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Abstract
Numerous	rodent	studies	demonstrate	developmental	programming	of	offspring	
cognition	by	maternal	choline	intake,	with	prenatal	choline	deprivation	causing	
lasting	adverse	effects	and	supplemental	choline	producing	lasting	benefits.	Few	
human	studies	have	evaluated	the	effect	of	maternal	choline	supplementation	on	
offspring	cognition,	with	none	following	children	to	school	age.	Here,	we	report	
results	 from	 a	 controlled	 feeding	 study	 in	 which	 pregnant	 women	 were	 rand-
omized	to	consume	480 mg	choline/d	(approximately	the	Adequate	Intake	[AI])	
or	930 mg	choline/d	during	the	3rd	trimester.	Sustained	attention	was	assessed	
in	the	offspring	at	age	7 years	(n = 20)	using	a	signal	detection	task	that	showed	
benefits	of	maternal	choline	 supplementation	 in	a	murine	model.	Children	 in	
the	930 mg/d	group	showed	superior	performance	(vs.	480 mg/d	group)	on	the	
primary	endpoint	 (SAT	score,	p =  .02)	and	a	 superior	ability	 to	maintain	cor-
rect	signal	detections	(hits)	across	the	12-	min	session	(p = .02),	indicative	of	im-
proved	sustained	attention.	This	group	difference	in	vigilance	decrement	varied	
by	signal	duration	(p = .04).	For	the	briefest	(17 ms)	signals,	the	480 mg/d	group	
showed	a	22.9%	decline	in	hits	across	the	session	compared	to	a	1.5%	increase	
in	hits	for	the	930 mg/d	group	(p = .04).	The	groups	did	not	differ	in	vigilance	
decrement	for	29	or	50 ms	signals.	This	pattern	suggests	an	enhanced	ability	to	
sustain	perceptual	amplification	of	a	brief	low-	contrast	visual	signal	by	children	
in	 the	930 mg/d	group.	This	 inference	of	 improved	sustained	attention	by	 the	
930  mg/d	 group	 is	 strengthened	 by	 the	 absence	 of	 group	 differences	 for	 false	
alarms,	omissions,	and	off-	task	behaviors.	This	pattern	of	results	indicates	that	
maternal	3rd	trimester	consumption	of	the	choline	AI	for	pregnancy	(vs.	double	
the	AI)	produces	offspring	with	a	poorer	ability	to	sustain	attention—	reinforcing	
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1 	 | 	 INTRODUCTION

Physiological	 demands	 for	 choline	 increase	 markedly	
during	 pregnancy,1,2	 due	 to	 choline's	 numerous	 roles	 in	
fetal	 development.	 Specifically,	 choline	 is	 a	 precursor	
for	 several	 biomolecules	 with	 key	 ontogenetic	 roles:	 (1)	
acetylcholine	(ACh),	a	neurotransmitter	which	regulates	
multiple	 aspects	 of	 early	 brain	 development3,4	 and	 also	
plays	a	pivotal	role	in	attentional	function5;	(2)	phosphati-
dylcholine,	a	major	component	of	biological	membranes6;	
(3)	sphingomyelin,	a	primary	constituent	of	myelin7;	and	
(4)	 betaine,	 a	 methyl	 donor	 that	 (through	 DNA	 methyl-
ation)	 can	 exert	 life-	long	 effects	 on	 gene	 expression.8–	10	
Consistent	 with	 these	 roles,	 over	 40  years	 of	 research	
in	 rodents	 has	 demonstrated	 the	 importance	 of	 mater-
nal	 choline	 intake	 for	 the	 developmental	 programming	
of	 offspring	 brain	 development	 and	 cognitive	 function.	
Specifically,	 maternal	 choline	 deprivation	 produces	 last-
ing	offspring	cognitive	impairment,11,12	whereas	prenatal	
choline	supplementation	improves	offspring	attention13–	16	
and	spatial	memory.12,17,18	 In	addition,	maternal	choline	
supplementation	 is	 broadly	 neuroprotective	 for	 the	 off-
spring	in	conditions	as	diverse	as	fetal	or	early	postnatal	
alcohol	exposure,19–	22	prenatal	stress	exposure,23	autism,24	
down	syndrome,14,15,25–	28	epilepsy,29–	31	Rett	syndrome,32–	34	
cognitive	aging,16,17	and	Alzheimer's	disease.28,35,36

Despite	a	 large	body	of	rodent	research	on	this	topic,	
little	 is	 known	 about	 the	 functional	 effects	 of	 maternal	
choline	 intake	 on	 offspring	 cognition	 in	 humans	 or	 the	
maternal	 intake	 level	 needed	 to	 fully	 support	 fetal	 neu-
rodevelopment.	An	Adequate	Intake	(AI)	level	of	450 mg	
choline/d	 for	 pregnant	 women	 was	 established	 in	 1998;	
however,	 this	value	was	extrapolated	 from	evidence	per-
taining	to	the	amount	of	choline	needed	to	prevent	liver	
dysfunction	 in	men	and	not	on	endpoints	related	 to	off-
spring	cognitive	function.37 The	few	studies	that	have	eval-
uated	the	enduring	effects	of	maternal	choline	intake	on	
offspring	cognition	in	humans	are	inconclusive.38–	44 Two	
observational	 studies	 found	 that	 greater	 concentrations	
of	 choline	 metabolites	 in	 maternal	 plasma38	 or	 greater	
estimated	prenatal	dietary	choline	intake39	was	positively	
associated	 with	 child	 performance	 on	 cognitive	 tests,	
but	 two	 other	 observational	 studies	 found	 no	 associa-
tion.40,41	Only	 three	randomized	controlled	 trials	 (RCTs)	
have	explored	this	topic	in	typically-	developing	children.	

Two	trials	reported	beneficial	effects	of	maternal	choline	
supplementation	on	aspects	of	 infant	attention—	one	on	
attentional	orienting	speed43	and	the	other	on	an	electro-
physiological	index	of	auditory	attentional	gating44—	and	
one	trial	detected	no	benefits	to	infant	memory.42 Notably,	
no	 RCTs	 of	 maternal	 choline	 supplementation	 have	 fol-
lowed	children	into	school	age,	a	time	when	tests	of	com-
plex	cognitive	functioning	can	be	used	to	more	adequately	
evaluate	the	hypothesized	enduring	effects.

To	address	this	need,	the	present	study	leveraged	a	con-
trolled	choline	feeding	trial	in	which	women	had	been	ran-
domized	to	one	of	 two	levels	of	choline	intake	during	the	
3rd	trimester	of	pregnancy.	Beneficial	effects	of	the	higher	
level	 of	 maternal	 choline	 intake	 on	 infant	 attention	 had	
been	demonstrated	previously	 in	 this	cohort43	 (one	of	 the	
two	RCTs	detecting	beneficial	effects	noted	above).	We	fol-
lowed	 these	 children	 to	 age	 7  years	 to	 assess	 multiple	 as-
pects	of	attentional	control	by	employing	a	signal	detection	
task	previously	used	in	a	rodent	study	which	manipulated	
maternal	choline	intake	and	reported	that	prenatal	choline	
availability	affected	the	ability	of	offspring	to	detect	visual	
cues	and	sustain	attention	throughout	the	testing	session.13	
Importantly,	this	type	of	signal	detection	task	has	also	been	
widely	used	for	basic	science	investigations	into	the	role	of	
cholinergic	 pathways	 in	 stimulus	 detection	 and	 sustained	
attention	in	rodents.5,45–	49 Thus,	the	use	of	this	task	served	a	
dual	function:	(1)	it	provided	the	opportunity	to	directly	test	
the	 translational	 hypothesis	 that	 the	 enduring	 attentional	
benefits	of	maternal	choline	supplementation	observed	 in	
rodents	are	also	seen	in	humans;	and	(2)	by	comparing	the	
effects	of	maternal	choline	supplementation	in	this	task	to	
the	effects	of	cholinergic	manipulations,	it	provided	an	op-
portunity	to	inform	the	hypothesis,	advanced	by	Mohler	and	
colleagues,13	that	the	enduring	attentional	benefits	of	mater-
nal	choline	supplementation	are	at	least	partly	mediated	by	
lasting	changes	in	cholinergic	neuronal	pathways	projecting	
from	the	basal	forebrain	to	the	frontal	cortex.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Study design and participants

The	 present	 study	 is	 a	 7-	year	 follow-	up	 of	 the	 chil-
dren	born	 to	women	who	participated	 in	a	 randomized,	

concerns	that,	on	average,	choline	consumption	by	pregnant	women	is	approxi-
mately	70%	of	the	AI.
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double-	blind,	 parallel-	group	 controlled	 choline	 feed-
ing	 study	 during	 their	 3rd	 trimester	 of	 pregnancy	
(NCT01127022).	The	sample	size	for	the	original	feeding	
study	was	set	to	achieve	80%	power	to	detect	group	differ-
ences	 for	 the	primary	endpoints—	biomarkers	of	choline	
status—	at	 an	 α	 of	 .05.1,50	 Secondary	 outcomes	 included	
genomic	 expression,	 metabolomic	 profiling	 of	 plasma	
and	placental	tissue,8,51	and	offspring	cognition	during	in-
fancy.43 The	present	study	is	an	ancillary	follow-	up	of	the	
children	at	age	7 years	to	test	for	effects	on	child	cognition,	
using	pre-	specified	primary	and	secondary	endpoints.

Details	 of	 the	 controlled	 feeding	 study,	 including	 the	
study	 diet,	 have	 been	 published	 elsewhere.1	 Briefly,	 3rd	
trimester	 pregnant	 women	 (27  weeks	 gestation)	 aged	
≥21  years	 were	 recruited	 from	 the	 Ithaca,	 NY	 region	 in	
2008–	2009,	with	eligibility	contingent	on	a	variety	of	fac-
tors	including	general	good	health	and	willingness	to	com-
ply	 with	 the	 study	 protocol.	 Exclusion	 criteria	 included:	
(1)	use	of	alcohol	or	tobacco	products	during	pregnancy,	
(2)	 non-	singleton	 pregnancy,	 and	 (3)	 pregnancy-	related	
complications	such	as	preeclampsia,	gestational	diabetes,	
or	intrauterine	growth	restriction.

Women	 were	 randomized	 to	 consume	 either	 480  mg	
choline/d	(approximately	the	AI)	or	930 mg	choline/d	from	
enrollment	until	delivery	 (i.e.,	approximately	12 weeks).	
To	 achieve	 these	 total	 choline	 intake	 levels,	 all	 women	
consumed	 the	 same	 study	 diet,	 which	 provided	 380  mg	
choline/d,	and	an	additional	choline	supplement	of	either	
100	or	550 mg	choline/d.	The	choline	supplement	(choline	
chloride,	 Balchem	 Corp.,	 New	 Hampton,	 NY,	 USA)	 was	
mixed	with	cran-	grape	juice	by	study	personnel	and	served	
in	color-	coded	tubes	so	that	participants	and	investigators	
remained	 blinded	 to	 the	 dose.	 No	 adverse	 effects	 of	 ei-
ther	choline	dose	were	reported	for	the	controlled	feeding	
study.1	On	weekdays,	women	consumed	one	meal/d	and	
the	 choline	 supplement	 while	 supervised	 by	 study	 per-
sonnel	in	the	Human	Metabolic	Research	Unit	at	Cornell	
University;	all	other	meals	were	prepared	for	carry-	out	to	
be	consumed	off	site.	On	weekend	days,	participants	were	
instructed	 to	 consume	 the	 choline	 supplement	 with	 a	
meal	of	their	choice.	Adherence	to	the	study	diet	and	cho-
line	supplement	was	high	based	on	in-	lab	monitoring	of	
supplement	and	food	consumption,	return	of	supplement	
and	 food	 containers	 for	 weekend	 days,	 and	 greater	 fast-
ing	plasma	concentrations	of	choline	and	its	metabolites	
in	the	930 mg/d	(vs.	480 mg/d)	group.1	In	addition	to	the	
study	diet	and	choline	supplement,	all	women	consumed	
a	daily	prenatal	multivitamin	(Pregnancy	Plus,	Fairhaven	
Health	LLC,	Bellingham,	WA,	USA),	a	daily	200 mg	doco-
sahexaenoic	acid	 supplement	 (Nature's	Way	Neuromins,	
Schwabe	NorthAmerica,	Green	Bay,	WI,	USA),	and	thrice	
weekly	 250  mg	 potassium	 and	 250  mg	 magnesium	 sup-
plements	(General	Nutrition	Corp.,	Pittsburgh,	PA,	USA).

Between	August	2016	and	March	2017,	children	born	to	
the	enrolled	women	were	invited	to	participate	in	a	7-	year	
follow-	up	 to	 investigate	 the	 effects	 of	 3rd	 trimester	 cho-
line	intake	on	child	cognitive	functioning.	Children	were	
tested	between	ages	7.0	and	7.7 years	at	Cornell	University	
(n = 16),	or	at	an	alternate	location	if	travel	to	Ithaca,	NY	
was	 not	 possible	 (n  =  4).	 Characteristics	 of	 the	 partici-
pants	and	their	mothers	were	obtained	via	parent	report	
at	the	time	of	follow-	up	and	included	sex,	child	age,	use	of	
English	in	the	home,	grade	in	school,	computer	keyboard	
experience,	visual	acuity,	race,	ethnicity,	maternal	age	at	
child	 conception,	 current	 maternal	 level	 of	 education,	
and	 family	 income.	 Maternal	 and	 infant	 characteristics	
assessed	at	the	time	of	the	feeding	study	were	evaluated	
to	assess	possible	bias	from	loss	to	follow-	up	and	for	sen-
sitivity	analyses.	These	included	maternal	race,	ethnicity,	
education,	and	age	at	child	conception,	infant	gestational	
age,	birthweight,	and	breastfeeding	duration.

2.2	 |	 Behavioral assessment

Children	were	administered	the	Sustained	Attention	Task	
(SAT)52	by	one	of	two	trained	examiners	blinded	to	group	
assignment	 as	 part	 of	 a	 two-	day	 cognitive	 testing	 proto-
col.	The	SAT	is	a	signal	detection	task	designed	to	make	
demands	on	several	aspects	of	cognitive	control	of	volun-
tary	attention,	with	a	specific	emphasis	on	attentional	pro-
cesses	responsible	for	amplifying	the	perceptual	salience	
of	 low-	quality	 signals,	 filtering	 of	 distractions,	 suppress-
ing	competing	and	prepotent	responses,	and	for	sustain-
ing	these	effortful	processes	to	prevent	a	deterioration	in	
signal	 detection	 performance	 over	 an	 uninterrupted	 12-	
min	testing	period.53 This	task	has	been	used	with	rodents	
and	humans	 to	characterize	attentional	control	abilities,	
and	is	sensitive	to	experimental	manipulations	and	phe-
notypic	 variations	 in	 basal	 forebrain	 cholinergic	 system	
function.5,45–	49 The	SAT	has	excellent	test-	retest	reliability	
in	children.52

A	 detailed	 description	 of	 the	 SAT	 is	 presented	 in	
Figure  1.	 Briefly,	 the	 computer-	administered	 SAT	 con-
sisted	of	216	trials	on	which	the	child	indicated	whether	
they	saw	or	did	not	see	a	brief,	low-	contrast,	gray	square	
of	 variable	 duration	 (17,	 29,	 or	 50  ms)	 presented	 on	 a	
light	 gray	 background	 (the	 signal).	 On	 a	 randomly	 se-
lected	108	trials,	the	signal	appeared	in	the	center	of	the	
screen.	On	the	remaining	108	 trials,	no	signal	appeared.	
After	 every	 trial,	 a	 computer-	generated	 voice	 command	
(“Go”)	 prompted	 the	 child	 to	 indicate	 whether	 a	 signal	
had	or	had	not	appeared	by	pressing	one	of	two	response	
keys	with	distinct	tactile	and	visual	markings.	Automated	
feedback	(a	500 ms	reward	tone)	was	provided	only	after	
correct	responses.	Preceding	the	216	test	trials,	each	child	
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performed	a	minimum	of	12	practice	trials	to	verify	a	full	
understanding	 of	 task	 rules	 and	 procedures.	 Four	 chil-
dren	(480 group:	n = 3,	930 group:	n = 1)	did	not	demon-
strate	 mastery	 of	 task	 rules	 following	 completion	 of	 the	
12	practice	trials	and	were	administered	an	additional	12	
trials.	The	mean	number	of	practice	trials	for	the	480	and	
930 groups	was	16.0	and	14.4,	respectively.

For	each	of	the	216	trials,	there	were	five	possible	out-
comes:	 hit,	 miss,	 correct	 rejection,	 false	 alarm,	 or	 omis-
sion.	As	defined	 in	Table 1,	a	hit	 is	correctly	 identifying	
a	 displayed	 signal,	 a	 miss	 is	 incorrectly	 reporting	 that	 a	
signal	had	not	been	presented	(when	a	signal	had	in	fact	
been	displayed),	a	correct	rejection	is	correctly	noting	the	
absence	of	a	signal,	and	a	false	alarm	is	incorrectly	report-
ing	a	signal	when	no	signal	had	been	presented.	If	no	re-
sponse	is	made	during	the	1500 ms	window	following	the	
“Go”	command,	an	omission	was	recorded.

The	 key	 endpoints	 for	 the	 SAT	 are	 defined	 by	
Equations	1–	3	 in	Table 2.	The	primary	endpoint	 is	 the	
SAT	score	(Table 2,	Equation	3),	a	nonparametric	mea-
sure	of	perceptual	sensitivity	developed	within	a	signal	

detection	theory	framework	that	can	be	compared	across	
individuals	 or	 groups	 that	 differ	 in	 response	 bias	 (i.e.,	
different	 dominant	 tendencies	 to	 respond	 either	 by	 af-
firming	or	by	denying	that	a	stimulus	was	presented).54	
A	 key	 advantage	 of	 the	 SAT	 score	 is	 that	 it	 provides	 a	
single	 bias-	free	 measure	 of	 overall	 performance	 across	
signal	and	non-	signal	trials.	A	key	disadvantage	is	that	
performance	 on	 signal	 and	 non-	signal	 trials	 involve	
somewhat	 distinct	 attentional	 and	 cognitive	 functions	
and	neural	pathways.48 This	 type	of	combined	index	is	
difficult	 to	 interpret	 and,	 to	 the	 extent	 that	 effects	 are	
specific	to	one	of	the	two	types	of	trials,	it	will	be	a	less	
sensitive	index	of	treatment	effects.	In	the	present	study,	
there	was	reason	to	believe	that	this	would	be	the	case,	
based	on	the	hypothesis	 that	an	 important	mechanism	
underlying	the	lasting	benefits	of	maternal	choline	sup-
plementation	is	altered	cholinergic	activity	in	the	fron-
tal	cortex.	This	hypothesis	suggests	that	performance	on	
signal	trials	(hits)	is	expected	to	provide	the	most	sensi-
tive	and	valid	indicator	of	intervention	effects,	based	on	
multiple	 studies	 showing	 that	 manipulations	 affecting	
the	 cholinergic	 modulation	 of	 attention	 impact	 signal	
trial	performance	while	leaving	non-	signal	trial	perfor-
mance	 unaffected.45,46,55–	57	 For	 these	 reasons,	 we	 also	
examined	 performance	 on	 signal	 and	 non-	signal	 trials	
separately.

An	 omission	 could	 arise	 for	 several	 reasons.	 For	 ex-
ample,	the	child	could	be	engaged	in	prolonged	decision-	
making	regarding	whether	or	not	a	stimulus	had	appeared	
and/or	which	of	the	two	keys	should	be	pressed.	Such	dif-
ficulties	would	tend	to	increase	omissions	but	likely	would	
also	manifest	as	a	reduced	hit	percentage	and	an	increase	
in	 false	alarms	 for	 trials	on	which	a	keypress	was	made	

F I G U R E  1  Time	course	of	events	within	each	trial	of	the	Sustained	Attention	Task	(SAT).	Each	trial	began	with	a	variable	monitoring	
interval	(500,	1000,	or	1500 ms)	to	prevent	anticipatory	responding.	Following	the	monitoring	interval,	a	non-	signal	or	signal	event	
occurred.	The	child	was	instructed	to	indicate	whether	they	saw	or	did	not	see	a	brief,	low-	contrast	signal	(a	5 mm × 5 mm	gray	square)	of	
variable	duration	(17,	29,	or	50 ms)	on	a	light	gray	screen.	A	signal	was	presented	randomly	on	50%	of	the	trials,	with	an	equal	number	of	
signal	and	non-	signal	trials	occurring	every	18	trials.	One	hundred	ms	after	the	signal	or	non-	signal	event,	a	430 ms	auditory	response	cue	
(“Go”)	indicated	the	opening	of	the	response	window;	i.e.,	that	it	was	time	to	respond.	Children	had	1500 ms	to	indicate	whether	they	saw	
or	did	not	see	a	signal	by	pressing	the	appropriate,	pre-	specified	key	on	the	laptop	keyboard	(key	assignments	were	determined	by	child	
handedness).	Correct	responses	were	followed	by	a	500 ms	positively-	valenced	tone.	No	feedback	was	given	after	incorrect	responses	or	
omissions	(Icons	sourced	from	Microsoft	Powerpoint).

T A B L E  1 	 SAT	trial	outcomes	defined	by	trial	type	and	child	
response

Child response to trial

Saw signal
Did not see 
signal No response

Trial	type

Signal Hit Miss Omission

Non-	signal False	alarm Correct	
rejection

Omission
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within	 the	 response	 window.	 However,	 omissions,	 espe-
cially	 in	 young	 children,	 could	 indirectly	 reflect	 off-	task	
behavior	related	to	deficits	in	self-	control,	or	an	inability	to	
resist	distraction.	More	direct	information	about	children's	
off-	task	 behaviors	 was	 obtained	 from	 videos	 recorded	
while	the	children	performed	the	task.	These	videos	were	
independently	coded	by	two	trained	observers	blinded	to	
group	assignment,	using	Behavioral	Observation	Research	
Interactive	 Software	 (BORIS	 Version	 4.1.458).	 Scorers	
viewed	 a	 split-	screen	 display	 showing	 the	 child's	 upper	
torso,	 face,	 and	 gaze	 direction	 on	 one	 panel	 alongside	 a	
synchronized	view	from	behind	the	child	that	included	the	
testing	computer's	display	screen.	Scorers	coded	each	in-
cidence	and	duration	of	off-	screen	looking,	with	excellent	
interrater	reliability	(kappa = 0.92).	All	coding	discrepan-
cies	were	jointly	resolved.	Two	variables	were	constructed	
as	measures	of	off-	task	behavior:	trials	missed	due	to	off-	
screen	looking	and	total	time	looking	off-	screen.

In	 addition	 to	 the	 SAT,	 children	 were	 administered	
other	behavioral	tests	tapping	areas	of	cognition	hypoth-
esized	to	benefit	from	maternal	choline	supplementation.	
Unlike	the	SAT,	these	other	tests	are	not	direct	analogs	of	
tests	which	have	previously	shown	the	benefits	of	mater-
nal	choline	supplementation	in	rodents	and,	therefore,	do	
not	have	 the	same	translational	 implications;	 the	results	
for	these	tests	are	described	elsewhere.59–	61

2.3	 |	 Statistical analysis

Maternal	and	child	characteristics	 for	the	two	treatment	
groups	in	the	final	analytic	sample	were	compared	using	
Student's	 t	 tests	 for	 continuous	 variables	 and	 Fisher's	
exact	 tests	 for	 categorical	 variables.	 The	 same	 approach	
was	 used	 to	 compare	 participants	 included	 in	 the	 final	
analysis	to	the	six	children	who	did	not	provide	cognitive	
endpoint	data	(lost	to	follow-	up,	n = 5;	data	collection	fail-
ure,	n = 1).

Recognizing	the	limitations	of	estimating	multiple	sta-
tistical	models	in	a	small	sample	with	multiple	endpoints,	
the	 analysis	 plan	 (completed	 prior	 to	 unblinding)	 pre-	
specified	one	basic	linear	mixed-	effects	model	for	estimat-
ing	the	effect	of	3rd	trimester	choline	intake	for	the	SAT	
score	and	for	the	percentages	of	hits	and	false	alarms.	This	

a priori	model	included	fixed	effects	for	choline	group	sta-
tus	(480	or	930 mg/d),	task	block	(three	blocks	of	72	trials)	
and,	for	endpoints	related	to	signal	trials,	signal	duration	
(17,	29,	and	50 ms),	in	addition	to	all	interactions.	A	pre-	
specified	fixed	main	effect	for	child	sex	was	included	be-
cause	it	 is	prognostic	of	child	attention	performance	but	
was	not	controlled	by	the	experimental	design53	(women	
were	 randomized	 to	 treatment	 without	 knowledge	 of	
fetal	sex).	The	small	number	of	females	in	both	treatment	
groups	 precluded	 testing	 for	 interactions	 involving	 sex.	
Random	effects	were	specified	for	the	individual	child	and	
for	 the	task	block	within	the	child.	Treatment	effects	on	
omissions	 used	 the	 same	 mixed	 model	 described	 above,	
except	 that	 the	 fixed	 effect	 for	 signal	 duration	 had	 four	
levels	because	it	also	included	non-	signal	trials.	Because	
omissions	 were	 very	 rare	 (more	 than	 half	 the	 children	
made	 no	 omissions),	 treatment	 effects	 were	 estimated	
using	a	generalized	 linear	mixed	model	with	a	binomial	
distribution.	Fisher's	exact	test	was	used	to	test	for	group	
differences	in	the	proportion	of	children	who	looked	off-	
screen	and	a	Wilcoxon	rank-	sum	test	was	used	to	test	for	
group	differences	in	time	spent	looking	off-	screen.

Sustained	attention	was	defined	in	terms	of	a	vigilance	
decrement,52	 i.e.,	 a	 decline	 in	 signal-	trial	 performance	
across	the	session.	The	vigilance	decrement,	assessed	for	
SAT	 score	 and	 hit	 percentage,	 was	 operationalized	 for	
analysis	as	the	linear	change	in	performance	across	trial	
blocks	(block	3–	block	1)	and	tested	using	a	planned	single	
degree	of	freedom	linear	interaction	contrasts.62 The	same	
analysis	 was	 conducted	 to	 assess	 performance	 change	
over	 blocks	 for	 non-	signal	 trials,	 but	 is	 not	 described	 in	
terms	of	a	vigilance	decrement	because	this	concept	only	
pertains	 to	 measures	 involving	 signal	 trials.	 Tests	 for	
quadratic	 trends	 were	 also	 conducted,	 but	 in	 every	 case	
found	to	be	nonsignificant	(.17 ≤ p ≤ .95)	and	thus	are	not	
reported.

The	robustness	of	the	results	from	the	primary	analy-
ses	was	evaluated	in	a	series	of	sensitivity	analyses.	First,	
to	assess	the	influence	of	possible	imbalance	in	potentially	
prognostic	 child	 and	 maternal	 demographic	 characteris-
tics,	we	entered	each	as	an	 individual	covariate	 into	 the	
a priori	 models	 and	 estimated	 the	 change	 in	 treatment	
effect.	 In	 addition,	 we	 evaluated	 the	 possible	 influence	
of	 the	number	of	 trials	missed	due	to	off-	screen	looking	

T A B L E  2 	 Equations	for	SAT	task	endpoints

(1) Percentage Hits = Number of Hits

Number of Hits+Number of Misses

(2) Percentage False Alarms = Number of False Alarms

Number of False Alarms +Number of Correct Rejections

(3) SAT scorea = Percentage Hits−Percentage False Alarms

2(Percentage Hits +Percentage False Alarms) − (Percentage Hits+ Percentage False Alarms)2

Note: There	is	no	equation	for	omissions	because	it	was	analyzed	as	a	binary	outcome	and	percentages	were	not	computed.
aThe	SAT	score	(the	primary	endpoint)	ranges	from	−1	to	+1.	Scores ≤ 0	represent	an	inability	to	distinguish	signal	trials	from	non-	signal	trials.	A	score	of	+1	
indicates	perfect	responding.
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on	the	estimation	of	the	choline	effect	by	excluding	those	
trials	in	a	separate	analysis.	Finally,	to	assess	the	possible	
influence	of	response	bias	on	the	results	of	the	hits	anal-
ysis,	we	conducted	an	additional	analysis	which	included	
the	percentage	of	false	alarms	and	the	false	alarm	by	block	
interaction	as	covariates.

Statistical	 tests	 were	 two-	sided	 with	 p  <  .05	 indicat-
ing	 statistical	 significance	 for	 main	 effects,	 interactions,	
and	planned	single	degree	of	freedom	contrasts.	p-	Values	
for	 post hoc	 pairwise	 comparisons	 were	 Bonferroni-	
corrected.63	All	data	were	analyzed	using	SAS	version	9.4	
(SAS	Institute	Inc.,	Cary,	NC,	USA).

3 	 | 	 RESULTS

3.1	 |	 Participant characteristics

Of	 the	 26	 children	 whose	 mothers	 completed	 the	 rand-
omized	choline	feeding	trial,	21	were	re-	recruited	for	the	7-	
year	cognitive	follow-	up	(77%	retention;	see	Figure 2).	One	
of	these	children	did	not	comply	with	the	cognitive	testing	
protocol	and,	prior	to	unblinding	the	investigators	to	group	

assignment,	 it	 was	 decided	 to	 exclude	 all	 cognitive	 data	
from	this	child.	Children	included	in	the	final	analytic	sam-
ple	(n = 20)	did	not	differ	from	those	who	were	not	included	
(n = 6)	on	available	demographic	measures	including	child	
sex,	maternal	race/ethnicity,	and	maternal	age	and	educa-
tion	level	at	conception	(all	p ≥ .27;	data	not	shown).

Characteristics	of	participant	children	and	their	mothers	
are	reported	in	Table 3.	Children	were	predominantly	non-	
Hispanic	white	and	male,	and	most	had	completed	1st	grade	
at	the	time	of	testing.	Mothers	of	the	children	were	mostly	
highly	 educated,	 the	 majority	 having	 earned	 a	 bachelor's	
degree	or	higher.	A	non-	significant	trend	indicated	slightly	
higher	 educational	 attainment	 for	 mothers	 in	 the	 480  mg	
choline/d	group	versus	the	930 mg	choline/d	group	(Fisher's	
Exact	test	p = .09);	treatment	groups	were	otherwise	similar	
in	demographic	and	birth	characteristics	(all	other	p ≥ .59).

3.2	 |	 Overall description of task 
performance

Of	the	4320	trials	administered,	a	valid	response	was	re-
corded	 on	 4315	 trials;	 five	 trials	 were	 excluded	 due	 to	

F I G U R E  2  Participant	flowchart	for	the	assessment	of	the	effect	of	3rd	trimester	choline	supplementation	on	child	sustained	attention	
task	(SAT)	performance	at	age	7 years
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technical	problems.	On	average,	children	correctly	identi-
fied	the	presence	of	the	signal	on	78%	(Median:	83%,	in-
terquartile	range	[IQR]:	67%–	92%)	of	all	signal	trials	and	
correctly	noted	 the	absence	of	a	signal	on	78%	(Median:	
82%,	IQR:	71%–	91%)	of	non-	signal	 trials.	Across	all	chil-
dren,	 the	17 ms	signal	was	more	difficult	 to	detect	 than	
either	the	29	or	50 ms	signals.	Specifically,	children	aver-
aged	70%	hits	on	17 ms	trials,	compared	to	86%	hits	for	the	

29 ms	and	85%	for	50 ms	trials	(17 ms	vs.	average	of	29	and	
50 ms:	t(114) = 7.69,	95%	CI	[−0.20,	−0.12],	p < .001).	A	
vigilance	decrement	for	the	hit	percentage	was	also	seen	
in	the	group	as	a	whole,	as	evidenced	by	a	lower	hit	rate	
during	the	third	trial	block	(76%)	compared	to	the	first	trial	
block	(84%;	t(38) = 2.51,	95%	CI	[0.02,	0.15],	p = .02).	The	
overall	 omission	 rate	 was	 very	 low	 (Median:	 3.7%,	 IQR:	
2.1%–	13.4%)	and	did	not	change	from	block	1	to	block	3	

3rd trimester maternal choline 
intake

pb
480 mg/d 
(n = 9)

930 mg/d 
(n = 11)

Child characteristics

Sex	(male) 6	(67) 8	(73) 1.00

Mean	birthweight	in	grams	(SD) 3487	(540) 3467	(420) .93

Mean	gestational	age	in	weeks	(SD) 39.2	(1.5) 38.9	(1.2) .61

Mean	breastfeeding	duration	in	weeks	(SD) 17	(8) 15	(13) .81

Mean	age	at	testing	in	years	(SD) 7.2	(0.2) 7.3	(0.2) .68

English	not	primary	language 1	(11) 3	(27) .59

Normal	or	corrected	to	normal	vision 9	(100) 11	(100) 1.00

Highest	grade	completed .62

Kindergarten 3	(33) 2	(18)

1st	Grade 6	(67) 9	(82)

Keyboard	experience .81

None 1	(11) 0	(0)

Minimal 5	(56) 7	(64)

Frequent 3	(33) 4	(36)

Race 1.00

Asian 1	(11) 2	(18)

Black 0	(0) 1	(9)

Native	American 0	(0) 1	(9)

White 8	(89) 7	(64)

Hispanic	ethnicity 2	(22) 2	(18) 1.00

Maternal characteristics

Mean	age	at	conception	in	years	(SD) 28.4	(3.0) 27.6	(3.7) .61

Education .09

High	School/Associate	degree 0	(0) 4	(36)

Bachelor's	degree 3	(33) 4	(36)

Masters/Doctoral	degree 6	(67) 3	(28)

Family	income	(per	year) .67

<$50 000 0	(0) 2	(18)

$50 000–	<$100 000 4	(44) 4	(36)

≥$100 000 5	(56) 5	(45)

Abbreviation:	SD,	standard	deviation.
aAll	values	n	(%)	unless	otherwise	noted.
bReported	p-	values	from	Student's	t	test	(continuous	variables)	and	Fisher's	exact	test	(categorical	
variables).

T A B L E  3 	 Select	characteristics	of	
children	included	in	final	analytic	samplea
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(t(86.94) = 0.43,	95%	CI	[−0.67,	2.07],	p = .67),	indicating	
that	children	responded	consistently	throughout	the	task.	
Results	 are	 next	 presented	 for	 each	 endpoint	 in	 models	
that	 include	 choline	 treatment	 group	 and	 planned	 tests	
of	 hypotheses	 concerning	 interactions	 between	 choline	
group,	signal	duration,	and	trial	block.

3.3	 |	 SAT score (signal and non- signal 
trials)

The	mean	(SE)	SAT	score	for	the	930	and	480 mg/d	groups,	
respectively,	was	0.71	(0.04)	and	0.56	(0.04).	Analyses	from	
the	mixed	model	revealed	a	significant	main	effect	of	cho-
line	treatment	group.	Children	whose	mothers	consumed	
930 mg	choline/d	during	the	3rd	trimester	of	pregnancy	
more	accurately	identified	signals,	while	also	correctly	re-
jecting	non-	signals,	as	compared	to	children	whose	moth-
ers	 consumed	 480  mg	 choline/d	 (F(1,17)  =  7.19,	 95%	 CI	
[0.03,	0.27],	p = .02;	see	Figure 3).	This	effect	of	maternal	
choline	intake	on	SAT	score	did	not	interact	with	signal	
duration	(F(2,108) = 0.30,	p = .74)	and	the	three-	way	inter-
action	of	group,	signal	duration,	and	trial	block	was	also	
not	significant	(F(3,94.16) = 0.35,	p = .79).

Finally,	there	was	no	evidence	of	a	vigilance	decrement	
for	SAT	score	(block	3–	block	1)	in	either	group.	The	mean	
(SE)	vigilance	decrement	for	the	930	and	480 mg/d	groups,	
respectively,	was	0.05	(0.05)	and	0.10	(0.08).	Neither	value	
differed	from	zero	(930 mg/d:	t(36) = 0.77,	[−0.09,	0.19],	
p = .45;	480 mg/d:	t(36) = 1.29,	[−0.06,	0.26],	p = .21).	In	
addition,	the	two	groups	did	not	differ	in	the	magnitude	
of	 the	 vigilance	 decrement	 for	 SAT	 score	 (t(36)  =  0.44,	
[−0.17,	0.26],	p = .66).	As	noted	above,	SAT	score	was	ex-
pected	to	be	a	less	sensitive	index	of	vigilance	decrement	
than	percentage	hits	because	it	combines	performance	on	
both	signal	and	non-	signal	trials.53

3.4	 |	 Percentage hits (signal trials)

Performance	 on	 signal	 trials	 revealed	 superior	 stimulus	
detection	by	children	 in	 the	higher	maternal	choline	 in-
take	group.	The	mean	(SE)	for	percentage	hits	in	the	930	
and	 480  mg/d	 groups,	 respectively,	 was	 84%	 (3.2)	 and	
76%	(3.5).	Although	the	main	effect	of	choline	group	was	

F I G U R E  3  Effect	of	3rd	trimester	choline	intake	and	signal	
duration	on	SAT	score.	Children	in	the	930 mg/d	group	had	a	
higher	average	SAT	score	than	children	in	the	480 mg/d	group	
(main	effect	of	treatment	group:	p = .02).	SAT	score	differed	
significantly	by	signal	duration	(p < .0001),	but	the	3rd	trimester	
choline	intake	by	signal	duration	interaction	was	non-	significant	
(p = .74).	Values	represent	least	square	means ± SEM.	480 mg/d:	
n = 9;	930 mg/d:	n = 11

F I G U R E  4  Effect	of	3rd	trimester	choline	intake	on	vigilance	
decrement	for	percentage	hits.	Linear	change	in	percentage	hits	
(correct	signal	detections)	across	the	task	blocks	varied	by	3rd	
trimester	choline	intake	(p = .02):	the	480 mg/d	group	exhibited	
significant	decline	across	blocks	(p = .001)	whereas	the	930 mg/d	
group	exhibited	no	change	in	performance	across	blocks	(p = .71).	
Values	represent	least	square	means ± SEM.	480 mg/d:	n = 9;	
930 mg/d:	n = 11
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not	 statistically	 significant	 (F(1,17)  =  2.62,	 95%	 CI	 [−2.2,	
17.0],	p =  .12),	 this	 result	was	qualified	by	higher-	order	
interactions.	As	depicted	in	Figure 4,	there	was	a	signifi-
cant	 interaction	 of	 choline	 group	 and	 block,	 revealing	 a	
group	 difference	 in	 vigilance	 decrement	 across	 blocks	
(t(36) = 2.37,	95%	CI	 [2.1,	27.0],	p =  .02).	Simple	slopes	
analysis	revealed	a	significant	vigilance	decrement	of	16%	
for	the	480 mg/d	group	(t(36) = 3.54,	95%	CI	[0.07,	0.25],	
p  =  .001),	 but	 a	 nonsignificant	 1.6%	 decrement	 for	 the	
930 mg/d	group	(t(36) = 0.38,	95%	CI	[−6.8,	9.9],	p = .71).

Importantly,	 the	 choline	 group	 difference	 in	 the	
vigilance	 decrement	 also	 varied	 by	 signal	 duration	
(F(3,108) = 2.78,	p = .04;	Figure 5).	The	vigilance	decrement	
for	17 ms	signals	in	the	480 mg	choline/d	group	was	22.9%,	
significantly	 greater	 than	 the	 1.5%	 increase	 in	 hits	 across	
blocks	for	the	930 mg	choline/d	group	(t(108) = −2.54,	95%	
CI	[−37.7,	−4.7],	p = .04,	Bonferroni	corrected).	The	groups	
did	 not	 differ	 significantly	 in	 vigilance	 decrement	 for	 29	
and	50 ms	trials	(t(108) = 1.30,	95%	CI	[−5.7,	27.3],	p = .59	
and	t(108) = −0.45,	95%	CI	[−20.2,	12.8],	p = .99,	respec-
tively,	Bonferroni	corrected).	Additionally,	the	results	show	

a	 non-	significant	 trend	 for	 the	 480  mg/d	 group	 in	 which	
the	 magnitude	 of	 the	 vigilance	 decrement	 appears	 to	 in-
crease	with	each	reduction	in	signal	duration,	whereas	the	
930 mg/d	group	shows	no	such	pattern.	Because	vigilance	
declines	most	rapidly	for	stimuli	that	are	the	most	difficult	
to	detect,	this	result	suggests	that	children	in	the	480 mg/d	
group	found	the	17 ms	signal	increasingly	difficult	to	detect	
across	the	trial	blocks,	whereas	the	17 ms	signals	did	not	be-
come	more	challenging	than	the	longer	signals	for	children	
in	the	930 mg/d	group.

3.5	 |	 Percentage false alarms (non- signal 
trials)

The	mean	(SE)	false	alarm	rate	for	the	930	and	480 mg/d	
groups	 was,	 respectively,	 15.3%	 (5.0)	 and	 22.9%	 (5.3).	
These	rates	did	not	differ	by	choline	group	(F(1,17) = 1.21,	
95%	CI	[−22.4%,	7.0%],	p =  .29)	and	the	change	 in	 false	
alarms	from	trial	block	1	to	block	3	did	not	differ	from	0	
for	either	group	(both	p > .15,	not	shown).

3.6	 |	 Omissions and off- screen looking 
(signal and non- signal trials)

The	mean	proportion	(SD)	of	omissions	for	the	930	and	
480 mg/d	groups,	respectively,	was	0.05	(0.10)	and	0.10	
(0.17).	The	omission	rate	did	not	differ	by	choline	group	
status	(F(1,17.06) = 0.54,	95%	CI	[−0.23,	0.11],	p = .47)	and	
the	change	in	omission	rates	from	block	1	to	block	3	also	
did	not	differ	by	choline	group	(t(86.94) = 1.14,	95%	CI	
[−0.46,	0.70],	p = .26).	The	omission	rate	varied	by	trial	
type;	 i.e.,	 the	 4  level	 trial-	type	 variable	 denoting	 non-	
signal,	17,	29,	and	50 ms	trials	(F(3,215) = 53.01,	p < .001).	
Specifically,	omissions	were	more	likely	to	occur	on	non-	
signal	trials	than	on	signal	trials	of	any	duration	(17 ms:	
t(215) = 6.57,	29 ms:	t(215) = 8.42,	50 ms:	t(215) = 8.42,	
all	 Bonferroni	 corrected	 p  <  .001).	 There	 were	 no	 sta-
tistically	 significant	 interactions	between	 trial	 type	and	
choline	 group	 (F(3,215)  =  0.91,	 p  =  .44)	 and	 the	 change	
in	omissions	across	trial	blocks	did	not	differ	by	choline	
group	for	any	trial	type	(Joint	F(4,154.2) = 0.74,	p = .56).

Video	 recordings	 were	 available	 for	 behavioral	 cod-
ing	 of	 off-	screen	 looking	 for	 19	 of	 the	 20	 participants	
(930  mg/d:	 n  =  10,	 480  mg/d:	 n  =  9).	 On	 only	 0.4%	 of	
trials	(17	out	of	4099	video	recorded	trials)	did	a	child	miss	
a	 trial	 due	 to	 off-	screen	 looking,	 and	 ten	 of	 the	 19	 chil-
dren	did	not	 look	away	from	the	screen	during	the	task.	
The	proportion	of	children	who	did	not	 look	away	 from	
the	screen	during	the	task	did	not	differ	by	choline	group	
(Fisher's	 exact	 test:	 p  =  .66).	 Furthermore,	 the	 median	
amount	of	time	spent	looking	off-	screen	during	the	entire	

F I G U R E  5  Effect	of	3rd	trimester	choline	intake	on	vigilance	
decrement	for	percentage	hits	as	a	function	of	signal	duration.	
The	choline	group	difference	in	the	vigilance	decrement	varied	by	
signal	duration	(p = .04).	The	vigilance	decrement	for	17 ms	signals	
was	significantly	greater	for	the	480 mg	choline/d	group	than	for	
the	930 mg	choline/d	group	(p = .04,	Bonferroni	corrected).	The	
groups	did	not	differ	significantly	in	vigilance	decrement	for	29	and	
50 ms	trials.	Notably,	for	the	480 mg/d	group	there	is	an	apparent	
increase	in	the	magnitude	of	the	vigilance	decrement	for	each	
decrease	in	signal	duration,	whereas	the	930 mg/d	group	shows	no	
vigilance	decrement	for	any	signal	duration.	Values	represent	least	
square	means ± SEM.	480 mg/d:	n = 9;	930 mg/d:	n = 11
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11.5-	min	session	was	0 s	(IQR:	0–	4.7 s),	and	this	also	did	
not	differ	between	choline	groups	(Z = 0.66,	p = .51).

3.7	 |	 Sensitivity analyses

Sensitivity	analyses	were	conducted	to	test	the	robustness	of	
the	main	findings:	(1)	The	choline	group	effect	on	SAT	score,	
(2)	the	choline	by	block	interaction	for	percentage	hits,	and	
(3)	 the	choline	by	block	by	signal	duration	 interaction	for	
percentage	hits.	Accordingly,	each	variable	in	Table 3	was	
entered	as	a	single	added	covariate	to	the	respective	a priori	
regression	 models	 (child	 sex	 was	 included	 in	 all	 models).	
For	SAT	score,	three	covariates	altered	the	estimate	of	the	
choline	effect	by	>10%.	Including	either	maternal	education	
or	the	child's	highest	grade	completed	increased	the	effect	
estimate	 by	 13%	 whereas	 including	 the	 covariate	 for	 the	
child's	race	decreased	the	effect	estimate	by	14%.	Only	the	
inclusion	of	child	race	altered	the	statistical	significance	of	
the	effect	(from	p = .02	to	p = .05).	For	hits,	no	covariates	
altered	the	effect	estimate	of	the	interaction	of	choline	and	
block	by	more	than	5%.	For	the	interaction	of	choline,	block,	
and	signal	duration,	only	the	inclusion	of	infant	birth	weight	
altered	the	estimated	effect	by	10%—	this	increased	the	effect	
size	favoring	the	930 mg/day	group.

In	sensitivity	analyses	designed	to	assess	 the	possible	
impact	 of	 biased	 responding	 on	 the	 percentage	 hits	 re-
sults,	the	percentage	of	false	alarms	and	the	false	alarm	by	
block	interaction	were	included	in	the	a priori	model	for	
percentage	hits.	After	adding	these	variables,	the	choline	
by	block	effect	estimate	increased	by	23%	and	the	choline	
by	block	by	signal	duration	estimate	increased	by	2%.

Finally,	sensitivity	analyses	designed	to	assess	the	pos-
sible	impact	of	(1)	trials	missed	due	to	off-	screen	looking	
and	(2)	differential	numbers	of	practice	trials	did	not	re-
veal	any	instance	in	which	estimates	of	choline	group	dif-
ferences	were	changed	by	more	than	5%.

4 	 | 	 DISCUSSION

The	findings	of	this	study	revealed	that	7-	year-	old	children	
born	 to	 women	 randomly	 assigned	 to	 930  mg	 choline/d	
during	the	3rd	trimester	of	pregnancy	performed	better	on	
a	challenging	sustained	attention	task	than	children	born	
to	 women	 assigned	 to	 480  mg	 choline/d.	 Children	 from	
the	930 mg/d	group	achieved	higher	SAT	scores,	indicat-
ing	 a	 superior	 ability	 to	 detect	 visual	 signals	 while	 also	
correctly	identifying	non-	signal	events.	This	superiority	in	
SAT	score	 implicates	one	or	more	aspects	of	attentional	
control	that	affect	signal	detection	performance.5,47,48

Insight	into	the	specific	nature	of	the	prenatal	choline-	
induced	 attentional	 control	 benefit	 was	 provided	 by	 the	

pattern	of	 results	across	 trial	blocks	 for	hits	 (signal	 trial	
performance),	coupled	with	the	lack	of	treatment	effects	
for	the	other	endpoints	(false	alarms,	omissions,	off-	task	
behavior).	For	hits,	the	significant	choline	group	by	trial	
block	 interaction	 revealed	 a	 steeper	 vigilance	 decre-
ment	 for	 children	 in	 the	 480  mg/d	 group	 than	 for	 chil-
dren	 in	 the	 930  mg/d	 group.	 Notably,	 hits	 significantly	
declined	 from	 block	 1	 to	 block	 3	 by	 16%	 for	 children	 in	
the	 480  mg/d	 group,	 in	 contrast	 to	 the	 negligible	 (1.5%)	
and	non-	significant	decline	for	children	in	the	930 mg/d	
group.	 This	 differential	 vigilance	 decrement	 indicates	 a	
role	for	prenatal	choline	availability	in	shaping	offspring	
sustained	attention	into	childhood.

A	more	refined	understanding	of	the	nature	of	this	pre-
natal	 choline	 effect	 on	 sustained	 attention	 was	 revealed	
by	 the	 significant	 3-	way	 interaction	 of	 choline	 group,	
block,	and	signal	duration	observed	for	hits.	This	interac-
tion	showed	that	the	group	difference	in	vigilance	decre-
ment	was	greatest	for	17 ms	trials	and	appeared	to	become	
progressively	 smaller	 as	 the	 signal	 duration	 increased.	
Whereas	children	from	the	480 mg/d	group	showed	their	
largest	 vigilance	 decrement	 on	 the	 17  ms	 trials	 (nearly	
23%),	children	from	the	930 mg/d	group	showed	no	dec-
rement	for	17 ms	trials.	The	groups	did	not	differ	in	vig-
ilance	decrement	for	the	more	easily	detected53,64	29	and	
50 ms	signals.	These	results	suggest	that	greater	maternal	
choline	intake	improved	children's	ability	to	sustain	their	
application	 of	 attentional	 mechanisms	 that	 amplify	 the	
perceptual	 salience	 of	 a	 degraded	 visual	 signal.5,45,65,66	
Because	we	did	not	observe	a	two-	way	interaction	of	cho-
line	group	and	signal	duration,	there	was	no	evidence	that	
the	 groups	 differed	 in	 their	 overall	 ability	 to	 detect	 the	
briefest	signals,	only	in	their	ability	to	sustain	that	detec-
tion	performance	across	the	session.

Multiple	lines	of	evidence	make	it	clear	that	the	group	
difference	 in	 sustaining	 detection	 performance	 for	 the	
briefest	signals	cannot	be	attributed	to	group	differences	
in	motivation,	arousal,	off-	task	behaviors,	or	shifts	in	re-
sponse	bias	across	the	session.	Most	pertinent	is	the	fact	
that	 the	groups	did	not	differ	 in	vigilance	decrement	for	
the	29	and	50 ms	signals;	reduced	motivation	or	arousal	
in	the	480 mg/d	group	would	have	affected	performance	
for	 all	 signal	 durations,	 not	 only	 for	 the	 17  ms	 signals.	
Similarly,	 group	 differences	 across	 the	 session	 in	 chil-
dren's	 ability	 to	 suppress	 off-	task	 behaviors	 or	 thoughts	
(e.g.,	mind	wandering)	would	have	affected	all	signal	du-
rations	and	would	likely	have	manifested	as	a	group	dif-
ference	in	omissions	and/or	in	looks	away	from	the	testing	
screen;	no	such	effects	were	observed.	Finally,	the	group	
difference	in	vigilance	decrement	was	not	due	to	differen-
tial	 changes	 in	 response	 bias	 across	 the	 session	 because	
the	groups	did	not	differ	 in	 false	alarms	overall,	neither	
group	showed	a	change	in	false	alarms	across	the	session,	
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and	sensitivity	analyses	showed	that	controlling	for	false	
alarms	 and	 the	 false	 alarms	 by	 block	 interaction	 in	 the	
percentage	 hits	 model	 slightly	 strengthened	 the	 original	
results.	Taken	together,	this	pattern	of	effects	supports	the	
inference	that	greater	3rd	trimester	maternal	choline	in-
take	 causes	 lasting	 improvements	 in	 offspring	 sustained	
attention	in	humans.

The	 present	 findings	 are	 consistent	 with	 those	 from	
a	 mouse	 model	 which	 varied	 maternal	 choline	 intake	
during	pregnancy	and	measured	offspring	performance	on	
a	rodent	analog	of	the	SAT.13 This	rodent	study	reported	
that:	 (1)	 Maternal	 choline	 supplementation	 improved	
performance	on	signal	trials	but	not	non-	signal	trials;	(2)	
maternal	choline	deficiency	impaired	offspring	sustained	
attention.	 These	 similar	 findings	 across	 species	 support	
the	general	argument	that	higher	maternal	choline	intake	
during	pregnancy	improves	offspring	attentional	control.

Several	lines	of	evidence	suggest	that	the	lasting	atten-
tional	effects	of	prenatal	choline	availability	may	be	medi-
ated	by	fetal	programming	that	affects	cholinergic	system	
activity	 throughout	 life.12	Perhaps	most	 importantly,	 the	
specific	constellation	of	effects	which	differentiate	the	two	
choline	groups	in	our	study	parallels	effects	of	manipula-
tions	which	selectively	alter	the	activity	of	basal	forebrain	
cholinergic	neurons	projecting	to	the	cortex.5,47,65 Notably,	
in	signal	detection	tasks,	selective	cholinergic	manipula-
tions	 specifically	 affect	 performance	 on	 signal	 trials	 but	
leave	 non-	signal	 trial	 performance	 unaffected.5,45	 In	 ad-
dition,	 these	 cholinergic	 manipulations	 produce	 their	
largest	 effects	 on	 signal	 detection	 when	 demands	 on	 ef-
fortful	 attention	 are	 high	 (e.g.,	 diminished	 cue	 salience,	
presence	of	distractors,	greater	time	on	task).5	Similarities	
in	 the	patterns	of	effects	seen	 in	 this	 task	 following	ma-
ternal	choline	supplementation	to	those	seen	in	animals	
following	 selective	 cholinergic	 manipulations	 implicate	
increased	 cortical	 cholinergic	 activity	 as	 a	 likely	 mecha-
nism	for	the	observed	effects.

Further	 support	 for	 this	 hypothesis	 is	 provided	 by	
studies	 showing	 that	 maternal	 choline	 supplementation	
in	 rodents	 produces	 lasting	 changes	 to	 the	 morphol-
ogy	 and/or	 activity	 of	 cholinergic	 neurons	 in	 the	 basal	
forebrain.26,67,68  This	 research	 has	 primarily	 focused	 on	
cholinergic	 basal	 forebrain	 neurons	 projecting	 to	 the	
hippocampus,	not	 those	which	project	 to	 the	cortex,	but	
one	exception	is	highly	pertinent	to	the	present	findings.	
Using	 a	 frontal	 cortex	 slice	 preparation,	 Napoli	 and	 col-
leagues69	reported	that	prenatal	choline	supplementation	
dramatically	potentiated	ACh	release	induced	by	depolar-
ization	and/or	administration	of	 insulin-	like	growth	fac-
tor	2,	an	endogenous	modulator	of	sustained	ACh	release.	
Importantly,	 these	effects	were	seen	at	postnatal	day	80,	
demonstrating	lasting	effects	of	the	prenatal	dietary	ma-
nipulation.	When	coupled	with	an	earlier	demonstration	

that	maternal	choline	supplementation	reduces	the	activ-
ity	 of	 acetylcholinesterase	 (the	 enzyme	 which	 degrades	
ACh)	 in	 the	 offspring,70  such	 results	 suggest	 a	 plausi-
ble	 mechanism	 for	 the	 findings	 in	 the	 present	 study.	
Specifically,	 these	 findings	 are	 consistent	 with	 the	 view	
that	the	superior	sustained	attention	seen	in	the	930 mg/d	
group	children	may	be	due	to	a	greater	ability	to	sustain	
cholinergic	activity	in	the	prefrontal	cortex,	an	area	which	
modulates	attentional	control.

Importantly,	the	present	findings	are	not	likely	to	be	due	
to	altered	coeruleocortical	noradrenergic	activity,	despite	
the	fact	that	this	system	has	also	been	linked	to	sustained	
attention.71  Manipulations	 altering	 this	 system	 typically	
affect	attentional	lapses72	and	distractibility,73,74	with	per-
formance	changes	typically	seen	most	prominently	in	the	
false	alarm	rate	rather	 than	the	hit	 rate.72,75 The	 finding	
that	 maternal	 choline	 supplementation	 produced	 differ-
ences	only	in	the	hit	rate	enhances	the	plausibility	that	a	
cholinergic	mechanism	is	involved.

4.1	 |	 Strengths and limitations

The	present	study	has	several	key	strengths.	First,	the	de-
sign	of	 the	study	allows	for	strong	causal	 inferences.	All	
food	and	choline	supplements	were	provided	by	the	study,	
and	participants	consumed	more	than	70%	of	the	choline	
supplements	under	study	personnel	supervision,	making	
it	the	only	maternal	choline	supplementation	study	to	en-
sure	that	choline	intake	for	the	two	treatment	groups	truly	
differed	by	a	substantial	amount.	A	second	strength	of	the	
study	 was	 the	 use	 of	 a	 task	 previously	 shown	 to	 reveal	
beneficial	attentional	effects	of	maternal	choline	supple-
mentation	in	rodents,	which	allows	our	findings	to	speak	
to	the	cross-	species	translation	of	these	effects.	Third,	we	
followed	 an	 a priori	 statistical	 analysis	 plan	 designed	 to	
preserve	power	in	a	small	sample	and	avoid	capitalizing	
on	chance	findings,	and	the	interpretation	of	results	was	
further	strengthened	by	the	results	of	sensitivity	analyses.	
Finally,	careful	analysis	of	videos	of	the	children's	behav-
ior	while	they	performed	the	task	enabled	verification	of	
data	quality	and	exclusion	of	off-	task	behavior	as	a	pos-
sible	sources	of	group	differences.

This	 study	 also	 has	 limitations.	 Most	 importantly,	
the	 small	 sample	 size	 raises	 a	 concern	 that	 the	 find-
ings,	 albeit	 statistically	 significant,	 might	 not	 reflect	 a	
true	 effect	 of	 the	 different	 levels	 of	 maternal	 choline	
intake;	i.e.,	that	the	present	results	may	have	low	posi-
tive	predictive	value.76 The	positive	predictive	value	of	a	
result	depends	on	the	statistical	power	of	the	study,	the	
actual	 level	of	 statistical	 significance	observed,	and	on	
the	prior	probability	that	the	effect	is	true.	The	statisti-
cal	power	was	adequate	to	detect	effects	of	the	prenatal	
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intervention	with	modest	statistical	significance	and	the	
prior	probability	that	the	reported	effects	are	likely	to	be	
true	effects	of	choline	is	quite	strong.	Maternal	choline	
supplementation	produced	a	similar	pattern	of	effects	in	
rodents	performing	a	very	similar	task13	and	significant	
effects	of	higher	maternal	choline	intake	were	found	in	
this	same	cohort	of	children	when	they	performed	a	vi-
sual	attentional	orienting	task	as	infants.43 The	present	
results	 may	 be	 seen	 as	 a	 test	 of	 the	 positive	 predictive	
value	of	these	earlier	small	studies	because	the	findings	
largely	 replicate	 those	 reported	 previously.	 Moreover,	
the	 sensitivity	 analyses	 help	 to	 rule	 out	 the	 possibility	
that	the	reported	effect	sizes	were	influenced	by	a	minor	
imbalance	between	the	treatment	groups.	Nevertheless,	
a	 larger	 sample	 size	 would	 increase	 confidence	 in	 the	
representativeness	of	our	participant	sample.	More	de-
finitive	conclusions	about	the	effects	of	maternal	choline	
supplementation	 in	 humans	 await	 larger	 intervention	
studies	with	diverse	participants.	One	additional	limita-
tion	 is	 that	 the	 inference	 of	 improved	 sustained	 atten-
tion	 in	 the	 higher	 choline	 group	 is	 based	 on	 only	 one	
test	 of	 this	 aspect	 of	 attention.	 It	 is	 well-	documented	
that	 performance	 on	 various	 sustained	 attention	 tasks	
depends	 not	 only	 on	 sustained	 attention	 but	 on	 other	
cognitive	processes	as	well	(e.g.,	working	memory,	per-
ceptual	 abilities,	 inhibitory	 control).77	 The	 pattern	 of	
group	differences	in	the	current	task—	where	the	groups	
did	 not	 differ	 in	 hit	 performance	 early	 in	 the	 session,	
but	only	as	the	session	progressed,	and	even	then,	only	
for	the	briefest	cues—	helps	to	exclude	differences	relat-
ing	 to	other	cognitive	processes.	Future	studies	should	
ideally	include	additional	tests	of	sustained	attention	to	
determine	the	generality	of	the	effects	reported	here.

4.2	 |	 Summary and conclusions

In	 summary,	 maternal	 intake	 of	 the	 recommended	
amount	 of	 choline	 during	 the	 3rd	 trimester	 resulted	
in	 poorer	 offspring	 sustained	 attention	 than	 was	 dem-
onstrated	 by	 the	 offspring	 of	 mothers	 who	 consumed	
twice	that	amount,	when	children	were	assessed	at	age	
7  years.	 Sustained	 attention	 (and	 attentional	 control	
more	 broadly)	 contributes	 to	 a	 wide	 variety	 of	 higher	
cognitive	 functions	 such	 as	 problem-	solving	 and	 work-
ing	 memory	 and	 is	 positively	 associated	 with	 school	
performance.78–	83  Therefore,	 if	 subsequent	 research	
confirms	 the	 adverse	 effects	 of	 low	 choline	 intake	 on	
offspring	 sustained	 attention,	 it	 is	 likely	 that	 such	 ef-
fects	 would	 extend	 beyond	 performance	 on	 a	 labora-
tory	 task.84 When	 interpreting	 the	present	 findings	one	
must	 note	 that	 both	 choline	 intake	 levels	 in	 this	 study	
are	 greater	 than	 the	 average	 consumption	 of	 pregnant	

women	 in	 North	 America,	 which	 is	 approximately	
350  mg/d.39,85–	88	 It	 would	 have	 been	 unethical	 to	 feed	
pregnant	women	a	total	dietary	choline	intake	less	than	
the	AI,	but	as	a	result,	the	data	do	not	directly	address	the	
effect	of	increasing	maternal	choline	intake	from	current	
average	maternal	intake	levels	to	either	the	480 mg/d	or	
the	930 mg/d	levels	administered	in	this	study.

Another	 important	 aspect	 of	 these	 findings	 is	 the	
correspondence	seen	between	the	effects	of	varied	ma-
ternal	choline	intake	in	rodents	and	humans	in	homol-
ogous	 tasks.	 The	 similarity	 in	 findings	 is	 striking	 and	
suggests	that	the	many	other	benefits	of	maternal	cho-
line	supplementation	documented	for	rodents	may	also	
translate	to	humans.	In	addition	to	improving	attention	
and	memory	in	young	adult	animals,	these	benefits	in-
clude	 a	 lessening	 of	 impairment	 in	 diverse	 conditions	
including	 prenatal	 stress	 exposure,23	 autism,24	 Down	
syndrome,14,15,25–	28	 epilepsy,29–	31	 Rett	 syndrome,32–	34	
cognitive	aging,16,17	Alzheimer's	disease,28,35,36	and	fetal	
or	 early	 postnatal	 alcohol	 exposure.19–	22	 Indeed,	 three	
recent	human	studies	have	 reported	 that	either	mater-
nal89,90	 or	 early	 postnatal91	 choline	 supplementation	
improves	cognitive	outcomes	in	children	exposed	to	al-
cohol	prenatally.

The	 findings	 from	 this	 cohort	at	age	7 years	extend	
the	results	from	infancy43	and	provide	new	evidence	that	
the	beneficial	effects	of	maternal	choline	supplementa-
tion	during	pregnancy	for	offspring	attentional	function	
endure	 into	 early	 childhood.	 Moreover,	 emerging	 ev-
idence	 from	 other	 tests	 administered	 to	 these	 children	
at	 age	 7	 indicates	 that	 the	 benefits	 of	 higher	 maternal	
choline	intake	during	the	third	trimester	are	not	limited	
to	sustained	attention,	but	also	include	improved	work-
ing	memory59,61	and	problem-	solving.60	Although	repli-
cation	in	a	larger	clinical	trial	is	needed,	these	findings	
suggest	that	the	choline	AI	for	pregnant	women	may	not	
be	 sufficient	 for	 optimal	 child	 cognition	 because	 con-
sumption	of	930 mg	choline/d	produced	superior	child	
cognition	relative	to	consumption	of	approximately	the	
AI.	 These	 findings	 raise	 concerns	 about	 the	 evidence	
that	 approximately	 90%	 of	 pregnant	 women	 in	 North	
America	 consume	 choline	 at	 levels	 below	 the	 AI	 and	
that	 prenatal	 vitamins	 commonly	 contain	 little	 or	 no	
choline.92
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