true for water as well, ml/kg may be used 
for defining water requirement. Many beverages 
are sweet and may have calories, hence complicat-
ing the analysis. For 1000–1400 kcal, 1300 ml fluid 
intake is recommended amounting 1.23 ml water 
for 1 kcal. Relationship of water requirement and 
recommended energy requirement at different age 
groups and gender is presented in Table 12.4. A wide 
range of water intake is tolerated because of efficient 
water homeostasis. A number of variables such as 
temperature, humidity, physical activity, composi-
tion of food and associated medical condition influ-
ence the fluid intake. A physically active person in 
a hot and humid climate may require more water 
compared to a sedentary person in a temperate cli-
mate. Those consuming large amount of fruits and 
vegetables may require less water. On an average, a 
sedentary adult in normal condition would require 
1.5 l water daily to maintain vital functions. Infants 
have a higher proportion of water in the body com-
pared to the adults, but are vulnerable to dehydra-
tion because of the following reasons.

	1.	 Higher surface area to body weight
	2.	 Impaired thirst mechanism
	3.	 Reduced ability to excrete dilute or concen-

trated urine.
Elderly are prone to hypohydration because 

of the reduction in ability to dilute or con-
centrate urine by kidney. Comorbidities in 
the elderly, including reduced mobility, visual 

Table 12.3  Dietary intake of fluid in different ages (Institute of Medicine, 2004)

Age group

Male (l/day) Female (l/day)

Total Beverage Food Total Beverage Food

0–6 months 0,7 0.7 - 0.7 0.7 -
7–12 months 0.8 0.6 0.2 0.8 0.6 0.2
1–3 years 1.3 0.9 0.4 1.3 0.9 0.4
4–8 years 1.7 1.2 0.5 1.7 1.2 0.5
9–13 years 2.4 1.8 0.6 2.1 1.6 0.5
14–18 years 3.3 2.6 0.7 2.3 1.8 0.5
>19 years 3.7 3.0 0.7 2.7 2.2 0.5
Pregnancy 3.0 2.3 0.7
Lactation 3.8 3.1 0.7
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impairment, swallowing difficulty and intake 
of drugs such as diuretics and laxatives, render 
the elderly patients prone to dehydration. 
Dehydration in the elderly results in high 
frequency of falls, fractures, seizures and infec-
tion (Grandjean and Campbell, 2004).

Euhydration refers to a state in which water intake 
and output are balanced. Hypohydration refers to a 
state of negative water balance, and hyperhydration 
is a state of positive water balance. For the diagnosis 
of fluid status abnormalities subjective, noninvasive 
objective and laboratory tests are recommended.

TYPES OF DEHYDRATION

There are three types of dehydration

	1.	 Isotonic dehydration: Isotonic dehydra-
tion occurs when salt loss and water loss are 
equal as occurs in severe diarrhea. In isotonic 
dehydration, extracellular volume (ECV) is 
reduced, and it is managed by normal saline.

	2.	 Hypertonic dehydration: Hypertonic dehy-
dration occurs when there is loss of water in 
excess of salt. This type of dehydration occurs 
when there is decreased thirst, impaired con-
sciousness, and loss of excess water such as dia-
betes insipidus, osmotic diuresis, vomiting or 
excessive sweating in hot and humid climate.

	3.	 Hypotonic dehydration: Hypotonic dehydra-
tion occurs in gastrointestinal loss in which 
the fluid replacement is done by water or fluid 

containing low sodium or potassium. In such 
a situation, water shifts into the cells, thereby 
reducing ECF. The cells swell and isotonic 
dehydration ensues. It may require both hyper-
tonic saline to restore sodium and normal 
saline to restore volume.

CLINICAL SIGNS OF DEHYDRATION

The clinical signs of dehydration have low sensitiv-
ity and specificity; however, dry mucus membrane 
of mouth, nose, and longitudinal furrows on the 
tongue have more than 80% sensitivity. Incoherent 
speech, limb weakness, dry axilla and sunken eyes 
have good specificity (Thomas et al., 2008). History 
of thirst, high colored urine, low urine output, nega-
tive fluid balance (difference in intake and output) 
and loss of weight may be early clinical indicators 
of hypohydration and help in early management. 
Body weight should be measured at the standard 
time, especially in the morning after passing stool 
and urine for reliable results. The signs of severe and 
moderate dehydration are presented in Table 12.5.

WORLD HEALTH ORGANIZATION 
(WHO) SCALE OF DEHYDRATION

Clinical dehydration scale: Clinical dehydration 
scale is recommended for children aged 1–36 months 
with gastroenteritis. Grading of dehydration is based 
on the score of appearance, eye sign, mentation and 
tear. A score of 0 is normal, 1–4 mild to moderate 
and 5–8 severe (Table 12.6).

Table 12.4  Relationship of water requirement and recommended energy requirement in different age 
groups and gender

Age 
(years)

Male Female

EER 
(kcal/day)

AI fluid 
(ml/day) AI/EER

EER 
(kcal/day)

AI fluid 
(ml/day) AI/EER

2–3 1000–1400 1300 0.93 1000–1400 1300 0.93
4–8 1400–1600 1700 1.06 1400–1600 1700 1.06
9–13 1800–2000 2400 1.20 1600–2000 2100 1.05
14–18 2400–2800 3300 1.18 2000 2300 1.15
19–30 2600–2800 3700 1.32 2000–2200 2700 1.23
31–50 2400–2600 3700 1.42 2000 2700 1.35
>50 2200–2400 3700 1.54 1800 2700 1.50

Source:	 Adapted from Popkin, B. M., D‘Anci, K. E., Rosenberg, I. H. 2010. Water, hydration, and health. Nutrition 
Reviews 68(8):439–458.

AI, adequate intake; EER, estimated energy requirements.
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Subjective measures of dehydration: These 
parameters include thirst, skin turgor and dryness 
of mouth and eyes.

Noninvasive objective parameters: The non-
invasive objective parameters of dehydration include 
body weight, pulse rate, systolic blood pressure and 
postural fall of blood pressure, intake output chart, 
constipation, temperature and respiratory rate.

Laboratory test: The laboratory tests of dehy-
dration are hematocrit, hemoglobin, serum and 
urinary osmolality, serum creatinine and blood 
urea nitrogen.

Body mass: Acute change in body weight may 
reflect dehydration (1 ml water = 1 g); hence, a 
rapid change in body weight may be an indicator 
of water loss.

Blood indices: Hemoglobin and hematocrit are 
potential measures of change in hydration status 
provided the baseline values are known. Plasma 
serum sodium and osmolality will increase if there 
is water loss leading to dehydration. Osmolality 
and hematocrit may not change till there is a loss 
of 3%–5% of body mass.

Urine: Urine osmolality may increase in case 
of hypohydration. A body mass reduction of 1.9% 
after the fluid restriction may increase the urine 
osmolality to 900 mOsmol/kg (Shirreffs and 
Maughan, 1998).

Urine specific gravity may be used interchange-
ably with urine osmolality. Urine color is deter-
mined by the amount of urochrome; therefore, 
higher color of urine is consistent with hypohydra-
tion and increased specific gravity and osmolality. 
Urine color can be measured on an eight-colored 
scale (Armstrong et al., 2016). Urine markers may 
lag behind the serum markers.

Inferior vena cava (IVC) diameter: 
Ultrasonography-based IVC diameter below the 
diaphragm in supine position is used as a marker of 
volume status and volume responsiveness. Inferior 
vena cava diameter less than 10 mm suggests hypo-
volemia and more than 22 mm as hypervolemia. 
Diameter of IVC may be influenced by respiratory 
cycle and right heart function and volume status.

Central venous pressure (CVP): Central 
venous pressure is normally 8–12 cm of water, and 
if it is lower, it suggests hypovolemia. In ICU, CVP 
is often used to monitor fluid therapy. A meta-
analysis evaluated the role of CVP in predicting 
volume response in 43 studies. The effect of 500 
ml fluid challenge was evaluated on cardiac output 
and stroke volume. Overall 57.3% ± 1.3% had vol-
ume responsiveness; CVP in volume responders 
was 8.2 ± 2.3 cm and in nonresponders 9.5 ± 2.3 cm. 
Those who had low CVP responded to fluid chal-
lenge (Marik and Cavallazzi, 2013).

Table 12.5  Clinical signs of dehydration

Severe Moderate

Extreme thirst Dry sticky mouth
Sleepiness, irritability, confusion Lethargy, tiredness
Dry mouth, skin and mucus membrane, loss of skin turgor Thirst
Little or no urine output, high colored urine Reduced urine output
Sunken eyes Reduced or no tears on crying
Hypotension, tachycardia Weakness
Fever Headache
Delirium, unconsciousness Dizziness

Light headedness

Table 12.6  Clinical dehydration scale in children (World Health Organization)

Parameter 0 1 2

Appearance Normal Lethargic, irritable Drowsy, comatose
Eye Normal Sunken Very sunken
Mentation Normal Sleepy Comatose
Tear Normal Reduced Absent

Score 0, no; 1–4, mild to moderate; 5–8, severe dehydration.
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MANAGEMENT

The aim of treatment of hypovolemia is to restore 
euvolemia and prevent ongoing fluid losses.

Mild hypovolemia can be managed with normal 
diet and oral fluids. Moderate-to-severe hypovole-
mia needs IV fluids and management of underlying 
pathophysiology. Normal saline is the most appro-
priate fluid for the hyponatremic hypovolemia. 
Hypernatremic patients may require 5% dextrose 
or N/2 saline. The patients with acidosis and low 
HCO3 may require sodium bicarbonate infusion in 
5% dextrose. If the patient has anemia, RBC should 
be transfused.

FLUID MANAGEMENT IN RELATION 
TO EXERCISE

Exercise can result in a wide range of fluid loss 
because of sweating, which may range from 0.4 
to 2 l/h. A soccer player may lose up to 8.8 l/day 
and a marathon runner up to 3.5 l/day. The rate of 
sweating in relation to running speed and duration 
is shown in Figure 12.3. The sweating is higher in 
tropics than in desert (Figure 12.4). It is important 
to exercise in a euhydrated state. The goal of hydra-
tion during exercise is not to lose more than 2% of 
body weight. Body weight measurement before and 
after the exercise may be an indicator of water loss, 
and should be assessed during the practice session. 
Pre-exercise hydration is ensured by taking 5–7 

ml/kg beverages within 4 h of starting exercise. If 
the urine color is still high, the addition of 3–5 ml/
kg fluid may be taken. During exercise, especially 
if exceeding 3 h, additional hydration by 0.4–0.8 
l/h is needed. Post-exercise, one must drink bever-
ages 1.5 l for each kg loss of body weight. It takes 
several hours for euhydration to be achieved after 
exercise; therefore, a repeat strenuous exercise 
should be avoided before 12 h. Too hot or too cold 
beverages may be avoided, and the recommended 
temperature is 15°C–21°C. Instead of plain water, 
the drink should contain NaCl (20–30 mEq/l), K 
(2–5 mEq/l) and carbohydrate (5%–10%) (Institute 
of Medicine, 1994). Salted snack or food with 
water may also suffice (American College of Sports 
Medicine et al., 2007).

FLUID THERAPY IN CRITICALLY 
ILL PATIENTS

Optimal IVF is not well defined, but a patient in 
shock is recommended to be given fluid challenge 
or a bolus of IVF. Fluid bolus refers to a therapeu-
tic intervention in which 500 ml of fluid is admin-
istered in 15 min to correct hypotensive shock. 
Fluid challenge refers to a diagnostic infusion 
of 500–1000 ml crystalloid or 500 ml colloid in 
30 min to evaluate the effect of fluid in optimizing 
tissue perfusion (Dellinger et al., 2013; Hoste et al., 
2014). About 300 ml blood is stored in leg veins 
and passive leg raising introduces 300 ml without 

Figure 12.3  Schematic diagram shows the relation of sweat rate with running speed and distance in 
hot and humid as well as cool and dry region. (Adapted from Sawka, M. N. 1992. Physiological conse-
quences of hydration: Exercise performance and thermoregulation. Medicine & Science in Sports & 
Exercise 24:657–670.)
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increasing the blood volume and helps in assessing 
fluid responsiveness.

In a patient with septic shock, it is recom-
mended to administer 30 ml/kg/h IVF to get a 
CVP of 8–12 cm of water, mean arterial blood pres-
sure of more than 65 mmHg and urine output of 
more than 0.5 ml/kg/h.

In a study of fluid resuscitation in 406 epi-
sodes, in 334 patients, 52% were able to increase 
the cardiac output and stroke volume, whereas in 
48% it did not provide benefit and added to vol-
ume overload (Michard and Teboul, 2002). The 
effect of fluid challenge can be monitored by static 
or dynamic measures. The static parameters of 
fluid responsiveness include CVP and pulmonary 
artery occlusion pressure (cardiac filling pressure). 
Central venous pressure measurement is not with-
out limitations because the relation between CVP 
and volume is not linear but curvilinear. Rate of 
increase rather than absolute values of CVP may 
be more informative. A poor correlation between 
CVP and blood volume in hypovolemic shock has 
been reported (Shippy et al., 1984).

The dynamic markers of fluid responsiveness are 
available in the patients who are on artificial ventila-
tion. During positive pressure, inspiration increases 
intrathoracic pressure, resulting in decreased pre-
load and stroke volume. During expiration, the 

intrathoracic pressure decreases with increased 
venous return, preload and stroke volume. These 
dynamic changes in stroke volume in response to 
respiratory cycle may be used to assess fluid respon-
siveness. In patients who are fluid responsive, a 
variation in stroke volume during the respiratory 
cycle correlates with an alteration in pulse pressure. 
A significant variation in pulse pressure during res-
piration has been used for the prediction of fluid 
responsiveness (Michard et al., 1999, 2000). Doppler 
study of aortic blood flow measurement has been 
used as a surrogate marker of stroke volume. Inferior 
vena cava diameter and collapsibility have also been 
used as markers of fluid responsiveness (Feissel et al., 
2004; Monnet et al., 2006).

TYPES OF FLUID

For IVF therapy, crystalloid and colloids are admin-
istered. In a study on 391 ICU patients requiring fluid 
resuscitation, colloids were given to 40%, crystalloids 
to 33% and blood products to 19%. Among the col-
loids, starch is mainly used in Canada, Europe and 
New Zealand, albumin in USA and gelatin in Hong 
Kong (Finfer et al., 2010).

Crystalloids: Salt-based fluid resuscitation has 
been practiced since early days. During cholera pan-
demic in 19th century, the first report of successful 

Figure 12.4  The sweat loss in tropical region and desert, which is more in tropics compared to desert. 
Percentage of soldiers showing the amount of sweat loss in tropics and desert. (Adapted from Molnar, 
G. W. 1947. Man in the tropics compared with man in the desert. In: Adolph, E. F., ed., Physiology of 
man in the desert. New York: Intersciences Publishers, pp. 315–325.)
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resuscitation of six cholera patients using sodium 
chloride and sodium bicarbonate solution was pub-
lished. A number of electrolyte solutions are used 
such as Ringer lactate, plasmalyte and other fluids 
(Table 12.7). There are concerns about the other 
physiological ions in addition to sodium (such as 
potassium, calcium, magnesium, bicarbonate and 
phosphate) and effect on renal perfusion. A large 
amount of 0.9% saline may result in extracellular 
potassium shift leading to hyperkalemia (O’Malley 
et al., 2005). Chloride-rich solution can result in 
renal vasoconstriction and acute kidney injury, 
hyperchloremic metabolic acidosis and gastrointes-
tinal dysfunction (Yunos et al., 2010; Chowdhury 
et al., 2012). Comparative usefulness of isotonic 
crystalloids for fluid resuscitation of critically ill 
ICU patients is based on a few observational stud-
ies and a single-center study. These studies dem-
onstrated the association of balanced fluid like 
lactated Ringer’s solution with  reduced incidence 
of acute kidney injury and mortality and better 
outcome compared to  normal saline (Shaw et al., 
2012; Raghunathan et al., 2014; Yunos et al., 2012). 
In septic shock, balanced fluid improved the sur-
vival. A recent study compared normal saline with 
plasmalyte 148 in ICU fluid therapy (SPLIT) trial. 
This trial did not reveal any difference with respect 
to acute kidney injury, need for renal replacement 
therapy and mortality in the patients receiving 
normal saline or balanced salt solution. However, 
these patients were of  mild severity – mostly sur-
gical patients with few comorbidities, and the fluid 
received was only 2 l, which may be insufficient to 
demonstrate the effect of chloride-restrictive fluid 

therapy on renal functions. Moreover, the incidence 
of acute kidney injury was less than 10% (Young 
et al., 2015).

Colloids: Colloids comprise a group of high-
molecular-weight compounds suspended in a carrier 
vehicle. Colloids are retained in the intravascular 
compartment and provide oncotic pressure, thereby 
increasing plasma volume (Myburgh and Mythen, 
2013). Albumin and starch compounds are com-
monly used colloids.

Albumin: Human albumin is a natural colloid; 
it is synthesized in the liver and accounts for 80% 
of intravascular osmotic pressure. Albumin is 
available as 4%–5% (iso-oncotic) and as 20%–25% 
(hyperoncotic) formulations, and is widely used as 
volume expander. In a meta-analysis, high mor-
tality has been reported compared to those who 
did not receive albumin or crystalloid (Cochrane 
Injuries Group Albumin Reviewers, 1998). This 
study, however, was not supported by a subsequent 
meta-analysis (Wilkes and Navickis, 2001). Saline 
vs Albumin Evaluation (SAFE) study randomized 
6997 patients to 4% albumin or 0.9% saline. There 
was no difference in 28-day mortality; however, 
492 (7%) head injury patients had higher death in 
albumin arm compared to saline (OR 1.62, 95% CI 
0.12–2.34; P = 0.009) and mortality was attributed 
to coagulopathy following albumin (Finfer et al., 
2004). In ALBIOS trial in sepsis, 20% albumin 
did not result in a reduction of mortality, length 
of hospitalization and degree of organ dysfunc-
tion but there was no harm attributed to albumin 
(Caironi et al., 2014). Owing to high cost and lack 
of convincing reproducible benefit, Surviving 

Table 12.7  Compositions of common intravenous fluids

Ingredient 
(mMol/l) NaCl 0.9%

Ringer’s 
lactate

Plasma-Lyte 
148 Albumin 5% Plasma

Sodium 154 131 140 130–160 140
Chloride 154 111 98 0 100
Potassium 0 5.4 5 <2 5
Calcium 0 2 0 0 2.2
Magnesium 0 1 1.5 0 1
Bicarbonate 0 0 0 0 24
Acetate 0 0 27 0 0
Lactate 0 29 0 0 1
Gluconate 0 0 23 0 0
pH 5.4 6.5 5.5 7.4 7.4
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Sepsis Campaign recommends albumin to those 
selected patients who have received substantial 
crystalloids (Dellinger et al., 2013).

Starch: Semisynthetic colloids prepared by 
hydroxylation of amylopectin from sorghum, corn 
or potatoes may be iso-oncotic (6%) or hyperon-
cotic (10%). First- and second-generation starch 
used high molecular weight, greater molecular 
substitution (0.5–0.7), which resulted in a pro-
longed intravascular volume expansion but was 
associated with toxic effects like coagulopathy, 
and deposition in skin, liver and kidney, leading to 
pruritus and organ dysfunction.

Hydroxyethyl starch (HES) is the third-gener-
ation starch that has low molecular weight (130 
KD) and lower substitution, and is cheaper and 
easier to procure than albumin. Several trials have 
proven its safety and efficacy in reference to crys-
talloids. Crystalloid vs HES trial (CHEST) com-
pared 6% HES with normal saline in 7000 critically 
ill patients requiring resuscitation. There was no 
difference in 90-day mortality. HES patients had 
double the adverse events compared to crystalloid 
arm, including skin rash, itching, requirement of 
renal replacement therapy (7% vs 5.6%, P = 0.004) 
(Myburgh et al., 2012).

FLUID OVERLOAD

During IVF therapy, one should be cautious about 
volume overload as it has an important clinical and 
prognostic significance. Fluid overload is defined 
as 10% increase in body weight before starting IVF 

therapy. Fluid overload can also be suspected clini-
cally by appearance of pitting edema, crepitation, 
pleural effusion or ascites or a positive fluid bal-
ance. Fluid overload is associated with high mor-
tality across the studies. In a study on septic shock 
on vasopressors, the patients with positive fluid 
balance at 12 h and fourth day had higher mortal-
ity. The patients with CVP more than 12 cm water 
at 12 h after the fluid resuscitation had the highest 
mortality (Boyd et al., 2011). In a study on severe 
sepsis and septic shock, volume overload based on 
clinical criteria also revealed higher hospital mor-
tality and need of paracentesis and diuretic therapy 
(Kelm et al., 2015). In a randomized controlled trial, 
90-day mortality was also higher in the patients 
with volume overload before the renal replacement 
therapy (Vaara et al., 2012). In critically ill patients, 
it is important to follow the recommendations of 
Acute Dialysis Quality Initiative XII in which the 
fluid therapy has been divided into rescue, opti-
mization, stabilization and de-escalation (Figure 
12.5). During rescue stage, the focus is to use 
intravenous therapy to improve tissue perfusion; 
during optimization and stabilization phases, the 
emphasis is to maintain adequate perfusion avoid-
ing volume over load. In the de-escalation phase, 
it is important to remove excess fluid used during 
resuscitation. A positive fluid balance more than 
700 ml or less than 500 ml daily is associated with 
poor outcome. The position statements in differ-
ent aspect of water intake, output, measures of 
volume status and resuscitation measure are pre-
sented in Table 12.8 (Sawka et al., 2015).

Figure 12.5  Schematic diagram shows the four stages of fluid replacement therapy as per the recom-
mendation of Acute Dialysis Quality Initiative XII.
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WATER TOXICITY

Water toxicity is rare because of efficient water 
homeostasis. The clinical presentation of water 
toxicity is vague and includes nausea, vomiting, 
disorientation, confusion, altered mental status 
and coma. Excessive drinking of water may occur 
due to the following reasons: (a) drinking of a large 
quantity of water after a prolonged exercise without 
adding electrolyte, (b) excessive water drinking in 
competition or in prison torture, (c) psychogenic 
polydipsia and (d) water administration in the 
patients with high ADH levels.

Pathophysiology: Following excessive water 
drinking, the intravascular osmolality is decreased 
and water is shifted to the intracellular space, 
which has higher osmolality. This results in swell-
ing of cells. In the central nervous system, swell-
ing of neurons and glia leads to raised intracranial 
pressure, and symptoms such as headache, delir-
ium, hallucination, delusion, lethargy, disorienta-
tion, drowsiness and if untreated seizures, coma 
and death (Cosgray et al., 1990).

Evaluation: History, intake output chart, 
increase in weight, serum sodium, serum and uri-
nary osmolality and other measurements of vol-
ume status help in the diagnosis of water toxicity.

Treatment: The tenets of treatment of water 
toxicity are correction of hyponatremia and pre-
vention of brain herniation. Aggressive correction 
of hyponatremia may result in osmotic demyelin-
ation and usually occur if sodium correction rate is 
more than 10–12 mEq/l in 24 h or 18 mEq/l in 48 h 
(Sterns, 1987). Sodium correction should be slower 
especially in chronic hyponatremia. The details of 
the treatment of hyponatremia are discussed in 
Chapter 13.

CONCLUSION

Water is an essential nutrient in health and disease. 
Human cannot survive without water for more 
than 4 days. The sources of water in human body 
are beverages, food and metabolic. Body water 
content is tightly regulated within a narrow range 
by the hypothalamus with the executor organs, 
including kidney, skin, respiratory tract and gas-
trointestinal tract. The thresholds for thirst and 
kidney regulation of water are blunted in elderly 
and young children; therefore, regular drinking 
should be practiced rather than when thirsty. The 

recommended water requirement is 1.23 ml for 
1 kcal of energy intake. Dehydration amounting 
to more than 2% loss of body weight is associated 
with impaired neurocognitive functions and phys-
ical activity performance. Sweat rate is higher in 
hot and humid environment. Dehydration may be 
hypotonic, hypertonic or isotonic, and their man-
agement should be done accordingly. In critically 
ill patients, fluid management is life-saving.
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Electrolytes in health and disease

INTRODUCTION

Electrolyte is a substance that produces electri-
cal conductivity when dissolved in water. In the 
dissolved state, the electrolytes are dispersed as 
anions and cations. The cations are attracted to the 
electrodes which have abundant electrons, whereas 
anions are attracted to the electrodes having defi-
ciency of electrons. The movement of anions and 
cations is in opposite directions, which determines 
the amount of current. The important electrolytes 
are salts, acids, bases and some gases like hydro-
chloric acid. The electrolyte can also be formed by 
the dissolution of DNA, polypeptides and polysty-
rene sulfonates. All the electrolytes have a capac-
ity to conduct electricity. Sodium, potassium, 
calcium, magnesium, bicarbonate and phosphate 
are important electrolytes in humans, animals and 
plants. Electrolytes are essential for body function-
ing, maintaining intracellular neutrality, genera-
tion and conduction of action potentials in nerves 
and muscles. Abnormalities in sodium, magne-
sium, calcium and bases may result in central 
nervous system (CNS) abnormalities in the form 
of altered sensorium and seizures, whereas abnor-
malities in potassium and calcium may result in 
neuromuscular weakness. All the electrolytes are 
closely linked to cellular excitability; therefore, 
these may be associated with cardiac and gastroin-
testinal abnormalities. Both increase and decrease 
in electrolytes beyond the physiological limits may 
pose health hazards. Homeostasis of electrolytes 
is efficiently maintained by the kidney and neu-
roendocrine system. In this chapter, the common 
electrolyte abnormalities and their clinical man-
agement are presented

HISTORY

The word “electrolyte” is derived from the Greek 
word (Electro = related to electricity, Lytos = ability 
to unite or loosen). Svante Arrhenius in 1884 
demonstrated dissociation of solid crystalline salt 
into pairs of charged particles when dissolved. He 
was awarded Nobel Prize in Chemistry in 1903. 
Many years earlier, Michel Faraday named ions 
and postulated that ions are produced by electrol-
ysis. The term sodium is derived from the Latin 
word Natriun. Sodium is the sixth most abundant 
element in earth crust and was first isolated by Sir 
Humphry Davy in 1807. Humphry Davy also dis-
covered potassium in the same year when he passed 
current through wet potash. Potash is known 
for centuries, and is the only element present the 
nature in ionic form. The symbol of potassium “K” 
is derived from Latin word Kalium. Sodium chlo-
ride is the commonest form of chlorine used as 
early as 6000 BC as rock salt. Chlorine gas was rec-
ognized in 1613 by a Flemish chemist Jan Baptist 
van Helmont and was studied in detail by a Swedish 
chemist Carl Wilhelm Scheele in 1774. In 1810, Sir 
Humphry Davy discovered chloride as an element. 
Calcium was named after the Latin word Calx 
(lime) which was also isolated by Davy in 1808. 
Calcium compounds were known from ancient 
times, but their chemistry was unknown. Calcium 
is the fifth most abundant element in the human 
body. Magnesium originates from the Greek word 
Magnetes, which refers to the location of a tribe. 
In 1618, a farmer at Epson in England noticed that 
cows refused to drink water from a well because of 
bitter taste. However, this water was able to heal 
scratches and rashes. This became famous as Epson 
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salt and eventually was recognized as magnesium 
sulfate. Magnesium was also discovered by Sir 
Humphry Davy in 1808 in England. It is the ninth 
most abundant element in the universe and 11th 
most abundant in the human body and participates 
in more than 300 enzymatic reactions.

Hennig Brand was a German merchant, phar-
macist and chemist in Hamburg who had an elu-
sive goal to create a philosopher’s tomb. For this 
purpose, he heated a mixture of sand, charcoal 
and tar-like substance produced by boiling 1200 
gallons of urine. This mixture was heated at the 
highest possible temperature in a furnace. A white 
vapor was formed after several hours which con-
densed to a thick and glittering drop. Brand named 
it phosphorous (Latin = emitting light).

SODIUM

The human body needs a small amount of sodium 
to generate nerve impulses and contracting and 
relaxing muscles, and to maintain the proper bal-
ance of water, minerals and tonicity. It is estimated 
that humans need only 500 mg of sodium daily 
for these vital functions. The 2015–2020 Dietary 
Guidelines for Americans recommend daily con-
sumption of less than 2.3 g as a healthy eating 
pattern, but an average intake of an American is 

more than 3.4 g daily. World Health Organization 
recommends a maximum of 5 g/day (WHO, 2012), 
and the salt intake in India is much higher than 
the recommended dose, about 11 g/day. High 
salt intake is associated with hypertension and 
increases the risk of cerebrovascular and cardio-
vascular complications. The salt content in various 
food items is summarized in Tables 13.1 and 13.2.

Serum sodium and osmolality: Solute and par-
ticle concentrations refer to osmolality expressed 
as mOsmol/kg or mMol/l. Water is easily diffus-
ible across the membrane and allows maintaining 
equilibrium between intracellular and extracellular 
fluid osmolality. The solutes in the extracellular and 
intracellular space however differs, and the gradi-
ent is maintained by ion channel transporters and 
ATP-dependent membrane pump. Sodium and its 
accompanying anions (Cl, HCO3) are the major 
components of extracellular fluid (ECF), whereas 
potassium and organic phosphate esters (ATP, 
phospholipid, creatine phosphate) are the compo-
nents of intracellular fluid (ICF). The tonicity of 
ICF and ECF is determined by the concentration of 
solutes, which are restricted in the respective com-
partment. Urea is an ineffective osmol as it does not 
lead to water shift across the membrane.

Sodium homeostasis: Water intake, vasopres-
sin and absorption of water and solute by kidney 

Table 13.1  Sodium content in various food items 

Food Sodium content mg/10 g

Table salt, baking powder, baking soda 3800
Bouillon cubes, powdered broths, soups, gravies 2000
Soy sauce 700
Snacks (cheese puffs, popcorn), Bacon 150
Sauces and spreads 120
Cheese, hard 80
Processed vegetables 60
Butter/margarine 50
Cheese(soft), processed fish 40
Cereals and its products (breakfast cereals, bread, 

biscuits, cakes, pastries)
25

Fish (raw or frozen) 10
Eggs 8
Milk and cream 5
Vegetables (fresh or frozen) 1
Fruits (fresh or frozen) 0.5

100 mg = 4.35 mmol
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maintain body fluid osmolality in a narrow range 
of 280–295 mOsm/kg. Vasopressin is released from 
magnocellular neurons of hypothalamus and their 
axons project to posterior pituitary which release 
arginine vasopressin (AVP) in the circulation. The 
magnocellular neurons have osmoreceptors which 
determine the synthesis of AVP. These osmorecep-
tor neurons are very sensitive to osmotic changes. 
A rise of osmolality from 280 to 285 mOsm/kg 
results in release of AVP, and thirst is generated 
between 288 and 294 mOsm/kg. Volume sta-
tus is an important determinant of AVP release. 
Hypovolemia triggers AVP release, and hypervol-
emia inhibits. Certain nonosmolar stimuli such 
as nausea, intra-cerebral angiotensin II, serotonin 
and several drugs may also trigger AVP release.

Sodium is filtered by glomeruli, which is sequen-
tially reabsorbed by the renal tubules with the 
help of the renin–angiotensin–aldosterone sys-
tem under the influence of sympathetic activity. 
Sodium absorption is associated with absorption 
of chloride which may exchange with bicarbon-
ate. In 24 h, glomeruli filter about 180 l of fluid and 
25,200 mM of sodium in a person having serum 
sodium of 140 mEq/l. This amounts to 1.5 kg salt 
which is 10 times the salt present in extracellular 
space. About 99.6% of this glomerular filtrate is 
reabsorbed, 75% in the proximal convoluted tubule 
and the remaining in the loop of Henle and distal 
collecting tubules. Hyponatremia is a disorder of 
water balance in which there is relative excess of 
body water compared to sodium and potassium.

Table 13.2  Salt content in various raw and process foods

Vegetarian food
Sodium 

(mg/100 g) Nonvegetarian
Sodium 

(mg/100 g)

Bran
Bran, wheat
Bran flakes

28
1,000

Beef
Topside, roast, lean and fat
Corned beef, canned

48
950

Cheese
Hard cheese, average
Processed

620
1,320

Crab
Boiled
Canned

370
550

Chickpeas
Dried, boiled in unsalted water
Canned, re-heated, drained

5
220

Cod
Cod, in butter, fried in 

blended oil
Fish fingers, fried in blended oil

100

350
New potatoes
Raw, boiled in unsalted water
Canned, re-heated, drained

9
250

Salmon
Raw, steamed
Canned
Smoked

110
570

1,880
Peanuts
Plain
Dry roasted
Roasted and salted

2
790
400

Tuna
Raw
Canned in oil, drained
Canned in brine, drained

47
290
320

Peas
Raw, boiled in unsalted water
Canned, re-heated, drained

Trace
250

Potato chips
Homemade, fried in blended oil
French fries, oven chips, frozen, baked

12
53

Sweet corn
On-the-cob, whole, boiled in 

unsalted water
Kernels, canned, re-heated, drained

1
270
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DEFINITION AND CAUSES OF 
HYPONATREMIA

Normal serum sodium ranges between 135 and 
145 mEq/l. Hyponatremia is defined when serum 
sodium is less than 135 mEq/l. Hyponatremia is the 
commonest electrolyte abnormality. A systematic 
analysis evaluating the pooled estimated means of 
hyponatremia over four decades revealed the prev-
alence of mild hyponatremia in hospitalized geri-
atric population in 22.2%, in nongeriatric patients 
in 6% and in critical care setting in 17.2%. The 
prevalence of severe hyponatremia (< 125 mEq/l) is 
4.5% in geriatric, 0.8% in nongeriatric and 10.3% 
in ICU populations (Mannesse et al., 2013). In 
ambulatory population, hyponatremia has been 
reported in 4%–7%, which increases in the indi-
viduals residing in nursing homes. Hyponatremia, 
even mild, is associated with high mortality; there-
fore, it is important to diagnose and treat (Mistry 
et al., 2016; Braun et al., 2015).

ETIOLOGY

Hyponatremia is not a disease but a syndrome of 
low serum sodium associated with a variety of 
underlying causes such as cardiac failure, renal 
failure, cirrhosis, diarrhea, vomiting, endocrinal 
and iatrogenic etiologies (Table 13.3).

The elderly patients are more prone to develop 
hyponatremia due to associated comorbidities, 
multiple medications, and age-related impairment 
of thirst, renal and neurological functions. Acute 
central nervous system (CNS) diseases such as 
stroke, meningitis, encephalitis and subarachnoid 
hemorrhage and neurosurgical procedures are 
important causes of hyponatremia. In hospitalized 
neurological patients, the frequency of hyponatre-
mia is about 43% in stroke, 36% in subarachnoid 
hemorrhage, 22.7% in viral encephalitis, 44.3% in 
tuberculous meningitis, 32% in pyogenic meningi-
tis and 19% in aseptic meningitis (Chen et al., 2019; 

Mapa et al., 2016; Misra et al., 2016; Misra et al., 
2019; Karandanis and Shulman, 1976; Czupryna 
et al., 2014; Kalita et al., 2017).

PATHOPHYSIOLOGY

The osmolality is primarily dependent on serum 
sodium and its associated anions. It is important 
to understand the concept of total osmolality and 
effective osmolality. Total osmolality refers to the 
concentration of all the solutes in a given weight of 
water mOsm/kg regardless of solutes’ capability to 
cross the biological membrane. Effective osmolal-
ity or tonicity refers to the number of osmoles that 
contribute to water movement across intracellular 
and extracellular compartment. Osmotic pressure 
gradient is dependent on effective solute. Generally, 
hyponatremia is associated with hypotonicity of 
intravascular space leading to cellular edema and if 
severe with clinical manifestations. Rarely isotonic 
hyponatremia may occur due to serum glucose 
or mannitol. Hyponatremia leads to hypotonic-
ity of ICF resulting in shift of water from plasma 
to intracellular space, leading to swelling of neu-
rons, glia and other cells. Brain is covered by a rigid 
skull; therefore, any increase in volume results in 
raised intracranial pressure and brain herniation 
much before other organ dysfunctions manifest. 
In chronic hyponatremia, brain adapts by extrud-
ing potassium and organic solutes to extracellular 
space, thereby reducing osmotic gradient.

Osmoregulation and release of vasopressin: 
Plasma osmolality is maintained by a coordinated 
function of hypothalamus, pituitary and kidney. 
Antidiuretic hormone (ADH) is released from the 
posterior pituitary due to stimulation of osmore-
ceptor of the hypothalamus in response to high 
plasma osmolality, which increases water reabsorp-
tion from renal tubule, thereby reducing serum 
osmolality. The reverse occurs when plasma osmo-
lality is low. Osmoreceptors are present in the ante-
rior hypothalamus. Decrease in stretch of neurons 

Table 13.3  Causes of hyponatremia 

Systemic diseases: heart failure, renal failure, cirrhosis of liver 
Endocrinal: Addison disease, hypothyroidism, hypopituitarism, hypoaldosteronism, syndrome 

of inappropriate secretion of antidiuretic hormone (SIADH)
Gastrointestinal: diarrhea, vomiting 
Excessive water drinking 
Latrogenic: diuretics, nonsteroid anti-inflammatory drugs, antidepressants, amphetamine 
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increases their firing rate leading to release ofAVP 
from the posterior pituitary gland and generation 
of thirst. The threshold for AVP release is lower 
than that of thirst. Change in serum osmolality 
regulates the release of vasopressin. The central 
osmoreceptors [transient receptor potential vanil-
lodi 1 (TRPV1)] and peripheral osmoreceptors 
(TRPV4) give information about serum osmolality. 
TRPV1 is expressed in the vasopressin producing 
magnocellular cells and circumventricular organ 
in response to osmolality. TRPV4 is present in dor-
sal root ganglia innervating the blood vessels and is 
able to sense hyperosmolar shift in blood (Lechner 
et al., 2011; Liedtke et al., 2000).

CLINICAL FEATURES

The symptoms of hyponatremia depend on the rapid-
ity of onset and severity of hyponatremia. Acute 
hyponatremia refers to development of hyponatre-
mia within 48 h and chronic if it evolves after 48 h. 
Rapidly developing hyponatremia has more severe 
clinical manifestations because brain has little time to 
adapt to hypotonic environment. On the other hand, 
chronic hyponatremia has milder symptoms even 
with relatively lower serum sodium level because 
of adaptation. The adaptation is due to endogenous 
intracellular production of osmotically active solutes, 
e.g., potassium and organic solutes. Based on the 
serum sodium level, the severity of hyponatremia can 
be categorized into (Spasovski et al., 2014):

Mild: 130–134 mM/l
Moderate: 129–120 mM/l
Severe: < 120 mM/l

The symptoms of hyponatremia are nonspecific 
and can range from mild confusion to deep coma. 
A majority of patients with mild hyponatremia 

remain asymptomatic but may have subtle findings. 
The patient with hyponatremia may present with 
polydipsia, muscle cramps, confusion, headache, 
obtundation, altered sensorium, coma, seizure 
and status epilepticus. Chronic hyponatremia may 
result in gait abnormality, osteoporosis and frac-
ture. The clinical features of hyponatremia are 
presented in Table 13.4.

CLASSIFICATION OF 
HYPONATREMIA

Hyponatremia may be classified based on volume 
status into hypovolemic, euvolemic and hypervol-
emic, the causes of which are summarized in Table 
13.5. It is however difficult to assess the volume 
status using clinical and laboratory markers. The 
sensitivity of clinical signs and symptoms for diag-
nosis of hyponatremia is low.

Hypovolemic hyponatremia: Hypovolemic 
hyponatremia occurs in cerebral salt wasting 
(CSW), diuretic use, diarrhea, vomiting, Addison 
disease, pituitary failure, hypothalamic failure, 
osmotic diuresis, nephropathies, burn and in bowel 
obstructions. These patients usually manifest with 
hypovolemic state such as tachycardia, vomiting, 
diarrhea and elevated blood urea nitrogen to cre-
atinine ratio. Urinary sodium usually is below 20 
mEq/l, unless there is renal cause of sodium loss. 
In the patients receiving diuretics, urinary urea 
may be a better indicator as these patients may have 
diuretic induced natriuresis. Fractional excretion 
of urea less than 35% is more sensitive and specific 
for the diagnosis of pre-renal azotemia (Carvounis 
et al., 2002). The treatment of hypovolemic hypo-
natremia is volume replacement using normal 
saline or oral salt supplementation. The underlying 
cause should be treated. Intake output monitoring 
is important for volume correction.

Table 13.4  Clinical features of hyponatremia 

Mild Moderate Severe

Asymptomatic Nausea Vomiting 
Nonspecific Headache Cardiorespiratory distress

Confusion Confusion 

Somnolence 

Obtundation 

Seizure 

Coma
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Euvolemic hyponatremia: Euvolemic hypo-
natremia occurs in SIADH, hypothyroidism, glu-
cocorticoid deficiency and amphetamine ecstasy. 
Diagnosis is based on clinical examination, low 
serum uric acid, normal BUN to creatinine ratio and 
spot urine sodium > 20mEq/l. One must enquire 
the history of diuretic use and low salt diet which 
may facetiously elevate or reduce urinary sodium 
concentration. Treatment is fluid restriction by 500 
ml less than the urinary output in the previous 24 h. 
Patients should be allowed to take salt and protein. 
The patients with a urinary osmolality of more 
than 500 mOsm/kg, 24 h urine volume less than 
1.5 l, slow correction rate of serum sodium (< 20 
mEq/l) in 48 h and serum sodium concentration 
lower than sum of urinary sodium and potassium 
concentration are unlikely to respond adequately 
(Verbalis et al., 2013). In difficult situations, volume 
expansion by 500 ml normal saline infusion may 
help in diagnosing SIADH, in which serum sodium 
will be decreased from baseline.

Hypervolemic hyponatremia: Hypervolemic 
hyponatremia occurs in cirrhosis of liver, heart 
failure, nephrotic syndrome and acute or chronic 
renal failure. Clinically, the patient has hypervol-
emic state, e.g., engorged neck veins, edema, central 
venous pressure more than 6 cm of water, inferior 
vena cava diameter > 21 mm and urinary sodium 
less than 20 mEq/l. If hypervolemic state is due to 
heart failure, fluid restriction to 1 l/day and diuret-
ics are useful. The management of primary state 
depends on the underlying cause.

There are two important causes of hyponatre-
mia in neurology practice: SIADH and CSW.

SIADH is attributed to inappropriate secretion 
of antidiuretic hormone (ADH) resulting in low  

serum osmolality and increase in water absorp-
tion. This leads to expansion of extracellular 
volume and delutional hyponatremia despite nor-
mal renal sodium handling. SIADH is a volume 
expanded state, but most patients do not show 
clinical evidence of hypervolemia because only 
one-third of total retained water is in extracellu-
lar space. Release of ADH in SIADH is attributed 
to a large number of conditions: CNS (meningitis, 
encephalitis, stroke, subarachnoid hemorrhage 
and trans-spheroidal surgery), pulmonary diseases 
(pneumonia, lung cancer), malignant conditions, 
surgery and drugs (carbamazepine, oxcarbaze-
pine, SSRI and cyclophosphamide).

Cerebral salt wasting refers to a primary natri-
uresis leading to hyponatremia and volume deple-
tion without a known stimulus for natriuresis. 
Cerebral salt wasting is attributed to a number of 
natriuretic factors such as ANP (atrial natriuretic 
factor), BNP (brain derived natriuretic factor from 
ventricle), and C type natriuretic factor following 
a dysregulated sympathetic response. The level of 
ANP and BNP does not help in differentiation of 
CSW and SIADH because of the compensatory 
mechanism. In SIADH, hyponatremia is aggra-
vated by 100 ml normal saline infusion, whereas 
it leads to improvement of serum sodium in CSW. 
Frusemide 20 mg IV may improve serum sodium 
in SIADH but not in CSW. The safety and reliabil-
ity of these tests however have not been validated 
(Casulari et al., 2004). SIADH and CSW may have 
overlapping clinical and laboratory features such as 
hyponatremia, low serum osmolality, high urinary 
sodium and osmolality. The most reliable differen-
tiating feature is evidence of low extra cellular vol-
ume in CSW and is normal or increased in SIADH.

Table 13.5  Causes of euvolemic, hypovolemic and hypervolemic hyponatremia

Euvolemic Hypovolemic Hypervolemic

Endocrinal 
  Hypothyroidism
  Adrenal insufficiency

Diabetes, corticosteroid 
withdrawal

Heart failure

Hypertonic fluid administration Sweating, burn Chronic renal failure
Syndrome of inappropriate 

secretion of antidiuretic 
hormone

Ketonuria Cirrhosis of liver 

Iatrogenic (hypotonic fluid) Iatrogenic (hypertonic solution)

Cerebral salt wasting Syndrome of inappropriate 
secretion of antidiuretic 
hormone
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Some authors therefore do not differentiate 
between CSW and SIADH, and have suggested a term 
“hyponatremia natriuretic syndrome” (Narotam 
et al., 1994) or “cerebral salt wanting syndrome” 
(Sterns and Silver, 2008). We however feel comfort-
able in differentiating CSW and SIADH using the 
following simple bedside criteria.

Diagnosis of cerebral salt wasting: Cerebral 
salt wasting syndrome should be considered in the 
presence of the following features:

Essential: (all required)

	1.	 Polyuria (24 h urine output > 3 l for at least 2 
consecutive days).

	2.	 Hyponatremia: serum sodium < 135 mEq/l on 
two occasions 24 h apart.

	3.	 Exclusion of secondary causes of hyponatremia 
such as endocrine abnormalities, renal, cardiac 
or hepatic failure, or diuretics.

Supportive criteria: At least three out of five of the 
following:

	1.	 Clinical evidence of hypovolemia such as 
hypotension, dry mucous membrane, tachycar-
dia or postural hypotension.

	2.	 Persistent negative fluid balance as revealed by 
intake output chart and/or weight loss.

	3.	 Laboratory evidence of dehydration such as 
elevated hematocrit, hemoglobin, serum albu-
min or blood urea nitrogen.

	4.	 Central venous pressure (CVP) < 6 cm of water.
	5.	 Urinary sodium > 40 mEq/l or urine osmolal-

ity > 300 mOsm/l in two consecutive occasions 
(Misra et al., 2018).

MANAGEMENT OF HYPONATREMIA

Urgent treatment of hyponatremia is lifesaving, 
although a proper assessment of the patient may 
not be possible because of shock, sedation, pri-
mary CNS disease or mechanical ventilation in 
the ICU. The treatment depends on the severity 
of hyponatremia. Mild chronic hyponatremia 
may be treated with additional 5–12 g salt/day. 
Severe acute symptomatic hyponatremia should 
be urgently treated as it may result in brain 
edema, brain herniation and respiratory arrest. 
Caution should be taken not to overcorrect serum 
sodium. Treatment is initiated with 3% saline at 
a rate of 0.5–2 ml/kg/h till symptoms resolve. 

The rate of sodium correction should not exceed 
by 10 mEq/l in first 24 h, and 8 mEq/l in the next 
24 h. An increase in serum sodium of 4–6 mEq/l 
is sufficient to reduce symptoms of acute hypo-
natremia (Braun et al., 2015; Sterns et al., 2009). 
As per European Guideline, 150 ml of 3% saline 
is administered in 20 min and serum sodium 
is checked every 20 min; 3% saline should be 
repeated till symptoms improve and target rise of 
serum sodium of 5 mEq/l is achieved (Spasovski 
et  al., 2014). Rapid correction of serum sodium 
can result in osmotic demyelination. Over correc-
tion is typically caused by rapid diuresis second-
ary to reduction of ADH. Frequent monitoring 
of serum sodium may prevent over correction. In 
a study of 25 patients with severe hyponatremia 
below 120 mEq/l revealed that administration 
of weight adjusted 3% saline and 1–2 mg of des-
mopressin 6–8 hourly resulted in serum sodium 
correction of 3–7 mEq/l/h without overcorrection 
(Sood et  al., 2013). In another study, 3% saline 
bolus in 10 min improved serum sodium at a rate 
of 1.5–2 mEq/l/h without overcorrection (Sood 
et al., 2013; Verbalis et al., 2013). In the resource 
poor setting where the facilities for frequent serum 
sodium measurement are not possible, 100–150 
ml of 3% saline may be administered in 1–2 h, and 
if there is symptomatic improvement further cor-
rection is possible by IV normal saline and oral 
salt 5–12 g orally or through Ryles tube and serum 
sodium may be checked as frequently as possible. 
In cerebral salt wasting in tuberculous meningitis 
and subarachnoid hemorrhage, additional use of 
fludrocortisone or hydrocortisone may normal-
ize serum sodium and volume status early (Misra 
et al., 2018; Mistry et al., 2016).

Vaptans (conivaptan, lixivaptan, satavaptan 
and tolvaptan) are vasopressin receptor antago-
nists (VRAs) and are tried in the treatment of 
hypervolemic or euvolemic form of hyponatre-
mia. A review of 20 trials including 2900 patients  
comparing VRA vs placebo in mild to moder-
ate hyponatremia did not reduce death. A sub-
group analysis, however, revealed insignificant 
increased risk of death in the patients with hyper-
volemia (Rezen-Zvi et al., 2010). Updated analysis 
of trials after that by Rezen-Zvi revealed that VRA 
increased serum sodium at 3–7 days (MD 4.3, 95% 
CI 3.51–4.95 mM/l) and at 7 months (MD 3.49, 95% 
CI 3.59–5.02); there was no difference in adverse 
events, but the risk of rapid increase in serum 
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sodium was 60% higher in VRA group compared 
to placebo (RR 1.61, 85% CI 1.11–2.33) which was 
consistent in various VRAs. Subsequently, there 
were reports of osmotic demyelination leading to 
neurological sequelae in patients receiving tolvap-
tan (Di Benedetto and See, 2013) leading to drug 
safety communication by FDA (Torres et al., 2012). 
Moreover, there are concerns about high alanine 
aminotransferase (4.4% vs 1%) (U.S. Food and 
Drug Administration, 2013).

HYPERNATREMIA

Hypernatremia is defined as serum sodium more 
than 145 mM/l and is associated with high mor-
tality in hospitalized patients (Leung et al., 2013; 
Gankam-Kengne et al., 2013). Hypernatremia 
can occur due to excessive water loss or poor 
water intake and rarely following high intake of 
sodium. The patients with poor thirst and those 
with low water intake as in impaired conscious-
ness, mechanical intubation and old age are prone 
to hypernatremia.

Pathophysiology: Hypernatremia invariably 
increases plasma osmolality thereby resulting in 
cellular dehydration due to shift of water from intra-
cellular space to extracellular space. On the first day 
of hypernatremia, brain volume is restored due to 
shift of water from CSF to the cell. There may be 
increase in interstitial fluid. In chronic hyperna-
tremia, the cellular tonicity is maintained initially 

by shift of sodium and potassium and replacing 
these intracellular solutes by organic solutes (idio-
genic osmoles). The animal and cell culture stud-
ies have revealed that organic solutes found in the 
brain cells are similar to the other cells for regu-
lation of volume. These solutes are myoinositol, 
taurine, glyceryl phosphoryl choline and betaine. 
The organic solutes are taken up with the help of 
sodium-dependent co-transporter. In the brain, 
organic solute is mostly composed of myoinosi-
tol and amino acids (glutamine and glutamate). 
Myoinositol is taken up by sodium-myoinositol-
cotransporter of the cell membrane.

Causes of hypernatremia: Hypernatremia 
occurs following excessive loss of water (pure water 
or hypotonic water) or gain of sodium due to 
sodium overloading or iatrogenic causes. The 
common causes of hypernatremia are presented 
in Table 13.6. The rise of sodium normally is pro-
portional to the rise of osmolality resulting in 
increased thirst. In a situation, when the thirst is 
reduced such as in elderly, children intubation and 
mechanical ventilation or patients with altered 
sensorium may develop hypernatremia.

Symptoms of hypernatremia: The symptoms 
of hypernatremia can differ in infants and adults. 
Infants with hypernatremia may have tachycardia, 
restlessness, muscle weakness, shrill cry, insom-
nia, lethargy and coma. Seizures are less common 
in hypernatremia and occur following rapid rehy-
dration. In adults, the symptoms of hypernatremia 

Table 13.6  Causes of hypernatremia in reference to plasma volume 

Hypovolemic Euvolemic Hypervolemic

Skin: burn, sweating Poor water intake Cushing syndrome
GI tract: diarrhea, vomiting, 

fistula 
Extra renal loss: tachypnea, 

mechanical ventilation  
sweating with fever 

Hyperaldosteronism

Renal: diuretic, mannitol, 
glucose, urea, intrinsic renal 
disease 

Resetting of osmostat: essential 
hypernatremia 

Hemodialysis

Post obstruction Drugs: amphotericin B, phenytoin, 
lithium

Latrogenic: salt tablet, saline 
infusion, IV bicarbonate 
infusion, enteral feeding 

Head injury Renal loss: nephrogenic diabetes 
insipidus, central diabetes 
insipidus 

Sickle cell disease 

Pituitary tumor 
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are milder and include lethargy, weakness, rest-
lessness, nausea and vomiting. Severe symptoms in 
hypernatremia occur if there is rapid rise of serum 
sodium level more than 160 mEq/l. Hypernatremia 
may result in brain shrinkage leading to vascular 
rupture; thereby intra-cerebral or subarachnoid 
hemorrhage. The clinical features of hypernatre-
mia are summarized in Table 13.7.

Diagnosis: History and physical examination 
often give a clue to the underlying cause of hyper-
natremia. The diagnosis of hypernatremia is done 
by serum sodium above 145 mEq/l. The causes of 
hypernatremia are different based on the serum 
osmolality (Table 13.6).

Treatment: Treatment of the underlying cause is 
most important, and correcting the water deficit is 
the first step in the management of hypernatremia. 
If possible oral or enteral water should be used to 
correct the water deficit. Rapid correction of serum 
sodium can result in brain edema; therefore, lower 
than the calculated deficit of water should be used. 
In the patients with rapid development of hyper-
natremia, serum sodium can be corrected with 5% 
dextrose without increasing the risk of cerebral 
edema. Sodium correction at a rate of 1 mEq/l/h is 
considered safe (Pfennig et al., 2012; Reynolds et al., 
2006). In the patients with chronic hypernatremia, 
the rate of correction of serum sodium should be 
0.5 mEq/l/h with no more than 8–10 mEq/l/24 h 
(Reynolds et al., 2006; Adrogue and Madias, 2000; 
Vaishya et al., 2012). The target serum sodium 
should be 145 mEq/l. In case of central diabetes 
insipidus, desmopressin nasal spray or oral tablet 
may be used with close monitoring for water intoxi-
cation. In nephrogenic diabetes insipidus, offend-
ing drugs may be withdrawn, and in selected cases, 
thiazide dietetics or nonsteroidal anti-inflamma-
tory drugs may be tried. The following formula is 
used for calculation of water deficit:

Water deficit = Current body water x weight x 
(serum Na/140–1)

It is practical to use 10% less than the value of 
body water at that particular age. In a 60 kg man 
with serum sodium of 160 mEq/l and current body 

water at 60 years is considered 45% (considering 
10% less), the body water deficit is calculated 
as follows

Water deficit = 0.45 × 60 × (160/140–1) =3.78 l
While supplementing fluid, one should add insen-

sible, urinary and fecal loss. In a patient with hyper-
natremia, isotonic saline is not preferred as it does 
not significantly lower serum sodium. Moreover in 
patient with ongoing hypotonic fluid loss, normal 
saline may aggravate hypernatremia. It is there-
fore better to use 5% dextrose intravenously, and 
if patient can drink, free water can be given orally 
or through nasogastric tube. Caution should be 
exercised not to over correct water to prevent water 
intoxication. As in hyponatremia, serum sodium 
should be frequently monitored to avoid over and 
rapid correction.

Prognosis: Hypernatremia is associated with 
high mortality (10%–70%). In children, acute hyper
natremia may have mortality up to 70%, and two-
third of the survivors have neurological sequelae. 
In adults, hypernatremia above 160 mEq/l is asso-
ciated with 75% mortality. Chronic hypernatre-
mia however has a mortality of 10% (Adrogue and 
Madias, 2000).

POTASSIUM

Introduction

Potassium is an important intracellular cation, 
and all the cells maintain intracellular potas-
sium gradient through the help of Na+-K+-ATPase 
pump by which sodium is extruded and potas-
sium enters into the cell. The potential difference 
between intracellular and extracellular compart-
ment is necessary for generation of action poten-
tial and cellular function. About 2% of potassium 
is in extracellular fluid giving a concentration of 
3.5–5 mEq/l. Potassium helps in cell division and 
growth by catalyzing many enzymatic reactions. 
Intracellular potassium also regulates acid–base 
balance by exchanging hydrogen ion and regu-
lating rate of renal ammonia production. High 

Table 13.7  Signs and symptoms of hypernatremia

Neurological: intense thirst, irritability, focal neurological deficit, altered sensorium, coma, seizure 
(rare), spasticity, rigidity

Systemic: fever, nausea, vomiting, tachypnea, signs of volume depletion (sunken eye, loss of skin 
turgor, tenting of skin)
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extracellular potassium reduces membrane poten-
tial whereas hyperkalemia results in hyperpo-
larization of membrane (Kardalas et al., 2018). 
Imbalance of potassium can result in disruption 
of cardiac rhythm, muscle weakness and sudden 
cardiac death.

POTASSIUM HOMEOSTASIS

Daily potassium intake is about 100 mEq (1800 mg); 
of which 90% is excreted in the urine and, 10% in 
the feces; thus potassium level is intricately bal-
anced (Figure 13.1). The common food items 
rich in potassium are mentioned in Table 13.8. 
Potassium content in muscle, bone, liver, RBC and 
extracellular fluid affect the internal potassium 

balance. Kidney plays an important role in main-
taining total body potassium balance. Renal potas-
sium excretion is a slow process requiring several 
hours; therefore, the initial buffering of extracel-
lular potassium occurs by shifting of potassium in 
or out of muscles. The shift of potassium across the 
muscle membrane depends on intracellular potas-
sium, insulin and catecholamine level. Increase in 
extracellular potassium concentration stimulates 
aldosterone secretion via angiotensin II, which 
increases urinary excretion of potassium. Two 
important determinants of potassium excretion 
are mineralocorticoid activity and distal delivery 
of water and sodium. Aldosterone is the main min-
eralocorticoid hormone and is responsible for renal 
sodium absorption and, renal potassium excretion 

Figure 13.1  Schematic diagram showing potassium (K) homeostasis.

Table 13.8  Foods rich in potassium 

Food mg of K/100 g of food

Nuts 600
Beans and peas 1300
Salmon 628
Large white beans 561
Avocados 485
Green vegetables 550
Potatoes 535
Acorn squash 437
Milk 150
Button mushroom 356
Banana, papaya, dates 300
Tomatoes, pumpkin, cucumber 300
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in the distal convoluted tubule and collecting duct. 
Aldosterone also shifts potassium from extracel-
lular to intracellular space by stimulating Na+-
K+-ATPase pump in the basolateral membrane. 
Aldosterone also increases renal sodium absorp-
tion thereby restoring extracellular fluid (ECF) 
volume. In hyperkalemic state, aldosterone release 
is modulated by direct effect on the cell zona glo-
merulosa. In hypovolemia, aldosterone results in 
absorption of sodium without potassium excretion 
whereas in hyperkalemic state, there is increased 
excretion of potassium without increased sodium 
excretion, which is known as aldosterone paradox 
(Wang and Giebisch, 2009).

Potassium is filtered by glomeruli, and all the 
filtered potassium is absorbed in proximal renal 
tubule and loop of Henle by a passive process of 
sodium and water reabsorption. In distal renal 
tubule and collecting duct, potassium is absorbed 
through potassium channel. H+-K+-ATPase system 
helps in hydrogen ion secretion and potassium 
absorption. Hyperkalemia therefore is common in 
renal failure especially if glomerular filtration rate 
is less than 20 ml/min.

HYPOKALEMIA

Potassium disorders are common. Hypokalemia is 
defined as serum potassium below 3.5 mEq/l, and 
occurs in up to 21% in hospitalized patients and 

2%–3% in outpatient population (Paice et al., 1986; 
Lippi et al., 2010; Liamis et al., 2013). Hyperkalemia 
is defined as serum potassium more than 5 mEq/l 
in adults, more than 5.5 mEq/l in children and 
more than 6 mEq/l in neonates. Hyperkalemia 
occurs in 6% of hospitalized and 1% of outpatient 
population (Paice et al., 1986; Liamis et al., 2013).

Causes of hypokalemia: Hypokalemia occurs 
due to excessive loss or intracellular shift of potas-
sium. Excessive loss of potassium either through kid-
ney or GI tract is the commonest cause. Inadequate 
intake is a rare cause of hypokalemia. Diuretics are 
the commonest cause of hypokalemia mainly fol-
lowing thiazide, chlorthalidone or loop diuretics. 
About 80% individual on diuretic therapy develop 
hypokalemia which is dose dependent and gener-
ally mild (3–3.5 mEq/l) unless associated with other 
causes. Various endocrinal, renal and GI causes may 
result in hypokalemia (Table 13.9).

Clinical features: The clinical features of hypo-
kalemia depend on the severity and rapidity of 
hypokalemia. Patients are usually symptomatic 
if serum potassium is less than 3 mEq/l. The car-
diac patients on digitalis therapy may be symp-
tomatic at higher serum potassium level. Patients 
may develop metabolic acidosis, tubulo-intestinal 
disease and renal cyst formation. The neurologi-
cal manifestations include muscle cramps, muscle 
paralysis and sometime there may be rhabdomyol-
ysis in severe metabolic acidosis. Gastrointestinal 

Table 13.9  Causes of hypokalemia 

Increased potassium loss Trans-cellular shift of potassium Inadequate intake

Gastrointestinal: chronic 
vomiting, diarrhea, 
bentonite (clay) ingestion, 
villious adenoma of colon 

Drugs: insulin, beta agonist, 
decongestant, xanthine, 
amphotericin B, verapamil, 
chloroquine, barium, cesium 

Anorexia, diarrhea, starvation

Drugs: diuretic, laxative, 
corticosteroid 

Alkalosis, refeeding syndrome, 
diabetes insipidus, head injury, 
myocardial infarction, 
sympathetic stimulation, 
thyrotoxicosis, hypothermia

Pseudohypokalemia: 
Delayed estimation, 
Leukocytosis > 75,000/mm3

Renal: osmotic diuretic, renal 
tubular acidosis, 
aldosteronism, Bartter 
syndrome, Gitelman 
syndrome, Liddle syndrome, 
Fanconi syndrome, 
hypomagnesemia, dialysis, 
plasmapheresis

Familial hypokalemic periodic 
paralysis
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symptoms include constipation, and paralytic ileus 
in severe cases. Patients may have ECG changes 
initially (U wave, flat T wave, ST segment changes) 
followed by cardiac arrhythmia and sudden death 
in severe hypokalemia (Table 13.10).

Laboratory investigation

The aim of investigation is to find out severity 
of hypokalemia and underlying cause because 
treatment aims not only at restoration of serum 
potassium level but also associated acid–base, 
magnesium and other biochemical abnormalities. 
The basic investigations include serum chemistry 
(serum potassium, sodium, magnesium, calcium, 
and creatinine, blood urea nitrogen, glucose, 
and thyroid stimulating hormone), urine potas-
sium and chloride, arterial or venous blood gas 
analysis and ECG. The other specific tests should 
be guided by clinical history, family history and 
evidence of hypertension.

Urinary potassium 15 mEq/l/day or spot urine 
potassium/creatinine ratio more than 1.5 mEq/
mmol suggest renal loss of potassium. In the next 
step, arterial or venous blood gas analysis, serum 
chloride, magnesium and bicarbonate give indica-
tion of underlying etiology as follows (Kardalas 
et al., 2018; Viera and Wouk 2018):

	1.	 Asymptomatic/mildly symptomatic hypoka-
lemia and low urinary potassium excretion 
with metabolic acidosis suggest lower GI loss 
(villious adenoma of colon or laxative use).

	2.	 Low urine potassium excretion with metabolic 
acidosis occurs in bulimic patients.

	3.	 High urine potassium excretion with acidosis 
suggests diabetic ketoacidosis or renal tubular 
acidosis (type I or II).

	4.	 High urinary potassium excretion, metabolic 
alkalosis and normal blood pressure suggest 
diuretic use, vomiting, Bartter syndrome and 
Gitelman syndrome. Normal urine chloride 
suggests Bartter syndrome and Gitelman 
syndrome.

	5.	 Hypertensive patient developing spontaneous 
hypokalemia or on diuretic, plasma aldoste-
rone to renin activity should be measured.

Abdominal CT or PET may help to detect hor-
mone secreting tumor. If no hyperplasia or adrenal 
tumor is detected, various genetic tests are indi-
cated (Figure 13.2).

Treatment of Hypokalemia

The aim of treatment is to (a) replenish potassium, 
(b) remove offending drugs to reduce potassium 
loss and (c) treatment of non-iatrogenic causes of 
potassium loss.

The offending drugs such as diuretic, laxative, 
β-agonist, sympathetic stimulant and control of 
blood sugar are important. If diuretic is needed, 
potassium sparing diuretic may be used. For mild 
to moderate hypokalemia, oral route is preferred, 
and intravenous potassium chloride is indicated 
only in severe hypokalemia or with ECG changes. 
The patients on digitalis, myocardial infarction or 
heart failure, need higher serum potassium level 
and attention should be paid for early and rapid cor-
rection in them. For every 0.3 mEq/l lower level of 
serum potassium is equivalent to 100 mEq reduction 
in total body potassium. If expected serum potas-
sium level is 3.8 mEq/l and the patient is having 
2.6 mEq/l, the total body deficit of potassium will 
be 400 mEq. This amount should be added to the 
ongoing loss. In nonurgent situation, hypokalemia 

Table 13.10  Clinical features of hypokalemia

1. Mild hypokalemia: 
  Asymptomatic or mild symptoms in elderly or cardiac patients
2. Moderate to severe hypokalemia:
  Neurological: Cramp, paralysis, rhabdomyolysis
  Cardiovascular: ECG changes (U waves, T wave flattening, ST-segment changes), 

cardiac arrhythmias, heart failure, sudden death
  Gastrointestinal: Constipation, paralytic ileus
  Renal: Metabolic acidosis, tubular interstitial nephritis, nephrogenic diabetes insipidus
  Respiratory: Respiratory paralysis due to muscle weakness or metabolic acidosis
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is treated with potassium chloride 40–100 mmol/
day in 3–4 divided dose with plenty of water (100–
250 ml). In severe hypokalemia, 20–40 mmol potas-
sium chloride should be mixed with normal saline 
and rate of correction should not exceed more than 
20 mmol/h. Intravenous correction of potassium 
needs ECG monitoring, and frequent serum potas-
sium measurement to avoid overcorrection. There 
is a possibility of rebound hyperkalemia, therefore, 
IV correction should be stopped once patient’s 
ECG changes and muscle weakness improve, and if 
indicated oral supplementation may be continued. 
Refractory hypokalemia may be due to hypomagne-
semia, which should be corrected. The rate of cor-
rection in children may be 0.5–1 mmol/l/kg in 1 h 
(~ 40 mmol). The treatment of hypokalemia is sum-
marized in Table 13.11.

HYPERKALEMIA

Hyperkalemia is potentially a life-threatening con-
dition and requires urgent management as it can 
cause muscle paralysis and cardiac arrhythmia. 
Hyperkalemia refers to serum potassium more 
than 5 mEq/l in adults, 5.5 mEq/l in children and 
more than 6 mEq/l in neonates. Hyperkalemia 
occurs in 10% of hospitalized and 1% of outdoor 
patients (Shemer et al., 1983; Paice et al., 1983). 
Hyperkalemia is attributed to increased intake, 
impaired excretion or transcellular shift. In prac-
tice, there are often multiple causes of hyperkale-
mia such as renal impairment, offending drugs and 
hyperglycemia which may be present in the same 
patient. Since healthy individuals can maintain 
normal serum potassium by increasing urinary 

Figure 13.2  Schematic diagram showing methods of evaluation of a patient with hypokalemia. BP, 
blood pressure; GI, gastrointestinal; RTA, renal tubular acidosis.

Table 13.11  Treatment of hypokalemia

Severity of hypokalemia Clinical Treatment

Mild (3–3.4 mEq/l) Asymptomatic Remove offending drugs
Oral potassium 70 mmol/day

Moderate (2.5–2.9 mEq/l) Asymptomatic or mild 
symptoms

Oral potassium 100 mmol/day

Severe (< 2.5 mEq/l) Symptomatic: monitor cardiac 
and respiratory 

IV KCl 10–20 mmol/h
Check serum Mg–if low, 8 mmol 

MgSO4 in 10 ml normal saline 
infusion over 20 min 

IV correction in mild to moderate hypokalemia is only indicated if oral potassium could not be tolerated.
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excretion, high potassium intake is seldom a cause 
of hyperkalemia (Table 13.12).

When the cause of hyperkalemia is not apparent 
from history, spot urine and serum potassium, and 
urine and serum osmolality should be measured to 
calculate trans-tubular potassium gradient (TTKG) 
as per the following formula:

	 TTKG Urine K serum K
Urine osmolality serum osmolality

= 	

TTKG more than 7 suggests normal renal sodium 
absorption and normal potassium excretion, and 
TTKG less than 7 suggests reduced potassium 
excretion due to hypoaldosteronism.

Clinical features

Hyperkalemia affects skeletal and cardiac muscles 
resulting in muscle weakness and cardiac conduc-
tion abnormality or cardiac failure. Mild to mod-
erate hyperkalemia may be asymptomatic or may 
have nonspecific symptoms such as generalized 
weakness, nausea, vomiting, diarrhea or intestinal 
colic. Patients usually become symptomatic when 
serum potassium exceeds 6.5 mEq/l. The examina-
tion should include blood pressure, heart rate and 
rhythm. There is varying degree of muscle weakness 
with normal to reduced tendon reflexes. Respiratory 
paralysis is rare. Patients may have symptoms and 
signs of underlying comorbid conditions.

Investigations: ECG is an important investiga-
tion for severity and deciding treatment of potas-
sium disorder. ECG is abnormal when serum 
potassium is more than 6.5 mEq/l and the abnor-
malities include tall and peaked T wave, prolonga-
tion of PR and QRS complex, loss of P wave, sine 
waves or asystole (Parham et al., 2006; Spodick, 
2008). The other investigations include blood urea 
nitrogen, blood glucose, serum creatinine, acid-
base analysis, and urinary electrolyte and creati-
nine. In selected patients, renin, aldosterone and 
cortisone may be measured.

Treatment

The aim of treatment is to prevent life-threatening 
arrhythmia and respiratory paralysis due to muscle 
weakness. This is possible by shifting potassium 
into the cell, augmenting excretion of potassium 
and managing the underlying etiology. Indications 
of urgent treatment are serum potassium more than 
6.5 mEq/l, ECG changes, symptomatic patients and 
associated renal, heart or liver disease.

Three modalities of treatment are used in the 
management of hyperkalemia: (a) cardiac stabili-
zation by IV calcium, (b) measures to shift potas-
sium into the cell and (c) elimination of potassium 
from the body.

Cardiac stabilization: Intravenous calcium 
antagonizes the effect of potassium on heart with-
out affecting serum potassium level. 10 ml of 10% 

Table 13.12  Causes of hyperkalemia

	A.	Renal: 

	 1.	Renal tubular secretory defect: Renal tubular acidosis type I, sickle cell disease, systemic lupus 
erythematous, renal transplant, obstructive uropathy

	 2.	 Impaired renal sodium absorption: Addison disease, adrenal enzyme deficiency (21 hydroxylase 
corticosterone methyl oxidase), hyporeninemic hypoaldosteronism, angiotensin insensitivity, 
prostaglandin inhibitor (indomethacin, piroxicam, ibuprofen, aspirin, naproxen, sulindac), β- 
adrenergic antagonist 

	 3.	Drug induced: Potassium sparing diuretics, trimethoprim, pentamidine, spironolactone and 
cyclosporin 

	 4.	Reduced distal flow of low sodium: Acute or chronic renal failure, Addison disease, cirrhosis, 
intravascular volume depletion and pulmonary edema 

	 5.	Renal failure: Acute tubular necrosis, interstitial nephritis 

	 B.	Abnormal potassium distribution: Metabolic acidosis, insulin deficiency, aldosterone deficiency, 
adrenergic antagonist, hyperkalemic periodic paralysis, tissue damage, severe exercise, cardiac 
surgery, drugs (diazoxide, somatostatin), hypertonic solution (mannitol), succinyl choline, arginine 
hydrochloride, digitalis
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calcium gluconate is administered intravenously in 
5–10 min with ECG monitoring. If ECG changes of 
hyperkalemia persist even after 5–10 min of calcium 
infusion, a second dose may be repeated. In patients 
on digoxin therapy, calcium infusion should be 
given in 100 ml 5% glucose over 20–30 min.

Intracellular shifting of potassium: For shift-
ing potassium into the cell, glucose insulin drip, 
and β agonist may be used. Glucose insulin drip is 
given adding 10 unit of insulin in 25–50 g glucose. 
Serum potassium starts declining after 10 min and 
the effect peaks by 60 min and lasts for 2–6 h. In 
the patients with hyperglycemia (>250 mg/dl),  
insulin may be given without glucose, but glucose 
levels should be monitored. Beta agonists may be 
administered through nebulizer, in 4 times higher 
dose than that used for bronchospasm. The side 
effects of β agonist therapy are tachycardia, palpi-
tation and tremors; therefore, it should be avoided 
in patients with heart disease. This treatment is 
ineffective in the patients receiving beta block-
ers. Sodium bicarbonate is only indicated in the 
patients with metabolic acidosis (HCO3 < 22 mEq/l)  
and has no role in reducing the level and may result 
in hypernatremia, hypocalcaemia and metabolic 
alkalosis (Khitan et al., 2018).

Lowering total body potassium: The total body 
potassium can be lowered by enhancing excre-
tion of potassium through gastrointestinal tract or 
kidney. Loop diuretic (furosemide or torsemide) 
may be useful in renal failure. Hyperkalemia due 
to hypoaldosteronism may be treated with fludro-
cortisone. Sodium polystyrene sulphonate helps to 
reduce serum potassium by exchanging sodium 
with potassium in large intestine. It may be given 
orally or as retention enema and is helpful in sub-
acute or chronic hyperkalemia due to chronic renal 
failure. Sodium polystyrene sulphonate produces 
constipation, therefore, should be used with sorbi-
tol. The patient with chronic hyperkalemia should 
be advised to take low potassium diet and adjust or 
discontinue the offending drugs.

Hemodialysis is indicated in severe hyper-
kalemia with rhabdomyolysis, oliguric acute or 
chronic renal failure with metabolic acidosis and 
those refractory to medical treatment. Post dialy-
sis hyperkalemia is common and should be moni-
tored and managed.

Conclusion: Both hypokalemia and hyperkale-
mia are important electrolyte abnormalities. 90% of 
daily intake of potassium is excreted by the kidney 

with the help of renin–angiotensin–aldosterone 
system; therefore dysregulation of potassium is 
mainly due to renal causes. Trans-membrane shift is 
regulated by genetic, insulin, glucose or β-adrenergic 
system. Both hypokalemia and hyperkalemia 
primarily affect cardiac and skeletal muscles. Acute 
onset, severe hypokalemia or hyperkalemia with 
clinical symptoms and ECG abnormality requires 
prompt management. Treatment of hyperkalemia is 
summarized in Table 13.13 and Figure 13.3.

MAGNESIUM

Magnesium is the fourth commonest cation in the 
body after calcium, potassium and sodium. It is the 
second commonest cation in the cell. Total body 
magnesium concentration is 25 g (2000 mEq) and 
only 1% of the total body magnesium is found in 
extracellular compartment, 60%–65% is in the 
bone, 20% in the muscle and 20% in other body 
tissues. The blood concentration of magnesium 
ranges between 1.5 and 1.9 mEq/l because serum 
contains only 0.3% of body magnesium. About 
20% of serum magnesium is bound to protein and 
80% is ultra-filterable. Magnesium acts as a cofac-
tor in several enzymatic reactions of the body 
(Table 13.14). Both hypomagnesemia and hyper-
magnesemia affect parathormone secretion, hence 
influence calcium metabolism.

Magnesium homeostasis: Daily consump-
tion of magnesium is 300 mg; 30% of which is 
excreted in urine and remaining in the feces. The 
daily requirement of magnesium is higher in preg-
nancy, lactation, debilitating illness and those with 
higher fat, calcium and phosphate containing diet 
or in stress. The food items rich in magnesium are 
nuts, legumes, cereals and green leafy vegetables. 
Dairy products are poor source of magnesium. 
Magnesium is lost during cooling and boiling. The 
intake and output balance of magnesium is main-
tained by GI tract and kidney. Dietary magnesium 
is absorbed mainly in jejunum and ileum by pas-
sive and active transport mechanism. Vitamin D 
helps in absorption of magnesium. Kidney filters 
about 2 g of magnesium daily, 95% of which is 
reabsorbed and 5% is excreted. The most of mag-
nesium is absorbed in the ascending loop of Henle. 
In distal convoluted tubule, fine tuning of magne-
sium absorption is influenced by parathormone, 
TRPM6 and EGF (Dai et al., 2001; Schlingmann 
et al., 2002; Groenestege et al., 2007).
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Table 13.13  Treatment of hyperkalemia

Drugs Doses Response 
Duration 
of effect 

Rate of K 
reduction Side effect 

Cardiac stabilization 

Calcium 
gluconate 

Calcium 
chloride

10% , 30 ml iv 
in 5–10 min 

10% 10 ml iv 
5–10 min

Immediate 30–60 min - -

Intracellular shift

Insulin 10 unit insulin 
followed by 
50 ml 50% 
glucose

10–20 min 2–6 h 0.1–1 mEq/l Hypoglycemia. 
If blood sugar 

is > 250 mg/dl 
glucose is not 
necessary 

β agonist Nebulization 
using four 
times the 
bronco 
dilator dose 

3–5 min 1–4 h 0.5–1 mE/l Palpitation, 
tremor, 
arrhythmia 

Augmenting excretion 

Furosemide 40–80 mg iv 5–30 min 2–6 h - Hyponatremia, 
hypovolemia

Cation 
exchange 
resin 

Oral 5 g, 1–4 
times daily.

Rectal 30–50 g 
6 hourly 

2–24 h Variable Variable Constipation, 
intestinal 
necrosis 

Hemodialysis Immediate ? 1 mmol/l in 1 h, 2 
mmol/l in 3 h

Rebound 
hyperkalemia, 
volume 
depletion 

Figure 13.3  Schematic diagram showing management strategies of the patients with hyperkalemia.
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Hypomagnesemia is commoner than hyperma-
gnesemia. There is no simple and accurate method 
of measuring total body magnesium. For clinical 
practice, serum magnesium is measured, but is 
influenced by serum protein and calcium level. In 
hypoproteinemia, serum magnesium may be higher 
and in hyperproteinemia it may be lower. Measuring 
plasma magnesium concentration may be falla-
cious as magnesium binds to citrate. Hemolysis can 
spuriously increase the serum magnesium level. In 
elderly, serum magnesium may be higher and in the 
third trimester of pregnancy magnesium level may 
be lower. In a patient with hypomagnesemia, uri-
nary excretion of magnesium more than 1 mmol/
day suggests renal loss. Urinary magnesium below 
0.5 mmol/l suggests magnesium deficiency.

HYPOMAGNESEMIA

Hypomagnesemia is a common electrolyte abnor-
mality, which has been realized more recently. 
About 7%–11% of hospitalized patients have hypo-
magnesemia, and in critically ill patients, hypomag-
nesemia may be as common as 65% (Nadler et al., 
1995; Noronha et al., 2002; Hayes et al., 1989; Ryzen, 
1989). Hypomagnesemia is usually associated with 
other electrolyte abnormalities such as hypokale-
mia in 40%, hypophosphatemia in 30% and hypo-
calcemia in 22%–32% (Kingston et al., 1986; Boyd 
et al., 1983; Whang et al., 1984). Hypomagnesemia 
is associated with high mortality.

Etiology

Hypomagnesemia occurs due to redistribution of 
magnesium, poor intake, impaired absorption, GI 
loss and renal loss. Redistribution of hypomag-
nesemia refers to shift of magnesium into the cell 
which occurs during refeeding syndrome, treat-
ment of metabolic acidosis, hungry bone syndrome 

(parathyroidectomy, diffuse osteoblastic metas-
tases), acute pancreatitis and increased catechol-
amine especially after cardiac surgery or congestive 
heart failure are important causes of hypomagne-
semia (Yoshida et al., 2020). Chronic diarrhea is an 
important cause of hypomagnesemia, and occurs 
in Crohn’s disease, coeliac diseases, and Whipple’s 
disease. Inherited disorder of magnesium absorp-
tion occurs in TRPM-6 gene mutation, which 
manifests with hypocalcemia, hypomagnesemia, 
tetany and seizure. Because of the mutation, intes-
tinal absorption of magnesium drops from 70% to 
30%, because these genes encode ion channels for 
magnesium absorption in the small intestine. The 
clinical manifestation of this disease can be over-
come by increasing magnesium intake.

Renal cause of hypomagnesemia includes pro-
longed saline infusion, chronic kidney diseases, 
peritoneal dialysis, acute renal failure in diuretic 
phase, and genetic disease like Bartter syndrome 
and Gitelman syndrome. Drugs such as antimi-
crobial, antifungal, β-adrenergic and proton pump 
inhibitors may also produce hypomagnesemia 
(Martin et al., 2009; Gile et al., 2020; Chrysant 
et al., 2019) (Table 13.15).

Clinical features

Hypomagnesemia remains asymptomatic unless 
serum magnesium is < 0.5 mEq/l. The clinical 
symptoms depend on the rapidity of hypomag-
nesemia and amount of total body magnesium 
loss. The clinical manifestations of hypomagnese-
mia also depend on associated dyselectrolytemia 
especially hypokalemia and hypercalcemia. The 
neurological manifestations of hypomagnesemia 
are neuromuscular and neuropsychiatric changes. 
The neuromuscular manifestation includes mus-
cle cramps, carpopedal spasm, tremor, fascicula-
tions, tetany, and weakness. In suspected patients, 

Table 13.14  Physiological function of magnesium

Enzymatic reaction: Hexokinase, creatine kinase, protein kinase, Na+-K+-ATPase, Ca+ ATPase, adenyl 
cyclase, guanylate cyclase

Enzyme activation: Creatine kinase, phosphokinase, 5-phosphosyl-pyrophosphate synthetase, 
adenylate cyclase, Na+-K+-ATPase

Membrane function: Cell adhesion, transmembrane electrolyte flux
Structural function: Polyribosomes, nucleic acids, multiple enzyme complexes, mitochondria, protein
Calcium antagonist: Muscle contraction and relaxation, action potential in nodal region, 

neurotransmitter release
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Chvostek’s sign and Trousseau’s sign may help to 
demonstrate neuromuscular hyper excitability. 
Increased neuromuscular excitability is due to 
impaired entry of calcium into the presynaptic 
nerve terminal and sarcolemma due to associated 
hypocalcemia and hypophosphatemia. Central 
nervous system manifestations include vertigo, 
seizure, depression, psychosis and choreoathetoid 
movement disorder. The exact mechanism of CNS 
dysfunction is not known but is attributed to over 
activity of excitatory neurotransmitters.

The cardiovascular manifestation of hypomag
nesemia includes cardiac arrhythmias and increased 
sensitivity to digoxin. Chronic hypomagnesemia 
is associated with altered glucose homeostasis, 
hypertension, myocardial infarction, atheroscle-
rosis, osteoporosis, chronic fatigue and reduced 
endurance (Table 13.16).

Treatment

In severe hypomagnesemia (< 1 mEq/l) which is 
generally associated with neurological or cardiac 
manifestation should be urgently treated with 
infusion of 2 g magnesium sulfate in 100 ml of 5% 
dextrose over 5–10 min. This should be followed 
by magnesium sulfate 4–6 g daily for 3–5 days pro-
vided the renal function is normal. The underlying 

cause of hypomagnesemia should be treated. The 
maintenance therapy is magnesium oxide 400 mg or  
magnesium gluconate 500 mg twice or thrice daily.

Mild hypomagnesemia (1–1.5 mEq/l) is often 
detected in critically ill patients, diabetics, alco-
holics and those on chemotherapy. The benefit of 
treatment of mild hypomagnesemia is not clear. If 
the patient is on diuretic therapy, potassium spar-
ing diuretic (spironolactone) should be used.

Hypermagnesemia

Hypermagnesemia is less common and its preva-
lence is 5.7%–9.3% (Whang and Ryder, 1990). It 
has been reported following drowning in dead sea 
(Oren et al., 1987). The other causes of hypermagne-
semia are drug toxicity, rectal magnesium enema, 
urethral irrigation, renal failure, rhabdomyolysis 
and endocrinal dysfunction such as hypothyroid-
ism and Addison’s disease (Table 13.17).

Clinical features: The symptoms of hypermag-
nesemia occur once serum magnesium is above 2 
mEq/l. The neuromuscular symptom is the com-
monest and occurs due to impaired release of pre-
synaptic acetylcholine resulting in neuromuscular 
blockade and cardiac conduction. Loss of tendon 
reflex is the earliest sign and occurs at 2–4.5 mEq/l, 
somnolence may occur at 2 mEq/l, muscle weakness 

Table 13.15  Causes of hypomagnesemia

Redistribution: 
Refeeding syndrome, insulin therapy, correction of acidosis, massive blood transfusion, hungry bone 

syndrome (parathyroidectomy, diffuse osteoblastic metastasis), excess catecholamines
Loss of magnesium:
Gastrointestinal loss: chronic diarrhea, Crohn’s disease, coeliac disease, ulcerative colitis, intestinal 

resection, TRMP6 gene mutation
Renal loss: reduced sodium absorption, saline infusion, diuretics, post obstructive, nephropathy, 

diuretic phase of acute renal failure, dialysis, Bartter syndrome, Gitelman syndrome
Reduced magnesium intake: low oxalate diet, cellular phosphate, magnesium free IV fluid
Endocrinal cause: diabetes mellitus, hyperthyroidism, hyperparathyroidism, hyperaldosteronism
Drug: Diuretics, chemotherapy, cisplatin, gallium nitrate, antimicrobial (aminoglycosides), cyclosporin, 

ritodrine, β-adrenergic agonist, amphotericin, foscarnet, pentamidine
Alcoholism and others

Table 13.16  Clinical features of hypomagnesemia

Neuromuscular: cramps, fasciculation, carpopedal spasm, tetany
Central nervous system: Vertigo; nystagmus, tremor, depression, delirium, choreoathetosis
Cardiovascular: Atrial tachycardia, atrial fibrillation, ventricular arrhythmia, Torsade-de pointes, 

sensitivity to digitalis, myocardial infarction, atherosclerosis
Others: osteoporosis; asthma, fatigue, low endurance and migraine 
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and respiratory paralysis usually occur at serum 
magnesium > 5 mEq/l. Hypocalcemia aggravates 
the symptoms and signs of hypermagnesemia. 
Serum magnesium above 2–3 mEq/l is associated 
with hypotension and symptomatic hypotension 
occurs at higher level. Serum magnesium more 
than 3 mEq/l may be associated with prolonged PR 
and QT interval and wide QRS complex. Serum 
magnesium more than 7 mEq/l is associated with 
bradycardia and heart block. There may be nausea 
and paralytic ileus (Table 13.18).

Management: Magnesium administration in 
any form should be stopped. Calcium gluconate 1 g 
IV may be administered in severe hypermagnese-
mia, which should be followed by 100–150 mg over 
5–10 min. This results in prompt clinical improve-
ment. Infusion of glucose and insulin also helps in 
shifting magnesium into the cell. If patient is on 
dialysis, low magnesium containing fluid for dialy-
sis should be used. In neonate, severe hypermag-
nesemia may be treated by exchange transfusion 
(Swaminathan et al., 2003; eJIFCC, 1999).

CALCIUM

Calcium is an important element for bone min-
eralization, muscle contraction, transmission 
of nerve impulse, blood clotting and hormonal 
secretion. The daily requirement of calcium is 
mentioned in (Table 13.19) (Institute of Medicine, 
National Academy of Sciences, 2000). Dietary 
sources of calcium are mentioned in Table 13.20. 
Three hormones including parathyroid hormone, 
vitamin D and calcitonin play an important role in 
calcium homeostasis. Vitamin D helps in absorp-
tion of calcium in the intestine. Parathormone 
regulates calcium secretion in distal renal tubule, 

and calcitonin acts on bone cells to increase the 
calcium level in the blood. Dietary deficiency, 
impaired homeostasis, renal, gastrointestinal and 
skeletal abnormalities result in hypercalcemia or 
hypocalcaemia (Fong and Khan, 2012).

HYPOCALCAEMIA

Hypocalcaemia is defined when serum calcium is 
less than 8.5 mg/dl (2.12 mmol/l). Serum calcium is 
bound to albumin; therefore, measurement of ionic 
calcium is important in the patients with hypoal-
buminemia. For measuring ionic calcium, samples 
should be kept at 4°C, and should be measured 
within 2 h of sample collection (Ferrone et al., 2019).

Causes of hypocalcaemia: Hypocalcemia may 
occur due to vitamin D deficiency, parathyroid 
hormone deficiency, end stage renal disease, heavy 
metal toxicity, hypomagnesemia, hypermagnese-
mia, sclerotic metastasis, hungry bone syndrome, 
critical illness and phosphate or citrate infusion. 
The causes of hypocalcemia are mentioned in 
Table 13.21.

Table 13.17  Causes of hypermagnesemia

Excessive intake: antacid, laxative, salt water, magnesium enema, urethral irrigation, parenteral 
administration of magnesium sulphate

Renal: acute or chronic renal failure
Redistribution: acidosis
Others: rhabdomyolysis, hypothyroidism, Addison disease, milk alkali syndrome, familial hypocalciuric 

hypercalcemia, lithium

Table 13.18  Clinical features of hypermagnesemia

Neurological: Areflexia, weakness, respiratory paralysis, confusion
Gastrointestinal: Nausea, vomiting, paralytic ileus
Cardiac: Hypotension, bradycardia, heart block, cardiac arrest

Table 13.19  Recommended daily calcium intake 
as per Institute of Medicine, National Academy 
of Sciences 2000

Age Calcium (mg/day)

0–6 months 200
7–12 months 260
1–3 years 700
4–8 years 1000
9–18 years 1300
19–70 years 1000
51–70 years 1200
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Clinical presentation: Hypocalcemia may be 
asymptomatic or may have severe clinical manifes-
tations. The symptoms include muscle cramps, peri-
oral paresthesia, tetany, seizure and heart failure. 
Children may have stridor. In chronic parathyroid 
disorder, there may be neuropsychiatric manifesta-
tions. Electrocardiogram changes reveal prolonged 
QT interval and may simulate myocardial infarc-
tion. Family history of hypocalcemia suggests famil-
ial hyperparathyroidism and genetic disease which 
is usually associated with mental retardation, con-
genital deafness, and skeletal abnormality. During 

clinical examination one should look for scar in 
front of neck, Chvostek’s sign and Trousseau’s sing. 
Chvostek’s sign is elicited by taping the facial nerve 
2 cm anterior to ear lobe below the zygomatic pro-
cess. In hypocalcemeia, there is contraction of 
cheek and lip. Trousseau’s sign is elicited by rais-
ing BP cuff above the systolic blood pressure for 
3 min, and results in carpopedal spasm in hypo-
calcemic patient (Table 13.22). It is highly specific 
of hypocalcemia as only 1% of normal individuals 
may have similar response; whereas Chvostek’s sign 
can be present in 25% of normal individuals (Bove-
Fenderson and Mannstadt, 2018; Hujoel, 2016).

Diagnosis of hypocalcemia: Diagnosis of 
hypocalcemia is done by measuring the serum 
calcium below 8.5 mg/dl, which should be cor-
rected for hypoalbuminemia. Serum phosphate, 
alkaline phosphatase, magnesium, electrolytes and 
serum creatinine, as well as blood glucose should 
be measured. Complete blood counts and eryth-
rocyte sedimentation rate are important. Urinary 
excretion of phosphate, calcium, magnesium and 
24 h urinary creatine is important to understand 
the role of kidney in producing hypocalcemia. 
Ultrasonography of abdomen should be performed 
to rule out nephrolithiasis. In the patient with cen-
tral nervous system manifestation, CT or MRI may 
reveal calcification of basal ganglia and dentate 
nuclei (Figure 13.4; Kalita et al., 2010). In a patient 
with genetic or familial disease, biochemical assay 
of first degree relative and genetic sequencing are 
helpful (Table 13.23).

Treatment: Acute onset hypocalcemia is treated 
by IV calcium gluconate or calcium chloride if 
serum calcium is less than 7.6 mg/dl (1.9 mmol/l), 
ionized calcium less than 4 mg/dl (1 mmol/l) or 
if the patient is symptomatic. Large vein is used 
for calcium infusion because it is hyperosmolar. 
Calcium gluconate 1 g is equivalent to 93 mg of 

Table 13.20  Calcium content in dietary items

Dairy Calcium (mg/100 g)

Whole milk 113
Fat free milk 122
Breast milk 32
Cottage cheese 83
American cheese 1045
Cheese cheddar 721
Goat cheese 298
Yogurt 110–150

Nuts

Mixed 117
Cashew 37
Hazelnut 114
Pistachio 105
Almonds 250
Peanuts 92
Vegetables 25–50
Okra 82

Nonvegetarian 

Egg boiled 50
Poultry 138
Mutton, pork < 50

Table 13.21  Cause of hypocalcemia

	 1.	Vitamin D deficiency or resistance
	 2.	Parathyroid disorders: parathyroidectomy, autoimmune or genetic parathyroid disorders, pseudo or 

pseudopseudohypoparathyroidism, infiltration, copper or iron toxicity, radiation of neck, metastasis
	 3.	Renal disease: renal failure, Fanconi syndrome
	 4.	Cirrhosis of liver
	 5.	Hypo or hypermagnesemia
	 6.	Osteosclerotic metastasis
	 7.	Critical illness
	 8.	Citrated blood transfusion or infusion of phosphate
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elemental calcium, and that of 1 g calcium chloride 
is equivalent to 273 mg of elemental calcium. In an 
adult, the dose of elemental calcium is 100–300 mg 
which is infused in 100 ml glucose in 10–20 min. 

This is followed by continuous infusion of 0.5–1.5 
mg/kg of elemental calcium per hour until serum 
calcium is normalized. Caution is needed in car-
diac patient on digitalis because calcium infusion 

Table 13.22  Clinical manifestations of hypocalcemia

	 1.	Neurological: muscle cramps, tetany, seizure, movement disorder, neuropsychiatric (anxiety, 
depression), perioral paresthesia, pseudotumor cerebri

	 2.	Cardiovascular: hypotension, heart failure, cardiomyopathy, QTc prolongation, AV block
	 3.	Respiratory: stridor, bronchospasm
	 4.	Renal: hypercalciuria, nephrocalcinosis, reduced glomerular filtration rate
	 5.	Ophthalmology: cataract, corneal calcification, papilledema
	 6.	Skin and others: alopecia, xeroderma, dental enamel hypoplasia

Figure 13.4  Pseudohypoparathyroidism in three patients with hypocalcemia and seizure. (a) and 
(b) Calcification of basal ganglia on CT scan in patient no 1 & 2. (c) CT scan of the patient 3 was 
normal but his MRI (lower panel) shows hyper intensity in basal ganglia, mid brain and dentate nuclei 
of the cerebellum in T1 sequence. (With permission from Kalita, J., Kumar, N., Maurya, P. K., Misra, 
U. K. 2010. A study of computed tomography scan and magnetic resonance imaging findings in 
pseudohypoparathyroidism. Annals of Indian Academy of Neurology 13(3):204–206.

Table 13.23  Baseline investigations in a patient with hypocalcemia

	A.	Serum chemistry: Serum calcium, albumin, phosphates, Mg, Na, K, creatinine, alkaline 
phosphatase, ionic calcium, and blood pH

	B.	Complete blood counts, ESR
	C.	Hormones: 25-OH vitamin D3, parathyroid hormone
	D.	Urine: 24 h urinary phosphate, calcium, magnesium, creatinine
	 E.	X-ray abdomen, ultrasound abdomen, CT scan head
	 F.	Family history if positive: biochemistry of first-degree relatives, DNA sequencing
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may precipitate cardiac arrhythmia (Murphy, 2008; 
Dickerson, 2009; Fong and Khan, 2012).

Long-term management of hypocalcemia is 
based on 1 g of dietary calcium daily. This dietary 
supplement is not sufficient in patients with 
hypoparathyroidism, pseudohypothyroidism and 
pseudopseudohypoparathyroidism, and in them, 
high dose of calcium and Vitamin D is needed. 
Associated hypomagnesemia should also be cor-
rected (Liamis et al., 2009).

The side-effects of long-term calcium supple-
mentation are calciuria, nephrolithiasis and soft 
tissue calcification. Biochemical and hormonal 
profiles need to be monitored 6 monthly.

HYPERCALCEMIA

The frequency of hypercalcemia is 1 in 500 patients 
in a general medical practice (Wermers et al., 
1997). Hypercalcemia is associated with variety 
of underlying conditions; the commonest being 
malignancy and primary hyperparathyroidism 
accounting 90% of patients (Carroll and Schade, 
2003). In asymptomatic individuals, isolated labo-
ratory hypercalcemia is diagnosed in routine bio-
chemical screening. The causes of hypercalcemia 
are mentioned in Table 13.24.

Clinical manifestations: Hypercalcemia leads 
to hyperpolarization of cell membrane lead-
ing to diverse clinical manifestations including 
renal, skeletal, gastrointestinal, neuromuscular, 
cardiovascular and dermatological. The patients 
with serum calcium of 10.5–12 mg/dl are usually 
asymptomatic, but a higher level results in mul-
tisystem involvement with a mnemonic “stones, 
bones, abdominal moans and psychic groans”.

Neurological manifestation: The patient may 
have muscle weakness, fatigue, poor concentra-
tion, impaired memory, confusion, stupor or 
coma. Visual impairment may occur due to cor-
neal calcification or band keratopathy.

Renal: Polydipsia and polyuria are the common-
est symptoms of hypercalcemia due to nephrogenic 

diabetes insipidus and nephrolithiasis. The patients 
may have nephrocalcinosis, renal colic and dehy-
dration due to polyuria.

Gastrointestinal: Nausea, vomiting, anorexia, 
constipation, abdominal pain, peptic ulcer and 
pancreatitis are associated with hypercalcemia.

Skeletal system: Often the patient complaints 
of bone pain which may be due to osteoporosis or 
underlying malignancy. There may be joint pain 
and bone cyst.

Cardiovascular: Hypercalcemia may result 
in hypertension, vascular calcification, cardiac 
arrhythmia and short QT interval.

Miscellaneous: The patient may complain of 
diffuse itching, keratitis, band keratopathy and 
conjunctivitis (Walsh et al., 2016).

Diagnosis: The diagnosis of hypercalcemia is 
based on serum calcium above 10.5 mg/dl. Mild 
hypercalcemia refers to serum calcium of 10.5–12 
mg/dl (ionic calcium 5.6–8 mg/dl), moderate 
12–14 mg/dl (ionic calcium 8–10 mg/dl) and severe 
above 14 mg/dl (ionic calcium >10 mg/dl which is 
life threatening and is also called as hypercalce-
mic crisis needing urgent treatment (Carroll and 
Schade, 2003).

The diagnosis of underlying cause of hypercal-
cemia begins with history, clinical examination 
and associated clinical findings. If there is his-
tory of use of over-the-counter drugs, it should 
be stopped. Serum intact parathormone and 
24 h urinary calcium should be measured. A low 
urinary calcium suggests familial hypocalciuric 
hypercalcemia, but if urinary calcium is normal 
or high it suggest primary or tertiary hyperpara-
thyroidism. If serum parathormone level is low, 
the patient should be investigated for malig-
nancy such as adenocarcinoma or squamous cell 
carcinoma of lung in which parathyroid hor-
mone related peptide is increased. If negative, 
other malignant conditions like breast cancer, 
myeloma or lymphoma should be investigated. 
Patients should also be investigated for serum 
TSH, free T4, cortisol and insulin like growth 

Table 13.24  Causes of hypercalcemia

•	Common causes: cancer, primary hyperparathyroidism
•	Rare causes: thiazide diuretics, theophylline, lithium, immobilization, thyrotoxicosis, sarcoidosis, 

acute renal failure, during diuretic phase, hypervitaminosis of A & D, rhabdomyolysis
•	Very rare: Addison's disease, familial hypocalciuric hypercalcemia, milk-alkali syndrome, 

nonsarcoid granulomatous disease
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factor-I including cranial MRI depending on the 
clinical judgment.

Management: Acute severe hypercalcemia is a 
medical emergency, and patient should be rehy-
drated using 4–6 l of 0.9% saline in 24 h. Loop 
diuretics may be used to reduce the fluid vol-
ume and serum calcium. Zoledronic acid 4 mg in 
15 min may be administered for reducing serum 
calcium level. Pamidronate or ibandronic acid may 
also be used. Glucocorticoid (prednisone 40 mg) is 
helpful if hypercalcemia is due to granulomatous 
disease like lymphoma. Glucocorticoids inhibit 
vitamin D thereby reduce serum calcium level. 
In patient with renal failure, dialysis should be 
done (Carroll and Schade 2003; Walsh et al., 2016). 
Hypercalcemia due to primary hyperparathyroid-
ism refractory to medical treatment may require 
parathyroidectomy.

PHOSPHORUS

Phosphorus is an essential element, and is needed 
for ATP synthesis, signal transduction and bone 
mineralization. About 85% of body phosphorus 
is in the form hydroxyapatite in bone and teeth. 
About 14% of total body phosphorus is in intracel-
lular space and 1% as an inorganic phosphate (Pi) 
is in the extracellular space. Phosphorus is also 
a component of DNA, RNA, ATP and creatinine 
phosphate. Phosphorus binds to organic mol-
ecules such as membrane phospholipid, phospho-
protein, inositol pyrophosphate and ribonucleic 
acid. Diet contains plenty of phosphorus, there-
fore abnormalities in phosphate level is attributed 
to impaired homeostasis rather than dietary defi-
cit. Both low and high phosphate result in health 
hazards affecting musculoskeletal, cardiovascu-
lar, respiratory, and renal systems as well as age-
ing process.

Phosphate homeostasis: The daily require-
ment of phosphorus in adult males is 1500–
1700 mg and in females 1000–1200 mg. The age 
wise requirement of phosphorus is mentioned 
in Table 13.25 (Institute of Medicine, 1997). 
Intestinal absorption of inorganic phosphorus 
is the maximum in infancy and childhood and 
declines with increasing age. About 50%–70% 
of dietary phosphorus is bioavailable (Carpenter 
et al., 2020); 60%–65% of phosphorus is absorbed 
in small intestine as inorganic phosphorus by 
two mechanisms.

	1.	 Passive paracellular (70%).
	2.	 Trans-cellular absorption (30%).

Serum phosphate concentration ranges between 
0.8 and 1.45 mmol/l, the level is the lowest in the 
morning and the highest in the evening (Christov 
and Juppner, 2018; Portale et al., 1987). Children 
have higher phosphate level than the adults due 
to higher absorption, rapid growth and increased 
requirement. Phosphorus hemostasis is main-
tained by a dynamic balance between renal loss, 
GI absorption and bone deposition or reabsorp-
tion (bone-kidney-intestine network). This net-
work is regulated by a loop including parathyroid 
hormone, fibroblast growth factor-23 (FGF-23) 
with its co-receptor Klotho, and active form vita-
min D (Blau and Collins, 2015). In elderly, there 
is a negative phosphorus balance due to bone loss. 
Vitamin D helps in absorption of phosphorus by 
augmenting expression of Na-P transport protein 
in the apical membrane of intestinal epithelium 
(Kido et al., 2013). High intake of glucose liberates 
insulin, which results in intracellular shift of phos-
phorus. Kidney reabsorbs 70% of filtered phospho-
rus in the proximal tubule. This rate of phosphorus 
absorption increases with reducing filtration until 
it reaches its peak. In the brush border, there are 
Na-phosphorus co-transporters (NPT2a, 2c). 
NPT2a is internalized and degraded by lysosome 
if there is high dietary phosphorus and serum 
parathormone, thereby phosphate absorption is 
reduced (Miyamoto et al., 2011; Lotscher et al., 
1997). Vitamin D can stimulate NPT2a expression 
to increase phosphate absorption. Low phosphate 
diet and vitamin D augment NPT2c expression 
resulting in increase in phosphate absorption. FGF-
23 can influence vitamin D metabolism, thereby 
contribute to phosphate homeostasis. In spite of so 
many regulatory mechanisms, serum phosphate 

Table 13.25  Recommended daily allowance of 
phosphorus in different age group (Institute of 
Medicine, 1997) 

Age mg/day

0–6 months 100
7–12 months 275
1–3 years 460
4–8 years 500
9–18 years 1250
>18 years 700
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concentration is not strictly maintained unlike cal-
cium and other electrolytes. Disturbance in PTH, 
vitamin D and FGF-23 may result in hypophos-
phatemia. The main reasons of hypophosphatemia 
are reduction in intestinal absorption, increase in 
renal loss and redistribution of phosphate from 
extracellular to intracellular space. The causes of 
hypophosphatemia are mentioned in Table 13.26.

Clinical features: The clinical presentation 
of hypophosphatemia depends on the age, rapid-
ity of onset, severity of hypophosphatemia and 
its underlying cause. Hypophosphatemia results 
in multiple organ dysfunctions. There is reduc-
tion in erythrocytes 2.3 di-phosphoglycerate lead-
ing to increased affinity of hemoglobin to oxygen, 
thereby resulting in tissue hypoxia. Skeletal muscles 
are also affected due to reduction in cellular ATP 
synthesis, abnormal signal transduction and phos-
phocreatine concentration.

Acute hypophosphatemia: In acute hypophos-
phatemia, there may be acute rhabdomyolysis 
(Amanzadeh and Reilly, 2006), hemolysis, leuco-
cyte dysfunction and infection. Severe hypophos-
phatemia is associated with respiratory failure due 

to muscle weakness. The patients in intensive care, 
presence of hypophosphatemia may increase the 
duration of mechanical ventilation and mortal-
ity (Schiffl and Lang, 2013; El Shazly et al., 2017). 
There may be cardiomyopathy, cardiac arrhythmia 
and heart failure. The neurological manifestations 
include fatigue, weakness, paresthesia, tremor, 
encephalopathy, seizures, neuropsychiatric abnor-
malities and coma. Sometimes there may be 
Guillain-Barre syndrome like illness (Weintraub, 
1976; Land and Schoenau, 2008).

Chronic hypophosphatemia: Chronic hypo-
phosphatemia is associated with musculoskel-
etal manifestation due to sarcopenia and bone 
changes. There may be weakness, waddling gait, 
bone pain and osteomalacia. There is expansion 
of wrist and growth plate along with bone pain, 
fracture and bowing of legs in children, and ver-
tebral fracture, enthesopathy and spinal canal 
stenosis in adults. The hereditary form of hypo-
phosphatemia is associated with frontal bossing, 
mid-facial hypoplasia and Arnold-Chiari mal-
formation. Children may have poor dentition, 
tooth decay, micro fracture and dental abscess 

Table 13.26  Causes of hypophosphatemia

Acquired Genetic

Dietary phosphate deficiency 
Vitamin D deficiency
Peptic ulcer
Autoimmune gastritis
Pernicious anemia 
Reduced absorption
Inflammatory bowel disease
Drugs
Proton pump inhibitor
Parenteral iron
Phosphonocarboxylase
Arsenate
Niacin
Adriamycin
Insulin
Bisphosphonate
Theophylline
Foscarnet
Renal
Rental tubular acidosis

FGF23-mediated hereditary hypophosphatemic diseases 
(X-linked,

ARHR, ADHR, MAS and FD, CSHS)
Hereditary hypophosphatemic rickets with Hypercalciuria
Hypophosphatemic rickets with hyperparathyroidism

XLH, X-Linked hypophosphatemia; ARHR, autosomal recessive hypophosphatemic rickets; ADHR, autosomal 
dominant hypophosphatemic rickets; MAS/FD, McCune Albright syndrome and fibrous dysplasia; CSHS, cutaneous 
skeletal hypophosphatemic rickets.
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especially in genetic form of hypophosphatemia. 
There may be hearing loss due to fall out of spiral 
ganglion cells, cochlear involvement and endo-
lymphatic hydrops (Megerian et al., 2008).

Diagnosis: Hypophosphatemia is considered 
if serum phosphate is less than 2.5 mg/dl, ideally 
in the fasting blood sample. Hypophosphatemia 
is categorized into mild (1.8–2.5 mg/dl), moder-
ate (1.0–1.7 mg/dl) and severe (< 1 mg/dl). Acute 
hypophosphatemia is usually due to redistribution 
in which total body phosphorus is not depleted, 
whereas in the chronic hypophosphatemia, there 
is depletion of total body phosphorus. The clini-
cal history, pedigree chart and examination help 
in focused investigation. Vitamin D and parathor-
mone assay along with clinical history may sug-
gest disorder related to drug, known hereditary 
disease, vitamin D deficiency or hyperparathy-
roidism. Next step is to measure renal excretion 
of phosphate by calculating percentage of tubu-
lar phosphate reabsorption (TPR), and or rates 
of maximum renal tubular reabsorption (TmP) 
to glomerular filtration rate ratio (Tmp:GFR). In 
normal individual, 85%–95% glomerular filtered 
phosphate is reabsorbed; therefore TPR is 85%–
95%. A lower value of TPR or TmP:GFR suggests 
renal phosphate wasting, and normal or higher 
value suggests decreased phosphate intake or GI 
absorption defect. In the patients with renal phos-
phate wasting, FGF-23 is measured. Low FGF-23 
suggests hereditary hypophosphatemic rickets 
with hypercalciuria, hereditary or acquired form 
of Fanconi syndrome. Normal or elevated FGF-23 
suggests X-linked hypophosphatemia, autosomal 
recessive or dominant hypophosphatemic rickets, 
McCune-Albright syndrome and fibrous dyspla-
sia, cutaneous skeletal hypophosphatemic rickets, 
tumor induced osteomalacia or intravenous iron 
therapy. The specific genetic diagnosis is possible 
by DNA sequencing (Figure 13.5).

Treatment: The offending factors of hypophos-
phatemia should be removed if possible. Acute 
mild hypophosphatemia and chromic hypo-
phosphatemia are treated with oral phosphate 
(sodium or potassium phosphate) thrice daily. In 
the patient with renal impairment, serum potas-
sium should be monitored if potassium phos-
phate is used. The dose of phosphate should be 
modified depending on the response and side 
effect such as gastric, diarrhea, abdominal pain, 
secondary or tertiary hyperparathyroidism. In 

symptomatic and severe hypophosphatemia, infu-
sion of sodium or potassium phosphate in a dose 
of 5 mg/kg slowly over 6 h is given, which should 
be repeated till the serum phosphate is 1.5 mg/dl. 
Serum calcium should also be monitored. Patients 
with renal dysfunction may develop hyperphos-
phatemia following phosphate infusion unless 
closely monitored. In the developing countries, 
hypophosphatemia is a major problem in severely  
malnourished children. Correction of phospho-
rus has generally not been given due attention. If 
hypophosphatemia is due to tumor induced osteo-
malacia, removal of tumor is recommended. If 
removal is not possible, oral phosphate and vita-
min D are helpful (Carpenter et al., 2011). The 
treatment choices in various causes of hypophos-
phatemia are summarized in Table 13.27. The age 
specific dose of oral phosphorus and vitamin D is 
presented in Table 13.28 (Florenzano et al., 2020).

HYPERPHOSPHATEMIA

Hyperphosphatemia is defined when serum phos-
phate level is more than 4.5 mg/dl in adults and 7 
mg/dl in children. In hospitalized patients, hyper-
phosphatemia occurs in 12% patients excluding 
renal failure. In end stage renal failure, the preva-
lence of hyperphosphatemia ranges between 50% 
and 74% (Thongprayoon et al., 2018; Leaf and 
Wolf, 2013). Hyperphosphatemia may occur up to 
45% children with malignancy receiving liposomal 
amphotericin (Knoderer and Knoderer, 2011).

Causes and pathophysiology: Hyperphospha
temia may occur due to phosphate overload, 
impaired renal excretion, hypoparathyroidism, 
pseudohypoparathyroidism and transcellular shift. 
Renal failure is the commonest cause of hyper-
phosphatemia. Since phosphorus is not bound to 
albumin, therefore all the phosphorus is filtered 
through the glomeruli. About 90% of daily phos-
phate load is excreted by kidneys; hence, in renal 
failure especially in end stage is associated with 
hyperphosphatemia. In the early stage of renal fail-
ure, hyperphosphatemia is prevented by elevated 
PTH and FGF-23. In the end of stage renal failure, 
there is reduced calcitriol (active form of vitamin 
D). Acidosis can also contribute to hyperphospha-
temia in renal failure. Phosphate load may increase 
because of high dietary intake of phosphate con-
taining diet, laxative, vitamin D intoxication and 
tumor lysis. Majority of phosphate is intracellular; 
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therefore, cell lysis or cell turnover may result in 
rise of serum phosphate. Hyperphosphatemia can 
also occur in pseudohypoparathyroidism, which 
is characterized by hypocalcemia, hyperphos-
phatemia and inappropriately high level of PTH. 

A number of hereditary disorders also result in 
hyperphosphatemia (Table 13.29).

Clinical manifestations: Hyperphosphatemia is 
generally asymptomatic, but patients may have sei-
zures, symptoms of hypocalcemia and underlying 

Figure 13.5  Evaluation of a patient with hypophosphatemic rickets. ARHR, autosomal dominant hypo-
phosphatemic rickets; CSHS, cutaneous skeletal hypophosphatemic rickets; FGF-23, fibroblast growth 
factor 23; HHRH, hereditary hypophosphatemic rickets with hypercalciuria; MAS and FD, McCune-
Albright syndrome and fibrous dysplasia; TRP, tubular phosphate reabsorption; Tmp: GFR, maximum 
renal tubular phosphate reabsorption per unit of glomerular filtration rate; XLH, X-Linked hypophos-
phatemic; TIO, tumor-induced osteomalacia.

Table 13.27  Treatment of hypophosphatemia

	A.	Acute symptomatic hypophosphatemia: IV sodium or potassium phosphate
	 B.	Acute asymptomatic and chronic hypophosphatemia: oral sodium or potassium phosphate and 

active vitamin D
	C.	Treatment of underlying cause:
	 1.	FGF-23 mediated hypophosphatemia: oral phosphate and vitamin D
	 2.	Fanconi syndrome: oral phosphate and vitamin D
	 3.	Heredity hypophosphatemic rickets with hypercalciuria: oral phosphate
	 4.	X linked hypophosphatemia: burosumab (inhibits FGF-23)
	 5.	Vitamin D deficiency: vitamin D and calcium
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disorders. There may be hypertension and heart 
failure. Hyperphosphatemia may result in soft tis-
sue calcification leading to pain, restricted joint 
mobility, atherosclerosis, hypertension, conjunc-
tivitis, keratitis, band keratopathy and cataract. 
Hyperphosphatemia associated with short stature, 
short fourth metacarpal, and other bones of hands 
and feet, round face, dental hypoplasia, cognitive 
impairment and soft tissue calcification suggest 
Albright hereditary osteodystrophy.

Diagnosis: Serum phosphate more than 5 
mg/dl in adults and 7mg/dl in children suggests 
hyperphosphatemia. Fasting morning sampling 
is necessary for serum phosphate measurement. 
Rise in serum phosphate in renal failure mani-
fests only when GFR is below 30 ml/min/1.73 m2. 
Renal function test, serum calcium, vitamin D, 
and PTH should be measured. Presence of high 
serum creatinine, BUN and PTH, and low cal-
cium suggest renal etiology of hyperphosphate-
mia. Normal renal function with high vitamin D 
and elevated phosphate suggest vitamin D intoxi-
cation. Very high increase in phosphate, uric acid 
and potassium along with low calcium suggest 

tumor lysis syndrome. In rhabdomyolysis, CK is 
very high whereas in tumor lysis it is normal or 
marginally elevated.

Radio diagnosis and ultrasonography of abdo-
men may reveal soft tissue calcification or renal 
stone suggesting pseudohypoparathyroidism. If 
renal failure, serum vitamin D level and parathy-
roid disorder are excluded, genetic cause should be 
considered and investigated.

Treatment: Acute hyperphosphatemia with 
normal renal function is treated by increasing 
intravascular volume with saline infusion and 
diuretics. Low phosphate diet is advisable to the 
patients with renal failure on dialysis. The rec-
ommended daily phosphate dose is 800–1000 mg 
with protein intake of 1.29 g/kg. High phosphate 
containing foods such as milk, meat, bean, fish 
and nuts should be avoided. Phosphate binders are 
used in the patient with serum phosphate more 
than 6 mg/dl. Aluminum based phosphate bind-
ers are most effective although there is possibility 
of aluminum toxicity including encephalopathy, 
anemia and premature death. Calcium based phos-
phate binders are also effective without much side 

Table 13.28.  Oral dose of phosphorus and vitamin D for the patients with hypophosphatemia

Children Adults

Phosphorus 20–40 mg/kg in 3–5 divided 
doses

75–1000 mg/day in 3–4 divided 
dose.

Active vitamin D (calcitriol) 20–30 ng/kg/day in 2–3 divided 
doses

0.5–0.75 μg/kg/day in 2 divided 
doses

Source:	 Modified from Schouten et al. (2009).

Table 13.29  Causes of hyperphosphatemia 

	A.	Acquired causes:

•	Chronic renal failure
•	Low calcium high phosphate diet
•	Reduced gastric pH
•	Tumor lysis, bone metastasis
•	Rhabdomyolysis
•	Drugs: vitamin D, phosphate supplementation, FGF receptor inhibitors

	 B.	Genetic causes:

•	Hyperphosphatemic familial tumoral calcinosis type I, type 2 and type 3
•	 Idiopathic hyperphosphatemia
•	Juvenile Paget's disease
•	Pseudohypoparathyroidism
•	Familial isolated pseudohypoparathyroidism
•	Blomstrand disease
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effect. Magnesium carbonate also reduces serum 
phosphate and is well tolerated, and there is no risk 
of soft tissue calcification. Sevelamer is another 
phosphate binder which exchanges phosphate with 
HCl or carbonate in GI tract. Lanthamer carbon-
ate, ferric citrate, sucrroferic oxyhydroxide are also 
phosphate binders.

Drugs which reduce intestinal phosphate trans-
porter expression reduce phosphate absorption. 
Nicotinic acid and nicotinamide reduce NTP2b 
expression. These drugs however modestly reduce 
phosphate absorption. Tenapenor inhibits Na/OH 
ion exchange isoform 3 and plays an important 
role in reducing active phosphate absorption. In 
patients with renal failure, peritoneal or hemodi-
alysis also help in reducing phosphate burden. The 
recommended phosphate level in renal failure is 
3.5–5.5 mg/dl. Secondary hyperphosphatemia may 
be controlled by use of calcitriol.

CONCLUSION

Electrolytes are important element for cell func-
tion and are intricately maintained in a narrow 
physiological range through kidney, GI tract and 
neuroendocrine system. Elevated or low sodium 
results mainly central nervous system abnormality; 
whereas elevated or low potassium manifest with 
skeletal muscle, cardiac and GI tract dysfunction. 
In calcium, magnesium and phosphate abnormali-
ties, both central and peripheral nervous system 
may be affected. Acute and rapidly developing 
symptomatic electrolyte abnormalities need urgent 
correction, whereas chronic and asymptomatic 
electrolyte abnormalities may be corrected slowly. 
Treatment of underlying cause is important. 
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14
Specific dietary management of certain 
neurological disorders

INTRODUCTION

Dietary management is an important component 
of treatment of several inborn errors of metabolism 
(IEM). It is important to diagnose these conditions 
at the earliest to start treatment including dietary 
management to prevent irreversible brain damage 
and poor outcome. The IEM have become more 
important because of neonatal screening programs. 
The management of these conditions requires a 
teamwork including an expert in metabolic disor-
ders, pediatrician, neurologist and dietitian. This 
chapter presents an overview of disorders which 
require specific dietary management. Because of 
importance of ketogenic diet in refractory epilepsy, a 
section on the ketogenic diet has also been included.

PHENYLKETONURIA

Phenylketonuria (PKU) is an inborn error of phe-
nylalanine metabolism, and is an important cause 
of hyperphenylalaninemia (HPA). Phenylketonuria 
is due to deficiency of phenylalanine hydroxylase 
resulting in impaired metabolism of phenylalanine 
or conversion of phenylalanine to tyrosine. Based on 
the concentration of phenylalanine in blood, phenyl 
alanine hydroxylase (PAH) deficiency is classified 
into classic PKU (phenylalanine > 1200 µM/l), mod-
erate PKU (phenylalanine 600–1200 µM/l) and mild 
PKU (phenylalanine  <  600 µM/l). Untreated PKU 
manifests with growth failure, seizure, microcephaly, 
intellectual impairment and high level of blood phe-
nylalanine. Phenylketonuria is a rare disorder occur-
ring in 1/10,000–15,000 live births in Caucasians 
(Guldberg et al., 1995; Okano et al., 1992).

Historical aspect

Phenylketonuria was first described by Norwegian 
physician Asbjorm Folling in 1924. The patients’ 
mother consulted for possible association of mushy 
odor of urine and intellectual impairment of her 
twins. Extensive analysis of urine of these children 
revealed that urine contained phenyl pyruvic acid. 
This was followed by examination of 340 intellec-
tually retarded patients, eight of whom had uri-
nary phenyl pyruvic acid. The enzyme deficiency 
of PKU was described by Jervis (1947, 1953) and 
improvement following dietary management was 
reported by Robert Guthrie from Canada. After 
the birth of his son and niece with PKU, Guthrie 
changed his research interest and developed the 
screening test for PKU (Guthrie and Susi, 1963). 
Development of screening test and dietary man-
agement of PKU have improved the outcome of 
patients globally and was forerunner of the diag-
nosis and management of many other IEM.

Metabolic abnormality

l-Phenylalanine is an essential amino acid. 
Its sources are diet and endogenous recycling. 
Phenylalanine is utilized by its integration to pro-
teins, oxidation to tyrosine or conversion to other 
metabolites, thereby balancing the blood level of 
phenylalanine. Conversion of phenylalanine to 
tyrosine takes place by the enzyme phenylalanine 
hydroxylase (PAH) and tetrahydrobiopterin BH4 
(Figure 14.1). The reduction of tyrosine leads to defi-
ciency of catecholamine and serotonin, and hyper-
phenylalaninemia resulting in a number of toxic 
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effects. The human PAH gene is located on chro-
mosome 12q23.2. Untreated PKU manifests with 
growth failure, intellectual impairment, seizure 
and microcephaly (Figure 14.2). These features are 
attributed to toxicity of phenylalanine and reduced 
tyrosine. Impaired production of tyrosine leads 
to reduced melanin, thyroxin and catecholamine 
synthesis. The mechanism of cognitive impairment 
in PKU is not well understood but hyperphenyl-
alaninemia may result in delayed myelination or 
demyelination. The impaired neurotransmitter and 
hormonal synthesis may also contribute to cogni-
tive decline (Williams et al., 2008).

Diagnosis

The screening test for PKU is done by Guthrie 
Card test, confirmed by phenylalanine hydroxy-
lase enzyme assay and genetic testing. In a patient 
with hyperphenylalaninemia, it is important to 
look for biopterin (B4) deficiency.

Treatment

The aim of treatment is to reduce phenylalanine 
concentration in the blood by reducing dietary 
intake. The three dietary approaches are as follows:

Figure 14.1  Metabolic pathway of phenylalanine.

Figure 14.2  Mechanism of phenylketonuria and its effect on the nervous system. BH4, tetrahydro-
biopterin; LAT1, L-type amino acid carrier; LNAA, large neutral amino acid; PHA, phenylalanine 
hydroxylase; Phe, phenylalanine.
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	1.	 Natural protein restriction
	2.	 Phenylalanine free l-amino acid
	3.	 Low protein food

The dietary items rich in phenylalanine are egg, 
meat, fish, milk, cheese, beans and legumes which 
should be avoided. Restriction of proteins in the 
diet results in deficiency of essential amino acids, 
trace elements and micronutrients, leads to growth 
failure, poor bone health and other nutritional dis-
orders. These patients require supplementation of 
phenylalanine free amino acid formula, low pro-
tein diet, micronutrients and trace elements.

For dietary management of PKU, phenylalanine 
tolerance is important and is defined as amount 
of phenylalanine which maintains the blood phe-
nylalanine in the target range. This may also be 
defined as natural protein tolerance expressed as 
gram per day. Treatment should be started within 
10 days of life to prevent neurological damage. The 
target phenylalanine in different age is presented 
in Table 14.1 (van Wegberg et al., 2017).

Definite treatment of PKU may be enzyme 
replacement and gene therapy. Pegvaliase is a bac-
terially derived phenylalanine ammonia lyase and 
is an enzyme substitution therapy which metabo-
lizes phenylalanine to transcinnamic acid and 
ammonia. Phase II trial of pegvaliase lyase has 
revealed substantial and sustained reduction of 

blood phenylalanine as well as improvement in 
mood and attention (Thomas et al., 2018).

MAPLE SYRUP URINE DISEASE

Maple syrup urine disease (MSUD) is a rare 
autosomal recessive IEM affecting branched chain 
amino acid (BCAA) metabolism, is a type of 
organic acidemia. The branch chain ketoacid dehy-
drogenase (BCKAD) deficiency is due to mutation 
of BCKDHA, BCKDHB and DBT gene. Deficiency 
of BCKD enzymes results in accumulation of 
BCAA namely leucine, isoleucine and valine and 
their corresponding ketoacids. The prevalence 
of MSUD in USA is 1/180,000 live births and in 
Austria 1/250,000 live births. In the communities 
with high consanguinity, its incidence may be 1 per 
176 live births as in Nennonites in Pennsylvania 
and Amish (Chuang, 1998).

Historical aspects

In 1954, Menkes and his colleagues reported four 
patients in a family with progressive neurologi-
cal disease including seizures, spasticity, respira-
tory irregularity, and respiratory arrest who had 
brain edema (Menkes et al., 1954). These patients 
were diagnosed as ketoacidosis in their first week 
of life and they died by three months of age. The 

Table 14.1  The target blood phenylalanine (Phe) level in in phenylketonuria in different age groups 

	 1.	When to treat: 
<12 years: All untreated PKU patients with Phenylalanine > 360 µM/l
>12 years: All untreated PKU patients with Phe > 600 µM/l
Pregnancy: All untreated PKU patients with Phe > 360 µM/l

	 2.	Target of treatment:
<12 years: Phe 120–360 µM/l
>12 years: Phe 360–600 µM/l
Pregnancy: Phe < 360 µM/l

	 3.	Monitoring Phenyl alanine:
1 year : Weekly
1–12 years: Fortnightly 
>12 years: Monthly 
Preconception: Weekly 

	 4.	Monitoring therapy:
	 1)	 Annual review for weight, height, body mass index
	 2)	 Laboratory: Hemoglobin, mean corpuscular volume, ferritin, amino acid homocysteine, methyl 

malonic acid and albumin
	 3)	 Vitamin and hormone assay depending on clinical condition 
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urine of these children had a peculiar sweet smell 
(maple syrup); therefore it was named as maple 
syrup urine disease (MSUD). The offending agent 
was recognized as a BCAA by Dencis, Menkes and 
colleagues in 1959 (Westfall et al., 1957; Menkes 
et al., 1959). The disease is therefore also known as 
branch chain ketoaciduria or ketonuria. In 1960, 
same group reported metabolic block at decarbox-
ylation of branch chain α-ketoacid (Dancis et al., 
1960). In 1978, Bovine BCKDM complex was dis-
covered by Reeds group (Pettit et al., 1978) and in 
1980 cDNA of subunit of BCKAD complex was 
reported (Chuang et al., 1995, 1998).

Pathophysiology

Due to mutations in BCDKHA, BCKDHB and 
DBT genes, there is deficiency of BCKD complex 
leading to accumulation of leucine, isoleucine, 
valine and their ketoacids in the blood and urine 
which gives a sweet smell (maple syrup urine). 
Normally BCKAD complex breaks down leucine, 
isoleucine and valine through branched chain 
aminotransferase to corresponding α-ketoacid. In 
the next step, α-ketoacids are converted to acetoac-
etate, acetyl CoA and succinyl CoA through oxida-
tive decarboxylation of respective ketoacid. There 
are four subunits of BCKAD complex E1α (chro-
mosome 19), E1β (chromosome 6), E2 (chromo-
some 1) and E3 (chromosome 7). E3 subunit is also 
a component of pyruvate dehydrogenase complex 
and oxoglutarate dehydrogenase complex (Chuang 

et al., 1998). In MSUD, these genes are mutated 
giving rise to different proportion of enzyme defi-
ciency. The elevated levels of BCAA especially 
leucine is responsible for clinical manifestations 
including brain edema.

Clinical features

The clinical phenotype of MSUD depends on the 
proportion of normal BCKD enzyme activity. The 
lower the proportion of normal enzyme, worse is 
the illness. Based on phenotypic expression MSUD 
is categorized into classic, intermediate, intermit-
tent and thiamine responsive type. The proportion 
of normal BCKD enzyme activity in classic type is 
0%–2%, intermediate type 3%–30%, intermittent 
5%–20% and thiamine responsive type 2%–40% 
(Chuang and Shih, 2001; Strauss et al., 2020). The 
details of neurological manifestations in different 
sub types of MSUD are presented in Table 14.2.

In the classic type of MSUD, the newborn man-
ifests with maple syrup odor in the cerumen and 
the blood concentration of BCAA and isoleucine 
are elevated. In 2–3 days, the newborn develops 
irritability, excessive sleepiness and poor feeding. 
The urine reveals branched chain α-ketoacids, ace-
toacetate and β-hydroxybutyrate along with ele-
vated concentration of BCAAs and alloisoleucine. 
Urine has a sweet odor. If untreated for 4–6 days, 
the newborn develops encephalopathy, apnea, 
opisthotonus and various focal or generalized 
movement disorders including fencing or bicycling 

Table 14.2  Different subtypes of maple syrup urine disease

Type Age of onset Clinical features Laboratory findings 

Classic Neonatal Sweet odor of cerumen,
Irritability, lethargy, poor feeding, 

movement disorder (dystonia, 
opisthotonus, fencing, bicycling 
movement), respiratory arrest 

↑BCAA in blood, and 
urine, ketonuria 

Intermediate Variable Sweet odor in urine, poor growth 
and feeding, developmental delay, 
cognitive decline, crisis 

Same as classic but 
lesser elevated

Intermittent Variable Normal growth and development in 
early life, intermittent 
decompensation

Normal BCAA during 
asymptomatic 
period

Same as classical 
during crisis

Thiamine 
responsive

Variable Similar to intermittent Clinical improvement 
following thiamine 
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movements. By 7–10 days, untreated newborns 
further deteriorate with coma and respiratory fail-
ure because of brain edema.

Intermediate MSUD has partial deficiency of 
BCKD enzymes. The patient has a variable age of 
onset with milder clinical manifestations. Severe 
metabolic crisis may occur during the state of high 
metabolic demand. The child has poor growth and 
development and neurocognitive dysfunction.

Intermittent type of MSUD may have a normal 
growth and development in the initial stage of life. 
During episodic de-compensation, the patient may 
have encephalopathy and acidosis. Biochemical 
parameters during the asymptomatic period are 
normal and during crisis these are similar to the 
classic type.

Thiamine responsive MSUD can present at 
any age and the clinical presentation is similar to 
the intermediate type. The only difference is that 
the patient improves with thiamine (10–1000 mg 
daily) including the biochemical parameters.

The diagnosis of MSUD is an emergency espe-
cially the classic type because the delay in the diag-
nosis and treatment may result in irreversible brain 
damage. Urinary odor suggests different types of 
IEM (Table 14.3).

Differential diagnosis: The neonatal encepha-
lopathy in MSUD should be differentiated from 
birth asphyxia, hypoglycemia, kernicterus, status 
epilepticus and meningoencephalitis. Moreover, the 
IEM producing neonatal encephalopathy such as 
hyperkeratosis syndrome, urea cycle defect, propi-
onic acidemia, methylmalonic acidemia and hyper-
glycemic encephalopathy need to be differentiated.

Diagnosis

The MSUD is suspected based on newborn screen-
ing test, which is confirmed by enzyme assay using 
fibroblast culture, lymphocyte or liver cells, and 
more recently by genetic studies demonstrating 
BCKDHA, BCKDHB or DBT gene mutation. In 
a family with a proband having MSUD, the diag-
nosis can be directly confirmed by genetic study. 
Mutation study not only helps in the diagnosis but 
also helps in predicting phenotypic expression and 
outcome.

Treatment

The treatment of MSUD starts with dietary restric-
tion of leucine, BCAA free medical formula, and 
supplementation of calorie, fluid, micronutrient 
and vitamins. Frequent biochemical and clinical 
monitoring is essential. Most of the protein rich 
food such as dairy products, meat, fish, eggs, soy, 
nuts, whole grain, seeds, beans, pulses, avocado, 
algae and edible sea weeds have high amount of 
leucine and BCAA; therefore cannot be allowed 
especially in classic type of MSUD and during cri-
sis. Once the patient is stabilized, isoleucine and 
valine may be prescribed.

Management of crisis in classic MSUD: The 
classical type of MSUD has severe illness at the 
time of diagnosis and all other types may also 
develop crisis during stress, such as infection, 
trauma or surgery. The management during cri-
sis is aimed at achieving clinical and biochemical 
normalization, prevent catabolism and provid-
ing exogenous amino acid formula free of BCAA. 
For energy 150 kcal/kg and fluid 150 ml/Kg are 
prescribed. Though leucine is excluded, valine 
and isoleucine are prescribed judiciously once 
the patient stabilizes, to maintain anabolism and 
prevent epithelial damage of skin, eye and gas-
trointestinal tract. In very severe cases, hemodi-
alysis or hemofiltration may be needed to remove 
the toxic products.

In the nonacute state, sick day guideline should 
be followed throughout the life. It includes calorie 
rich diet with isoleucine and valine but avoiding 
leucine. This is combined with frequent amino acid 
monitoring in blood and urine.

Thiamine responsiveness MSUD should be tested 
in all the patients as in partial enzyme deficiency 
patients. The clinical and biochemical parameters 

Table 14.3  Odors typical of inborn error of 
metabolism

Inborn error of metabolism Odor

Phenylketonuria Mousy 
Maple syrup urine disease Sweet 
Glutaric acidemia 

type II /Isovaleric acidemia 
Sweaty feet 

Tyrosinemia type I Boiled 
cabbage

Cystinuria Sulfur
Trimethyl aminuria /dimethyl 

glycine dehydrogenase 
deficiency 

Old fishy 

Multiple carboxylase deficiency Cat urine 
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improve following thiamine treatment especially 
in the patients with E2 mutations. Thiamine pyro-
phosphate is a cofactor for mut subunit enzyme 
branch chain ketoacid dehydrogenase. Following 
50–200 mg thiamine daily for one month, there 
may be clinical response. Higher dose of thiamine is 
unlikely to produce toxic effect as it is water soluble 
and the excess amount is excreted in urine.

Pregnancy and puerperium: During preg-
nancy, the protein and energy requirement is high 
because of cell proliferation and fetal growth. 
During this period, vitamin and nutrients should 
be supplemented and catabolism should be pre-
vented by BCAA free amino acid supplementation. 
Special attention is needed during hyperemesis 
gravidarum. The goal of treatment is to achieve 
plasma leucine level of 75–200 µM/l during infancy 
and 75–300 µM/l during 1–5 years of age. The 
target level of valine and isoleucine at any age is 
200–400 µM/l. The recommended nutrition intake 
during asymptomatic period of MSUD is given in 
Table 14.4.

Liver transplant: The role of liver transplan-
tation is not clear. Liver transplant reduces the 
number of crisis but does not affect the existing 
neurological deficit. The risk benefit ratio of liver 
transplantation should be considered in an indi-
vidual patient. The treatment of MSUD is presented 
in Table 14.4 and composition of diet in Table 14.5.

METHYL MALONIC ACIDEMIA AND 
PROPIONIC ACIDEMIA

Methyl malonic acidemia (MMA) and propionic 
acidemia (PA) are rare autosomal recessive IEM 
due to methyl malonyl CoA (MMCoA) mutase 

and propionyl CoA carboxylase, respectively. In 
MMCoA mutase deficiency, there is excessive 
accumulation of MMA; and in propionyl CoA 
carboxylase deficiency, there is accumulation 
of propionic acid, propionyl carnitine, 3 methyl 
citrate and odd chain fatty acids. The integrity of 
these metabolic pathways is important for metabo-
lism of amino acids (valine, isoleucine, threonine, 
methionine) and fatty acids (odd chain fatty acids 
and cholesterol side chain). With normal enzyme 
activity and their cofactors; biotin is needed for 
propionyl CoA carboxylase and adenosyl cobala-
min for MMACoA mutase. The above mentioned 
amino acids and fatty acids are converted to suc-
cinyl CoA (Figure 14.3).

Methyl malonic acidemia is of two forms: (a) iso-
lated MMA in which there is mutation in MMCoA 
mutase, and they have MMA in blood and urine. 
(b) Combined form in which MMA is associated 
with hyper homocysteineuria and is due to defect 
in coenzyme adenosyl cobalamin. The incidence of 
MMA is 1 in 48,000 to 1 in 61,000 live births, and 
that of PA is 1 in 50,000 to 1 in 500,000 live births. 
The incidence of PA is higher in Saudi Arabia, 1 in 
2000–5000 live births (Shchelochkov, et al., 2012; 
Ozand et al., 1994).

Clinical features

The age and severity of presentation depends on 
the extent of enzyme deficiency. Complete enzyme 
deficiency manifests within seven days of life with 
metabolic acidosis, encephalopathy and hyperam-
monemia resulting in coma and death if untreated. 
Partial deficiency of enzymes manifests during 
infancy, childhood or in the later life. Like other 

Table 14.4  Treatment during acute crisis maple syrup urine disease. 

	 1.	Energy provided should be 150% of usual requirement using carbohydrate, lipids and BCAA free 
amino acid. The fluid requirement is 150 ml/kg. Electrolyte and glucose should be monitored and 
if needed insulin and electrolyte are prescribed 

	 2.	Use parenteral nutrition alone or with enteral nutrition to meet calorie and fluid requirement 
	 3.	Hemodialysis or hemofiltration may be used to reduce BCAA and its toxic products
	 4.	Monitor BCAA, keto-acids, acid–base balance, electrolyte, glucose, hemoglobin, albumin, kidney 

function, calcium and phosphorus
	 5.	Add isoleucine and valine
	 6.	Encourage breast milk and maintain growth and development chart
	 7.	Mild illness: 50%–100% reduction of intact protein for 2 days 
	 8.	Reintroduce intact protein if plasma leucine is less than 200 µM/l in infants, and less than 300 µM/l 

in 1-5 years of age
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IEM, there may be acute deterioration or crisis 
when metabolic demand increases. The clinical 
picture of both MMA and PA is characterized by 
involvement of multiple systems including nervous 
system, gastrointestinal, hematological, renal and 
cardiac. The details of clinical features are pre-
sented in Table 14.6.

Laboratory investigations

Laboratory investigations reveal metabolic acido-
sis with high anion gap, elevated serum lactate, 
hyperammonemia, ketone bodies in the urine and 
pancytopenia. These patients with acute encepha-
lopathy should be differentiated from other IEM 
producing encephalopathy (Table 14.7).

Detection of organic acid in urine and acyl car-
nitine in blood are commonly used for the diag-
nosis of MMA and PA. In addition, plasma and 
urinary homocysteine levels help in the diagnosis 
of vitamin B12 responsiveness. The diagnosis can 
be confirmed by enzyme assay and genetic testing.

Antenatal diagnosis: Antenatal diagnosis is 
feasible in both MMA and PA. It should be under-
taken if there is an index patient with biochemical 
or genetic diagnosis. Newborn screening is feasible 
but its long-term benefits are doubtful.

Treatment

The treatment of MMA and PA is an emergency and 
should start pending diagnostic confirmation. The 

Table 14.5  Recommended daily intake of nutrients in asymptomatic period in MSUD

Age
Calories 
(kcal/kg)

Fluid 
(ml/kg)

Protein 
(g/kg)

Leucine 
(mg/kg)

Isoleucine 
(mg/kg)

Valine 
(mg/kg)

0–6 months 95–145 125–160 2.5–3.5 40–100 30–90 40–95
7–12 months 80–135 125–145 2.5–3.0 40–75 30–70 30–80
1–3 years 80–130 115–135 1.5–2.5 40–70 20–70 30–70
4–8 years 50–120 90–115 1.3–2.0 35–65 20–30 30–50
9–13 years 40–90 71–90 1.2–1.8 30–60 20–30 25–40
14–18 years 35–70 40–60 1.2–1.8 15–50 10–30 15–30
>18 years 35–45 40–50 1.1–1.7 15–50 10–30 15–30

Source:	 Modified from Marriage (2010).

Figure 14.3  Propionic acid metabolic pathway.
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Table 14.7  Laboratory findings in acute encephalopathy due to inborn errors of metabolism

Parameters
MMA/

PA UCD MSUD βKTD
β-Oxidation 

defect HIHA

PC 
defect/

mito
PDH 
def

HMGCoA 
lyase def

Acidosis + +/- - ++ +/- - + + +
Ketonuria +++ - ++ +++ - - ++ - -

Ammonia ↑ + ++ - - + + +/- - +
Hypoglycemia +/- - - - + ++ +/- - +
Lactic acidosis + - - + +/- - ++ ++ +
↑AST/ALT +/- + - - ++ - +/- - +/-

↑CK - - - - ++ - +/- - -

↑Uric acd + - + + + - +/- +/-- +
↓RBC/WBC/Pl + - - - - - +/- - -

Source:	 Modified from Haberle et al. (2012). 
	 CK, creatine kinase; HIHA, hyperinsulinism hyperammonemia syndrome; HMGCoA, β-hydroxyl β-methyl 

gutaryl CoA; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; MMA, methyl malonic acidemia; 
KTD+, ketothiolase deficiency; MSUD, maple syrup urine disease; PA, propionic acidemia; UCD, urea cycle 
defect. 

Table 14.6  Clinical features during acute and chronic presentation of methyl 
malonic acidemia and propionic acidemia 

System Acute Chronic 

Nervous system Altered sensorium
Seizure 
Movement disorder 
Stroke-like illness

Hypotonia
Mental retardation 
Learning disability
Seizure
Psychosis
Movement disorder 
Optic atrophy 

Gastrointestinal Vomiting 
Poor feeding 

Vomiting 
Constipation 
Pancreatitis 
Abnormal feeding behavior 

Cardiac Heart failure 
Arrhythmia 
Cardiomyopathy 

QTc prolongation 
Cardiomyopathy

Hematological Neutropenia
Anemia
Thrombocytopenia 

Neutropenia
Anemia 
Thrombocytopenia
Hemophagocytosis

Renal - Chronic renal failure in MMA 
Others - Hearing loss

Dermatitis 
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patient should receive IV glucose, protein restricted 
diet, stabilization of metabolic acidosis and hyper-
ammonemia. Blood, plasma and urine should be 
collected periodically for monitoring and manage-
ment. Hyperammonemia is a serious problem and 
needs special management, including IV glucose, 
l-carnitine, hydroxy cobalamin, sodium benzoate, 
sodium phenyl butyrate, l-arginine hydrochloride, 
carbamyl glutamate and biotin. The treatment of 
hyperammonemia is summarized in Table 14.8.

Once the diagnosis of PA is confirmed, the 
patient should be maintained on glucose and ben-
zoate till hyperammonemia resolves. Parenteral 
nutrition is provided if there is feeding problem. 
Amino acids are gradually introduced to achieve 
safe amino acids levels and prevent catabolism. 
Vitamins, minerals and micronutrients should be 
supplemented. If ammonia level is more than 400 
µMol/l extracorporeal detoxification by hemo-
dialysis or hemofiltration is indicated. In MMA, 
forced diuresis and alkalinization of urine using 
sodium bicarbonate is useful to eliminate MMA. 

Long-term management of these patients requires 
a team effort including metabolic experts, hematol-
ogist, gastroenterologist, nephrologist and neurolo-
gist (Baumgartner et al., 2014).

FATTY ACID OXIDATION 
DISORDERS

Fatty acid metabolism disorders are a group of 
autosomal recessive disorders in which β-oxidation 
of fatty acids is impaired due to deficiency of cer-
tain enzymes. Normally during fasting or hypo-
glycemia, fats are mobilized and converted to fatty 
acids in the liver. The fatty acids are transported 
to the target cells in which these are oxidized to 
produce energy. In fatty acid oxidation defect 
(FAOD), the fatty acids accumulate in the liver or 
other organs. The patients manifest with exercise 
intolerance or may go into crisis especially during 
fasting or hypoglycemic state. The different types 
of fatty acid oxidation disorder are mentioned 
in Table 14.9.

Table 14.8  Treatment of acute hyperammonemia 

	 1.	IV glucose age adjusted 
	 2.	IV or IM l-carnitine: 10 mg/kg as bolus followed by 10 mg/kg/day
	 3.	IV or IM hydroxycobalamin 1 mg/day 
	 4.	IV or oral biotin 10–40 mg/day 
	 5.	IV sodium benzoate 250 mg/kg in 10% glucose over 1.5–2 h, followed by 250 mg/kg/day 
	 6.	IV sodium phenyl butyrate in 10% glucose 
	 7.	l-Arginine hydrochloride in 10% glucose 
	 8.	N carbamyl glutamate 100 mg/kg per oral followed by 25–60 mg/kg 6 hourly 

Table 14.9  Types or fatty acid oxidation disorder

Disorders Prevalence Gene 

Medium chain acyl CoA dehydrogenase deficiency 1/20,000 live births ACADMD
Long chain 3 hydroxy acyl CoA dehydrogenase 

deficiency
1/110,000–150,000 HADHA

Very long chain acyl Co A dehydrogenase deficiency 1/42,000–120,000 ACADVL
Tri functional protein deficiency Rare HADHA,HADHB
Carnitine palmitoyl transferase type 1 deficiency 1/500,000 CPT1A
Carnitine palmitoyl transferase type 2 deficiency Rare CPT2
Carnitine – acylcarnitine translocase deficiency Rare SLC25A20
Carnitine transporter deficiency 1/20,000–1,20,000 SLC22A5
Short chain acyl CoA dehydrogenase deficiency 1/35,000–50,000 ACADS
Multiple acyl CoA dehydrogenase deficiency Rare ETFA, ETFB, ETFDH
3-hydroxy acyl-CoA dehydrogenase deficiency Rare HADH
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Epidemiology: Fatty acid oxidation disorders 
(FAOD) are more common than aminoaciduria. 
The incidence of some types of FAODs is 1 in 5000–
10,000 live births. However it varies in different 
ethnicity (Merritt et al., 2018). Medium chain acyl 
CoA deficiency is the commonest FAOD. Its mor-
tality has declined from more than 20% to 5% after 
newborn screening test and early intervention 
(Nennstiel-Ratzel et al., 2005; Grosse et al., 2006; 
Wilcken et al., 2007; Fauchtbaum et al., 2018).

Clinical features: The patient with FAOD may 
present acutely at any age. Newborns manifest 
within a few hours of fasting but adults and ado-
lescents take up to 48 h. There are three clinical 
presentations

	1.	 Neonatal onset
	2.	 Infantile and childhood
	3.	 Adolescent and adult form.

The neonatal onset type of FAOD manifests with 
severe cardiomyopathy, hypoketotic hypoglycemia 
and liver dysfunction. This is often fatal within a 
few days of life.

Infantile childhood type of FAOD manifests 
with intermittent lethargy, vomiting and infection 
leading to hepatic dysfunction, hypoketotic hypo-
glycemia and encephalopathy. These children may 
die suddenly.

Adolescent and adult-onset type of FAOD man-
ifests with episodic muscle weakness, myalgia and 
rhabdomyolysis which may lead to renal failure.

Diagnosis: Newborn screening test helps in 
identifying the patients with FAODs. Laboratory 
tests of non ketotic hypoglycemia and hyperam-
monemia should raise the possibility of FAODs. 
Diagnosis is confirmed by genetic studies.

Dietary management: The dietary manage-
ment of FAODs includes avoidance of fasting, 
aggressive treatment of crisis and avoidance of fat. 
The key issues in the management of FAODs are 
as follows:

	1.	 Lifelong dietary management as per advice of 
metabolic physician

	2.	 Avoidance of fasting: infants need feeding 
every 3 h for 4 months

	3.	 Gradually the interval of feeding may be 
increased 1 h per month and by 12 months 
feeding schedule may be 8 h. Avoid 10–12 h of 
fasting after infancy

	4.	 Aggressive treatment during stress
	5.	 Providing oral or enteral carbohydrate rich 

fluid every 3–4 hourly in mild to moderate 
illness

	6.	 10% dextrose at 1.5 times more than required 
amount. Maintaining electrolyte, vitamins and 
minerals

	7.	 Carnitine supplementation may be helpful in 
secondary carnitine deficiency

	8.	 In medium acyl CoA enzyme deficiency, 
medium chain triglyceride oil such as coconut 
oil or MCT oil should be avoided but coconut 
in moderation may be allowed

	9.	 In long chain FAOD with severe illness, long 
chain fats should be restricted to 10% and 
MCT to 30% of energy in infancy. In moder-
ate to mild disease, 20% each of long chain 
and MCT as energy source may be prescribed. 
Before exercise, the patient should have MCT 
(0.2 g/kg) supplementation with glucose, 
and after exercise protein and carbohydrate 
in 1:3 ratio should be prescribed to prevent 
rhabdomyolysis. For details at different 
ages, appropriate sources may be consulted 
(Merritt et al., 2018).

GLYCOGEN STORAGE DISEASE

Glycogen storage disease (GSD) is a group of hered-
itary metabolic diseases of either defect in glycogen 
synthesis or glycogenolysis due to defect in several 
enzymes involved in this process (Figure 14.4). 
Glycogen storage disease was first described by 
a German physician, Edgar von Gierke in 1929 
(von Gierke., 1929). Type I GSD is the commonest 
and is named after him. In 1952, Gerty and Carld 
Cori reported deficiency of glucose 6 phosphatase 
in liver cells as cause of von Gierke disease (Cori 
and Cori., 1952). This is the first inborn error of 
metabolism to be attributed to an enzyme defect. 
The cumulative incidence of GSD is one in 20,000 
live births (Dambska et al., 2017).

Pathophysiology: Brain utilizes glucose as the 
main source of energy. Constant supply of glucose 
is essential for human survival. There are three 
main sources of glucose diet, glycogenolysis and 
gluconeogenesis. The dietary source of glucose 
is episodic as it depends on meal frequency. To 
maintain a constant supply of glucose, glycoge-
nolysis and gluconeogenesis should be efficient. 
Glycogen is mainly stored in liver and muscles. 
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Glycogen is  a  branched chain homopolysaccha-
ride synthesized from α d-glucose molecule. On 
fall of blood glucose, glycogen is broken down to 
glucose, whereas for maintaining muscle activity, 
the energy is supplied by glycogenolysis. If there is 
low or no glycogen store or there is defect in gly-
cogenolytic pathway, there is gluconeogenesis in 
which glucose production takes place from protein 
(amino acid) or fat (lactate). In gluconeogenesis, 
there will be ketosis, hyperuricemia, hypertri-
glyceridemia and elevated lactate. Glycogen stor-
age disease is broadly divided into hepatic and 
neuromuscular form. Glycogen synthesis is an 
ATP dependent process which occurs in liver 
cells. Glucose on entering the liver is rapidly phos-
phorylated to glucose 6 phosphate with the help 
of glucokinase. Glucose 6 phosphate is converted 
to glucose 1 phosphate by enzyme phosphogluco-
mutase. Glucose 1 phosphate is the starting point 
of glycogen synthesis. Glucose 1 phosphate is con-
verted to uridine di phosphate (UDP) glucose with 
the help of UDP glucose phosphorylase in the pres-
ence of uridine tri-phosphate (UTP). The glucose 
fraction of UDP may be added to existing glyco-
gen or protein glycogenin. With the formation of 
many long chains and branched points, glycogen 
molecule acquires a tree like structure with several 

branches. However, when needed, multiple glu-
cose molecules may be detached thereby a steady 
glucose level is maintained during fasting. There 
are numerous glycogen storage disease discovered 
and these are described chronologically from GSD 
type I to GSD type XI. All the GSDs are autoso-
mal recessive except IIa, IXa and IXd are X linked. 
These enzymatic defects manifest with dysfunc-
tion of liver, muscle or both. The different types of 
GSD are mentioned in Table 14.10.

Glycogen storage disease type I: GSD type I is 
due to deficiency of glucose 6 phosphatase complex. 
There are two subtypes, type Ia is due to deficiency 
of glucose 6 phosphatase α catalytic subunit and 
type Ib is due to glucose 6 phosphate transporter 
deficiency (Beyzaei et al., 2019). Glycogen storage 
disease type Ia accounts for 80% of GSD I defect. 
In GSD type 1a, there is accumulation of glycogen 
in liver, kidney and intestinal mucosa resulting in 
hepatomegaly and renomegaly. The patients usu-
ally manifest in the first year of life especially dur-
ing the weaning period. The child has prominent 
symptoms of hypoglycemia such as sweating, irri-
tability, drowsiness, weakness, and convulsions. 
There is growth retardation and developmental 
delay. Due to platelet dysfunction, easy bruising 
and epistaxis are common. Truncal obesity, short 

Figure 14.4  Glycogenolytic pathway. UDP, Uridy diphosphate; TCA, tricyclic acid cycle.
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stature and doll like face are striking. In second 
and third decade, these patients may have osteo-
porosis, hepatic adenoma and carcinoma, focal 
segmental glomerulosclerosis, interstitial nephritis 
and type II renal tubular acidosis. Laboratory tests 
reveal calciuria, hypoglycemia and high serum lac-
tate, uric acid and triglyceride. Glycogen storage 
disease type Ib also has similar clinical and bio-
chemical findings. The additional findings in GSD 
type Ib are neutropenia and inflammatory bowel 
disease of small intestine. Recurrent infection and 
oral ulcers may contribute to hypoglycemia. The 
diagnosis of GSD was initially based on muscle 
biopsy and enzyme assays. Genetic studies are now 
preferred because of noninvasive nature, better 
characterization and helps in prenatal diagnosis.

Treatment: The aim of treatment of GSD type I 
is to prevent hypoglycemia and to reduce neoglu-
cogenesis, thereby reducing the metabolic conse-
quences. Feeding may be started orally or through 
nasogastric tube. Uncooked corn starch is given 
periodically depending on the age. Corn starch 
therapy is started by 6 months of age when pancre-
atic amylase activity matures. In the children below 
2 years of age feeding is given three hourly and in 
older children and adults 4–5 hourly. The dose is 
calculated as per standard formula (Chen et al., 
2016). The dose of corn starch is adjusted based on 
blood glucose (>75 mg/dl) and lactate (<2.2 mM/l). 
Corn starch should be mixed with water in 1:2 ratio 
and glucose, fructose and galactose are avoided. 
Multivitamin, fish oil, vitamin E are supplemented, 
allopurinol is prescribed for hyper-uricemia, ACE 
inhibitor for proteinuria and calcium and vitamin 
D for preventing osteoporosis. With proper dietary 
treatment and supplementation, most patients do 
well till adulthood and complications are uncom-
mon. During pregnancy and surgery, the patient 
may need intravenous glucose and measures to 
control bleeding. In GSD 1b recurrent infections 
due to neutropenia need attention in addition to 
above measures. Recombinant human granulocyte 
colony stimulating factor is prescribed if there is 
severe mouth ulcer or diarrhea. The starting dose is 
2.5 µg/kg/day. A lower dose is preferred because col-
ony stimulating hormone is associated with splenic 
sequestration, splenic rupture and portal hyperten-
sion. For inflammatory bowel disease in GSD Ib, the 
corticosteroid or immunosuppression is not pre-
ferred. Nonabsorbable salicylate may be used.

GALACTOSEMIA

Galactosemia is an inborn error of metabolism 
caused by impairment of any of the three galactose 
metabolizing enzymes: galactokinase (GLK), galac-
tose 1 phosphate uridyl transferase (GLAT) and 
UDP galactose 4 epimerase (GAE) which may lead 
to hypergalactosemia. In 1917, Friedrich Goppert 
from Germany described galactosemia. The defect 
in galactose metabolism was reported in 1956 by 
Herman Kalckar (Goppert, 1917; Isselbacher et al., 
1956). Luis Federico Leloir contributed to under-
standing of metabolism of galactose–Leloir path-
way (Coelho et al., 2017). Galactosemia is a rare 
autosomal recessive disease with an incidence of 
1/40.000–60,000 live births in Europe and USA. 
The incidence is higher in Irish traveler popula-
tion, 1 in 480 live births (Murphy et al., 1999)

Pathology: Galactose is an aldohexose and is 
present in all living organisms. Dietary galac-
tose is absorbed by enterocytes of small intestine 
and is actively transported by sodium glucose 
co-transporter (SGLT1). About 88% of ingested 
galactose reaches liver where it is internalized 
by the liver cells with the help of glucose trans-
porter 2 (GLUT2). The remaining 12% of galac-
tose is distributed to the other organs. In the cells, 
galactose is metabolized by Leloir pathway. There 
are three enzymatic reactions in Leloir pathway 
(Figure 14.5):

	1.	 Galactose is converted to galactose 1  
phosphate

	2.	 Galactose 1 phosphate and UDP glucose are 
converted to UDP galactose and d-glucose 
1 phosphate with the help of galactose 
1 phosphate uridyl transferase (GALT)

	3.	 UDP galactose is converted to UDP glucose 
with the help of UDP galactose 4-epimerase 
(GALE).

Defect in metabolism in these three processes 
results in accumulation of galactose or galactose 
1 phosphate depending on the enzyme defect. 
If there is defective Leloir pathway, glucose is 
metabolized through alternative pathway lead-
ing to accumulation of metabolites galactitol and 
galactonate. The intracellular increase in galactitol 
leads to hyperosmotic state, oxidative stress and 
is responsible for cataract. In GALT and GALK 
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deficiency, there is also reduction in myoinositol. 
Based on residual enzyme activity of GALT, it can 
be classified into classic (severe deficiency), child-
hood variant (residual deficiency in RBC and liver) 
and biochemical variant galactosemia (15%–30% 
of GALT activity).

Classic galactosemia: Classical galactosemia 
manifests during neonatal period with the features 
of poor feeding, growth retardation, hepatomeg-
aly, jaundice, hypotonia, renal tubular dysfunc-
tion, cataract and E. coli septicemia. Restriction of 
galactose in early life reverses the symptoms; how-
ever neuropsychiatric, speech and autistic behav-
ior may persist in 38%–88%. The patients may 
also have ataxia, tremor, dystonia and dysarthria 
(Kaufman et al., 1995; Waggoner et al., 1990; Berry 
et al., 2017). Periodic evaluation of the patients is 
important. Cranial MRI reveals cerebral and cer-
ebellar atrophy. Gonadal failure occurs in nearly 
all the patients with classical galactosemia. These 
patients have delayed puberty, primary or sec-
ondary amenorrhea, infertility and premature 
menopause. In males, there is high incidence of 
cryptorchidism, reduced gonadal hormone and 
infertility. The diagnosis of classical galactosemia is 
suspected by clinical features, newborn screening 
test and confirmed by galactose 1 phosphate level 
and is RBC GALT enzyme activity or GALT gene 
mutation. Plasma galactose level is usually more 
than 10 mg/dl which is absent in normal individu-
als. Galactose 1 phosphate level is more than 120 
mg/l in classical galactosemia (N < 1 mg/dl). The 

other laboratory abnormalities are elevated serum 
bilirubin, transaminases and hypoglycemia, hyper-
chloremic metabolic acidosis, generalized amino-
aciduria, hypophosphatemia and anemia. There 
are more than 300 mutations in classical galacto-
semia, the commonest being pq1 88 R (C563A-G) 
in Caucasians.

Clinical and biochemical variants of galacto-
semia: Clinical variant of galactosemia has mini-
mal GALT activity in RBC, liver and intestinal 
cells. The patient presents like classical galactose-
mia during the neonatal period. On diet restric-
tion, they do not have long-term effects. The RBC 
galactose 1 phosphate is more than 10 mg/dl which 
falls to less than 1 mg/dl on dietary restriction.

Biochemical variant of galactosemia is asymp-
tomatic and is detected during newborn screen-
ing. Blood galactose is normal, but GALT activity 
is reduced. This variant does not require dietary 
restriction.

GALK deficiency: GALK deficiency is rare (less 
than 1 in 100,000 live birth) and occurs due to 
mutation in GALK 1 gene located in chromosome 
17q 24. There is accumulation of galactose and 
galactitol. It is characterized by cataract within 
1 month of age.

GALE deficiency: GALE deficiency is an auto-
somal recessive disorder due to GALE gene. It has 
3 presentations, severe generalized galactosemia, 
intermediate and peripheral forms. The interme-
diate and peripheral forms usually remain asymp-
tomatic, but the generalized form is similar to 
classical galactosemia.

Treatment: The treatment of classic galacto-
semia is galactose restricted diet lifelong which 
is mainly restriction of dairy products. The tar-
get level of RBC galactose 1 phosphate is 1–4 
mg/dl and urinary galactitol 100–400 µM/mMol 
of creatinine.

UREA CYCLE DISORDERS (UCD)

Normally urea cycle is responsible for endogenous 
production of arginine, ornithine, and citrulline as 
well as clearing the waste nitrogen product during 
protein turnover especially ammonia to urea or 
uric acid. Urea cycle was first described by Hans–
Krebs and Kurt Henseleit in 1932 (Krebs and 
Henseleit, 1932). There are five enzymes in urea 
cycle – carbamoyl phosphate synthetase (CPS1), 

Figure 14.5  Leloir pathway of galactose metabo-
lism. GALE, UDP-galactose 4-epimerase; GALK, 
galactokinase; GALT, galactose-1-phosphate 
uridylyltransferase.
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ornithine transcarbamylase (OTC), argininosuc-
cinic acid synthetase (ASS), argininosuccinic acid 
l-lyase (ASL) and arginase (ARG1). There is one 
cofactor producing enzyme (N acetyl glutamate 
synthase, NAGS) and two amino acid transporter 
[ornithine translocase (ORNT1) and citrin]. Any 
of these enzymes or transporter defects may result 
in urea cycle disorder (UCD) leading to accumula-
tion of ammonia and other metabolites proximal 
to the enzyme defects (Figure 14.6).

The incidence of USD is 1 in 8000 to 35,000 live 
births, OTC deficiency being the commonest. All 
the UCDs are autosomal recessive except OTC 
which is X linked. The accumulation of ammonia 
in the blood is the key feature of UCD. Chronic 
hyperammonemic state may result in impaired 
ion gradient, neurotransmitter and mitochondrial 
function, metabolite transport and α-ketoglutarate 
to glutamine ratio

Clinical features: The clinical presentation of 
UCD depends on the type and extent of enzyme 
defects. Severe deficiency of first four enzymes and 
cofactors is associated with marked accumula-
tion of ammonia and other precursor metabolites 
within 1–2 days of birth. In UCD, a normal new-
born at birth becomes lethargic rapidly, has poor 

feeding, hypothermia, seizures, abnormal pos-
turing, hypo or hyperreflexia and coma. Partial 
enzyme deficiency may lead to milder symptoms 
such as anorexia, vomiting, lethargy, neuropsy-
chiatric abnormality, sleep disturbances or may 
be normal. The defect in the final enzyme of urea 
cycle ARG1 may have subtle clinical manifesta-
tions. The defects in amino acid transporter of urea 
cycle have similar manifestations as in those with 
enzyme deficiency. These patients may have addi-
tional features of chronic liver disease. All forms of 
UCDs may have acute crisis at any age. The acute 
and chronic manifestations of UCDs are presented 
in Table 14.11.

The clinical pictures of different types of UCDs 
are similar except spasticity in arginase deficiency 
and trichorrhexis nodosa (fragile hair) in ALSM 
deficiency. Any patient with unexplained acute 
encephalopathy or neuropsychiatric abnormality 
irrespective of age should be evaluated for plasma 
ammonia. High plasma ammonia (>150 µM/l), 
normal anion gap and normal blood glucose are 
suggestive of UCD. Quantitative amino acid mea-
surement may suggest tentative enzyme defect. 
Urinary orotic acid measurement may help in dif-
ferentiation of OTC deficiency (normal or low) 

Figure 14.6  Urea cycle. Five enzymes: CPS1, carbamoyl phosphate synthetase (CPS1); OTC, ornithine 
transcarbamylase; ASS, argininosuccinic acid synthetase; ASL, argininosuccinic acid l-lyase and ARG1, 
arginase. One cofactor producing enzyme: NAGS, N Acetyl glutamate synthase and two amino acid 
transporter; ORNT1, Ornithine translocase and Citrin.
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from CPS1 or AGS deficiency (high). Newborn 
screening for UCD is not widely practiced. Genetic 
studies are confirmatory.

Management: The management of acute crisis 
is aimed at rapid lowering of plasma ammonia to 
near normal by dialysis, nitrogen restriction by 
using scavenging drugs like sodium phenyl acetate 
or benzoate, arginine infusion, or oral citrulline. 
In NAGS deficiency, N-acetyl glutamate and carba-
myl glutamate may be curative. Complete restric-
tion of dietary protein should not exceed 24 h to 
prevent catabolism. Daily measurement of plasma 
amino acid level and supplementation is required 
to prevent catabolism of insulin glucose drip is rec-
ommended during acute crisis. Attention should 
be paid to maintain fluid, electrolyte balance and 
control of seizures.

KETOGENIC DIET

Ketognic diet (KD) is a high fat low carbohydrate 
diet that increases ketone body formation through 
fat metabolism in the liver. It simulates the condi-
tion of fasting without depriving the body of calo-
ries to sustain growth and development. Normally 
dietary carbohydrate is converted to glucose which 
is circulated in the body and is the main source of 
energy for brain. In the absence of carbohydrate 
liver converts fat into fatty acids and ketone bod-
ies. The brain uses ketone bodies as energy source 

instead of glucose. High ketone level in the blood 
“ketosis” reduces seizures and was an impor-
tant treatment before modern anticonvulsants 
were available.

Fasting or water diet was a method of treatment 
of epilepsy by ancient Greek physicians as early as 
400 BC. Erasis Tratus, the royal physician advised 
fasting without “mercy” for the treatment of epi-
lepsy. Galen also recommended attenuating diet 
for the treatment of epilepsy. Scientific evaluation 
of fasting in treatment of epilepsy was conducted 
(Gulepa and Marrie, 1911). Henry Rawle and 
Geyelil reported the benefit of fasting in 36 patients 
with epilepsy. Rolling Turner–Wood Yatt in 1921 
reported three water soluble compounds namely 
β-hydroxybutyrate, acetoacetate and acetone 
which are produced in the liver of starved subjects 
or those consuming high fat and low carbohy-
drate diet (Wheless, 2004). Russell Morse Wilder 
used the term “ketogenic diet” and also treated 
patients with epilepsy. For more than one decade, 
KD enjoyed the therapeutic preference in pediatric 
epilepsy when bromide and phenobarbital were the 
only anticonvulsants available. The interest in KD 
waned after 1940s, which has revived in 1990s for 
treatment of refractory epilepsy.

Composition of ketogenic diet: normal diet is 
composed of 55% carbohydrate, 30% protein and 
15% fat. In KD, the main source of calories is fat, 
and carbohydrate is substantially reduced. The 

Table 14.11  Clinical features of UCD during acute and chronic presentations (Haberle et al., 2012)

Acute presentation 
Central nervous system: 
Drowsiness to coma 
Seizure 
Ataxia 
Stroke like illness 
Transient visual loss 
Psychosis 
Gastrointestinal:
Vomiting, anorexia, hepatic encephalopathy 
Others: Multi-organ failure, peripheral circulatory failure 
Neonates may have sepsis or encephalitis-like presentation and respiratory distress 
Chronic presentation 
Central nervous system: Learning disability, developmental delay, mental retardation, visual loss, 

chorea, tremor, asterexis, headache, dizziness, confusion
Gastrointestinal: Abdominal pain, vomiting, protein aversion, hepatomegaly, raised liver enzymes
Psychiatric: Hyperactivity, behavioral abnormality, autistic behavior, self-injury behavior
Others: Fragile hair, dermatitis, episodic worsening 
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CKD (classic ketogenic diet) comprises of 90% fat, 
8% protein and 2% carbohydrate. This diet is very 
unpalatable and has side effects. For improving 
compliance it has been modified (Modified Atkins 
Diet, MAD) which includes 65% fats, 30% protein 
and 5% carbohydrate (Kossoff et al., 2008), subse-
quently using medium chain triglyceride (MCT) 
oil the proportion of fat is reduced to 45% and car-
bohydrate is increased to 35% and protein to 20% 
(Tanya et al., 2018, Zupec-Kania et al., 2008). In 
MCT variety KD the medium chain triglyceride is 
included by adding coconut or palm oil or both. 
The proportion of fat, carbohydrate and protein 
in different KD, is shown in Figure 14.7. Modified 
Ketogenic diet is advised based on age, tolerance, 
goal of ketosis and protein requirement (Zupec-
Kania et al., 2008).

Mechanism of action: Ketones decrease syn-
aptic transmission and have antioxidant and anti-
inflammatory effect. At synaptic level, ketone 
reduces membrane excitability, alter neurotrans-
mitter concentration and open ATP sensitive 
potassium channels. In MCT oil KD, acetoacetate 
and β-hydroxybutyrate increase GABA level. MCT 
oil also reduces AMPA receptors and glutamate 
levels. (Figure 14.8; Tanya et al., 2018; Ulamek-
Koziol et al., 2019).

Ketogenic diet in epilepsy: KD is mainly used 
in drug resistant epilepsy in children and adults 
having generalized or focal epilepsy. In a study, 51 
children with drug resistant epilepsy were treated 
with KD for 1 year, but only 47% could continue; 
43% of whom were seizure free and 39% had sei-
zure control by 50%–90%. Adverse events included 
dehydration, acidosis, infection, mood swing, 
lethargy, somnolence, vomiting and constipation 
(Vining et al., 1998). In another study on 150 chil-
dren, KD resulted in seizure remission in 7% by 
1 year, 90% seizure reduction in 27% and more than 
50% reduction 50% children (Freeman et al., 1998; 
Wu et al., 2016). Randomized controlled trial in 
145 children with drug resistant epilepsy, KD was 
useful in reducing frequency of seizures compared 
to control (75% vs 0%); 25% of these children had 
side effects (Neal et al., 2008). In a meta-analysis of 

Figure 14.7  Composition of normal and different ketogenic diet.

Figure 14.8  Mechanism of anti-seizure activity of 
ketogenic diet.
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270 adults with drug resistant epilepsy, 168 of them 
received KD. The benefit of KD in different studies 
ranged between 13% and 70%, and pool benefit was 
present in 42% patients. This study suggested that 
MAD should be tried before KD (Ye et al., 2015). 
In GLUT deficiency, syndrome and pyruvate dehy-
drogenase deficiency, the treatment of choice is 
KD because it bypasses the metabolic defect and 
provides ketones as a source of energy to the brain 
(Kossoff et al., 2009). In myoclonic atonic epilepsy 
(Doose syndrome), and infantile myoclonic epi-
lepsy (Dravet’s syndrome), seizure control by KD 
has been reported. In infantile spasm, KD has been 
tried in vigabatrin and steroid resistant children. 
Seizure remission was 35% in the first month and 
65% in the third month following KD in infan-
tile spasm (Pires et al., 2013). A Cochrane review 
including 778 patients (712 children, 66 adults 
from 11 studies) reported seizure freedom in 
0%–55% patients after 3 months. Seizure frequency 
was reduced in 85% patients. Gradual introduction 
of KD improved efficacy (Martin–McGill et al., 
2018). A meta-analysis including children and 
adults revealed seizure reduction in 60% children 
at 3 months and 46% at 2 years. Classical KD and 
MAD have comparable efficacy in refractory epi-
lepsy (Rezaei et al., 2019). Overall KD is effective 
in refractory generalized epilepsy, more in adults 
than in children (Ulamek-Koziol et al., 2019).

Adverse events of KD: KD diet is associ-
ated with a number of side effects which include 
cramps, bad breath, change in bowel habit, keto 
flu and loss of energy (Baranano et al., 2008). KD 
should be closely monitored once or twice a month 
for glucose, ketones, cardiac and other parameters 
(Shilpa and Mohan, 2018). Indian diet is rich in 
carbohydrate. STARCH study has revealed that 
Indians consume 65% of the calories from carbo-
hydrate irrespective of their diabetic status (Joshi 
et al., 2014). PURE study revealed that consump-
tion of carbohydrate more than 60% of total calorie 
is associated with high mortality whereas higher 
fat intake is associated with lower mortality, but 
not cardiovascular disease and cardiovascular dis-
ease mortality (Dehghan et al., 2017). An U-shaped 
curve on relationship between mortality and car-
bohydrate intake has been shown; more than 60% 
and less than 30% carbohydrate intake was asso-
ciated with high mortality. The risk of mortality 
was lower when carbohydrate intake was between 
50% and 55%, however, mortality was lower when 

dietary carbohydrate was replaced by plant-based 
protein and fat, and higher with animal-based pro-
tein and fat (Seidelmann et al., 2018).

CONCLUSION

Dietary management is an integral part of IEM. 
The management of IEM requires high index of 
suspicion, and laboratory confirmation is pos-
sible by genetic testing. In view of urgency, prompt 
treatment and evaluation should go on simultane-
ously. Proper understanding of mechanism and 
rational management are key to success. The rarity 
of IEM, high cost of diagnostic confirmation and 
treatment requires social support. Ketogenic diet 
is also an useful treatment option in selected cases 
of refractory epilepsy.
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