
Preliminary evidence that prenatal maternal choline 

supplementation protects the white matter microstructure 

of infants born to heavy-drinking women 

by 

Oreneile Maiphetlho 

MPHORE001 

SUBMITTED TO THE UNIVERSITY OF CAPE TOWN 

In fulfilment of the requirements for the degree 

MSc in Biomedical Engineering 

Faculty of Health Sciences 

UNIVERSITY OF CAPE TOWN 

Supervisor: Professor Ernesta Meintjes 

Co-supervisor: Dr Fleur Warton

Univ
ers

ity
 of

 C
ap

e T
ow

n



The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



i 

Declaration 

I, Oreneile Maiphetlho, hereby declare that the work on which this dissertation/thesis is based 

is my original work (except where acknowledgements indicate otherwise) and that neither the 

whole work nor any part of it has been, is being, or is to be submitted for another degree in 

this or any other university. 

I empower the university to reproduce for the purpose of research either the whole or any 

portion of the contents in any manner whatsoever. 

Signature: ………………………………… 

Date:  12/01/2024 



ii 

Acknowledgements 

I would like to thank my supervisor, Professor Ernesta Meintjes, for her patience, support and 

encouragement throughout this process. I have appreciated all the assistance and guidance I 

have received, and I am truly grateful for everything I have learned. Your constant availability 

and reassurance made it easier for me to approach with any questions that may have seemed 

simplistic. I would also like to thank my co-supervisor, Dr Fleur Warton, for her assistance and 

advice in areas of anatomy I did not understand. I am also utterly grateful for your support and 

availability. This project would not be what it is without either of you. 

I would like to thank everyone in the MRI group for their assistance and encouragement. An 

enormous thanks to Ndivhuwo Magondo for all her time and guidance through the processing 

steps, troubleshooting and coding. Thank you to everyone in the group for keeping my spirits 

up and making each day better than the last. 

I would like to thank all my friends for encouraging me and being there for me in some of the 

hardest times. 

Finally, I would like to thank my family for motivating me throughout and providing me with the 

reassurance that I should “keep doing what I am doing”. Thank you for your undivided 

encouragement and patience, your support has meant the world. 



iii 

Abstract 

Prenatal alcohol exposure (PAE) is the most widespread preventable cause of neurocognitive 

and neurodevelopmental disabilities worldwide, known collectively as fetal alcohol spectrum 

disorders. It has been shown in a small double-blind, randomized choline supplementation 

trial that prenatal maternal choline supplementation reduces PAE-related postnatal growth 

restrictions, cognitive deficits, and regional brain volume reductions in infants born to heavy-

drinking women. The impact of prenatal maternal choline supplementation on white matter 

(WM) microstructure – an area particularly vulnerable to PAE – has not been assessed. 

This project used diffusion tensor imaging (DTI) in 43 neonates born to heavy-drinking mothers 

enrolled in that choline supplementation trial to examine the effects of prenatal maternal 

choline supplementation on the microstructure of WM connecting select subcortical regions. 

Given that pre-myelination (at 30-40 weeks gestational age (GA)) and maturation of the axonal 

cytoskeleton are categorised by stable fractional anisotropy (FA), decreasing axial diffusivity 

(AD) and radial diffusivity (RD), we hypothesised that neonates with PAE whose mothers had 

received choline would demonstrate lower AD and RD than those in the placebo arm, and that 

lower AD and RD would be associated with better cognitive performance.  

T1-weighted structural magnetic resonance (sMR) and diffusion tensor (DT) imaging (DTI) 

data were acquired for each neonate between 1-7 weeks postpartum on a 3T Siemens Allegra. 

Previously, 17 subcortical brain regions (ROIs) had been manually traced on sMR images in 

Freeview. After DTI pre-processing, the manually traced ROIs were transformed into the DTI 

space and used as seeds for full probabilistic tractography. FA, AD and RD were extracted for 

each identified connection. Visual recognition memory scores on the Fagen test of Infant 

Intelligence (FTII) assessed at 12 months were also available for 34 participants.  

We examined differences in the DTI measures between the choline and placebo groups, as 

well as associations of DTI measures with choline dose and FTII scores using robust linear 

regression. Choline dose was approximated in 2 ways: (1) using maternal treatment 

adherence (in % packets consumed), with choline dose set to zero for infants in the placebo 

arm, and (2) computing the total choline (in grams) consumed by the mothers throughout 

participation in the study (enrolment through to delivery).  

A total of 22 neonates (14 choline; 11 boys; mean GA (SD) = 41.8 (2.0) weeks) provided 

usable, non-biased DTI data and FTII scores were available for 14 of these neonates (8 

choline). We examined treatment effects in 15 WM connections that were present in a least 

85 % of the neonates. Three neonates in the choline arm whose mothers had low treatment 

adherence  (< 50 %) were excluded from the group difference analyses. Additionally, one 
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choline-treated participant whose average AD value introduced bias was excluded from all 

analyses that included the DTI measures. 

After controlling for confounders, FA in the WM connection between the caudate and pallidum 

on the left was lower in the choline group (p = 0.023) and on the right was inversely associated 

with choline dose – both in % packets consumed (β (ε) = -0.55 (0.20); p = 0.016) and in grams 

(β (ε) = -0.51 (0.20); p = 0.024). Moreover, increasing choline dose – in % packets consumed 

and in grams – was associated with lower AD in 2 WM connections: between the right caudate 

and right putamen, and right putamen and right pallidum (|β|’s > 0.40; p’s < 0.05). Finally, 

better visual recognition memory on the FTII was associated with lower RD (β (ε) = -0.62 

(0.27); p = 0.038) in the connection between the left and right thalami, and with higher RD (β 

(ε) = 0.54 (0.18); p = 0.009) in the WM connection between the right caudate and right 

putamen.  

Although choline-related decreases in FA were observed in the connection between the right 

caudate and right pallidum, the choline-related decreases in AD in the caudate, putamen and 

pallidum on the right aligned with our hypothesis. Studies of participants with Williams 

syndrome and attention-deficit/hyperactivity disorder have speculated that the lower FA 

observed in their control groups may be accredited to higher levels of axonal branching. Given 

that choline promotes axonal growth and branching in rodent models, the lower FA observed 

here may be indicative of choline-related increases in axonal branching in the caudate to 

pallidum connections.  

Studies of postnatal WM development have found that AD and RD decrease during the first 

postnatal year. Given that AD provides information on axonal integrity and organization, the 

age-related decreases for AD have been accredited to increases in axonal growth. Human 

studies have demonstrated increases in fibre cross-sections in the first 6 months of life and 

animal studies have shown the importance of choline in axonal growth and elongation. Thus, 

the choline-related reductions in AD in connections between the caudate, putamen and 

pallidum on the right suggest accelerated brain development through the promotion of axonal 

growth in these WM connections. Axonal pruning may also contribute to decreases in AD.  

Growth-related increases in axonal diameter may explain the association of higher RD seen 

in the same connection, right caudate to right putamen, with better visual recognition memory. 

The negative association between visual recognition memory and RD in the connection 

between the left and right thalami aligns with our hypothesis and several studies conducted in 

infants, children and adults.

These results provide preliminary evidence that choline is associated with the microstructural 

properties of subcortical WM connections, specifically between the caudate, putamen and 
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pallidum, which are regions known to be affected by PAE. These findings need to be 

replication in a larger sample and with unexposed controls. Further research is required to 

examine the impact of prenatal maternal choline supplementation on cortical WM. 
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1. Introduction 

1.1. Prenatal Alcohol Exposure (PAE) 

1.1.1. Fetal Alcohol Spectrum Disorders (FASD) 

Prenatal alcohol exposure (PAE) is the most widespread preventable cause of neurocognitive 

and neurodevelopmental disabilities worldwide, known collectively as fetal alcohol spectrum 

disorders (FASD) (Hoyme et al., 2005). Globally, FASD are prevalent at incident rates of 7.70 

per 1 000 population  (Lange et al., 2018). Compared to other countries such as Belarus 

(FASD rate of 36.6 per 1 000 population), Italy (FASD rate of 45.0 per 1 000 population and 

Ireland (FASD rate of 47.5 per 1 000 population), certain high-risk communities in South Africa 

have the highest number of reported cases of FASD worldwide with incidence rates of 111 

per 1 000 population (Lange et al., 2018). 

Several environmental factors have been found to contribute to high rates of PAE, however, 

the main risk factor is lower socioeconomic status (Bingol et al., 1987, Abel and Hannigan, 

1995). Such communities are characterised by adverse living conditions, high levels of stress, 

poor nourishment for the women, and high levels of alcohol misuse (i.e. regular binge drinking 

on weekends) (May and Gossage, 2011). 

In addition, certain high-risk communities in the Western Cape province in South Africa have 

been found to have the highest reported cases of FASD in the country of 310 per 1 000 

population in the province (May et al., 2022). May et al. (2019) suggest that the Dop system – 

where farm workers were paid in the form of alcohol in the Western Cape for over two centuries 

and into the 1990s – is an environmental factor that may have contributed to the high 

prevalences of PAE and, in turn, high FASD rates in these communities (London, 1999, 

Williams, 2016).   

Research has shown that the specific consequences of drinking during pregnancy depend on 

both the amount and pattern of drinking, with binge-like drinking, such as is typically seen in 

high-risk communities in South Africa, being more harmful to the fetus and leading to FASD 

(Maier and West, 2001). Notably, heavy drinking during pregnancy is typically defined as an 

average consumption of ≥ 2 standard drinks (1.00 oz or 29.5 ml absolute alcohol (AA)) per 

day or at least 2 incidents of binge drinking (≥ 4 drinks per occasion) (Jacobson et al., 2018b). 

1.1.2. Adverse effects of PAE 

Several studies have been conducted to advance understanding of the damaging effects of 

PAE on physical, behavioural, and cognitive development. These effects are summarized in 

Table 1. 
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Table 1: The damaging effects of PAE. 

Domain 

affected 
Adverse effect 

Physical 

• Growth restrictions (both height and weight) and microcephaly. 

• Distinct facial features/anomalies such as a thin vermilion, smooth or 

flattened philtrum, reduced palpebral fissure, and a concaved nose, to 

name a few.  

Behavioural 

• Attention deficits, hyperactivity, self-injury and aggression, to name a few. 

• Disorders such as attention deficit hyperactivity disorder (ADHD) and 

mood disorders (depression, bipolar disorder, etc.). 

Cognitive 

• Speech/language, academic difficulties (learning and reading), memory 

(spatial and verbal), motor functions, hearing, executive functions 

(including working memory), visuospatial ability, postural balance, co-

ordination (bimanual and hand-and-eye), information processing, and 

eyeblink conditioning. 

References for Physical: (Jones and Smith, 1973, Hoyme et al., 2005, Del Campo and 

Jones, 2017); for Behavioural: (Mattson and Riley, 2000, O'Connor et al., 2002, Burd et al., 

2003) and for Cognitive: (Kyllerman et al., 1985, Jacobson et al., 1993, Streissguth et al., 

1994, Mattson et al., 1996a, Olson et al., 1997, Mattson et al., 1998, Olson et al., 1998, 

Roebuck et al., 1998, Adnams et al., 2001, Rasmussen et al., 2007, Jacobson et al., 2008, 

Willoughby et al., 2008). 

In addition to these, PAE also causes neurological damage. Neuroimaging studies have, for 

example, shown PAE-related changes in regional brain structures, including volume 

reductions in the basal ganglia (caudate nucleus, putamen and pallidum), hippocampus, 

corpus callosum and cerebellum (Mattson et al., 1996b, Mattson et al., 2001, Willoughby et 

al., 2008, Biffen et al., 2018), changes in cortical morphology (Lebel et al., 2011, De Guio et 

al., 2014, Moore et al., 2014) and altered brain growth trajectories (Moore and Xia, 2022). 

Archibald et al. (2001) and Roussotte et al. (2012) demonstrated overall brain volume 

reductions. Other studies have also illustrated that PAE results in changes in the 

microstructure of the white matter (WM) in the brain (Wozniak et al., 2006, Donald et al., 2015, 

Taylor et al., 2015).  

WM alterations are among the most well-replicated neuroimaging findings in PAE and have 

been associated with poor performance in various cognitive domains (Wozniak et al., 2009, 

Lebel et al., 2010, Treit et al., 2013, Biffen et al., 2022). Specifically diffusion tensor imaging 

(DTI) has shown that PAE causes unhealthy, degenerated, less orientated and less insulated 

WM (for a review see Ghazi Sherbaf et al. (2019)). Damaged WM in individuals exposed to 

alcohol prenatally is typically characterised by:  
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• Lower fractional anisotropy (FA), the directionality of water diffusion in the WM tract  

(Ma et al., 2005, Alexander et al., 2007, Lebel et al., 2008, Sowell et al., 2008, Fryer 

et al., 2009, Li et al., 2009, Wozniak et al., 2009, Santhanam et al., 2011, Spottiswoode 

et al., 2011, Treit et al., 2013, O’Conaill et al., 2015, Fan et al., 2016, Paolozza et al., 

2017);  

• Lower axial diffusivity (AD), water diffusion parallel to the WM tract (Alexander et al., 

2007, Donald et al., 2015, Taylor et al., 2015, Fan et al., 2016, Kar et al., 2021);  

• Higher mean diffusivity (MD), the average movement of water in the WM tract (Ma et 

al., 2005, Wozniak et al., 2006, Alexander et al., 2007, Fryer et al., 2009, Li et al., 2009, 

Santhanam et al., 2011, Paolozza et al., 2014, O’Conaill et al., 2015, Fan et al., 2016, 

Paolozza et al., 2017); and/or  

• Higher radial diffusivity (RD), water diffusion perpendicular to the WM tract (Alexander 

et al., 2007, Li et al., 2009, Santhanam et al., 2011, Spottiswoode et al., 2011, Fan et 

al., 2016). 

These findings were in infants (Donald et al., 2015, Taylor et al., 2015), children (Wozniak et 

al., 2006, Lebel et al., 2008, Sowell et al., 2008, Fryer et al., 2009, Wozniak et al., 2009, 

Spottiswoode et al., 2011, Treit et al., 2013, Paolozza et al., 2014, Fan et al., 2016, Paolozza 

et al., 2017, Kar et al., 2021), adolescents (Sowell et al., 2008, Fryer et al., 2009, Treit et al., 

2013, Paolozza et al., 2014, O’Conaill et al., 2015, Paolozza et al., 2017) and adults (Ma et 

al., 2005, Li et al., 2009, Santhanam et al., 2011). In contrast, some studies have reported: 

• Higher FA (Fryer et al., 2009, Kar et al., 2021); 

• Higher AD (Paolozza et al., 2014); and/or 

• Lower MD (Lebel et al., 2008, Fryer et al., 2009, Kar et al., 2021, Gomez et al., 2022)  

in children (Lebel et al., 2008, Fryer et al., 2009, Paolozza et al., 2014, Kar et al., 2021) and 

adolescents (Fryer et al., 2009, Paolozza et al., 2014) with PAE. Nonetheless, all these studies 

demonstrate that WM is an area in the brain that is significantly affected by PAE. Given the 

multitude of adverse effects caused by PAE, substantial effort has been invested in 

interventions aimed at reducing maternal drinking during pregnancy.  

1.1.3. Interventions for PAE and FASD 

Within the South African healthcare system, reducing the prevalence of PAE includes regular 

screening of pregnant women to gain information on their alcohol use, using interviews and 

screening instruments; counselling and referral services to assist mothers in reducing alcohol 

intake (as specified in the ‘Guidelines for Maternity Care in South Africa’ manual 

(www.knowledgehub.health.gov.za)); and increased awareness and education around 

consequences of PAE (such as programs set up by FASfacts (www.fasfacts.org.za)).  

http://www.knowledgehub.health.gov.za/
http://www.fasfacts.org.za)/
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Between 2009 and 2011, an intervention study, in South Africa, employing the Comprehensive 

Prevention Approach developed by the United States Institution of Medicine, successfully 

reduced overall alcohol consumption in the sample of pregnant women enrolled using one-

on-one case management activities (Life Management, Motivational Interviews and 

Community Reinforcement Approach) (De Vries et al., 2016). However, to date, no specific 

policies have been implemented in South Africa for FASD management (Adebiyi et al., 2021).  

Globally, despite psychosocial interventions, heavy drinking during pregnancy continues, 

resulting in continued high incidence rates of FASD in at-risk communities (Popova et al., 

2017, Lange et al., 2018). This has led to growing interest in prenatal maternal 

pharmacological or nutritional interventions that may mitigate the damaging effects of PAE on 

the fetus. One method currently being studied that has demonstrated promising preliminary 

results is choline supplementation. 

1.2. Choline 

Choline is a fundamental nutrient that plays an important role in the human body. It is essential 

in the production of phospholipids involved in cell membranes, axonal growth and myelination 

(Zeisel, 2011, Fagone and Jackowski, 2013, Bekdash, 2019); it is a methyl group donor 

essential for metabolism and influences DNA methylation and gene expression (Krzysztof 

Blusztajn and J Mellott, 2012, Akison et al., 2018, Sarkar et al., 2019); and it is a constituent 

of acetylcholine (an important neurotransmitter) (Zeisel, 2013). Various foods such as milk, 

eggs, fish, chicken, beef and certain vegetables contain choline and provide more than 10% 

of the adequate dietary choline intake per serving (Zeisel et al., 2018). Due to its importance 

in the human body, adequate choline intake during pregnancy is essential for healthy fetal 

development. 

1.2.1. Dietary choline intake 

It was established by the US Institute of Medicine’s Food and Nutrition Board that the 

recommended adequate dietary intake (AI) of choline for pregnant women is 450 mg/day 

(Institute of Medicine Standing Committee on the Scientific Evaluation of Dietary Reference 

Intakes and its Panel on Folate, 1998). However, the majority of pregnant women around the 

world tend to have dietary choline intake levels below this recommended value. For example, 

in the randomised clinical trial (RCT) conducted in South Africa – the trial from which the 

participants for the current neuroimaging sub-study were recruited – only 9.70% of the 62 

pregnant women in the trial met the AI of choline (Jacobson et al., 2018b); in a 24-hour dietary 

recall study performed in Canada from 2009 - 2010, only 23.0% of the 600 pregnant women 

in the study met the AI of choline  (Lewis et al., 2014); and in a 2001 - 2014 study made up of 
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7 survey cycles in the United States, only 7.70% of the 533 pregnant women whose dietary 

choline intake levels were available met the AI of choline (Bailey et al., 2019).  

Given that a rodent study by Idrus et al. (2017) found that low choline intake levels can intensify 

some of the adverse effects caused by PAE and may increase the risk for FASD, studies have 

been examining whether choline supplementation during critical times of brain development 

can limit the damaging effects of PAE.   

1.2.2. Beneficial effects of choline supplementation in the context of 

PAE 

Various human and animal studies have been conducted to determine the efficacy of choline 

supplementation on reducing the damaging effects of PAE.  

Animal studies 

For the animal studies, it is important to note that the early postnatal period in rodents is 

equivalent to the third trimester in humans (observe http://www.translatingtime.net) (Patten et 

al., 2014). A rodent study conducted by Schneider and Thomas (2016) found that adolescent 

choline supplementation improved spatial memory (Schneider and Thomas, 2016). Other 

rodent studies have shown that early postnatal choline supplementation improved working 

memory, hyperactivity and eyeblink conditioning (Thomas et al., 2000, Thomas et al., 2004, 

Tran and Thomas, 2007), benefits persisted after the supplementation was stopped (i.e. the 

effects of choline were long-lasting) (Thomas et al., 2000, Thomas et al., 2004), and that 

administration earlier in pregnancy was more effective (Meck and Williams, 2003). Moreover, 

rodents receiving earlier choline supplementation (i.e. before birth) demonstrated 

improvements in reflex development, birth weight and brain weight (Thomas et al., 2009).  

Human studies 

Prior to the randomised clinical trial (RCT) from which the participants in the current study 

were recruited, three human studies had been conducted to examine the effects of choline 

supplementation on reducing the adverse effects of PAE. Of these, two trials involved 

postnatal supplementation in childhood (Wozniak et al., 2013, Wozniak et al., 2015, Nguyen 

et al., 2016), and one conducted in Rivne, Ukraine, involved prenatal maternal 

supplementation (Coles et al., 2015, Kable et al., 2015). 

Children in the choline group of the postnatal study that involved 9 months of daily choline 

intake by children ages 2.5 to 5 years (Wozniak et al., 2015), demonstrated age-related 

improvements, at the 4-year follow-up, in learning and memory compared to the placebo 

group, as well as improved nonverbal intelligence, visual-spatial skills, working and verbal 

memory, and fewer symptoms of attention deficit hyperactivity disorder (ADHD) (Wozniak et 

http://www.translatingtime.net/
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al., 2020). In contrast, the postnatal study by Nguyen and colleagues, which involved 6 weeks 

of choline supplementation to children with PAE ages 5 to 10 years of age found no treatment-

related differences (Nguyen et al., 2016). 

In the Ukraine prenatal supplementation study, 119 alcohol-drinking and 136 non-alcohol-

drinking pregnant women were supplemented with either no multivitamins, multivitamins only 

or multivitamins with choline (750 mg of choline) (Kable et al., 2015). In this study, the 

combination of multivitamins with choline resulted in improvements, at 12 months of age, in 

cardiac orienting responses (COR) to visual stimuli in infants born to both alcohol-drinking and 

non-alcohol-drinking women, indicating improved memory and encoding of events in the 

environment (Kable et al., 2015). No beneficial effects of choline were seen in newborn growth, 

or on 6-month cognitive or psychomotor performance (Coles et al., 2015). 

In the RCT by Jacobson et al. (2018a) from which the participants for the current neuroimaging 

sub-study were recruited, 62 heavy-drinking pregnant women in Cape Town, South Africa 

were prenatally supplemented daily with 2 g of either choline or placebo (31 choline-treated, 

31 placebo-treated) (Jacobson et al., 2018a, Jacobson et al., 2018b). In this trial, although the 

infants were similar at birth, the choline-treated infants showed increased growth over the first 

postnatal year (assessed at 6.5 and 12 months) (Jacobson et al., 2018b). The choline-treated 

infants also showed improvements in eyeblink conditioning performance at 6.5 months and 

better recognition memory on the Fagan Test of Infant Intelligence (FTII) at 12 months 

(Jacobson et al., 2018b). This RCT had a higher choline dosage and started supplementation 

earlier in gestation than the Ukraine study. 

In the neuroimaging sub-study of the RCT that was conducted on 52 neonates (28 choline-

treated, 24 placebo-treated) born to women enrolled in the trial, within their first postnatal 

month, neonates born to choline-treated mothers demonstrated larger bilateral thalami, 

bilateral caudate nuclei, corpus callosum and right putamen (Warton et al., 2021). It was also 

found that the larger right putamen and corpus callosum partially mediated the choline-related 

improvements in recognition memory on the FTII at 12 months (Warton et al., 2021).  

Given the role of choline in phospholipid synthesis, myelination and axonal growth, choline 

supplementation may protect fetal WM from the damaging effects of PAE. However, to date, 

the effect of maternal prenatal choline supplementation on the microstructure of WM – an area 

particularly vulnerable to PAE (Ghazi Sherbaf et al., 2019) – has not been assessed. 

1.2.3. Effects of choline on white matter (WM) integrity 

To the author’s knowledge, only two previous studies have examined the effects of choline on 

WM: a long-term follow-up (on average 7 years post-trial) of children with PAE who 
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participated in the 9-month postnatal choline supplementation trial described above (Wozniak 

et al., 2013, Wozniak et al., 2015, Gimbel et al., 2022) and a study examining the effects of 

varying prenatal choline intake levels in non-alcohol-exposed pigs (Mudd et al., 2018). In both 

studies, choline was associated with positive outcomes, namely, more coherent WM with less 

bending in the corpus callosum of alcohol-exposed children (Gimbel et al., 2022) and greater 

WM ‘density’ in the internal capsule, WM of the right cortex, and the connection between the 

putamen and pallidum of pigs with prenatally sufficient choline intake levels (Mudd et al., 

2018). These positive outcomes suggest that, in addition to improving cognition, postnatal 

growth and regional brain volumes, prenatal choline supplementation may also benefit WM 

development in the presence of PAE.  

The current study, therefore, aimed to examine the potential benefits of prenatal maternal 

choline supplementation on WM development using the neonatal DTI data that had been 

acquired as part of the neuroimaging sub-study of the RCT conducted by Jacobson and 

colleagues (Jacobson, 2018a, 2018b). Neonatal imaging data provides a unique opportunity 

to examine the effects of an intervention before potential confounding by environmental 

factors. 

1.3. Assessing neonatal white matter (WM) integrity 

Widely used DTI analysis methods include voxel-based (VB) comparisons of DTI measures 

(FA, MD, AD and RD), analysis within WM regions of interest (ROIs) defined either manually 

or using atlases, and comparison of DTI measures averaged within tracts defined using fibre-

tracking/tractography (Caan, 2016, Froeling et al., 2016, Van Hecke et al., 2016).  

Co-registering poorly myelinated neonatal brain images of participants to each other or to a 

standardised atlas/template for VB group comparisons is challenging. Moreover, only a few 

anatomical neonatal or infant atlases are available (Dai et al., 2013, Makropoulos et al., 2018, 

Zöllei et al., 2020, Wang et al., 2022), the regions that can be parcellated are limited, and 

accuracies are variable (for a review see Oishi et al. (2019)). The infant FreeSurfer atlas, for 

example, does not sub-parcellate the cerebral cortex. Additionally, delineating WM on these 

poorly myelinated images decreases the accuracy of DTI measures acquired from ROI-based 

analyses. In contrast to ROI-based and VB approaches, tractography can be performed in 

native space between pre-selected GM seed regions and is the preferred method for analysing 

neonatal WM integrity. 

1.4. Aim & hypotheses 

Since limited parcellations of the neonatal brain are possible with available atlases, manual 

tracing remains the gold standard for accurate labelling of brain regions on neonatal structural 



8 

magnetic resonance (sMR) images (Morey et al., 2009). As part of the neuroimaging sub-

study of the Jacobson et al. (2018a, 2018b) RCT mentioned previously, 17 subcortical regions 

(8 bilateral regions: caudate, nucleus accumbens, putamen, pallidum, thalamus, amygdala, 

hippocampus, cerebellar hemispheres; and 1 medial region: cerebellar vermis) were manually 

traced on sMR images (Warton et al., 2021). Given that these 17 subcortical regions have 

both been implicated in PAE (Table 2) and play a role in the functional domains showing PAE-

related deficits (Tables 3, 4 and 5), it is likely that the WM connections between these regions 

are also affected by PAE and may show choline treatment-related benefits. 

Table 2: Summary of studies that have shown effects of PAE on the subcortical regions of 

interest (ROIs). 

Subcortical grey matter ROI References 

Caudate (Mattson et al., 1996b, Archibald et al., 2001) 

Nucleus accumbens (NA) (Blanchard et al., 1993) 

Putamen (Treit et al., 2013, Long and Lebel, 2022) 

Pallidum (Lebel et al., 2008, Treit et al., 2013) 

Thalamus (Lebel et al., 2008, Treit et al., 2013) 

Hippocampus (Willoughby et al., 2008) 

Amygdalaa (Kozanian et al., 2018) 

Cerebellar hemispheres (CH) (Archibald et al., 2001, Bookstein et al., 2006) 

Vermis (O'Hare et al., 2005) 
aRodent model 

Table 3: Summary of functional domains showing PAE-related deficits. 

Functional domain affected by PAE References 

Language (Adnams et al., 2001, Willoughby et al., 2008) 

Learning 
(Streissguth et al., 1994, Mattson et al., 

1996a, Olson et al., 1997) 

Spatial memory (Willoughby et al., 2008) 

Verbal memory (Mattson et al., 1996a, Willoughby et al., 2008) 

Reading (Olson et al., 1998) 

Visuospatial ability (Olson et al., 1998) 

Eyeblink conditioning (Jacobson et al., 2008) 

Motor functions (Kyllerman et al., 1985) 

Hearing (Adnams et al., 2001) 

Coordination (Kyllerman et al., 1985, Adnams et al., 2001) 

Executive functions (incl. working 

memory) 
(Rasmussen et al., 2007) 

Postural balance (Roebuck et al., 1998) 

Attention (Olson et al., 1998) 

Visual recognition memory and 

information processing 

(Jacobson et al., 1993, Kable and Coles, 

2004) 
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Table 4: Functional domains showing PAE-related deficits and PAE-affected subcortical 

regions involved in these functions. 

Functional 

domain 

Subcortical regions of 

interest that play a role in 

affected functional 

domains 

Relevant references 

Language Putamen, Thalamus, CH 

(Booth et al., 2007, Llano, 2013, 

Klein et al., 2016, Viñas-Guasch 

and Wu, 2017) 

Learning 

Caudate, Putamen, 

Hippocampus, Vermis, NA 

Thalamus 

(Setlow, 1997, O'Hare et al., 2005, 

Seger and Cincotta, 2005, Anand 

and Dhikav, 2012, Mitchell, 2015, 

Viñas-Guasch and Wu, 2017) 

Spatial memory 
Caudate, Hippocampus, NAa, 

Thalamusa 

(Mattson et al., 2001, Mitchell and 

Dalrymple‐Alford, 2005, Rinaldi et 

al., 2012, Mobley, 2019) 

Verbal memory 

Vermis, Putamen, 

Hippocampus, Caudate, 

Thalamus 

(O'Hare et al., 2005, Coles et al., 

2011, Bonner-Jackson et al., 2015) 

Reading Putamen, Vermis, Thalamus 
(Price et al., 1994, Moretti et al., 

2002, Booth et al., 2007) 

Visuospatial ability 
Hippocampus, Thalamus, 

Caudate, CH 

(Rafal and Posner, 1987, Klein et 

al., 2016, Rosen et al., 2018, 

Hauser et al., 2020) 

Motor functions 
Putamen, Pallidum, Vermis, 

Thalamus, CH 

(Chambers and Sprague, 1955, 

Alexander et al., 1986, Manto et al., 

2012) 

Hearing 

Putamena, Caudatea, 

Thalamus a, Amygdalaa, 

Palliduma 

(Chavez and Zaborszky, 2017) 

Coordination 
Putamen, Pallidum, 

Thalamus, Vermis 

(Miall et al., 2000, Debaere et al., 

2004) 

Executive functions 

(incl. Working 

memory) 

Caudate, Hippocampus, 

Amygdala, Thalamusa, 

Putamen, Pallidum, CH 

(Menon et al., 2000, Van der Werf et 

al., 2003, Lewis et al., 2004, Mitchell 

and Dalrymple‐Alford, 2005, Moore 

et al., 2013, Ross et al., 2013, Rubin 

et al., 2014, Klein et al., 2016, Xuan 

et al., 2016, Blair, 2017) 

Postural balance 
Vermis, Putamen, Pallidum, 

Thalamus 

(Ouchi et al., 1999, Visser and 

Bloem, 2005) 

Attention 
Thalamus, Putamen, 

Caudate, Vermis 
(Xuan et al., 2016) 

NA nucleus accumbens; CH cerebellar hemispheres 
aThe studies were based on animal research for these regions. 



10 
 

Table 5: Functional domains where choline-related improvements were observed in the RCT 

by Jacobson and colleagues and the PAE-affected subcortical regions involved in these 

functions. 

Functional 

domain 

Subcortical regions of interest 

that play a role in affected 

function domains 

Relevant references 

Eyeblink 

conditioning 

Hippocampusa, Amygdalaa, 

Thalamusa, CH, Vermisa 

(Logan and Grafton, 1995, Lee 

and Kim, 2004, Gerwig et al., 

2007, Halverson et al., 2008) 

Visual recognition 

memory  

Thalamusb, Putamenb, 

Hippocampus 

(Bakker et al., 2008, Merkow et 

al., 2015, Warton et al., 2021) 

CH cerebellar hemispheres 
aThe studies were based on animal research for these regions. 
bRegions that Warton et al. (2021) found to have mediated the choline-related improvements 

on the FTII (assesses visual recognition memory) observed in the Jacobson et al. (2018b) 

trial. 

In this study, we aimed to examine whether prenatal maternal choline supplementation 

reduced the effects of PAE on WM microstructure in connections between these subcortical 

seeds. Since choline reduced the impact of PAE on the volume of the caudate, thalamus and 

putamen, we hypothesised that choline would normalise WM development.  

Given that brain development from 30 to 40 weeks gestational age (GA) includes pre-

myelination of WM fibres (Oishi et al., 2019) and, at the same stage, the maturation of the 

axonal cytoskeleton (Dubois et al., 2008), which is characterised by stable FA and decreasing 

radial and axial diffusivities (Dubois et al., 2006, Dubois et al., 2008, Oishi et al., 2019), we 

hypothesised that neonates born to mothers who received choline supplementation would 

demonstrate lower AD and RD than those in the placebo group. Based on this, we also 

hypothesised that lower AD and RD would be associated with improved visual recognition 

memory on the FTII at 12 months of age – this is the cognitive domain in which choline-related 

improvements were observed in the RCT by Jacobson and colleagues (Jacobson et al., 

2018b).  
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2. Background

2.1. Fetal alcohol spectrum disorders (FASD) 

FASD is an umbrella term that encompasses different diagnoses of PA based on the severity 

of the symptoms displayed. FASD diagnoses are made by dysmorphologists according to the 

revised Institute of Medicine (IOM) (Hoyme et al., 2005).  

Fetal Alcohol Syndrome (FAS), the most severe form of FASD, is characterised by distinct 

craniofacial anomalies (reduced palpebral fissure, flattened philtrum and thin vermillion), 

growth restrictions (weight or height), small head circumference and cognitive problems that 

relate to specific brain abnormalities (Jones and Smith, 1973, Hoyme et al., 2005). An FAS 

diagnosis does not require confirmed maternal drinking during pregnancy. Partial FAS (PFAS) 

is diagnosed in individuals who exhibit 2 of the 3 facial dysmorphologies characteristic of FAS, 

who had microcephaly (small head circumference), growth restrictions, or neurobehavioral 

impairment and with confirmed prenatal alcohol exposure due to heavy drinking (Hoyme et 

al., 2005). 

In studies performed in our lab in Cape Town, South Africa, children whose mothers confirmed 

heaving drinking (at least 14 drink/week and/or partook in regular binge drinking) during 

pregnancy but who did not display any facial features associated with FASD, are denoted as 

non-syndromal heavily exposed (HE). 

2.2. Fetal white matter (WM) development 

White matter (WM) is an arrangement of neural networks found beneath the grey matter (GM) 

regions of the brain. It is composed of axons that connect these GM regions. WM tracts (also 

known as WM fibres) begin forming by (1) organizing into fibre bundles, (2) increasing in 

density and pre-myelinating by the proliferation of the axonal cytoskeleton, and (3) fully 

myelinating (Dubois et al., 2006, Dubois et al., 2008).  

The most common fibre bundles that form in the cerebrum are categorised into 3 groups: 

association, commissural and projection fibres (De Reuck, 2014). The cerebellum is a region 

found at the back of the brain that also contains WM. This region contains two hemispheres 

joined by the vermis at the midline (Drake et al., 2023). 

Association fibres connect adjacent or distant parts of the brain in the same hemisphere (the 

largest being the superior longitudinal fasciculus), commissural fibres connect the left and right 

hemispheres (the largest being the corpus callosum) and projection fibres connect subcortical 

GM, the brainstem and spinal cord with cortical GM (with fibres being highly concentrated in 

the internal capsule) (Mendoza, 2011, De Reuck, 2014, Haines and Mihailoff, 2018, Janelle 
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et al., 2022). The WM in the cerebellum is made up of the vermis and fibres that connect to 

the deep GM nuclei found in the cerebellar hemispheres (Drake et al., 2023). By observing 

the development of these large and prominent WM regions, a general understanding of WM 

development in the fetal and infant brain has been gained. 

Fibre pathways start developing as early as 9-15 weeks GA (Dubois et al., 2016) with the 

cerebellum emerging between 12-13 weeks GA (du Plessis et al., 2018). By 11-12 weeks GA 

there is evidence of the largest commissural fibres, the corpus callosum, and by 13 weeks GA 

these fibres could be identified on a dissected brain (Horgos et al., 2020, Yu and Tubbs, 2023).  

At 13 weeks GA, the vertical fibres of the internal capsule (which is separated into the anterior 

and posterior limb) – contains several projection fibres – could be identified on a dissected 

brain, with more consistent and correctly positioned fibre bundles only being identified by 17 

weeks GA (Haines and Mihailoff, 2018, Horgos et al., 2020). Between 14 and 23 weeks GA 

the largest association fibre – superior longitudinal fasciculus – increases in width, length, 

fibres and layers in dissected brains (Horgos et al., 2020).  

During the development of these bundles, axons mature by increasing in size and density, 

and become surrounded by myelin (pre-myelination) which acts as insulators to increase 

stimulus velocity and conduction speed along the axon (Morell, 2013, Dubois et al., 2014).  

Axonal size and density are increased by the maturation and proliferation of the cytoskeletal 

components: actin filaments, microtubules and neurofilaments (Kevenaar and Hoogenraad, 

2015). The actin filaments are responsible for axonal initiation, elongation and branching 

(Letourneau, 2009), microfilaments for proliferation and migration of axons  (Lasser et al., 

2018) and neurofilaments regulate the axonal diameter or calibre size (Xu et al., 1996). 

The maturing axons are then surrendered by myelin which is what creates the white colour of 

WM. Myelination begins later in gestation (20-22 weeks GA) and continues throughout 

development (Inder and Huppi, 2000, Barkovich, 2002, Prayer et al., 2006, Dubois et al., 2014, 

Yu and Tubbs, 2023). Due to incomplete myelination in neonatal and infant brains, sMR 

images in the period  0-6 months are characterised by varying WM signal intensities and a 

reversal of normal adult GM and WM contrasts (Figure 1; lower WM than GM signal intensity) 

(Li et al., 2019, Dubois et al., 2021).  
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Figure 1: T1-weighted structural magnetic resonance (sMR) image of a neonatal brain 

showing inverted signal intensities for grey and white matter compared to adult images.  

Myelination is regulated by axon calibre size, where axons with larger diameters myelinate 

first and become fully myelinated while those with smaller diameters may remain partially or 

never myelinated (Stadelmann et al., 2019). Myelin development begins (1) 

centrally/subcortically and proceeds peripherally and (2) posteriorly and proceeds anteriorly 

(Welker and Patton, 2012, Dubois et al., 2014). 

For example, the posterior limb of the internal capsule – which separates the thalamus from 

the putamen and pallidum (Haines and Mihailoff, 2018) – is a central and posterior WM region 

whose myelin can be discerned microscopically (using immunochemical staining) from 24-25 

weeks GA (Hasegawa et al., 1992). This WM region becomes fully myelinated within the first 

three postnatal months by which time mature myelin has extended to the anterior limb 

(Hasegawa et al., 1992, Welker and Patton, 2012, Dubois et al., 2014). In contrast, myelin in 

the anterior limb of the internal capsule – separates the caudate from the putamen and 

pallidum (Haines and Mihailoff, 2018) – can only be seen microscopically (using 

immunochemical staining) by 37 weeks GA and mature myelin can only be observed in the 

entire anterior limb by the sixth postnatal month (Hasegawa et al., 1992, Dubois et al., 2014). 

Myelin in the cerebellar vermis is visible at 27 weeks GA (Salomon and Garel, 2007). Myelin 

in the deep cerebellar WM is detectable by 2 postnatal months and in the entire cerebellum at 

4 postnatal months (Welker and Patton, 2012). The corpus callosum begins myelinating at 

approximately 4 postnatal months (Yu and Tubbs, 2023), while the more peripheral superior 

longitudinal fasciculus – which connects the major cortical lobes – matures more slowly with 

myelin and/or axonal maturation taking up to 5 years (Zhang et al., 2007). 

Given that myelination is dependent on calibre size and predominantly occurs postnatally and 

varies by region (as per some of the largest fibre bundles and cerebellar WM), the degree of 

pre-myelination and matured axons in neonatal WM will also be variable.  

Grey matter (GM) 

White matter (WM) 
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2.3. Diffusion tensor imaging (DTI) 

2.3.1. Principles of DTI 

Magnetic resonance imaging (MRI) is a non-invasive imaging technique that uses radio 

frequency and well-controlled magnetic fields to produce images of specific body parts at high 

resolutions (Katti et al., 2011). MRI measures the signal from the hydrogen nuclei (spins) found 

in water molecules in the body (Feldman et al., 2010). Compared to most of the other imaging 

modalities, MRI is highly versatile because the contrast in the images can be varied using 

magnetic field gradients and radiofrequency pulses applied at different times during 

acquisition.  

The contrast in an image is highly dependent on the repetition time (TR) and echo time (TE) 

of the imaging sequence. TR is the time between successive radiofrequency pulses while TE 

is the time between the radiofrequency pulse and the measured signal (Van Geuns et al., 

1999, Buxton, 2009). While varying TR affects the contrast arising from differences between 

the longitudinal magnetization (Mz) relaxation rates of different tissues, known as T1, varying 

TE affects the contrast arising from differences in the transverse magnetization (Mxy) 

relaxation rates, known as T2 (Gibby, 2005). T1 is defined as the time when the longitudinal 

magnetisation has regrown to 63 % of its maximum value, and T2 as the time when the 

transverse magnetisation has decayed by 63 %. Figure 2 shows how TR and TE can be 

chosen to maximise the signal contrast due to T1 (left) or T2 (right) relaxation effects, 

respectively.  

Figure 2: T1 (left) and T2 (right) relaxation curves for white matter (WM) and cerebral spinal 

fluid (CSF). Mz  denotes the longitudinal magnitisation; M0 denotes the maximum 

magnitisation; Mxy  denotes the transverse magnitisation; TR denotes the repetition time and 

TE denotes the echo time. Adapted from Aaron and Daniel (2016). 

The most widely used structural MR (sMR) acquisitions are either T1-weighted, meaning most 

of the contrast is due to differences in T1 between tissues, or T2-weighted, where most of the 
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contrast is due to differences in T2 (see Figure 2) (Van Geuns et al., 1999, Gibby, 2005). T1-

weighted sMR images are commonly used for brain segmentation (Lemieux et al., 1999, 

Mikheev et al., 2008, Warton et al., 2021). 

In diffusion weighted (DW) imaging (DWI), at its simplest, an additional pair of gradient pulses 

is applied after a single excitation. While stationary spins will be fully re-phased by the gradient 

pair, spins that have ‘diffused’ along the gradient direction either during the application of a 

pulse or between the application of the gradient pair, will not be fully re-phased, leading to 

signal loss. The amount of attenuation depends on the amount of diffusion along the gradient 

direction – diffusion perpendicular to the gradient direction will not result in any dephasing and 

signal loss – as well as the strength of the diffusion/phase encoding direction. It should be 

noted that this is the simplest implementation of diffusion encoding. Many more complex 

encoding schemes exist. 

The b-value is a factor that reflects the strength and duration of the diffusion-sensitising 

gradients (Huisman, 2010, Baliyan et al., 2016); the higher the b-value, the stronger the 

image's diffusion contrast. Notably, images can be sensitised to diffusion along different 

directions by applying encoding gradients in different directions.  

Diffusion tensor imaging (DTI) is an extension of DWI where the acquisition is repeated for at 

least 6 different DW directions (Huisman, 2010), allowing the diffusion tensor (DT) to be solved 

in every voxel. The DTI is a 3 by 3 matrix that fully characterises both the rate and direction of 

diffusion in each voxel (Mori and Zhang, 2006). Transforming to a coordinate system with axes 

centred parallel and perpendicular to the principle direction of diffusion in a voxel, results in 

the off-diagonal elements in the matrix becoming zero. The diffusion ellipsoid (Figure 3) now 

comprises of three mutually orthogonal eigenvectors (ε1, ε2, ε3) with magnitudes given by 

eigenvalues (λ1, λ2, λ3) which together describe the direction and rate, respectively, of water 

diffusion in each voxel (Mori and Zhang, 2006, Huisman, 2010). 
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Figure 3: Illustration of anisotropic diffusion where the ε’s are the eigenvectors and the λ’s are 

the eigenvalues. Adapted from Jellison et al. (2004) 

In contrast to GM and cerebrospinal fluid (CSF), WM is characterised by anisotropic diffusion 

(refer to Figure 3), and greater anisotropy reflects healthier and better myelinated WM 

(Feldman et al., 2010). Since this WM microstructure cannot be characterised using 

conventional MRI, DTI is widely used to provide insights regarding WM integrity and structural 

brain connectivity (Mori et al., 2005, Feldman et al., 2010). Figure 4 shows a comparison of a 

neonatal T1-weighted sMR, non-diffusion weighted and DW images, and a fractional 

anisotropy (FA) map generated from the DTI data. 

 

Figure 4: Axial views of a neonatal (a) T1-weighted magnetic resonance (MR) image, (b) a 

non-diffusion weighted (b0) image, (c) a DW image, and (d) a fractional anisotropy (FA) map 

generated from DTI data. Bright regions on the FA map correspond to regions with anisotropic 

water diffusion characteristic of white matter. 
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2.3.1. DTI measures 

DTI allows for a three-dimensional analysis of molecular water diffusion within WM in the brain, providing information on the microstructure of WM 

(Basser et al., 1994, Feldman et al., 2010). The microstructural properties of the WM are represented by four key measures that are computed from 

the diffusion tensor (Basser et al., 1994), namely, fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD) and mean diffusivity (MD). The 

information reflected by each of these parameters is summarised in Table 6. 

Table 6: Primary diffusion tensor imaging (DTI) measures used to categorise WM microstructural integrity. 

DTI 

measures 
Units Formula (symbols refer to Figure 3) What it measures 

Interpreting the parametersa 

Higher/increasing 

values 

Lower/decreasing 

values 

Mean 

diffusivity 

(MD) 

mm2/s 
𝜆1 + 𝜆2 + 𝜆3

3

Average diffusion of water 

molecules in a region, 

irrespective of the direction. 

Higher brain water 

content (e.g. cerebral 

edema). 

High cell densities 

(e.g. in GM and 

WM regions) 

Fractional 

anisotropy 

(FA) 

Unitless 
√

(𝜆1 − 𝜆2)2 + (𝜆2 − 𝜆3)2 + (𝜆1 − 𝜆3)2

2(𝜆1
2 + 𝜆2

2 + 𝜆3
2)

𝑤ℎ𝑒𝑟𝑒 0 ≤  𝐹𝐴 ≤  1 

The directional reliance and 

degree of regularity of water 

diffusion in a certain 

direction. 

Healthy WM 

microstructure, 

increased packing 

density or myelination. 

Impaired WM 

microstructure. 

Axial 

diffusivity (AD) 
mm2/s 𝜆1 

Water diffusion parallel to 

the WM tracts. 

Densely packed and 

well-orientated axons. 

Degenerated or 

damaged axons. 

Radial 

diffusivity (RD) 
mm2/s 

𝜆2 + 𝜆3

2

Water diffusion 

perpendicular to the WM 

tracts. 

De- or dysmyelination, 

or larger axonal 

diameter. 

Highly myelinated 

axons. 

References: (Basser et al., 1994, Basser and Pierpaoli, 1996, Le Bihan et al., 2001, Beaulieu, 2002, Alexander et al., 2007, Salat et al., 2009, Harkins 

et al., 2021) 
aThese are the conventional interpretations for changes in these DTI measures. It is important to note these are not all the possible interpretations. 
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Generally,  AD and RD are used as explanatory parameters for changes in MD and FA. 

Increases in FA are usually attributed to increases in AD and/or decreases in RD. Increases 

in MD are usually accredited to increases in AD, RD or both. Conversely, decreases in FA and 

MD indicate the opposite.  

2.3.2. Challenges associated with analysing neonatal brain images 

Neonatal brains are relatively small which increases the chances of several tissue types 

occupying a single voxel resulting in blurred boundaries between tissues, known as partial 

voluming artefacts (Vos et al., 2011).These artefacts can be remedied by increasing spatial 

resolutions, however, given that neonates are usually in natural sleep and not sedated during 

scanning, sequence duration and spatial resolutions are limited (Dubois et al., 2021). 

Additionally, given that healthy neonates have almost 3 times faster breathing rates than the 

average healthy adult, neonatal brain images are more susceptible to motion artefacts 

(Heemskerk et al., 2013, Coleman et al., 2022). These artefacts can alter the DTI measures 

generated, thus, visual inspection is an essential step in identifying and excluding images with 

extreme motion artefacts, while algorithms (such as those found in the Tolerably Obsessive 

Registration and Tensor Optimization Indolent Software Ensemble (TORTOISE)) are 

additionally employed in correcting for motion artefacts (Irfanoglu et al., 2017).  

Neonatal brains have a relatively higher water content of about 85-90 % as compared to adult 

brains with 75 % (Dobbing and Sands, 1973, Ann-Christine and Rima Sestokas, 2015). This 

increased water content results in reduced anisotropy (FA) and altered diffusivity (MD, AD and 

RD) (Bastiani et al., 2019, Dubois et al., 2021). When running tractography, an FA threshold 

is applied during tracking to prevent areas that are not WM from being included. The default 

for adults is 0.2, however, due to the reduced anisotropy in neonatal brains, the FA threshold 

is set to 0.1 as this is the conventional threshold applied for infants (Dubois et al., 2014).  

As mentioned previously, neonatal brains are largely unmyelinated. This, coupled with the 

high water content, causes inverted contrasts between GM and WM in neonatal images 

compared to adult brain images (Li et al., 2019). Due to this and the poor quality of neonatal 

brain images caused by partial voluming and motion artefacts, automatic segmentation 

methods are difficult to implement, thus, manual segmentation has been considered the ‘gold 

standard’ (Morey et al., 2009). 

The rapid development of neonatal brains in the first years of life results in T1 and T2 relaxation 

times of WM decreasing by about 1 100 ms (within the first two years of life) and 100 ms (birth 

to adulthood), respectively (Heemskerk et al., 2013), with T2-weighted images having better 

contrast than T1 weighted images (Li et al., 2019). DTI is said to be supported by the longer 
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T2 relaxation times observed at birth since, at a similar TE, more residual signal is present 

allowing for pre-myelination and WM development to be detected (Heemskerk et al., 2013). 

2.3.3. Analysing neonatal brain images 

As mentioned previously, three main DTI analysis methods are typically employed to examine 

the microstructure of WM. These include voxel-based (VB) analysis, ROI-based analysis, and 

fibre tracking/tractography (Caan, 2016, Froeling et al., 2016, Van Hecke et al., 2016). While 

all these methods perform well in child, adolescent and adult brains, some are challenging in 

the rapidly developing and poorly myelinated neonatal brain (Girault et al., 2019).   

VB analysis estimates and compares changes in the DTI measures found in each voxel of a 

brain image (Van Hecke et al., 2016). Co-registering  to an atlas or template is required during 

pre-processing to ensure that DTI measures in voxels with identical anatomical locations are 

compared between participants (Abe et al., 2010, Van Hecke et al., 2016). An atlas is a brain 

image that provides the location and shape of brain regions in a common coordinate space 

(Dickie et al., 2017). Infant atlases are limited and very few are publicly available, with one of 

the largest atlas databases (Johns Hopkins University MRICloud database) having no atlases 

for 0.5- to 3-year-olds (Oishi et al., 2019). Of the few atlases that have been developed for 

infants, all have been based on healthy brains and none have been created for brains with 

disorders or neurological deficits (Oishi et al., 2019). Additionally, other issues have arisen in 

the use of these atlases, including inaccurate co-registration due to the lack of contrast as a 

result of poor myelination (Oishi et al., 2019).  

The ROI-based analysis estimates the DTI measures found in predetermined WM areas (WM 

ROIs) that have been manually or automatically (semi or full) delineated (Froeling et al., 2016), 

and an atlas may or may not be used during the analysis to define the WM ROIs (Froeling et 

al., 2016). Even without the use of an atlas, the delineation of WM ROIs is required and is 

reliant on the ability to accurately identify WM regions. However, the lack of myelination in 

neonatal brains poses a problem as there are higher chances of GM and/or CSF erroneously 

being segmented with WM ROIs, resulting in inaccurate findings (Snook et al., 2007).  

Tractography analysis uses the DTI tensors in each voxel to generate WM pathways between 

grey matter (GM) regions and eventually estimates the average values of the DTI measures 

(FA, MD. AD and RD) for each pathway (Basser et al., 2000, Behrens et al., 2014). Delineation 

of WM ROIs is not required, and an atlas may or may not be used to define the GM ROIs. 

Since GM ROIs can be identified more accurately in neonatal brains, tractography is an 

attractive approach for analysing the microstructure of WM in neonates. Instead of performing 

tractography between two GM ROIs, known as seed- or ROI-based tractography, there is also 

an option to perform tractography across the entire brain, known as whole-brain tractography 
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(Jeurissen et al., 2019). Both methods require the specification of seeds – voxels where the 

initiation and/or termination of fibre tracking occurs (Conturo et al., 1999, Caan, 2016). 

The seeds for whole-brain tractography can be defined as either (1) all the WM voxels or (2) 

all voxels close to the GM-WM boundary (Jeurissen et al., 2019). The tracking is initiated from 

these seeds and generates all WM pathways across the entire brain. The disadvantage with 

seeding from all the WM voxels is that it may result in large WM bundles being over-defined, 

while seeding from voxels close to the GM-WM boundary may result in errors of longer 

pathways (Jeurissen et al., 2019).  

Seed-based tractography avoids these challenges by defining specific GM seed regions from 

which tracking is initiated and terminated. Atlases can also be used to specify these GM seeds, 

however, based on limitations of neonatal atlases, manual segmentation of seeds may provide 

more accurate results (Caan, 2016). 

2.3.4. Tractography 

Whole-brain and seed-based tractography can be performed using two main methods: 

deterministic tractography and probabilistic tractography. The main difference between these 

algorithms is how they estimate the pathway between two specific regions of interest (also 

known as seeds) (Sotiropoulos and Zalesky, 2019).  

Deterministic tractography estimates the WM tracts in the following manner: firstly, the desired 

seeds are identified and specified; secondly, a single direction of the WM tract is estimated 

between those seed points; thirdly, a small distance of movement occurs in that direction; 

fourthly, re-evaluation of the direction takes place; and finally, the latter three processes are 

repeated until the entire tract is fully developed (Alexander et al., 2007).  

Probabilistic tractography, which is subdivide into full and mini-probabilistic tractography, uses 

Monte Carlo simulations to estimate the WM tracts (Taylor et al., 2016). After the desired 

seeds have been specified, the Monte Carlo simulation performs several predetermined 

iterations which, firstly, consider all the uncertainties in the direction of the WM tracts 

connecting the desired seeds, secondly; measures the probability of each possible WM tract 

direction, and lastly, provides the WM tract path with the highest likelihood (Behrens et al., 

2003, Sotiropoulos and Zalesky, 2019). Due to this, probabilistic is deemed more accurate 

than deterministic tractography.  

Of the two types of probabilistic tractography, full probabilistic tractography is more commonly 

used for estimating the DTI parameters while mini-probabilistic tractography is used for 

visualising the WM tracts between seed points. The difference between these tractography 

methods is the number of iterations performed of the Monte Carlo simulations that are 
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performed; mini-probabilistic tractography performs substantially fewer iterations compared to 

full probabilistic tractography (Taylor et al., 2016).  

Tractography can be conducted automatically using various algorithms and software 

packages that have been developed (Fillard et al., 2011).  

2.3.5. Software packages used in this project 

Structural MR (sMR) and DT images can be pre-processed and processed using various 

software package’s. The sMR images are typically used to define the ROIs that are used as 

seeds for tractography, while the DT images are used to compute the DTs. The available 

software package’s allow for brain segmentation, tractography and the estimation of the DTI 

measures. 

FreeSurfer is a software package used to analyse, visualise and process magnetic resonance 

images of humans (https://surfer.nmr.mgh.harvard.edu). This software can be used for pre-

processing sMR image data before segmentation/parcellation (Warton et al., 2021). Freeview 

is a tool in FreeSurfer that is used for visualizing and examining pre-processed data 

(https://surfer.nmr.mgh.harvard.edu). This tool can also be used to manually parcellate brain 

and compute regional brain volumes.  

Analysis of Functional Neuroimages (AFNI) is a software package that contains tools which 

are used for the analysis of various MRI modalities including DTI data 

(https://afni.nimh.nih.gov) (Cox, 1996). While this software processes image data in the 

Neuroimaging Informatics Technology Initiative (NIFTI) or AFNI format (Larobina and Murino, 

2014, Li et al., 2016), image data from the scanner are stored in a format known as the Digital 

Imaging and Communications in Medicine (DICOM) (http://medical.nema.org/standard.html) 

format (Li et al., 2016). Due to this, the first pre-processing steps typically involve converting 

the images from DICOM to NIFTI or AFNI format (Li et al., 2016). The following tools found in 

AFNI are widely used in the pre-processing and processing of DTI data.  

Firstly, a 3D visualisation tool called AFNI Surface Mapping (SUMA) allows for volumetric data 

to be viewed on 3D cortical regions (Saad et al., 2004, Saad and Reynolds, 2012). Only 

outputs obtained from mini-probabilistic tractography, and not full probabilistic tractography, 

can viewed in SUMA. Secondly, the Tolerably Obsessive Registration and Tensor 

Optimization Indolent Software Ensemble (TORTOISE) are used for pre-processing and 

processing DTI data (Pierpaoli et al., 2010, Irfanoglu et al., 2017). Thirdly, the Functional and 

Tractographic Connectivity Toolbox (FATCAT) is used to perform tractography and contains 

various programs that integrate efficiently with other AFNI tools (Taylor and Saad, 2013). For 

tractographic analysis, this toolbox uses the Fibre Assessment by Continuous Tracking 

https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/
https://afni.nimh.nih.gov/
http://medical.nema.org/standard.html
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Including the Diagonals (FACTID) algorithm  to track the whole brain and estimate the WM 

connections between two target ROIs (Taylor and Saad, 2013).  

All these software package’s allow for efficient processing of DTI data thereby permitting 

assessment of WM microstructure.  

2.3.6. Early-developing WM detected with DTI and tractography 

It has been shown previously that the largest fibres of the most common fibre bundles 

(projection, commissural and association fibres) and cerebellum can be detected pre- and 

postnatally using DTI and/or tractography.  

For example, the internal capsule (anterior and posterior limb) – concentrated with projection 

fibres – was identified on DTI by 13 weeks GA and projection fibres passing through this area 

were visualised using tractography at 19 weeks GA (Huang et al., 2006, Huang et al., 2009). 

Using DTI, Khan et al. (2019) detected anisotropy in the internal capsule at 22 weeks GA and 

increased anisotropy was detected in this area at birth (Welker and Patton, 2012)  

The corpus callosum (one of the largest commissural fibre bundles) was identified on DTI by 

15 weeks GA (Huang et al., 2009) and anisotropy was detectable on DTI by the 22nd  week 

GA (Khan et al., 2019) with increases being evident at birth (Welker and Patton, 2012). In 

addition, by 24-37 weeks GA, the WM tracts  of regions of the corpus callosum (genu and 

splenium) could be visualised using tractography (Gregor et al., 2008).  

In contrast to the internal capsule and corpus callosum, some studies were unable to identify 

the largest association fibre (superior longitudinal fasciculus) prenatally using tractography; 

the authors were only able to visualise this tracts in a 5 year old participant (Huang et al., 

2006). However, others observed anisotropy in this region by 27 weeks GA (Khan et al., 2019) 

and increases in anisotropy at 12 postnatal months (Welker and Patton, 2012). 

Using tractography, the WM in the cerebellar vermis was detected from 17 weeks GA and the 

WM connecting to the deep GM nuclei of the cerebellum at 38 weeks GA (Takahashi et al., 

2014). The ability of DTI to detect WM, including WM that develops early and late in gestation, 

indicates the applicability of DTI and tractography in the characterization and analyses of 

neonatal WM microstructure.  

While higher FA and AD, and lower RD and MD, typically characterise healthier and more 

myelinated WM in children, adolescents and adults, this may not be the case in the partially 

myelinated neonatal brain. It has been shown, for example, that pre-myelination of WM fibres 

occurring from 30-40 weeks GA is characterised by stable FA and decreasing RD and AD 

(Dubois et al., 2008, Oishi et al., 2019). In neonates, lower AD and RD may, therefore, reflect 

more optimal WM development, but this may also vary regionally, complicating the 
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interpretation of neonatal DTI findings. Moreover, since most algorithms to process DTI data 

have been developed based on adult data, analysing neonatal data is challenging. 

2.4. Assessments of infant cognitive performance 

The primary cognitive performance measures on which choline-related improvements were 

observed in the RCT from which the participants for the current sub-study were recruited were 

Eyeblink Conditioning (EBC) at 6.5 months and the Fagan Test of Infant Intelligence (FTII) at 

12 months (Jacobson et al., 2018b). Each of these tests are described below.  

2.4.1. Eyeblink Conditioning (EBC) 

EBC provides information on the development of associative learning in infants (Kehor, 2012). 

EBC utilises a conditioned stimulus (CS) that can be a auditory, tactical or visual and a 

somatosensory unconditioned stimulus (US) to test conditioned response (CR) (Kehor, 2012). 

In the delay EBC test administered to infants in the RCT, an auditory CS in the form of a tone 

was played through speakers to the infant for a predefined period (750 ms), the 

somatosensory US was a short air puff administered to the right eye in the last 100 ms of the 

CS period, and the CR was the blinking action of the infant in anticipation of the US. For the 

eyeblink to be classified as a CR, it needed to occur before the US (air puff) was applied, i.e. 

300-650 ms after the onset tone (Jacobson et al., 2018b). Each session consisted of 51 trials

(on average 1 trial every 12s); sessions were repeated on 3 separate days. The infants were 

entertained by a research assistant while the EBC trials were administered. 

On EBC, the occurrence of associative learning is decided based on the CR criteria set by the 

study. For example, in the Jacobson et al. (2018b) RCT, an infant bet criterion for conditioning 

(i.e. learned) if he/she exhibited CRs in ≥ 50 % of the trials performed on at least 1 of the 

testing days.  More CRs reflet greater associative learning.  

2.4.2. Fagan Test of Infant Intelligence (FTII) 

The FTII is a cognitive test to assess visual recognition memory and information processing 

speed in infants (Fagan and Singer, 1983). This test was administered to infants in the 

Jacobson et al. (2018b) RCT were tested at 6.5 months and 12 months. The FTII is based on 

the idea that infants tend to fixate/gaze longer at unfamiliar stimuli compared to familiar stimuli 

(Fagan and Singer, 1983, Fagan III and Detterman, 1992).  

During the FTII test, infants are initially presented with two identical photographs for a set 

period, whereafter a novel photograph is paired with the familiar (Fagan and Singer, 1983, 

Fagan III and Detterman, 1992). The periods that the infant fixate on each stimulus is 

recorded. Preference for the novel stimulus indicates that the infant can recall the familiar one 

and discriminate it from the novel one. The stimuli are then removed, and the test is repeated 
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(for a predefined number of trials) using the same pair of familiar stimuli and a different 

unfamiliar stimulus (Fagan III and Detterman, 1992, Jacobson et al., 2018b). To prevent the 

preference of fixating on one side (right- or left-hand side), the position of the familiar and 

novel stimuli are swapped midway between each trial (Fagan III and Detterman, 1992). For 

each trial, a score (FTII score in %) is generated using the following equation (Fagan III and 

Detterman, 1992, Jacobson et al., 2018b): 

𝐹𝑇𝐼𝐼 𝑠𝑐𝑜𝑟𝑒 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑓𝑜𝑐𝑢𝑠𝑒𝑑 𝑜𝑛 𝑛𝑜𝑣𝑒𝑙 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑓𝑜𝑐𝑢𝑠𝑒𝑑 𝑜𝑛 𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑎𝑛𝑑 𝑛𝑜𝑣𝑒𝑙 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠
× 100  (1) 

Scores are averaged across trials. Higher the FTII scores (%) reflect better visual recognition 

memory (Jacobson et al., 2018b). Interestingly, studies by Fagan and colleagues have found 

that this test accurately predicted future intellectual ability in high-risk infants – these were 

infants who had been exposed to any substances including alcohol (a  summary of the studies 

is presented by Fagan III and Detterman (1992)). 

2.5. Statistical analyses 

2.5.1. Analysis of group differences 

The current study focuses on comparing independent groups. The analyses used to compare 

the means of these groups are reliant on the type of variable: categorical or quantitative 

variables. Categorical variables are composed of nominal and ordinal variables while 

quantitative variables are composed of continuous and discrete variables. Nominal variables 

have two or more groups/categories that are not in a particular order, ordinal variables have 2 

or more groups/categories that can be placed in an order/rank, continuous variables can take 

on any value and discrete variables are finite integer values (not categories) (Elenbaas et al., 

1983, Kaliyadan and Kulkarni, 2019). 

For discrete or nominal dependent variables, the means of 2 independent groups are 

compared using the chi-squared test for larger sample sizes. While Fisher’s exact test is used 

for sample sizes between 20 - 40 and where at least one of the expected values in the 

contingency table is < 5 (Elenbaas et al., 1983, De Muth, 2009). Interestingly, this test directly 

calculates a p-value instead of a test statistic. 

For ordinal dependent variables, the means between 2 independent groups are compared 

using a rank-order test, the Mann-Whitney U test (Gaddis and Gaddis, 1990, Parab and 

Bhalerao, 2010). 

For continuous dependent variables, there are four main statistical tests that can be used to 

compare means between 2 independent groups: Independent samples T-test, Welch’s T-test, 

Yuen’s test and Mann-Whitney U test. The differences between these tests are their 
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robustness or sensitivity to violations of two main assumptions: normally distributed data and 

homogeneity of variances between groups. The different tests and their assumptions are 

summarised in Table 7.  

Table 7: The assumptions that need (✓) or do not need (x) to be met for different tests that 

compare the means between 2 independent groups. 

Statistical test 

Assumptions 

Reference Normally 

distributed data 

Homogeneity of variances 

between groups 

Independent 

samples T-test 
✓ ✓ (Student, 1908) 

Welch’s T-test ✓ x (Welch, 1947) 

Mann-Whitney U test x ✓ 
(Mann and 

Whitney, 1947) 

Yuen test x x (Yuen, 1974) 

Generally, the Shapiro-Wilk’s test is used to test the normality assumption since it is the most 

powerful normality test – it has the highest likelihood of rejecting the null hypothesis and 

detecting skewness (Yap and Sim, 2011). The results from this allow for parametric tests to 

be used for normally distributed data and non-parametric tests for skew data. The 

homogeneity of variances assumption can then be tested using either the F-test (parametric 

test) or the Levenes test (non-parametric test) (Gastwirth et al., 2009).  

Additionally, for continuous dependent variables, the analysis of variance (ANOVA) test is 

used to compare means between 3 or more independent groups (Mishra et al., 2019), while 

the rank-ordered version – Kruskal-Wallis ANOVA test – is used to compare means between 

3 or more independent ordered groups (Gaddis and Gaddis, 1990).  

2.5.2. Linear regression analysis 

Linear regression is used to observe the strength and direction of a relationship between two 

variables. When sample sizes are relatively small, the removal of outliers can limit statistical 

power and ordinary linear regression is sensitive to the occurrence of outliers (Hazra and 

Gogtay, 2016). Robust linear regression is a statistical technique that addresses this by 

accounting for the presence of outliers (Alma, 2011).  

One of the most common robust regression estimators used in robust linear regression is the 

maximum likelihood type or M-estimator introduced by Huber (1964). This estimator accounts 

for outliers by applying an alternative function (ρ-function) to points with standard errors – 

difference between the observed and estimated values – that surpass a threshold known as 
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the tuning constant (1.345σ; where σ is the standard deviation of the standard errors)  (Huber, 

1964, Fox and Weisberg, 2002, Alma, 2011, Khan et al., 2021). This is the tuning constant 

that allows for a 95 % efficiency in Huber’s M-estimator (Fox and Weisberg, 2002). 

Similar to normal linear regression, robust linear regression generates regression coefficients, 

standard errors and p-values. The magnitude of the regression coefficients can easily be 

compared using their standardized form (as per equation 2): 

𝛽∗ = 𝛽
𝑆𝑥

𝑆𝑦
(2) 

where β* is the standardized regression coefficient, β is the unstandardized regression 

coefficient, Sx is the sample standard deviation of the independent variable and Sy is the 

sample standard deviation of the dependent variable. The standard error is standardized in 

the same way. 
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3. Materials and Methods

3.1. Study sample 

Participants were infants born to heavy-drinking mothers enrolled in the Cape Town choline 

supplementation RCT from 2012 to 2015 (Jacobson et al., 2018a; 2018b). For the RCT, 

women initiating antenatal care approximately before 23 weeks GA at one of the two midwife 

obstetrics units serving disadvantaged communities in Cape Town known to have high 

prevalences of maternal drinking during pregnancy, were screened regarding their alcohol 

consumption. Detailed drinking histories were obtained using a timeline follow-back interview. 

Eligible mothers were randomised to be supplemented daily with 2g of either choline or a 

placebo from enrolment through delivery. Sixty-two infants born to mothers who completed 

the entire supplementation trial were enrolled (Jacobson et al., 2018a; 2018b). Figure 5 is a 

flowchart detailing participant numbers from maternal recruitment through to infant enrolment. 
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Figure 5: Flowchart of the number of participants from maternal recruitment through to infant 

enrolment. GA denotes gestational age. Adapted from Jacobson et al. (2018a; 2018b). 

Of the 62 infants, neuroimaging data were acquired in 52 infants within their first postnatal 

month. All 52 provided sMRI data. Given that the neonates were scanned in natural sleep and 

DTI was performed later in the protocol, only 43 provided DTI data (Warton et al., 2021).  

Protocols of both the RCT and neuroimaging sub-study were approved by the human research 

ethics committees of all the collaborating institutions, and the RCT by the then Medicines 
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Control Council (MCC). All mothers provided written informed consent. To maintain 

confidentiality, participants were assigned numerical IDs at the time of enrolment, and study 

staff were blinded to treatment status. In the present sub-study, the investigator remained 

blinded to the treatment arm until the data had been visually assessed in the pre-processing 

steps. 

3.2. MRI data acquisition 

Neonates between 1-7 weeks postpartum were scanned during natural sleep (as per Warton 

et al., 2021) at the Cape Universities Brain Imaging Centre (CUBIC) on a 3T Allegra MRI 

(Siemens, Erlangen, Germany) using a circularly polarised birdcage coil that was custom built 

for imaging neonates (170.9 mm inner diameter) (Taylor et al., 2015, Jacobson et al., 2017, 

Warton et al., 2021). Table 8 summarizes the imaging parameters of the sMRI and DTI 

acquisitions. The multi-echo FLASH (MEF) acquisition for the sMRI was repeated twice with 

flip angles of 5° and 20°, respectively, and the DT acquisition was repeated twice with opposite 

phase encoding directions. The two MEF acquisitions allowed a volume with optimal contrast 

to be synthesized, while the acquisitions with opposite phase encoding directions were 

combined to correct echo-planar imaging (EPI) distortions. 
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Table 8: Imaging parameters of the scanning sequences utilised for each neuroimaging 

modality. 

Image 

type 

Sequences 

Sequence type 
Matrix size 

(voxels) 

Voxel size 

(mm3) 
Other 

sMRIa 

Multi-echo FLASH (MEF) 

sequence (TE’s 1.46, 3.14, 

4.82, 6.5, 8.18, 9.86, 11.54, 

13.22 ms; TR 20 ms) 

144 x 144 1 x 1 x 1 128 sagittal slices 

DTIb 

Twice refocused spin-echo 

(TRSE) echo planar 

imaging (EPI) sequence 

(TE 86 ms; non-navigated 

sequence TR 9 500 ms; 

navigated sequence TR 

10 026 ms) 

80 x 80 2 x 2 x 2 

- 50 slices

- 4 or 5 reference

volumes with

b = 0 s/mm2

- 30 DT volumes with
 b = 1 000 s/mm2

TE: Echo time; TR: Reptation time; DT: Diffusion tensor 
aRepeated with flip angles of 5° and 20°, respectively 
bRepeated with opposite phase encoding (PE) directions (anterior-posterior [AP] and 

posterior-anterior [PA]) 

It is important to note that in Table 8 the navigated sequence refers to a DTI sequence that 

detects and corrects motion occurring during the scanning process in real time (Alhamud et 

al., 2012). Six of the neonates (4 placebo-treated; 2 choline-treated) had been scanned with 

the non-navigated DTI sequence. The DTI data of 4 of these neonates (2 placebo-treated; 2 

choline-treated) did not meet the quality control criteria for inclusion and were among the 19 

excluded participants. As such, there were only 2 DTI data sets (both placebo-treated 

neonates) acquired with the non-navigated sequence among our final set analysed. To avoid 

bias, these two participants were excluded from the sample. 

3.3. Structural MR image processing 

3.3.1. Synthesising optimal contrast volumes 

Previously, Warton et al. (2021) used FreeSurfer to synthesise volumes with optimal contrast 

for manual tracing (Warton et al., 2021). Firstly, the echoes from each of the MEF acquisitions 

were separated and proton density and T1 were estimated (Taylor et al., 2015, Warton et al., 

2021). Subsequently, image volumes were generated for different flip angles to determine the 

synthetic volume with optimal contrast. Finally, volumes were synthesised for the optimal flip 

angle of 24° and TE 0 ms (Warton et al., 2021). 
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3.3.2. Manual tracing/segmentation of regions of interest (ROIs) 

Freeview in FreeSurfer was used by Warton et al. (2021) to manually segment the 9 

subcortical regions of interest (8 bilateral and 1 medial) on a Lenovo ThinkPad x220 tablet 

(Warton et al., 2021). The segmentation used the tracing procedures outlined in the Infant 

Brain Segmentation Manual (developed by the HST/MGH Martinos Center) (Warton et al., 

2021). Visual inspection was used to exclude participants whose images had extreme motion 

or other artefacts before manual tracing (Warton et al., 2021).  

The following regions of interest (ROIs) were bilaterally traced on T1-weighted structural MR 

(sMR) images: cerebellar hemispheres, putamen, caudate, hippocampus, nucleus 

accumbens, thalamus, amygdala and pallidum, and the cerebellar vermis on medial slices 

(see Figure 6) (Warton et al., 2021). The tracing primarily occurred in the coronal view while 

the axial and sagittal views were utilised for regions that were not distinctly visible in the 

coronal view (Warton et al., 2021). 

 
Figure 6: The manually traced subcortical regions of interest (ROIs) on T1-weighted structural 

MR (sMR) images for one of the neonates. 

3.4. Diffusion tensor imaging (DTI) data  

In the present study, the Analysis of Functional Neuroimages (AFNI) software was used to 

pre-process the DTI data. The pre-processing steps are summarized in Figure 7. 

Hippocampus 

Cerebellar vermis 

Cerebellar hemispheres Putamen 

Hippocampus 

Caudate 

Nucleus accumbens 

Thalamus Amygdala Pallidum 
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Figure 7: The pre-processing steps performed on the DT and sMR image data. 
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For step 2 in Figure 7, the visual assessment was done separately in volumes acquired with 

phase encoding in the AP and PA directions. Any volume discarded in the AP acquisition was 

also discarded in the PA acquisition, and vice versa.  

Figure 8:  Example images with signal dropout slices, motion artefacts and poor quality. 

The DIFFPREP tool in step 3 of Figure 7 generates output files (*_transformations.txt) for both 

the AP and PA acquisitions that can be used to calculate the average head motion of each 

participant.  

To do this, each text file was used in the do_read_tort_transformations.py script (link to: AFNI 

code) to estimate the position of each volume relative to one reference volume and generate 

6 alignment parameters for each volume. These alignment parameters were comprised of 

translation values in the right-left, anterior-posterior and inferior-superior directions (in mm) as 

well as rotation values around the x, y and z axes (in degrees) (link to: AFNI code).  

Using the differences between the alignment parameters of successive volumes, the 

framewise displacement (3 translational and 3 rotational motion parameters) of each volume 

was calculated (link to: AFNI handout) and subsequently the Euclidean Norm (Enorm) of each 

volume. The Euclidean norm is defined as the square root of the sum of squares of the motion 

parameters (equation 3) (Burnham and Anderson, 2004, Szabo, 2015). It should be noted that 

1 degree of rotation is approximately equivalent to 1 mm of translation at the edge for the 

human brain  (link to: AFNI handout). 

𝐸𝑛𝑜𝑟𝑚 (𝑖) = √∑|𝑥𝑖,𝑗 − 𝑥(𝑖−1),𝑗|
2

6

𝑗=1

 𝑤ℎ𝑒𝑟𝑒 𝑥 ϵ ℝ 

In equation 3, Enorm (𝑖) is the Euclidean Norm of a single volume 𝑖 (in mm), and 𝑥𝑖,𝑗 (with 𝑗 = 

1 to 6) are the 6 alignment parameters for volume 𝑖. 

Signal dropout slices Motion artefacts Poor quality 

(3)

https://afni-dev.nimh.nih.gov/pub/dist/src/ptaylor/supplement/do_read_tort_transformations.py
https://afni-dev.nimh.nih.gov/pub/dist/src/ptaylor/supplement/do_read_tort_transformations.py
https://afni-dev.nimh.nih.gov/pub/dist/src/ptaylor/supplement/do_read_tort_transformations.py
https://afni.nimh.nih.gov/pub/dist/edu/data/CD.expanded/afni_handouts/afni14_alignment.pdf
https://afni.nimh.nih.gov/pub/dist/edu/data/CD.expanded/afni_handouts/afni14_alignment.pdf
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These Euclidean Norm values were first averaged across volumes separately for the AP and 

PA acquisitions of each participant. These averaged values were then averaged across the 

AP and PA acquisitions to obtain an estimate of the average head motion per participant. 

As seen after step 4 in Figure 7, the AP and PA acquisitions failed to combine for 3 participants 

(2 choline-treated; 1 placebo-treated). This was due to the large differences between the AP 

and PA coordinates of these participants. Due to this, steps 2 and 3 were repeated for each 

of these participants using their AP acquisition only – the default acquisition for the Siemens 

scanner we used. None of these participants were excluded after the visual assessment. 

Figure 9 shows an example of an FA map (for step 7) generated for one neonate. 

 

Figure 9: A Fractional Anisotropy (FA) map for one participant. 

3.5. Tractography 

The current study used the manually segmented regions (ROIs) from Warton et al. (2021) as 

seeds for tractography.  

3.5.1. Transforming the ROIs to the DTI space 

Figure 10 is an illustration of the processing steps that occurred before tractography was 

performed. 
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Figure 10: A flowchart of the processing steps performed before tractography was conducted. 

All the tools that were used in these steps (except for Freeview) are found in AFNI. 
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In step 1 in Figure 10, deobliquing was used to convert the datasets from oblique to cardinal. 

To ensure that the deobliqued ROIs and T1-weighted image data had the same resolution, 

the deobliqued ROIs were resampled to match the deobliqued T1-weighted resolution in step 

2.1..  

In step 5, co-registration was unsuccessful in 5 participants. Successful co-registrations were 

achieved after alterations were made to their processing steps as per the red and blue 

feedback loops shown in Figure 10. Figure 11 shows manually traced ROIs overlaid on DTI 

data for a single participant.  

   

Figure 11: (a) Axial, (b) sagittal and (c) coronal views showing the manually traced ROIs 

successfully co-registered to the DTI data. Each colour represents a different manually 

segmented subcortical region.  

3.5.2. Running the tractography 

Probabilistic tractography was performed using the 3dTrackID tool in the FATCAT software 

(Taylor et al., 2012, Taylor and Saad, 2013).  

Mini-probabilistic tractography was first performed to visualise the WM connections for each 

participant in SUMA (Figure 12). This was executed using five iterations of the FACTID 

algorithm and the following parameters (Saad et al., 2004, Saad and Reynolds, 2012, Taylor 

and Saad, 2013, Taylor et al., 2016):  

• Minimum tract length: 20 mm 

• Maximum propagation angle for each proceeding voxel: 60° 

• FA threshold: 0.1 – conventional FA threshold for imaging WM in infants (Dubois et al., 

2014) 

• Number of seed points per voxel in the x, y and z direction: 1 seed/voxel for each 

direction. 

c) b) a) 
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o The total number of seed points placed and distributed equally throughout each

3D voxel during tracking was the product of the number of seed points per voxel

in each direction (i.e. 1 x 1 x 1 = 1 seed point per voxel during tracking)

(https://afni.nimh.nih.gov).

Figure 12: A visual illustration in the (a) sagittal, (b) axial and (c) anterior views of the WM 

connections between manually traced subcortical regions in one infant. The colours represent 

the principal diffusion directions in each WM tract; red: right-left direction, green: anterior-

posterior direction and blue: superior-inferior direction. 

After visualising the WM connections, full probabilistic tractography was performed to attain 

the DTI measures and other output variables. To this end, we performed 1000 iterations of the 

FACTID algorithm using the same minimum tract length, maximum propagation angle and FA 

threshold as described for mini-probabilistic tractography. Additionally, the minimum number 

of tracts per voxel for each connection was 5 streamlines/voxel/connection. This value is the 

product of the number of iterations (1000 iterations/seed), the number of seeds per voxel per 

iteration (AFNI default of 5 seeds/voxel/iteration) and the minimum number of tracts passing 

through each voxel for each connection (AFNI default of 0.001 streamlines/connection) (Taylor 

et al., 2012, Taylor and Saad, 2013).  

The FATCAT tracking function automatically calculated the mean and standard deviation of 

the DTI measures (FA, MD, AD and RD) for each WM connection. The fat_mvm_prep.py 

function in AFNI was used to generate a  readable output of the results obtained from 

3dTrackID. In the current study, we used FA, AD and RD to examine WM integrity. 

3.6. Statistical analyses 

The results obtained from full probabilistic tractography were used to evaluate treatment 

effects on WM microstructure. We also examined whether the total number of WM connections 

generated between our subcortical seeds differed between the choline and placebo groups.  

a) b) c)

https://afni.nimh.nih.gov/
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Statistical analyses were conducted using R software. All analyses, except those comparing 

the total number of WM connections between treatment groups, were conducted on the subset 

of WM connections found in ≥ 85 % of the neonates. Of the 78 WM connections generated 

using full probabilistic tractography, 15 WM connections were present in ≥ 85 % of the 

participants (Figure 13). Due to the small sample size, which limited statistical power, we did 

not perform correction for multiple comparisons. 

 

Figure 13: Zoomed-in axial view of the 15 WM connections between manually traced 

subcortical regions found in ≥ 85 % of participants. L = Left-hand side of the brain; R = Right-

hand side of the brain. 

We checked for bias on the DTI measures for the 3 participants (2 choline-treated; 1 placebo-

treated) whose AP acquisition was used due to their AP and PA acquisitions failing to combine; 

the 6 participants (5 choline-treated, 1 placebo-treated) exposed to marijuana during 

pregnancy; and the 1 choline-treated participant exposed to methamphetamine during 

pregnancy. This was performed by computing each participant's average FA, AD and RD 

across all 15 WM connections and comparing these to the rest of the sample means. If their 

mean, on at least one DTI measure, was 1.5 times the IQR above or below the upper or lower 

quartiles, respectively, the participant was excluded from all analyses that included the DTI 

measures.  

Treatment effects on WM microstructural integrity were assessed using group differences, as 

well as associations with choline dose. Two different estimates of choline dose were used for 

these analyses: (1) maternal choline treatment adherence (in % packets consumed) was used 

as a proxy for choline dose with choline dose set to zero for infants born to mothers in the 

placebo arm, and (2) computing the total choline (in grams) consumed by the mother from 

L R 

Putamen 

Hippocampus 

Caudate 

Thalamus 

Pallidum 

R L 
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enrolment through delivery (cumulative choline dose). For the latter, we used the product of 

maternal treatment adherence (in % packets consumed), the number of treatment weeks from 

enrolment to delivery, and weekly choline dosage (2 grams/day x 7 days/week = 14 

grams/week.  

Given that visual recognition memory on FTII demonstrated choline-related improvements in 

the RCT (Jacobson et al., 2018b), we examined associations of WM microstructural integrity 

on visual recognition memory on the FTII and, if present, the degree to which improved WM 

microstructure mediates the effect of choline treatment on visual recognition memory. 

3.6.1. Potential confounders 

Potential confounders included both maternal and infant characteristics and are summarised 

in Table 9. 

Table 9: All the sample characteristics. 

Maternal sample characteristics Neonatal sample characteristics 

Age at delivery 

(years) 

Frequency of drinking at 

conception (days/week) 
Infant sex Length at scan (cm) 

Education level 
oz AA/day during 

pregnancy* 

Gestational age 

(GA) at birth 

(weeks) 

Head circumference 

at scan (cm) 

Marriage status 
oz AA/drinking day 

during pregnancy* 
Birthweight (g) 

Total intracranial 

volume (TIV) (mm3) 

Socioeconomic status 

Frequency of drinking 

during pregnancy 

(days/week) 

Birth length 

(cm) 

Average head 

motion (mm) 

Parity 
Smoking 

(cigarettes/day) 

Birth head 

circumference 

(cm) 

FASD diagnosis 

Treatment adherence 

(%)  
Marijuana (days/month) 

Postnatal age 

at scan (weeks) 

Acquisition 

sequence 

(navigated or non-

navigated) 

oz AA/day at 

conception* 

Methamphetamine 

(days/month) 

Gestational age 

(GA) equivalent 

at scan (weeks) 

Total cerebral white 

matter volume 

(TWV) (mm3) 

oz AA/drinking day at 

conception* 

Number of mandrax 

users 

Weight at scan 

(g) 

*oz AA is ounces of absolute alcohol consumed
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The number of potential confounders was reduced by employing rational reasoning, removing 

variables that were not linearly independent, and examining associations with the outcomes. 

These steps are described below. 

Rational reasoning 

Since oz AA/day during pregnancy (Table 9) summarises the mother’s daily alcohol 

consumption throughout pregnancy, this was the only alcohol exposure variable we retained 

to control for potential confounding by different levels of prenatal alcohol exposure. Notably, 

this measure, which is computed from the mother’s frequency of drinking and the amount she 

drank per occasion, also encapsulates her drinking around the time of conception. 

Marijuana and methamphetamine usage were excluded from the list of potential confounders 

as only a few mothers reported using these substances. Six mothers reported using marijuana 

during pregnancy (5 choline-treated, 1 placebo-treated) and 1 choline-treated mother reported 

using methamphetamine. We confirmed that the averages of the DTI measures – across all 

15 WM connections – of the neonates born to these mothers did not introduce bias, thus, all 

these participants were included in subsequent analyses. There were no mandrax users.  

Given that infant length is notoriously inaccurate and related to weight, we instead included 

weight measures to control for potential confounding by the size of the neonate.  

Remaining potential confounders included 8 maternal characteristics (age at delivery, 

education, marital status, socioeconomic status (SES), parity, smoking, treatment adherence 

and oz AA/day during pregnancy) and 11 neonatal characteristics (infant sex, gestational age 

(GA) at birth and scan, weight at birth and scan, head circumference at birth and scan, 

postnatal age at scan, average head motion during scan, total intracranial volume (TIV) and 

total cerebral WM volume (TWV)). In contrast to maternal choline treatment adherence which 

will be used as a proxy for choline dose in our analyses of treatment effects, maternal 

treatment adherence (in both choline and placebo groups) was used here to control for 

potential confounding by ‘maternal health’. It is assumed that a mother who is more consistent 

in taking her treatment may also be healthier. 

Collinearity (Table B.1 in Appendix B) 

The number of potential confounders were further reduced by examining collinearity between 

pairs of variables using either Pearson r (parametric test) or Spearman rank (non-parametric 

test) correlation. The Shapiro-Wilk’s test was used to check normality. For pairs of variables 

with at least fair correlations (r ≥ 0.4) (Akoglu, 2018), the variable in each pair that 

demonstrated stronger correlations with FA and MD was retained as a potential confounder 

in subsequent analyses. 
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Based on collinearity, (1) parity was retained in favour of maternal age at delivery, (2) postnatal 

age at scan instead of weight and GA at birth and scan, and (3) both TIV and TWV instead of 

head circumference at birth and scan (Table B.1 in Appendix B).  

After removing linearly dependent variables, the remaining potential confounders, therefore, 

included 7 maternal characteristics (education, marital status, SES, parity, smoking, treatment 

adherence and oz AA/day during pregnancy) and 5 neonatal sample characteristics (infant 

sex, postnatal age at scan, average head motion during scan, TIV, TWV). 

Associations with outcomes 

Outliers on outcomes (FA, AD and RD; total number of WM connections; FTII scores) were 

removed before examining associations between the outcomes and nominal (e.g. infant sex, 

marital status), ordinal (e.g. education) or discrete (e.g. parity) potential confounders. Outliers 

were defined as any value at least 1.5 times the IQR above or below the upper or lower 

quartiles, respectively.  

The Independent samples T-test, Yuen test and/or Welch’s T-test were used to examine 

associations of nominal variables with the outcomes. The choice of test was dependent on the 

assumptions – normality assumption and homogeneity of variances assumption – that were 

or were not satisfied. Independent samples T-test required normally distributed data and 

homogeneous variances; Welch’s T-test only required homogenous variances while the Yuen 

test required neither. Associations of discrete and ordinal independent variables with 

outcomes were evaluated using one-way ANOVA and Kruskal-Wallis ANOVA tests, 

respectively.  

We did not remove outliers on outcomes when examining associations with continuous 

potential confounders but instead used robust simple regression, which accounts for the 

presence of outliers. Continuous variables with skewed data were logarithmically transformed 

prior to analyses, such as all maternal alcohol consumption measures, smoking and average 

head motion during scan, to name a few. The logarithmic form was only used if the 

transformation normalised the data. 

Any variable even weakly associated (at p < 0.1) with  ≥ 30 % of the 45 WM outcomes being 

examined (FA, AD and RD in each of the 15 WM connections) was retained as a potential 

confounder in analyses involving DTI measures as the outcome. Similarly, any variables 

weakly associated (at p < 0.1) with FTII scores or the total number of WM connections, 

respectively, were retained as potential confounders in analyses involving those measures. 

The results for this can be seen in section 4.3. Potential confounders. 
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3.6.2. Group differences 

Sample characteristics, the total number of WM connections between subcortical seeds, as 

well as WM integrity in the 15 WM connections found in at least 85 % of participants, were 

compared between the two treatment groups using the pipeline illustrated in Figure 14. This 

pipeline was also used to compare sample characteristics between the 22 participants who 

provided usable DTI data and the 21 participants who were excluded due to acquisition with 

a different sequence (non-navigated sequence) or DT images with signal dropouts, motion 

artefacts or poor quality. 

Figure 14: Flowchart illustrating the statistical test used to evaluate group differences. The 

bold red arrow is the pipeline that was followed for continuous dependent variables. 

For each WM connection and each DTI measure, any value at least 1.5 times the IQR above 

or below the upper or lower quartile, respectively, was defined as an outlier. Outliers were 

excluded before performing group comparisons. Group comparisons of the sample 

characteristics were repeated with and without the 3 participants whose mothers had 
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treatment adherence < 50 %. We used analysis of covariance (ANCOVA) to control for 

potential confounding.  

3.6.3. Regression analyses 

Robust linear regression (using Huber’s M-estimator) was used to evaluate associations of 

choline dose with WM microstructure (DTI measures), and associations of WM microstructure 

with cognitive performance (FTII scores) controlling for potential confounding. Robust multiple 

regression was performed when potential confounders were present, otherwise, robust simple 

regression was conducted. With the knowledge that brain development tends to differ in males 

and females, we included a dose-by-sex interaction effect in all our multiple regression 

models. We report standardized regression coefficients (β), standardized standard errors (ε) 

and p-values for each analysis with Pearson r coefficient demonstrating correlations in the 

scatter plots of significant findings. 
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4. Results

4.1. Sample characteristics 

Of the 43 neonates, 24 neonates (14 choline-treated; 10 placebo-treated) provided usable DT 

imaging data but an additional  2 neonates from the placebo arm who had been scanned using 

the non-navigated sequence were excluded to avoid bias. We, therefore present data for 22 

neonates (14 choline-treated; 8 placebo-treated). 

Overall, sample characteristics of the 21 excluded neonates were similar to those included in 

our analyses, except that their mothers were less adherent to treatment (p = 0.025), and they 

were, on average, 3 gestational weeks further along at enrolment (p = 0.002) and received 

treatment (from enrolment through delivery) for 2.5 fewer weeks than the mothers of the 

participants who were included (p = 0.019) (Table A.1.1 in Appendix A). Additionally, the 

excluded neonates were about 2 cm longer (p = 0.035) and had slightly larger head 

circumferences at birth (p = 0.040) (Table A.1.2 in Appendix A).   

Tables 10 and 11 and Tables 12 and 13 summarise maternal and neonatal characteristics, 

respectively,  of the 22 participants included in our analyses. Maternal characteristics did not 

differ between the treatment groups, except for treatment adherence. The mothers in the 

choline arm were less adherent to treatment than the mothers in the placebo arm, even after 

excluding the 3 choline-treated mothers with adherences < 50 % (Table 10). Removing these 

participants did not result in significant between-group differences being observed in any other 

sample characteristics (all p’s > 0.1). Notably, enrolment characteristics and levels of alcohol, 

smoking and drug use during pregnancy or around the time of conception were similar for 

mothers in both treatment arms (Tables 10 and 11). Infants in both treatment groups did not 

differ in terms of birth measures, nor their characteristics at scan (Tables 12 and 13).
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Table 10: Maternal characteristics (n = 22). 

Sample characteristics 

Choline (n = 14) Placebo (n = 8) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

Maternal age at delivery (years) 27.8 (4.4) 19.1 - 33.8 28.8 (5.7) 20.7 - 37.1 0.6 

Education (highest grade passed) 9 [8; 10] 5 - 12 9.5 [7; 10] 6 - 12 0.9a 

Number married 7 (50.0 %) 4 (50.0 %) 1.0b 

Socioeconomic statusd 19.6 (6.7) 9.5 - 30.5 17.9 (4.5) 9.5 - 24.0 0.5 

Parity 2.1 (1.7) 0 - 6 1.8 (1) 1 - 3 0.2b 

Treatment adherence (%) (n = 22) 84.0 [49.7; 87.5] 13.4 - 89.4 94.3 [83.0; 98.9] 75.3 - 99.6 0.021c 

Treatment adherence (%) (n = 19)f 86.3 [75.3; 87.6] 56.3 - 89.4 94.3 [83.0; 98.9] 75.3 - 99.6 0.028a 

Gestational age (GA) at enrolment (weeks) 18.5 (3.1) 13.7 - 23.6 18.0 (4.3) 9.9 – 22.1 0.8 

Duration from enrolment through delivery (weeks) 20.0 (3.6) 12.0 - 26.0 21.5 (5.3) 16.0 - 31.0 0.8 

Cumulative choline dose (grams)e 189.4 [117.9; 251.7] 43 - 307.2 0 0 < 0.0001c 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test was used unless stated otherwise 
aMann-Whitney U test 
bFisher exact test 
cYuen test  
dHollingshead scale (Adams and Weakliem, 2011) 
eEstimated as a product of maternal choline treatment adherence (with neonates in the placebo arm being set to 0), weeks from enrolment 

through delivery and weekly dosage (2 grams/day x 7 days/week = 14 grams/week) 
fExcluding 3 mothers from the choline arm with adherences < 50.0  % (adherences of 13.4 %, 22.2 % and 29.9 %, respectively) 
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Table 11: Maternal substance use (n = 22). 

Sample characteristics 

Choline (n = 14) Placebo (n = 8) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

oz AA/day at conceptiond 1.1 [0.6; 2.2] 0 - 9.8 1.5 [0.7; 2.9] 0 - 3.2 0.9c 

oz AA/drinking day at conceptiond 4.5 (3.6) 0 - 13.7 5.1 (3.4) 0 - 9.6 0.6c 

Frequency of drinking at conception (days/week) 2 [2.0; 3.0] 0 - 5.0 2.0 [1.5; 2.8] 0 - 3.0 0.9a 

oz AA/day during pregnancyd 0.6 [0.2; 1.0] 0.04 - 2.8 0.7 [0.2; 0.9] 0.1 - 1.0 0.9a, c 

oz AA/drinking day during pregnancyd 3.1 [2.4; 4.4] 1.6 - 12.5 4.3 [2.6; 6.2] 2.5 - 7.0 0.3c 

Frequency of drinking during pregnancy (days/week) 1.6 [0.5; 1.8] 0.1 - 3.8 0.9 [0.4; 1.2] 0.1 - 1.5 0.2b 

Smoking (cigarettes/day)e 5.0 [4.2; 6.8] 2.3 - 20.0 5.0 [3.3; 11.7] 3.0 - 15.0 0.8c 

Marijuana use (days/month)e 11.0 (12.6) 0.1 - 30.1 5.0 (N/A) N/A N/A 

Methamphetamine use (days/month)e 2.1 (N/A) N/A N/A N/A N/A 

Number of mandrax users 0 0 N/A 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test was used unless stated otherwise 
aMann-Whitney U test 
bYuen test  
cLog transform was used for the statistics 
dOunces (oz) of absolute alcohol (AA) consumed 
eMedian, IQR, range and statistics are based only on participants who used the respective substances: Participants in the choline group who 

were smokers n = 14 (100 %), marijuana users n = 5 (36 %) and methamphetamine users n = 1 (7 %); participants in the placebo group who 

were smokers n = 7 (88 %), marijuana users n = 1 (13 %) and methamphetamine users n = 0 (0 %) 
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Table 12: Neonatal birth characteristics and FASD diagnosis (n = 22). 

Sample characteristics 

Choline (n = 14) Placebo (n = 18) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

FASD diagnosis 

(2019 clinic) 

Number of FASb 4 (28.6 %) 1 (12.5 %) 

0.8a Number of PFASb 1 (7.1 %) 1 (12.5%) 

Number of HEb 9 (64.3 %) 6 (75.0 %) 

Number of males 5 (35.7 %) 6 (75.0 %) 0.2a 

Gestational age (GA) at birth (weeks) 38.5 (1.3) 35.6 - 40.6 39.2 (1.7) 37.3 - 41.3 0.3 

Birthweight (g) 2700 (369) 2180 - 3230 2672.5 (381.8) 2240 - 3360 0.9 

Birth length (cm)c 46.9 (3.4) 40.0 - 53.0 48.1 (2.9) 43.0 - 52.0 0.4 

Birth head circumference (cm) 32.1 (1.5) 30.0 - 34.0 33.1 (1.9) 30.0 - 36.0 0.2 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test was used unless stated otherwise 
aFisher exact test 
bFAS = Fetal Alcohol Syndrome, PFAS = Partial Fetal Alcohol Syndrome and HE = Non-syndromal Heavily Exposed 
cMissing data for n = 1 placebo-treated neonate 
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Table 13: Neonatal scan characteristics (n = 22). 

Sample characteristics 

Choline (n = 14) Placebo (n = 18) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

Postnatal age at scan (weeks) 3.0 [2.8; 3.3] 1.6 - 5.1 2.7 [1.5; 3.3] 1.3 - 6.1 0.4a 

Gestational age (GA) equivalent at scan 

(weeks) 
41.6 (1.6) 37.7 - 43.6 42.0 (2.6) 39.3 - 47.0 0.6 

Weight at scan (g)b 3160 (445) 2340 - 3960 3198 (1104) 2280 - 5100 0.4a 

Length at scan (cm)b 48.6 (2.2) 45.5 - 52.2 48.5 (3.4) 45.0 - 53.4 0.9 

Head circumference at scan (cm)b 35.0 (1.6) 31.8 - 37.7 35.6 (3.1) 32.8 - 39.0 0.6 

Total intracranial volume (mm3) 492 250 (60 311) 393 000 - 579 400 494 188 (81 118) 420 000 - 655 300 0.9 

Total cerebral white matter volume (mm3)c 124 121 (18 463) 99 000 - 156 142 121 539 (23 953) 101 013 - 172 092 0.8 

Average head motion (mm)d 0.3 [0.3; 0.5] 0.2 - 0.7 0.3 [0.2; 0.4] 0.2 - 0.6 0.2e 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test was used unless stated otherwise 
aMann-Whitney U test 
bMissing data for n = 3 placebo-treated neonates 
cMissing data for n = 1 choline-treated neonate 
dEuclidean norm 
eLog transform was used for the statistical analysis
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4.2. Additional exclusions due to potential bias on DTI measures 

Of the 3 participants (2 choline-treated; 1 placebo-treated) whose AP acquisitions were used 

due to their AP and PA acquisitions failing to combine, one choline-treated participant was 

excluded due to their average AD value (across all 15 WM connections examined) being 1.5 

times the IQR above the upper quartile. Thus, 21 participants (13 choline-treated; 8 placebo-

treated) were included in all analyses that included the DTI measures.  

The removal of this participant did not alter the significant differences in the sample 

characteristics between the included and excluded participants (Tables A.2.1-A.2.4 in 

Appendix A), except that the differences in the head circumferences at birth was no longer 

significant (Table A.2.3 in Appendix A).  

In addition, among the neonates included in our analyses (n = 21), maternal treatment 

adherence remained the only difference observed between the choline- and placebo-treated 

neonates and their mothers (Tables A.3.1-A.3.4 in Appendix A). In other words, before and 

after excluding the 3 choline-treated mothers with adherence < 50 %, median treatment 

adherences of mothers in the choline arm were 83.5 % [43.1; 87.4] and 85.3 % [64.6; 87.9], 

respectively, compared to 94.3 % [83.0; 98.9] (Table A.3.1 in Appendix A).  

4.3. Potential confounders 

As described previously, the variables assessed for potential confounding after removing 

collinearity included 7 maternal characteristics (parity, socioeconomic status (SES), marital 

status, oz AA/day during pregnancy, education, treatment adherence, and smoking) and 5 

neonatal characteristics (infant sex, postnatal age at scan, total intracranial volume (TIV), total 

cerebral WM volume (TWV), average head motion during scan). Results from our analyses of 

assessing collinearity are presented in Table B.1 in Appendix B.  

After removing the choline-treated participant that introduced bias on the DTI measures, only 

postnatal age at scan, infant sex and TIV were each weakly associated (at p < 0.1) with at 

least 30 % of the 45 WM outcomes examined (FA, AD and RD in each of the 15 WM 

connections) (Tables 14).  

None of the maternal characteristics considered were associated with at least 14 WM outcome 

measures. Subsequently, only postnatal age at scan, infant sex and TIV were controlled for in 

the analyses examining the effects of choline treatment on WM outcomes. However, given 

that there were only 2 girls (25 %) in the placebo arm, we could not control for potential 

confounding by infant sex when examining group differences (as seen in Tables 15-17). 

Moreover, none of the potential confounders considered showed any association with FTII 
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scores (all p’s > 0.2), and only infant sex was associated with the total number of WM 

connections (p < 0.05). 

Table 14: The number of WM connections in which each potential confounder showed a weak 

association (at p < 0.1) with the different WM outcomes being examined  (FA, AD or RD in 

each of the 15 WM connections). Infant sex, postnatal age at scan and TIV each showed weak 

associations with at least 14 (> 30 %) of the WM outcomes being assessed (in bold). 

 FA AD RD Total (%) 

Maternal characteristics 

Marital statusa 2 2 0 4 (9 %) 

Education 1 0 0 1 (2 %) 

Socioeconomic status (SES) 1 3 2 6 (13 %) 

Parityb 1 2 7 10 (22 %) 

Treatment adherence 2 0 0 2 (4 %) 

oz AA/day during pregnancy 0 1 2 3 (7 %) 

Smoking 0 0 0 0 (0 %) 

Neonatal characteristics 

Postnatal age at scan 5 8 10 23 (51 %) 

Infant sex 2c 9d 5e 16 (36 %) 

Total intracranial volume (TIV) 3 5 6 14 (31 %) 

Total cerebral WM volume (TWV) 3 1 8 12 (27 %) 

Average head motion 0 1 0 1 (2 %) 
aIndependent samples T-test was used: 0 and 3 outliers, respectively, were removed for the 

2 WM connections showing associations with FA; 0 and 1 outliers, respectively, were removed 

for the WM connections showing associations with AD. 
bOne-way ANOVA was used: 3 outliers were removed for the WM connection showing 

associations with FA; 1 outlier for each WM connection showing associations with AD; 0 

outliers for 4 WM connections and 1 outlier for 3 WM connections showing associations with 

RD. 
cIndependent samples T-test and Yuen test, respectively, were used: 0 and 3 outliers were 

removed, respectively. 
dIndependent samples T-test was used for 5 WM connections: 0, 1 and 3 outliers removed for 

2, 2 and 1 WM connections, respectively; Welch’s T-test was used for 4 WM connections: 0 

and 2 outliers removed for 2 WM connections, respectively.  
eIndependent samples T-test was used: 0,1 and 3 outliers removed for 1, 2 and 2 WM 

connections respectively. 

Given that maternal choline treatment adherence was also used as a proxy for choline dose, 

in the choline-treated arm (however, with dose set to zero in the placebo arm), it is worth 

noting that maternal treatment adherence (as a proxy for ‘maternal health’) was associated 

with FA in only 2 WM connections (Table 14), namely between the L and R thalami (at p < 

0.05) and between the R putamen and the R pallidum (at p < 0.1). Therefore, we did not 

control for ‘maternal health’ in any of our analyses.  
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4.4. Group differences in the total number of WM connections 

A total of 78 WM connections were generated from full probabilistic tractography. Since this 

comparison did not rely on DTI outcomes (FA, AD, or RD) as measures of WM integrity, all 22 

neonates in whom tractography had been performed were included in this analysis. After 

excluding the 3 choline-treated participants whose mothers had low treatment adherence (< 

50 %), the Independent samples T-test did not reveal differences in the total number of WM 

connections between the choline- and placebo-treated neonates (choline mean (SD): 26 (7), 

10-39 WM connections; placebo: 22 (6), 13-28 WM connections; p = 0.2).

4.5. Treatment effects on WM microstructure 

Given that these analyses examined effects on WM integrity, we excluded the choline-treated 

participant for whom using the AP data resulted in bias on the DTI measures. Therefore, the 

data from 21 neonates (13 choline-treated; 8 placebo-treated) were used in these analyses.  

4.5.1. Group differences 

The 3 choline-treated neonates whose mothers were poorly adherent (< 50 %) were excluded 

from all analyses investigating group differences in WM measures. Given that the 15 WM 

connections we examined were present in ≥ 85 % of participants, each connection was 

present in at least 15 participants.  

After removing outliers, choline-treated neonates demonstrated lower FA in 2 WM connections 

(between L thalamus and L caudate; L caudate and L pallidum) (Table 15; Figures 15 and 16), 

lower AD in the connection between the R putamen and R pallidum (Table 16; Figure 17), and 

lower RD in the WM connection between the L putamen and L pallidum (Table 17; Figure 18). 

Lower FA in the L caudate and L pallidum connection, and lower AD in the R putamen and R 

pallidum connection remained significant after adjusting for potential confounding by postnatal 

age at scan and TIV.
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Table 15: Comparison by treatment group of fractional anisotropy (FA) in the 15 WM connections present in ≥ 85 % of participants. 

WM connections 

FA 

Choline (n = 10) Placebo (n = 8) Statistics 

n (% males) Mean (SD) Range n (% males) Mean (SD) Range p p’ 

L Thalamus – L Caudatea 7 (14.3 %) 0.26 (0.007) 0.22 - 0.35 8 (75.0 %) 0.29 (0.03) 0.25 - 0.33 0.045 0.1 

L Thalamus – L Putamenb 9 (33.3 %) 0.32 (0.02) 0.31 - 0.40 8 (75.0 %) 0.35 (0.03) 0.29 - 0.38 0.08 

L Thalamus – L Pallidum 10 (40.0 %) 0.35 (0.03) 0.30 - 0.41 8 (75.0 %) 0.37 (0.04) 0.30 - 0.43 0.2 

L Thalamus – L Hippocampusc 9 (44.4 %) 0.32 (0.01) 0.31 - 0.36 7 (71.4 %) 0.32 (0.02) 0.25 - 0.38 0.9 

L Thalamus – R Thalamusd 9 (44.4 %) 0.34 (0.06) 0.24 - 0.44 5 (100 %) 0.33 (0.02) 0.25 - 0.39 0.7 

L Caudate – L Putamene 9 (33.3 %) 0.32 (0.02) 0.30 - 0.35 6 (83.3 %) 0.32 (0.01) 0.30 - 0.38 0.9 

L Caudate – L Pallidumb 8 (25.0 %) 0.31 (0.01) 0.29 - 0.35 6 (83.3 %) 0.33 (0.02) 0.31 - 0.36 0.013 0.023 

L Putamen – L Pallidumb 9 (33.3 %) 0.30 (0.02) 0.28 - 0.36 8 (75.0 %) 0.30 (0.02) 0.26 - 0.36 0.7 

R Thalamus – R Caudateb 8 (25.0 %) 0.26 (0.02) 0.22 - 0.33 7 (71.4 %) 0.27 (0.03) 0.23 - 0.33 0.9 

R Thalamus – R Putamen 10 (40.0 %) 0.32 (0.02) 0.29 - 0.34 8 (75.0 %) 0.33 (0.01) 0.30 - 0.34 0.5 

R Thalamus – R Pallidumb 8 (25.0 %) 0.34 (0.02) 0.31 - 0.41 7 (71.4 %) 0.36 (0.03) 0.31 - 0.40 0.2 

R Thalamus – R Hippocampusd 10 (40.0 %) 0.32 (0.02) 0.28 - 0.35 5 (80.0 %) 0.33 (0.003) 0.29 - 0.38 0.3 

R Caudate – R Putamen 8 (25.0 %) 0.32 (0.02) 0.29 - 0.35 8 (75.0 %) 0.33 (0.02) 0.29 - 0.35 0.4 

R Caudate – R Pallidum 9 (33.3 %) 0.32 (0.02) 0.29 - 0.36 7 (71.4 %) 0.33 (0.02) 0.28 - 0.37 0.3 

R Putamen – R Pallidume 9 (33.3 %) 0.31 (0.03) 0.26 - 0.34 6 (83.3 %) 0.29 (0.01) 0.29 - 0.36 0.3 

SD: Standard deviation; n: Total number of participants 

Independent samples T-test was used (p) 

ANCOVA was used to adjust for potential confounding by total intracranial volume (TIV) and postnatal age at scan (p’) 

No outliers were removed unless stated otherwise 
aTwo outliers were removed from the choline group 
bOne outlier was removed from the choline group 
cAn outlier was removed from each treatment group 
dTwo outliers were removed from the placebo group 
eOne outlier was removed from the placebo group
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Figure 15: Choline-treated neonates demonstrated lower fractional anisotropy (FA) than the 

placebo-treated neonates in the WM connection between the L thalamus and L caudate. 

 

 

Figure 16: Choline-treated neonates demonstrated lower fractional anisotropy (FA) than the 

placebo-treated neonates in the WM connection between the L caudate and L pallidum. This 

difference remained significant after controlling for postnatal age at scan and total intracranial 

volume (TIV).

p = 0.045 

p = 0.013 
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Table 16: Comparisons by treatment group of the mean axial diffusivity (AD) in the 15 WM connections present in ≥ 85 % of participants. 

WM connections 

AD (10-3 mm2/s) 

Choline (n = 10) Placebo (n = 8) Statistics 

n (% males) Mean (SD) Range n (% males) Mean (SD) Range p p’ 

L Thalamus – L Caudatea 8 (37.5 %)a 1.44 (0.10) 1.37 - 1.79 8 (75.0 %) 1.51 (0.20) 1.34 - 1.77 0.3 

L Thalamus – L Putamen 10 (40.0 %) 1.43 (0.05) 1.3 9 - 1.54 8 (75.0 %) 1.46 (0.06) 1.35 - 1.54 0.4 

L Thalamus – L Pallidum 10 (40.0 %) 1.42 (0.06) 1.34 - 1.59 8 (75.0 %) 1.46 (0.08) 1.32 - 1.52 0.3 

L Thalamus – L Hippocampus 10 (40.0 %) 1.52 (0.04) 1.48 - 1.58 8 (75.0 %) 1.52 (0.05) 1.47 - 1.78 0.9 

L Thalamus – R Thalamusd 9 (44.4 %) 1.84 (0.24) 1.58 - 2.30 6 (83.3 %) 1.83 (0.11) 1.35 - 2.01 0.9 

L Caudate – L Putamen 9 (33.3 %) 1.42 (0.04) 1.37 - 1.53 8 (75.0 %) 1.46 (0.06) 1.36 - 1.55 0.2 

L Caudate – L Pallidum 9 (33.3 %) 1.41 (0.06) 1.34 - 1.52 7 (71.4 %) 1.46 (0.06) 1.37 - 1.51 0.2 

L Putamen – L Pallidumb 8 (37.5 %) 1.40 (0.02) 1.32 - 1.50 8 (75.0 %) 1.40 (0.05) 1.34 - 1.49 1.0 

R Thalamus – R Caudatea 8 (37.5 %) 1.44 (0.05) 1.35- 1.71 7 (71.4 %) 1.45 (0.08) 1.33 - 1.55 0.8 

R Thalamus – R Putamen 10 (40.0 %) 1.42 (0.04) 1.37 - 1.52 8 (75.0 %) 1.44 (0.04) 1.39 - 1.51 0.2 

R Thalamus – R Pallidumc 6 (16.7 %) 1.38 (0.01) 1.46 - 1.53 7 (71.4 %) 1.43 (0.08) 1.31 - 1.52 0.1 

R Thalamus – R Hippocampusa 9 (44.4 %) 1.50 (0.04) 1.43 - 1.69 7 (71.4 %) 1.53 (0.05) 1.46 - 1.74 0.2 

R Caudate – R Putamena 7 (14.3 %) 1.41 (0.02) 1.35 - 1.50 8 (75.0 %) 1.45 (0.06) 1.34 - 1.51 0.09 

R Caudate – R Palliduma 8 (25.0 %) 1.41 (0.03) 1.37 - 1.53 7 (71.4 %) 1.46 (0.06) 1.35 - 1.52 0.06 

R Putamen – R Palliduma 8 (37.5 %) 1.39 (0.01) 1.37- 1.51 7 (71.4 %) 1.42 (0.02) 1.29 - 1.45 0.002 0.003 

SD: Standard deviation; n: Total number of participants 

Independent samples T-test (p) 

ANCOVA was used to adjust for potential confounding by total intracranial volume (TIV) and postnatal age at scan (p’) 

No outliers were removed unless stated otherwise 
aOne outlier was removed from the choline group 
bTwo outliers were removed from the choline group 
cThree outliers were removed from the choline group 
dOne outlier was removed from the placebo group
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Figure 17: Participants in the choline-treated group demonstrated lower axial diffusivity (AD) 

than those in the placebo-treated group in the WM connection between the R putamen and R 

pallidum. This difference remained significant after adjusting for potential confounding by total 

intracranial volume a (TIV) and postnatal age at scan.

p = 0.002 
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Table 17: Comparisons by treatment group of the mean radial diffusivity (RD) in the 15 WM connections found in ≥ 85 % of participants. 

WM connections 

RD 

Choline (n = 10) Placebo (n = 8) Statistics 

n (% males) Mean (SD) Range n (% males) Mean (SD) Range p p’ 

L Thalamus – L Caudatea 8 (37.5 %) 0.96 (0.10) 0.84 - 1.19 8 (75.0 %) 1.51 (0.20) 1.34 - 1.77 0.9 

L Thalamus – L Putamena 9 (33.3 %) 0.84 (0.03) 0.78 - 0.92 8 (75.0 %) 1.46 (0.06) 1.35 - 1.54 1.0 

L Thalamus – L Pallidum 10 (40.0 %) 0.82 (0.04) 0.78 - 0.91 8 (75.0 %) 1.46 (0.08) 1.32 - 1.52 0.5 

L Thalamus – L Hippocampus 10 (40.0 %) 0.91 (0.04) 0.85 - 0.97 8 (75.0 %) 1.52 (0.05) 1.47 - 1.78 0.7 

L Thalamus – R Thalamus 9 (44.4 %) 1.06 (0.05) 0.97 - 1.25 7 (71.4 %) 1.83 (0.11) 1.35 - 2.01 0.5 

L Caudate – L Putamena 8 (37.5 %) 0.85 (0.02) 0.81 - 0.89 7 (71.4 %) 1.46 (0.06) 1.36 - 1.55 0.4 

L Caudate – L Pallidum 9 (33.3 %) 0.86 (0.02) 0.83 - 0.91 6 (83.3 %) 1.46 (0.06) 1.37 - 1.51 0.9 

L Putamen – L Palliduma 10 (40.0 %) 0.86 (0.02) 0.82 - 0.91 8 (75.0 %) 0.88 (0.02) 0.76 - 0.91 0.046 0.1 

R Thalamus – R Caudatea 8 (37.5 %) 0.95 (0.06) 0.87 - 1.11 7 (71.4 %) 0.97 (0.07) 0.83 - 1.09 0.5 

R Thalamus – R Putamen 10 (40.0 %) 0.85 (0.04) 0.80 - 0.92 8 (75.0 %) 0.85 (0.03) 0.80 - 0.90 0.7 

R Thalamus – R Pallidum 9 (33.3 %) 0.8 (0.03) 0.75 - 0.84 7 (71.4 %) 0.8 (0.04) 0.73 - 0.86 0.8 

R Thalamus – R Hippocampus 10 (40.0 %) 0.91 (0.04) 0.85 - 1.03 7 (71.4 %) 0.9 (0.05) 0.81 - 1.06 0.4 

R Caudate – R Putamen 8 (25.0 %) 0.85 (0.03) 0.80 - 0.91 8 (75.0 %) 0.86 (0.04) 0.81 - 0.94 0.6 

R Caudate – R Palliduma 8 (25.0 %) 0.84 (0.03) 0.80 - 0.96 7 (71.4 %) 0.85 (0.03) 0.77 - 0.90 0.7 

R Putamen – R Pallidumb 9 (33.3 %) 0.86 (0.04) 0.81 - 0.93 6 (83.3 %) 0.89 (0.02) 0.81 - 0.92 0.2 

SD: Standard deviation; n: Total number of participants 

Independent samples T-test (p) 

ANCOVA was used to adjust for potential confounding by total intracranial volume (TIV) and postnatal age at scan (p’) 

No outliers were removed unless stated otherwise 
aOne outlier was removed from the choline group 
aOne outlier was removed from the placebo group 
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Figure 18: Neonates in the choline group demonstrated significantly lower radial diffusivity 

(RD) than those in the placebo group in the WM connection between the L putamen and L 

pallidum. 

4.5.2. Associations with choline dose 

As mentioned previously, we examined associations of WM microstructure with choline dose 

approximated by either maternal choline treatment adherence or the total amount of choline 

consumed (in grams) by the mother from enrolment through delivery.  

Choline dose approximated by treatment adherence 

Using maternal choline treatment adherence as a proxy for choline dose (in % choline packets 

consumed), and after adjusting for infant sex, postnatal age at scan and TIV, as well as a 

possible dose-by-sex interaction effect, increasing choline dose was found to be associated 

with lower FA in the WM connection between R caudate and R pallidum (Table 18). The 

correlation of this association is illustrated in Figure 19. 

p = 0.046 
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Table 18: Associations of fractional anisotropy (FA) in each WM connection with choline 

treatment adherence (in % choline packets consumed) as a proxy for choline dose while 

controlling for potential confounding by infant sex and postnatal age at scan, total intracranial 

volume (TIV), and a possible dose-by-sex interaction effect. 

WM connections 
βdose 

(εdose) 
pdose 

βinfant sex 

(εinfant sex) 

βage

(εage) 

βTIV 

(εTIV) 

βdose*sex 

(εdose*sex) 
pdose*sex 

L Thalamus – 

L Caudate 

-0.29

(0.15)
0.08 

0.06 

(0.15) 

-0.28

(0.19)

0.18 

(0.18) 

0.17 

(0.15) 
0.3 

L Thalamus – 

L Putamen 

-0.26

(0.22)
0.3 

-0.22

(0.22)

-0.22

(0.29)

0.14 

(0.28) 

0.22 

(0.23) 
0.4 

L Thalamus – 

L Pallidum 

-0.12

(0.26)
0.7 

-0.28

(0.25)

-0.45

(0.34)

0.19 

(0.33) 

0.15 

(0.27) 
0.6 

L Thalamus –  

L Hippocampus 

-0.09

(0.13)
0.5 

-0.28

(0.12)

0.92 

(0.16) 

-0.08

(0.16)

-0.05

(0.13)
0.7 

L Thalamus – 

R Thalamus 

-0.07

(0.20)
0.7 

0.56 

(0.19) 

-0.31

(0.26)

0.31 

(0.25) 

0.14 

(0.20) 
0.5 

L Caudate – 

L Putamen 

-0.19

(0.27)
0.5 

0.04 

(0.27) 

-0.36

(0.34)

0.22 

(0.33) 

-0.22

(0.28)
0.4 

L Caudate – 

L Pallidum 

-0.42

(0.27)
0.2 

-0.12

(0.28)

-0.6

(0.35)

0.48 

(0.35) 

-0.45

(0.29)
0.2 

L Putamen – 

L Pallidum 

0.06 

(0.29) 
0.8 

0.02 

(0.29) 

0.27 

(0.38) 

-0.08

(0.37)

-0.02

(0.31)
1.0 

R Thalamus – 

R Caudate 

0.03 

(0.25) 
0.9 

0.05 

(0.24) 

0.24 

(0.31) 

-0.37

(0.31)

0.39 

(0.26) 
0.2 

R Thalamus – 

R Putamen 

-0.38

(0.22)
0.1 

0.07 

(0.21) 

0.73 

(0.29) 

-0.51

(0.28)

0.13 

(0.23) 
0.6 

R Thalamus – 

R Pallidum 

-0.06

(0.20)
0.8 

-0.53

(0.20)

0.62 

(0.25) 

-0.02

(0.25)

-0.29

(0.20)
0.2 

R Thalamus –  

R Hippocampus 

-0.26

(0.17)
0.2 

-0.22

(0.17)

0.56 

(0.22) 

0.10 

(0.22) 

0.25 

(0.18) 
0.2 

R Caudate – 

R Putamen 

-0.34

(0.24)
0.2 

0.19 

(0.24) 

0.38 

(0.30) 

0.09 

(0.30) 

0.22 

(0.25) 
0.4 

R Caudate – 

R Pallidum 

-0.55

(0.20)
0.016 

0.34 

(0.19) 

0.52 

(0.25) 

-0.22

(0.24)

0.27 

(0.20) 
0.2 

R Putamen – 

R Pallidum 

-0.37

(0.22)
0.1 

0.55 

(0.21) 

0.13 

(0.28) 

0.33 

(0.27) 

-0.25

(0.22)
0.3 

β: Standardized regression coefficients; ε: Standardized standard errors. 
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Figure 19: Increasing choline dose was associated with lower FA in the WM connection 

between the R caudate and R pallidum. The correlation coefficient shown is Pearson r. 

In addition, Table 19 shows that increasing choline dose was associated with lower AD in 2 

WM connections:  between R putamen and R pallidum, and R caudate and R putamen, with 

a significant dose-by-sex interaction effect in the latter (underlined in Table 19). Correlations 

between choline dose and AD for these WM connections are illustrated in Figures 20 and 21. 

In contrast, we did not find associations of choline treatment adherence with RD in any WM 

connections (all p’s > 0.05; Table C.1.1 in Appendix C).  
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Table 19: Associations of axial diffusivity (AD) in each WM with maternal choline treatment 

adherence (in % packets consumed as a proxy for choline dose), controlling for infant sex, 

postnatal age at scan , total intracranial volume (TIV) and after and a dose-by-sex interaction 

effect. 

WM connections 
βdose 

(εdose) 
pdose 

βinfant sex 

(εinfant sex) 

βage

(εage) 

βTIV 

(εTIV) 

βdose*sex 

(εdose*sex) 
pdose*sex 

L Thalamus – 

L Caudate 

-0.05

(0.23)
0.8 

0.23 

(0.22) 

-0.44

(0.28)

0.04 

(0.27) 

-0.02

(0.23)
0.9 

L Thalamus – 

L Putamen 

-0.005

(0.14)
1.0 

-0.52

(0.14)

-0.34

(0.18)

-0.25

(0.18)

0.11 

(0.15) 
0.5 

L Thalamus – 

L Pallidum 

0.03 

(0.18) 
0.9 

-0.38

(0.18)

-0.57

(0.23)

0.001 

(0.23) 

0.29 

(0.19) 
0.2 

L Thalamus –  

L Hippocampus 

-0.09

(0.26)
0.7 

-0.02

(0.25)

0.43 

(0.34) 

-0.5

(0.33)

-0.08

(0.27)
0.8 

L Thalamus – 

R Thalamus 

-0.10

(0.13)
0.5 

0.52 

(0.13) 

0.14 

(0.18) 

0.05 

(0.17) 

0.18 

(0.14) 
0.3 

L Caudate – 

L Putamen 

-0.08

(0.19)
0.7 

-0.34

(0.18)

-0.49

(0.24)

-0.22

(0.23)

0.15 

(0.19) 
0.4 

L Caudate – 

L Pallidum 

-0.04

(0.12)
0.8 

-0.45

(0.12)

-0.76

(0.16)

0.35 

(0.16) 

-0.16

(0.13)
0.3 

L Putamen – 

L Pallidum 

0.09 

(0.3) 
0.8 

-0.28

(0.29)

0.01 

(0.39) 

-0.15

(0.38)

0.13 

(0.32) 
0.7 

R Thalamus – 

R Caudate 

-0.07

(0.15)
0.7 

0.05 

(0.15) 

0.16 

(0.19) 

-0.74

(0.19)

-0.03

(0.16)
0.9 

R Thalamus – 

R Putamen 

-0.17

(0.13)
0.2 

-0.41

(0.13)

-0.400

(0.17)

-0.09

(0.17)

0.21 

(0.14) 
0.1 

R Thalamus – 

R Pallidum 

-0.01

(0.14)
1.0 

-0.74

(0.13)

0.16 

(0.17) 

-0.28

(0.17)

0.28 

(0.14) 
0.07 

R Thalamus –  

R Hippocampus 

0.12 

(0.19) 
0.6 

-0.19

(0.19)

-0.25

(0.25)

0.43 

(0.25) 

0.43 

(0.20) 
0.05 

R Caudate – 

R Putamen 

-0.50

(0.15)
0.006 

0.04 

(0.15) 

-0.32

(0.19)

-0.08

(0.19)

0.36 

(0.16) 
0.041 

R Caudate – 

R Pallidum 

-0.13

(0.24)
0.6 

-0.45

(0.24)

0.31 

(0.30) 

-0.41

(0.29)

0.21 

(0.25) 
0.4 

R Putamen – 

R Pallidum 

-0.66

(0.14)
0.0003 

0.37 

(0.13) 

-0.40

(0.17)

0.37 

(0.17) 

-0.04

(0.14)
0.8 

β: Standardized regression coefficients; ε: Standardized standard errors 
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Figure 20: Increasing choline dose was associated with lower axial diffusivity (AD) in the WM 

connection between the R caudate and R putamen. The correlation coefficient shown is 

Pearson r. 

Figure 21: Increasing choline dose was associated with lower axial diffusivity (AD) in the WM 

connection from the R putamen to the R pallidum. The correlation coefficient shown is Pearson 

r.  
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Choline dose approximated by total grams consumed from  enrolment through 

delivery 

Cumulative choline dose across pregnancy showed associations with FA and AD in the same 

WM connections that showed associations with choline treatment adherence (Tables C.2.1 

and C.2.2; Figures C.2.1-C.2.3 in Appendix C). Again, no significant associations were 

observed with RD in any connections (Table C.2.3 in Appendix C). 

4.5.3. Summary of WM connections showing choline treatment 

effects 

In summary, after controlling for confounders, 4 WM connections between the caudate, 

pallidum and putamen showed choline treatment effects. Choline-related FA decreases were 

observed in the bilateral connection between the caudate and pallidum, and AD decreases in 

WM connections between the R putamen and R pallidum or R caudate. Figure 22 is an 

illustration of these WM connections:  

Figure 22: A zoomed-in axial view of the WM connections where choline-treated neonates 

demonstrated either lower FA or lower AD. L denotes the left-hand side of the brain and R 

denotes the right-hand side of the brain. 

4.6. Associations of WM integrity with visual recognition memory 

on the FTII 

The RCT from which the participants of the current sub-study were recruited found 

associations of choline treatment with visual recognition memory on the FTII (Jacobson et al., 

2018b). Here we examined associations of WM microstructural integrity with visual recognition 

memory. 
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Given that the DTI measures were included in this analysis, the choline-treated participant for 

whom using only AP data resulted in bias on the DTI measures was excluded. Of the 21 

neonates with non-biased DTI data, FTII data were only available for 14 neonates (8 choline-

treated, 6 placebo-treated). 

We found no significant associations of FA or AD in any of our WM connections with visual 

recognition memory on the FTII (Table 20). Increasing RD in the WM connection between the 

L and R thalami was, however, associated with poorer visual recognition memory, while 

increasing RD in the connection between the R caudate and R putamen was associated with 

better visual recognition memory (Figures 23 and 24). Notably, the latter is the same WM 

connection where we found choline treatment-related reductions in AD. Given that the DTI 

measure (RD) showing associations with visual recognition memory differed from that showing 

choline treatment effects (AD),  we did not perform a mediation analysis. 
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Table 20: Associations of microstructural measures in each WM connection with visual 

recognition memory on the FTII. 

WM 

connections 

FA AD RD 

β 

(ε) 
p 

β 

(ε) 
p 

β 

(ε) 
p 

L Thalamus – 

L Caudate 

0.25 

(0.32) 
0.4 

0.15 

(0.29) 
0.6 

-0.07

(0.31)
0.8 

L Thalamus – 

L Putamen 

0.22 

(0.32) 
0.5 

0.35 

(0.28) 
0.2 

-0.001

(0.29)
1.0 

L Thalamus – 

L Pallidum 

0.33 

(0.31) 
0.3 

0.47 

(0.28) 
0.1 

-0.01

(0.29)
1.0 

L Thalamus –  

L Hippocampus 

-0.34

(0.27)
0.2 

0.28 

 (0.28) 
0.3 

0.63 

(0.31) 
0.1 

L Thalamus – 

R Thalamus 

-0.04

(0.35)
0.9 

-0.25

(0.34)
0.5 

-0.62

(0.27)
0.038 

L Caudate – 

L Putamen 

-0.17

(0.34)
0.6 

0.28 

(0.31) 
0.4 

0.41 

(0.27) 
0.2 

L Caudate – 

L Pallidum 

0.22 

(0.33) 
0.5 

0.38 

(0.29) 
0.2 

0.07 

(0.35) 
0.9 

L Putamen – 

L Pallidum 

-0.32

(0.27)
0.3 

-0.22

(0.28)
0.5 

0.37 

(0.27) 
0.2 

R Thalamus – 

 R Caudate 

-0.02

(0.32)
0.9 

0.36 

(0.3) 
0.3 

0.34 

(0.30) 
0.3 

R Thalamus – 

R Putamen 

0.04 

(0.29) 
0.9 

-0.19

(0.28)
0.5 

-0.18

(0.31)
0.6 

R Thalamus – 

R Pallidum 

-0.04

(0.3)
0.9 

0.07 

(0.3) 
0.8 

0.14 

(0.30) 
0.6 

R Thalamus –  

R Hippocampus 

-0.28

(0.32)
0.4 

-0.48

(0.32)
0.2 

-0.07

(0.32)
0.8 

R Caudate – 

R Putamen 

-0.07

(0.3)
0.8 

0.44 

(0.29) 
0.2 

0.54 

 (0.18) 
0.009 

R Caudate – 

R Pallidum 

0.38 

(0.29) 
0.2 

0.20 

(0.31) 
0.5 

-0.19

(0.31)
0.5 

R Putamen – 

R Pallidum 

0.34 

(0.28) 
0.3 

0.25 

(0.38) 
0.5 

-0.32

(0.29)
0.3 

β: Standardized regression coefficient; ε: Standardized standard errors 
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Figure 23: Lower radial diffusivity (RD) in the WM connection between the L and R thalami 

was associated with better visual recognition memory on the FTII. β is the standardized 

regression coefficient and ε is the standardized standard error.  

Figure 24: Increasing radial diffusivity (RD) in the WM connection between the R caudate and 

R putamen with better visual recognition memory on the FTII. β denotes the standardized 

regression coefficient and ε denotes the standardized standard error. 
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5. Discussion

To our knowledge, this is the first study to investigate the effects of high-dose prenatal maternal 

choline supplementation on the microstructure of WM connecting select subcortical regions in 

neonates exposed to alcohol prenatally. We also evaluated the relationship between 

measures of WM microstructure in these WM connections and recognition memory on the FTII 

at 12 months. 

5.1. Treatment effects on WM microstructure 

We used group differences and associations with choline dose, approximated by either 

maternal treatment adherence in the choline group or cumulative choline dose consumed by 

the mother from enrolment through delivery, to examine the effects of choline on the WM 

microstructure of neonates exposed to alcohol prenatally. 

Given that maturing axons and pre-myelination of WM fibres are characterised by stable FA 

and decreasing radial and axial diffusivity (Dubois et al., 2008), we had hypothesised that 

neonates born to mothers who received choline supplementation would demonstrate lower 

radial and axial diffusivities than those in the placebo group in WM connections between 

selected subcortical seeds.  

As hypothesised, we observed choline-related decreases in AD on the right in the WM 

connecting the putamen to both the caudate and pallidum (Figure 25), but the choline-related 

decrease in RD seen on the left in the connection between the putamen and pallidum did not 

survive after controlling for confounders. We also found choline-related reductions in FA 

bilaterally in WM connecting the caudate and pallidum (Figure 25),  and choline-related effects 

in the connection between the L caudate and L thalamus that did not survive after confounders 

were controlled.  

Figure 25: The WM connections showing choline-related reductions in either axial diffusivity 

(AD) or fractional anisotropy (FA). L denotes the WM connections on the left-hand side of the 

brain and R on the right-hand side. 
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Anatomically the caudate, putamen, pallidum and thalamus are separated by a V-shaped WM 

structure known as the internal capsule. Specifically, the anterior limb of the internal capsule 

separates the caudate from the putamen and pallidum and contains the thalamocortical-

corticothalamic and frontopontine fibres, to name a few (Haines and Mihailoff, 2018). The 

posterior limb of the internal capsule separates the thalamus from the pallidum and putamen, 

and among others, contains pallidothalamic fibres, fibres of the corticospinal and corticonigral 

tracts, and the optic and auditory radiations (Haines and Mihailoff, 2018).  

Three of the 4 WM connections where choline-related changes were observed were on the 

right-hand side of the brain (see Figure 25). Liu et al. (2021) showed that in the first six 

postnatal months deep brain regions, such as the thalamus, pallidum, putamen and posterior 

limb of the internal capsule demonstrate rightward asymmetry based on MD measures. Given 

that MD can be explained using AD and/or RD, this asymmetry in development suggests and 

explains why the alterations we observed in the microstructure of subcortical WM connected 

to the putamen and pallidum were predominantly on the right-hand side of the brain with AD 

being the detectable DTI measure.  

Additionally, the 4 WM connections show choline-related changes between 3 basal ganglia 

(BG) seeds (caudate, putamen and pallidum; Figure 25), one of which plays a role in one of 

the functional domains in which infants in the choline arm of the Jacobson and colleagues 

RCT  showed improvements – the putamen played a role in visual recognition memory (FTII) 

(Jacobson et al., 2018b, Warton et al., 2021). While the caudate and pallidum have not been 

directly linked to this functional domain, both are involved in hearing (Chavez and Zaborszky, 

2017) and the pallidum is involved in motor functions (Alexander et al., 1986) and coordination 

(Debaere et al., 2004), which are all key aspects of eyeblink conditioning response, the other 

functional domain where choline related improvements were observed in the RCT (Jacobson 

et al., 2018b). 

Moreover, the caudate and putamen, which form part of the neostriatum, are input structures 

of the BG (Lanciego et al., 2012, Haines and Mihailoff, 2018). The striatum receives input from 

cortical and subcortical structures (Lanciego et al., 2012). Notably, functionally distinct cortical 

regions project to different parts of the striatum. In 1986, Alexander et al. (1986) proposed that 

the putamen and caudate are BG input structures for motor, oculomotor, dorsolateral prefrontal 

and lateral orbitofrontal circuits.  

More recently, Tziortzi et al. (2014) showed using probabilistic tractography that the frontal 

lobe projects to around 82 % of the total striatal volume, including almost the entire caudate 

and pre-commissural putamen. The parietal lobe projects primarily to the post-commissural 

caudate and putamen, making up around 11 % of the total striatal volume; the temporal lobe 
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to small, interspersed parts of the pre-commissural caudate, nucleus accumbens and ventral 

post-commissural putamen making up about 5 % of the striatal volume, and the occipital lobe 

only to the ventral post-commissural putamen. Moreover, the authors showed that distinct 

regions within the caudate and pre-commissural putamen receive projections from limbic, 

executive, rostral-motor and caudal-motor regions of the frontal lobe. After receiving inputs, 

the striatum then projects to the pallidum (comprising the globus pallidus and ventral pallidum), 

which is an output structure of the BG, and the pallidum projects back to the cortex via the 

thalamus thereby completing the cortico-BG-thalamo-cortical circuit (Haber, 2016, Mole, 

2018). The caudate-pallidum and putamen-pallidum connections where we found lower FA 

and AD, respectively, in the choline-treated neonates form part of the cortico-BG-thalamo-

cortical circuit (Chakravarthy and Balasubramani, 2022). 

Interestingly, no choline-related changes were observed in WM connecting to the rest of the 

seeds included in the analysis, namely, the nucleus accumbens, amygdala, cerebellar vermis 

and hemispheres, thalamus and hippocampus. There is variability in the development of each 

of these seeds. For example, the formation of the hippocampus begins at 8 weeks GA (Glenn, 

2009) and starts resemebling an adult hippocampus by 18-20 weeks GA (Kier et al., 1997); 

cells of the amygdala are visible by 12 weeks GA and the major nuclei is fully formed by 15 

weeks GA (Nikolić and Kostović, 1986); the main/dorsal thalamus enlarges and is separated 

from the diencephalon by 6-7 weeks GA (Cooper, 1950) with major groups of the adult 

thalamic nuclei being easily delineated by 12-15 weeks GA using Nissl-staining (Kostovic and 

Goldman‐Rakic, 1983); the cerebellar vermis and hemispheres have their neonatal shape by 

22 weeks GA (Prayer et al., 2006); and neurons in the nucleus accumbens are generated in 

36-85 embryonic days in monkeys (approximately 8-20 weeks GA in humans) (Brand and

Rakic, 1980). 

The 3 BG seeds (caudate, putamen and pallidum) where we found choline-related changes 

develop later than the seeds mentioned above. Essentially these three regions are 

distinguishable by 16 weeks GA (Meng et al., 2012). However, they only split from each other 

to form distinct and separate regions, namely the caudate and lenticular nucleus (putamen 

and pallidum), by 17 weeks GA (Mtui et al., 2020). Given that the mothers in our study were 

enrolled at approximately 18.6 weeks GA, WM connected to earlier developing regions may 

be irreversibly damaged by the alcohol consumed prior to treatment initiation and, therefore, 

no choline effects were identified in those connections. 

5.1.1. Effects of prenatal alcohol exposure (PAE) 

Considerable research has been conducted on the effects of PAE on the brain using various 

MRI techniques. The caudate, putamen and pallidum have consistently been among the deep 
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grey matter regions shown to be affected by PAE (Mattson et al., 1994, Lebel et al., 2008, 

Astley et al., 2009, Roussotte et al., 2012, Long and Lebel, 2022).  

Several studies have also examined the effects of PAE on WM microstructure. The majority of 

these studies have been conducted in children, adolescents or adults, and have found that 

PAE results in regional FA reductions and MD increases (Ma et al., 2005, Fryer et al., 2009, Li 

et al., 2009, Santhanam et al., 2011, O’Conaill et al., 2015, Paolozza et al., 2017), increases 

in RD (Li et al., 2009, Santhanam et al., 2011, Spottiswoode et al., 2011, Fan et al., 2016) 

and/or decreases in AD (Donald et al., 2015, Taylor et al., 2015, Fan et al., 2016, Kar et al., 

2021);.  

In contrast, one recent study reported lower MD in the right superior longitudinal fasciculus in 

children aged 7-15 years with PAE compared with non-exposed controls (Gomez et al., 2022). 

Another by the same group reported higher FA and/or lower MD (with lower AD and RD) in the 

genu of the corpus callosum and bilateral uncinate fasciculus in children with PAE aged 2-7 

years (Kar et al., 2021). A different study by Paolozza et al. (2014) on 7- to 18-year-olds 

reported higher AD in the splenium of the FASD group. Lebel et al. (2008) reported lower MD 

in the genu of the corpus callosum in 5- to 13-year-old children with FASD compared to 

controls.  

Notably, an earlier voxel-based study by Fryer et al. (2009) that observed lower FA in the 

frontal, parietal and occipital lobes, and in the corpus callosum, in 8- to 18-year-old individuals 

with PAE, also found two regions in the right posterior limb of the internal capsule and one 

region in the cingulum with higher FA in the individuals with PAE than controls. This result 

suggests that effects of PAE on WM development may be different in different brain regions, 

and by implication that the neuroprotective benefits of choline may present different in different 

brain regions. Interpreting the directionality of treatment-related differences is therefore not 

straightforward. 

The only 2 studies to date examining effects of PAE on neonatal WM both reported lower AD 

in neonates with PAE compared to unexposed controls (Donald et al., 2015, Taylor et al., 

2015). Donald et al. (2015) using an atlas-based approach, found lower AD in neonates with 

PAE in the right superior longitudinal fasciculus. No group differences on DTI measures were 

found in any of the other tracts examined, namely superior fronto-occipital fasciculus, uncinate 

fasciculus, cerebellar peduncles, corticospinal tract, cerebral peduncles, posterior thalamic 

radiation, fornix, cingulum nor corpus callosum. 

Using tractography, Taylor et al. (2015) reported PAE-related AD reduction in all the 

transcallosal fibres identified in their study, and in 11 of the 15 (73 %) cortical-cortical 

association fibres that were present in all neonates. In contrast, only 50 % of the 24 projection 
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fibres found in all neonates showed PAE-related reduction in AD. Notably, only 6 (3 in each 

hemisphere) of the seeds used to identify projection fibres in that paper correspond to 

subcortical regions studied in the present work. Additionally, only one of the 5 WM connections 

found between those 6 subcortical seeds demonstrated lower AD in neonates with PAE. 

Among the projections fibres present in all neonates in that study, PAE-related AD reductions 

were mostly observed in connections to cortical seeds. Therefore, while these two neonatal 

studies together provide evidence of PAE-related reductions in AD around birth in the corpus 

callosum, as well as in some associations and projection fibres, the effects of PAE on striatal 

and basal ganglia WM connections have not been established. Given the rapid and differing 

rates of WM development in different regions across the perinatal and early postnatal period, 

caution should be exercised in applying findings from specific brain regions to other regions. 

5.1.2. Connections between the caudate & pallidum 

We found that treatment resulted in lower FA bilaterally in the WM connection between the 

caudate and pallidum. This was unexpected since FA remains constant in neonates during 

pre-myelination occurring from 30-40 weeks (Oishi et al., 2019) and, at the same stage, the 

maturation and proliferation of the axonal cytoskeleton (Dubois et al., 2008). Moreover, in 

children, adolescents and adults, lower FA is usually an indicator of de- or dysmyelination, 

degenerated, damaged or less densely packed axons. However, regional FA increases have 

been observed in Williams syndrome (WS) (Hoeft et al., 2007) and attention deficit 

hyperactivity disorder (ADHD) (Silk et al., 2009, Li et al., 2010, Peterson et al., 2011), the latter 

being a behavioural deficit frequently seen in individuals with FASD (Burd et al., 2003). 

Although not focused on WM between subcortical regions, these studies highlight that lower 

FA may not always indicate an adverse effect.  

In the above studies, higher FA was attributed to lower levels of axonal branching (Hoeft et al., 

2007, Silk et al., 2009, Li et al., 2010, Peterson et al., 2011). Axonal branching is a crucial 

process in establishing complex and extensive interconnectivity in a neural circuit (Bodakuntla 

et al., 2021). Interestingly, choline is the main substrate in the biosynthesis of 

phosphatidylcholine (PC) –  a membrane phospholipid that is abundant in plant and animal 

cells (Fagone and Jackowski, 2013). Rodent models have demonstrated the importance of 

PC for axonal growth and branching (Posse de Chaves et al., 1995b, Carter et al., 2008). The 

lower FA observed in the choline-treated neonates in our study may therefore be a 

consequence of accelerated axonal branching due to the increased availability of choline for 

the biosynthesis of PC. This increase in branching may increase brain connectivity and assist 

in mitigating certain behavioural conditions. 
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Notably, the anterior limb of the internal capsule, which separates the caudate and pallidum, 

is rich in crossing fibres (Oishi et al., 2011, Haines and Mihailoff, 2018). The presence of 

crossing fibres causes the diffusion tensor to become more oblate, thereby reducing the FA 

(Winston, 2012). Since increased axonal branching in this region would result in more crossing 

fibres, this may explain the lower FA observed in the choline-treated neonates. 

5.1.3. Previous studies examining effects of choline on WM 

As mentioned before, two studies  previously reported beneficial effects of choline on WM. In 

the one, neurite orientation dispersion and density imaging (NODDI) in children aged 11 years 

with PAE who had received postnatal choline at ages 2.5 to 5 years demonstrated more 

coherent axons in the splenium of the corpus callosum (Gimbel et al., 2022). Greater axonal 

coherence would presumably result in higher AD. Given the differences between neonatal and 

childhood WM development and microstructural properties, as well as the different regions 

and outcomes examined in that paper compared to here, it is not clear how those findings 

would translate to neonates or could be related to the present findings. 

In another study, voxel-based morphometry (VBM) demonstrated more WM in 30-day-old non-

alcohol-exposed prenatal-choline-sufficient pigs compared to prenatal-choline-deficient pigs 

in the putamen-pallidum region, the internal capsule and right cortex (Mudd et al., 2018). The 

authors attributed the reduction in WM in the prenatal-choline-deficient pigs to (1) the breaking 

down of phospholipid products (such as PC) due to a lack of choline; and (2) altered 

myelination. However, given that no significant findings were observed in any of the DTI 

parameters (FA, MD, AD or RD) evaluated with tract-based spatial statistics (TBSS) (Mudd et 

al., 2018), the authors speculated that changes in myelination may have been too small to 

observe the DTI. It is striking that the two subcortical regions where prenatal-choline-sufficient 

pigs exhibited greater WM than prenatal-choline-deficient pigs in that study, are the exact 

same regions that the WM connections in which we observed choline-related AD reduction 

are located, i.e. between the putamen and pallidum. These results suggest that greater 

availability of choline during gestation may be particularly beneficial for WM development 

within the basal ganglia region, thereby mitigating the damaging effects of PAE. 

5.1.4. Connections between the putamen & caudate and putamen & 

pallidum 

The choline-related reductions in AD observed on the right in the connections between the 

putamen and both the caudate and pallidum are consistent with our hypothesis. In contrast to 

older children, adolescents and adults in whom lower AD is generally attributed to a lack of 

axonal integrity or orientation, lower AD in neonates and infant’s points to accelerated (pre-) 

myelination or axonal maturation/growth.  
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Studies of postnatal WM development until age 6 years have consistently shown that the 

biggest changes in WM microstructural development occur during the first postnatal year, and 

are characterised by FA increases, and decreases in RD and AD, in most major WM tracts 

(Gao et al., 2009, Geng et al., 2012, Stephens et al., 2020). Notably, AD shows smaller age-

related changes than FA and RD (Stephens et al., 2020), which have been shown to be more 

strongly associated with myelination (Dubois et al., 2008). Myelination comprises two 

processes – membrane proliferation that may cause decreases in AD and RD, and ‘true’ 

myelination synthesis that may decrease RD but leave AD unchanged (Dubois et al., 2008). 

This may account for the greater age-related decreases typically seen in RD compared to AD. 

Given that no choline-related decreases in RD were found in the present study, the observed 

AD decreases are likely not due to accelerated pre-myelination in choline-treated neonates. 

Given that AD is a marker of axonal organization and integrity (Dubois et al., 2014), age-

related decreases in AD have also been attributed to increases in axonal growth/maturation 

(Dubois et al., 2008, Gao et al., 2009, Geng et al., 2012) through increases in axonal diameter. 

This is supported by findings from Liu et al. (2021) who demonstrated increases in the cross-

sections of fibres in the first 6 months of life suggesting increased phosphorylation of 

neurofilaments which are responsible for the axonal diameter and calibre size during WM 

development (Xu et al., 1996). Combining this with evidence from rodent models that greater 

availability of choline promotes the synthesis of PC required for axonal growth or elongation 

(Posse de Chaves et al., 1995a), the choline-related AD decreases observed in the present 

study are likely a consequence of increased axonal growth through increases in axonal 

diameter.  

Axonal pruning, which is the refinement of neural systems through the removal of extra 

synapses and neurons, and maturational decreases in brain water continent may also 

contribute to AD decreases during the first years of life. However, decreases in brain water 

content would affect RD and AD equally (Dubois et al., 2008). 

5.2. Associations of WM integrity with visual recognition memory 

on the FTII 

Recognition memory on the FTII is known to predict future intellectual ability in infants (Fagan 

III and Detterman, 1992). Given that the RCT by Jacobson and colleagues observed choline-

related improvements in visual recognition memory on the FTII at age 12 months (Jacobson 

et al., 2018b), and regional choline-related volume increases were associated with improved 

visual recognition memory, we examined associations of WM microstructural measures with 

visual recognition memory on the FTII. We had hypothesised that lower AD and RD would be 

associated with better visual recognition memory. 
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As per our hypothesis, lower RD in the WM connection between the left and right thalami was 

associated with better visual recognition memory. However, in the connection on the right 

between the caudate and putamen where we observed choline-related decreases in AD, 

higher RD was associated with better visual recognition memory. 

5.2.1. Connection between the left & right thalami 

Although no choline treatment-related benefit was observed in the connection between the left 

and right thalami, lower RD in this connection around birth was associated with better visual 

recognition memory performance at age 12 months. This result in consistent with several 

studies performed on individuals of various ages. 

Studies in healthy individuals (Sullivan et al., 2001, Beaulieu et al., 2005, Farah et al., 2020) 

and individuals exposed to alcohol prenatally (Sowell et al., 2008, Wozniak et al., 2009) have 

consistently shown an a association of higher FA (Sullivan et al., 2001, Beaulieu et al., 2005, 

Sowell et al., 2008, Wozniak et al., 2009) with better cognitive function in children (Beaulieu 

et al., 2005, Sowell et al., 2008, Wozniak et al., 2009, Farah et al., 2020), and adults (Sullivan 

et al., 2001). Since higher FA is ordinarily attributed to increases in AD and/or decreases in 

RD, our result is consistent with these findings.  

Due to the challenges performing and non-predictive validity of cognitive assessments within 

the first year of life, it is common to examine associations of neonatal imaging outcomes with 

later cognitive performance. Similar to the findings found in children and adults, higher FA  in 

premature infants at term equivalent age (TEA) have, for example, been associated with better 

scores on Bayley’s Scale of Infant Development (BSID; Bayley (2006)) and on Differential 

Ability Scales (DAS; Elliott et al. (1990)) at 36 months of age (Parikh et al., 2021), and in 

healthy infants with better scores on BSID at age 24 months (Feng et al., 2019). 

Of the infant studies that have evaluated associations of cognitive outcomes with RD, lower 

RD at TEA in areas of the medial prefrontal cortex, sections of the inferior fronto-occipital 

fasciculus and the genu of corpus callosum were associated with better scores on BSID at 

approximately 18 months of age (Duerden et al., 2015); and lower RD at TEA was associated 

with better motor scores on the BSID at 12 months of age in the bilateral posterior thalamic 

radiations as well as better cognitive scores on the BSID at age 24 months in the right posterior 

limb of the internal capsule and right posterior and superior corona radiata with (Pannek et al., 

2020).  Additionally, lower RD in the right superior longitudinal fasciculus of a combined sample 

of full-term and preterm infants (at TEA) has also been correlated with improved receptive 

language scores on the Mullan Scales of Early Learning (MSEL) at 12 months of age (Girault 

et al., 2019). These studies demonstrate that WM integrity around birth may be predictive of 

future cognitive performance. 



74 

However, cognitive performance has also been related to imaging outcomes around the age 

of assessment. For example, Girault et al. (2019) found that lower RD at age 12 months 

(included full-term and preterm infants) in several WM tracts such as the genu of the corpus 

callosum, bilateral uncinate fasciculus, cingulum, inferior fronto-occipital fasciculus and 

corticothalamic prefrontal, premotor and motor tracts, to name a few, was significantly 

correlated with higher scores in general cognitive ability, gross motor and fine motor functions 

at 12 months of age. Similarly, Short et al. (2013) demonstrated associations of lower RD in 

healthy 12-month-old infants in the genu of the corpus callosum, left anterior cingulum and 

right superior and bilateral anterior thalamic radiations with better non-verbal and verbal 

developmental quotients (on the MSEL) and improved visuospatial working memory at age 12 

months. 

Notably, in the above studies, associations of cognitive performance and WM measures were 

found in different regions to those examined in the present study – mostly  in the corpus 

callosum and/or fibre bundles that connect cortical lobes. In contrast, we found an association 

in WM connecting the left and right thalami. 

Nevertheless, some studies have found significant associations of cognitive outcomes with 

DTI measures in WM connecting subcortical regions. For example, neonatal studies by Feng 

et al. (2019) in healthy infants and Pannek et al. (2020) in premature infants at TEA found 

associations of higher FA and lower RD, respectively, in the right posterior limb of the internal 

capsule (which is where the fibres connecting the thalamus and pallidum pass through (Haines 

and Mihailoff, 2018)). However, the WM connecting the bilateral thalami, known as the 

interthalamic adhesion or massa intermedia, does not form part of the internal capsule 

(Standring, 2021). Instead, it is a midline commissural fibre, functioning similarly to the corpus 

callosum and the anterior and posterior commissural fibres (Borghei et al., 2021). 

Furthermore, the thalamus is considered the relay station of the brain, meaning that all 

information from the rest of the body and brain is relayed to the cerebral cortex via the 

thalamus (Standring, 2021).  

Our study has, therefore, provided evidence of an association of lower neonatal RD in the WM 

connecting the relay station of the brain with future cognitive outcomes.  

5.2.2. Connection between the caudate & putamen 

Our finding of an association of increasing RD in the pathways between the right caudate and 

right putamen with better visual recognition memory in the FTII at 12 months is opposite to 

most previous studies.  
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Since the caudate-putamen connection is one where we found choline-related AD decreases, 

this unexpected result may be due to choline effects in this connection. Choline-related 

accelerated axonal growth in this tract could result in larger axonal dimeters, which would 

manifest as lower AD and higher RD (Barazany et al., 2009, Harkins et al., 2021). Our findings 

of an association of RD in this pathway with recognition memory therefore suggests that 

choline-related increases in axonal diameter in this tract may, in part, mediate the effects of 

choline treatment on visual recognition memory. This requires validation in a larger sample. 

5.3. Limitations and future work 

The sample size in our study was relatively small with only 21 participants providing usable, 

non-biased data and there were no non-alcohol-exposed controls. The small sample size 

limited our ability to control for potential confounding by infant sex and we did not have 

sufficient power to perform corrections for multiple comparisons. Due to this, future studies 

should aim to reproduce these findings in a larger sample, and including participants who were 

not exposed to alcohol and did not receive treatment. Inclusion of non-alcohol-exposed infants 

would provide a baseline of WM measures in normally developing neonates against which to 

compare the WM measures found in the neonates with PAE. 

Given that only subcortical regions were delineated, we were not able examine the effects of 

choline on cortical WM microstructures. Later developing WM tracts to cortical regions may, 

however, show greater choline treatment-related benefits, compares to developing brain 

regions where damage that occurred before choline treatment initiation may be irreversible. 

Whole-brain tractography should therefore be performed to examine treatment-related 

benefits on the microstructural integrity of cortical WM. Given that the Wozniak et al. (2015) 

postnatal choline supplementation study demonstrated treatment-related benefits at a 4-year 

follow-up, following the participants in the current study into early childhood could elucidate 

potential future benefits.   
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6. Conclusion 

In conclusion, our study is one of only a few imaging studies in neonates exposed to alcohol 

prenatally, and the only one examining the effects of prenatal choline supplementation 

intervention on subcortical neonatal WM integrity.  

We have demonstrated preliminary evidence on the potential protective nature of high-dose 

prenatal maternal choline supplementation on the microstructure of subcortical WM, 

specifically between the caudate, putamen and pallidum which are regions know to be affected 

by PAE.  

We found that high-dose prenatal maternal choline supplementation in heavy-drinking women 

is associated with lower FA and/or AD in the subcortical WM between 3 BG seeds (caudate, 

putamen and pallidum), which point to accelerated branching, pruning and/or growth of the 

axons.  

Furthermore, we found associations of increasing RD in the connections between the right 

caudate and right putamen (where we observed choline-related AD decreases) with better 

visual recognition memory on the FTII at 12 months of age. Assuming that the RD increases 

are a consequence of increased axonal diameter due to choline-related accelerated axonal 

growth, increased axonal diameter (reflected by lower AD and higher RD) may mediate, in 

part, the effect of choline on visual recognition memory. In contrast, lower RD in the connection 

between the left and right thalami was associated with better visual recognition memory. Given 

that this is a midline commissural fibre, functioning similarly to the corpus callosum and with 

different developing trajectory to unilateral subcortical pathways, a different result is perhaps 

surprising. Notably, this finding is consistent with various studies that have demonstrated an 

association of lower RD in the corpus callosum with 12-month cognitive performance. 

While this study provides preliminary evidence of an effect of prenatal maternal choline 

supplementation in heavy drinking women on the microstructural integrity of subcortical WM 

of their offspring, these results require validation in a larger sample and should be extended 

to examine WM tracts to cortical regions.
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Appendix A: Sample characteristics 

Comparing the included (n = 22) and excluded (n = 21) participants 

Table A.1.1 : Maternal characteristics between the 22 included and 21 excluded participants. 

Sample characteristics 

Included (n = 22) Excluded (n = 21) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

Maternal age at delivery (years) 28.9 [25.1; 31.2] 19.1 - 37.1 27.8 [21.5; 32.5] 19.4 - 36.1 0.7a 

Education (highest grade passed) 9 [8; 10] 5 - 12 9 [8; 11] 6 - 12 0.6a 

No. married 11 (52.4 %) 5 (23.8 %) 0.1b 

Socioeconomic statusd 19 (5.9) 9.5 - 30.5 19.4 (5.6) 11 - 30.5 0.8 

Parity 2 (1) 0 - 6 1 (1) 0 - 4 0.7b 

Treatment adherence (%) 86.7 [64.6; 90.2] 13.4 - 99.6 65.9 [50.2; 80.7] 1.7 - 99.6 0.025a 

Gestational age (GA) at enrolment (weeks) 18.6 (3.3) 9.9 - 23.6 21.6 (2.7) 14.7 - 26.1 0.002 

Duration from enrolment through delivery (weeks) 20.1 (4.0) 12.0 - 31.0 17.6 (2.6) 12.0 - 23.0 0.019c 

Cumulative choline dose (grams)e,f 184.2 (81.3) 43.0 - 307.2 137.1 (83.7) 38.0 - 274.8 0.2 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test unless stated otherwise 
aMann-Whitney U test 
bFisher exact test 
cWelch’s T-test 
dHollingshead scale (Adams and Weakliem, 2011) 
eEstimated as a product of maternal choline treatment adherence (with neonates in the placebo arm being set to 0), weeks from enrolment 

through delivery and weekly dosage (2 grams/day x 7 days/week = 14 grams/week) 
fMedian, IQR, range and statistics are based only on participants who used the respective substances: Participants in the included group who 

were in the choline arm 14 (67; participants in the excluded group who were in the choline arm 7 (33 %). 
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Table A.1.2: Maternal substance use between the 22 included and 21 excluded participants. 

Sample characteristics 

Included (n = 22) Excluded (n = 21) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

oz AA/day at conceptiond 1.1 [0.7; 2.4] 0 - 9.8 1.3 [1.0; 1.9] 0 - 3.5 0.9a,e 

oz AA/drinking day at conceptiond 4 .0 [2.4; 7.2] 0 - 13.7 3.5 [3.0; 4.8] 0 - 8.1 0.8b,e 

Frequency of drinking at conception (days/week) 2.0 [2.0; 3.0] 0 - 6.0 3.0 [2.0; 3.0] 0 - 4.0 0.3c 

oz AA/day during pregnancyd 0.6 [0.2; 1] 0 - 2.8 0.7 [0.4; 0.8] 0 - 2.2 0.7c,e 

oz AA/drinking day during pregnancyd 3.1 [2.5; 5.2] 1.7 - 12.5 3.2 [2.5; 3.7] 0 - 8.4 0.4e 

Frequency of drinking during pregnancy (days/week) 1.2 (0.9) 0.1 - 3.8 1.4 (0.7) 0 - 2.8 0.5 

Smoking (cigarettes/day)f 5.0 [3.5; 8.0] 2.3 - 20.0 4.7 [3.0; 8.0] 2.0 - 13.5 0.6e 

Marijuana use (days/month)f 10.0 (11.5) 0.1 - 30.1 10.3 (9.3) 1.3 - 23.3 1.0 

Methamphetamine use (days/month)f 2.1 (N/A) N/A 6.7 (N/A) N/A N/A 

No. of mandrax users 0 0 N/A 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test unless stated otherwise 
aYuen test 
bWelch’s T-test 
cMann-Whitney U test 
dOunces (oz) of absolute alcohol (AA) consumed 
fLogarithmic transform was used for the statistics 
fMedian, IQR, range and statistics are based only on participants who used the respective substances: Participants in the included group who 

were smokers n = 21 (95 %), marijuana users n = 6 (27 %) and methamphetamine users n = 1 (5 %); participants in the excluded group who 

were smokers n = 15 (71 %), marijuana users n = 4 (19 %) and methamphetamine users n = 1 (5 %) 



79 

Table A.1.3: Neonatal birth characteristics and FASD diagnosis between the 22 included and 21 excluded participants. 

Sample characteristics 

Included (n = 22) Excluded (n = 21) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

FASD diagnosis 

(2019 clinic) 

No. of FASa 5 (22.7 %) 6 (28.6 %) 

0.9b No. of PFASa 2 (9.1 %) 2 (9.5 %) 

No. of HEa 15 (68.2 %) 13 (61.9 %) 

No. of males 11 (52.4 %) 12 (57.1 %) 0.8b 

No. of choline-treated neonates 14 (66.7%) 7 (33.3%) 0.07b 

Gestational age (GA) at birth (weeks) 38.8 (1.5) 35.6 - 41.3 39.2 (1.4) 37.1 - 41.3 0.3 

Birthweight (g) 2690.5 (365) 2180 - 3360 2906 (580) 1750 - 3870 0.2c 

Birth length (cm)e 47.3 (3.3) 40 - 53 49.3 (2.5) 45 - 55 0.035 

Birth head circumference (cm) 32.6 [31.0; 33.6] 30 - 36 33.0 [33.0; 34.0] 30 - 36 0.040d 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test unless stated otherwise  
aFAS = Fetal Alcohol Syndrome, PFAS = Partial Fetal Alcohol Syndrome and HE = Non-syndromal Heavily Exposed 
bFisher exact test 
cWelch’s T-test 
dMann-Whitney U test 
eMissing data for n = 1 included participant 
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Table A.1.4: Neonatal scan characteristics between the 22 included and 21 excluded participants. 

Sample characteristics 

Included (n = 22) Excluded (n = 21) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

Postnatal age at scan (weeks) 2.9 [2.5; 3.2] 1.3 - 6.1 2.7 [2.1; 3.8] 1.0 - 5.0 0.7a 

Gestational age (GA) equivalent at scan 

(weeks) 
41.8 (2.0) 37.7 - 47.0 42.1 (1.9) 38.7 - 45.3 0.5 

Weight at scan (g)d 3170 (644) 2280 - 5100 3394 (630) 1780 - 4500 0.3 

Length at scan (cm)d 48.5 [46.5; 50.2] 45.0 - 53.4 49.8 [48.1; 52] 36.2 - 54.4 0.2b 

Head circumference at scan (cm)d 34.7 [33.6; 36.6] 31.8 - 39.0 35.4 [34.7; 36.6] 31.0 - 53.0 0.5b 

Total intracranial volume (mm3) 492 954 (66 679) 393 000 - 655 300 507 686 (56 021) 436 800 - 622 000 0.4 

Total cerebral white matter volume (mm3)e 123 137 (20 174) 99 000 - 172 092 131 367 (14 657) 107 646 - 162 006 0.1 

No. of navigated sequence scans 22 (100.0 %) 15 (71.4 %) 0.009c 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test unless stated otherwise  
aLogarithmic transform was used for the statistics 
bMann-Whitney U test 
cFisher exact test  
dMissing data for n = 3 included participants 
eMissing data for n = 1 included participant 
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Comparing the included (n = 21) and excluded (n = 22) participants 

Table A.2.1: Maternal characteristics compared between the 21 participants who had usable DTI data and did not introduce bias on the DTI 

measures, and the 22 participants who were excluded. 

Sample characteristics 

Included (n = 21) Excluded (n = 22) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

Maternal age at delivery (years) 28.8 [24.8; 31.2] 19.1 - 37.1 28.2 [21.6; 32.5] 19.4 - 36.1 0.9a 

Education (highest grade passed) 9 [8; 10] 5 - 12 9 [8; 11] 6 - 12 0.8a 

No. married 11 (52.4 %) 5 (22.7 %) 0.06b 

Socioeconomic statusc 19.4 (5.8) 9.5 - 30.5 19.0 (5.7) 11.0 - 30.5 0.8 

Parity 2 (1) 0 - 4 2 (1) 0 - 6 0.7b 

Treatment adherence (%) 86.3 [62.1; 91.0] 13.3 - 99.6 67.0 [50.5; 85.5] 1.7 - 99.6 0.042a 

Gestational age (GA) at enrolment (weeks) 18.4 (3.2) 9.9 - 22.4 21.7 (2.7) 14.7 - 26.1 < 0.001 

Duration from enrolment through delivery (weeks) 20.5 (3.7) 16.0 - 31.0 17.4 (2.8) 12.0 - 23.0 0.03 

Cumulative choline dose (grams)d,e 187.1 (83.9) 43.0 - 307.2 138.3 (77.6) 38.0 - 274.8 0.2 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range

Independent samples T-test unless stated otherwise 
aMann-Whitney U test 
bFisher exact test 
cHollingshead scale (Adams and Weakliem, 2011) 
dEstimated as a product of maternal choline treatment adherence (with neonates in the placebo arm being set to 0), weeks from enrolment 

through delivery and weekly dosage (2 grams/day x 7 days/week = 14 grams/week) 
eMedian, IQR, range and statistics are based only on participants who used the respective substances: Participants in the included group who 

were in the choline arm 13 (62 %); participants in the excluded group who were in the choline arm 8 (36 %). 
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Table A.2.2: Maternal substance use compared between the 21 participants who had usable DTI data and did not introduce bias on the DTI 

measures, and the 22 participants who were excluded. 

Sample characteristics 

Included (n = 21) Excluded (n = 22) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

oz AA/day at conceptiona 1.1 [0.7; 2.2] 0 - 9.8 1.3 [1.0; 1.9] 0 - 4.4 0.5b,c 

oz AA/drinking day at conceptiona 4.0 [2.4; 7.3] 0 - 13.7 3.6 [3.1; 5.1] 2.1 - 8.1 1.0d,c 

Frequency of drinking at conception (days/week) 2.0 [2.0; 3.0] 0 - 5.0 3.0 [2.0; 3.0] 1.0 - 6.0 0.1b 

oz AA/day during pregnancya 0.5 [0.2; 0.9] 0.04 - 2.8 0.7 [0.4; 0.9] 0 - 2.8 0.3b,c 

oz AA/drinking day during pregnancya 3.0 [2.5; 5.1] 1.6 - 12.4 3.2 [2.5; 3.9] 0 - 8.4 0.6c 

Frequency of drinking during pregnancy (days/week) 1.1 (0.7) 0.09 - 2.1 1.5 (0.9) 0 - 3.8 0.09 

Smoking (cigarettes/day)e 5.0 [3.9; 8.7] 2.3 - 20.0 4.3 [3.0; 7.9] 2.0 - 13.5 1.0c 

Marijuana use (days/month)e 10.0 (11.5) 0.1 - 30.1 10.4 (9.3) 1.3 - 23.3 1.0 

Methamphetamine use (days/month)e 2.1 (N/A) N/A 6.7 (N/A) N/A N/A 

No. of mandrax users 0 0 N/A 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range

Independent samples T-test unless stated otherwise 
aOunces (oz) of absolute alcohol (AA) consumed 
bMann-Whitney U test 
cLogarithmic transform was used for the statistics 
dWelch’s T-test 
eMedian, IQR, range and statistics are based only on participants who used the respective substances: Participants in the included group who 

were smokers n = 20 (95 %), marijuana users n = 6 (29 %) and methamphetamine users n = 1 (5 %); participants in the excluded group who 

were smokers n = 16 (73 %), marijuana users n = 4 (18 %) and methamphetamine users n = 1 (5 %) 
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Table A.2.3: Comparison of the neonatal birth characteristics and FASD diagnosis between the included 21 participants with usable DTI data 

and did not introduce bias on the DTI measures, and the excluded 22 participants. 

Sample characteristics 

Included (n = 21) Excluded (n = 22) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

FASD diagnosis (2019 clinic) 

No. of FASa 5 (21.8 %) 6 (27.3%) 

1.0b No. of PFASa 2 (9.5 %) 2 (9.1 %) 

No. of HEa 14 (66.7 %) 14 (63.6 %) 

No. of males 11 (52.4 %) 12(54.5 %) 1.0b 

No. of choline-treated neonates 13 (61.9 %) 8(36.4 %) 0.1b 

Gestational age (GA) at birth (weeks) 38.9 (1.3) 37.1 - 41.3 39.1 (1.5) 35.6- 41.3 0.8 

Birthweight (g) 2670 (361) 2180 - 3360 2916 (568) 1750 - 3870 0.1c 

Birth length (cm)e 47.2 (3.3) 40.0 - 53.0 49.2 (2.4) 45.0 - 55.0 0.028 

Birth head circumference (cm) 33.0 [31.0; 33.8] 30.0 - 36.0 33.0 [33.0; 34.0] 30.0 - 36.0 0.07d 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range

Independent samples T-test unless stated otherwise 
aFAS = Fetal Alcohol Syndrome, PFAS = Partial Fetal Alcohol Syndrome and HE = Non-syndromal Heavily Exposed 
bFisher exact test 
cWelch’s T-test 
dMann-Whitney U test 
eMissing data for n = 1 included participant 
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Table A.2.4: Comparing the neonatal scan characteristics between the 21 participants who had usable DTI data and did not introduce bias on 

the DTI measures, and the 22 participants who were excluded. 

Sample characteristics 

Included (n = 21) Excluded (n = 22) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

Postnatal age at scan (weeks) 3.0 [2.6; 3.2] 1.3 - 6.1 2.6 [2.1; 3.4] 1.0 - 5.0 0.6a 

Gestational age (GA) equivalent at scan 

(weeks) 
41.9 (1.8) 38.8 - 47.0 41.9 (2.0) 37.7 - 45.3 1.0 

Weight at scan (g)c 3182 (660) 2280 - 5100 3373 (622) 1780 - 500 0.4 

Length at scan (cm)c 48.5 [46.4; 50.4] 45.0 - 53.4 49.7 [48.1; 52.0] 36.2 - 54.4 0.2b 

Head circumference at scan (cm)c 35.0 [33.6; 36.7] 31.8 - 39.0 35.4 [34.3; 36.5] 31.0 - 53.0 0.7b 

Total intracranial volume (mm3) 496 005 (66 734) 393 000 - 655 300 504 104 (57 193) 428 900 - 622 000 0.3 

Total cerebral white matter volume (mm3)d 124 344 (19 905) 101 013 - 172 092 129 896 (15 881) 99 001 - 162 006 0.1 

No. of navigated sequence scans 21 (100.0 %) 16 (72.7 %) 0.021e 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range

Independent samples T-test unless stated otherwise 
aLogarithmic transform was used for the statistics 
bMann-Whitney U test 
cMissing data for n = 3 included participants 
dMissing data for n = 1 included participant 
eFisher exact test 
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Comparing the choline- and placebo-treated groups for the 21 included participants 

Table A.3.1: Maternal characteristics between the treatment groups after excluding the one choline-treated participant for whom using only AP 

data resulted in bias on the DTI measures (n = 21). 

Sample characteristics 

Choline (n = 13) Placebo (n = 8) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

Maternal age at delivery (years) 27.4 (4.3) 19.1 - 33.8 28.8 (5.7) 20.7 - 37.1 0.5 

Education (highest grade passed) 9 [8; 10] 5 - 12 10 [7; 10] 6 - 12 0.9a 

No. married 7 (53.8 %) 4 (50.0 %) 1.0b 

Socioeconomic statusc 20.3 (6.4) 9.5 - 30.5 17.9 (4.5) 9.5 - 24.0 0.4 

Parity 1.8 (1.3) 0 - 4 1.8 (1.0) 1 - 3 0.1b 

Treatment adherence (%) (n = 21) 83.5 [43.1; 87.4] 13.4 - 89.4 94.3 [83.0; 98.9] 75.3 - 99.6 0.033d 

Treatment adherence (%) (n = 18)e 85.3 [64.6; 87.9] 56.3 - 89.4 94.3 [83.0; 98.9] 75.3 - 99.6 0.029a 

Gestational age (GA) at enrolment (weeks) 18.1 (2.8) 13.7 - 22.4 18.8 (3.9) 9.9 - 22.1 0.6 

Duration from enrolment through delivery (weeks) 21.0 [18.0; 23.0] 16.0 - 26.0 19.5 [16.3; 22.0] 13.0 - 31.0 0.5a 

Cumulative choline dose (grams)f 205.3 [107.9; 253.2] 43.0 - 307.2 0 0 < 0.0001d 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test was used unless stated otherwise 
aMann-Whitney U test 
bFisher exact test 
cHollingshead scale (Adams and Weakliem, 2011) 
dYuen test 
eExcluding 3 mothers from the choline arm with adherences < 50.0  % (adherences of 13.4 %, 22.2 % and 29.9 %, respectively) 
fEstimated as a product of maternal choline treatment adherence (with neonates in the placebo arm being set to 0), weeks from enrolment through 

delivery and weekly dosage (2 grams/day x 7 days/week = 14 grams/week) 
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Table A.3.2: Maternal substance use between the treatment groups after excluding the one choline-treated participant for whom using only AP 

data resulted in bias on the DTI measures (n = 21). 

Sample characteristics 

Choline (n = 13) Placebo (n = 8) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

oz AA/day at conceptiona 1.1 [0.6; 1.9] 0 - 9.8 1.5 [0.7; 2.9] 0 - 3.2 0.9b 

oz AA/drinking day at conceptiona 4.4 (3.6) 0 - 13.7 5.1 (3.3) 0 - 9.6 0.6b 

Frequency of drinking at conception (days/week) 2.0 [2.0; 3.0] 0 - 5.0 2.0 [1.5; 2.8] 0 - 3.0 0.9c 

oz AA/day during pregnancya 0.5 [0.2; 0.9] 0.04 - 2.8 0.7 [0.2; 0.9] 0.05 - 1.0 0.7c,b 

oz AA/drinking day during pregnancya 3.0 [2.3; 3.8] 1.6 - 12.5 0.5 [0.1; 0.7] 2.5 - 7.0 0.3b 

Frequency of drinking during pregnancy (days/week) 1.2 (0.7) 0.1 - 3.8 0.8 (0.4) 0.1 - 1.5 0.2 

Smoking (cigarettes/day)d 5.0 [4.6; 7.7] 2.3 - 20.0 5.0 [3.3; 11.7] 3.0 - 15.0 1.0b 

Marijuana use (days/month)d 11.0 (12.6) 0.1 - 30.1 5.0 (N/A) N/A N/A 

Methamphetamine use (days/month)d 2.1 (N/A) N/A N/A N/A N/A 

Number of mandrax users 0 0 N/A 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range 

Independent samples T-test was used unless stated otherwise 
aOunces (oz) of absolute alcohol (AA) consumed 
bLog transform was used for the statistics 
cMann-Whitney U test 
dMedian, IQR, range and statistics are based only on participants who used the respective substances: Participants in the choline group who 

were smokers n = 13 (100 %), marijuana users n = 5 (38 %) and methamphetamine users n = 1 (8 %); participants in the placebo group who 

were smokers n = 7 (88 %), marijuana users n = 1 (13 %) and methamphetamine users n = 0 (0 %) 
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Table A.3.3: Neonatal birth characteristics and FASD diagnosis between the treatment groups excluding the one choline-treated for whom 

using only AP data resulted in bias on the DTI measures (n = 21). 

Sample characteristics 

Choline (n = 13) Placebo (n = 8) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

FASD diagnosis (2019 clinic) 

No. of FASa 4 (30.8 %) 1 (12.5 %) 

0.8b No. of PFASa 1 (7.7 %) 1 (12.5%) 

No. of HEa 8 (61.5 %) 6 (75.0%) 

No. of males 5 (38.5 %) 6 (75.0 %) 0.2b 

Gestational age (GA) at birth (weeks) 38.7 (1.0) 37.1 - 40.6 39.2 (1.7) 37.3 - 41.3 0.4 

Birthweight (g) 2668 (363) 2180 - 3230 2672 (382) 2240 - 3360 1.0 

Birth length (cmc 46.8 (3.5) 40.0 - 53.0 48.1 (2.9) 43.0 - 52.0 0.4 

Birth head circumference (cm) 32.0 (1.6) 30.0 - 34.0 33.1 (1.9) 30.0 - 36.0 0.2 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range

Independent samples T-test unless stated otherwise 
aFAS = Fetal Alcohol Syndrome, PFAS = Partial Fetal Alcohol Syndrome and HE = Non-syndromal Heavily Exposed 
bFisher exact test 
cMissing data for n = 1 placebo-treated participant 
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Table A.3.4: Neonatal scan characteristics between the treatment groups excluding the one choline-treated for whom using only AP data 

resulted in bias on the DTI measures (n = 21). 

Sample characteristics 

Choline (n = 13) Placebo (n = 8) Statistics 

Mean (SD) or 

Median [IQR] 
Range 

Mean (SD) or 

Median [IQR] 
Range p 

Postnatal age at scan (weeks) 3.0 [2.9; 3.4] 1.6 - 5.1 2.7 [1.5; 3.3] 1.3 - 6.1 0.3a 

Gestational age (GA) equivalent at scan 

(weeks) 
41.9 (1.2) 38.9 - 43.6 42.0 (2.6) 39.3 - 47.0 0.9b 

Weight at scan (g)c 3176 (458) 2340 - 3960 3198 (1104) 2280 - 5100 1.0b 

Length at scan (cm)c 48.7 (2.3) 45.5 - 52.2 48.5 (3.4) 45.0 - 53.4 0.9 

Head circumference at scan (cm)c 35.1 (1.6) 31.8 - 37.7 35.6 (3.1) 32.8 - 39.0 0.6 

Total intracranial volume (mm3) 497 123 (59 836) 393 000 - 579 400 494 188 (81 18) 420 000 - 655 300 0.9 

Total cerebral white matter volume (mm3)d 126 214 (17 599) 101 039 - 156 142 121 538 (23 953) 101 013 - 172 092 0.6 

Average head motion (mm) 0.4 (0.1) 0.2 - 0.7 0.3 (0.1) 0.2 - 0.6 0.3 

Values are mean (SD) or Median [IQR]; SD: Standard deviation; IQR: Interquartile range

Independent samples T-test unless stated otherwise 
aMann-Whitney U test 
bWelch’s T-test 
cMissing data for n = 3 placebo-treated participants 
dMissing data for n = 1 choline-treated participant 
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Appendix B: Potential confounders 

Table B.1: The process of removing linearly dependent variables. 

Variable 1 Variable 2 r 
Correlation with FA Correlation with MD 

Final Variablec 

Variable 1 Variable 2 Variable 1 Variable 2 

Parity Maternal age at delivery 0.7 -0.3 -0.2 0.4 0.3 Parity 

Gestational age (GA) at 

birth  

Gestational age (GA) 

equivalent at scan 
0.8 -0.031 0.1 -0.4 -0.6

Gestational age (GA) 

equivalent at scan  

Postnatal age at scan GA equivalent at scan 0.6a 0.2 0.1 -0.6 -0.6 Postnatal age at scan 

Birth weight Weight at scan 0.8 0.004 0.1 -0.2 -0.4 Weight at scan 

Postnatal age at scan Weight at scan 0.6a 0.2 0.1 -0.6 -0.4 Postnatal age at scan 

Head circumference at 

scan  
Birth head circumference 0.7 0.041 0.037 -0.4 -0.2

Head circumference at 

scan  

Head circumference at 

scan  

Total cerebral white matter 

volume  
0.7 0.041 0.3 -0.4 -0.5

Total cerebral white 

matter volume  

Head circumference at 

scan  
Total intracranial volume 0.7 0.041 0.2 -0.4 -0.6

Total intracranial 

volume 

Total intracranial volume 
Total cerebral white matter 

volume  
0.9 0.2 0.3 -0.6 -0.5 Investigated furtherb 

Socioeconomic status Marriage status 0.6 -0.004 -0.2 -0.4 -0.2 Investigated furtherb 

Socioeconomic status Maternal education level 0.5a -0.004 -0.048 -0.4 -0.1 Investigated furtherb 

Excludes the one choline-treated participant whose AP acquisition was used due to it introducing bias on the DTI measures (n = 21) 
aSpearman rank 
bNeither of these variables had larger correlations with FA and MD over their respective counterparts. Due to this, their association with the 

outcomes was used to decide which of the variables in each pair were included as potential confounders. 
cThe variables in bold are those whose associations with the outcomes were evaluated. 
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Appendix C: Treatment effects 

Choline dose approximated by treatment adherence 

Table C.1.1: Associations of radial diffusivity (RD) in each WM connection with choline dose 

(proxied by maternal choline treatment adherence in % packets consumed) while controlling 

for infant sex, total intracranial volume (TIV) and postnatal age at scan; and after including a 

dose-by-sex interaction effect. 

WM connections 
βdose 

(εdose) 
pdose 

βinfant sex 

(εinfant sex) 

βage

(εage) 

βTIV 

(εTIV) 

βdose*sex 

(εdose*sex) 
pdose*sex 

L Thalamus – 

L Caudate 

0.08 

(0.24) 
0.7 

0.29 

(0.23) 

-0.25

(0.29)

0.01 

(0.28) 

-0.05

(0.24)
0.8 

L Thalamus – 

L Putamen 

0.22 

(0.23) 
0.3 

-0.13

(0.22)

0.01 

(0.30) 

-0.44

(0.29)

-0.14

(0.24)
0.6 

L Thalamus – 

L Pallidum 

-0.01

(0.19)
1.0 

0.02 

(0.19) 

0.34 

(0.25) 

-0.55

(0.24)

-0.03

(0.20)
0.9 

L Thalamus –  

L Hippocampus 

0.02 

(0.18) 
0.9 

0.34 

(0.18) 

-0.24

(0.23)

-0.54

(0.23)

0.04 

(0.19) 
0.8 

L Thalamus – 

R Thalamus 

0.13 

(0.28) 
0.6 

-0.09

(0.27)

0.60 

(0.37) 

-0.18

(0.36)

0.22 

(0.29) 
0.5 

L Caudate – 

L Putamen 

0.09 

(0.21) 
0.7 

-0.22

(0.20)

0.01 

(0.26) 

-0.55

(0.25)

0.40 

(0.21) 
0.08 

L Caudate – 

L Pallidum 

0.13 

(0.21) 
0.5 

-0.23

(0.22)

-0.02

(0.27)

-0.52

(0.27)

0.47 

(0.22) 
0.05 

L Putamen – 

L Pallidum 

-0.17

(0.19)
0.4 

-0.25

(0.18)

-0.53

(0.24)

0.06 

(0.24) 

0.38 

(0.20) 
0.05 

R Thalamus – 

R Caudate 

-0.16

(0.30)
0.6 

0.11 

(0.29) 

-0.12

(0.37)

-0.28

(0.36)

-0.10

(0.30)
0.7 

R Thalamus – 

R Putamen 

0.32 

(0.16) 
0.07 

-0.49

(0.16)

-0.71

(0.21)

0.30 

(0.20) 

-0.07

(0.17)
0.7 

R Thalamus – 

R Pallidum 

0.19 

(0.22) 
0.4 

-0.16

(0.21)

-0.44

(0.27)

-0.14

(0.26)

0.45 

(0.22) 
0.1 

R Thalamus –  

R Hippocampus 

0.36 

(0.23) 
0.1 

0.06 

(0.22) 

-0.65

(0.30)

0.15 

(0.30) 

0.15 

(0.24) 
0.5 

R Caudate – 

R Putamen 

0.12 

(0.21) 
0.6 

-0.36

(0.21)

-0.32

(0.26)

-0.24

(0.25)

0.14 

(0.21) 
0.5 

R Caudate – 

R Pallidum 

0.39 

(0.18) 
0.06 

-0.67

(0.18)

-0.31

(0.23)

-0.05

(0.22)

-0.05

(0.19)
0.8 

R Putamen – 

R Pallidum 

0.21 

(0.20) 
0.3 

-0.51

(0.19)

-0.48

(0.25)

-0.02

(0.24)

0.26 

(0.20) 
0.2 

β: Standardized regression coefficients; ε: Standardized standard errors 
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Choline dose approximated by total grams consumed from 

enrolment through delivery 

Table C.2.1: Associations of fractional anisotropy (FA) in each WM connection with choline 

dose approximated by total grams consumed from enrolment through delivery, controlling for 

after infant sex, postnatal age at scan, total intracranial volume (TIV) and dose-by-sex 

interactions. 

WM connections 
βdose 

(εdose) 
pdose 

βinfant sex 

(εinfant sex) 

βage

(εage) 

βTIV 

(εTIV) 

βdose*sex 

(εdose*sex) 
pdose*sex 

L Thalamus – 

L Caudate 

-0.26

(0.16)
0.1 

0.04 

(0.15) 

-0.28

(0.19)

0.21 

(0.19) 

0.12 

(0.17) 
0.5 

L Thalamus – 

L Putamen 

-0.19

(0.24)
0.4 

-0.24

(0.23)

-0.21

(0.31)

0.16 

(0.30) 

0.15 

(0.26) 
0.6 

L Thalamus – 

L Pallidum 

-0.11

(0.28)
0.7 

-0.29

(0.26)

-0.44

(0.36)

0.20 

(0.35) 

0.10 

(0.30) 
0.7 

L Thalamus –  

L Hippocampus 

-0.07

(0.13)
0.6 

-0.29

(0.12)

0.91 

(0.16) 

-0.06

(0.16)

-0.07

(0.14)
0.6 

L Thalamus – 

R Thalamus 

-0.001

(0.21)
1.0 

0.56 

(0.19) 

-0.32

(0.26)

0.31 

(0.25) 

0.18 

(0.22) 
0.4 

L Caudate – 

L Putamen 

-0.23

(0.28)
0.4 

0.04 

(0.25) 

-0.35

(0.33)

0.25 

(0.32) 

-0.32

(0.28)
0.3 

L Caudate – 

L Pallidum 

-0.38

(0.29)
0.2 

-0.20

(0.27)

-0.62

(0.35)

0.52 

(0.35) 

-0.45

(0.30)
0.2 

L Putamen – 

L Pallidum 

0.15 

(0.28) 
0.6 

0.001 

(0.26) 

0.28 

(0.36) 

-0.10

(0.35)

0.03 

(0.3) 
0.9 

R Thalamus – 

R Caudate 

0.10 

(0.26) 
0.7 

0.07 

(0.24) 

0.26 

(0.31) 

-0.37

(0.30)

0.32 

(0.26) 
0.2 

R Thalamus – 

R Putamen 

-0.30

(0.24)
0.2 

0.01 

(0.22) 

0.69 

(0.30) 

-0.44

(0.29)

0.04 

(0.26) 
0.9 

R Thalamus – 

R Pallidum 

-0.14

(0.24)
0.6 

-0.48

(0.22)

0.59 

(0.29) 

-0.18

(0.28)

-0.21

(0.24)
0.4 

R Thalamus –  

R Hippocampus 

-0.19

(0.18)
0.3 

-0.26

(0.17)

0.56 

(0.23) 

0.12 

(0.22) 

0.21 

(0.19) 
0.3 

R Caudate – 

R Putamen 

-0.33

(0.25)
0.2 

0.15 

(0.23) 

0.40 

(0.30) 

0.09 

(0.29) 

0.16 

(0.25) 
0.5 

R Caudate – 

R Pallidum 

-0.51

(0.20)
0.024 

0.32 

(0.18) 

0.55 

(0.24) 

-0.18

(0.23)

0.19 

(0.20) 
0.4 

R Putamen – 

R Pallidum 

-0.46

(0.21)
0.06 

0.53 

(0.19) 

0.12 

(0.26) 

0.37 

(0.25) 

-0.36

(0.21)
0.1 

β: Standardized regression coefficients; ε: Standardized standard errors. 
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Figure C.2.1: Increasing cumulative choline dose (estimated by total grams consumed from 

enrolment through delivery) was associated with lower fractional anisotropy (FA) in the WM 

connection between the R caudate and R pallidum. Pearson r is the correlation coefficient 

shown. 
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Table C.2.2: Associations of axial diffusivity (AD) in each WM connection with the amount of 

choline (in grams) consumed in grams from enrolment through delivery, controlling for infant 

sex, postnatal age at scan, total intracranial volume (TIV), and dose-by-sex interactions. 

WM connections 
βdose 

(εdose) 
pdose 

βinfant sex 

(εinfant sex) 

βage

(εage) 

βTIV 

(εTIV) 

βdose*sex 

(εdose*sex) 
pdose*sex 

L Thalamus – 

L Caudate 

-0.06

(0.24)
0.8 

0.24 

(0.22) 

-0.45

(0.29)

0.05 

(0.28) 

-0.04

(0.25)
0.9 

L Thalamus – 

L Putamen 

0.04 

(0.14) 
0.8 

-0.52

(0.13)

-0.35

(0.18)

-0.25

(0.18)

0.13 

(0.15) 
0.4 

L Thalamus – 

L Pallidum 

0.04 

(0.19) 
0.8 

-0.36

(0.17)

-0.57

(0.23)

-0.01

(0.23)

0.29 

(0.20) 
0.2 

L Thalamus –  

L Hippocampus 

-0.11

(0.27)
0.7 

-0.02

(0.25)

0.43 

(0.34) 

-0.5

(0.33)

-0.06

(0.28)
0.8 

L Thalamus – 

R Thalamus 

-0.05

(0.13)
0.7 

0.51 

(0.12) 

0.13 

(0.16) 

0.07 

(0.15) 

0.2 

(0.14) 
0.2 

L Caudate – 

L Putamen 

-0.06

(0.2)
0.8 

-0.35

(0.18)

-0.49

(0.24)

-0.22

(0.23)

0.12 

(0.2) 
0.6 

L Caudate – 

L Pallidum 

-0.05

(0.12)
0.7 

-0.45

(0.12)

-0.76

(0.15)

0.36 

(0.15) 

-0.16

(0.13)
0.3 

L Putamen – 

L Pallidum 

0.16 

(0.35) 
0.6 

-0.28

(0.33)

0.01 

(0.44) 

-0.16

(0.43)

0.18 

(0.38) 
0.6 

R Thalamus – 

R Caudate 

-0.14

(0.17)
0.4 

0.05 

(0.15) 

0.19 

(0.20) 

-0.75

(0.19)

-0.10

(0.17)
0.5 

R Thalamus – 

R Putamen 

-0.09

(0.14)
0.6 

-0.42

(0.13)

-0.42

(0.18)

-0.1

(0.17)

0.29 

(0.15) 
0.08 

R Thalamus – 

R Pallidum 

0.06 

(0.12) 
0.6 

-0.76

(0.11)

0.17 

(0.15) 

-0.31

(0.14)

0.32 

(0.12) 
0.022 

R Thalamus –  

R Hippocampus 

0.24 

(0.19) 
0.3 

-0.15

(0.18)

-0.3

(0.24)

0.45 

(0.24) 

0.55 

(0.20) 
0.023 

R Caudate – 

R Putamen 

-0.41

(0.16)
0.027 

-0.07

(0.15)

-0.32

(0.20)

-0.09

(0.19)

0.28 

(0.16) 
0.1 

R Caudate – 

R Pallidum 

-0.13

(0.25)
0.6 

-0.46

(0.22)

0.3 

(0.29) 

-0.41

(0.29)

0.25 

(0.25) 
0.3 

R Putamen – 

R Pallidum 

-0.53

(0.24)
0.049 

0.24 

(0.22) 

-0.48

(0.29)

0.55 

(0.28) 

0.04 

(0.24) 
0.9 

β: Standardized regression coefficients; ε: Standardized standard errors 
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Figure C.2.2: Increasing cumulative choline dose (approximated as the total grams consumed 

from enrolment through deliver) was associated with lower axial diffusivity (AD) in the WM 

connection between the R caudate and R putamen connection. The correlation coefficient 

shown is Pearson r. 

 

 
Figure C.2.3: Increasing cumulative choline dose (estimated by total grams consumed from 

enrolment through delivery) was associated with lower axial diffusivity (AD) in the WM 

connection from the R putamen to the R pallidum connection. Pearson r is the correlation 

coefficient shown. 
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Table C.2.3: Associations of radial diffusivity (RD) in each WM connection with cumulative 
choline dose (in grams) consumed from enrolment through delivery while controlling for infant 
sex, postnatal age at scan, total intracranial volume (TIV) and dose-by-sex interactions. 

 

WM connections 

βdose 

(εdose) 
pdose 

βinfant sex 

(εinfant sex) 

βage 

(εage) 

βTIV 

(εTIV) 

βdose*sex 

(εdose*sex) 
pdose*sex 

L Thalamus –  

L Caudate 

0.01 

(0.22) 
1.0 

0.34 

(0.20) 

-0.29 

(0.26) 

0.09 

(0.26) 

0.01 

(0.23) 
1.0 

L Thalamus –  

L Putamen 

0.2 

(0.26) 
0.5 

-0.11 

(0.24) 

0.001 

(0.32) 

-0.47 

(0.32) 

-0.05 

(0.27) 
0.9 

L Thalamus –  

L Pallidum 

-0.02 

(0.20) 
0.9 

0.020 

(0.19) 

0.33 

(0.25) 

-0.55 

(0.25) 

0.003 

(0.21) 
1.0 

L Thalamus –  

L Hippocampus 

-0.04 

(0.22) 
0.9 0.35 (0.2) 

-0.24 

(0.27) 

-0.54 

(0.27) 

0.04 

(0.23) 
0.9 

L Thalamus –  

R Thalamus 

0.11 

(0.30) 
0.7 

-0.06 

(0.27) 

0.59 

(0.37) 

-0.18 

(0.36) 

0.19 

(0.32) 
0.6 

L Caudate –  

L Putamen 

0.14 

(0.25) 
0.6 

-0.27 

(0.23) 

-0.02 

(0.30) 

-0.55 

(0.29) 

0.47 

(0.25) 
0.08 

L Caudate –  

L Pallidum 

0.17 

(0.21) 
0.5 

-0.19 

(0.20) 

-0.06 

(0.26) 

-0.52 

(0.26) 

0.57 

(0.22) 
0.024 

L Putamen –  

L Pallidum 

-0.21 

(0.19) 
0.3 

-0.25 

(0.17) 

-0.5 

(0.24) 

0.05 

(0.23) 

0.31 

(0.20) 
0.1 

R Thalamus –  

R Caudate 

-0.23 

(0.31) 
0.5 

0.10 

(0.28) 

-0.11 

(0.37) 

-0.27 

(0.36) 

-0.12 

(0.31) 
0.7 

R Thalamus –  

R Putamen 

0.26 

(0.18) 
0.2 

-0.41 

(0.17) 

-0.71 

(0.22) 

0.24 

(0.22) 

0.09 

(0.19) 
0.7 

R Thalamus –  

R Pallidum 

0.25 

(0.20) 
0.2 

-0.16 

(0.19) 

-0.43 

(0.24) 

-0.17 

(0.24) 

0.44 

(0.20) 
0.047 

R Thalamus –  

R Hippocampus 

0.38 

(0.25) 
0.1 

0.13 

(0.24) 

-0.65 

(0.32) 

0.1 

(0.31) 

0.26 

(0.27) 
0.3 

R Caudate –  

R Putamen 

0.17 

(0.21) 
0.4 

-0.37 

(0.20) 

-0.32 

(0.25) 

-0.25 

(0.25) 

0.17 

(0.21) 
0.4 

R Caudate –  

R Pallidum 

0.34 

(0.18) 
0.08 

-0.61 

(0.16) 

-0.34 

(0.21) 

-0.04 

(0.21) 

0.12 

(0.18) 
0.5 

R Putamen –  

R Pallidum 

0.25 

(0.21) 
0.3 

-0.49 

(0.19) 

-0.43 

(0.26) 

-0.13 

(0.25) 

0.33 

(0.21) 
0.1 

β: Standardized regression coefficients; ε: Standardized standard errors 
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