
 
 

 
 
 

MONITORING INFANT NEURODEVELOPMENT VIA THE 

HAMMERSMITH NEUROLOGICAL EXAMINATIONS IN 

CAMBODIAN INFANTS AT RISK FOR THIAMINE 

DEFICIENCY 

 
 
 
 
 
 
 
 

by 

KATHERINE DONG 

 
 
 
 
 
 
 
 
 
 

A THESIS 

 
Presented to the Department of Human Physiology  

and the Robert D. Clark Honors College  
in partial fulfillment of the requirements for the degree of  

Bachelor of Science 
February 2022 



 

 
 

ii 

An Abstract of the Thesis of 

Katherine Dong for the degree of Bachelor of Science 
in the Department of Human Physiology to be taken February 2022  

 
 

Title:  Monitoring Infant Neurodevelopment via the Hammersmith Neurological 
Examinations in Cambodian Infants at Risk for Thiamine Deficiency  
 
 

Approved:  Dare Baldwin, Ph.D.    
Primary Thesis Advisor 

 

Thiamine deficiency affects millions of infants growing up in South and 

Southeast Asia due to heavy cultural reliance on thiamine-poor, polished white rice as a 

dietary staple. Recent evidence indicates that a thiamine-deficient diet not only 

endangers infants’ health, but also hinders infants’ neuro-cognitive development. As 

part of a larger, randomized controlled trial, my thesis investigated possible benefits of 

maternal thiamine supplementation for protecting breastfed Cambodian infants’ 

neurological development. Lactating mothers were randomly assigned to four treatment 

groups (0, 1.2, 2.4, and 10mg daily thiamine supplement) when infants were between 2- 

and 24-weeks postnatal. Infants’ neurological function was measured at 2-, 12-, 24-, and 

52-weeks via the Hammersmith Neurological Examination, a field-standard clinical 

assessment tool. As expected, infants’ Hammersmith scores improved significantly with 

age. However, maternal thiamine supplementation dose did not affect infants’ 

Hammersmith scores. Above all, this research indicates that the basic neurological 

functions assessed by the Hammersmith in early infancy were relatively unaffected by 

maternal thiamine supplementation.   
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Introduction  

Thiamine, also known as vitamin B1, is an essential micronutrient for human 

health and well-being. Additionally, thiamine is crucial for human development – both 

survival and neurocognitive development. In some regions, such as Southeast Asia, 

thiamine deficiency is common, due to heavy reliance on polished white rice as a 

dietary staple. This puts infants at risk for delays and deficits in growth, health, and 

neurocognitive development.  

The present thesis was part of a larger randomized controlled trial investigating 

the possibility that supplementing lactating mothers with daily thiamine might benefit 

their infants’ growth and neurocognitive development. This study was undertaken in 

Cambodia, and the thesis specifically examined possible relationships between maternal 

thiamine supplementation dose and measures of infants’ growth and neurocognitive 

functioning. In the following literature review, I will outline the role that thiamine plays 

in human physiological processes, how thiamine is typically obtained on the diet, and 

how much thiamine humans should consume. Then I will focus on the specific role of 

thiamine in neurological function and neurocognitive development, in particular motor 

skill, myelination, synapse formation, emotional stability, and cerebral metabolism. 

Literature Review 

Thiamine   

Thiamine is present in the body as free thiamine, as well as in several 

phosphorylated forms: thiamine monophosphate (ThMP), thiamine diphosphate 

(ThDP), and thiamine triphosphate (ThTP). In addition, thiamine contributes to 

metabolic processes, such as carbohydrate and amino acid metabolism, and circulates to 
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cells with high metabolic demands (I.e., liver, brain, pancreas, heart, and skeletal and 

smooth muscles) (Whitfield et al., 2018). Moreover, thiamine acts as a cofactor of 

several enzymes, such as pyruvate dehydrogenase complex and ketoglutarate 

dehydrogenase. These enzymes are essential in Krebs’s Cycle cell energy production 

(cell respiration). Not only does thiamine maintain and play a role in the energetic 

metabolism of the cell, but it also acts indirectly in lipid nucleotide formation (i.e., 

building DNA in fats). In the central nervous system (CNS), which consists of the brain 

and spinal cord, thiamine plays a fundamental role in neurophysiology. For instance, it 

participates in producing neurotransmitters underlying neural signaling, modifying ion 

channels to allow ions to enter cells for chemical or neural processes to occur, and 

playing a role in membrane structure and function stabilization (Dias, Silva, Doyle, & 

Ribeiro, 2013).   

Since thiamine can only be stored in insignificant amounts and has a short half-

life, it must be consumed frequently (Whitfield et al., 2016). Humans can obtain 

thiamine through their diet from whole grains, yeasts, meats, legumes, and nuts. 

However, in Southeast Asian countries, such as Cambodia, their dietary staple is 

thiamine-poor, polished, white rice. Additionally, there is a lack of dietary variation, 

which makes it challenging to consume enough thiamine for the body's demands. The 

recommended nutrient intake (RNI) of thiamine is 1.2 mg/day for men and 1.1 mg/day 

for women, which increases to 1.4 mg/day for pregnant and 1.5 mg/day for lactating 

women. In infancy, the adequate intake is thought to be 0.2 mg/day (0−6 months) and 

0.3 mg/day (7−12 months) (Whitfield et al., 2018). When mothers are thiamine 

deficient, they produce thiamine-poor milk. As a result of low maternal milk thiamine 
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levels, the mother's offspring would be at considerable risk for thiamine deficiency and 

other adverse outcomes. Hence, 70–100% of infants and 27–100% of reproductive-age 

women in Cambodia are estimated to be thiamine deficient (Johnson, Fischer, Thacher, 

Topazian, Bourassa, & Combs, 2019).   

Based on the diet in Cambodia, fortification -- a sustainable, cost-effective, and 

passive intervention -- is a possible solution for improving maternal thiamine intake 

(Whitfield et al., 2019). For instance, fish sauce – a widely and frequently utilized 

condiment -- could be used for thiamine fortification. In Prey Veng province, 

Cambodia, researchers performed two small, concurrent randomized controlled trials of 

thiamine-fortified fish sauces for over 6 months to determine whether thiamine-fortified 

fish sauce raised thiamine levels (Whitfield et al., 2018). Mothers consumed one sauce 

fortified at 2 g/L, one at 8 g/L, and one control sauce. As a result, maternal consumption 

of thiamine-fortified fish sauces significantly increased erythrocyte thiamine 

diphosphate concentrations (eTDP) in mothers and infants, and mothers had higher milk 

thiamine concentrations. The Whitfield et al. (2018) study indicated that thiamine 

fortified fish sauce could improve thiamine levels in Cambodians, particularly infants, 

to prevent adverse outcomes or thiamine deficiency. Namely, when infants had 

adequate thiamine levels, their bodies can grow and function properly. While fish sauce 

did enhance thiamine levels, commercially produced fish sauce may not be helpful for 

reducing thiamine deficiency in the poorest communities who make their own fish 

sauce, and consumption of this condiment is not universal in all regions where thiamine 

deficiency is common (Whitfield et al., 2019). For this reason, fish sauce is not an ideal 

vehicle for thiamine fortification.  
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Conversely, thiamine fortification of salt has the potential for combating 

thiamine deficiency because salt is low-cost (Whitfield et al., 2019), centrally 

manufactured, and widely utilized. However, both the salt intake of lactating women 

and the amount of thiamine added to salt that is required to optimize milk thiamine 

concentrations are unknown. Therefore, there is currently no fortification program for 

thiamine in Cambodia and thiamine deficiency remains a public health issue in 

Cambodia and Southeast Asia.  One of the aims of the randomized controlled trial (of 

which the present study is one small part) was to investigate key background questions 

that set the stage for undertaking thiamine fortification in Cambodia. 

Thiamine deficiency and neurological impairments   

Beriberi  

Beriberi, a serious and even fatal medical condition caused by thiamine 

deficiency, is prevalent in Southeast Asia. As a result, infantile beriberi-related 

mortality is still common. Beriberi is particularly serious in infants due to rapid physical 

and neurological growth and development during this time and high thiamine needs 

compared to body size. There are two categories of beriberi: Wet beriberi affects the 

cardiovascular system and is accompanied by edema, whereas dry beriberi affects the 

peripheral nervous system (Whitfield et al., 2018).  

Wernicke’s encephalopathy is another neurological disorder related to thiamine 

deficiency. Infants with this disorder would exhibit abnormal eye movement, gait 

ataxia, and cognitive impairment. The most severe form of Wernicke’s encephalopathy 

is Korsakoff's psychosis, in which patients are profoundly confused, and 

display confabulation with little or no working memory (Whitfield et al., 2018).   



 

 
 

5 

The most famous case of infantile neurological deficits due to thiamine 

deficiency was the Israeli Outbreak in 2003. Several infants with encephalopathy were 

in pediatric intensive care units in Israel, and two died of cardiomyopathy. In addition, a 

5.5-month-old infant arrived at the Sourasky Medical Center with rapid uncontrollable 

eye movement, weakness, paralysis of the eyes, vomiting, and Wernicke's 

encephalopathy. All these hospitalized infants had consumed a soy-based formula that 

had low thiamine levels due to thiamine having been inadvertently left out during 

manufacturing. Two years after the outbreak, Fattal-Valevski et al. (2005) compared 

neurocognitive progress between 20 infants who had been at risk of thiamine deficiency 

as a result of the defective formula and a control group of 20 infants who’d consumed 

other milk-related sources. The researchers found that, relative to control infants, infants 

who had consumed the thiamine-deficient formula displayed significant delays in 

expressive and receptive language development, mental development on the Bayley 

Scales of Infant Development mental motor development, and age at independent 

walking. These observational findings provided the first indication of how serious low 

thiamine intake may be for infants’ neuro-cognitive development, which encompasses 

several domains: brain structure and neurology, cognition, motor and sensory skills, etc. 

Neurological processes during infancy  

One of the neurological processes that is affected by thiamine deficiency is 

coating axons with myelin (myelination). Myelin is a white, fatty matter that coats 

axons and increases nerve impulse speed. Prior to birth, myelination occurs in brain 

areas involved in orientation and balance. After birth, myelination rates in areas 

involving vision and hearing attain a peak before myelination of areas related to 
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language (Gilmore et al., 2018). Thus, infants would begin to show visual and auditory 

skills followed by language skills. In addition, oligodendrocytes are glial cells in the 

CNS that produce myelin. From birth to 3 years of age, the number of oligodendrocytes 

in cerebral white matter increases rapidly from approximately 7 billion to 28 billion at 

age 3 years (Gilmore et al., 2018).  

During the first year of life, a host of neurodevelopmental processes occur, 

including neuron proliferation, axon and dendrite growth, synapse formation, pruning, 

and myelination. Neuron proliferation is the creation of new cells through cell division 

and this event starts in the 7th week of gestation to at least 4.5 months postpartum (Prado 

et al., 2014). Most neuron proliferation finishes at birth, but some neurons can be 

formed in adulthood. Dendrites are projections from cell bodies to make connections 

with other cells while axons are the portions of the neuron that transmit nerve signals 

and it can be myelinated. Axons and dendrites start to develop during gestation and 

continue to proliferate until at least 2 years after birth. Synapses are the ends of the 

neuron that release neurotransmitters to other neurons. Additionally, they connect 

between axons, dendrites, and cell bodies, and they begin to form around the 23rd week 

of gestation and persist throughout life (Prado et al., 2014). Synaptic density peaks at 

various times in different brain regions. For instance, the visual cortex attains its 

synaptic density peak between 4 and 12 months postpartum, while the prefrontal cortex 

reaches its peak after 15 months postpartum. Moreover, reduced synaptic density 

reflects synaptic pruning, which eliminates extra synapses and starts a year after birth 

and continues through adolescence.  
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When infants are developing under adverse circumstances, disruptions can occur 

in the neurological events described above. In association, infants may show delays in 

growth metrics (weight, head circumference, and length) and certain developmental 

milestones, such as grasping objects and walking (occurring normatively at about 52 

weeks). For instance, head circumference changes with infants’ rapid gray matter and 

white matter formation (Gilmore et al., 2018).  Head circumference may provide a 

proxy for gray and white matter formation.  Similarly, delays in growth, as measured by 

infants’ weight and length, may serve as a proxy for malnutrition that infants 

experienced both prenatally and postnatally, which in turn may be associated with 

neurological delay.  

In my thesis, I investigated how an infant's weight, head circumference, and 

length (anthropometrics), measured at 2 weeks (baseline) were associated with their 

Hammersmith scores and thiamine deficiency. These measures serve as an indicator for 

infant growth and development meaning they could provide essential information 

regarding the infant’s health and neurological status.  They are important because they 

reflect an infant’s health and may relate to neurocognitive development. Additionally, 

Cambodian infants’ growth metrics could demonstrate how they may exhibit delayed 

growth compared to WHO standards.  

Impact of Thiamine Deficiency on Physiological Processes   

There are some studies, primarily animal ones, that examined how nutrient 

deficiency (i.e., thiamine) could affect neurodevelopment. This section will explore 

both the animal and human literature to showcase what is known about the impact of 



 

 
 

8 

thiamine deficiency on neurodevelopment and physiological development more 

generally.   

Animal Studies 

Based on some animal studies, there is growing evidence that thiamine 

deficiency can also result in long-term cognitive impairments in milder forms. 

According to Dias et al. (2013), CNS development is influenced by psychosocial and 

biological factors, as well as genetic inheritance. These factors together increase or 

decrease cerebral development through neurogenesis, axonal and dendritic growth, 

synaptogenesis, cell death, synaptic pruning, myelination, and gliogenesis (Dias et al., 

2013).  

The period immediately after birth has the greatest cerebral vulnerability to 

maternal deficiency of thiamine. Namely, any deficiency that occurs during the 

postnatal period would negatively impact neurological function (i.e., reflexes, abilities, 

and gait). Dias and colleagues found that rats who were breastfed by thiamine-deficient 

mothers had defective cognitive function because thiamine deficiency hinders 

neurological processes, such as synaptogenesis and axogenesis. Therefore, low levels of 

thiamine resulted in disturbances in critical neurological processes in rats, leading to 

cognitive deficits such as memory loss, uncoordinated movement, and language 

impairment.   

Furthermore, thiamine deficiency can cause disruptions to regions of the brain 

responsible for motor control. In a couple of studies that utilized rats (Dias et al., 2013; 

Zhao et al., 2009), researchers have found that thiamine deficiency during pregnancy 

and lactation causes atrophy and decreased density of pyramidal and granular cells of 
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the hippocampus of rat puppies. All these dysfunctions persist into later life and could 

hinder the rats’ motor function. 

Moreover, several animal studies showed that thiamine deficiency can cause 

defects in certain areas of the brain that are crucial for proper metabolic function. For 

instance, low levels of thiamine might cause brain tissue injury by inhibiting 

metabolism in cerebral regions with higher metabolic demands and high thiamine 

consumption. The high rate of thiamine uptake by the blood–brain barrier reflects high 

cerebral demand for thiamine and the demand for its continuous supply for brain 

activity (Hiffler et al., 2016). In a study by Dias et al. (2013), cerebral enzyme activities 

that participate in energy metabolism (i.e., pyruvate and ketoglutarate dehydrogenase 

complex) significantly decrease in puppies from deficient mothers compared to puppies 

of control mothers (Dias et al., 2013). Similarly, a study by Zhao et al. (2009) showed 

that thiamine deprivation for 14 days in mice led to various deficiencies in transketolase 

(TKT), pyruvate dehydrogenase (PDH), and alpha- ketoglutarate dehydrogenase 

(αKGDH) activities in the cortex and hippocampus (Zhao et al., 2009) and TKT activity 

had the greatest reduction. TKT is essential because it serves as a cofactor of 

transketolase enzymes, PDH, and αKGDH, which are key enzymes involved in cell 

respiration. If any of these enzymes show reduction in activity, CNS cells cannot 

produce enough energy to perform neurological mechanisms that allow for neuron 

communication or CNS growth (i.e., axon growth). Hence, thiamine deficiency can 

harm neurological function due to defects on energy metabolism.   
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Human Studies 

There are also a few human studies that showed thiamine’s impairments on 

infant neurodevelopment. For instance, Dias et al. (2013) claim that thiamine 

shortcoming during pregnancy and breastfeeding is directly related to cognitive 

impairment of the child. Based on demographic data from populations with 

underprivileged individuals, the researchers believe that poverty due to malnutrition is a 

crucial risk factor in the occurrence of thiamine shortcomings. In another study, Prado 

and Dewey (2014) focused on the effects of early nutrient deficiency on long-term brain 

function, cognition, and well-being in infants from low- and middle-income countries. 

The researchers found that certain types of nutritional deficiency, such as thiamine 

deficiency, can impair cognitive, motor, and socio-emotional abilities. Harel et al. 

(2017) also discovered that thiamine deficiency in infancy has long‐term implications 

for gross and fine motor function and balance skills in childhood. Both Harel and Prado 

and their colleagues conclude that thiamine plays a crucial role in normal motor 

development.   

Additionally, thiamine deficiency can alter certain brain regions that are 

responsible for motor control. In a study by Dhir et al. (2019), the researchers 

performed MRI studies and found that mammillary bodies, basal ganglia, and frontal 

lobes were affected in children with thiamine deficiency. The mamillary bodies are 

components of the brain that are associated with recollective memory and transmit 

information about memory via the mammillothalamic tract (Peterson et al., 2021). The 

basal ganglia functions in inhibition of muscle tone, coordination of slow and sustained 

movements, organization of motor behavior or movement, and suppression of useless 
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patterns of movement. Moreover, the frontal lobe is responsible for voluntary motor 

control. 

Through animal studies, we could understand how thiamine deficiency plays a 

role in energy metabolism and neurological processes, such as axonogenesis, and relate 

that information to infants. With human studies, there are no studies that investigated 

thiamine’s physiological role in infants, such as metabolism, but there is some evidence 

that showed thiamine deficiency affects brain structures responsible for motor 

development. While both animal and human studies demonstrated that low thiamine 

levels could hinder early neurodevelopment and body function, only a handful of 

studies thus far have directly assessed relationships in human infants between thiamine 

status and neurological development. Therefore, my overarching goal in this thesis is to 

contribute to the small existing literature regarding relationships between infants’ 

thiamine status and both their physiological status shortly after birth, and their 

neurological development over the first year of life.  

Hammersmith Neurological Examinations   

Since nutrient deficiency appears capable of contributing to adverse effects on 

an infants’ nervous system, neurological examinations can determine if there are delays 

in normal development and functions. Delays may be due to trauma during labor and 

delivery (I.e., decreased oxygen levels and high blood pressure), which result in 

neurological insults, or potentially to other causal factors such as thiamine deficiency.  

Neurological examinations have been developed to understand the neurologic 

status of post-natal infants that were born at various times (full-term, late-term, etc.) and 

whether they had impairments in their nervous systems. There are several examinations 
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that are utilized in clinical and research settings, such as the Touwen Infant 

Neurological Examination (TINE), the Amiel-Tison Neurological Assessment at Term 

(ANAT), and Hammersmith (Maitre et al., 2016). TINE assesses infants’ posture and 

motility during sitting, standing, and walking (Hadders-Algra et al., 2009). It also 

evaluates infants’ brainstem reactions, visuomotor function, muscle tone, and different 

reflexes. Additionally, ANAT is a set of three different instruments that measures axial 

motor activity (active tone), passive tone in limbs and arms, head growth and cranial 

sutures (Gosselin et al., 2005). It is used in clinical and research settings to identify 

children from 32 weeks to 6 years of age with mild to severe neuro-cranial signs that 

may benefit from early intervention (Gosselin et al., 2005).  

For my thesis, I will investigate the Hammersmith Neonatal Neurological 

Examination (HNNE) and the Hammersmith Infant Neurological Examination (I will 

collectively refer them as Hammersmith examinations). The Hammersmith 

examinations were originally created by Dr. Lilly Dubowitz and Professor Victor 

Dubowitz in 1981, and updated by Dr. Eugenio Mercuri, in 1998 (Mercuri et al., 2015). 

These assessments were meant to be fast, practical, easy to perform, and include 

standardized scoring columns that contained definitions along with diagrams (see 

Appendix A and B). The examination’s approach to evaluate an infant’s neurological 

status is to categorize tasks (i.e., head posture) into certain categories (i.e. posture) to 

comprehend specific aspects of neurodevelopment. The scores from the categories are 

combined to establish the infant’s overall neurological status across different 

neurodevelopmental domains (Mercury et al., 2015). These examinations tell us about 

which areas in the brain may contribute to an infant’s performance on a neurological 
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assessment. Namely, an infant’s performance on these examinations can provide insight 

on how they are developing and where in the nervous system they exhibit defects in 

neurological development. 

HNNE consists of 6 categories administered in the following order: tone, tone 

patterns, reflexes, spontaneous movements, abnormal signs, and behavior. It is 

performed on newborns from birth to 2 months old. Both assessments sum individual 

scores for each category to obtain both a subscore and an overall score representing an 

infant's neurological status. By comparison, HINE is a brief, standardized, and scorable 

clinical neurological examination administered to infants who are 2–24-months old. 

This examination consists of 34 items and six categories (tone, tone patterns, reflexes, 

spontaneous movements, abnormal signs, and behavior).  

Many studies have utilized HINE and HNNE in different clinical groups of full-

term and preterm infants at different ages within the neonatal period. These studies 

primarily assess neurodevelopmental disabilities in term and preterm infants with no 

underlying health conditions. Researchers have also utilized the HINE to distinguish 

babies with nervous system disorders, such as cerebral palsy, from healthy individuals 

(Romeo et al., 2020).  Additionally, a study by Venkata et al. (2020) used HNNE to 

compare neurodevelopmental disabilities in term versus preterm infants. They also tried 

to determine if they could use HNNE to predict cognitive dysfunction subsequently, at 

one year of age. Furthermore, Chin et al. (2018) evaluated the neurological status of 

late-preterm infants using the HNNE. They found that these infants were neurologically 

more immature than their term counterparts.     
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Infant neurological examinations in relation to thiamine deficiency 

Based on existing literature, Hammersmith examinations have been used to 

assess infants born at different terms and to detect high risk of neurological disorders, 

such as cerebral palsy, at an early age. It is also used to detect significant delay with 

respect to developmental milestones (i.e., independent walking) in children with this 

disorder (Maitre et al., 2016; Romeo et al., 2020; Venkata et al., 2020; Chin et al., 

2018).   

To date, there have been very few studies that utilized Hammersmith or other 

neurological assessments, such as the Touwen Infant Neurological Examination 

(Hadders-Algra et al., 2009) and the Amiel-Tison Neurological Assessment at Term 

(Gosselin et al., 2005), in the context of micronutrient deficiency. A study by Kumar et 

al. (2018) investigated the associations of iron and folic acid with developmental 

milestones and found that deficiencies in those nutrients resulted in delays in 

neurodevelopment. In particular, the researchers evaluated infants’ neurological statuses 

using the Trivandrum Development Screening Chart, a test that assesses cognitive and 

motor milestones in children, and a full systemic neurological examination that assessed 

various aspects of neurodevelopment (i.e., motor skills, sensory skills, reflexes, and 

cranial nerves) (Kumar et al., 2018). However, very little is known about thiamine’s 

role in human infant neurological development. Particularly, there are no studies that 

utilized Hammersmith in the context of thiamine deficiency. 

Research Goal 

As mentioned above, there are very few studies or clinical applications 

examining relationships between infants’ thiamine status and their HNNE/HINE scores. 
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Hence, my thesis aimed to provide an initial attempt to fill this gap.  In particular, the 

thesis research investigated the extent to which low-dose thiamine supplementation for 

lactating Cambodian mothers might affect their breastfed infants’ neurological status, as 

measured by their Hammersmith scores on the HNNE and HINE.  

This study took place in the context of a larger double-blind, four-parallel arm, 

randomized controlled trial. 335 healthy mother (18-45 years) and baby pairs from the 

Kampong Thom province of Cambodia were recruited as participants. Each mother-

infant pair was assigned to one of four thiamine supplementation treatment groups: 0 

mg (placebo, 1.2 mg (EAR), 2.4 mg (2 x EAR), and 10.0 mg (positive control). Mothers 

were asked to consume one capsule daily between 2 and 24 weeks postnatal. 

Additionally, maternal milk thiamine levels were assessed at various timepoints, the 

HNNE was performed when infants were 2 weeks post-natal, and the HINE was 

performed when infants were 12-, 24-, and 52-weeks post-natal.  

For my thesis, I investigated several specific questions regarding possible 

relations between maternal thiamine supplementation and infants’ developmental 

outcomes, using the HINE as the primary measure of infants’ neurocognitive 

development at 24 weeks (Endline). My three main research questions were:  

1) to what extent did infants display progress in their HINE scores from 12- to 

52-weeks? 

2) to what extent were infants’ growth metrics at 2 weeks (weight, head 

circumference, length) associated with their Hammersmith scores? 

3) to what extent did low-dose maternal thiamine 

supplementation affect infants’ HINE/HNNE scores?  
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I predicted that infants’ HINE scores would display evidence for developmental 

progress from 12- through 52-weeks, even while controlling for infants’ baseline 

neurological status via their HNNE scores. Additionally, I hypothesized that infants’ 

growth metrics at 2 weeks (weight, head circumference, length) would be associated 

with their Hammersmith scores, both concurrently and at subsequent timepoints. 

Specifically, I predicted that higher growth metrics at 2 weeks would be significantly 

correlated with higher Hammersmith scores at 2-, 12-, 24-, and 52-weeks post-natal. 

Finally, I hypothesized that low-dose maternal thiamine supplementation would benefit 

infants’ neurological status based on previous evidence of thiamine’s importance in 

neurological development. Thus, I predicted a dose-response relationship between 

maternal thiamine supplementation dose and infants’ HINE scores at 24-weeks 

(Endline) and 52-weeks (One-Year Follow-up).  
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Methods 

The research on which this thesis was based complied with all IRB-requirements 

to ensure the safety of the participants. Ethical approval was obtained from the National 

Ethics committee for Health Research, Cambodia; Mount Saint Vincent University 

Research Ethics Board, Canada; and the University of Oregon Institutional Review 

Board, USA.  

Participants:  

Participants (335 pregnant women) were recruited through antenatal care visits 

and consultations with local village chiefs, elders, and health center staff. The pregnant 

women were advised and provided with a general overview of the research study. To be 

eligible for the study, the mother’s most recent pregnancy had to be normal (i.e., no 

known chronic conditions, preeclampsia, gestational diabetes, etc.), and the infant was 

born without complications (I.e., low birth weight, tongue tie, cleft palate). Other 

criteria included: not taking or having taken thiamine-containing supplements over the 

past 4 months and not currently participating in any nutrition programs beyond normal 

care.  Furthermore, participants, research assistants, study investigators and data 

analysts were blinded to the randomized groups. Within each treatment group, women 

were asked to consume one capsule daily between 2 and 24 weeks postnatal.   

Table 1: Treatment arm and thiamine dose administered to participants 
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Additionally, Table 2 presents the mothers’ and infants’ demographic information 

(reprinted from Measelle, et al, 2021).  

Table 2: Infant and maternal sample characteristics by treatment group 

 TOTAL  
N=335  

Placebo 
(0 mg)  
n=83  

1.2 mg  
 n=86  

2.4 mg  
n=81  

10 mg  
 n=85  

   
Infant  

               

Sex, female  161 
(48%)  

43 (52%)  43 (50%)  33 (41%)  42 (49%)  

            
Age, years  28.1 

(6.2)  
28.3 (6.1)  27.9 

(6.7)  
28.1 (6.1)  28.1 (5.9)  

Parity, multiparous  57 
(69%)  

54 (65%)  54 (63%)  58 (72%)  64 (75%)  

Ethnicity, Khmer  335 
(100%)  

83 
(100%)  

86 
(100%)  

81 
(100%)  

85 (100%)  

Marital status                 
     Married  330 

(98%)  
79 (95%)  86 

(100%)  
81 

(100%)  
84 (99%)  

     
Divorced/Separated/Widowed  

5 (<1%)  4 (5%)  0 (0%)  0 (0%)  1 (1%)  

Education                 
     None  40 

(12%)  
10 (12%)  8 (9%)  13 (16%)  9 (11%)  

     Primary (1-6 years)  161 
(48%)  

43 (52%)  37 (43%)  40 (49%)  41 (48%)  

     Lower Secondary (7-9 
years)  

83 
(25%)  

16 (19%)  29 (34%)  19 (24%)  19 (22%)  

     Upper Secondary (10-12 
years)  

43 
(13%)  

12 (15%)  9 (11%)  8 (10%)  14 (17%)  

     Higher education  8 (2%)  2 (2%)  3 (3%)  1 (1%)  2 (2%)  
Milk total thiamine 
concentrations (µg/L) at 2-
weeks  

129.1 
(74.4)  

135.5 
(77.7)  

129.3 
(71.4)  

126.3 
(77.3)  

125.4 
(72.3)  

   
Household  

               

Husband education                 
     None  38 

(11%)  
10 (12%)  9 (10%)  9 (11%)  10 (12%)  

     Primary (1-6 years)  151 
(45%)  

42 (51%)  37 (43%)  39 (48%)  33 (39%)  

     Lower Secondary (7-9 
years)  

97 
(29%)  

21 (25%)  24 (28%)  23 (28%)  29 (34%)  
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     Upper Secondary (10-12 
years)  

34 
(10%)  

5 (6%)  13 (15%)  8 (10%)  8 (9%)  

     Higher education  15 (4%)  5 (6%)  3 (3%)  2 (3%)  5 (6%)  
Household size, number of 
people  

3.9 (1.9)  3.7 (1.7)  3.6 (1.8)  4.0 (2.1)  4.1 (2.0)  

Median Annual household 
income, US$ (IQR)  

1620  
(950-
3500)  

1800  
 (950-
3000)  

2050  
 (963-
3500)  

1600  
 (1000-
3000)  

2000  
 (1200-
3500)  

Wealth Index Score*                 
     Poorest  81 

(24%)  
22 (27%)  12 (15%)  21 (26%)  25 (29%)  

     Second  69 
(21%)  

16 (19%)  14 (16%)  20 (25%)  19 (22%)  

     Middle  108 
(32%)  

26 (31%)  31 (36%)  24 (30%)  27 (32%)  

     Fourth  54 
(16%)  

14 (17%)  20 (23%)  11 (13%)  9 (11%)  

     Wealthiest  23 (7%)  5 (6%)  8 (10%)  5 (6%)  5 (6%) 
 

Hammersmith Neonatal Neurological Examination (HNNE)  

 The Hammersmith Neonatal Neurological Examination (HNNE) was only 

performed at 2 weeks, and it was modified and shortened relative to the original 

exam. The HNNE also provided insight about an infant’s neurodevelopment by 

assaying infants’ motor and sensory responses. In this study, the examination consisted 

of 5 categories that were administered in the following order (Mercuri, Ricci, Pane, & 

Baranello, 2005):  

1. Tone and posture: posture, arm recoil, arm traction, leg recoil, leg 

traction, popliteal angle, head control (extensor and flexor tone), head lag, 

ventral suspension  

2.  Reflexes: tendon reflex, suck/gag, palmar grasp, plantar grasp, placing, 

moro reflex.  

3. Movements: quantity and quality of spontaneous movement, head 

raising prone.  
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4. Abnormal Signs: abnormal hand or toe postures, tremor, startle.  

5. Orientation and Behavior: eye appearances, auditory orientation, 

visual orientation, alertness, irritability, consolability, cry.  

The HNNE yielded “optimality” scores on a 1-5 scale. Scores of 1 and 5 were 

considered non-optimal while scores of 2, 3, and 4 were considered degrees of 

“optimal.” Since none of the infants scored a ‘5’ on any of the tasks, their scores from 

1-4 represented a linear scale, and could be analyzed in that fashion. The total score was 

summed from all 4 subscale scores (see below for clarification about subscales).  

Hammersmith Infant Neurological Exam (HINE)  

The Hammersmith Infant Neurological Examination (HINE) was performed at 2 

weeks, 12 weeks, and 24 weeks postpartum. Both versions of the Hammersmith are 

brief, standardized, and scorable clinical neurological examinations that provide basic 

information about infants’ neurological status through use of gentle touch and social 

interaction to evaluate infants’ sensory and motor responses. Prior to the test, 

administrators were trained on how to perform the exam. See Appendices A and B for 

detailed information about the HINE and HNNE items and scoring. 

This study performed a shortened version of the actual HINE. There were 12 

items, and 4 categories with their corresponding items were performed in the following 

order:  

1. Posture: head, trunk, hands  

2.  Movements: quantity and quality  

3.  Tone: scarf sign, passive shoulder, adductors, ankle dorsiflexion, and 

ventral suspension  
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4.  Reflex: arm protection and vertical suspension  

 Each item was scored individually (0, 1, 2, or 3); items within each category were 

summed to create the subscore and all items were added to produce an overall score of 

all individual items, which ranged from 0 to 78. Motor milestones (e.g., walking) and 

behavior states (e.g., emotional state) were documented as part of the assessment but 

they were not scored. If any asymmetry was detected (i.e., different scores for an 

infant’s right versus left side), each side was scored and averaged as one score for that 

item.  

Maternal Thiamine-status Measurements:  

Maternal blood samples were collected at 2 and 24 weeks whereas infant blood 

samples were obtained at 24-weeks postnatal. Both samples were collected using 

EDTA-coated tubes. Human milk samples were collected using a battery-powered 

single breast pump at 2-, 4-, 12-, and 24-weeks postnatal. For analysis, mothers’ venous 

blood samples were measured for erythrocyte transketolase, a marker for thiamine 

deficiency, and thiamine diphosphate concentrations (ThDP) at 2 weeks and 24 weeks 

postnatal. Milk samples were measured at the same ages for total milk thiamine 

concentrations. For infants, venous blood samples were also assayed for whole blood 

ThDP and erythrocyte transketolase at 24-weeks. In the thesis, only mothers’ 2-week 

total milk thiamine levels were analyzed. 

Approach to Answering Research Questions 

Here I outline the plan for analyses. First, I planned to investigate infants’ 

progress in their HINE scores from 12- to 52-weeks by performing a one-way ANOVA 

to determine if there are differences between groups.  
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Next my plan was to run a 3 X 4 mixed-design ANCOVA (with baseline HNNE 

scores as the covariate) to analyze infants’ total raw HINE scores to determine the 

relationship between low-dose maternal thiamine supplementation and infants’ 

HNNE/HINE scores. Additionally, I planned to perform Pearson correlations between 

HNNE scores and HINE scores at each time point.  

Finally, I planned to examine infants’ z-scored growth metrics (in relation to 

World Health Organization norms) at the baseline measurement timepoint (HNNE 2 

weeks) to determine how infants were faring at baseline. I then planned to examine the 

association of infants’ anthropometrics at 2 weeks with their Hammersmith scores by 

conducting Pearson correlations between each growth metric (length, head 

circumference, and weight) and HNNE score.  

Lastly, I planned to utilize two multiple regressions to explore the collective 

association of four predictors -- baseline Z-scored weight, mothers’ total milk thiamine 

levels measured at baseline (a proxy for infants’ prenatal access to thiamine), baseline 

HNNE scores, and maternal thiamine supplementation dose (0, 1.2, 2.4, 10mg) -- with 

infants’ 24-week HINE scores, and with infants’ 52-week HINE scores. These multiple 

regression models had the advantage of providing a) a potentially more sensitive test of 

maternal thiamine supplementation because they treated it as a scalar variable (as 

opposed to ANCOVA, which treated it as a categorical variable), and b) information 

regarding possible associations of other variables (e.g., 2-week Z-scored weight, 

mothers’ 2-week total milk thiamine level, maternal thiamine supplementation dosage) 

with neurological change (assessed at 24- and 52-weeks), given that HNNE baseline 

scores were auto-regressed in the analyses.   
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Results 

This study investigated several key questions, including possible relationships 

between maternal thiamine supplementation and indices of infants’ growth, such as 

their weight, height, and head circumference, as well as possible benefits of maternal 

thiamine supplementation for infants’ Hammersmith scores.    

Preliminary Analyses  

An important preliminary issue concerned the possibility that infants in the four 

thiamine treatment groups might have shown differences in their neurocognitive 

function, as measured by the HNNE, already at the baseline measurement timepoint 

(despite randomization to treatment group). However, no such differences were 

observed: A one-way ANOVA examining 2-week HNNE scores revealed no significant 

main effect of treatment group, F (3,331) = 0.55, p=0.65.    

We examined distributions of the Hammersmith scores at each timepoint (Figure 

1).  In Figure 1, the 2-week HNNE baseline showed a normal distribution with scores in 

the middle of the scoring range. Most of the infants had moderate HNNE scores while a 

few of them had fairly high or low scores (i.e., 31 or 17) meaning the majority of the 

infants had mid-range scores, indicating moderate neurological health. HINE scores 

increasingly shifted towards the high end of the Hammersmith scale from 12 weeks to 

52 weeks, indicating neurological function improving with age for infants in the sample, 

as a whole. At the same time, HINE distributions became increasingly negatively 

skewed as infants’ age increased. In particular, departures from normality were obvious 

when infants were 24 and 52 weeks, with a few infants displaying HINE scores that 
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were much lower than average. This pattern points to a handful of infants within the 

sample increasingly falling behind in neurological development. 

Baseline (2 weeks)   

  

 

Midline (12 weeks)   
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Endline (24 weeks)   

     

 

Follow-up (52 weeks)   

   

Figure 1.  The frequency of HNNE (2-week baseline) and HINE (12-, 24-, and 52-

weeks) scores at the four measurement timepoints.  

We also examined infants’ anthropometrics (Z-scored weight, head 

circumference, and length in relation to World Health Organization norms) at the 



 

 
 

26 

baseline measurement timepoint to gain a sense of how infants were faring in terms of 

growth at baseline, and in relation to possible differences at baseline among treatment 

groups (see Table 3).   

Table 3: Infants’ mean Z-scored weight, head circumference, and length at 2 

weeks in relation to WHO norms (standard deviations in parentheses) 

    Total    

N=335  

0 mg    

n=83  

1.2 mg    

n=86  

2.4 mg    

n=81  

10 mg    

n=85  

Z-weight  -0.52(0.97)   -0.40(0.95)   -0.50(0.96)   -0.59(0.88)  -0.58(1.07)  

Z-head 

circumference   

-0.72(1.02)    -0.59(1.14)   -0.77(0.98)    -0.81(0.99)    -0.73(0.96)    

Z-length   -0.62(1.02)    -0.52 (0.98)  -0.66(1.11)    -0.69(1.01)   -0.63(1.01)   

 

As is clear from Table 3, infants’ Z-scored growth metrics indicated substantial growth 

reductions relative to WHO norms when measured at 2 weeks.  This was not 

unexpected but underscores a range of factors affecting infants’ growth in Cambodia. A 

series of one-sample t-tests comparing the three growth metrics at 2 weeks to 0 (the 

expected mean for WHO norms) revealed that infants in the sample scored significantly 

below the WHO-normed mean on all three metrics, t’s < -9.76, p’s < .000. In addition, I 

conducted a series of one-way between-subject ANOVAs examining possible treatment 

group differences for the three different growth metrics (Z-scored weight, head 

circumference, length) at 2-weeks, with the expectation that, due to random assignment 

to treatment groups, no such differences would be statistically significant. These 
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analyses confirmed (all p’s > 0.165) that no statistically significant differences occurred 

in any of the three growth metrics for infants in the four different treatment groups.   

Developmental Progress in Hammersmith Scores  

Our first analysis of Hammersmith scores focused on two questions: a) the 

extent to which infants’ HINE scores displayed increases with development, and b) the 

extent to which maternal thiamine supplementation dosage influenced HINE scores. We 

investigated these questions via a 3 X 4 mixed-design ANCOVA examining infants’ 

total raw HINE scores with timepoint (12, 24, and 52-weeks) as the within-subjects, 

repeated-measures variable, treatment group (0, 1.2, 2.4, and 10mg daily thiamine) as 

the between-subjects variable, and baseline (2 week) HNNE score as a covariate (to 

control for starting differences in infants’ neurological status). Means and standard 

deviations can be viewed in Table 4. This analysis revealed a significant main effect of 

timepoint, F (2, 564) =23.96, p =.000, indicating that infants’ HINE scores showed 

systematic development with age.   

Table 4: Mean HNNE scores at 2 weeks and mean HINE scores at other timepoints 

in the study (standard deviations in parentheses)    

   

    Total    

N=335  

0 mg    

n=83  

1.2 mg    

n=86  

2.4 mg    

n=81  

10 mg    

n=85  

HNNE  

2 weeks 

9.42 (1.71)   9.62 (1.53)   9.29 (1.79)   9.25 (9.88)   9.52 (1.62)  

HINE  

12 weeks  

30.41(3.54)    30.89 (2.93)    30.47 (2.94)    30.03 (4.22)    30.24 (3.94)    
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HINE  

24 weeks   

34.18 (1.80)    34.26 (1.68)    34.22 (1.82)    33.86 (2.17)    34.38 (1.47)    

HINE 

 52 weeks 

34.96 (1.95)    35.04 (1.77)    35.06 (1.88)    34.91(2.12)    34.85 (2.03)   

 

Maternal Thiamine Supplementation on Hammersmith Scores 

The ANCOVA revealed neither a significant main effect of treatment group, F 

(3, 282) = 1.12, p = .34, nor a significant timepoint by treatment group interaction, F 

(6,564) = .45, p =.84, indicating that maternal thiamine supplementation had no 

systematic effect on infants’ HINE scores at any of the timepoints measured.  However, 

the ANCOVA did reveal a significant effect of the covariate - baseline (2 week) HNNE 

scores – on infants’ average HINE score across the three timepoints, F (1,282) = 15.20, 

p = .000. At the same time, a significant timepoint by covariate interaction indicated 

that this relationship depended on timepoint, F (2,564) = 8.46, p = .000. Figure 2 

displays the timepoint-related changes with respect to baseline HNNE scores, with the 

strongest relationship occurring at earlier timepoints (e.g., 12-weeks) and waning at 

later timepoints (e.g., 24- and 52-weeks), with a non-significant relationship at the 52-

week follow-up.  These analyses show HNNE was associated with neurocognitive 

status only at earlier ages (12 and 24 weeks postpartum).  Conversely, HNNE scores 

were not related with neurodevelopment of older infants (52 weeks postpartum).  

The ANCOVA just reported revealed no effect of thiamine on infants’ 

Hammersmith scores. I opted to undertake an additional analysis as a potentially more 

sensitive test to examine this issue. In this new ANCOVA, I collapsed across all three 
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thiamine supplementation conditions (i.e., 1.2, 2.4, and 10mg) to compare effects of 

thiamine supplementation (at any dose) relative to placebo (0mg).  Other variables in 

the analysis were the same as the previously reported ANCOVA (i.e., timepoint and 

HNNE baseline as covariate). However, consistent with the pattern of findings from the 

previous ANCOVA, no significant main effect nor interactions emerged involving 

maternal thiamine supplementation.  

  

Figure 2. Correlations between infants’ 2-week (Baseline) HNNE scores and 

infants’ HINE scores at subsequent timepoints 

  

Correlational Analyses 

 Also of interest was the extent to which infants’ baseline anthropometrics (e.g., 

Z-scored weight, head circumference, and length) and their Hammersmith scores at 2-, 

12-, 24-, and 52-weeks were related (Tables 5 and 6). Pearson correlations revealed 
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statistically significant positive relationships among all anthropometric measures at all 

timepoints.  HNNE at 2 weeks (Baseline) and HINE scores at 12- and 24-weeks were 

each significantly positive related, but none of these were significantly related to 52-

week (One Year Follow-up) HINE scores.  Lastly, 2-week (Baseline) anthropometrics 

(Z-scored weight, head circumference, and length) were significantly (or marginally, in 

one case) positively associated with 2-week (Baseline), 12-week (Midline), and 24-

week (Endline) Hammersmith scores, but none of the anthropometrics was significantly 

associated with HINE scores at 52-weeks (One Year Follow-up). 

 
Table 5: Correlations between infants’ neurological scores on the Hammersmith at 
2-, 12-, 24-, and 52-weeks and infants’ anthropometric growth scores at 2-weeks as 
measured by standardized length, weight and head circumference. 
 
Standardized infant growth measures at 2-weeks 
  
  Weight Head 

circumference  
Length 

2 weeks HNNE 
(Baseline) 

0.152** 0.119* 0.178** 

12 weeks HINE 
(Midline) 

0.225*** 0.155** 0.216*** 

24 weeks HINE 
(Endline) 

0.139* 0.104 0.147* 

52 weeks HINE 
(One Year Follow-
up) 

0.05 0.04 0.062 

Note. Standardized (z-score) measures of infant growth are based on World Health 
Organization norms. 
*p < .05; **p< .01; ***p< .001 
 

 
 
 
 
 
 
 



 

 
 

31 

Table 6: Correlations between infant’s 2-week HNNE baseline and 12 weeks, 24 
weeks, and 52 weeks HINE. (** denotes significance at the 0.01 level)   
  2 weeks HNNE 

(Baseline)   
12 weeks HINE 
(Midline)   

24 weeks HINE 
(Endline)   

2 weeks HNNE 
(Baseline)   

1 ---  --- 

12 weeks HINE 
(Midline)   

0.243**  1 ---  

24 weeks HINE 
(Endline)   

0.163**  0.329**  1  

52 weeks HINE 
(One Year 
Follow-up)   

0.010  0.041  0.053  

Note. Standardized (z-score) measures of infant growth are based on World Health 
Organization norms. 
*p < .05; **p< .01; ***p< .001 
 

Regression Models  

Lastly, I conducted two multiple regression analyses to examine the extent to 

which several predictors were systematically associated with a) 24-week HINE scores, 

and b) 52-week HINE scores. These regressions had the advantage of making it possible 

to test for a dose-response relationship between thiamine treatment group and 

Hammersmith scores, given that supplementation dose was treated as a scalar variable 

(0, 1.2, 2.4, or 10mg) in the model.  As well, in these regression models, I was 

controlling an earlier timepoint (2-week HNNE) of my dependent variable (24 weeks 

HINE), meaning the models were testing change in neurological level from baseline to 

the later timepoint. 

The predictor variables we were interested in included a) infants’ z-scored 

baseline weight (a proxy for the quality of infants’ intra-uterine environment), b) 

mothers’ total milk thiamine levels at baseline (a proxy for infants’ access to thiamine 
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prenatally), c) baseline HNNE scores, and d) the thiamine supplementation treatment 

group to which mothers and infants had been assigned. 

 Regarding the 24-week timepoint, the multiple regression shown in Table 7 

revealed an overall significant model (F = 3.236, p = 0.013), with R2 = 4.2%. Individual 

beta coefficients were statistically significant for baseline z-scored weight (beta = 

0.123, t = 2.086, p = 0.013) and baseline HNNE (beta = 0.135, t = 2.312, p = .013). 

These findings indicated that baseline weight was associated with 24-week 

Hammersmith scores, even while controlling for baseline Hammersmith, and that 

baseline Hammersmith was associated with 24-week Hammersmith, further confirming 

correlational findings reported earlier. None of the other individual beta-coefficients 

were statistically significant. Thus, regarding infants’ access to thiamine, neither 

maternal thiamine dosage during the clinical trial nor mothers’ baseline total milk 

thiamine level were significantly associated with infants’ 24-week neurological 

performance on the Hammersmith.  

The same multiple regression model yielded a different outcome for infants at 

the 52-week follow-up timepoint. As seen in Table 7, the regression model was non-

significant (F = 1.45, p = 0.219, R2 = 1.7%). The only predictor variable with an 

individually significant beta-coefficient was maternal total milk thiamine level at 

baseline (beta = 0.12, t = 2.05, p = 0.042). This finding suggested that infants’ pre-natal 

access to thiamine was significantly associated with change in their neurological 

function as assessed by Hammersmith at 52 weeks. This stood out as the one finding 

within this dataset hinting at a possible relationship between infants’ thiamine status and 

their developing neurological function (as measured at 52 weeks).   
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Table 7: Regression analyses of 2 week HNNE, Z-weight 2 weeks, treatment group 

thiamine levels, and 2 wees milk thiamine levels at 24 weeks and 52 weeks HINE 

 
24 Week Outcomes 52 Week Outcomes 

Predictors B SE 𝛽𝛽 
 

t 95% CI B SE 𝛽𝛽 
 

t 95% 
CI 

HNNE-2 
weeks 

.09 .04 .14 2.31* [.01, .16] .01 .04 .01 .14 [-.07, 
.08] 

Z-weight- 
2 weeks 

.23 .11 .12 2.09* [.01, .44] .10 .12 .05 .88 [-.13, 
.33] 

Treatment 
group 
thiamine 
levels 

.03 .03 .05 .87 [-.03, 
.08] 

-.02 .03 -.03 -.53 [-.07, 
.04] 

Milk 
thiamine- 
2 weeks 

.00 .00 .00 .09 [-.00, 
.00] 

-
.003 

.002 .12 2.05* [.00, 
.01] 

 R= 0.042, F (4, 293) = 3.24, 
p=0.013 

R=0.017, F (4, 306) = 1.45, 
p=0.219 

 
Additionally, the regression models were rerun with maternal thiamine 

supplementation groups collapsed together (thus the variable was dummy-coded as 0 

for placebo control group vs. 1 for any level of thiamine supplementation) to increase 

the sensitivity of detecting a possible thiamine effect. The pattern of results from these 

models was the same as the findings from the previously reported regressions, meaning 

that recoding the maternal thiamine supplementation did not change the outcome of 

these analyses. 

Discussion 

     The primary purpose of this thesis was to investigate the extent to which 

maternal thiamine supplementation benefitted exclusively breastfed, rural Cambodian 

infants’ neurological development, as measured by the Hammersmith Neurological 

Examinations (HNNE and HINE).  I predicted infants would exhibit developmental 
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progress on the Hammersmith from 12 to 52 weeks, and that maternal thiamine 

supplementation would have a dose-response effect on infants’ neurological function. 

Specifically, I anticipated that infants whose mothers received higher levels of thiamine 

supplementation would show higher Hammersmith scores.  Additionally, I examined 

the extent to which infants’ growth at 2 weeks post-natal (baseline) was associated with 

infants’ Hammersmith scores as they developed, hypothesizing that infants with higher 

growth metrics at 2 weeks would display higher Hammersmith scores at subsequent 

developmental timepoints. Furthermore, I explored other predictors, such as maternal 

milk thiamine at 2 weeks, that were associated with 24 weeks HINE and 52 weeks 

HINE. Since most of my analyses showed a nonsignificant relationship between 

thiamine group and infants’ Hammersmith scoring, the finding about 2 weeks maternal 

milk thiamine predicting 52 weeks HINE was surprising. 

Anthropometrics at 2 weeks and Hammersmith Scores 

Infants’ 2-week growth metrics showed delays relative to WHO growth norms, 

which was not unexpected given previous findings for infants born in rural Cambodia 

(Whitfield, et al., 2017). I undertook correlational analyses to investigate the extent to 

which 2-week growth metrics were positively associated with subsequent Hammersmith 

scores. These analyses confirmed that infants’ growth, as measured by Z-scored weight, 

head circumference, and length, were significantly (and in one case marginally) 

positively correlated with infants’ Hammersmith scores at 2-, 12-, and 24-weeks. That 

is, when infants were larger in regard to their growth metrics, they tended to display 

higher Hammersmith scores at the first three measurement timepoints. By the 52-week 

follow-up timepoint, these relationships had waned and were no longer statistically 
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significant. In any case, however, these findings underscore the potential value of early 

growth metrics for predicting infants’ neurocognitive trajectories in their first 6 months  

of life. 

Maternal Thiamine and Hammersmith Scores 

Analysis of variance revealed that infants’ Hammersmith scores showed 

significant improvements with development. That said, although most infants 

performed increasingly well on the HINE, there were a handful who had HINE scores 

that were strikingly lower than average. Examination of distributions at each timepoint 

revealed that some infants had HINE scores below 25 at 12 weeks (the average HINE 

score at that time point was 30.41). When timepoint progressed to 52 weeks, the 

frequency of infants who had low HINE scores became even more obvious. The 

negatively skewed distributions indicated that a handful of infants were displaying 

increasingly obvious delays in neurological development. 

In the analysis of variance, the thiamine supplementation treatment group to 

which infants had been randomly assigned had no significant effect on their 

Hammersmith scores at any developmental timepoint. Thus, my hypothesis regarding 

maternal thiamine supplementation benefitting infants’ neurological development – as 

measured by the Hammersmith -- was disconfirmed.  

I opted to carry out some additional exploratory analyses in relation to the dose-

response hypothesis. Particularly, I examined the hypothesis using a regression 

approach in addition to the analysis of variance approach already described, because a 

regression model considers the scalar level of maternal thiamine supplementation 

dosage. The regression approach thus provides a more sensitive test of the hypothesized 
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dose-response relationship of maternal thiamine supplementation to infants’ 

Hammersmith outcomes than analysis of variance, which only treats thiamine 

supplementation group as a categorical variable. I opted to include several predictor 

variables in addition to maternal thiamine supplementation treatment group to the 

regression model, including infants’ 2-week Z-scored weight (as a proxy for the quality 

of their intra-uterine environment), their 2-week HNNE score (to control for baseline 

Hammersmith scores), and maternal 2-week total milk thiamine levels (as a proxy for 

infants’ prenatal access to thiamine). When this regression model was conducted to 

examine 24-week Hammersmith scores, I found that the model overall was statistically 

significant, and that both infants’ 2-week Z-scored weight and their 2-week HNNE 

scores were significantly associated with their 24-week HINE scores. However, neither 

maternal supplementation treatment group nor 2-week maternal total milk thiamine 

levels were significantly associated with their 24-week HINE scores. These findings 

again disconfirmed my hypothesis that maternal thiamine supplementation would show 

a dose-response relationship to infants’ neurological function as measured by the 

Hammersmith. 

In contrast to these findings, the same regression model conducted in relation to 

Hammersmith scores from the 52-week follow-up measurement timepoint revealed a 

quite different picture.  Unlike at 24-weeks, neither 2-week Z-scored weight, nor 2-

week HNNE scores were systematically associated with 52-week Hammersmith scores. 

However, treatment group again was not significantly associated with 52-week 

Hammersmith scores. Among other things, these findings further disconfirmed the 

dose-response hypothesis regarding maternal thiamine supplementation. Yet strikingly, 
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in this analysis, maternal 2-week total milk thiamine levels displayed a significant 

relationship to infants’ 52-week HINE scores. This, then, was one sign – albeit the only 

sign – within my thesis dataset that infants’ early, pre-supplementation access to 

thiamine (prenatally and/or during their first two weeks of life) mattered for their 

subsequent neurological development. Maternal milk thiamine at 2 weeks baseline may 

have predicted 52-week HINE, but not 24-week HINE, because certain relevant 

neurological functions might not emerge in Hammersmith testing until 52 weeks. 

However, it is important to underscore that this regression analysis did not reach 

statistical significance. Given this, it is important to interpret this finding with caution.  

Broader Implications 

These thesis findings build on previous studies utilizing the Hammersmith 

Neurological Examinations by applying these neurological assessments in a nutritional 

setting. Furthermore, my results add to the literature regarding thiamine’s physiological 

effects on human development.  

My findings were consistent with previous evidence (Whitfield et al., 2017) that 

many infants growing up in rural Cambodia experience delayed growth (at least in 

relation to WHO norms). This is a concern for numerous reasons, but based on the 

findings from some statistical analyses, early growth parameters are associated with 

neurocognitive development. I found that infants’ early growth metrics (operationalized 

as Z-scored weight, head circumference, and length measured at 2 weeks postnatal in 

the present study) were associated with their subsequent Hammersmith scores up 

through 24-weeks of age. These findings point to the importance of continuing efforts to 

better support maternal and fetal health in the larger region of which Cambodia is a part. 
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Moreover, this thesis provided the first investigation ever to examine possible 

relationships between infants’ access to thiamine via maternal supplementation and 

their neurological function as measured by the Hammersmith. For this reason, my 

finding that Hammersmith scores were apparently unaffected by maternal thiamine 

supplementation is noteworthy. Yet in some respects this finding is also somewhat 

puzzling, as I discuss below. Further research will be necessary to investigate the many 

unanswered questions that arise in relation to my findings.  

Limitations    

I have considerable confidence that the Hammersmith was an appropriate 

instrument to utilize as a measure of infant neurological function for the present study. 

For example, previous research (e.g., Romeo, et al., 2020) indicates that the 

Hammersmith Neurological Examination is informative about neurological delay in 

early infancy even when infants do not have severe neurological dysfunction, such as 

cerebral palsy. At the same time, one of the possible limitations in this thesis was that 

modified versions of the two forms (HNNE and HINE) of the Hammersmith 

Neurological Examination were used. For instance, the cranial nerve function test was 

not included in the HINE. Some of these items could indicate an infant’s sensory 

(i.e., smell, hearing, taste) and motor (i.e., eye and facial movement) skills. Since 

cranial nerves and some other tests, such as lateral tilting, were excluded from the HINE 

measures utilized in this study, the infant’s overall HINE scores may not have reflected 

their entire neurological status. To the extent that the excluded items are important to 

overall HINE scores, my tests of thiamine supplementation’s influence on HINE scores 

might have been insensitive to such effects.  
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Another possible limitation of the present study was the fact that it wasn’t 

possible to ascertain the degree of reliability in the researchers’ Hammersmith scoring. 

As is typical in the field, the Hammersmith was scored live by an observing researcher 

while another researcher worked directly with infants, and these sessions were not 

videotaped. Thus, the degree to which Hammersmith scores in this study may have been 

affected by researcher implementation variability and other factors affecting scoring 

reliability isn’t known. 

Lastly, it is important to recognize the possibility that maternal thiamine 

supplementation might have revealed an influence on infants’ neurological function had 

the randomized controlled trial a) included higher dosages of thiamine than the low-

dose supplementation undertaken in this research (with the highest daily dose being just 

10mg thiamine), b) begun either during or before pregnancy, and/or c) continued 

beyond 24-weeks post-natal.  Future research will be necessary to provide information 

on these important issues.  

Future Directions   

The findings from the thesis raise a number of questions for future investigation. 

For one, to some degree there is a disconnect between the thesis findings and other 

findings recently reported for the results of the larger dataset arising from the same 

randomized, controlled trial. These previous studies documented a statistically 

significant dose-response relationship between maternal thiamine supplementation and 

a) infants’ scores on the language subscales of the Mullen Scales of Early Learning 

(MSEL) (Measelle, et al., 2021) and b) infants’ attentional response to infant-directed 

speech (Baldwin, et al., under review). These findings point to benefits of such 
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supplementation for infants’ neurocognitive development. Given these findings, it 

might seem surprising that maternal thiamine supplementation did not appear to have a 

similar beneficial effect on infants’ performance on the Hammersmith measure of 

neurological development. 

  One possible explanation for what might appear to be a discrepancy in findings 

could be that benefits of thiamine supplementation are especially pronounced for 

language development, which the Hammersmith does not measure. Consistent with this 

possibility, Measelle and colleagues found that maternal thiamine supplementation did 

not show a dose-response benefit for infants’ performance on the MSEL fine- and 

gross-motor subscales; that is, the supplementation benefit was largely limited to the 

MSEL language subscales. In other words, differences between my findings and others 

from the same sample may have occurred because the Hammersmith primarily assesses 

movement and motor skills whereas MSEL and the infant-directed speech task measure 

language abilities. Taken together, the prior findings and the present findings appear to 

provide growing evidence that thiamine supplementation during early infancy is 

particularly impactful for infants’ developing language functions.   

Although my analyses disconfirmed the hypothesis that maternal thiamine 

supplementation would show a dose-response relationship to neurological development, 

as measured by Hammersmith scores, a lone finding hinted that infants’ prenatal access 

to thiamine might matter for Hammersmith scores downstream at 52-weeks. 

Specifically, maternal total milk thiamine levels assayed at 2 weeks postnatal – a proxy 

for infants’ prenatal access to thiamine -- were significantly associated with infants’ 52-
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week HINE scores, while controlling for treatment group, Z-scored weight, and 2-week 

baseline HNNE scores.  

On the one hand, there is strong reason for caution in the interpretation of this 

finding. The finding arose from an exploratory regression analysis that revealed a non-

significant model overall and is the only finding within this thesis that pointed to a 

possible impact of maternal thiamine on infants’ Hammersmith scores. The finding 

warrants further investigation, however, both to discover whether it replicates, and to 

examine in a more direct way the extent to which infants’ prenatal access to thiamine 

impacts their subsequent neurological development. 

Having noted the need for interpretive caution, it is also worthy of note that the 

finding in this thesis of a significant relationship between maternal total milk thiamine 

levels at 2 weeks and Hammersmith scores at 52 weeks meshes to some degree with 

findings from Measelle, et al. (2021) for this same sample. Measelle and colleagues 

documented a statistically significant association between 2-week maternal total milk 

thiamine levels and infants’ fine-motor MSEL sub-scale scores, as well as their MSEL 

language sub-scale scores (although in the case of their findings the relationship was 

statistically significant at 24 weeks but not at the 52-week follow-up timepoint). 

Moreover, the association between 2-week total milk thiamine levels and 52-week 

Hammersmith scores also echoes a finding reported by Fattal-Valevski and colleagues 

(2009). They observed that Israeli infants who had earlier been affected by thiamine-

deficient formula subsequently displayed delays in independent walking, which is a 

skill that tends to emerge normatively at about 52 weeks of age (Fattal-Valevski et al., 

2009). All in all, these small convergences in findings across studies further underscore 
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the need for continued investigation of the implications of infants’ prenatal thiamine 

access for their subsequent neuro-cognitive development, especially in relation to motor 

and language development. Such investigation will benefit from initiation of new 

research in which maternal thiamine supplementation is begun during the prenatal 

period, and potentially continued beyond the 24-week timepoint (at which 

supplementation ceased in the present study). 

Lastly, an important future direction will be to include additional neurological 

probes beyond the Hammersmith. Inclusion of other neurological measures will make it 

possible to assess the degree to which the present findings are robust across multiple 

neurological instruments. 

Conclusions   

In the present study, breast-fed Cambodian infants showed marked delays in 

growth metrics relative to WHO norms. Moreover, their growth metrics were associated 

with their neurological function during early infancy, as measured by the Hammersmith 

Neurological Examination. This underscores the importance of interventions to protect 

infants’ health and growth in the Southeast Asia region.  

Low-dose maternal thiamine supplementation did not appear to affect infants’ 

Hammersmith scores in this study. Given that the Hammersmith primarily probes motor 

function, this may indicate that motor development is not a primary locus of benefit 

from maternal thiamine supplementation. Other accounts of the findings are also 

possible, however, raising the need for further investigation of these important 

developmental issues.   
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Appendices 

Appendix A: HNNE Scoring Rubric and Procedure 

Tone and Posture 
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Reflexes 

 

Movements 

 

Abnormal Signs 
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Orientation and Behavior 

 

 

Appendix B: HINE Scoring Rubric and Procedure 

Posture 

 

Movements 
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Tone 

 

 

Reflex 

 

 

 

 

 

 

  

 

 



 

47 
 

Bibliography 

 
 
Baldwin, D., Measelle, J., Gallivan, L., Sanchirico, A., Weinstein, N., Bala, A., Chan, 

K, Gallant, J. H., Borath, M., Kroeun, H., Prak, S., Wieringa, F., Green, T. J., 
Whitfield, K. C. (under review). Low-dose maternal thiamine supplementation 
enhances language processing in rural Cambodian breastfed infants. 

 
Butterworth, R. F. (2003). Thiamin deficiency and brain disorders. Nutrition Research 

Reviews, 16(2), 277–284. https://doi.org/10.1079/nrr200367  
 
Chin, E. Y., Baral, V. R., Ereno, I. L., Allen, J. C., Low, K., & Yeo, C. L. (2018). 

Evaluation of neurological behaviour in late-preterm newborn infants using the 
Hammersmith Neonatal Neurological Examination. Journal of Pediatrics and 
Child Health, 55(3), 349–357. https://doi.org/10.1111/jpc.14205  

 
Dhir, S., Tarasenko, M., Napoli, E., & Giulivi, C. (2019). Neurological, Psychiatric, and 

Biochemical Aspects of Thiamine Deficiency in Children and Adults. Frontiers 
in Psychiatry, 10. https://doi.org/10.3389/fpsyt.2019.00207   

 
Dias, F. M. V., Silva, D. M., Doyle, F. C., & Ribeiro, A. M. (2013). The connection 

between maternal thiamine shortcoming and offspring cognitive damage and 
poverty perpetuation in underprivileged communities across the world. Medical 
Hypotheses, 80(1), 13–16. https://doi.org/10.1016/j.mehy.2012.09.011   

 
Fattal-Valevski, A. (2005). Outbreak of Life-Threatening Thiamine Deficiency in 

Infants in Israel Caused by a Defective Soy-Based Formula. PEDIATRICS, 
115(2). https://doi.org/10.1542/peds.2004-1255.  

 
Fattal-Valevski, A., Azouri-Fattal, I., Greenstein, Y., Guindy, M., Blau, A., & Zelnik, 

N. (2009). Delayed language development due to infantile thiamine deficiency. 
Developmental Medicine & Child Neurology, 51(8), 629–634. 
https://doi.org/10.1111/j.1469-8749.2008.03161.x 

 
Fattal-Valevski, A., Azouri-Fattal, I., Greenstein, Y. J., Guindy, M., Blau, A., & Zelnik, 

N. (2009). Delayed language development due to infantile thiamine deficiency. 
Developmental Medicine & Child Neurology, 51(8), 629–634. 
https://doi.org/10.1111/j.1469-8749.2008.03161.x  

 
Gilmore, J. H., Knickmeyer, R. C., & Gao, W. (2018). Imaging structural and functional 

brain development in early childhood. Nature Reviews Neuroscience, 19(3), 
123–137. https://doi.org/10.1038/nrn.2018.1  

 
  

https://doi.org/10.1079/nrr200367
https://doi.org/10.1111/jpc.14205
https://doi.org/10.1016/j.mehy.2012.09.011
https://doi.org/10.1542/peds.2004-1255.
https://doi.org/10.1111/j.1469-8749.2008.03161.x
https://doi.org/10.1038/nrn.2018.1


 

 
 

48 

Hadders-Algara, M., Heineman, K. R., Bos, A. F., & Middleburg, K. J. (2010). The 
assessment of minor neurological dysfunction in infancy using the Touwen infant 
neurological examination: Strengths and Limitations. Developmental Medicine & 
Child Neurology, 52(1), 87–92. https://doi.org/10.1111/j.1469-
8749.2009.03305.x.  

 
Harel, Y., Zuk, L., Guindy, M., Nakar, O., Lotan, D., & Fattal‐Valevski, A. (2017). The 

effect of subclinical infantile thiamine deficiency on motor function in preschool 
children. Maternal & Child Nutrition, 13(4). https://doi.org/10.1111/mcn.12397   

 
Hiffler, L., Rakotoambinina, B., Lafferty, N., & Martinez Garcia, D. (2016). Thiamine 

deficiency in tropical pediatrics: New insights into a neglected but vital 
metabolic challenge. Frontiers in Nutrition, 3. 
https://doi.org/10.3389/fnut.2016.00016  

 
Johnson, C. R., Fischer, P. R., Thacher, T. D., Topazian, M. D., Bourassa, M. W., & 

Combs, G. F. (2019). Thiamin deficiency in low- and middle-income countries: 
Disorders, prevalences, previous interventions and current recommendations. 
Nutrition and Health, 25(2), 127–151. 
https://doi.org/10.1177/0260106019830847.  

 
Kumar, N., Poswal, L., Goyal, S., Chaudhary, C., Rattan, A., & Koli, H. (2018). 

Micronutrient deficiency status in children below 2 year of age with delayed 
milestones. International Journal of Contemporary Pediatrics, 5(4), 1542. 
https://doi.org/10.18203/2349-3291.ijcp20182561. 

 
 Maitre, N. L., Chorna, O., Romeo, D. M., & Guzzetta, A. (2016). Implementation of 

the Hammersmith Infant Neurological Examination in a High-Risk Infant 
Follow-Up Program. Pediatric Neurology, 65, 31–38. 
https://doi.org/10.1016/j.pediatrneurol.2016.09.010  

 
Manzardo, A. M. (2016). Thiamine deficiency and alcoholism psychopathology. 

Molecular Aspects of Alcohol and Nutrition, 85–94. 
https://doi.org/10.1016/b978-0-12-800773-0.00007-0   

 
Measelle, J. R., Baldwin, D. A., Gallant, J., Chan, K., Green, T. J., Wieringa, F. T., 

Borath, M., Prak, S., Hampel, D., Shahab‐Ferdows, S., Allen, L. H., Kroeun, H., 
& Whitfield, K. C. (2021). Thiamine supplementation holds neurocognitive 
benefits for breastfed infants during the first year of life. Annals of the New York 
Academy of Sciences, 1498(1), 116–132. https://doi.org/10.1111/nyas.14610. 

 
Mercuri, E., Ricci, D., Pane, M., & Baranello, G. (2005). The neurological examination 

of the newborn baby. Early Human Development, 81(12), 947–956. 
https://doi.org/10.1016/j.earlhumdev.2005.10.007  

https://doi.org/10.1111/mcn.12397
https://doi.org/10.3389/fnut.2016.00016
https://doi.org/10.1177/0260106019830847
https://doi.org/10.1016/j.pediatrneurol.2016.09.010
https://doi.org/10.1016/b978-0-12-800773-0.00007-0
https://doi.org/10.1016/j.earlhumdev.2005.10.007


 

 
 

49 

Nazir, M., Lone, R., & Charoo, B. A. (2019). Infantile Thiamine Deficiency: New 
Insights into an Old Disease. Indian Pediatrics, 56(8), 673–681. 
https://doi.org/10.1007/s13312-019-1592-5   

 
Peterson, D. C. (2021, August 11). Neuroanatomy, mammillary bodies. StatPearls 

[Internet]. https://www.ncbi.nlm.nih.gov/books/NBK537192/  
 
Prado, E. L., & Dewey, K. G. (2014). Nutrition and brain development in early life. 

OUP Academic, 72(4), 267-84. https://doi.org/10.1111/nure.12102.  
 
Romano, C., Giacchi, V., Mauceri, L., Pavone, P., Taibi, R., Gulisano, M., … 

Falsaperla, R. (2020). Neurodevelopmental outcomes of neonatal non‐epileptic 
paroxysmal events: a prospective study. Developmental Medicine & Child 
Neurology, 63(3), 343–348. https://doi.org/10.1111/dmcn.14784  

 
Romeo, D. M., Cowan, F. M., Haataja, L., Ricci, D., Pede, E., Gallini, F., … Mercuri, 

E. (2020). Hammersmith Infant Neurological Examination for infants born 
preterm: predicting outcomes other than cerebral palsy. Developmental 
Medicine & Child Neurology. https://doi.org/10.1111/dmcn.14768   

 
Tofail, F., Persson, L. Å., El Arifeen, S., Hamadani, J. D., Mehrin, F., Ridout, D., 

Ekström, E.-C., Huda, S. N., & Grantham-McGregor, S. M. (2008). Effects of 
prenatal food and micronutrient supplementation on INFANT development: A 
randomized trial from the maternal and INFANT nutrition INTERVENTIONS, 
Matlab (minimat) study. The American Journal of Clinical Nutrition, 87(3), 
704–711. https://doi.org/10.1093/ajcn/87.3.704  

 
Venkata, S. K., Pournami, F., Prabhakar, J., Nandakumar, A., & Jain, N. (2020). 

Disability Prediction by Early Hammersmith Neonatal Neurological 
Examination: A Diagnostic Study. Journal of Child Neurology, 35(11), 731–
736. https://doi.org/10.1177/0883073820930487 .  

 
Whitfield, K. (2016). Perinatal Consumption of Thiamine-Fortified Fish Sauce in Rural 

Cambodia. JAMA Pediatrics, 170(10). Doi: 10.1001/jamapediatrics.2016.2065  
 
Whitfield, K. C., Bourassa, M. W., Adamolekun, B., Bergeron, G., Bettendorff, L., 

Brown, K. H., Cox, L., Fattal-Valevski, À., Fischer, P.R., Frank, E.L., Hiffler, 
L., Hlaing, L.M., Jefferds, M.E., Kapner, H., Kounnavong, S., Mousavi, M.P.S., 
Roth, D.E., Tsaloglou, M-N, Wieringa, F., Combs, G. F. (2018). Thiamine 
deficiency disorders: diagnosis, prevalence, and a roadmap for global control 
programs. The New York Academy of Sciences, 1430 (1), 3-43. 
https://doi.org/10.1111/nyas.13919  

  

https://doi.org/10.1007/s13312-019-1592-5
https://www.ncbi.nlm.nih.gov/books/NBK537192/
https://doi.org/10.1111/nure.12102
https://doi.org/10.1111/dmcn.14784
https://doi.org/10.1111/dmcn.14768
https://doi.org/10.1093/ajcn/87.3.704
https://doi.org/10.1177/0883073820930487
https://doi.org/10.1111/nyas.13919


 

 
 

50 

 Whitfield, K. C., Kroeun, H., Green, T., Wieringa, F. T., Borath, M., Sophonneary, P., 
… Gallant, J. (2019). Thiamine dose response in human milk with 
supplementation among lactating women in Cambodia: study protocol for a 
double-blind, four-parallel arm randomised controlled trial. BMJ open, 9(7) 
https://doi.org/10.1136/bmjopen-2019-029255.  

 
Whitfield, K. C., Smith, G., Chamnan, C., Karakochuk, C. D., Sophonneary, P., Kuong, 

K., Dijkhuizen, M.J., Hong, R., Berger, J., Green, T.J., Wieringa, F. T. (2017). 
High prevalence of thiamine (vitamin B1) deficiency in early childhood among 
a nationally representative sample of Cambodian women of childbearing age 
and their children. PLoS neglected tropical diseases, 11(9), 
https://doi.org/10.1371/journal.pntd.0005814.  

 
Zhao Y, Pan X, Zhao J, Wang Y, Peng Y, Zhong C. Decreased transketolase activity 

contributes to impaired hippocampal neurogenesis induced by thiamine 
deficiency. J Neurochem (2009) 111:537–46. doi: 10.1111/j.1471-
4159.2009.06341. 

 

https://doi.org/10.1136/bmjopen-2019-029255
https://doi.org/10.1371/journal.pntd.0005814

