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1.2		 Abstract	

	

Background:	UK	Biobank	is	a	large	prospective	multi-center	community-based	study,	

which	included	macular	optical	coherence	tomography	(OCT)	of	67,321	people.	OCT	is	a	

mainstay	of	ophthalmic	imaging	and	is	a	potential	screening	test	for	dementia.		

	

Aim	of	research:	Cross-sectional	analysis	examined	retinal	layers,	to	determine	the	

range	of	findings	in	normal	individuals,	as	well	as	describe	associations	with	

demographic	and	physiologic	variation.	Longitudinal	analysis	assessed	associations	with	

not	only	current	cognitive	function,	but	future	cognitive	decline.	

	

Results:	All	layers	showed	progressive	thinning	with	older	age.	As	compared	to	white	

people,	black	ethnicity	was	associated	with	significantly	thicker	retinal	pigment	

epithelium	(RPE)	(+3.35	μm;	p<0.001),	but	thinner	photoreceptor	inner	segment-outer	

segment	(IS-OS),	ganglion	cell	layer-inner	plexiform	layer	complex	(GCL-IPL),	and	

macular	retinal	nerve	fibre	layer	(mRNFL)	(-3.76	μm,	-4.29	μm,	and	-3.97	μm,	

respectively;	p<0.001).	Higher	intraocular	pressure	was	associated	with	thinner	RPE	(-

0.04	μm	per	mmHg,	p<0.001),	but	was	not	significant	at	GCL-IPL	or	mRNFL.	Higher	body	

mass	index	was	associated	with	thinner	photoreceptor	IS-OS	(-0.12	μm	per	kg/m2,	

p<0.001).	Asian	and	Chinese	ethnicity,	refractive	error,	height,	sex,	smoking,	and	blood	

pressure	showed	mixed	results.	

	

Socioeconomic	deprivation,	educational	levels,	and	cognitive	function	were	examined	

for	GCL-IPL	and	mRNFL.	Socioeconomic	deprivation	was	associated	with	significantly	
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thinner	GCL-IPL,	but	was	not	significant	at	mRNFL.	In	contrast,	lower	education	was	

significantly	associated	with	thinner	mRNFL	but	was	not	significant	at	GCL-IPL.	Thinner	

mRNFL	was	associated	with	worse	baseline	cognitive	performance.	Follow-up	cognitive	

tests	were	performed	for	1251	participants.	Participants	with	mRNFL	thickness	in	the	

two	thinnest	quintiles	were	almost	twice	as	likely	to	have	at	least	one	test	score	worse	

at	follow-up	cognitive	testing	(quintile	1:	odds	ratio	(OR)	1.92,	95%	CI:	1.29,	2.85,	

p<0.001,	quintile	2:	OR:	2.08,	95%	CI:	1.40,	3.08,	P<	0.001).	While	there	were	some	

associations	between	GCL-IPL	and	baseline	cognitive	function,	no	association	was	

detected	for	risk	of	future	cognitive	decline.	

	

Significance:	Retinal	thickness	is	variable	and	dynamic.	This	work	will	inform	

interpretation	of	both	past	and	future	research,	as	physiologic	and	demographic	

variation	is	associated	with	thickness	of	each	layer.	Of	note,	I	show	an	association	

between	IOP	and	RPE	but	not	mRNFL.	Further,	thinner	mRNFL	is	associated	with	greater	

likelihood	of	cognitive	decline	in	the	future.	These	observations	have	implications	for	

future	research,	as	well	as	prevention	and	treatment	of	dementia.		
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1.3	 Impact	

	

This	body	of	work	represents	a	detailed	exploration	of	retinal	sub-layer	thickness	and	its	

associations	using	OCT	imaging	from	subjects	recruited	to	UK	Biobank,	probably	the	

largest	database	of	its	kind.	

	

In	the	RPE,	there	is	surprisingly	little	published	normal	data.	A	literature	review	showed	

histological	studies	with	fewer	than	100	eyes	(Okubo	et	al	1999,	Ramrattan	RS	et	al	

1994,	Curcio	C	et	al	2011).	In	vivo	OCT	studies	have	included	fewer	than	200	people	

(Karampelas	M	et	al	2013,	Kenmochi	et	al	2017,	Demirkaya	et	al	2013).	My	results	show	

that	basic	demographics	such	as	ethnicity	are	significantly	associated	with	differences	in	

RPE	thickness.	This	research	suggests	that	differences	in	ethnicity	need	to	be	carefully	

considered	in	future	work	measuring	RPE	thickness.	Further,	there	was	an	unexpected	

association	between	higher	IOP	and	thinner	RPE.	Whether	this	is	a	statistical	association	

or	carries	aetiological	significance	is	unclear,	but	it	is	certainly	novel,	interesting	and	

warrants	further	exploration.	

	

In	reviewing	older	literature,	one	may	be	surprised	by	published	studies	that	have	failed	

to	take	basic	demographics	into	account.	For	instance,	little	has	been	described	

regarding	the	interaction	between	photoreceptor	layer	thickness	and	ethnicity.	Results	

of	the	current	study	show	significant	differences	among	Chinese	and	blacks,	with	

photoreceptor	thickness	at	central	subfield	1.84	μm	thicker	among	Chinese	as	compared	

to	whites,	and	-3.76	μm	thinner	among	blacks	as	compared	to	whites,	after	controlling	
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for	potential	confounders.	Future	work	should	take	this	into	account,	and	one	may	keep	

this	in	mind	in	critical	re-interpretation	of	older	work.	

	

No	previously	published	data	were	identified	detailing	an	association	between	BMI	and	

photoreceptor	thickness.	UK	Biobank	data	show	a	negative	association	between	BMI	

and	photoreceptor	thickness.	The	trend	was	visible	even	at	“normal”	BMI.	One	wonders	

whether	weight	control	may	have	a	generalized	positive	effect	on	photoreceptor	

thickness,	and	may	be	a	potentially	modifiable	risk	factor,	to	counteract	the	effects	of	

thinning	with	older	age.	

	

RNFL	and	GCL-IPL	have	been	more	well-studied.	Whilst	there	were	clear	associations	

with	demographic	and	physiological	variables,	of	more	interest	were	the	links	with	

cognitive	function.	Results	for	GCL-IPL	suggested	possible	association	with	cognitive	

function,	but	baseline	results	did	not	appear	to	predict	future	cognitive	function.	In	

contrast,	RNFL	showed	not	only	an	association	with	baseline	cognitive	performance,	but	

also	with	future	cognitive	decline.	At	the	time	of	the	analysis,	this	finding	appeared	

unique,	especially	as	it	was	in	a	community	cohort	with	no	relevant	reported	disease.	

Part	of	the	ability	to	detect	an	association	may	be	due	to	the	use	of	individual	cognitive	

function	tests,	rather	than	a	reliance	on	a	battery	of	tests	such	as	mini-mental	status	

examination,	which	may	be	less	sensitive	in	healthy	individuals	and	early	disease.	This	is	

a	novel	finding	which	may	guide	future	research,	with	use	of	methodology	that	may	aid	

development	of	future	studies.	
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1.7	 List	of	Abbreviations	

	

95%	CI		 95%	confidence	interval	

A-level		 General	Certificate	of	Education	Advanced	Level	

AD	 	 Alzheimer’s	disease	

AIGS	 	 Advanced	Imaging	for	Glaucoma	Study	

BMI	 	 Body	mass	index	

BP	 	 Blood	pressure	

CAMCOG	 Cambridge	Cognitive	Examination	

CSE	 	 Certificate	of	Secondary	Education	

ETDRS	 	 Early	Treatment	of	Diabetic	Retinopathy	Study	

GCL-IPL	 Ganglion	cell	layer	–	inner	plexiform	layer	complex	

IOP	 	 Intraocular	pressure	

IOPG	 	 Goldmann-equivalent	intraocular	pressure	

IS-OS	 	 Inner	and	outer	segments	

mRNFL		 Macular	retinal	nerve	fibre	layer	

MMSE		 Mini-Mental	State	Examination	

MS	 	 Multiple	sclerosis	

OCT	 	 Optical	Coherence	Tomography	
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Prof.	qual.	 Professional	or	vocational	qualification	
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RNFL	 	 Retinal	nerve	fibre	layer	
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RPE	 	 Retinal	pigment	epithelium	

RPE-BM	 Retinal	pigment	epithelium	–	bruchs	membrane	

SDOCT		 Spectral	domain	optical	coherence	tomography	

SD	 	 Standard	deviation	
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2.1	 UK	Biobank	

	

2.1.1	 Purpose	of	UK	Biobank	

UK	Biobank	is	a	community-based	cohort	study	in	the	United	Kingdom	of	500,000	

volunteer	participants	age	40	–	69	years	old,	with	the	aim	of	improving	prevention,	

diagnosis,	and	treatment	of	a	wide	range	of	illnesses	(http://www.ukbiobank.ac.uk/).	To	

our	knowledge,	this	is	the	largest	study	of	retinal	imaging	yet	undertaken.	High-quality	

imaging	of	eyes	from	67,321	participants	were	acquired,	in	addition	to	other	ocular	

measures,	physical	measurements,	and	tests	of	cognitive	function.	In	addition	to	

baseline	measures,	20,000	participants	have	undertaken	repeat	measures.		

	

UK	Biobank	is	a	non-profit	charity.	It	was	established	by	the	Wellcome	Trust	medical	

charity,	Medical	Research	Council,	Department	of	Health,	Scottish	Government,	and	the	

Northwest	Regional	Development	Agency.	It	has	also	received	funding	from	the	Welsh	

Government,	British	Heart	Foundation,	Cancer	Research	UK,	and	Diabetes	UK.	UK	

Biobank	is	supported	by	the	National	Health	Service.	The	de-identified	health	data	

collected	by	UK	Biobank	is	open	to	researchers	in	the	United	Kingdom	and	

internationally,	in	both	academia	and	industry	(Figure	2.1).	Upon	completion	of	their	

work,	researchers	return	their	findings	to	UK	Biobank,	to	benefit	the	broader	scientific	

community.	
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Figure	2.1.	Map	of	approved	UK	Biobank	research	projects	in	the	UK	(A)	and	

internationally	(B).	(http://www.ukbiobank.ac.uk/approved-research-2/)	

A)	 	 	 	 	 	 B)	

					 	

	

	

2.1.2	 Structure	and	Timeline	

There	are	22	assessment	centers	located	in	Scotland,	Wales,	and	England	(Figure	2.2).	

The	pilot	phase	began	in	March	2006,	and	the	main	phase	began	in	April	2007,	with	the	

opening	of	the	first	assessment	center.	People	aged	40-69	who	were	registered	with	the	

National	Health	Service	were	invited	via	mail.	It	was	estimated	that	5	million	invitations	

would	be	needed	in	order	to	recruit	the	target	number	of	500,000	participants.	

Participants	who	attended	assessment	centers	were	asked	to	complete	a	touchscreen	

questionnaire,	undergo	a	range	of	physical	measures,	and	donate	biological	samples.	In	

April	2009,	cognitive	function	tests	were	added.	Later	that	year,	in	August,	eye	measures	

were	added	to	the	study,	including	visual	acuity,	autorefraction,	and	intraocular	

pressure.	Then	in	December	2009,	optical	coherence	tomography	(OCT)	of	the	retina	

was	added.	Recruitment	ended	in	July	2010.		
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Figure	2.2.	Map	of	UK	Biobank	assessment	centers.	Stockport	was	the	location	of	initial	

pilot	testing	and	repeat	assessment.	

(http://biobank.ctsu.ox.ac.uk/crystal/exinfo.cgi?src=UKB_centres_map)	

	

	

	

Eye	measures	were	taken	at	assessment	centers	located	in	Liverpool,	Hounslow,	

Sheffield,	Croydon,	Birmingham,	and	Swansea.	In	additional	to	these	centers,	Bristol,	

Nottingham,	Middlesborough,	and	Wrexham	locations	were	also	used	to	obtain	

cognitive	function	testing	(Figure	2.3).	A	map	showing	the	generic	layout	of	assessment	

centers	is	shown	in	Figure	2.4.	
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Figure	2.3.	Graph	showing	operational	duration	and	tests	performed	at	each	UK	

Biobank	assessment	center.	

(http://biobank.ctsu.ox.ac.uk/~bbdatan/clinic_timelines.pdf)	
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Figure	2.4.	General	layout	of	UK	Biobank	assessment	center.	

(http://biobank.ctsu.ox.ac.uk/crystal/exinfo.cgi?src=Clinic_layout)	

	

	

2.1.3	 Repeat	Assessments	

Repeat	assessments	of	20,000	participants	were	carried	out	between	August	2012	and	

June	2013.	People	who	lived	within	35	km	of	UK	Biobank	Co-ordinating	Center	in	

Stockport,	UK	were	invited	via	email	or	letter,	with	an	overall	response	rate	of	21%.	

Participants	underwent	a	repeat	of	the	baseline	assessment	visit,	including	a	

participant’s	health	and	lifestyle	questionnaire,	cognitive	function,	eye	measures,	and	

OCT.	Repeated	measurements	strengthened	UK	Biobank	resource	by	producing	more	

precise	measures	for	the	entire	cohort	by	adjusting	for	regression	dilution	bias,	which	

can	be	introduced	through	short-term	biological	variability	(e.g.,	diurnal	variation)	or	

longer-term	within-person	variability	(e.g.,	changes	to	diet	or	physical	activity),	with	

measurement	error	causing	bias	of	the	regression	slope	coefficient	towards	the	null	
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hypothesis.	Repeat	measurements	are	not	only	a	way	of	validating	data,	but	also	

creating	an	opportunity	for	longitudinal	comparison.		

	

Demographics	of	those	who	attended	repeat	assessments	did	show	some	differences	

from	baseline.	According	to	UK	Biobank	tabulations,	those	who	attended	repeat	

assessments	were	more	likely	to	be	older,	had	lower	body	mass	index	(BMI),	had	fewer	

longstanding	illnesses,	disabilities,	or	infirmities,	were	more	likely	to	rate	their	overall	

health	as	“excellent”,	had	higher	educational	attainment,	had	less	socioeconomic	

deprivation,	lived	closer	to	UK	Biobank	Co-ordinating	Center	and	were	more	likely	to	be	

never	smokers	as	compared	to	those	who	declined	or	did	not	respond	to	an	invitation	

(http://biobank.ctsu.ox.ac.uk/~bbdatan/repeat_assessment_characteristics_v1.pdf).	

Where	pertinent	to	the	current	study,	detailed	demographic	information	comparing	

those	who	did	and	did	not	attend	repeat	assessment	will	be	provided.	

	

	

2.1.4	 Ophthalmic	Testing	and	Quality	Control	

The	methods	and	protocol	for	the	ocular	portion	of	UK	Biobank	examination	were	

designed	by	ophthalmologists	from	Moorfields	Eye	Hospital,	London,	UK	(Keane	et	al	

2016).	Visual	acuity	at	3	meters	was	measured	using	with	best-available	refractive	

correction.	Refractive	error	for	each	eye	was	assessed	using	an	autorefractor	(Tomey,	

Japan)	(www.ukbiobank.ac.uk).	Intraocular	pressure	and	corneal	biomechanics	were	

simultaneously	measured	in	both	eyes	using	an	Ocular	Response	Analyzer	(Reichert	

Technologies,	USA)	(www.ukbiobank.ac.uk).	Retinal	images	were	captured	with	a	retinal	

camera	(TRC-NW6S,	Topcon,	Japan)	and	Spectral	domain	OCT	(3D	OCT-1000	Mark	II,	
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Topcon,	Japan)	(www.ukbiobank.ac.uk).	These	ocular	examinations	were	typically	

performed	in	around	11	minutes	(Keane	et	al	2016).	The	North	West	Multi-centre	

Research	Ethics	Committee	approved	the	study	(REC	Reference	Number:	06/MRE08/65),	

in	accordance	with	the	principles	of	the	Declaration	of	Helsinki.	Written,	informed	

consent	was	obtained	for	all	participants	in	UK	Biobank.	

	

All	assessment	center	staff	underwent	a	formal	interview	to	assess	suitability	and	

relevant	experience	(www.ukbiobank.ac.uk).	Curriculum	vitae	and	training	record	

specifying	procedures	they	were	approved	to	undertake	were	maintained	at	the	

coordinating	center	and	relevant	assessment	center.	Core	training	for	all	staff	spanned	a	

period	of	3-5	days,	although	staff	were	only	required	to	attend	days	pertinent	to	their	

duties	(Table	2.1).	
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Table	2.1.	Training	program	for	assessment	center	staff.	Adapted	from	UK	Biobank	

protocol,	available	at	www.ukbiobank.ac.uk.	

Sessions	 Areas	covered	 Staff	trained	
Introduction	 •	Overview	of	UK	purpose,	

assessment	visit	&	IT	system	
•	Consent	process	
•	Participant	welfare	

All	staff	

Questionnaire	 •	Background	to	touch-screen	and	
interview	questionnaires	

•	Use	of	touch-screen	
•	Administration	of	interview	

Nurses	and	all	staff	
supervising	touch-
screens	

Physical	
measurements	

•	Introduction	to	measurements	
•	Maintenance	and	calibration	of	
equipment	

•	Workshop	using	all	equipment	

Nurses	and	
technicians	doing	
measurements	

Practice	sessions	 •	Q&A	session	with	senior	
members	of	team	

•	Practice	runs	of	baseline	
assessment	visit	

All	Staff	

	

	

Technicians	acquiring	OCT	images	underwent	a	structured	training	program	and	

competency	exam	to	obtain	certification	(Keane	et	al	2016).	This	involved	

demonstrating	that	they	had	read	and	understood	the	standard	operating	procedure	for	

image	acquisition,	as	well	as	demonstrating	the	ability	to	acquire	well-centered	images	

with	good	signal	strength.	Additional	training	focused	on	pattern	recognition	to	allow	

technitions	to	recognize	1)	significant	artifactitious	variations	in	signal	intensity	

(generally	a	sign	of	irregular	media	opacity	or	poor	mydriasis),	2)	artifactitious	severe	

anomalies	in	retinal	contour	(generally	a	sign	of	severe	refractive	error),	and	3)	

generalized	reductions	in	OCT	signal	strength.	All	images	from	the	first	day	of	

independent	image	acquisition	were	quality	controlled	by	Moorfields	Eye	Hospital	

Reading	Center	ophthalmologists	and	a	UK	Biobank	site	duty	manager.	Additionally,	
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approximately	10%	of	OCT	images	were	assessed	for	quality	by	certified	graders	at	

Moorfields	Eye	Hospital	Reading	Center.	Re-training	was	provided	for	issues	revealed	

during	the	real-time	quality	assurance	review	(Keane	et	al	2016).	

	

The	Clinical	Trials	Service	Unit	at	the	University	of	Oxford	created	custom	software	for	

live	ongoing	data	monitoring	during	OCT	image	acquisition,	using	electronic	direct	data	

entry	case	report	forms	(Keane	et	al	2016).	Visual	acuity	and	refractive	error	were	

automatically	imported	into	each	case	report	form,	and	then	the	grader	assessed	each	

image	set	for	overall	image	quality,	image	focus,	centration	relative	to	the	fovea,	and	

central	macular	thickness	and	accuracy	of	measurements.	Image	error	was	attributed	to	

one	of	four	possible	categories:	1)	participant,	2)	operator,	3)	equipment,	or	4)	

indeterminate.	Quality	assessment	feedback	was	then	provided	to	each	center	on	an	

ongoing	basis.	

	

OCT	image	sets	were	stored	on	UK	Biobank	servers	in	a	central	repository	at	Advanced	

Research	Computing,	University	of	Oxford	(previously	known	as	Oxford	Supercomputing	

Centre	(OSC)),	adjacent	to	high	performance	computers	(Keane	et	al	2016).	This	

consisted	of	several	1000-core	Linux	servers,	a	Nvidia	graphics	processing	unit	(GPU)	

cluster,	and	a	Windows	2012	server	which	created	and	managed	a	collection	of	

Windows	XP/Windows	Vista/Windows	7	virtual	machines.	At	the	time	of	this	analysis,	

UK	Biobank	data	access	rules	and	procedures	for	bulk	data	prohibited	copying,	storage,	

or	removal	of	OCT	source	data	outside	of	the	Oxford	computing	system.	Researchers	

were	given	access	to	computers	at	the	central	repository	via	remote	secure	login.	A	copy	
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of	the	stored	OCT	image	file	was	fetched,	analyzed	through	segmentation	software,	

derived	data	extracted,	and	then	OCT	image	file	deleted.	

	

	

2.1.5	 Published	work	produced	from	UK	Biobank	resource	

A	great	deal	of	work	has	been	conducted	through	UK	Biobank	resource,	spanning	a	wide	

range	of	body	systems.	Pubmed	search	at	the	time	of	this	writing	showed	453	articles	

with	the	keyword	“UK	Biobank.”	Research	ranges	widely,	including	associations	between	

cardiovascular	disease	and	mode	of	transportation	(eg,	car	versus	public	transport,	

cycling,	or	walking)	(Panter	et	al	2018),	genetic	commonalities	of	asthma	and	allergic	

diseases	(Zhu	et	al	2018),	and	associations	between	night	shift	work	and	type	2	diabetes	

(Vetter	et	al	2018).	

	

In	the	field	of	ophthalmology,	68	new	genomic	loci	associated	with	elevated	intraocular	

pressure	have	been	identified	through	UK	Biobank	resource	(Khawaja	et	al	2018).	Others	

have	found	associations	with	intraocular	pressure	including	older	age,	male	sex,	systolic	

blood	pressure,	faster	heart	rate,	higher	myopia,	and	colder	season	(p<0.001)	(Chan	et	

al	2016).	There	may	also	be	more	complex	associations	with	height,	smoking,	and	

diabetes,	with	opposite	effects	depending	on	whether	the	variable	of	interest	is	

Goldmann-correlated	intraocular	pressure	versus	corneal-compensated	intraocular	

pressure	(Chan	et	al	2016).	Further,	an	association	with	socioeconomic	deprivation,	

measured	by	the	Townsend	deprivation	index,	has	been	shown	with	self-reported	

glaucoma	(Shweikh	et	al	2015).	
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While	progress	has	been	made	related	to	glaucoma,	findings	related	to	the	retina	and	

associated	pathologies	have	been	slower.	In	part,	one	issue	has	been	speed	of	manual	

grading	of	>120,000	retinal	photos	from	60,000	people.	One	strategy	has	involved	

crowdsourcing,	which	has	shown	surprising	accuracy	in	identifying	retinal	disease	(Mitry	

et	al	2016).	However,	a	problem	with	crowdsourcing	is	cost,	as	there	are	thousands	of	

images,	and	accuracy	requires	grading	of	each	image	by	several	people.	Another	

approach	is	automated	segmentation	of	images,	which	is	particularly	suitable	for	OCT	

images	of	the	retina.	Central	macular	retinal	thickness	has	been	shown	to	be	positively	

associated	with	older	age,	female	gender,	higher	myopia,	smoking,	body	mass	index,	

and	white	ethnicity	(P<0.001)	(Patel	et	al	2016).	More	detailed	analysis	of	individual	

retinal	layers	and	subfields	are	described	in	the	current	work.	

	

Cognitive	function	has	been	another	area	of	interest	within	UK	Biobank.	Research	has	

identified	an	association	between	physical	activity	and	grey	matter	volume	on	structural	

MRI	among	adults	>60	years	of	age	(Hamer	et	al	2018).	This	is	supported	by	findings	of	

markers	of	sedentary	behaviors	such	as	duration	of	television	watching	and	driving	time	

being	positively	associated	with	cognitive	decline	at	follow-up	(Bakrania	et	al	2018).	

Interestingly,	the	same	study	found	computer-use	time	was	inversely	associated	with	

cognitive	decline,	although	this	effect	may	be	partially	due	to	the	use	of	computers	to	

test	cognitive	function	in	UK	Biobank	(Bakrania	et	al	2018).	One	wonders	whether	

physical	activity	stimulates	cognitive	function,	or	whether	it	is	a	general	marker	of	

vitality.	Supporting	the	latter	argument	is	the	finding	of	an	association	between	grip	

strength	&	cognitive	function	(Firth	et	al	2018),	as	one	might	not	expect	grip	strength	to	
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directly	affect	cognitive	function,	but	rather	that	general	good	health	might	promote	

both	strength	and	cognitive	function.	

	

Environmental	exposures	and	cognitive	function	have	been	studied,	such	as	coffee,	

alcohol,	and	medication	intake.	Habitual	coffee	intake	showed	no	effect	on	cognitive	

function,	measured	as	reaction	time,	pairs	matching,	reasoning,	and	prosective	memory	

(Zhou	et	al	2018).	In	contrast,	alcohol	consumption	was	associated	with	slower	reaction	

time	when	consumption	exceeded	10	g/day	(Piumatti	et	al	2018).	Drugs	with	

associations	to	poorer	cognitive	performance	included	those	used	for	nervous	system	

disorders,	such	as	antiepileptics	(eg,	topiramate)	and	antipsychotics	(e.g.,	risperidone);	

as	well	as	those	used	for	non-nervous	system	disorders,	such	as	antihypertensives	(e.g.,	

amlodipine),	antidiabetics	(e.g.,	insulin),	proton	pump	inhibitors	(e.g.,	omeprazole),	and	

laxatives	(e.g.,	contact	laxatives)	(Nevado-Holgado	et	al	2016).	Those	used	for	nervous	

system	disorders	showed	larger	effect,	with	antiepileptics	being	associated	with	lower	

reasoning	score	of	-0.65	(95%	CI	-1.05	to	-0.24)	and	memory	score	-1.41	(95%	CI	-1.79	to	

-1.04)	and	antipsychotics	with	reaction	time	-33	msec	(95%	CI	-46	to	-20)	(Nevado-

Holgado	et	al	2016).	This	is	in	comparison	to	anti-hypertensives,	which	showed	

association	with	reasoning	score	-0.1	(95%	CI	-0.15	to	-0.16),	memory	score	-0.08	(95%	

CI	-0.13	to	-0.03),	and	reaction	time	-3	msec	(95%	CI	-5	to	-2);	antidiabetics	with	reaction	

time	-13	msec	(95%	CI	-17	to	-10);	proton	pump	inhibitors	with	reasoning	score	-0.11	

(95%	CI	-0.15	to	-0.06),	memory	score	-0.08	(95%	CI	-0.12	to	-0.04),	and	reaction	time	-5	

msec	(95%	CI	-6	to	-3);	and	laxatives	with	reaction	time	-13	msec	(95%	CI	-19	to	-8)	

(Nevado-Holgado	et	al	2016).	Ibuprofen	and	glucosamine	showed	association	towards	a	

positive	effect	on	cognitive	function.	Ibuprofen	was	associated	with	higher	
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reasoning	score	0.05	(95%	CI	0.02	to	0.08)	and	faster	reaction	time	4	msec	(95%	CI	3	to	

5),	and	glucosamine	was	associated	with	higher	reasoning	score	0.09	(95%	CI	0.03	to	

0.14)	and	faster	reaction	time	5	msec	(95%	CI	3	to	6)	(Nevado-Holgado	et	al	2016).	One	

should	interpret	these	results	cautiously,	as	some	of	the	associations	may	reflect	the	

underlying	diseases	the	medications	were	prescribed	for.	

	

Many	of	the	studies	conducted	thus	far	through	UK	Biobank	have	focused	on	cross-

sectional	analysis.	While	this	is	helpful	for	identifying	risk	factors	for	certain	conditions,	

it	does	not	necessarily	tell	us	about	future	risk.	In	my	work,	I	not	only	perform	cross-

sectional	analysis	of	associations	with	thickness	of	individual	retinal	layers	and	cognitive	

function,	but	also	compare	baseline	measurements	with	future	cognitive	function.	

		

	

	

2.2	 Optical	Coherence	Tomography	

	

2.2.1	 Imaging	modality	

Optical	coherence	tomography	(OCT)	was	first	described	in	1991	(Huang	et	al	1991).	OCT	

extended	the	principle	of	low-coherence	reflectometry	to	tomographic	imaging,	which	

directs	a	low-coherence	light	beam	from	an	optical	probe	at	a	sample,	which	reflects	

light	signals	back	to	the	interferometer.	By	knowing	the	coherence	property	of	the	light	

beam,	time-of-flight	delay	information	from	the	reflective	boundary	can	be	used	to	

determine	longitudinal	location.	Each	point	is	recorded	as	a	depth	profile	(A-scan),	



	
	

	 42	

which	can	be	compiled	together	by	scanning	in	a	linear	fashion	across	a	sample	to	form	

a	cross-sectional	image	(B-scan)	(https://www.novacam.com/technology/how-lci-

works/).	OCT	can	be	performed	through	a	small	aperture,	as	the	coherence	length	of	the	

light	source	is	the	main	limitation	to	resolution,	thus	allowing	high	resolution	of	deep	

tissues	through	a	small	pupil	(Huang	et	al	1991).	Early	techniques	had	a	resolution	of	10-

15	μm	(Huang	et	al	1991).	A	reproduction	of	retinal	and	optic	disc	OCT	published	in	the	

first	article	describing	OCT	is	shown	(Figure	2.5).	

	

Figure	2.5.	Reproduction	of	retinal	and	optic	disc	OCT	and	histology	from	the	first	

publication	describing	OCT	(Huang	et	al	1991).	BV	=	blood	vessel,	RPE	=	retinal	pigment	

epithelium,	SRF	=	subretinal	fluid.	
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Since	the	first	OCT	devices	were	developed,	resolution	has	improved	from	10	μm	to	3	

μm	and	imaging	speed	has	become	faster,	allowing	higher-density	raster	scanning	while	

minimizing	motion	artifacts	(Forte	et	al	2009).	The	original	time	domain	OCT	obtained	

information	based	on	longitudinal	translation	in	time	of	the	light	signal.	Newer	spectral	

domain	OCT	measures	the	interferometric	signal	detected	as	a	function	of	optical	

frequencies	(Forte	et	al	2009).	Put	another	way,	the	spectrometer	detects	relative	

amplitudes	of	many	optical	frequencies	simultaneously,	thus	sampling	many	points	at	

the	same	time.	An	example	of	spectral	domain	OCT	image	acquired	as	part	of	UK	

Biobank	is	shown	(Figure	2.6).	

	

Figure	2.6.	Example	of	spectral	domain	OCT	image	acquired	as	part	of	UK	Biobank.	

	

	

OCT	has	become	an	essential	part	of	ophthalmic	imaging,	and	has	been	the	modality	of	

choice	in	many	research	studies	as	well	as	in	clinical	practice	(CATT	Research	Group	et	al	

2011,	Wang	et	al	2009,	van	Dijk	et	al	2009).	
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2.2.2	 Automated	Segmentation	

The	development	of	higher-quality	and	faster	OCTs	allowed	clinicians	and	scientists	to	

examine	individual	retinal	layers	with	greater	detail.	Trained	image	graders	can	perform	

“segmentation,”	or	delineation	of	boundaries	of	retinal	layers	to	allow	measurements.	

However,	a	hindrance	to	this	process	is	the	time	required	to	manually	assess	images.	In	

the	case	of	UK	Biobank,	OCT	imaging	was	acquired	for	both	eyes	of	67,316	participants.	

Even	assuming	a	rate	of	2	minutes	per	OCT,	4488	hours	or	the	equivalent	of	112	work	

weeks	would	be	required	to	manually	review	all	scans.	For	small	studies,	manual	review	

of	images	is	reasonable,	and	provides	the	benefits	of	accuracy	and	precision.	For	larger	

studies	to	be	feasible,	a	more	streamlined	process	is	necessary.	One	mitigating	strategy	

is	to	exclude	images	with	obvious	issues,	such	as	image	artifact	or	poor	quality,	although	

this	may	be	inadequate	if	the	study	size	is	sufficiently	large.	Another	solution	is	

automated	segmentation	of	images.	

	

Automated	segmentation	has	undergone	several	iterations.	Challenges	to	automated	

segmentation	include	intrinsic	speckle	noise,	presence	of	blood	vessels,	motion	artifacts,	

and	reduced	illumination.	Initial	strategies	were	based	on	intensity	variation	(Ishikawa	et	

al	2005,	Shahidi	et	al	2005,	Tan	et	al	2008,	Koozekanani	et	al	2001,	Cabrera	et	al	2005).	

Adaptive	thresholding	(Ishikawa	et	al	2005)	and	iterative	refinement	(Tan	et	al	2008,	

Cabrera	et	al	2005)	have	been	proposed	as	improvements;	however,	the	fundamental	

issue	of	intensity	inconsistency	and	discontinuity,	both	within	a	single	image	or	across	

images,	remain	problematic.	Intensity	thresholding	tends	to	work	adequately	for	
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borders	with	high	intensity	and	contrast,	such	as	the	internal	limiting	membrane	or	

retinal	pigment	epithelium,	but	remain	sub-optimal	for	other	retinal	layers.		

	

More	complex	models	incorporate	gradient	information	in	addition	to	intensity	(Muiat	

et	al	2005,	Mishra	et	al	2009,	Garvin	et	al	2008,	Kajifi	et	al	2010).	Gradient	information	

has	the	advantage	over	intensity	information	in	that	segmentation	will	not	be	severely	

affected	by	local	absolute	intensity	values	as	long	as	contrasts	between	layers	remain.	

However,	gradient	information	is	correlated	with	intensity	information,	such	that	when	

blood	vessels	or	artifacts	are	present,	both	local	gradient	and	intensity	information	are	

degraded.	This	can	result	in	errors	in	boundary	detection.	Yang	et	al	(2011)	noted	that	

gradient	information	from	a	larger	kernel	can	provide	complementary	information	to	

local	gradient	or	intensity	signal,	incorporating	neighboring	information	to	compensate	

for	missing	local	information	without	losing	other	details.	They	utilize	both	global	and	

local	gradient	information	to	gather	edge	information	and	optimize	edges	using	shortest	

path	search	method,	a	type	of	dynamic	programming	(Yang	et	al	2011).	

	

Yang	et	al	(2011)	developed	a	two-step	segmentation	algorithm.	First,	a	customized	

Canny	edge	detector	(Canny	1986)	was	used	to	create	a	map	showing	local	main	edges;	

as	well,	a	complementary	gradient	map	was	acquired	with	a	larger	kernel.	The	Canny	

edge	detector	was	customized	using	a	low-value	threshold	to	remove	false	edges,	a	

high-value	threshold	to	highlight	significant	edges,	and	a	middle-value	threshold	to	

preserve	other	potential	edges.	The	thresholds	were	set	to	constant	values	that	varied	

by	boundary.	For	high-contrast	boundaries,	such	as	the	internal	limiting	membrane,	the	

low-,	middle-,	and	high-value	thresholds	are	0,	0,	and	0.85,	respectively.	For	low-
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contrast	boundaries	such	as	the	external	limiting	membrane,	all	three	thresholds	are	set	

to	0.	Other	intraretinal	boundaries	have	the	low-,	middle-,	and	high-value	thresholds	of	

0.1,	0.55,	and	0.8.	The	kernal	size	of	each	Canny	edge	detector	is	also	varied	

proportionately	to	scan	resolution.	In	the	second	step,	a	graph	was	built	based	on	a	

combination	of	the	Canny	edge	maps	and	axial	intensity	gradient.	The	layer	boundary	

was	then	extracted	by	a	shortest	path	search	applied	to	the	graph.	An	example	of	the	

two-step	segmentation	process	is	shown	in	figure	2.7.	

	

Figure	2.7.	Example	of	automated	two-step	segmentation.	Reproduced	from	Yang	et	al	

2011.	

	

	

The	execution	time	using	this	automated	segmentation	algorithm	was	45	seconds	for	

full	nine	layer	detection	using	images	acquired	from	Topcon	3D	OCT-1000	machines,	

which	has	128	frames	covering	a	6mm	by	6	mm	macular	area	with	B-scan	image	size	

480x512	(Yang	et	al	2011).	Fast	mode	was	also	avilable,	which	required	16	seconds.	In	

both	modes,	comparison	between	automated	versus	manual	segmentation	were	within	

an	axial	resolution	of	3.5	μm	(Yang	et	al	2011).		
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2.3	 Retinal	Anatomy	and	Function	

	

2.3.1	 Retinal	layers	

The	retina	is	important	for	collecting	light,	converting	it	to	electrical	signals,	which	are	

then	sent	to	the	brain	for	interpretation	via	nerve	fibers.	The	macula	is	a	particularly	

sensitive	area	of	the	retina	with	a	high	density	of	specialized	cells	for	collecting	light.	It	is	

usually	5-6	mm	in	diameter,	centered	vertically	between	the	temporal	vascular	arcades,	

and	is	defined	as	the	area	with	2	or	more	layers	of	ganglion	cells.	The	central	1.5	mm	of	

the	macula	is	referred	to	as	the	fovea,	with	unique	anatomy	and	cellular	composition.	

Here,	there	is	a	lack	of	blood	vessels	and	inner	retinal	components,	and	an	increased	

density	of	photoreceptor	cells,	allowing	for	high	spatial	acuity	and	colour	vision	(Figure	

2.8)	(Regillo	et	al	2010).	

	

Figure	2.8.	Basic	diagram	of	macula	(yellow	dashed	circle)	and	fovea	(orange	dashed	

circle)	relative	to	optic	nerve	(yellow	filled	circle)	and	vascular	arcades	(red	lines).	
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In	histologic	preparation,	the	retina	appears	as	layers:	internal	limiting	membrane	(ILM),	

nerve	fibre	layer	(NFL),	ganglion	cell	layer	(GCL),	inner	plexiform	layer	(IPL),	inner	

nuclear	layer	(INL),	outer	plexiform	layer	(OPL),	outer	nuclear	layer	(ONL),	external	

limiting	membrane	(ELM),	photoreceptor	inner	and	outer	segments,	and	retinal	pigment	

epithelium	(RPE)	(Figure	2.9).	

	

Figure	2.9.	Retinal	layers	in	histologic	preparation.		

Adapted	from	https://www.memorangapp.com/flashcards/120774/Visual+System/	

	

	

	



	
	

	 49	

2.3.2	 Retinal	pigment	epithelium	

	

The	retinal	pigment	epithelium	(RPE)	plays	an	important	role	in	metabolic	activity	in	the	

retina,	and	is	critical	in	visual	function	(Strauss	2005).	Failure	of	RPE	function	is	involved	

in	blinding	disease	such	as	age-related	macular	degeneration,	the	leading	cause	of	

blindness	among	caucasian	people	65	years	and	older	(Jonas	JB	2014,	Friedman	DS	et	al	

2004,	Munoz	et	al	2000,	Klaver	et	al	1998,	Wang	JJ	et	al	2000).		

	

The	retinal	pigment	epithelium	derives	from	the	neuroectoderm,	forming	a	single	layer	

of	cuboidal	cells	between	bruchs	membrane	and	photoreceptors	(Figure	2.10).	The	RPE	

cells	are	taller	and	denser	at	the	macula	than	at	the	peripheral	retina.	Zonulae	

occludentes	near	the	apices	of	the	RPE	cells	form	tight	junctions	that	form	the	outer	

retinal	blood-ocular	barrier.	The	apical	surface	contains	villous	processes	that	interact	

with	the	outer	segments	of	photoreceptor	cells.	The	basal	surface	has	infoldings	of	the	

plasma	membrane.	
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Figure	2.10.	Optical	coherence	tomography	(upper	image)	and	automated	

segmentation	(bottom	image)	of	retinal	pigment	epithelium.	OS/RPE	=	boundary	

between	photoreceptor	outer	segment	and	retinal	pigment	epithelium.	BM/Choroid	=	

boundary	between	bruchs	membrane	of	retinal	pigment	epithelium	and	choroid.	

(Adapted	from	Yang	et	al	2010)	

	

	

	

The	RPE	serves	several	functions,	including	forming	the	blood-ocular	barrier,	absorbing	

light,	maintaining	the	subretinal	space,	phagocytosing	rod	and	cone	outer	segments,	

participating	in	retinal	and	polyunsaturated	fatty	acid	metabolism,	and	healing	and	scar	

tissue	formation.	Each	RPE	cell	contains	numerous	melanosomes,	which	absorb	light,	

with	longer-wave	blue	light	being	absorbed	more	than	red	light.	RPE	has	selective	

transport	properties	and	a	high	capacity	for	fluid	transport,	preventing	fluid	
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accumulation	in	the	subretinal	space.	Apical	processes	of	RPE	cells	envelope	the	outer	

segments	of	photoreceptors.	RPE	cells	phagocytose	the	membranes,	or	discs,	shed	by	

the	outer	segments	of	photoreceptor	cells.	A	diurnal	rhythm	occurs	as	discs	are	shed,	

phagocytosed,	and	renewed.	Rod	photoreceptors	tend	to	shed	discs	at	dawn,	and	cones	

at	dusk.	Lysosomes	within	the	RPE	produce	enzymes	that	digest	the	outer	segments.	

Retinal	and	polyunsaturated	fatty	acids	from	the	outer	segments	are	recycled.	RPE	cells	

contribute	to	photoreceptor	function	and	metabolism	by	converting	11-trans-

retinaldehyde	to	11-cis-retinaldehyde.	The	latter	is	sensitive	to	light,	and	initiates	the	

opsin	signaling	process	in	photoreceptor	outer	segments.	Light	photons	stimulate	11-cis-

retinaldehyde,	which	converts	to	trans	configuration,	and	must	be	regenerated	for	

continued	visual	signaling.	Brief	shortages	of	11-cis-retinaldehyde	can	be	experienced	in	

healthy	individuals,	such	as	after	a	bright	car	light	causes	temporary	inability	to	see	at	

night	due	to	depletion	of	11-cis-retinaldehyde	in	rods.	Conditions	such	as	vitamin	A	

deficiency	can	cause	a	disruption	of	this	metabolic	pathway,	resulting	in	more	serious	

visual	pathology.		

	

Disease	states	can	result	from	abnormalities	in	RPE	metabolism.	For	instance,	Stargardt	

disease	occurs	when	defective	ABCR	protein	leads	to	accumulation	of	all-trans-retinol	in	

the	outer	segment	discs,	stimulating	formation	of	disproportionate	amounts	of	A2E	in	

RPE	cells.	A2E	is	a	diretinal	conjugate	with	ethanolamine,	a	constituent	of	lipofuscin.	

Components	of	lipofuscin	can	be	toxic	to	RPE	by	inhibiting	lysosomal	protein	

degradation,	producing	reactive	oxygen	species	and	radicals,	and	inducing	apoptosis	of	

the	RPE.	Another	disease	linked	with	RPE	dysfunction	is	vitelliform	macular	dystrophy,	

where	yellowish	subretinal	material	accumulates	in	the	subretinal	space,	due	to	
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separation	of	the	photoreceptor	outer	segments	from	the	RPE	leading	to	decreased	

phagocytosis.	Perhaps	the	most	well-known	disease	related	to	RPE	is	macular	

degeneration,	estimated	to	cause	6%	of	blindness	worldwide	(Bourne	et	al,	WHO	Vision	

2020	GBVI	–	Global	Cause	Estimates.)	In	high	income	Western	Europe	and	North	

America,	AMD	accounts	for	11%	of	visual	impairment	(WHO	Vision	2020	GBVI	–	Regional	

Summaries).	In	macular	degeneration,	RPE	shows	loss	of	melanin	granules,	formation	of	

lipofuscin	granules,	and	accumulation	of	residual	bodies	(Regillo	et	al	2010).	Basal	

laminar	deposits	consisting	of	lipid-rich	material	and	collagen	fibers	accumulate	

between	the	plasma	membrane	of	the	RPE	and	inner	aspect	of	the	basement	membrane	

of	the	RPE	(Regillo	et	al	2010).	The	overlying	photoreceptor	cells	are	subsequently	

reduced	in	density	and	distribution	(Regillo	et	al	2010).	Macular	degeneration	is	an	age-

related	disease,	meaning	that	its	prevalence	increases	with	age	(Rudnicka	et	al	2012),	so	

one	might	expect	the	burden	of	disease	to	increase	as	the	population	ages.	However,	

projections	suggest	that	with	the	development	of	treatment	options,	prevalence	may	

actually	decrease	(Delcourt	et	al	2018,	Bourne	et	al	2018).		

	

Despite	its	importance,	little	is	known	about	the	normal	distribution	of	RPE	thickness	in	

the	non-diseased	state.	Post-mortem	histologic	study	suggests	increases	in	RPE	

autofluorescence	and	Bruch’s	membrane	(BM)	thickness	with	age	(Okubo	et	al	1999,	

Ramrattan	RS	et	al	1994).	Histologic	study	of	18	maculas	showed	mean	RPE	thickness	of	

14.1	μm	and	BM	thickness	of	4.7	μm	at	the	foveal	center	(Curcio	C	et	al	2011).	

Histological	studies	are	limited	in	that	they	are	post-mortem	or	utilize	enucleated	eyes	

and	can	be	easily	affected	by	artifact	during	handling	of	tissue.	In	vivo	investigations	

have	been	made	with	spectral	domain	optical	coherence	tomography	(OCT),	but	sample	
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sizes	remain	small.	A	study	of	25	healthy	individuals	showed	mean	RPE-BM	thickness	of	

22.7	μm	at	central	subfield,	and	also	suggests	that	the	thickness	increases	with	age	

(Karampelas	et	al	2013).	Another	study	of	120	people	age	18-81	also	found	increasing	

RPE	thickness	with	older	age	(Demirkaya	et	al	2013).	A	separate	study	of	127	normal	

eyes	found	the	opposite,	reporting	decreased	thickness	with	older	age	(Kenmochi	et	al	

2017).	To	our	knowledge,	there	has	been	no	large	study	examining	the	effects	of	other	

demographic	factors,	such	as	ethnicity,	and	its	relationship	with	RPE	thickness.	Yet,	one	

might	expect	ethnicity	to	play	a	role	in	RPE	morphology,	given	the	ethnic	associations	

with	macular	degeneration,	a	disease	with	findings	in	the	RPE	(Fisher	et	al	2016,	

VanderBeek	et	al	2011).	Understanding	the	physiologic	changes	of	RPE	may	aid	in	

research	and	development	of	therapeutic	options.	
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2.3.3	 Photoreceptors	

Light	entering	the	eye	must	pass	through	retina	to	reach	the	photoreceptors	(Regillo	et	

al	2010).	The	density,	distribution,	and	type	of	photoreceptors	vary	depending	on	

location	within	the	retina.	Cone	photoreceptors	are	specialized	for	colour	vision	at	

higher	light	levels,	and	responsible	for	high	spatial	acuity.	They	predominantly	occupy	

the	fovea,	with	density	over	140,000	cones/mm2.	Retinaldehyde	molecules	derived	from	

vitamin	A	are	bound	to	opsin	apoproteins.	Cones	have	three	different	opsins	that	are	

selectively	sensitive	to	red,	green,	and	blue	light.	Rod	photoreceptors	are	specialized	for	

vision	at	low	light	levels,	with	high	sensitivity	but	low	acuity.	The	opsin	molecules	of	rods	

are	known	as	rhodopsin.	Rods	predominantly	occupy	the	peripheral	retina,	with	

greatest	density	approximately	20	degrees	from	fixation,	and	peak	density	of	160,000	

rods/mm2.	Despite	the	high	density,	visual	acuity	remains	low,	as	multiple	rod	responses	

are	summated	within	each	receptive	field.	The	density	of	rod	photoreceptors	decreases	

toward	the	peripheral	retina.	

	

Photoreceptor	cells	appear	to	occupy	three	layers	when	viewed	with	OCT	(Figure	2.11),	

as	there	are	boundaries	visible	between	the	photoreceptor	outer	segment,	

photoreceptor	inner	segment,	and	photoreceptor	cell	bodies.	However,	the	boundary	

between	the	photoreceptor	cell	bodies	(also	known	as	the	outer	nuclear	layer)	and	the	

outer	plexiform	layer,	is	difficult	to	visualize	on	OCT.	The	next	boundary	that	is	readily	

visible	is	the	one	between	the	outer	plexiform	layer	and	the	inner	nuclear	layer.	
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Figure	2.11.	Optical	coherence	tomography	(upper	image)	and	automated	

segmentation	(bottom	image)	of	photoreceptors.	INL/OPL	=	boundary	between	inner	

nuclear	layer	and	outer	plexiform	layer.	ELM	=	external	limiting	membrane.	IS/OS	=	

boundary	between	inner	nuclear	layer	and	photoreceptor	outer	segment.	OS/RPE	=	

photoreceptor	outer	segment	and	retinal	pigment	epithelium.	(Adapted	from	Yang	et	al	

2010)	

	

	

	

	

Each	photoreceptor	is	composed	of	inner	and	outer	segment	containing	unique	

structures	with	specialized	functions,	cell	body	containing	a	nucleus,	and	a	synaptic	

terminal	where	neurotransmission	occurs	(Kolb	et	al	2012).	The	inner	segment	contains	

energy-generating	mitochondria,	protein-synthesizing	ribosomes,	and	membranes	
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where	opsin	molecules	are	assembled.	Opsins	are	then	passed	to	the	outer	segment,	

where	membrane	evaginations	and	invaginations	form	discs.	These	discs	detach	and	

become	free-floating	within	the	outer	segment	rods,	but	remain	attached	to	the	outer	

segment	membrane	in	cones.	The	opsin	molecule	binds	11-cis-retinaldhyde,	which	

converts	to	trans	formation	upon	absorption	of	a	light	photon,	resulting	in	

conformational	changes	that	activate	a	cascade	of	events.	Among	these	are	the	

activation	of	the	molecule	rhodopsin	to	metarhodopsin	II,	which	then	activates	the	G-

protein	transducin,	hydrolyzing	cGMP-phosphodiesterase,	leading	to	closing	of	a	

membrane	bound	cGMP-gated	cation	channel.	In	the	dark,	cation	channels	are	open	

with	a	steady	flow	of	current	such	that	the	photoreceptor	is	partially	depolarized.	The	

majority	(80%)	of	cations	are	Na+,	but	also	consist	of	components	of	Ca2+	(15%)	and	Mg2+	

(5%).	Light-stimulated	activation	cascade	causes	closure	of	these	cation	channels,	

stopping	the	dark	current	and	causing	the	photoreceptor	membrane	to	hyperpolarize.	

The	dark-state	partially	depolarized	photoreceptor	releases	the	amino	acid	glutamate,	

whereas	light	stops	neurotransmitter	release.	This	neurotransmitter	release	or	cessation	

then	affects	second-order	neurons.	

	

The	thickness	of	photoreceptor	layer	may	be	important.	Thinner	photoreceptor	layer	

has	been	found	to	be	linked	to	decreased	visual	sensitivity	(Asaoka	et	al	2017),	macular	

degeneration	(Kenmochi	et	al	2017),	and	extreme	hypertension	(Lee	et	al	2017).	

Perhaps	because	of	their	critical	role	in	visual	function,	much	has	been	published	

regarding	photoreceptors	and	physiologic	changes,	particularly	with	age.	Histological	

studies	show	rod	morphology	changes	beginning	in	the	fourth	decade,	described	as	

nodular	swelling	with	increased	diameter	of	2.5-3.5	μm,	initially	in	the	perimacular	
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region,	then	extending	to	all	areas	of	the	macula	with	advanced	age	(Marshall	et	al	

1979).	By	the	seventh	decade,	10-20%	of	rods	were	found	to	be	involved	(Marshall	et	al	

1979).	In	contrast,	cones	have	been	described	as	accumulating	refractile	bodies	of	

approximately	0.8	μm	in	size,	particularly	in	eyes	of	women	older	than	40	years	of	age	

(Tucker	GS	1986).	Among	men,	refractile	bodies	were	smaller,	fewer	in	number,	and	

involved	fewer	cones	(Tucker	GS	1986).	Metabolic	by-products	such	as	lipofuscin	have	

been	described	as	accumulating	in	both	rods	and	cones	(Iwasaki	and	Inomata	1988).	

One	might	expect	that	the	increase	in	accumulated	byproducts	might	be	associated	with	

thickening	of	the	photoreceptor	layer.	However,	there	is	a	reported	30%	decline	in	rod	

density	between	mid-life	and	the	9th	decade	(Curcio	et	al	1993).	A	study	of	55	normal	

eyes	counted	the	number	of	photoreceptor	inner	segments	on	photographic	images	of	

histological	slides	found	photoreceptor	density	decreased	at	a	rate	of	0.2%	–	0.4%	per	

year,	with	rods	affected	more	than	cones	(Panda-Jonas	et	al	1995).	Both	increased	

accumulation	of	byproducts	and	swelling	of	photoreceptors,	as	well	as	gradual	loss	of	

rods	and	cones,	may	affect	photoreceptor	thickness.	

	

Recent	imaging	techniques	have	allowed	study	of	photoreceptor	thickness	in	vivo.	

Despite	the	quantity	of	literature,	much	of	it	is	conflicting	with	some	groups	reporting	

thinner	photoreceptors	with	older	age	(Kenmoci	et	al	2017),	whereas	others	report	

greater	thickness	with	age	(Wei	et	al	2017,	Demirkaya	et	al	2013).	The	former	study	did	

not	find	an	association	with	sex	or	refractive	error	(Kenmoci	et	al	2017),	and	the	latter	

were	underpowered	for	more	detailed	associations	among	subgroups	(Wei	et	al	2017,	

Demirkaya	et	al	2013).	The	relatively	small	size	of	each	of	these	studies,	with	127	in	the	

former	(Kenmoci	et	al	2017),	and	74	and	120	in	the	latter	studies	(Wei	et	al	2017,	
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Demirkaya	et	al	2013),	may	have	been	biased	by	outliers	or	demographic	variation.	For	

instance,	Wei,	et	al.	included	6	people	who	were	white,	36	Asian,	and	32	Hispanic	but	no	

effort	was	made	to	account	for	these	ethnic	differences	in	the	statistical	analysis.		

	

	

	

2.3.4	 Outer	Plexiform	Layer	and	Inner	Nuclear	Layer	

Synapses	between	photoreceptors	and	second-order	neurons	occur	in	the	outer	

plexiform	layer.	The	outer	plexiform	layer	and	photoreceptor	layers	are	distinct	in	

histologic	section	(Figure	2.9),	but	cannot	be	reliably	segmented	with	current	OCT	

technology	(Figure	2.11).	The	outer	nuclear	layer	containing	photoreceptor	nuclei	and	

outer	plexiform	layer	containing	synaptic	connections	appear	together	on	OCT	

segmentation.	The	next	visible	boundary	is	that	between	the	outer	plexiform	layer	and	

inner	nuclear	layer.	The	latter	contains	the	cell	bodies	of	second-order	neurons.	

	

At	the	outer	plexiform	layer,	photoreceptors	synapse	with	bipolar	cells	and	horizontal	

cells	(Kolb	et	al	2012).		A	degree	of	integration	of	visual	signaling	occurs	here,	through	

successive	ON	and	OFF	pathways,	splitting	information	into	two	channels:	one	for	

detecting	objects	lighter	than	background	and	another	for	objects	darker	than	

background.	The	signal	interactions	also	create	simultaneous	contrast	of	visual	objects	

through	receptive	field	structure	with	a	center	contrasted	to	an	inhibitory	surround.	

	

Each	cone	photoreceptor	cell	synpases	1-to-1	with	a	single	bipolar	cell	known	as	the	

midget	bipolar,	whereas	multiple	rods	converge	on	a	single	bipolar	cell	(Regillo	et	al	
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2010).	Typically,	15	to	50	rods	synapse	with	a	single	bipolar	cell,	depending	on	central	

versus	peripheral	location	in	the	retina	(Kolb	et	al	2012),	but	the	number	of	rods	

synapsing	on	a	single	bipolar	cell	may	exceed	100	(Regillo	et	al	2010).	Bipolar	cells,	like	

photoreceptors,	have	a	graded	response	with	a	change	in	polarization	(Regillo	et	al	

2010).	Photoreceptors	are	in	a	depolarized	state	in	the	dark,	and	become	

hyperpolarized	in	light,	which	stimulates	release	of	glutamate	neurotransmitter.	In	

contrast,	bipolar	cells	may	respond	with	either	hyperpolarization	or	depolarization.	The	

hyperpolarizing	type	are	known	as	OFF-center	cells,	whereas	depolarizing	type	are	called	

ON-center	cells	(Kolb	et	al	2012).	Bipolar	cells	will	subsequently	synapse	with	ganglion	

cells,	which	have	a	single	type	of	excitatory	channel;	thus,	the	bipolar	cell	essentially	

determines	the	signal	status	that	the	ganglion	cell	will	deliver	to	the	brain.		

	

Horizontal	cells	act	as	laterally	interconnecting	neurons	in	the	outer	plexiform	layer	

(Kolb	et	al	2012).	They	are	further	connected	by	gap	junctions,	so	they	form	a	large	

interconnected	cell	network.	The	dendritic	trees	of	horizontal	cells	vary	in	size,	with	

smaller	trees	centrally	and	larger	ones	peripherally.	Horizontal	cells	hyperpolarize	in	

response	to	glutamate	neurotransmitter	from	photoreceptors.	They	summate	

information	from	across	a	wide	spatial	area	of	the	horizontal	cell	network,	and	provide	a	

feedback	response	to	photoreceptor	and	bipolar	cells.		

	

	

2.3.5	 Ganglion	Cell	Layer	and	Inner	Plexiform	Layer	

Bipolar	cells	synapse	with	ganglion	cells	at	the	inner	plexiform	layer,	with	signal	

modulation	by	amacrine	cells	(Kolb	et	al	2012,	Regillo	et	al	2010).	The	cell	bodies	and	
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nuclei	of	ganglion	cells	lie	in	a	layer	of	the	same	name.	The	inner	plexiform	layer	and	

ganglion	cell	layers	are	distinct	histologically	(Figure	2.9),	but	are	difficult	to	segment	

with	current	OCT	imaging	(Figure	2.12).	Thus,	they	are	often	treated	as	a	single	complex	

in	research	studies	using	OCT.	

	

Figure	2.12.	Optical	coherence	tomography	(upper	image)	and	automated	

segmentation	(bottom	image)	ganglion	cell	layer	–	inner	plexiform	layer	complex.	

NFL/GCL	=	boundary	between	nerve	fibre	layer	and	ganglion	cell	layer.	GCL-IPL	=	

boundary	between	ganglion	cell	layer	and	inner	plexiform	layer.	IPL/INL	=	boundary	

between	inner	plexiform	layer	and	inner	nuclear	layer.	(Adapted	from	Yang	et	al	2010)	
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Amacrine	cells	may	synapse	with	bipolar	cells,	ganglion	cells,	or	other	amacrine	cells.	

They	are	classified	based	on	morphology,	including	dendritic	tree	size	(small,	medium,	

large),	branching	characteristics	(tufted,	linear,	beaded,	etc),	and	stratification	within	

the	IPL.	Cajal	noted	strata	within	the	IPL,	with	cells	being	capable	of	making	synaptic	

interactions	within	the	same	strata,	but	not	across	disparate	strata	(Cajal	1892).	

Amacrine	cells	produce	inhibitory	neurotransmitters,	GABA	and	glycine,	to	further	

modulate	visual	signals	(Kolb	et	al	2012).	

	

Ganglion	cells	are	classified	according	to	cell	body	size,	dendritic	tree	spread,	branching	

patterns,	and	branching	level	in	the	strata	of	the	IPL	(Kohl	et	al	2012).	They	can	be		

monostratified	or	bistratified.	The	size	of	ganglion	cell	dendritic	trees	varies	depending	

on	distance	from	the	fovea,	with	the	smallest	dendritic	trees	near	the	fovea,	and	larger	

dendritic	spread	in	the	peripheral	retina.	The	two	most	common	types	of	ganglion	cells	

in	the	human	retina	are	the	parasol	and	midget	ganglion	cells,	which	project	to	the	

magnocellular	and	parvocellular	layers	of	the	lateral	geniculate	nucleus,	respectively.	

Parasol	ganglion	cells	are	also	known	as	M-cells	and	are	sensitive	to	luminance	changes	

in	dim	illumination	scotopic	conditions,	and	have	large	dendritic	fields	(Cioffi	et	al	2010).	

They	are	primarily	responsible	for	processing	information	related	to	motion,	and	are	not	

responsive	to	colour.	Midget	cells,	also	known	as	P-cells,	are	concentrated	in	the	central	

retina,	have	smaller	dendritic	fields,	and	smaller-diameter	axons.	Their	conduction	

velocity	is	slower,	and	are	specialized	in	colour	vision	under	higher	luminance	

conditions.	They	are	important	for	discerning	fine	detail	and	colour	vision.		
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Axons	of	ganglion	cells	form	the	nerve	fibre	layer,	which	will	pass	through	the	optic	

nerve	to	an	area	of	the	brain	known	as	the	dorsolateral	geniculate	nucleus	(Regillo	et	al	

2010).	Disruptions	of	these	pathways	have	been	associated	with	glaucoma,	the	second	

leading	cause	of	blindness	worldwide	(Kingman	2004).	Measurements	of	the	ganglion	

cell-inner	plexiform	layer	complex	have	been	shown	to	have	utility	in	detecting	

glaucoma	(Naghizdeh	et	al	2014,	Na	et	al	2012,	Sung	et	al	2012).	

	

GCL-IPL	thinning	among	different	age	groups	is	well	established,	both	in	histologic	

studies	(Gao	et	al	1992)	and	imaging	in	vivo	(Wei	et	al	2017,	Demirkaya	et	al	2013,	

Harwerth	and	Wheat	2008,	Zhang	et	al	2016,	Altay	et	al	2017,	Bloch	et	al	2017).	A	cross-

sectional	study	of	74	people	showed	0.21%	per	year	(equivalent	to	0.14	μm	per	year)	

difference	in	mean	GCL-IPL	thickness	over	a	span	of	six	decades	(Wei	et	al	2017).	A	

larger	cross-sectional	study	of	623	Chinese	adults	showed	an	association	of	thinner	GCL-

IPL	with	older	age	(β	=	−0.202,	P	<	0.001)	(Koh	et	al	2012).	This	is	consistent	with	results	

from	the	Advanced	Imaging	for	Glaucoma	Study	(AIGS),	which	provides	both	

longitudinal	and	cross-sectional	data,	showing	GCL-IPL	thickness	decreased	0.25	μm	per	

year	(SD	0.05,	P	<	0.001)	in	longitudinal	analysis	and	0.17	μm	thinner	per	year	of	

baseline	age	(SD	0.05,	P	<	0.001)	in	cross-sectional	analysis	(Zhang	et	al	2016).	The	Twins	

UK	study	analyzed	1657	healthy	participants	of	European	ancestry,	conducting	

heritability	analysis	using	maximum	likelihood	structural	equation	twin	modeling,	and	

found	significant	associations	with	age	(β	=	-0.14,	P	<0.001)	(Bloch	et	al	2017).		

	

While	GCL-IPL	thinning	with	age	has	been	described	by	multiple	sources,	the	

associations	with	other	variables	are	less	well	understood.	A	few	groups	with	larger	
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study	populations	have	attempted	to	study	variables	associated	with	GCL-IPL	thickness.	

A	Chinese	group	of	623	participants	found	an	association	between	thinner	GCL-IPL	with	

female	sex	(β	=	−2.367,	P	<	0.001)	and	axial	length	(β	=	−1.279,	P	=	0.002)	(Koh	et	al	

2012).	They	found	no	significant	association	with	IOP,	central	corneal	thickness,	or	

diabetes	(Koh	et	al	2012).	AIGS	found	no	association	with	IOP	(Zhang	et	al	2016).	They	

did	not	attempt	to	identify	associations	with	other	demographic,	ocular,	or	systemic	

factors.	TwinsUK	found	BMI	(β	=	-0.15,	P	=	0.001)	and	refractive	spherical	equivalence	

(β	=	0.70,	P	<0.001)	were	significantly	associated	with	GCL-IPL	thickness	in	multivariable	

modeling		(Bloch	et	al	2017).	Intraocular	pressure	was	not	significant	in	any	statistical	

model	(Bloch	et	al	2017).	Blood	pressure,	and	diabetic	indices	were	significant	in	

univariable	regressions,	but	not	significant	after	controlling	for	other	confounders	(Bloch	

et	al	2017).	Sex	was	also	not	significant	–	but	the	study	was	underpowered	due	to	the	

small	number	of	men	included	(174	or	10.5%)	(Bloch	et	al	2017).	Several	other	studies	

were	not	able	to	find	a	significant	association	with	sex	and	GCL-IPL	thickness	(Wang	et	al	

2016,	Mwanza	et	al	2011).		

	

	

	

2.3.6	 Retinal	Nerve	Fiber	Layer	

RNFL	is	a	potential	biomarker	for	detection	and	monitoring	of	ocular	and	neurologic	

diseases,	such	as	glaucoma,	multiple	sclerosis,	and	dementia	(Tuulonen	and	Airaksinen	

1991,	Fisher	et	al	2006,	Garcia	et	al	2014,	Coppola	et	al	2015).	Changes	in	RNFL	

thickness	correlate	with	optic	nerve	function	measured	by	perimetry	(Schuman	et	al	
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1995,	Miglior	et	al	2007)	and	multifocal	visual	evoked	potential	(Hood	et	al	2007,	Horn	

et	al	2012).	While	peripapillary	RNFL	remains	the	clinical	reference	standard,	there	is	

emerging	evidence	that	macular	retinal	nerve	fiber	layer	(mRNFL),	may	add	important	

additional	information	in	monitoring	diseases	such	as	glaucoma.	One	reason	for	this	is	

that	it	is	less	affected	by	anomalous	optic	disc	anatomy	(Rauscher	et	al	2009,	Akashi	et	

al	2013).	

	

The	retinal	nerve	fiber	layer	is	composed	of	axons	from	ganglion	cells	as	they	pass	

toward	the	optic	nerve.	It	appears	as	a	well-demarcated	hyperintense	layer	on	OCT	

(Figure	2.13).	The	fibers	are	distributed	in	an	arcuate	pattern,	arcing	toward	the	superior	

and	inferior	portions	of	the	retina	before	returning	toward	the	midline	and	entering	the	

optic	nerve	(Figure	2.14).	
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Figure	2.13.	Optical	coherence	tomography	(upper	image)	and	automated	

segmentation	(bottom	image)	of	retinal	nerve	fiber	layer.	ILM	=	internal	limiting	

membrane.	NFL/GCL	=	boundary	between	nerve	fiber	layer	and	ganglion	cell	layer.	

(Adapted	from	Yang	et	al	2010)	

	

	

Figure	2.14.	Diagram	of	nerve	fiber	layer	distribution	at	retina	of	left	eye.	Yellow	lines	

denote	nerve	fibers,	yellow	circle	denotes	optic	nerve,	red	lines	represent	blood	vessels.	
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Physiologic	changes	such	as	age	and	ethnicity	are	associated	with	RNFL	thickness	

(Schuman	et	al	1995).	Understanding	the	distribution	of	normal	mRNFL	thickness	values	

in	the	population	is	important	in	interpreting	results	of	imaging	tests.	Histologic	studies	

of	the	mRNFL	show	average	thicknesses	of	27,	34,	26,	and	12	μm	just	superior,	inferior,	

nasal,	and	temporal	to	the	foveola,	and	show	lower	thicknesses	in	older	people	(Varma	

et	al	1996).	Observed	cross-sectional	differences	between	older	and	younger	people	on	

OCT	(Sung	et	al	2009,	Jampel	et	al	2009)	suggest	that	RNFL	does	progressively	thin	with	

age.	Evidence	has	also	emerged	suggesting	that	mRNFL	is	associated	with	ethnicity,	with	

thinner	RNFL	seen	among	those	of	African	descent	(Tan	et	al	2009).	The	use	of	mRNFL	in	

clinical	management	of	disease	remains	limited	by	relatively	small	normative	databases.		

	

The	connection	between	retinal	nerve	fibre	layer	defects	and	glaucoma	has	been	well	

established.	Changes	in	nerve	fibre	layer	thickness	measured	by	OCT	have	been	shown	

to	correlate	with	visual	field	defects	(p<0.001)	(Schuman	et	al	1995).	In	a	comparative	

study	of	eyes	with	normal	characteristics,	ocular	hypertension,	and	glaucoma,	OCT	

showed	peripapillary	RNFL	was	significantly	thinner	among	eyes	with	ocular	

hypertension	(mean	72.8	μm,	95%	CI	66.4-78.1	μm)	and	glaucoma	(mean	44.4	μm,	95%	

CI	36.4-52.6	μm)	as	compared	to	normal	eyes	(85.8	μm,	95%	CI	80.2-91.7	μm;	p<0.001	

for	all	diagnostic	groups)	(Bowd	et	al	2000).	One	study	of	people	with	ocular	

hypertension	that	converted	to	glaucoma,	found	the	initial	sign	of	glaucomatous	

damage	could	be	either	generalized	thinning	or	localized	RNFL	thinning	(Tuulonen	et	al	

1991).	
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More	recently,	there	has	been	interest	in	other	diseases	associated	with	RNFL	damage,	

especially	neurologic	disease.	Conceptually,	the	retina	is	often	regarded	as	an	extension	

of	the	central	nervous	system	(Whitson	et	al	2015).	The	shared	embryological	origin	of	

the	retina	and	the	brain	means	that	retinal	microvasculature	and	neuronal	components	

offer	a	unique	“window”	on	tissues	that	are	closely	allied	to	intracranial	structures	

(Cheung	et	al	2014,	Wong	and	Mitchell	2007,	Liew	et	al	2009a,	Lloyd	et	al	1995).		If	the	

eye	is	an	extension	of	the	brain,	then	it	may	be	vulnerable	to	the	same	processes	that	

cause	neurodegenerative	diseases	(Whitson	et	al	2015).	It	has	been	suggested	

(Almarcegui	et	al	2010)	that	axonal	damage	in	the	brain	will	result	in	changes	to	the	

retinal	nerve	fibre	layer	(RNFL)	(Frohman	et	al	2006).	It	is	these	defects	that	may	be	the	

earliest	signs	of	neurological	diseases	like	Alzheimer’s	disease	(Garcia-Martin	et	al	2014,	

He	et	al	2012,	Hinton	et	al	1986).		

	

Several	studies	have	investigated	the	association	between	RNFL	and	Alzheimer’s	

disease,	and	suggested	that	such	patients	may	have	significantly	thinner	retina.	

Illustrating	this,	Gao	et.	al.	(2015)	found	that	patients	with	Alzheimer’s	disease	and	mild	

cognitive	impairment	showed	significantly	thinner	RNFL	compared	to	controls.	In	

addition,	they	also	found	volume	of	the	macula	lutea	in	both	patient	groups	were	

significantly	reduced	as	compared	to	controls.	A	different	study	carried	out	by	Garcia-

Martin	et.	al.	(2014)	reported	similar	findings	in	patients	with	mild	Alzheimer's.	The	data	

from	this	report	proposed	that	the	first	affected	area	of	the	retina	in	mild	Alzheimer’s	

disease	might	be	the	macular	area	and	that	as	the	disease	advances,	deterioration	of	

the	RNFL	becomes	more	evident.	However,	the	authors	were	unable	to	ascertain	

whether	the	macula	really	is	the	first	area	that	mild	Alzheimer’s	disease	affects,	or	
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whether	it	is	simply	the	first	place	with	enough	retinal	ganglion	cells	present	to	see	an	

effect.	The	findings	above	confirm	previous	reports	that	there	may	be	reduced	RNFL	

thickness	and	macular	volume	in	patients	with	Alzheimer’s	disease	and	mild	cognitive	

impairment	(Iseri	et	al	2006,	Kesler	et	al	2011,	Marziani	et	al	2013,	Paquet	et	al	2007,	

Danesh-Meyer	et	al	2006a,	Parisi	2003,	Parisi	et	al	2001,	Valenti	2007,	Shi	et	al	2014).	As	

well	as	in	the	areas	of	general	cognitive	decline	and	AD,	comparable	results	have	been	

found	in	studies	examining	the	association	between	retinal	abnormalities	and	Parkinson	

disease	(Inzelberg	et	al	2004,	Moschos	et	al	2011),	Lewy	body	dementia	(Moreno-Ramos	

et	al	2013)	and	multiple	sclerosis	(MS)	(Parisi	et	al	1999,	Saidha	et	al	2012,	Tatrai	et	al	

2012),	though	most	of	these	studies	were	limited	by	small	sample	size	(n=10-40).		

	

Understanding	RNFL	is	important	toward	current	clinical	use	in	managing	diseases	such	

as	glaucoma,	and	may	have	future	applications	for	cognitive	function.	
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2.4	 Cognitive	Function	

	

Cognitive	function	can	be	broadly	defined	as	cerebral	activities	related	to	mental	

processes	including	knowledge,	memory,	reasoning,	language,	and	attention.	Defects	in	

cognitive	function	are	found	in	dementia	such	as	Alzheimer’s	disease.	Dementia	is	the	

largest	neurodegenerative	condition	contributing	to	the	global	disease	burden	with	an	

estimated	prevalence	of	45,956,000	patients	world	wide	(Global	Burden	of	Disease	

Study	2015	in	Lancet	2017).	In	high-income	North	America,	dementia	is	ranked	top	

amongst	other	neurological	diseases	for	disability-adjusted	life-years	(Global	Burden	of	

Disease	Study	2015	in	Lancet	2017,	Saint	Martin	et	al		2017,	Hebert	et	al	2013).	

Prevalence	of	dementia	increases	with	age,	affecting	2-5%,	11%,	32%,	and	82%	of	

people	aged	over	60,	65,	75,	and	85	years	respectively	(Ferri	et	al	2005,	Hebert	et	al	

2013).	As	the	population	ages,	rates	of	dementia	in	Western	countries	are	expected	to	

increase,	doubling	every	20	years	to	81.1	million	worldwide	by	2040	(Ferri	et	al	2005).	

Others	project	the	prevalence	of	Alzheimer’s	Disease,	the	commonest	form	of	dementia,	

may	triple	by	2050	(Global	Burden	of	Disease	Study	2015	in	Lancet	2017,	Hebert	et	al	

2013,	Hebert	et	al	2003).	The	World	Health	Organization	estimated	that	dementia	

contributed	to	11.2%	of	years	lived	with	disability	in	people	aged	60	and	older,	more	

than	stroke	(9.5%),	cardiovascular	disease	(5.0%),	and	cancer	(2.4%)	(2003).	Not	only	

does	dementia	cause	disability,	but	there	is	an	economic	burden	as	well,	with	an	

estimated	$8.2	billion	yearly	in	the	United	Kingdom	for	institutional	care	(Comas-

Herrera	et	al	2005).	Informal	caregivers	such	as	family	members	may	need	to	cut	back	

on	work	hours,	costing	an	estimated	$18	billion	in	the	United	States	in	1998	(Langa	et	al	
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2001).	Globally,	an	estimated	46	million	people	are	living	with	dementia,	a	number	that	

is	expected	to	rise	to	131	million	by	2050	(Global	Burden	of	Disease	Study	2015	in	Lancet	

2017).	However,	if	onset	can	be	delayed	by	just	1	year,	the	projected	global	burden	

would	decrease	by	9	million	(Brookmeyer	et	al	2007).		

	

A	hindrance	to	the	development	of	new	treatments	to	prevent	dementia	is	the	lack	of	

markers	that	help	predict	who	will	be	affected	(Mormino	et	al	2014,	Wirth	et	al	2013).	

One	of	the	most	common	tests	of	cognitive	function	is	the	mini-mental	state	

examination	(MMSE).	It	is	a	30-point	questionnaire	requiring	5-10	minutes,	often	used	in	

clinical	settings	to	detect	early	signs	of	dementia	(Baek	et	al	2016).	It	has	good	sensitivity	

and	specificity	to	detect	mild	to	moderate	stages	of	dementia	(Baek	et	al	2016).	

However,	it	is	less	sensitive	for	mild	cognitive	impairment,	particularly	certain	areas	of	

cognitive	function	such	as	abstract	reasoning	(Baek	et	al	2016).	It	is	affected	by	

education	levels,	in	that	people	with	lower	education	or	socioeconomic	status	have	

more	false-positive	errors,	while	those	with	higher	education	have	a	ceiling	effect	

because	of	the	low	level	of	item	difficulty	(Baek	et	al	2016).	Other	tests	have	been	

developed,	including	the	Cambridge	Cognitive	Examination	(CAMCOG)	used	in	the	

Rotterdam	Study	(Breteler	et	al	1994).	The	CAMCOG	test	is	frequently	used	to	evaluate	

for	dementia	and	cognitive	impairment,	assessing	orientation,	language,	memory,	

abstract	thinking,	perception,	and	calculation	(Figueiredo	and	Salter	2009).	It	includes	67	

items,	though	is	sometimes	shortened	to	25	items	in	the	revised	Rotterdam	CAMCOG,	

and	requires	20-30	minutes	to	administer	(Figueiredo	and	Salter	2009).	It	is	not	subject	

to	ceiling	effect	of	the	MMSE	but	it	is	affected	by	education	and	social	class	(Huppert	et	



	
	

	 71	

al	1995).	Computerized	cognitive	function	tests	have	also	been	developed,	such	as	

CogState	(Falleti	et	al	2006).	Each	test	has	its	strengths	and	weaknesses.		

	

In	selecting	a	test,	one	must	consider	the	population	of	interest,	including	study	size,	

time	to	administer	test,	expected	level	of	cognitive	function,	and	indices	of	interest.	The	

first	two	are	important	toward	practicalities	of	study	design.	For	a	study	the	size	of	UK	

Biobank,	time	to	administer	can	be	costly,	upwards	of	500,000	GBP	per	minute	(personal	

correspondence,	Paul	Foster).	Thus,	one	ought	to	consider	what	portions	of	the	test	are	

pertinent	to	the	cognitive	level	of	the	study	population.	For	instance,	the	clock-drawing	

portion	of	the	MMSE	can	be	a	good	test	for	delirium,	but	is	unlikely	to	be	positive	in	a	

largely	healthy	population	presenting	for	voluntary	out-patient	study.	One	need	not	

necessarily	use	an	entire	battery	of	tests,	but	may	rather	select	specific	portions	that	

may	be	sensitive	within	the	population	of	interest	to	identify	relative	differences	and	

potential	associations.	UK	Biobank	used	four	main	tests:	prospective	memory,	pairs	

matching,	numeric	&	verbal	reasoning,	and	reaction	time.	These	will	be	described	

further	within	methods	section.	

	

While	testing	cognitive	function	is	critical	in	studying	dementia,	it	can	be	limited	in	the	

time	required	for	deficits	to	develop.	Also,	waiting	for	cognitive	deficits	to	develop	is	

necessarily	after	onset	of	disease.	The	ability	to	detect	sub-clinical	disease	would	be	

beneficial	to	increasing	the	speed	of	research,	developing	earlier	treatment	modalities,	

and	public	policy	planning	to	identify	at-risk	populations.	Magnetic	resonance	imaging	

(MRI)	can	identify	certain	structural	changes	that	may	be	related	to	future	risk	of	

dementia,	such	as	periventricular	and	subcortical	white	matter	lesions,	lacunar	infarcts,	
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and	atrophy	(Kantarci	2005,	Smith	et	al	2003,	Vermeer	et	al	2003).	However,	MRI	may	

not	be	useful	in	detecting	early	stages	of	disease,	and	is	limited	by	issues	of	spatial	

resolution,	time	of	image	acquisition,	motion	artifact,	and	cost	of	imaging.	As	a	result,	

the	retina	has	become	a	candidate	for	detection	of	cognitive	function	and	its	deficits.		

	

The	retina	shares	similar	embryologic	origin	as	neural	tissue	of	the	brain	(Regillo	et	al	

2010).	It	is	currently	visualized	and	measured	in	standard	ophthalmic	practice,	through	

direct	examination,	fundus	photography,	and	imaging	techniques	such	as	OCT.	The	

Rotterdam	study	found	an	association	between	retinopathy	and	prevalent	dementia	and	

Alzheimer’s	disease	(Schrijvers	et	al	2012).	Retinal	venular	widening	has	been	associated	

with	incident	dementia	(de	Jog	et	al	2011).	Larger	retinal	arteriolar	and	venular	calibres	

have	been	associated	with	lower	scores	on	memory	tests	(Ding	et	al	2011).	Some	have	

suggested	that	retinal	branching	patterns	may	be	related	to	blood	flow	and	ischemia	

(Tomita	et	al	2005,	Hammes	et	al	2011).	Decreased	retinal	vascular	fractal	dimension,	a	

measure	of	the	geometric	branching	complexity	and	density	of	retinal	vessels,	has	been	

associated	with	worse	scores	on	tests	for	cognitive	dysfunction	(Cheung	et	al	2014).	

However,	measurement	of	retinal	vascular	calibre	and	branching	can	be	time-consuming	

when	done	manually,	and	current	software	has	not	been	able	to	fully	automate	the	

process.	OCT	has	become	useful	as	a	measure	of	retinal	thickness,	with	fast	acquisition	

time,	automated	segmentation,	and	high	resolution	with	ability	to	identify	certain	

retinal	sub-layers	with	good	reliability.	OCT	is	a	non-invasive	imaging	tool	that	can	

produce	three	dimensional	cross-sectional	images	of	the	retina	and	permits	precise	and	

accurate	measurement	of	the	thickness	of	individual	retinal	components	(Huang	et	al	

1991,	Yang	et	al	2010).		



	
	

	 73	

	

The	RNFL	is	thinner	in	people	with	early	Alzheimer’s	Disease	(AD)	compared	to	normal,	

age-matched	controls	(Paquet	et	al	2007).	Similar	findings	have	been	reported	in	studies	

of	other	neurodegenerative	conditions	associated	with	cognitive	decline,	such	as	

Parkinson’s	disease	and	Lewy	body	dementia	(Weil	et	al	2016,	Moreno-Ramos	et	al	

2013).	More	recently,	studies	using	OCT	imaging	have	shown	that	RNFL	is	thinner	in	

people	with	early	cognitive	impairment	(Cheung	et	al	2015,	Garcia-Martin	et	al	2014,	

Coppola	et	al	2015).	A	cross-sectional	association	between	retinal	anatomy	and	

cognitive	function	has	been	documented	in	two	larger	community-based	studies	(van	

Kookwijk	et	al	2009,	Khawaja	et	al	2016).	Only	one	small,	prospective	study	has	shown	

that	a	mixed	cohort	of	78	people	with	normal	or	mildly	impaired	cognition	who	suffered	

future	cognitive	decline	also	showed	greater	reduction	of	RNFL	thickness	measured	by	

OCT	over	a	25	month	period	(Shi	et	al	2014).	At	the	time	of	this	writing,	no	major	studies	

existed	linking	retinal	structure	and	future	cognitive	function.	
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2.6	 Plan	of	Research	

	

The	eye	is	unique	as	compared	to	the	rest	of	the	body,	not	only	for	its	perceptive	

abilities,	but	also	for	the	ease	with	which	it	can	be	perceived	and	examined.	In	its	

natural	state,	both	the	anterior	and	posterior	segments	of	the	eye	can	be	directly	

visualized.	With	a	slit	lamp,	or	even	a	handheld	device,	the	top	three	causes	of	blindness	

worldwide	–	cataracts,	glaucoma,	and	macular	degeneration	–	can	largely	be	diagnosed	

by	direct	examination	(World	Health	Organization,	accessed	2018).	Partially	because	of	

the	ease	of	examination,	the	eye	can	be	a	site	where	pathology	elsewhere	in	the	body	

can	be	identified,	sometimes	as	a	direct	result	of	the	disease,	such	as	retinopathy	and	

diabetes;	or	through	shared	disease	processes,	such	as	hypertension	causing	both	renal	

and	retinal	vascular	changes	(Cioffi	et	al	2010,	Regillo	et	al	2010).	Interest	has	developed	

in	the	associations	between	the	eye	and	cognitive	function	(Global	Burden	of	Disease	

Study	2015	in	Lancet	2017,	Paquet	et	al	2007,	Weil	et	al	2016,	Moreno-Ramos	et	al	

2013).	However,	to	understand	pathology,	or	a	deviation	from	normal,	one	must	first	

understand	the	range	of	normal	variation.		

	

As	part	of	UK	Biobank,	UK	residents	aged	40–69	years	at	enrolment	underwent	baseline	

OCT	imaging	of	the	retina,	physical	examination,	and	answered	a	health	questionnaire.	

Eye	examination	included	Goldmann-adjusted	intraocular	pressure	(IOP)	and	refraction.	

Four	basic	cognitive	tests	were	performed	at	baseline,	then	repeated	in	a	subset	of	

participants	approximately	3	years	later.		
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The	current	analysis	includes	eyes	with	high-quality	OCT	images,	excluding	those	with	

eye	disease	or	vision	loss,	history	of	ocular	or	neurological	disease,	or	diabetes.	

Physiologic	and	demographic	associations	with	RPE,	photoreceptor	IS-OS,	GCL-IPL,	and	

RNFL	are	explored.	Additionally,	associations	are	explored	between	inner	retinal	

thickness	and	cognitive	function.	Further,	the	potential	of	RNFL	and	GCL-IPL	thickness	

measurement	to	identify	those	at	greater	risk	of	cognitive	decline	in	a	large	community	

cohort	of	healthy	people	are	examined,	using	multivariable	logistic	regression	modeling	

to	control	for	demographic	as	well	as	physiologic	and	ocular	variation.	
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SECTION	III:	

MATERIALS	AND	METHODS	
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3.1	 UK	Biobank	

	

UK	Biobank	study	is	a	multi-site	community-based	study	of	502,656	UK	residents	aged	

40–69	years	who	were	registered	with	the	National	Health	Service	(NHS)	from	22	study	

assessment	centers	between	2007-2010.	UK	Biobank	was	established	by	the	Wellcome	

Trust	medical	charity,	Medical	Research	Council,	Department	of	Health,	Scottish	

Government,	and	Northwest	Regional	Development	Agency	

(https://www.ukbiobank.ac.uk/about-biobank-uk/).	The	North	West	Multi-center	

Research	Ethics	Committee	approved	the	study	(REC	Reference	Number:	06/MRE08/65),	

in	accordance	with	the	principles	of	the	Declaration	of	Helsinki.	This	study	was	

conducted	under	generic	approval	from	the	NHS	National	Research	Ethics	Service	(Ref.	

11/NW/0382).	All	participants	gave	written	informed	consent.	Baseline	assessments	

took	place	at	22	centres	across	England,	Scotland	and	Wales	between	2006	and	2010.	

	

The	overall	study	protocol	(http://www.ukbiobank.ac.uk/resources/)	and	protocols	for	

individual	tests	(http://biobank.ctsu.ox.ac.uk/crystal/docs.cgi)	are	available	online.	In	

brief,	UK	residents	registered	with	the	NHS	received	an	invitation	to	participate	by	mail.	

Participants	answered	a	touch-screen	questionnaire	of	demographic,	socioeconomic	

and	health	information.	Health	examination	included	blood	pressure,	body	mass	index,	

and	blood	samples,	which	were	taken	for	biological	markers.	At	the	time	of	this	study,	

blood	sample	results	were	unavailable	for	analysis.	Eye	data	including	visual	acuity,	

autorefraction	(Tomey	RC5000,	Erlangen-Tennenlohe,	Germany),	Goldmann-corrected	

intraocular	pressure	(IOPG)	and	cornea-corrected	IOP	(IOPCC)	(Ocular	Response	Analyzer,	
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Reichert,	Depew,	NY,	USA)	were	collected	from	133,668	participants	in	2010.	Acquisition	

of	retinal	OCT	measurements	and	was	performed	in	67,318	of	these	participants.	

Ophthalmic	tests	were	performed	at	6	centers	distributed	across	the	United	Kingdom,	

including	Croydon	and	Hounslow	in	Greater	London,	Liverpool	and	Sheffield	in	Northern	

England,	Birmingham	in	the	Midlands,	and	Swansea	in	Wales.	

	

Participants	identified	their	own	ethnicity	as	either	white,	Chinese,	Asian	(in	this	cultural	

context,	the	majority	were	of	Indian	descent,	but	also	included	those	of	Pakistani,	

Bangladeshi,	and	others),	black,	mixed,	or	other.	I	combined	the	mixed	and	other	

categories	into	one	group.	The	Townsend	deprivation	index	was	determined	according	

to	the	participants'	postcodes	at	recruitment	and	the	corresponding	output	areas	from	

the	preceding	national	census.	The	index	was	calculated	on	the	basis	of	the	output	

area's	employment	status,	home	and	car	ownership,	and	household	condition;	the	

higher	and	more	positive	the	index,	the	more	deprived	an	area.	Smoking	status	was	

determined	by	the	participant's	answer	to	“Do	you	smoke	tobacco	now?”	Participants	

could	answer	“yes,”	“on	most	or	all	days,”	“only	occasionally,”	“no,”	or	“prefer	not	to	

answer.”	Diabetes	status	was	determined	as	those	who	answered	yes	to	“Has	a	doctor	

ever	told	you	that	you	have	diabetes?”	Glaucoma	and	macular	degeneration	status	were	

determined	as	those	who	selected	“glaucoma”	or	“macular	degeneration”	from	a	list	of	

eye	disorders	to	the	question,	“Has	a	doctor	told	you	that	you	have	any	of	the	following	

problems	with	your	eyes?”	
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3.2	 Inclusion	and	Exclusion	Criteria	

	

People	who	underwent	retinal	thickness	measurement	through	SDOCT	imaging	as	part	

of	UKBB	were	used	as	a	starting	point	for	analysis.	Participants	were	excluded	from	the	

analysis	if	they	withdrew	consent.	Images	were	excluded	if	missing	thickness	values	

from	Early	Treatment	of	Diabetic	Retinopathy	Study	(ETDRS)	subfields,	poor	OCT	signal	

strength	or	image	quality,	poor	centration	certainty,	or	poor	segmentation	certainty	

(poorest	20%	of	images	excluded	based	on	each	of	the	segmentation	indicators).	This	

led	to	the	identification	of	the	subset	of	people	with	good	quality,	well-centered	images,	

and	central,	stable	fixation	during	the	OCT	scan.	Participants	with	high	refractive	error	

(>+6	or	<-6	diopters),	visual	acuity	<20/25,	IOP	≥22	mmHg	or	≤5	mmHg,	self-reported	

ocular	disorders	(recent	eye	surgery,	corneal	graft,	ocular	injury,	glaucoma,	macular	

degeneration),	diabetes,	or	neurodegenerative	disease	were	excluded.	Finally,	if	both	

eyes	of	one	patient	were	eligible	for	inclusion	in	this	analysis,	one	eye	was	chosen	at	

random	using	randomization	software	in	STATA/SE	version	13.1	(StataCorp	LP,	College	

Station,	Texas,	USA)		(Figure	3.1).	At	this	point,	analyses	of	associations	between	retinal	

thickness	with	demographic,	physiologic,	and	ocular	factors	were	performed.	For	

associations	between	retinal	thickness	and	cognitive	function	at	baseline	and	3-year	

follow-up,	additional	exclusion	was	performed	based	on	whether	cognitive	function	

testing	was	performed.	Of	note,	availability	of	follow-up	cognitive	testing	was	based	on	

whether	a	participant	was	invited	back;	this	number	was	chosen	based	on	other	facets	

of	UK	Biobank,	rather	than	specifically	on	the	requirements	of	the	studies	undertaken	in	

this	thesis.		
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Figure	3.1.	Inclusion/exclusion	criteria	for	macular	RNFL	SDOCT.	Because	data	cleaning	
for	individual	layers	was	performed	separately,	manual	regrading	for	individual	layers	
were	also	performed	separately.	
	
*	Exact	numbers	included	differed	for	each	retinal	layer,	due	to	ease	of	segmentation	
and	imaging	quality.	Numbers	for	RNFL	are	shown	here,	as	this	was	used	in	analysis	of	
longitudinal	data.	For	other	layers,	numbers	are	shown	in	the	appropriate	subsections.	
	
Total	number	of	UK	Biobank	participants	with	SDOCT	scans	performed	=	67321	
	
	 5	participants	withdrew	consent	
	
Total	number	of	participants	with	SDOCT	scans	available	for	analysis	=	67316	
	

	Missing	ETDRS	subfield	macular	thickness	values	
(also	excludes	corrupted	files)*	

	 4551	Right	eyes	and	4972	left	eyes	
	
63912	People	 62765	Right	eyes	 62344	Left	eyes	
	
	 Scans	with	low	signal	strength	
	 5826	right	eyes	and	4893	left	eyes	
	
60971	People	 56939	Right	eyes	 57451	Left	eyes	 	
	
	 Scans	with	low	quality	
	 18533	right	eyes	and	18762	left	eyes	
	
49455	People	 38406	Right	eyes	 38689	Left	eyes	 	

	
	 Refractive	error	>6D	or	<-6D	
	 1537	right	eyes	and	1763	left	eyes	
	
47534	People	 36869	Right	eyes	 36926	Left	eyes	 	

	
	 Vision	worse	than	0.1	logMAR	
	 8986	right	eyes	and	8864	left	eyes	
	
38762	People	 27883	Right	eyes	 28062	Left	eyes	 	

	
	 Self-reported	glaucoma,	missing	IOP	measurement,	IOP	≥22	or	
≤5	
	 3056	right	eyes	and	3088	left	eyes	
	
35097	People	 24827	Right	eyes	 24974	Left	eyes	 	

	
	 Ocular	disorders	(corneal	graft,	injury,	macular	degeneration)	 	
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	 168	right	eyes	and	181	left	eyes	
	
34867	People	 24659	Right	eyes	 24793	Left	eyes	 	

	
	 Neurologic	disease	 	
	 106	right	eyes	and	115	left	eyes	
	
34703	People	 24553	Right	eyes	 24678	Left	eyes	 	

	
	 Diabetes	 	
	 1122	right	eyes	and	1116	left	eyes	
	
33070	People	 23431	Right	eyes	 23562	Left	eyes	 	

	
	 If	both	eyes	included,	one	eye	randomly	selected	
	
33070	People	 16418	Right	eyes	 16652	Left	eyes	 	

	
	 Manual	re-grading*	
	
33068	People	 16416	Right	eyes	 16652	Left	eyes	 	
	
	
	
Analyses	of	associations	between	thickness	of	retinal	layers	and		
demographic,	physiological,	and	ocular	characteristics	

	
	 Baseline	testing	of	cognitive	function	in	2009-2010	
	
32038	People	 15902	Right	eyes	 16136	Left	eyes	 	

	
	
	
Analyses	of	associations	between	RNFL	thickness	and		
baseline	cognitive	function	

	
	 Longitudinal	follow-up	of	cognitive	function	in	2012-2013	
	
1251	People	 615	Right	eyes	 613	Left	eyes	 	

	
	
	
Analyses	of	associations	between	RNFL	thickness	and		
cognitive	function	at	3-year	follow-up	
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3.3	 Eye	measures	and	OCT	Imaging	Protocol	

	

Eye	data	including	visual	acuity,	autorefraction,	Goldmann-corrected	and	cornea-

corrected	IOP	(IOPG	and	IOPCC,	respectively)	were	collected	from	133,668	participants	in	

2009-2010.	Participants	were	seated	in	a	darkened	room	and	asked	if	they	had	eye	

surgery,	when,	what	type,	and	which	eye.	If	a	participant	had	surgery	within	the	last	4	

weeks,	they	were	not	permitted	to	continue	with	ocular	measures.	Visual	acuity	was	

assessed	with	the	participant	seated	in	a	chair	placed	at	4-metres	from	a	LogMar	chart,	

and	wearing	their	usual	refractive	correction.	If	the	participant	normally	wears	

glasses/contacts,	but	has	forgotten	them,	this	fact	was	recorded.	The	right	eye	was	

measured	first,	followed	by	the	left	eye.	The	participant	was	asked	to	read	letters	aloud	

from	the	LogMar	chart,	with	the	test	terminating	when	two	out	of	five	letters	were	

incorrectly	read.	Next,	an	estimate	of	the	participant’s	refractive	error	was	obtained	

through	the	Tomey	autorefractor.	The	participant’s	head	was	positioned	within	the	

autorefractor	device,	and	standard	protocol	was	followed	to	obtain	measurement	

(http://biobank.ctsu.ox.ac.uk/crystal/docs/Refraction.pdf).	The	participant	then	

proceeded	to	Reichert	Ocular	Response	Analyzer	for	intraocular	pressure	measurement,	

and	again	standard	protocol	was	used	for	device	operation	

(http://biobank.ctsu.ox.ac.uk/crystal/docs/Intraocularpressure.pdf).	If	IOP	was	greater	

than	24,	then	the	test	was	repeated,	after	checking	the	participant’s	head	was	correctly	

positioned,	ensuring	no	air	was	in	the	way	of	the	machine’s	air	puff,	and	reminding	

participant	to	not	blink.	A	maximum	number	of	3	attempts	were	made.	
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OCT	imaging	was	performed	using	the	Topcon	3D	OCT	1000	Mk2	(Topcon	Inc.,	Oakland,	

NJ,	USA).	Image	acquisition	was	performed	after	visual	acuity,	autorefraction	and	IOP	

measurement	had	been	completed.	SDOCT	imaging	was	carried	out	with	lowest	possible	

illumination	conditions	but	without	pharmacological	dilation	of	the	pupils.	The	scan	

protocol	used	was	the	3-dimensional	6x6	mm2	macular	volume	scan	(512	horizontal	A	

scans	per	B	scan;	128	B	scans	in	a	raster	pattern).	The	right	eye	was	imaged	first,	then	

repeated	for	the	left	eye.		

	

	

3.4	 Analysis	of	Macular	Thickness	

	

All	OCT	images	were	stored	as	.fds	image	files	on	UK	Biobank	supercomputers	in	Oxford,	

UK.	As	part	of	the	original	UKBB	data	access	rules	and	procedures	for	bulk	data,	the	

stored	OCT	files	(source	data)	could	not	be	copied,	stored,	or	removed	outside	the	local	

Oxford	University	network.	Researchers	were	given	access	to	computers	at	the	central	

Biobank	data	repository	via	remote,	secure	log-in	and	could	then	install	any	analysis	

software	needed	on	the	UKBB	computers.	A	copy	of	each	preexisting	3-dimensional	OCT	

scan	file	was	retrieved	from	the	UKBB	database	before	running	the	segmentation	

analysis	software.	The	derived	data	were	then	extracted,	after	which	the	OCT	scan	file	

was	deleted.	Up	to	12	log-ins	were	implemented	in	parallel,	increasing	the	processing	

throughput	by	a	nearly	proportional	factor.	
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Version	v1.6.1.1	of	the	Topcon	Advanced	Boundary	Segmentation	(TABSTM)	(Yang	Q	et	al	

2010)	algorithm	was	used	to	identify	the	inner	retinal	surface	and	posterior	boundary	of	

the	nerve	fiber	layer.	Quality	control	measures	recommended	by	Topcon	included	the	

image	quality	score	(Q≥45),	internal	limiting	membrane	(ILM)	indicator	(≥7049.648),	

validity	count	(≥870),	and	motion	indicators	(minimum	motion	correlation	≥0.311721,	

maximum	motion	delta	≤5.484375,	maximum	motion	factor	≤5.183594).		The	image	

quality	score	identified	poor	scan	quality	and/or	segmentation	failures.	The	ILM	

indicator	was	a	measure	of	the	minimum	localized	edge	strength	around	the	ILM	

boundary	across	the	entire	scan.	It	was	useful	for	identifying	blinks,	scans	that	contain	

regions	of	severe	signal	attenuation,	and/or	segmentation	errors.	The	validity	count	

indicator	was	used	to	identify	scans	with	a	significant	degree	of	clipping	in	the	OCT	

scan’s	Z-axis	dimension.		The	motion	indicators	utilize	both	the	NFL	and	full	retinal	

thicknesses,	from	which	Pearson	correlations	and	absolute	differences	between	the	

thickness	data	from	each	set	of	consecutive	B-scans	were	calculated.		The	lowest	

correlation	and	the	highest	absolute	difference	in	a	scan	served	as	the	resulting	

indicator	scores.		This	last	group	of	indicators	served	to	identify	blinks,	eye	motion	

artifacts,	and	segmentation	failures.		It	should	be	noted	that	the	various	indicators,	

including	the	image	quality	score,	tend	to	be	highly	correlated	with	one	another.	

	

Boundaries	for	segmentation	of	OCT	images	are	shown	in	Figure	3.2.	Of	note,	

photoreceptor	thicknesses	were	analyzed	as	inner	segment	and	outer	segment	

together,	or	external	limiting	membrane	to	OS/RPE	boundary.	
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Figure	3.2.	Segmentation	boundaries	of	retinal	layers.	

	

	

	

3.5	 Manual	Re-grading	

	

After	initial	inclusion/exclusion	criteria	were	applied,	images	at	extremes	of	RNFL	

thickness	were	then	submitted	for	manual	re-grading	to	visually	identify	any	errors	in	

segmentation	or	abnormalities	of	retinal	morphology.	Because	of	the	large	size	of	the	

database,	it	was	not	feasible	to	manually	re-grade	every	image.	Rather,	images	were	

ordered	according	to	thickness,	and	systematic	manual	re-grading	performed	in	a	

stepwise	manner	(Figure	3.3).	The	image	with	the	greatest	thickness	was	reviewed	first.	

Next,	the	image	that	was	1	standard	deviation	less	than	the	thickest	image	was	

reviewed.	If	this	image	was	abnormal	(either	abnormal	morphology	or	segmentation	

error),	then	the	next	scan	chosen	for	review	was	1	standard	deviation	thinner.	This	was	

repeated	until	a	normal	scan	could	be	identified.	Once	a	normal	scan	was	identified,	the	

reviewer	would	choose	10	images	at	½	standard	deviation	greater	thickness	than	the	

normal	image	for	review.	If	any	of	the	10	images	were	abnormal,	the	reviewer	would	



	
	

	 86	

continue	using	the	same	algorithm	until	10	normal	images	could	be	identified.	This	

would	be	set	as	the	cutoff	when	we	felt	we	could	confidently	rely	on	automated	

segmentation.	All	images	greater	than	this	cutoff	thickness	were	then	discarded.	This	

process	was	then	repeated	at	the	opposite	end	of	the	thickness	spectrum,	beginning	

with	the	thinnest	image.	

	

Figure	3.3a.	Manual	re-grading	algorithm	for	reviewing	images	after	automated	

segmentation,	as	well	as	application	of	inclusion/exclusion	criteria.	
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Figure	3.3b.	Example	of	an	image	discarded	because	of	poor	segmentation	due	to	low	

image	quality.	

							 	

	

	

Figure	3.3c.	Example	of	an	image	that	passed	manual	re-grading.		
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3.6	 Cognitive	Function	

	

The	cognitive	tests	included	in	UK	Biobank	are	optimised	for	use	at	scale.	The	

constraints	of	cognitive	testing	at	scale	include	tests	being	brief,	self-explanatory,	and	

automated.	At	the	inception	of	UKBB	suitable	tests	did	not	exist	and	were	developed	

specifically	for	this	study.	To	maximize	comparability	with	other	datasets,	for	each	test	a	

standard	and	widely	used	test	paradigm	was	employed	as	a	template.	For	the	tests	

reported	in	this	study,	prospective	memory	is	an	embedded	task	and	comparable	to	that	

used	in	the	CAMCOG	interview.	Reaction	time	used	a	stop-go	paradigm.	Reasoning	

included	both	verbal	and	numeric	items	as	used	in	the	AH4.	The	pairs	test	is	a	paired	

associates	learning	task	designed	to	test	episodic	memory.	

	

The	distributions	of	test	scores	are	available	on	UK	Biobank	data	showcase	website	

http://biobank.ctsu.ox.ac.uk/crystal/.	As	expected,	reaction	time	was	log-normally	

distributed	and	reasoning	score	was	normally	distributed.	The	pairs	test	showed	a	

ceiling	effect	indicating	a	lack	of	sensitivity	for	high	performers	but	good	sensitivity	for	

low	performers.	The	distribution	of	the	prospective	memory	test	is	relatively	

uninformative	as	it	has	a	range	of	3.	Nevertheless,	most	individuals	achieved	the	

maximum	score	as	might	be	expected	in	a	normal	population.	

	

Reaction	time	has	a	monotonic	inverse	association	with	age	indicating	a	constant	

slowing	of	processing	speed	with	increasing	age	throughout	the	age	range.	Both	
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memory	scales	also	decline	monotonically	with	age.	Reasoning	is	poorer	only	in	older	

age	groups	indicating	a	substantial	crystalized	intelligence	component.	

	

Prospective	Memory	(http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=20018).	

For	the	Prospective	Memory	test,	participants	were	asked	to	engage	in	a	specific	

behavior	later	in	the	assessment:	‘At	the	end	of	the	games	we	will	show	you	four	

coloured	symbols	and	ask	you	to	touch	the	blue	square.	However,	to	test	your	memory,	

we	want	you	to	actually	touch	the	Orange	Circle	instead’.	Participants	were	scored	

depending	on	whether	they	completed	the	task	on	first	attempt,	second	attempt,	or	not	

at	all.	Below	is	a	screen	shot	of	the	image	shown	to	participants	(Figure	3.4).	

	

Figure	3.4.	Screen	shot	of	image	shown	during	prospective	memory	test.	
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Pairs	matching	/	Visual	memory	

(http://biobank.ctsu.ox.ac.uk/crystal/label.cgi?id=100030),	

Memory	was	measured	using	a	computerised	‘pairs	matching’	game.	There	were	three	

pairs	of	cards	with	matching	simple	symbols,	arranged	randomly	in	a	grid,	which	were	

presented	to	participants	on	a	computer	screen	for	three	seconds.	The	cards	were	then	

‘turned’	face	down.	The	participants	were	instructed	to	select,	from	recall	and	in	the	

fewest	number	of	attempts,	the	pairs	of	cards	that	had	matching	symbols.	There	was	no	

time	limit	and	the	participants	could	make	as	many	attempts	as	they	needed	to	find	all	

the	pairs.	Higher	scores	reflect	poorer	cognitive	function.	Figure	3.5	shows	an	example	

of	a	mis-match	when	participant	is	playing	pairs	game.	

	

Figure	3.5.	Example	of	a	participant	playing	pairs	game,	showing	results	of	a	mis-match.	
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Numeric	&	Verbal	Reasoning	(http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=20016)	

A	task	with	thirteen	logic/reasoning-type	questions	and	a	two-minute	time	limit	was	

labeled	as	‘fluid	intelligence’	in	UK	Biobank	protocol	but	is	hereafter	referred	to	as	

‘verbal-numerical	reasoning’.	There	were	six	verbal	items.	There	were	seven	numerical	

items,	involving	sequence	recognition	and	arithmetic.	Participants	were	required	to	

answer	all	the	items	within	two	minutes.	All	were	multiple-choice.	An	example	verbal	

item	is:	“Age	is	to	years	as	height	is	to?”	(answer	options	were,	

“Long/Deep/Top/Metres/Tall/Do	not	know/Prefer	not	to	answer”).	An	example	

numerical	item	is:	“150…137…125…114…104…	what	comes	next?”	(answer	options	

were,	“96/95/94/93/92/Do	not	know/Prefer	not	to	answer”).	The	total	score	out	of	

thirteen	was	recorded	and	used	for	the	present	study.	The	Cronbach	alpha	coefficient,	a	

measure	of	internal	consistency	or	how	closely	related	items	are	as	a	group,	for	the	

thirteen	items	was	0.62.	UK	Biobank	Field	IDs	(variable	names)	used	in	this	test,	with	

each	one	corresponding	to	each	of	the	13	items,	were	4935,	4946,	4957,	4968,	4979,	

4990,	5001,	5012,	5556,	5699,	5779,	5790,	and	5866.		

	

Reaction	time	(http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=20023)	

Participants	completed	a	timed	test	of	symbol	matching,	similar	to	the	common	card	

game	‘Snap’	conceptually	similar	to	some	‘Go/No-Go’	reaction	time	tasks.	Two	cards	

with	simple	symbols	(e.g.	a	square	or	equals	sign)	were	presented	to	participants	on	a	

computer	screen.	Participants	were	instructed	to	push	an	adjacent	button	box	as	quickly	

as	possible,	using	their	dominant	hand,	if	the	two	cards	had	identical	symbols.	After	

completing	four	practice	trials,	participants	completed	eight	experimental	trials,	of	

which	four	included	identical	pairs;	these	four	required	a	button	to	be	pressed.	Each	
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participant’s	reaction	time	score	was	calculated	as	the	mean	time	(in	msec)	to	push	the	

button	for	the	four	trials	in	which	the	stimuli	were	identical.	The	score	on	this	task	was	

the	mean	response	time	in	milliseconds	across	trials	that	contained	matching	pairs.	

Figure	3.6	shows	an	example	of	matching	cards	while	participant	is	playing	the	game.	

	

Figure	3.6.	Example	of	participant	performing	reaction	time	test,	with	matching	cards.	

 
	

	

Of	the	people	who	were	included	in	RNFL	analysis,	32901	completed	the	prospective	

memory	test,	32990	pairs	matching,	32161	numeric	&	verbal	reasoning,	and	32752	

reaction	time	at	the	baseline	test	of	cognitive	function	in	2006-2010.	Repeat	assessment	
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was	performed	in	2012-2013,	and	of	the	participants	analysed	at	baseline,	1256	

received	follow-up	prospective	memory	test,	1256	pairs	matching,	1254	numeric	&	

verbal	reasoning,	and	1253	reaction	time	testing.		

	

Test	failure	at	baseline	(2009-2010)	was	defined	as	an	incorrect	answer	on	first	attempt	

of	prospective	memory,	or	doing	worse	than	95%	of	participants	in	pairs	matching	(>2	

incorrect	matches),	numeric	and	verbal	reasoning	tests	(score<3)	or	reaction	time	(>770	

msec).	Performance	was	considered	worse	on	follow-up	testing	(2012-2013)	if	the	

number	of	attempts	increased	on	prospective	memory	test,	the	number	of	incorrect	

matches	increased	on	pairs	matching,	a	decrease	in	the	numeric	and	verbal	reasoning	

test	scores,	or	a	reaction	time	slowed	by	at	least	100	msec.	

	

	

	

3.7	 Statistical	Analysis	

	

Statistical	analyses	were	performed	using	STATA/SE	version	13.1	(StataCorp	LP,	College	

Station,	Texas,	USA).		Descriptive	statistics	were	used	to	report	sub-layer	thickness	in	all	

ETDRS	subfields	among	all	participants,	subsets	of	different	demographic	variables,	as	

well	as	ocular	and	systemic	variables.	For	continuous	variables,	mean,	standard	error	

(SE),	standard	deviation	(SD)	and	95%	confidence	intervals	were	calculated.	For	

categorical	variables,	proportions	expressed	as	percentages	and	95%	CIs	were	

calculated.	Unpaired	t-tests	were	performed	to	compare	percentages	and	means.	
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Scatter	plots	were	generated	to	further	evaluate	associations;	however,	given	the	large	

sample	size,	the	density	of	scatter	plots	is	difficult	to	interpret	(Figure	3.7).		

	

Figure	3.7.	Example	of	a	scatter	plot	of	age	and	RNFL	thickness	at	outer	nasal	subfield.	

	

	

	

	

For	associations	with	demographic,	physiological,	and	ocular	characteristics,	univariable	

linear	regression	analyses	were	performed	to	assess	associations	of	retinal	sub-layer	

thickness	in	each	ETDRS	subfield	with	age,	sex,	height,	ethnicity,	intraocular	pressure,	

refraction,	blood	pressure,	body	mass	index,	smoking	status.	Where	appropriate,	

continuous	variables	were	grouped	into	categories,	such	as	1-year	or	5-year	groupings	

of	age.	Variables	found	to	be	significant,	or	felt	to	be	potential	confounders,	were	

included	together	in	multivariable	regression	modeling.	Variables	such	as	systolic	and	
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diastolic	blood	pressure,	which	were	highly	likely	to	have	issues	with	covariance	were	

analyzed	individually,	but	not	included	together	in	multivariable	regression	modeling	(in	

the	example	of	blood	pressure,	only	systolic	blood	pressure	was	included	in	

multivariable	modeling).	Variables	such	as	education	and	deprivation,	which	may	be	

related	but	do	not	necessarily	co-vary,	where	added	to	multivariable	regression	

modeling	separately	before	including	together	in	a	single	model.	

	

For	cognitive	function,	linear	regression	analyses	were	first	used	to	test	associations	

between	cognitive	function	and	RNFL,	both	at	baseline	and	on	follow-up	testing.	Logistic	

regression	was	then	used	to	determine	odds	ratio	for	cognitive	deficit	and	decline	for	

each	quintile	of	retinal	thickness.	Further	testing	was	performed	to	determine	whether	

effects	were	additive;	i.e.,	doing	poorly	on	zero/one/two/three/four	tests	at	baseline.	

Multivariable	regression	modeling	was	performed	to	adjust	for	potential	confounders.	

Where	appropriate,	2-sided	hypothesis	testing	was	performed.	The	null	hypothesis	was	

rejected	if	p	<0.001,	with	threshold	chosen	based	on	the	formula	(0.05	/	number	of	tests	

performed).	

	

Values	were	considered	significant	if	p	<0.001.	This	threshold	was	partially	based	on	the	

correction	of	α	(0.05)	divided	by	the	number	of	tests	performed.	The	number	of	

analyses	performed	was	calculated	as	42	(4	retinal	layers	x	6	tests	per	layer	[age,	sex,	

race,	height,	refraction,	IOP]	+	2	retinal	layers	(photoreceptors	and	RPE)	x	3	tests	[blood	

pressure,	smoking,	BMI]	+	2	retinal	layers	(GCL-IPL	and	RNFL)	x	2	tests	[education	and	

deprivation]	+	2	retinal	layers	(GCL-IPL	and	RNFL)	x	4	types	of	cognitive	function	tests).	

For	each	retinal	layer,	9	subfields	were	available	for	analysis.	The	thickest	subfield	of	
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each	layer	was	chosen	for	determination	of	significance	and	drawing	conclusions,	as	it	

was	least	likely	to	be	subject	to	artefact.	However,	all	subfields	were	analyzed	to	assess	

for	consistency.	For	cognitive	function,	associations	were	assessed	for	whether	they	

were	consistent	across	multiple	types	of	cognitive	tests.	Finally,	results	were	compared	

with	literature	from	other	studies,	where	this	information	was	available.	
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SECTION	IV:	

RESULTS	
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4.1	 Retinal	Pigment	Epithelium	

	

	

4.1.1	 Contributors	to	Study	of	Retinal	Pigment	Epithelium	

I	am	grateful	to	the	following	people	for	their	contributions	to	this	work.	Paul	Foster	was	

critical	to	designing	the	eye	portion	of	UK	Biobank.	He	and	Praveen	Patel	provided	

guidance	in	design	and	conception	of	the	RPE	section	of	this	work.	Carlota	Grossi	shared	

her	own	work	on	a	related	topic	which	was	a	great	help	at	the	beginning	of	analysis	of	

this	large	dataset.	Qi	Yang	and	Charles	Reisman	performed	automated	segmentation	of	

OCT	images,	without	which	this	work	would	not	have	been	possible.	After	automated	

segmentation	of	images	were	performed,	I	reviewed	data	to	evaluate	for	outliers,	and	

recommended	images	to	Qi	Yang	for	manual	re-grading.	These	variables	were	then	

analyzed	by	myself.	Paul	Foster,	Nick	Strouthidis,	Praveen	Patel,	and	Andrew	Lotery	

were	involved	in	suggestions	for	improved	methods	of	analysis	as	the	work	evolved.	

Paul	Foster,	Praveen	Patel,	Nick	Strouthidis,	Yusrah	Shweikh,	Qi	Yang,	Charles	Reisman,	

Zaynah	Muthy,	Usha	Chakravarthy,	Andrew	Lotery,	Pearse	Keane,	and	Adnan	Tufail	

were	involved	in	the	reviewing	and	editing	phase.	With	the	exception	of	designing	UK	

Biobank	and	performing	automated	segmentation,	all	work	presented	here	was	

performed	by	me,	though	I	remain	grateful	to	the	many	contributors	and	collaborators	

who	improved	the	quality	of	this	work.	
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4.1.2	 Results	

67,321	people	underwent	OCT	macular	imaging,	with	51,987	having	high-quality	images,	

among	whom	34,752	people	had	refractive	error	within	6	diopters	of	emmetropia,	

vision	≥20/30,	no	self-reported	ocular	disorders,	and	no	neurological	disease	or	diabetes	

(Figure	4.1).	Images	at	the	upper	and	lower	extremes	were	manually	reviewed,	with	288	

images	excluded,	leaving	34,464	included	for	analysis	(Figure	4.1).	

	

Mean	age	was	56.0	years,	with	a	slightly	higher	number	of	women	(53.7%)	than	men.	

Mean	height	was	shorter	among	women	(163	cm)	than	men	(176	cm,	p<0.001).	The	

majority	of	participants	were	white,	with	129	Chinese,	898	Asians,	974	blacks,	and	795	

mixed/other.	There	were	more	left	eyes	than	right.	Mean	visual	acuity	was	-0.04	

logMAR,	mean	refraction	was	-0.05	diopters,	and	mean	IOP	was	15	mmHg	(Table	4.1).	
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Figure	4.1.	RPE-BM	inclusion/exclusion	criteria.	
	
	
Total	number	of	UK	Biobank	participants	with	OCT	scans	performed	=	67321	
	
	 5	participants	withdrew	consent	
	
Total	number	of	participants	with	OCT	scans	available	for	analysis	=	67316	
	

Missing	ETDRS	subfield	macular	thickness	values	
	 1371	Right	eyes	and	1808	left	eyes	
	
67155	People	 65953	Right	eyes	 65510	Left	eyes	
	
	 Scans	with	low	signal	strength	(Q)	
	 6102	right	eyes	and	5147	left	eyes	
	
64051	People	 59851	Right	eyes	 60363	Left	eyes	 	
	
	 Exclusion	based	on	20%	indicator	of	quality	
	 19466	right	eyes	and	19699	left	eyes	
	
51987	People	 40385	Right	eyes	 40664	Left	eyes	 	

	
	 High	refractive	error	(>6D	or	<-6D)	
	 1629	right	eyes	and	1855	left	eyes	
	
49954	People	 38756	Right	eyes	 38809	Left	eyes	 	

	
	 Vision	worse	than	0.1	logMAR	
	 9476	right	eyes	and	9305	left	eyes	
	
40717	People	 29280	Right	eyes	 29504	Left	eyes	 	

	
	 Self-reported	glaucoma,	missing	IOP	measurement,	IOP	≥22	or	≤5	
	 3201	right	eyes	and	3232	left	eyes	
	
36869	People	 26071	Right	eyes	 26256	Left	eyes	 	

	
	 Ocular	disorders	(corneal	graft,	injury,	macular	degeneration)	 	
	 172	right	eyes	and	188	left	eyes	
	
36631	People	 25899	Right	eyes	 26068	Left	eyes	 	

	
	 Neurologic	disease	 	
	 111	right	eyes	and	119	left	eyes	
	
36459	People	 25788	Right	eyes	 25949	Left	eyes	 	

	
	 Diabetes	 	
	 1170	right	eyes	and	1171	left	eyes	
	
34752	People	 24618	Right	eyes	 24779	Left	eyes	 	

	
	 If	both	eyes	included,	randomly	select	one	for	analysis	
	
34752	People	 17176	Right	eyes	 17576	Left	eyes	 	
	
	 Manual	re-grading	rejected	288	images	
	
34464	People	 17041	Right	eyes	 17423	Left	eyes	 	
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Table	4.1.	Basic	demographics	for	those	included	in	RPE-BM	analysis.	
	
	 Estimate	(95%	CI)	 N	=	34464	
*	Age	(mean	years)	 56.0	(55.9	–	56.1)	 SD	=	8.2	
+	Female	Gender	 53.7	(53.2	–	54.2)%	 	
*	Height	(mean	centimetres)	

Women	
Men	

169.2	(169.1	–	169.3)	
163.1	(163.0	–	163.2)	
176.3	(176.2	–	176.4)	

SD	=	9.2	
SD	=	6.3	
SD	=	6.8	

+	Ethnicity	
White	
Chinese	
Asian	
Black	
Mixed/Other	

	
91.8	(91.5	–	92.1)%	
0.4	(0.3	–	0.4)%	
2.6	(2.5	–	2.8)%	
2.8	(2.7	–	3.0)%	
2.3		(2.2	–	2.5)%	

	
	

+	Laterality	=	Right	eye	 49.4	(48.9	–	50.0)%	 	
*	Visual	acuity	(logMAR)	 -0.04	(-0.042	–	-0.039)	 SD	=	0.157	
*	Refraction	 -0.05	(-0.07	–	-0.03)	 SD	=	1.91	
*	IOP	(Goldmann	corrected)	 15.0	(15.0	–	15.1)	 SD	=	3.0	
*	mean	(95%	confidence	interval)	
+	percentage	(95%	confidence	interval)	
SD	=	standard	deviation	
	

	

A	histogram	of	RPE-BM	thickness	(Figure	4.2a)	shows	mean	thickness	of	26.3	μm	(SD	=	

4.8	μm)	in	the	central	subfield.	Figure	4.2b	shows	mean	RPE-BM	thickness	at	ETDRS	

subfields,	with	nasal	and	temporal	subfields	significantly	thicker	than	superior	or	inferior	

subfields	(p<0.001).	The	thickest	subfield	is	the	inner	nasal	subfield.	Results	remained	

consistent	for	women	and	men	(figure	4.2c).	Furthermore,	women	had	thicker	RPE-BM	

in	central	and	inner	superior	subfields	(p<0.001),	whereas	men	appeared	to	have	thicker	

RPE-BM	in	all	other	subfields	(p<0.001)	except	inner	inferior	subfield,	which	was	not	

significant.	
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Figure	4.2a.	Histogram	of	central	RPE-BM	thickness.	Mean	=	26.34	μm.	Standard	error	=	
0.02	μm.	Standard	deviation	=	4.80	μm.	
	

	 	
	
	
Figure	4.2b.	RPE-BM	thickness	at	different	retinal	subfields.	Mean	±	standard	deviation	
(µm).	P<0.001	for	t-test	of	all	subfields	compared	to	central	subfield.	
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Figure	4.2c.	RPE-BM	thickness	in	women	(pink)	and	men	(blue),	at	different	retinal	
subfields.	Error	bars	represent	95%	confidence	intervals.	T-test	of	women	versus	men,	
p<0.001	at	all	subfields	except	inner	inferior	(p=0.13).	
	
	

	
	

	

Figure	4.3a	shows	mean	central	RPE-BM	thickness	by	age.	Central	macular	subfield	RPE-

BM	complex	thickness	shows	no	significant	changes	between	ages	40-45;	however,	after	

age	46,	mean	thickness	declines	steadily	at	a	rate	of	0.10	μm	per	year	(p<0.001).	A	

similar	trend	is	evident	among	all	subfields	(figure	4.3b-c),	with	linear	regression	

showing	no	significant	changes	from	ages	40-45	and	negative	slope	after	age	46	in	every	

subfield	(p<0.001)	(Table	4.2).	At	all	ages,	nasal	and	temporal	subfields	are	significantly	

thicker	than	superior	and	inferior	subfields,	with	nasal	subfields	being	the	thickest	

(figures	4.3b-c).	
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Figure	4.3a.	Mean	central	RPE-BM	thickness	by	age.	Linear	regression	for	ages	45	and	
younger	=	27.3	+	0.004	(per	year),	p=0.93.	Linear	regression	for	ages	46	and	older	=	
31.74	-	0.10	(per	year),	p<0.001.	Error	bars	=	95%	confidence	interval.	
	

	
	
	
Figure	4.3b.	Mean	RPE-BM	thickness	of	inner	subfields	by	age.	Error	bars	=	95%	
confidence	interval.	
	

	
	
Figure	4.3c.	Mean	RPE-BM	thickness	of	outer	subfields	by	age.	Error	bars	=	95%	
confidence	interval.	
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Table	4.2.	Linear	regression	of	RPE-BM	thickness	at	subfields,	by	age.	CI	=	confidence	
interval.	
	

	 Slope	 95%	CI	 p-value	
Age	40-45	 	 	 	 	
Central	 0.004	 -0.09	 0.1	 0.93	
Inner	Temporal	 0.02	 -0.06	 0.11	 0.59	
Inner	Superior	 -0.02	 -0.11	 0.06	 0.56	
Inner	Nasal	 0.05	 -0.03	 0.14	 0.24	
Inner	Inferior	 0.001	 -0.09	 0.09	 0.99	
Outer	Temporal	 0.03	 -0.04	 0.1	 0.48	
Outer	Superior	 -0.01	 -0.07	 0.05	 0.74	
Outer	Nasal	 0.04	 -0.04	 0.11	 0.32	
Outer	Inferior	 -0.002	 -0.06	 0.05	 0.94	
	 	 	 	 	
Age	46-70	 	 	 	 	
Central	 -0.1	 -0.1	 -0.09	 <0.001	
Inner	Temporal	 -0.04	 -0.05	 -0.04	 <0.001	
Inner	Superior	 -0.07	 -0.08	 -0.07	 <0.001	
Inner	Nasal	 -0.04	 -0.05	 -0.04	 <0.001	
Inner	Inferior	 -0.07	 -0.08	 -0.07	 <0.001	
Outer	Temporal	 -0.04	 -0.05	 -0.04	 <0.001	
Outer	Superior	 -0.04	 -0.05	 -0.04	 <0.001	
Outer	Nasal	 -0.06	 -0.06	 -0.05	 <0.001	
Outer	Inferior	 -0.06	 -0.06	 -0.05	 <0.001	

	

	

When	RPE-BM	thickness	is	compared	amongst	different	ethnicities,	black	ethnicity	

shows	significantly	greater	thickness	at	every	subfield	(Figure	4.4a-c).	White,	Chinese,	

and	Asian	ethnicities	show	similar	central	RPE-BM	thickness.	When	RPE-BM	thickness	is	

analyzed	by	refraction,	hyperopes	show	significantly	thicker	central	RPE-BM,	with	linear	

regression	estimating	an	increase	of	0.2	μm/dioptre	(figure	4.5a).	A	similar	trend	is	seen	

for	all	subfields	(figure	4.5b-c,	Table	4.3).		
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Figure	4.4a.	Mean	central	RPE-BM	thickness	by	race.	Error	bars	=	95%	confidence	
interval.	

	
	

	
Figure	4.4b.	Mean	RPE-BM	thickness	of	inner	subfields	by	race.	Error	bars	=	95%	
confidence	interval.	
	

	
	
	
Figure	4.4c.	Mean	RPE-BM	thickness	of	outer	subfields	by	race.	Error	bars	=	95%	
confidence	interval.	
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Figure	4.5a.	Mean	central	RPE-BM	thickness	by	refraction.	Linear	regression	=	26.4	+	
0.2	(per	dioptre),	p<0.001.	Error	bars	=	95%	confidence	interval.	
	

	
	
	
Figure	4.5b.	Mean	RPE-BM	thickness	of	inner	subfields	by	refraction.	Error	bars	=	95%	
confidence	interval.	
	

	
	
Figure	4.5c.	Mean	RPE-BM	thickness	of	outer	subfields	by	refraction.	Error	bars	=	95%	
confidence	interval.	
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Table	4.3.	Linear	regression	of	RPE-BM	thickness	at	subfields,	by	refraction.	
	

	 Slope	 95%	CI	 p-value	
Central	 0.19	 0.16	 0.23	 <0.001	
Inner	Temporal	 0.25	 0.22	 0.28	 <0.001	
Inner	Superior	 0.20	 0.18	 0.23	 <0.001	
Inner	Nasal	 0.12	 0.09	 0.15	 <0.001	
Inner	Inferior	 0.26	 0.23	 0.28	 <0.001	
Outer	Temporal	 0.25	 0.23	 0.27	 <0.001	
Outer	Superior	 0.13	 0.11	 0.15	 <0.001	
Outer	Nasal	 0.05	 0.03	 0.08	 <0.001	
Outer	Inferior	 0.03	 0.01	 0.05	 0.001	
	
	
	
	

To	determine	whether	race	and	refraction	are	potential	confounders,	RPE-BM	

thicknesses	are	plotted	for	both	variables	(figure	4.6;	Chinese	and	mixed/other	excluded	

due	to	small	numbers	in	race/refraction	sub-groups).	At	central	subfield,	black	ethnicity	

continues	to	show	the	greatest	RPE-BM	thickness,	with	Asian	and	white	ethnicity	

demonstrating	similar	RPE-BM	thicknesses.	Among	whites,	there	continues	to	be	a	trend	

toward	increasing	central	RPE-BM	thickness	per	dioptre	increase	in	refraction;	however,	

this	effect	is	small	compared	to	ethnic	differences.	Among	Asians	and	blacks,	there	is	no	

trend	in	central	RPE-BM	thickness	by	refraction.	The	effects	of	ethnicity	and	refraction	

on	RPE-BM	thickness	remain	consistent	for	all	subfields,	with	ethnicity	effects	

overshadowing	that	of	increased	mean	RPE	thickness	with	increased	hyperopia	(Figure	

4.7).	
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Figure	4.6.	Mean	central	RPE-BM	thickness	by	ethnicity	and	refraction.	Linear	
regression	for	white	ethnicity		=	26.15	+	0.21	(per	dioptre),	p<0.001;	Asian	ethnicity	=	
26.39	+	0.11	(per	dioptre),	p>0.49;	black	ethnicity	=	30.36	+	0.23	(per	dioptre),	p=0.22.	
Error	bars	=	95%	confidence	interval.	

	
	
Figure	4.7a-h.	Mean	RPE-BM	thickness	of	subfields	by	ethnicity	and	refraction.		
Error	bars	=	95%	confidence	interval.	
	

a) Inner	temporal	subfield.	

	
	

b) Inner	superior	subfield.	
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c) Inner	nasal	subfield.	

	
	

d) Inner	inferior	subfield.	

	
	

e) Outer	temporal	subfield.	

	
	

f) Outer	superior	subfield.	
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g) Outer	nasal	subfield.	

	
	

h) Outer	inferior	subfield.	

	
	

	

	

The	relationship	between	RPE-BM	thickness	and	IOP	is	illustrated	in	figure	6.	In	the	

central	subfield,	higher	IOP	is	correlated	with	thinner	RPE-BM	thickness,	with	regression	

slope	of	-0.08	μm	per	mmHg	(p<0.001)	(figure	4.8a).	This	trend	is	consistent	across	all	

subfields	(figure	4.8b-c).	
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Figure	4.8a.	Mean	central	RPE-BM	thickness	by	IOP.	Linear	regression	for	IOP	8mmHg	
and	greater	=	27.47	-	0.08	(per	mmHg),	p<0.001.	Error	bars	=	95%	confidence	interval.	
	

	
	
Figure	4.8b.	Mean	RPE-BM	thickness	of	inner	subfields	by	IOP.	Error	bars	=	95%	
confidence	interval.	
	

	
	
	
Figure	4.8c.	Mean	RPE-BM	thickness	of	outer	subfields	by	IOP.	Error	bars	=	95%	
confidence	interval.	
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A	dose	response	with	smoking	status	was	not	observed	but	significant	differences	were	

detected	between	the	different	classes	of	smoking	habit.	Current	smoking	habit	did	not	

correlate	with	RPE-BM	thickness	(Table	4.4).	Former	smokers	had	significantly	thinner	

RPE-BM	than	non-smokers	(26.1	μm	and	16.5	μm	respectively,	p<0.001)	in	the	central	

subfield.		Current	smokers	who	classified	themselves	as	regular	smokers	showed	

significantly	thicker	RPE-BM	as	compared	to	non-smokers	at	outer	temporal	(p<0.001)	

and	outer	inferior	(p<0.001)	subfields.	Current	smokers	were	not	significantly	different	

from	non-smokers,	regardless	of	whether	they	smoked	occasionally	or	on	most/all	days	

for	inner	superior,	inner	nasal,	and	inner	inferior	subfields	which	showed	the	same	trend	

(Table	4.4).		Occasional	smokers	had	significantly	thicker	RPE-BM	at	outer	temporal	

(p<0.001),	outer	nasal	(p<0.001),	and	outer	inferior	(p<0.001)	subfields	(Table	4.4).	
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Table	4.4.	Mean	RPE-BM	thickness	at	subfields	by	smoking	status.	SE	=	standard	error,	
CI	=	confidence	interval.	
	
Central	 Mean	 95%	CI	 P-value	

No	 26.47	 26.40	 26.53	 Reference	
Former	smoker	 26.11	 26.02	 26.19	 <0.001	
Yes,	occasional	 26.50	 26.21	 26.78	 0.83	
Yes,	most	or	all	days	 26.36	 26.17	 26.55	 0.32	

Inner	temporal	 	 	 	 	
No	 26.11	 26.05	 26.17	 Reference	
Former	smoker	 26.02	 25.95	 26.1	 0.07	
Yes,	occasional	 26.23	 25.98	 26.48	 0.38	
Yes,	most	or	all	days	 26.39	 26.22	 26.56	 0.003	

Inner	superior	 	 	 	 	
No	 24.57	 24.51	 24.63	 Reference	
Former	smoker	 24.38	 24.30	 24.45	 <0.001	
Yes,	occasional	 24.72	 24.47	 24.97	 0.25	
Yes,	most	or	all	days	 24.63	 24.46	 24.8	 0.5	

Inner	nasal	 	 	 	 	
No	 27.15	 27.09	 27.21	 Reference	
Former	smoker	 27.04	 26.97	 27.12	 0.02	
Yes,	occasional	 27.18	 26.92	 27.45	 0.81	
Yes,	most	or	all	days	 27.16	 26.99	 27.34	 0.89	

Inner	inferior	 	 	 	 	
No	 24.74	 24.68	 24.80	 Reference	
Former	smoker	 24.52	 24.45	 24.60	 <0.001	
Yes,	occasional	 24.83	 24.57	 25.08	 0.52	
Yes,	most	or	all	days	 24.79	 24.62	 24.97	 0.58	

Outer	temporal	 	 	 	 	
No	 25.57	 25.52	 25.62	 Reference	
Former	smoker	 25.61	 25.55	 25.67	 0.3	
Yes,	occasional	 25.90	 25.69	 26.12	 <0.001	
Yes,	most	or	all	days	 26.09	 25.94	 26.24	 <0.001	

Outer	superior	 	 	 	 	
No	 24.33	 24.29	 24.37	 Reference	
Former	smoker	 24.24	 24.19	 24.29	 0.01	
Yes,	occasional	 24.55	 24.38	 24.73	 0.02	
Yes,	most	or	all	days	 24.47	 24.34	 24.59	 0.04	

Outer	nasal	 	 	 	 	
No	 26.84	 26.79	 26.89	 Reference	
Former	smoker	 26.83	 26.76	 26.89	 0.73	
Yes,	occasional	 27.20	 26.97	 27.43	 <0.001	
Yes,	most	or	all	days	 27.13	 26.98	 27.29	 <0.001	

Outer	inferior	 	 	 	 	
No	 23.98	 23.95	 24.02	 Reference	
Former	smoker	 23.91	 23.86	 23.96	 0.02	
Yes,	occasional	 24.30	 24.13	 24.47	 <0.001	
Yes,	most	or	all	days	 24.17	 24.06	 24.29	 <0.001	
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There	is	no	significant	association	between	systolic	blood	pressure	(Figure	4.9a,	Table	

4.5),	diastolic	blood	pressure	(Figure	4.9b,	Table	4.5),	or	body	mass	index	(Figure	4.10a,	

Table	4.6).	Body	mass	index	and	ethnicity	were	considered	together,	and	again	no	

association	was	identified	(Figure	4.10b).	

	

Figure	4.9a.	Mean	of	central	RPE-BM	thickness	by	systolic	blood	pressure.	Error	bars	=	
95%	confidence	interval.	
	

	
	
Figure	4.9b.	Mean	of	central	RPE-BM	thickness	by	diastolic	blood	pressure.	Error	bars	=	
95%	confidence	interval.	
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Table	4.5.	Linear	regression	of	RPE-BM	thickness	at	subfields,	by	systolic	and	diastolic	
blood	pressure.	CI	=	confidence	interval.	
	

	 Slope	 95%	CI	 p-value	
Systolic	blood	pressure	
(per	mmHg)	

	 	 	 	

Central	 -0.01	 -0.02	 -0.01	 <0.001	
Inner	Temporal	 0.00	 0.00	 0.00	 0.06	
Inner	Superior	 -0.01	 -0.01	 -0.01	 <0.001	
Inner	Nasal	 0.00	 -0.01	 0.00	 0.01	
Inner	Inferior	 -0.01	 -0.01	 -0.01	 <0.001	
Outer	Temporal	 0.00	 0.00	 0.00	 0.88	
Outer	Superior	 0.00	 0.00	 0.00	 0.16	
Outer	Nasal	 0.00	 0.00	 0.00	 0.02	
Outer	Inferior	 0.00	 -0.01	 0.00	 <0.001	
	 	 	 	 	
Diastolic	blood	
pressure	(per	mmHg)	

	 	 	 	

Central	 -0.01	 -0.01	 0.00	 0.002	
Inner	Temporal	 0.01	 0.00	 0.01	 0.03	
Inner	Superior	 0.00	 -0.01	 0.00	 0.22	
Inner	Nasal	 0.00	 0.00	 0.01	 0.15	
Inner	Inferior	 0.00	 -0.01	 0.00	 0.22	
Outer	Temporal	 0.01	 0.01	 0.01	 <0.001	
Outer	Superior	 0.00	 0.00	 0.01	 0.002	
Outer	Nasal	 0.01	 0.00	 0.01	 0.001	
Outer	Inferior	 0.00	 0.00	 0.01	 0.01	
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Figure	4.10a.	Mean	central	RPE-BM	thickness	by	body	mass	index.	Error	bars	=	95%	
confidence	interval.	
	

	
	
	
	
	
Figure	4.10b.	Mean	central	RPE-BM	thickness	by	body	mass	index	and	ethnicity.	
Chinese	not	shown	due	to	small	numbers	
	

	
	
	
Table	4.6.	Linear	regression	of	RPE-BM	thickness	at	subfields,	per	unit	increase	in	BMI	
(kg/m2).	CI	=	confidence	interval.	
	

	 Slope	 95%	CI	 p-value	
Central	 0.01	 0.00	 0.02	 0.02	
Inner	Temporal	 0.03	 0.02	 0.04	 <0.001	
Inner	Superior	 0.00	 -0.01	 0.01	 0.52	
Inner	Nasal	 0.02	 0.01	 0.03	 <0.001	
Inner	Inferior	 0.01	 0.00	 0.02	 0.20	
Outer	Temporal	 0.02	 0.02	 0.03	 <0.001	
Outer	Superior	 0.00	 -0.01	 0.00	 0.63	
Outer	Nasal	 0.01	 0.00	 0.02	 <0.001	
Outer	Inferior	 0.00	 -0.01	 0.00	 0.25	
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As	height	and	sex	may	be	potential	confounders,	the	two	variables	were	examined	

separately	and	together	(Figure	4.11,	Table	4.7a-b).	When	regression	analysis	was	

performed	together	for	sex	and	height,	changes	in	significance	were	noted	at	central	

subfield,	which	remained	significantly	thicker	among	women;	inner	inferior	subfield,	

which	was	no	longer	statistically	significant;	and	inner	inferior	subfield,	which	became	

significantly	thicker	among	men.		

	

	

Figure	4.11.	Mean	RPE-BM	thickness	by	height.	Error	bars	=	95%	confidence	interval.	
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Table	4.7.	Univariable	and	multivariable	regression	of	RPE-BM	thickness	at	subfields,	
by	sex	and	height.		
	
Table	4.7a.	Univariable	regression	of	RPE-BM	thickness	at	subfields,	by	sex	and	height.	
	 	 Coefficient	 95%	CI	 P-value	
Center	 	 	 	 	 	
	 Female	(vs.	Male)	 0.41	 0.32	 0.51	 <0.001	
	 Height	(per	cm)	 -0.02	 -0.03	 -0.02	 <0.001	
Inner	Temporal	 	 	 	 	
	 Female	(vs.	Male)	 -0.49	 -0.58	 -0.40	 <0.001	
	 Height	(per	cm)	 0.02	 0.01	 0.02	 <0.001	
Inner	Superior	 	 	 	 	
	 Female	(vs.	Male)	 0.25	 0.16	 0.34	 <0.001	
	 Height	(per	cm)	 -0.01	 -0.02	 -0.01	 <0.001	
Inner	Nasal	 	 	 	 	 	
	 Female	(vs.	Male)	 -0.53	 -0.62	 -0.44	 <0.001	
	 Height	(per	cm)	 0.02	 0.02	 0.03	 <0.001	
Inner	Inferior	 	 	 	 	
	 Female	(vs.	Male)	 0.00	 -0.09	 0.09	 0.98	
	 Height	(per	cm)	 -0.01	 -0.01	 0.00	 0.009	
Outer	Temporal	 	 	 	 	
	 Female	(vs.	Male)	 -0.75	 -0.82	 -0.68	 <0.001	
	 Height	(per	cm)	 0.03	 0.03	 0.03	 <0.001	
Outer	Superior	 	 	 	 	
	 Female	(vs.	Male)	 -0.44	 -0.50	 -0.38	 <0.001	
	 Height	(per	cm)	 0.02	 0.01	 0.02	 <0.001	
Outer	Nasal	 	 	 	 	 	
	 Female	(vs.	Male)	 -1.07	 -1.14	 -0.99	 <0.001	
	 Height	(per	cm)	 0.05	 0.04	 0.05	 <0.001	
Outer	Inferior	 	 	 	 	
	 Female	(vs.	Male)	 -0.45	 -0.51	 -0.39	 <0.001	
	 Height	(per	cm)	 0.02	 0.02	 0.02	 <0.001	
CI	=	confidence	interval.	
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Table	4.7b.	Multivariable	regression	of	RPE-BM	thickness	at	subfields,	combining	sex	
and	height.		
	
	 	 Coefficient	 95%	CI	 P-value	
Center	 	 	 	 	 	
	 Female	(vs.	Male)	 0.28	 0.14	 0.41	 <0.001	
	 Height	(per	cm)	 -0.01	 -0.02	 0.00	 0.007	
Inner	Temporal	 	 	 	 	
	 Female	(vs.	Male)	 -0.54	 -0.66	 -0.42	 <0.001	
	 Height	(per	cm)*	 0.00	 -0.01	 0.00	 0.31	
Inner	Superior	 	 	 	 	
	 Female	(vs.	Male)*	 0.10	 -0.02	 0.22	 0.1	
	 Height	(per	cm)	 -0.01	 -0.02	 0.00	 0.001	
Inner	Nasal	 	 	 	 	 	
	 Female	(vs.	Male)	 -0.54	 -0.67	 -0.42	 <0.001	
	 Height	(per	cm)*	 0.00	 -0.01	 0.01	 0.87	
Inner	Inferior	 	 	 	 	
	 Female	(vs.	Male)*	 -0.18	 -0.3	 -0.05	 0.005	
	 Height	(per	cm)	 -0.01	 -0.02	 -0.01	 <0.001	
Outer	Temporal	 	 	 	 	
	 Female	(vs.	Male)	 -0.72	 -0.82	 -0.62	 <0.001	
	 Height	(per	cm)*	 0.00	 0.00	 0.01	 0.37	
Outer	Superior	 	 	 	 	
	 Female	(vs.	Male)	 -0.47	 -0.56	 -0.39	 <0.001	
	 Height	(per	cm)*	 0.00	 -0.01	 0.00	 0.4	
Outer	Nasal	 	 	 	 	 	
	 Female	(vs.	Male)	 -0.89	 -1.00	 -0.78	 <0.001	
	 Height	(per	cm)	 0.01	 0.01	 0.02	 <0.001	
Outer	Inferior	 	 	 	 	
	 Female	(vs.	Male)	 -0.41	 -0.49	 -0.32	 <0.001	
	 Height	(per	cm)*	 0.00	 0.00	 0.01	 0.12	
	
CI	=	confidence	interval.		
*P-value	becomes	significant	or	p-value	loses	significance,	as	compared	to	Table	4.7a.	
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Variables	found	to	be	significant	during	analysis	of	individual	variables	were	included	in	

multivariable	regression	modeling	of	central	RPE-BM	thickness	(Table	4.8).	Central	

subfield	was	chosen	for	analysis,	as	it	is	the	subfield	with	greatest	clinical	relevance.	

Also,	due	to	the	findings	of	different	effects	of	age	before	and	after	45	years	in	single	

variable	analysis,	with	no	effect	before	age	45	and	gradual	thinning	evident	at	age	46	

and	above,	separate	models	were	performed	for	those	≤45	years	old	versus	those	>45	

years	old.	For	those	aged	45	years	and	younger,	only	ethnicity	(black	or	mixed/other)	

and	refraction	were	significantly	associated	with	increased	RPE-BM	thickness	(Table	

4.8a).	In	contrast,	those	older	than	45	years	of	age	showed	RPE-BM	was	significantly	

thinner	with	older	age	(-0.1	μm/year,	p<0.001),	Black	or	mixed	race	(+3.26	and	+0.75	µm	

vs.	white,	respectively,	p<0.001),	taller	height	(-0.02	μm	/cm,	p<0.001),	higher	

intraocular	pressure	(-0.03	μm	/mmHg,	p<0.001),	and	greater	myopia	(-0.28	μm	

/diopter,	p<0.001).	Female	sex,	Chinese	or	Asian	races,	and	smoking	were	not	significant	

(Table	4.8b).	
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Table	4.8.	Multivariable	regression	of	central	RPE-BM	thickness	separately	for	A)	
people	45	years	and	younger,	versus	B)	people	older	than	45	years	of	age.	
	
A)	Multivariable	regression	of	central	RPE-BM	thickness	among	those	45	years	and	
younger.	

	 Coefficient	 95%	Confidence	
Interval	

P-value	

Age	(per	year)	 0.02	 -0.09	 0.12	 0.75	
Female	(vs	male)	 -0.32	 -0.73	 0.10	 0.13	
Height	(per	cm)	 -0.02	 -0.05	 0.00	 0.03	
Race	(vs	white)	

	 	 	 	Chinese	 -0.84	 -3.02	 1.34	 0.45	
Asian	 -0.12	 -0.76	 0.53	 0.72	
Black	 3.61	 2.95	 4.27	 <0.001	
Mixed/other	 1.77	 0.95	 2.59	 <0.001	

Refraction	(per	dioptre)	 0.40	 0.3	 0.50	 <0.001	
IOPG	(per	mmHg)	 -0.04	 -0.08	 0.01	 0.14	
Smoke	(vs.	“No”)	 	 	 	 	

Former	 -0.09	 -0.43	 0.26	 0.62	
Occasional	 -0.40	 -1.10	 0.30	 0.27	
Yes,	most	or	all	days	 -0.37	 -0.9	 0.17	 0.18	

IOPG	=	Goldmann-corrected	intraocular	pressure.		
	
	
B)	Multivariable	regression	of	central	RPE-BM	thickness	among	those	older	than	45	
years.	
	

	 Coefficient	 95%	Confidence	
Interval	

P-value	

Age	(per	year)	 -0.10	 -0.11	 -0.09	 <0.001	
Female	(vs	male)	 0.06	 -0.09	 0.21	 0.41	
Height	(per	cm)	 -0.02	 -0.03	 -0.02	 <0.001	
Race	(vs	white)	

	 	 	 	Chinese	 -0.18	 -1.06	 0.71	 0.70	
Asian	 -0.45	 -0.82	 -0.08	 0.02	
Black	 3.26	 2.88	 3.63	 <0.001	
Mixed/other	 0.75	 0.35	 1.15	 <0.001	

Refraction	(per	dioptre)	 0.28	 0.25	 0.31	 <0.001	
IOP	(per	mmHg)	 -0.03	 -0.05	 -0.02	 <0.001	
Smoke	(vs.	“No”)	 	 	 	 	

Former	 -0.10	 -0.21	 0.00	 0.06	
Occasional	 -0.20	 -0.52	 0.12	 0.22	
Yes,	most	or	all	days	 -0.27	 -0.48	 -0.05	 0.02	

IOPG	=	Goldmann-corrected	intraocular	pressure.	
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4.2	 Photoreceptor	Inner	and	Outer	Segments	

	

	

4.2.1	 Contributors	to	Study	of	Photoreceptors	

With	the	exception	of	designing	UK	Biobank	(by	Paul	Foster)	and	performing	automated	

segmentation	(by	Topcon	collaborators,	Qi	Yang	and	Charles	Reisman),	all	work	on	

photoreceptors	was	performed	by	me.	I	am	grateful	to	Paul	Foster	and	Nick	Strouthidis	

for	their	overall	guidance.	

	

	

	

4.2.2	 Results	

67,321	people	underwent	OCT	imaging,	with	49,455	having	high-quality	images	of	the	

photoreceptor	layer,	as	compared	to	51,987	high-quality	images	of	the	RPE	layer.	After	

excluding	those	with	high	refractive	error	(<	-6	D,	>	+6	D),	poor	vision	(<20/30),	self-

reported	ocular	disorders	or	diabetes,	manual	re-grading	was	performed,	and	32,677	

OCT	images	were	included	for	analysis	(figure	4.12).	
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Figure	4.12.	Inclusion/exclusion	criteria	for	macular	photoreceptor	inner	and	outer	
segment	SDOCT.	
	
	
Total	number	of	UK	Biobank	participants	with	SDOCT	scans	performed	=	67321	
	
	 5	participants	withdrew	consent	
	

	 Missing	ETDRS	subfield	macular	thickness	values	
	 4551	Right	eyes	and	4972	left	eyes	
	
63912	People	 62765	Right	eyes	 62344	Left	eyes	
	
	 Scans	with	low	signal	strength	
	 5826	right	eyes	and	4893	left	eyes	
	
60971	People	 56939	Right	eyes	 57451	Left	eyes	 	
	
	 Scans	with	low	quality	
	 18533	right	eyes	and	18762	left	eyes	
	
49455	People	 38406	Right	eyes	 38689	Left	eyes	 	

	
	 Refractive	error	>6D	or	<-6D	
	 1537	right	eyes	and	1763	left	eyes	
	
47534	People	 36869	Right	eyes	 36926	Left	eyes	 	

	
	 Vision	<0.1	logMAR	
	 8986	right	eyes	and	8864	left	eyes	
	
38762	People	 27883	Right	eyes	 28062	Left	eyes	 	

	
	 Self-reported	glaucoma,	missing	IOP	measurement,	IOP	≥22	or	≤5	
	 3056	right	eyes	and	3088	left	eyes	
	
35097	People	 24827	Right	eyes	 24974	Left	eyes	 	

	
	 Ocular	disorders	(corneal	graft,	injury,	macular	degeneration)	 	
	 168	right	eyes	and	181	left	eyes	
	
34867	People	 24659	Right	eyes	 24793	Left	eyes	 	

	
	 Neurologic	disease	 	
	 106	right	eyes	and	115	left	eyes	
	
34703	People	 24553	Right	eyes	 24678	Left	eyes	 	

	
	 Diabetes	 	
	 1122	right	eyes	and	1116	left	eyes	
	
33070	People	 23431	Right	eyes	 23562	Left	eyes	 	

	
	 If	both	eyes	included,	one	eye	randomly	selected	
	
33070	People	 16418	Right	eyes	 16652	Left	eyes	 	

	
	 Manual	re-grading	rejected	393	images	
	
32677	People	 16226	Right	eyes	 16451	Left	eyes	 	
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Mean	age	was	56.0	years,	with	a	slightly	higher	number	of	women	(53.6%)	than	men.	

Mean	height	was	shorter	amongst	women	(163	cm)	than	men	(176	cm,	p<0.001).	The	

majority	of	participants	were	white	(91.8%),	with	0.4%	Chinese,	2.6%	Asians,	2.9%	

blacks,	and	2.3%	mixed/other.	Chinese	people	were	the	smallest	ethnic	group,	and	

included	119	participants.	There	were	slightly	more	left	eyes	(50.3%)	than	right	(49.7%).	

Mean	visual	acuity	was	-0.04	logMAR,	mean	refraction	was	-0.04	diopters,	and	mean	IOP	

was	15	mmHg	(Table	4.9).	

	
	
Table	4.9.	Basic	demographics	of	those	included	in	photoreceptor	inner	and	outer	
segment	analysis.	
	
	 Estimate	(95%	CI)	 N	=	33068	
*	Age	(mean	years)	 56.0	(55.9	–	56.1)	 SD	=	8.2	
+	Female	Sex	 53.6	(53.0	–	54.1)%	 	
*	Height	(mean	centimetres)	

Women	
Men	

169.2	(169.1	–	169.3)	
163.1	(163.0	–	163.2)	
176.3	(176.2	–	176.4)	

SD	=	9.23	
SD	=	6.3	
SD	=	6.7	

+	Ethnicity	
White	
Chinese	
Asian	
Black	
Mixed/Other	

	
91.8	(91.5	–	92.1)%	
0.4	(0.3	–	0.4)%	
2.6	(2.5	–	2.8)%	
2.9	(2.7	–	3.1)%	
2.3		(2.2	–	2.5)%	

	

+	Laterality	=	Right	eye	 49.7	(49.1	–	50.2)%	 	
*	Visual	acuity	(logMAR)	 -0.041	(-0.043	–	-0.039)	 SD	=	0.16	
*	Refraction	 -0.04	(-0.06	–	-0.02)	 SD	=	1.90	
*	IOP	(Goldmann	corrected)	 15.04	(15.01	–	15.07)	 SD	=	3.0	
*	mean	(95%	confidence	interval)	
+	percentage	(95%	confidence	interval)	
SD	=	standard	deviation	
	
	

A	histogram	of	photoreceptor	thickness	(figure	4.13a)	shows	mean	thickness	of	71.7	μm	

(SD	=	5.6	μm)	in	the	central	subfield.	There	was	a	slight	plateau	configuration	centrally,	

with	right	skew.	Figure	4.13b	shows	mean	photoreceptor	thickness	at	ETDRS	subfields,	
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with	inner	subfields	significantly	thicker	than	corresponding	outer	subfields	(p<0.001).	

The	thickest	subfield	is	the	central	subfield.	Results	remained	consistent	for	women	and	

men	(figure	4.13c).	Furthermore,	women	had	thinner	photoreceptor	layer	in	all	subfields	

(p<0.001),	except	central	and	outer	superior,	which	were	not	statistically	significant.	

	

Figure	4.13a.	Histogram	of	central	photoreceptor	thickness.	Mean	=	71.7	μm,	standard	
error	=	0.03	μm,	standard	deviation	=	5.6	μm.		
	

	
		
	
	
Figure	4.13b.	Photoreceptor	thickness	at	different	locations.	Mean	(µm)	±	standard	
deviation.		
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Figure	4.13c-d.	Macular	RNFL	thickness	in	women	(c)	and	men	(d),	at	different	retinal	
subfields.	Mean	(µm)	±	standard	deviation.	T-test	of	women	versus	men,	p<0.001	at	all	
subfields	except	center	(p=0.01)	and	outer	superior	(p=0.10).	
	
c)	Women	 	 d)	Men	

			 	
	
	
	
	

Figure	18	shows	mean	photoreceptor	thickness	by	age.	There	is	an	inflection	in	direction	

of	trend	in	thickness	before	and	after	age	55,	visible	graphically	as	a	change	from	

positive	to	negative	slope	(figure	4.14).	Numerically,	univariable	regression	coefficients	

are	≥0	at	all	subfields	before	age	55,	and	negative	after	age	55	(Table	4.10).	The	most	

dramatic	shift	is	in	the	central	subfield,	with	increased	average	thickness	0.05	μm	per	

year	among	the	younger	group	(95%	CI	0.03	–	0.07,	p<0.001),	versus	-0.19	μm	per	year	

among	the	older	group	(95%	CI	-0.12	–	-0.17,	p<0.001).	
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Figure	4.14.	Mean	photoreceptor	thickness	at	subfields,	by	age.		
Error	bars	=	95%	confidence	interval.	
	

4.14a.	Mean	photoreceptor	thickness	at	central	subfield,	by	age.		
Error	bars	=	95%	confidence	interval.	

	
	
	

4.14b.	Mean	photoreceptor	thickness	at	inner	subfields,	by	age.		
Error	bars	=	95%	confidence	interval.	

	
	
	

Figure	4.14c.	Mean	photoreceptor	thickness	at	outer	subfields,	by	age.		
Error	bars	=	95%	confidence	interval.	
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Table	4.10.	Univariable	regressions	of	photoreceptor	thickness	at	subfields	with	A)	age	
≤55	and	B)	age	>55.	
	
Table	4.10a.	Univariable	regressions	of	photoreceptor	thickness	at	subfields	with	age	
≤55.	
	

Photoreceptor	subfield	 Coefficient	 95%	CI	 P>t	
Central	 0.05	 0.03	 0.07	 <0.001	
Inner	Temporal	 0.04	 0.02	 0.06	 0.001	
Inner	Superior	 0.02	 0.00	 0.04	 0.03	
Inner	Nasal	 0.03	 0.01	 0.05	 0.001	
Inner	Inferior	 0.03	 0.01	 0.05	 0.01	
Outer	Temporal	 0.01	 0.00	 0.03	 0.11	
Outer	Superior	 0.02	 0.01	 0.04	 0.009	
Outer	Nasal	 0.02	 0.01	 0.04	 0.005	
Outer	Inferior	 0.00	 -0.02	 0.01	 0.92	

	
	
Table	4.10b.	Univariable	regressions	of	photoreceptor	thickness	at	subfields	with	age	
>55.	
	

Photoreceptor	subfield	 Coefficient	 95%	CI	 P>t	
Central	 -0.19	 -0.21	 -0.17	 <0.001	
Inner	Temporal	 -0.10	 -0.12	 -0.08	 <0.001	
Inner	Superior	 -0.11	 -0.13	 -0.10	 <0.001	
Inner	Nasal	 -0.10	 -0.12	 -0.08	 <0.001	
Inner	Inferior	 -0.09	 -0.10	 -0.07	 <0.001	
Outer	Temporal	 -0.06	 -0.08	 -0.05	 <0.001	
Outer	Superior	 -0.09	 -0.1	 -0.07	 <0.001	
Outer	Nasal	 -0.07	 -0.09	 -0.06	 <0.001	
Outer	Inferior	 -0.08	 -0.09	 -0.06	 <0.001	

	
	
	

When	photoreceptor	thickness	was	compared	amongst	different	ethnicities,	Chinese	

ethnicity	showed	significantly	greater	thickness	at	every	subfield	(figure	4.15,	table	

4.11).	At	central	subfield,	Chinese	people	had	2.37	μm	thicker	photoreceptors	as	

compared	to	white	people	(95%	CI	1.33	–	3.41,	p<0.001).	At	inner	subfields,	average	

difference	between	Chinese	and	white	people	ranged	from	1.89	μm	at	superior	subfield	

(95%	CI	0.96	–	2.82,	p<0.001)	to	2.59	μm	at	temporal	subfield	(95%	CI	1.70	–	3.47,	
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p<0.001).	At	outer	subfields,	the	difference	ranged	from	0.96	μm	at	inferior	subfield	

(95%	CI	0.22	–	1.70,	p	=	0.01)	to	1.91	μm	at	temporal	subfield	(95%	CI	1.15	–	2.67,	

p<0.001)	(table	4.11).		

	

In	contrast,	black	people	had	the	lowest	photoreceptor	thickness	(figure	4.15,	table	

4.11).		At	central	subfield,	black	people	had	-3.67	μm	thinner	photoreceptors	as	

compared	to	white	people	(95%	CI	-4.08	–	-3.26,	p<0.001).	At	inner	subfields,	difference	

between	black	and	white	people	ranged	from	-3.57	μm	at	nasal	subfield	(95%	CI	-3.95	–	

-3.18,	p<0.001)	to	-3.36	μm	at	inferior	subfield	(95%	CI	-3.74	–	-2.97,	p<0.0001).	At	outer	

subfields,	the	difference	ranged	from	-3.19	μm	at	nasal	subfield	(95%	CI	-3.51	–	-2.86,	

p<0.001)	to	-2.04	μm	at	inferior	subfield	(95%	CI	-2.36	–	-1.74,	p<0.001)	(table	4.11).		

	

Asian	people	did	not	show	significant	association	at	p-value	threshold	of	<0.001,	which	

was	selected	based	on	the	number	of	statistical	tests	performed.	Photoreceptor	layer	

thickness	among	those	of	mixed/other	ethnicity	was	not	statistically	significant	at	

central	subfield,	but	did	show	thinner	photoreceptor	layer	than	white	people	at	other	

subfields.	At	inner	subfields,	the	difference	ranged	from	-0.91	μm	to	-0.82	μm	at	

superior	and	temporal	subfields,	respectively	(95%	CI	-1.32	–	-0.49	at	superior	subfield	

and	-1.24	–	-0.39	temporal	subfield;	p<0.001	for	both)	(table	4.11).	
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Figure	4.15.	Mean	photoreceptor	thickness	at	subfields,	by	ethnicity.		
Error	bars	=	95%	confidence	interval.		
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Table	4.11.	Univariable	regressions	of	photoreceptor	thickness	at	subfields	by	
ethnicity.	
	

	 Coefficient	 95%	CI	 P-value	
Central	subfield	 	 	 	 	

White	 (reference)	 	 	 (reference)	
Chinese	 2.37	 1.33	 3.41	 <0.001	
Asian	 -0.04	 -0.43	 0.35	 0.85	
Black	 -3.67	 -4.08	 -3.26	 <0.001	
Mixed/Other	 -0.64	 -1.10	 -0.19	 0.006	

	
	 Coefficient	 95%	CI	 P-value	
Inner	subfields	 	 	 	 	
Temporal	 	 	 	 	

White	 (reference)	 	 	 (reference)	
Chinese	 2.59	 1.70	 3.47	 <0.001	
Asian	 0.38	 0.01	 0.75	 0.04	
Black	 -3.55	 -3.93	 -3.16	 <0.001	
Mixed/Other	 -0.82	 -1.24	 -0.39	 <0.001	

Superior	 	 	 	 	
White	 (reference)	 	 	 (reference)	
Chinese	 1.89	 0.96	 2.82	 <0.001	
Asian	 0.12	 -0.23	 0.47	 0.51	
Black	 -3.76	 -4.14	 -3.37	 <0.001	
Mixed/Other	 -0.91	 -1.32	 -0.49	 <0.001	

Nasal	 	 	 	 	
White	 (reference)	 	 	 (reference)	
Chinese	 2.25	 1.32	 3.17	 <0.001	
Asian	 0.35	 -0.02	 0.72	 0.07	
Black	 -3.57	 -3.95	 -3.18	 <0.001	
Mixed/Other	 -0.83	 -1.24	 -0.42	 <0.001	

Inferior	 	 	 	 	
White	 (reference)	 	 	 (reference)	
Chinese	 2.22	 1.29	 3.14	 <0.001	
Asian	 0.66	 0.28	 1.04	 0.001	
Black	 -3.36	 -3.74	 -2.97	 <0.001	
Mixed/Other	 -0.86	 -1.25	 -0.47	 <0.001	
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Table	4.11	(cont.).	Univariable	regressions	of	photoreceptor	thickness	at	subfields	by	
ethnicity.	
	

	 Coefficient	 95%	CI	 P-value	
Outer	subfields	 	 	 	 	
Temporal	 	 	 	 	

White	 (reference)	 	 	 (reference)	
Chinese	 1.91	 1.15	 2.67	 <0.001	
Asian	 0.17	 -0.15	 0.49	 0.3	
Black	 -2.55	 -2.91	 -2.18	 <0.001	
Mixed/Other	 -0.87	 -1.24	 -0.50	 <0.001	

Superior	 	 	 	 	
White	 (reference)	 	 	 (reference)	
Chinese	 1.07	 0.22	 1.93	 0.01	
Asian	 -0.35	 -0.64	 -0.07	 0.02	
Black	 -3.67	 -4.02	 -3.32	 <0.001	
Mixed/Other	 -1.03	 -1.36	 -0.70	 <0.001	

Nasal	 	 	 	 	
White	 (reference)	 	 	 (reference)	
Chinese	 1.14	 0.33	 1.96	 0.01	
Asian	 -0.16	 -0.46	 0.14	 0.29	
Black	 -3.19	 -3.51	 -2.86	 <0.001	
Mixed/Other	 -1.01	 -1.34	 -0.68	 <0.001	

Inferior	 	 	 	 	
White	 (reference)	 	 	 (reference)	
Chinese	 0.96	 0.22	 1.70	 0.01	
Asian	 0.06	 -0.22	 0.33	 0.67	
Black	 -2.04	 -2.36	 -1.73	 <0.001	
Mixed/Other	 -0.54	 -0.83	 -0.26	 <0.001	

	
	

Intraocular	pressure	was	associated	with	photoreceptor	thickness	(figure	4.16,	table	

4.12).	At	higher	intraocular	pressures,	thicker	photoreceptor	layer	measurements	were	

observed,	with	regression	coefficients	ranging	from	0.03	to	0.05	μm	per	mmHg	

difference	in	IOP	(p<0.001,	except	inner	superior	subfield	p=0.001)	(table	4.12).	
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Figure	4.16.	Mean	photoreceptor	thickness	at	subfields,	by	intraocular	pressure	
(Goldmann-corrected).	Error	bars	=	95%	confidence	interval.	
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Table	4.12.	Univariable	regression	of	photoreceptor	thickness	and	intraocular	pressure	
(Goldmann-corrected).	
	

	 Coefficient	 95%	CI	 p-value	
Central	 0.04	 0.02	 0.06	 <0.001	
Inner	Temporal	 0.04	 0.02	 0.06	 <0.001	
Inner	Superior	 0.03	 0.01	 0.05	 0.001	
Inner	Nasal	 0.03	 0.02	 0.05	 <0.001	
Inner	Inferior	 0.03	 0.01	 0.05	 <0.001	
Outer	Temporal	 0.05	 0.04	 0.07	 <0.001	
Outer	Superior	 0.03	 0.01	 0.04	 <0.001	
Outer	Nasal	 0.04	 0.02	 0.06	 <0.001	
Outer	Inferior	 0.03	 0.02	 0.05	 <0.001	

		
	

Refractive	error	is	significantly	associated	with	photoreceptor	thickness,	though	the	

relationship	is	not	linear	(figure	4.17).	If	treated	as	a	continuous	variable,	there	appears	

to	be	a	negative	relationship,	with	thicker	photoreceptor	layer	among	myopes	and	

thinner	photoreceptor	layer	among	hyperopes	(table	4.13a).	However,	if	analysis	is	done	

separately	for	those	with	refractive	error	≤0	and	>0,	then	a	more	nuanced	relationship	is	

evident	(tables	4.13b-c).	Among	myopes,	there	is	a	negative	regression	coefficient;	i.e.,	

those	with	higher	myopia	have	thicker	photoreceptor	layer	and	those	closer	to	

emmetropia	have	thinner	photoreceptor	layer	(table	4.13b).	The	regression	coefficient	

ranges	from	-0.56	μm	per	diopter	at	the	outer	temporal	subfield	(95%	CI	-0.60	–	-0.51,	

p<0.001)	to	-0.12	μm	per	diopter	at	central	and	inner	nasal	subfields	(95%	CI	-0.17	–	-

0.06,	p<0.001)	(table	4.13b).		

	

Among	hyperopes,	there	is	a	positive	rather	than	negative	association	between	

photoreceptor	thickness	and	refractive	error,	suggesting	that	photoreceptor	layer	

thickness	increases	as	refractive	error	approaches	emmetropia,	similar	to	myopes	(table	

4.13c).	Of	note,	although	the	positive	association	was	consistent	across	all	subfields	in	
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the	hyperopic	group,	it	was	not	significant	at	outer	temporal,	outer	superior,	or	outer	

inferior	subfields,	where	p-values	did	not	reach	the	significance	threshold	of	<0.001.	

Among	the	subfields	that	were	significantly	associated	with	photoreceptor	thickness,	

the	regression	coefficient	ranged	from	0.16	μm	per	diopter	at	central	subfield	(95%	CI	

0.09	–	0.24,	p<0.001)	to	0.29	at	inner	temporal	and	inner	nasal	subfields	(95%	CI	0.22	–	

0.35,	p<0.001)	(table	4.13c).	
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Figure	4.17.	Mean	photoreceptor	thickness	at	subfields,	by	refraction.	Error	bars	=	95%	

confidence	interval.	

	
	

	
	

	
	
	

70	

72	

74	

-5	 -4	 -3	 -2	 -1	 0	 1	 2	 3	 4	 5	

Central	

microns	

Diopters	

62	

64	

66	

-5	 -4	 -3	 -2	 -1	 0	 1	 2	 3	 4	 5	

Inner	Temporal	

Inner	Superior	

Inner	Nasal	

Inner	Inferior	

micron
s	

Diopters	

59	

61	

63	

-5	 -4	 -3	 -2	 -1	 0	 1	 2	 3	 4	 5	

Outer	Temporal	

Outer	Superior	

Outer	Nasal	

Outer	Inferior	

microns	

Diopters	



	
	

	 138	

Table	4.13.	Univariable	regression	of	photoreceptor	thickness	and	refractive	error,	
among	A)	all	participants,	B)	myopes,	and	C)	hyperopes.	
	
Table	4.13a.	Univariable	regression	of	photoreceptor	thickness	and	refractive	error	
among	all	participants.	
	

	 Coef.	 95%	CI	 p-value	
Central	 -0.07	 -0.10	 -0.04	 <0.001	
Inner	Temporal	 -0.09	 -0.11	 -0.06	 <0.001	
Inner	Superior	 -0.12	 -0.15	 -0.10	 <0.001	
Inner	Nasal	 -0.01	 -0.04	 0.02	 0.57	
Inner	Inferior	 -0.08	 -0.11	 -0.05	 <0.001	
Outer	Temporal	 -0.42	 -0.45	 -0.40	 <0.001	
Outer	Superior	 -0.21	 -0.23	 -0.18	 <0.001	
Outer	Nasal	 -0.13	 -0.16	 -0.11	 <0.001	
Outer	Inferior	 -0.19	 -0.21	 -0.17	 <0.001	

		
	
Table	4.13b.	Univariable	regression	of	photoreceptor	thickness	and	refractive	error	≤0.	

	 Coefficient	 95%	CI	 p-value	
Central	 -0.12	 -0.17	 -0.06	 <0.001	
Inner	Temporal	 -0.21	 -0.26	 -0.16	 <0.001	
Inner	Superior	 -0.21	 -0.26	 -0.16	 <0.001	
Inner	Nasal	 -0.12	 -0.17	 -0.07	 <0.001	
Inner	Inferior	 -0.21	 -0.26	 -0.17	 <0.001	
Outer	Temporal	 -0.56	 -0.60	 -0.51	 <0.001	
Outer	Superior	 -0.29	 -0.34	 -0.24	 <0.001	
Outer	Nasal	 -0.22	 -0.27	 -0.18	 <0.001	
Outer	Inferior	 -0.22	 -0.26	 -0.18	 <0.001	

	
	
Table	4.13c.	Univariable	regression	of	photoreceptor	thickness	and	refractive	error	>0.	
	

	 Coefficient	 95%	CI	 p-value	
Central	 0.16	 0.09	 0.24	 <0.001	
Inner	Temporal	 0.29	 0.22	 0.35	 <0.001	
Inner	Superior	 0.19	 0.12	 0.25	 <0.001	
Inner	Nasal	 0.29	 0.22	 0.36	 <0.001	
Inner	Inferior	 0.23	 0.16	 0.30	 <0.001	
Outer	Temporal	 0.07	 0.02	 0.13	 0.01	
Outer	Superior	 0.07	 0.01	 0.12	 0.02	
Outer	Nasal	 0.20	 0.15	 0.26	 <0.001	
Outer	Inferior	 0.04	 -0.01	 0.09	 0.16	
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Height	was	analyzed	as	an	individual	variable,	but	also	for	the	purposes	of	multivariable	

modeling,	as	it	is	a	potential	confounder	with	sex.	There	was	a	positive	association	

between	photoreceptor	thickness	and	height	at	all	subfields	except	central	subfield,	

which	did	not	reach	the	threshold	for	statistical	significance	(figure	4.18,	table	4.14).	At	

remaining	subfields,	univariable	regression	coefficients	ranged	between	0.02	to	0.03	μm	

per	centimeter	taller	height	(p<0.001)	(table	4.14).	
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Figure	4.18.	Mean	photoreceptor	thickness	at	subfields,	by	height.	Error	bars	=	95%	
confidence	interval.	
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Table	4.14.	Univariable	regression	of	photoreceptor	thickness	and	height.	
	

	 Coefficient	 95%	CI	 p-value	
Central	 0.01	 0.00	 0.02	 0.004	
Inner	Temporal	 0.03	 0.02	 0.03	 <0.001	
Inner	Superior	 0.03	 0.03	 0.04	 <0.001	
Inner	Nasal	 0.02	 0.02	 0.03	 <0.001	
Inner	Inferior	 0.02	 0.02	 0.03	 <0.001	
Outer	Temporal	 0.03	 0.03	 0.04	 <0.001	
Outer	Superior	 0.02	 0.01	 0.02	 <0.001	
Outer	Nasal	 0.02	 0.02	 0.03	 <0.001	
Outer	Inferior	 0.03	 0.03	 0.03	 <0.001	

	
	

As	with	RPE,	photoreceptor	layer	did	not	show	a	dose-specific	response	with	smoking	

(figure	4.19).	People	who	reported	occasional	smoking	may	have	slightly	thicker	

photoreceptor	layer;	however,	this	was	not	statistically	significant.	There	was	a	

consistent	finding	of	thinner	photoreceptor	layer	among	people	who	smoked	all	or	most	

days	as	compared	to	non-smokers.	The	smallest	difference	was	at	the	central	subfield,	

where	people	who	smoked	all	or	most	days	had	-0.74	μm	thinner	photoreceptor	layer	

than	non-smokers	(95%	CI	-0.98	–	-0.49,	p<0.001).	The	largest	difference	was	at	the	

outer	temporal	subfield,	with	regular	smokers	having	-1.07	μm	thinner	photoreceptor	

layer	than	non-smokers	(95%	CI	-1.27	–	-0.86,	p<0.001)	(table	4.15).	One	must	be	careful	

interpreting	these	results,	as	direction	of	association	changes	depending	on	how	

smoking	is	categorized.	
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Figure	4.19.	Mean	photoreceptor	thickness	at	subfields,	by	smoking	status.		
Error	bars	=	95%	confidence	interval.	
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Table	4.15.	Univariable	regressions	of	photoreceptor	thickness	at	subfields	by	smoking	
status.	
	

	 Coefficient	 95%	CI	 P-value	
Central	subfield	 	 	 	 	

No	 (reference)	 	 	 (reference)	
Occasional	 0.52	 0.15	 0.88	 0.005	
All	or	most	days	 -0.74	 -0.98	 -0.49	 <0.001	

Inner	subfields	 	 	 	 	
Temporal	 	 	 	 	

No	 (reference)	 	 	 (reference)	
Occasional	 0.28	 -0.06	 0.62	 0.1	
All	or	most	days	 -0.83	 -1.06	 -0.61	 <0.001	

Superior	 	 	 	 	
No	 (reference)	 	 	 (reference)	
Occasional	 0.28	 -0.04	 0.61	 0.09	
All	or	most	days	 -0.80	 -1.02	 -0.59	 <0.001	

Nasal	 	 	 	 	
No	 (reference)	 	 	 (reference)	
Occasional	 0.42	 0.07	 0.77	 0.02	
All	or	most	days	 -0.89	 -1.12	 -0.67	 <0.001	

Inferior	 	 	 	 	
No	 (reference)	 	 	 (reference)	
Occasional	 0.08	 -0.26	 0.42	 0.63	
All	or	most	days	 -0.86	 -1.08	 -0.64	 <0.001	

Outer	subfields	 	 	 	 	
Temporal	 	 	 	 	

No	 (reference)	 	 	 (reference)	
Occasional	 -0.02	 -0.32	 0.28	 0.89	
All	or	most	days	 -1.07	 -1.27	 -0.86	 <0.001	

Superior	 	 	 	 	
No	 (reference)	 	 	 (reference)	
Occasional	 -0.05	 -0.31	 0.22	 0.74	
All	or	most	days	 -0.99	 -1.17	 -0.81	 <0.001	

Nasal	 	 	 	 	
No	 (reference)	 	 	 (reference)	
Occasional	 -0.02	 -0.31	 0.26	 0.88	
All	or	most	days	 -0.97	 -1.16	 -0.78	 <0.001	

Inferior	 	 	 	 	
No	 (reference)	 	 	 (reference)	
Occasional	 -0.11	 -0.37	 0.15	 0.4	
All	or	most	days	 -0.90	 -1.06	 -0.73	 <0.001	
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Blood	pressure,	both	systolic	and	diastolic,	was	associated	with	photoreceptor	

thickness,	with	higher	blood	pressure	associated	with	thinner	photoreceptor	layer	

(figures	4.20-21).	At	the	central	subfield,	there	was	-0.11	μm	thinner	photoreceptor	

layer	per	10	mmHg	higher	systolic	blood	pressure	(95%	CI	-0.14	–	-0.08,	p<0.001)	and	-

0.12	μm	thinner	photoreceptor	layer	per	10	mmHg	higher	diastolic	blood	pressure	(95%	

CI	-0.17	–	-0.06,	p<0.001)	(tables	4.16-17).	This	trend	was	consistent	at	all	subfields,	but	

was	only	statistically	significant	at	central,	inner	superior,	and	outer	subfields	for	systolic	

blood	pressure	(table	4.16).	For	diastolic	blood	pressure,	the	association	was	significant	

at	central,	outer	superior,	outer	nasal,	and	outer	inferior	subfield	(table	4.17).	
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Figure	4.20.	Mean	photoreceptor	thickness	at	subfields,	by	systolic	blood	pressure.	
Error	bars	=	95%	confidence	interval.	
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Table	4.16.	Univariable	regression	of	photoreceptor	thickness	and	systolic	blood	
pressure.	Regression	coefficient	represents	difference	in	photoreceptor	thickness	per	
10	mmHg	blood	pressure.	
	

	 Coefficient	 95%	CI	 p-value	
Central	 -0.11	 -0.14	 -0.08	 <0.001	
Inner	Temporal	 -0.04	 -0.07	 -0.02	 0.002	
Inner	Superior	 -0.06	 -0.09	 -0.03	 <0.001	
Inner	Nasal	 -0.03	 -0.06	 0.00	 0.03	
Inner	Inferior	 -0.03	 -0.06	 -0.01	 0.02	
Outer	Temporal	 -0.05	 -0.08	 -0.03	 <0.001	
Outer	Superior	 -0.07	 -0.09	 -0.05	 <0.001	
Outer	Nasal	 -0.05	 -0.07	 -0.02	 <0.001	
Outer	Inferior	 -0.07	 -0.09	 -0.05	 <0.001	
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Figure	4.21.	Mean	photoreceptor	thickness	at	subfields,	by	diastolic	blood	pressure.	
Error	bars	=	95%	confidence	interval.	
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Table	4.17.	Univariable	regression	of	photoreceptor	thickness	and	diastolic	blood	
pressure.	Regression	coefficient	represents	difference	in	photoreceptor	thickness	per	
10	mmHg	blood	pressure.	
	

	 Coefficient	 95%	CI	 p-value	
Central	 -0.12	 -0.17	 -0.06	 <0.001	
Inner	Temporal	 -0.05	 -0.10	 0.00	 0.05	
Inner	Superior	 -0.05	 -0.10	 0.00	 0.03	
Inner	Nasal	 -0.05	 -0.10	 0.00	 0.05	
Inner	Inferior	 -0.05	 -0.10	 0.00	 0.04	
Outer	Temporal	 -0.06	 -0.11	 -0.02	 0.007	
Outer	Superior	 -0.08	 -0.12	 -0.04	 <0.001	
Outer	Nasal	 -0.07	 -0.12	 -0.03	 <0.001	
Outer	Inferior	 -0.07	 -0.11	 -0.03	 <0.001	

	

	

There	was	a	significant	association	between	BMI	and	photoreceptor	layer	thickness,	

with	heavier	BMI	being	associated	with	thinner	photoreceptor	layer	(figure	4.22).	At	

central	subfield,	photoreceptor	layer	was	found	to	be	-0.13	μm	thinner	per	kg/m2	

increase	in	BMI	(95%	CI	-0.14	–	-0.12,	p<0.001)	(table	4.18).	This	trend	was	consistent	

across	all	subfields	(p<0.001)	(table	4.18).	
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Figure	4.22.	Mean	photoreceptor	thickness	at	subfields,	by	body	mass	index.	Error	bars	
=	95%	confidence	interval.	
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Table	4.18.	Univariable	regression	of	photoreceptor	thickness	and	body	mass	index.	
	

	 Coefficient	 95%	CI	 p-value	
Central	 -0.13	 -0.14	 -0.12	 <0.001	
Inner	Temporal	 -0.10	 -0.11	 -0.08	 <0.001	
Inner	Superior	 -0.09	 -0.10	 -0.08	 <0.001	
Inner	Nasal	 -0.10	 -0.11	 -0.09	 <0.001	
Inner	Inferior	 -0.09	 -0.10	 -0.08	 <0.001	
Outer	Temporal	 -0.08	 -0.10	 -0.07	 <0.001	
Outer	Superior	 -0.09	 -0.10	 -0.08	 <0.001	
Outer	Nasal	 -0.09	 -0.10	 -0.08	 <0.001	
Outer	Inferior	 -0.07	 -0.08	 -0.06	 <0.001	

	

	

Multivariable	regression	modeling	of	photoreceptor	layer	thickness	at	central	subfield	

was	performed,	including	variables	found	to	be	significant	in	single	variable	analyses	

(table	4.19).	Older	age	remained	significantly	associated	with	thinner	photoreceptor	

layer	(-0.06	μm	per	year,	95%	CI	-0.07	–	-0.06,	p<0.001).	Chinese	people	had	significantly	

thicker	photoreceptor	layer	than	whites	(1.84	μm,	95%	CI	0.79	–	2.89,	p<0.0001),	

whereas	black	people	had	significantly	thinner	photoreceptor	layer	(-3.76	μm,	95%	CI	-

4.18	–	-3.34,	p<0.001).	Mixed/other	ethnicity	showed	intermediate	results,	but	

remained	thinner	as	compared	to	whites	(-0.87	μm,	95%	CI	-1.33	–	-0.41,	p<0.001).	

Intraocular	pressured	showed	a	positive	association	with	photoreceptor	layer	thickness,	

of	0.05	μm	per	mmHg	(95%	CI	0.03	–	0.07,	p<0.001).	Those	who	smoked	all	or	most	days	

had	-0.87	μm	thinner	photoreceptor	layer	than	non-smokers	(95%	CI	-1.12	–	-0.63,	

p<0.001).	Body	mass	index	showed	a	significant	negative	association	with	photoreceptor	

layer	thickness,	at	-0.12	μm	thinner	per	kg/m2	(95%	CI	-0.13	–	-0.1,	p<0.001)	(table	19).	

After	controlling	for	potential	confounders,	sex,	height,	Asian	ethnicity,	refractive	error,	

occasional	smoking,	and	systolic	blood	pressure	were	not	significant.	
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Table	4.19.	Multivariable	regression	modeling	for	photoreceptor	thickness	at	central	
subfield.	BP	=	blood	pressure.	
	
	 Coef.	 95%	CI	 P>t	
Age	(per	year)	 -0.06	 -0.07	 -0.06	 <0.001	
Female	(vs.	male)	 0.15	 -0.03	 0.33	 0.10	
Race	(vs.	white)	 	 	 	 	

Chinese	 1.84	 0.79	 2.89	 <0.001	
Asian	 -0.42	 -0.81	 -0.02	 0.04	
Black	 -3.76	 -4.18	 -3.34	 <0.001	
Mixed/Other	 -0.87	 -1.33	 -0.41	 <0.001	

Refraction	(per	diopter)	 0.00	 -0.03	 0.04	 0.78	
IOPG	(per	mmHg)	 0.05	 0.03	 0.07	 <0.001	
Height	(per	cm)	 0.01	 0.00	 0.02	 0.09	
Smoking	(vs.	non-smoker)	 	 	 	 	

Occasional	 0.42	 0.06	 0.78	 0.02	
All	or	most	days	 -0.87	 -1.12	 -0.63	 <0.001	

Systolic	BP	(per	10mmHg)	 0.03	 -0.01	 0.06	 0.14	
Body	mass	index	(per	kg/m2)	 -0.12	 -0.13	 -0.10	 <0.001	
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4.3	 Ganglion	Cell	Layer	–	Inner	Plexiform	Layer	Complex	

	

	

4.3.1	 Contributors	to	Study	of	GCL-IPL	

With	the	exception	of	designing	UK	Biobank	(by	Paul	Foster)	and	performing	automated	

segmentation	(by	Topcon	collaborators,	Qi	Yang	and	Charles	Reisman),	all	work	on	GCL-

IPL	was	performed	by	me.	I	am	grateful	to	Paul	Foster	and	Nick	Strouthidis	for	their	

overall	guidance.	

	

	

4.3.2	 Results	

Of	the	67321	people	who	underwent	OCT	testing,	33070	had	high-quality	images,	good	

visual	acuity,	IOP	between	6	–	21	mmHg,	and	reported	no	ocular,	neurologic,	or	diabetic	

disease.	This	number	was	initially	the	same	as	that	for	RNFL	layer.	The	difference	was	

that	only	one	image	was	rejected	after	manual	re-grading,	resulting	in	33069	people	

available	for	analysis	(Figure	4.23).	
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Figure	4.23.	Inclusion/exclusion	criteria	for	GCL-IPL	complex	
	
	
Total	number	of	UK	Biobank	participants	with	SDOCT	scans	performed	=	67321	
	
	 5	participants	withdrew	consent	

	
	 Missing	ETDRS	subfield	macular	thickness	values	(also	excludes	corrupted	files)	
	 4551	Right	eyes	and	4972	left	eyes	
	
63912	People	 62765	Right	eyes	 62344	Left	eyes	
	
	 Scans	with	low	signal	strength	
	 5826	right	eyes	and	4893	left	eyes	
	
60971	People	 56939	Right	eyes	 57451	Left	eyes	 	
	
	 Scans	with	low	quality	
	 18533	right	eyes	and	18762	left	eyes	
	
49455	People	 38406	Right	eyes	 38689	Left	eyes	 	

	
	 Refractive	error	>6D	or	<-6D	
	 1537	right	eyes	and	1763	left	eyes	
	
47534	People	 36869	Right	eyes	 36926	Left	eyes	 	

	
	 Vision	worse	than	0.1	logMAR	
	 8986	right	eyes	and	8864	left	eyes	
	
38762	People	 27883	Right	eyes	 28062	Left	eyes	 	

	
	 Self-reported	glaucoma,	missing	IOP	measurement,	IOP	≥22	or	≤5	
	 3056	right	eyes	and	3088	left	eyes	
	
35097	People	 24827	Right	eyes	 24974	Left	eyes	 	

	
	 Ocular	disorders	(corneal	graft,	injury,	macular	degeneration)	 	
	 168	right	eyes	and	181	left	eyes	
	
34867	People	 24659	Right	eyes	 24793	Left	eyes	 	

	
	 Neurologic	disease	 	
	 106	right	eyes	and	115	left	eyes	
	
34703	People	 24553	Right	eyes	 24678	Left	eyes	 	

	
	 Diabetes	 	
	 1122	right	eyes	and	1116	left	eyes	
	
33070	People	 23431	Right	eyes	 23562	Left	eyes	 	

	
	 If	both	eyes	included,	one	eye	randomly	selected	
	
33070	People	 16418	Right	eyes	 16652	Left	eyes	 	

	
	Manual	re-grading	of	scans	in	highest	and	lowest	standard	deviations	rejected	one	
image	

	
33069	People	 16490	Right	eyes	 16579	Left	eyes	 	
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Mean	age	of	participants	was	56.0	years,	with	more	women	(53.5%)	than	men.	Mean	

height	was	shorter	among	women	(163.1	cm)	as	compared	to	men	(176.3	cm).	The	

majority	of	participants	were	white	(91.8%).	Blacks	(2.9%),	Asian	(2.6%),	and	

mixed/other	ethnicity	(2.3%)	were	the	next	largest	groups.	There	were	fewer	people	

who	identified	as	Chinese	ethnicity	(0.4%).	Random	selection	of	right	vs.	left	eyes	

resulted	in	49.9%	of	the	former,	and	slightly	more	of	the	latter	(50.1%).	Mean	visual	

acuity	was	-0.07	logMAR,	mean	refraction	was	-0.06	diopters,	and	mean	IOP	was	15	

mmHg	(Table	4.20).	
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Table	4.20.	Basic	demographics	for	those	included	in	GCL-IPL	analysis.	

	 Estimate	(95%	CI)	 N	=	33069	
*	Age	(mean	years)	 56.0	(55.9	–	56.1)	 SD	=	8.2	
+	Female	Sex	 53.5	(53.0	–	54.1)%	 	
*	Height	(mean	centimetres)	

Women	
Men	

169.2	(169.1	–	169.3)	
163.1	(163.0	–	163.2)	
176.3	(176.2	–	176.4)	

SD	=	9.2	
SD	=	6.3	
SD	=	6.7	

+	Ethnicity	
White	
Chinese	
Asian	
Black	
Mixed/Other	

	
91.8	(91.5	–	92.1)%	
0.4	(0.3	–	0.4)%	
2.6	(2.4	–	2.8)%	
2.9	(2.7	–	3.1)%	
2.3		(2.2	–	2.5)%	

	

+	Laterality	=	Right	eye	 49.9	(49.3	–	50.4)%	 	
*	Visual	acuity	(logMAR)	 -0.07	(-0.075	–	-0.07)	 SD	=	0.09	
*	Refraction	 -0.06	(-0.08	–	-0.04)	 SD	=	1.91	
*	IOP	(Goldmann	corrected)	 15.0	(15.01	–	15.07)	 SD	=	3.0	
+	Educational	attainment	

College	degree	
Prof.	qual.	or	A-level	
O-level	
CSE	
Lower	than	CSE	

	
37.1	(36.6	–	37.6)%	
23.6	(23.1	–	24.0)%	
21.4	(21.0	–	21.9)%	
5.8	(5.6	–	6.1)%	

12.0	(11.7	–	12.4)%	

	

*	Townsend	deprivation	index	 -1.13	(-1.16	–	-1.10)	 SD	=	2.93	
*	mean	(95%	confidence	interval)	
+	percentage	(95%	confidence	interval)	
SD	=	standard	deviation	
IOP	(Goldmann	equivalent)	was	measured	using	Reichert	Ocular	Response	Analyser	
(ORA)	
Prof.	qual.	=	Professional	or	vocational	qualification	(including	higher	national	diploma)	
A-Level	=	General	Certificate	of	Education	Advanced	Level,	typically	taken	at	age	18	
O-Level	=	General	Certificate	of	Education	Ordinary	Level,	typically	taken	at	age	16	
CSE	=	Certificate	of	Secondary	Education	a	less	demanding	exam	usually	taken	at	age	16	
	

	
	

Mean	GCL-IPL	thickness	at	the	central	subfield	was	53.2	μm	(SD	=	11.3	um).	Histogram	

(Figure	4.24a)	showed	a	slight	right	skew.	At	the	inner	nasal	subfield,	mean	thickness	

was	92.0	μm	(SD	=	8.39	μm)	(Figure	4.24b).	Mean	thickness	of	each	subfield	is	shown	in	

Figure	4.24c,	with	the	thinnest	being	the	central	subfield	and	thickest	being	the	inner	

nasal	subfield.	Inner	subfields	were	thicker	than	outer	subfields	(p<0.001).	This	was	in	
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contrast	with	the	RNFL	layer,	shown	in	the	next	section,	where	outer	subfields	were	

thicker	than	inner.		Women	and	men	followed	this	same	pattern,	though	when	the	two	

sexes	were	compared	to	each	other,	women	had	thicker	average	GCL-IPL	at	outer	

subfields	than	men	(p<0.001),	and	men	had	thicker	average	inner	subfields	than	women	

(p<0.001),	with	the	exception	of	the	inner	superior	subfield,	which	was	not	significant	

(Figure	4.24d).	

	

Figure	4.24a-b.	Histogram	of	macular	GCL-IPL	thickness	at	A)	central	and	B)	inner	nasal	
subfields.	Central	subfield	mean	=	53.2	μm,	standard	error	=	0.06	μm,	standard	
deviation	=	11.3	μm.	Inner	nasal	subfield	mean	=	92.0	μm,	standard	error	=	0.04	μm,	
standard	deviation	=	8.39	μm.	
a)	 	 b)	

			 				
	

		
Figure	4.24c.	Macular	GCL-IPL	thickness	at	different	locations.	Mean	(µm)	±	standard	
deviation.		

	
	
	

	

0
.0

1
.0

2
.0

3
.0

4
D

en
si

ty

20 40 60 80 100 120
GCL/IPL central subfield (um)

0
.0

1
.0

2
.0

3
.0

4
.0

5
D

en
si

ty

40 60 80 100 120 140
GCL/IPL inner nasal subfield (um)



	
	

	 157	

Figure	4.24d-e.	Macular	GCL-IPL	thickness	in	women	(d)	and	men	(e),	at	different	
locations.	Mean	(µm)	±	standard	deviation.	T-test	of	women	versus	men,	p<0.001	at	all	
subfields	except	inner	superior	(p=0.04).	
d)	 	 e)	
	

			 	
	
	
	

GCL-IPL	appears\ed	thinner	with	older	age	(Figure	4.25).	This	was	statistically	significant	

at	all	subfields	(p<0.001)	except	the	central	subfield	(p=0.24).	The	regression	coefficient	

was	highest	among	the	inner	subfields,	which	were	also	the	thickest,	ranging	from	-0.22	

μm/year	at	the	inner	nasal	subfield	(p<0.001)	to	-0.14	μm/year	at	the	inner	temporal	

subfield	(p<0.001).	Outer	subfields	ranged	from	-0.14	μm/year	at	the	outer	nasal	

subfield	to	-0.07	year	at	the	outer	temporal	subfield	(p<0.001).	
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Figure	4.25.	Mean	GCL-IPL	thickness	at	subfields,	by	age.	Regression	coefficients	and	p-
values	are	shown.	Error	bars	=	95%	confidence	interval.		
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GCL-IPL	thickness	by	ethnicity	was	examined	(Figure	4.26,	Table	4.21).	Whites,	being	the	

largest	group,	were	treated	as	the	reference.	The	two	largest	defined	ethnic	groups,	

blacks	and	Asians,	were	explored	first.	Ethnicity	trends	were	different	between	the	inner	

and	outer	subfields.	At	the	inner	subfields,	blacks	and	Asians	showed	thinner	GCL-IPL	as	

compared	to	whites.	The	largest	difference	was	visible	at	the	inner	nasal	subfield,	where	

blacks	had	-3.45	μm	thinner	average	GCL-IPL	(p<0.001)	as	compared	to	whites,	and	

Asians	had	-2.28	μm	thinner	average	GCL-IPL	(p<0.001).	In	contrast,	at	outer	subfields,	

blacks	had	thicker	average	GCL-IPL	than	whites,	ranging	from	2.02	μm	(p<0.001)	at	the	

outer	inferior	subfield	to	1.12	μm	(p<0.001)	at	the	outer	superior	subfield.	Outer	

temporal	subfield	showed	no	significant	association	when	comparing	blacks	and	whites.	

When	considering	outer	subfields	among	Asians,	only	the	outer	temporal	subfield	was	

significant,	and	showed	thinner	GCL-IPL	than	whites	(-1.32	μm,	p<0.001).	At	the	central	

subfield,	both	blacks	(-7.69	μm,	p<0.001)	and	Asians	(-3.54	μm,	p<0.001)	had	

significantly	thinner	GCL-IPL	as	compared	to	whites.	

	

Amongst	Chinese	people,	the	only	subfield	that	showed	a	statistically	significant	

difference	at	threshold	p<0.001	was	the	outer	nasal	subfield,	where	GCL-IPL	was	3.40	

μm	thicker	as	compared	to	white	people.	Inner	superior,	outer	inferior,	and	outer	

superior	subfields	were	also	thicker	among	Chinese	as	compared	to	whites,	but	did	not	

reach	the	threshold	for	considering	the	difference	statistically	significant.	

	

In	this	study	population,	people	of	mixed/other	ethnicity	showed	significantly	thicker	

GCL-IPL	at	outer	nasal	(1.79	μm),	outer	inferior	(1.66	μm),	and	outer	superior	(1.12	μm)	
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subfields	(p<0.001).	Outer	temporal	subfield	(0.64	μm	as	compared	to	whites,	p=0.008)	

followed	this	trend,	but	was	not	statistically	significant.	At	central	subfield,	mixed/other	

ethnicity	showed	significantly	thinner	GCL-IPL	(-4.98	μm,	p<0.001)	as	compared	to	

whites.	Remaining	subfields	were	not	statistically	significant.	

	

Figure	4.26.	Mean	GCL-IPL	thickness	at	subfields,	by	ethnicity.	Error	bars	=	95%	
confidence	interval.		

	
	
	
Table	4.21.	Linear	regression	of	GCL-IPL	thickness	at	subfields,	by	ethnicity.	Ref.	=	
reference,	Coef	=	coefficient.	

	

White	
(ref)	 Asian	 Black	 Chinese	 Mixed/Other	

	 	 Coef	 P-value	 Coef	 P-value	 Coef	 P-value	 Coef	 P-value	

Inner	Nasal	 92.21	 -2.28	 <0.001	 -3.45	 <0.001	 1.05	 0.15	 -0.38	 0.25	
Inner	
Superior	 89.68	 -1.69	 <0.001	 -1.72	 <0.001	 1.76	 0.006	 0.37	 0.24	

Inner	
Inferior	

89.07	 -1.94	 <0.001	 -3.12	 <0.001	 0.32	 0.67	 -0.3	 0.37	

Inner	
Temporal	 87.02	 -2.28	 <0.001	 -2.88	 <0.001	 -0.96	 0.14	 -0.73	 0.02	

Outer	
Temporal	 65.80	 -1.32	 <0.001	 0.08	 0.72	 1.01	 0.1	 0.64	 0.008	

Outer	Nasal	 64.87	 0.74	 0.003	 1.70	 <0.001	 3.40	 <0.001	 1.79	 <0.001	
Outer	
Inferior	

59.33	 0.87	 0.001	 2.02	 <0.001	 2.08	 0.007	 1.66	 <0.001	

Outer	
Superior	

59.40	 -0.67	 0.002	 1.12	 <0.001	 1.75	 0.005	 1.12	 <0.001	

Central	 53.69	 -3.54	 <0.001	 -7.69	 <0.001	 -2.78	 0.02	 -4.98	 <0.001	
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Intraocular	pressure	showed	a	small	but	significant	association	with	GCL-IPL	thickness	at	

multiple	subfields	(Figure	4.27	and	Table	4.22).	Specifically,	for	each	mmHg	of	higher	

intraocular	pressure,	there	was	a	corresponding	associated	decrease	in	GCL-IPL	

thickness	at	all	subfields	except	central	subfield,	and	was	statistically	significant	at	inner	

superior	(-0.06	μm/mmHg),	inner	inferior	(-0.06	μm/mmHg),	outer	temporal	(-0.09	

μm/mmHg),	outer	nasal	(-0.14	μm/mmHg),	outer	inferior	(-0.15	μm/mmHg),	and	outer	

superior	(-0.12	μm/mmHg)	subfields	(p<0.001).	Inner	nasal	(-0.04	μm/mmHg,	p=0.007)	

followed	this	trend,	and	approached	statistical	significance,	but	did	not	reach	the	strict	

threshold	set	for	this	study.	Of	note,	the	strongest	associations	were	evident	at	the	

outer	subfields	(-0.12	to	-0.09	μm/mmHg),	rather	than	the	thicker	inner	subfields,	

different	from	aging,	where	inner	subfields	showed	more	dramatic	changes.		

	
	
Figure	4.27.	Mean	GCL-IPL	thickness	at	subfields,	by	intraocular	pressure	(IOPg	–	
Goldmann	equivalent).	Error	bars	=	95%	confidence	interval.	
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Table	4.22.	Linear	regression	of	RNFL	thickness	at	subfields,	by	intraocular	pressure	
(Goldmann	equivalent).	
	

	 Constant	 Change	
	(per	mmHg)	

95%	Confidence	Interval	 p-value	

Inner	Nasal	 92.68	 -0.04	 -0.07	 -0.01	 0.007	
Inner	Superior	 90.55	 -0.06	 -0.09	 -0.03	 <0.001	
Inner	Inferior	 89.79	 -0.06	 -0.09	 -0.03	 <0.001	
Inner	Temporal	 87.18	 -0.02	 -0.05	 0.01	 0.13	
Outer	Temporal	 67.18	 -0.09	 -0.12	 -0.07	 <0.001	
Outer	Nasal	 67.07	 -0.14	 -0.16	 -0.11	 <0.001	
Outer	Inferior	 61.76	 -0.15	 -0.18	 -0.13	 <0.001	
Outer	Superior	 61.24	 -0.12	 -0.14	 -0.10	 <0.001	
Central	 52.76	 0.03	 -0.01	 0.07	 0.13	
	

	

Refraction	was	significantly	associated	with	GCL-IPL	thickness,	and	the	direction	of	

association	varied	for	inner,	outer,	and	central	subfields	(Figure	4.28).	At	inner	subfields,	

only	inner	superior	subfield	reached	statistical	significance	(+0.25	μm/diopter,	p<0.001),	

although	this	may	be	an	oversimplification,	as	the	graph	(Figure	4.28)	shows	greater	

mean	thickness	as	one	moves	from	myopia	to	emmetropia,	with	an	inflection	point	at	

emmetropia,	and	thinner	again	as	one	moves	toward	hyperopia.	Remaining	inner	

subfields	follow	this	trend,	but	the	trend	was	not	statistically	significant.	

	

At	outer	subfields,	there	was	a	positive	association	with	all	subfields,	ranging	from	+0.76	

μm/diopter	at	outer	superior	and	temporal	subfield,	to	+0.96	μm/diopter	at	outer	nasal	

subfield	(p<0.001).	Outer	inferior	subfield	showed	a	positive	association	of	+0.94	

μm/diopter		(p<0.001).	In	contrast,	central	subfield	showed	significant	negative	

association	of	-0.42	μm/diopter	(p<0.001).	
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Figure	4.28.	Mean	GCL-IPL	thickness	at	subfields,	by	spherical	equivalent.	Error	bars	=	
95%	confidence	interval.	Linear	regression	performed	for	all	variables.	
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Height	was	associated	with	GCL-IPL	thickness,	with	most	subfields	showing	thicker	GCL-

IPL	as	mean	height	increased	(Figure	4.29,	Table	4.23).	The	greatest	effect	was	visible	at	

central	subfield,	with	+0.18	μm/cm,	followed	by	inner	temporal	subfield	(+0.14	μm/cm),	

inner	nasal	and	inner	inferior	subfields	(+0.08	μm/cm	for	both),	inner	superior	subfield	

(+0.05	μm/cm),	and	outer	temporal	subfield	(+0.04	μm/cm)	(p<0.001).	Outer	nasal	(-

0.05	μm/cm)	and	outer	inferior	(-0.06	μm/cm)	showed	thinner	GCL-IPL	with	increased	

height	(p<0.001).	Outer	superior	subfield	was	not	significant.	

	

	

Figure	4.29.	Mean	GCL-IPL	thickness	at	subfields,	by	height.	Error	bars	=	95%	
confidence	interval.	
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Table	4.23.	Linear	regression	of	GCL-IPL	thickness	at	subfields,	by	height.	
	

	 Change	
	(per	cm)	

95%	Confidence	Interval	 p-value	

Inner	Nasal	 0.08	 0.07	 0.09	 <0.001	
Inner	Superior	 0.05	 0.04	 0.06	 <0.001	
Inner	Inferior	 0.08	 0.07	 0.09	 <0.001	
Inner	Temporal	 0.14	 0.13	 0.14	 <0.001	
Outer	Temporal	 0.04	 0.04	 0.05	 <0.001	
Outer	Nasal	 -0.05	 -0.06	 -0.04	 <0.001	
Outer	Inferior	 -0.06	 -0.06	 -0.05	 <0.001	
Outer	Superior	 0.00	 -0.01	 0.00	 0.54	
Central	 0.18	 0.17	 0.19	 <0.001	
	

	

Educational	attainment	showed	statistically	significant	associations	with	GCL-IPL	

thickness,	but	not	necessarily	in	a	specific	pattern	or	dose-related	trend	(Figure	4.30	and	

Table	4.24).	For	instance,	being	in	the	lowest	category	for	educational	attainment	was	

associated	with	significantly	thinner	GCL-IPL	as	compared	to	people	who	attained	a	

college	degree	(-1.97	μm,	p<0.001).	This	appeared	true	for	most	subfields,	but	there	was	

an	exception	at	outer	inferior	subfield,	which	showed	thicker	GCL-IPL	amongst	those	

with	lowest	education	as	compared	to	people	with	college	degrees	(+0.47	μm,	p<0.001).	

At	the	outer	temporal	and	outer	superior	subfields,	the	relationship	between	education	

and	GCL-IPL	thickness	approached	statistical	significance	but	did	not	reach	pre-set	

threshold,	and	in	the	central	subfield	there	was	not	a	statistically	significant	relationship.	

	

Those	with	a	professional	qualification	or	A-level	had	significantly	thinner	GCL-IPL	at	

inner	nasal	(-0.54	μm,	p<0.001)	and	inner	temporal	(-0.61	μm,	p<0.001)	subfields	as	

compared	to	those	with	college	degrees.	Those	with	O-level	qualifications	had	

significantly	thinner	GCL-IPL	at	inner	temporal	subfield	(-0.52	μm,	p<0.001),	but	
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significantly	thicker	GCL-IPL	at	outer	nasal	subfield	(+0.45	μm,	p<0.001).	In	contrast,	CSE	

qualifications	were	significantly	associated	with	thicker	GCL-IPL	at	outer	nasal	(+1.05	

μm,	p<0.01),	outer	inferior	(+0.68	μm,	p<0.001),	and	outer	superior	(+0.71	μm,	p<0.001)	

subfields.	Remaining	subfields	were	not	statistically	significant.	

	

Figure	4.30.	Mean	GCL-IPL	thickness	at	subfields,	by	education	level.	Inset	shows	the	
inner	nasal	subfield	in	greater	detail.	Error	bars	represent	95%	confidence	intervals.		
	

	
	
	
Prof.	qual.	=	Professional	or	vocational	qualification	(including	higher	national	diploma)	
A-Level	=	General	Certificate	of	Education	Advanced	Level,	typically	taken	at	age	18	
O-Level	=	General	Certificate	of	Education	Ordinary	Level,	typically	taken	at	age	16	
CSE	=	Certificate	of	Secondary	Education	a	less	demanding	exam	usually	taken	at	age	16	
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Table	4.24.	Linear	regression	of	GCL-IPL	thickness	at	subfields,	by	education.	REF	=	
reference,	coef.	=	coefficient	

	
Prof.	qual.	=	Professional	or	vocational	qualification	(including	higher	national	diploma)	
A-Level	=	General	Certificate	of	Education	Advanced	Level,	typically	taken	at	age	18	
O-Level	=	General	Certificate	of	Education	Ordinary	Level,	typically	taken	at	age	16	
CSE	=	Certificate	of	Secondary	Education,	a	less	demanding	exam	usually	taken	at	age	16	
	

	

Socioeconomic	deprivation,	measured	by	the	Townsend	Deprivation	Index,	was	

considered	together	with	GCL-IPL	thickness	(Figure	4.31	and	Table	4.25).	Significantly	

thinner	GCL-IPL	was	noted	at	the	inner	inferior	(-0.66	μm,	p<0.001)	and	inner	temporal	

(-0.65	μm,	p<0.001)	subfields	among	those	who	were	most	deprived,	as	compared	to	

those	who	were	least	deprived.	However,	the	opposite	was	found	at	the	outer	nasal	

(+0.45	μm,	p<0.001)	and	outer	inferior	(+0.58	μm,	p<0.001)	subfields,	with	those	who	

were	most	deprived	having	significantly	thicker	GCL-IPL	as	compared	to	those	who	were	

least	deprived.	

	

College	
degree	
(REF)	

Professional	
qualification	
or	A-level	 O-level	 CSE	 Lower	

	 	 Coef.	 P-value	 Coef.	 P-value	 Coef.	 P-value	 Coef.	 P-value	
Inner		
Nasal	 92.46	 -0.54	 <0.001	 -0.33	 0.008	 0.39	 0.06	 -1.97	 <0.001	

Inner	
Superior	 89.92	 -0.38	 0.002	 -0.28	 0.02	 0.34	 0.08	 -1.56	 <0.001	

Inner	
Inferior	

89.27	 -0.39	 0.001	 -0.24	 0.05	 0.29	 0.16	 -1.82	 <0.001	

Inner	
Temporal	

87.35	 -0.61	 <0.001	 -0.52	 <0.001	 -0.28	 0.13	 -1.80	 <0.001	

Outer	
Temporal	 65.86	 -0.03	 0.74	 -0.17	 0.07	 0.24	 0.14	 -0.35	 0.003	

Outer	
Nasal	 64.75	 0.26	 0.02	 0.45	 <0.001	 1.05	 <0.001	 0.16	 0.23	

Outer	
Inferior	

59.24	 0.19	 0.08	 0.29	 0.01	 0.68	 <0.001	 0.47	 <0.001	

Outer	
Superior	

59.42	 0.03	 0.73	 0.06	 0.5	 0.71	 <0.001	 -0.35	 0.002	

Central	 53.47	 -0.37	 0.02	 -0.26	 0.13	 -0.55	 0.05	 -0.35	 0.10	



	
	

	 168	

Figure	4.31.	Mean	GCL-IPL	thickness	at	subfields,	by	deprivation	index.	Inset	shows	the	
inner	nasal	subfield	in	greater	detail.	Error	bars	represent	95%	confidence	intervals.		
	

	
Table	4.25.	Linear	regression	of	GCL-IPL	thickness	at	subfields,	by	deprivation	index.	
REF	=	reference,	coef.	=	coefficient,	P	=	p-value.	
	
Mu
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deling	of	GCL-IPL	thickness	was	performed	to	quantify	the	impact	of	all	variables	

	

Least	
deprived	
(REF)	 2nd	quintile	 3rd	quintile	 4th	quintile	 Most	deprived	

	 	 Coef.	 P	 Coef.	 P	 Coef.	 P	 Coef.	 P	
Inner		
Nasal	

92.1	 0.21	 0.15	 0.04	 0.77	 -0.13	 0.37	 -0.46	 0.002	

Inner	
Superior	

89.68	 0.2	 0.15	 -0.03	 0.83	 -0.16	 0.26	 -0.42	 0.003	

Inner	
Inferior	 89.05	 0.16	 0.26	 -0.03	 0.83	 -0.15	 0.31	 -0.66	 <0.001	

Inner	
Temporal	 87.03	 0.09	 0.49	 -0.13	 0.3	 -0.19	 0.13	 -0.65	 <0.001	

Outer	
Temporal	

65.78	 0.25	 0.02	 -0.05	 0.67	 -0.13	 0.25	 -0.06	 0.62	

Outer	
Nasal	 64.78	 0.29	 0.02	 0.17	 0.18	 0.19	 0.13	 0.45	 <0.001	

Outer	
Inferior	 59.28	 0.17	 0.17	 -0.03	 0.79	 0.15	 0.22	 0.58	 <0.001	

Outer	
Superior	

59.27	 0.35	 0.001	 0.21	 0.05	 0.08	 0.45	 0.24	 0.02	

Central	 53.31	 0.13	 0.49	 -0.06	 0.74	 0.1	 0.62	 -0.52	 0.01	



	
	

	 169	

together.	This	was	performed	first	for	inner	subfields,	which	were	the	thickest,	and	

showed	similar	trends	in	single	variable	analyses	(Table	4.26a).	At	all	inner	subfields,	

thinner	GCL-IPL	was	significantly	associated	with	older	age	(range	-0.15	μm/year	at	inner	

temporal	subfield	to	-0.24	μm/year	at	inner	nasal	subfield,	p<0.001),	Asian	or	Black	

ethnicity	as	compared	to	white	ethnicity	(range	for	Asians	-2.34	μm	at	inner	superior	

subfield	to	-3.15	μm	at	inner	nasal	subfield;	range	for	Blacks	-2.41	μm	at	inner	superior	

subfield	to	-4.29	μm	at	inner	nasal	subfield;	p<0.001),	lower	refraction	(i.e.,	greater	

myopia	or	lower	hyperopia)	(range	0.11	μm/diopter	at	inner	temporal	subfield	to	0.48	

μm/diopter	at	inner	superior	subfield,	p<0.001),	shorter	height	(range	0.05	μm/cm	at	

inner	nasal,	superior,	and	inferior	subfields	to	0.08	μm/cm	at	inner	temporal	subfield,	

p<0.001),	and	greater	socioeconomic	deprivation	(range	-0.16	μm	per	quintile	at	inner	

temporal	subfield	to	-0.20	μm	per	quintile	at	inner	superior	and	inner	inferior	subfields,	

p<0.001).	Chinese	ethnicity	was	associated	with	thicker	GCL-IPL	as	compared	to	whites	

at	inner	superior	subfield	only	(2.25	μm,	p<0.001).	Mixed/other	ethnicity	was	

significantly	thinner	than	white	ethnicity	at	inner	nasal	subfield	only	(-1.19	μm,	

p<0.001),	but	approached	significance	at	inner	inferior	(-0.98	μm,	p=0.004)	and	inner	

temporal	subfields	(-0.88	μm,	p=0.003).	Lower	educational	attainment	was	significantly	

associated	with	thinner	GCL-IPL	at	inner	superior	(-0.13	μm	per	lower	category	of	

attainment,	p<0.001),	inner	inferior	(-0.14	μm	per	lower	category	of	attainment,	

p<0.001),	and	inner	temporal	(-0.17	μm	per	lower	category	of	attainment,	p<0.001)	

subfields.	At	the	inner	nasal	subfield,	educational	attainment	approached	significance	(-

0.12	μm	per	lower	category	of	attainment,	p=0.001),	but	did	not	reach	the	pre-set	

threshold	for	statistical	significance.	Women	showed	significantly	thinner	GCL-IPL	as	

compared	to	men	at	inner	temporal	subfield	only	(-1.02	μm,	p<0.001),	although	inner	
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superior	subfield	did	also	approach	significance,	albeit	in	the	opposite	direction	(+0.38	

μm,	p=0.003).	Of	note,	after	controlling	for	other	factors,	IOP	was	not	significantly	

associated	with	GCL-IPL	thickness	at	any	of	the	inner	subfields.	

	

Multivariable	regression	at	outer	subfields	were	considered	next,	as	they	showed	

different	trends	from	inner	subfields	on	several	of	the	single	variable	analyses	(Table	

4.26b).	The	variables	that	showed	completely	consistent	trends	between	inner	and	

outer	subfields	were	older	age	and	refraction.	Older	people	showed	significantly	thinner	

GCL-IPL,	ranging	from	-0.11	μm/year	(outer	temporal	subfield,	p<0.001)	to	-0.19	

μm/year	(outer	nasal	subfield,	p<0.001).	Refraction,	measured	as	spherical	equivalent,	

was	positively	associated	with	GCL-IPL	thickness;	i.e.,	those	with	greater	myopia	had	

thinner	GCL-IPL,	and	those	with	higher	hyperopia	had	thicker	GCL-IPL	(range	from	+0.89	

μm/diopter	at	outer	temporal	subfield	to	+1.12	μm/diopter,	p<0.001).	

	

Asian	ethnicity	showed	similar	trends	within	2	out	of	4	outer	subfields	being	significantly	

thinner	compared	to	whites	(-1.23	μm	at	outer	superior	subfield,	-1.71	μm	at	outer	

temporal	subfield,	p<0.001).	Chinese	people	had	thicker	GCL-IPL	as	compared	to	whites,	

and	this	was	significant	at	outer	nasal	(+3.73	μm,	p<0.001)	and	outer	superior	(+2.30	

μm,	p<0.001)	subfields.	At	outer	inferior	(+2.28	μm,	p=0.002)	and	outer	temporal	(+1.72	

μm,	p=0.005),	this	trend	was	evident,	but	did	not	reach	the	threshold	for	statistical	

significance.	

	

Women	had	significantly	thicker	GCL-IPL	compared	to	men	at	three	out	of	four	outer	

subfields	(range	+0.42	μm	at	outer	superior	subfield	to	+1.03	μm	at	outer	nasal	subfield,	
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p<0.001);	however,	at	outer	temporal	subfield,	women	had	significantly	thinner	GCL-IPL	

as	compared	to	men	(-0.82	μm,	p<0.001).	

	

Interestingly,	although	IOP	did	not	show	any	significant	associations	with	GCL-IPL	

thickness	at	inner	subfields,	at	outer	subfields	there	was	a	significant	association	of	

thinner	GCL-IPL	with	higher	IOP,	of	-0.05	μm/mmHg	at	outer	superior	subfield	(p<0.001),	

-0.06	μm/mmHg	at	outer	nasal	subfield	(p<0.001),	and	-0.09	μm/mmHg	at	outer	inferior	

subfield	(p<0.001).	The	association	with	outer	temporal	subfield	was	not	statistically	

significant,	but	did	show	a	consistent	trend	(-0.04	μm/mmHg,	p	=	0.001).	

	

Education	(-0.16	μm	per	category	lower	in	educational	attainment,	p<0.001)	and	

deprivation	(-0.09	μm	per	quintile	of	greater	deprivation,	p<0.001)	were	significant	only	

at	the	outer	temporal	subfield.	Height	was	not	a	significant	factor	at	outer	subfields.	

	

Central	subfield	GCL-IPL	multivariable	regression	results	differed	from	those	of	inner	and	

outer	subfields	(Table	4.26c).	Most	notably,	age	was	not	significant	at	central	subfield,	

and	refraction	showed	opposite	effect	at	central	subfield	as	compared	to	other	subfields	

(-0.41	μm/diopter,	p<0.001),	with	higher	myopes	having	thicker	GCL-IPL	and	hyperopes	

thinner.	All	ethnicities	had	thinner	GCL-IPL	as	compared	to	whites,	with	the	exception	of	

Chinese,	in	which	the	association	was	not	significant	(regression	coefficients	for	Asians	-

3.49	μm,	blacks	-7.67	μm,	and	mixed/other	-4.60	μm	as	compared	to	whites,	p<0.001).	

Women	showed	significantly	thinner	GCL-IPL	as	compared	to	men	(regression	

coefficient	-2.82	μm	as	compared	to	men,	p<0.001).	Those	who	were	taller	had	thicker	
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GCL-IPL	(+0.07	μm/cm,	p<0.001).	Associations	with	IOP,	education,	and	deprivation	

were	not	significant.	

Table	4.26a.	Multivariable	regression	of	GCL-IPL	thickness	at	inner	subfields.		
95%	CI	=	95%	confidence	interval,	IOP	=	intraocular	pressure.		
	

	 Coefficient	 95%	CI	 P-value	
Inner	Nasal	 	 	 	 	Age	(per	year)	 -0.24	 -0.26	 -0.23	 <0.001	
Ethnicity	(vs.	White)	Asian	 -3.15	 -3.70	 -2.59	 <0.001	

Black	 -4.29	 -4.95	 -3.62	 <0.001	
Chinese	 1.16	 -0.24	 2.57	 0.10	
Mixed/other	 -1.19	 -1.83	 -0.55	 <0.001	

Female	(vs.	Male)	 -0.16	 -0.42	 0.11	 0.25	
Refraction	(per	dioptre)	 0.22	 0.17	 0.27	 <0.001	
IOP	(per	mmHg)	 0.01	 -0.02	 0.04	 0.39	
Height	(per	cm)	 0.05	 0.03	 0.06	 <0.001	
Education	(per	category)	 -0.12	 -0.19	 -0.05	 0.001	
Deprivation	index	(per	quintile)	 -0.18	 -0.24	 -0.12	 <0.001	

Inner	Superior	 	 	 	 	Age	(per	year)	 -0.22	 -0.23	 -0.2	 <0.001	
Ethnicity	(vs.	White)	Asian	 -2.34	 -2.89	 -1.79	 <0.001	

Black	 -2.41	 -3.01	 -1.80	 <0.001	
Chinese	 2.25	 1.03	 3.46	 <0.001	
Mixed/other	 -0.30	 -0.91	 0.31	 0.34	

Female	(vs.	Male)	 0.38	 0.13	 0.64	 0.003	
Refraction	(per	dioptre)	 0.48	 0.43	 0.52	 <0.001	
IOP	(per	mmHg)	 -0.001	 -0.03	 0.03	 0.95	
Height	(per	cm)	 0.05	 0.04	 0.06	 <0.001	
Education	(per	category)	 -0.13	 -0.20	 -0.07	 <0.001	
Deprivation	index	(per	quintile)	 -0.20	 -0.26	 -0.14	 <0.001	

Inner	Inferior	 	 	 	 	Age	(per	year)	 -0.21	 -0.22	 -0.20	 <0.001	
Ethnicity	(vs.	White)	Asian	 -2.60	 -3.22	 -1.99	 <0.001	

Black	 -3.82	 -4.49	 -3.15	 <0.001	
Chinese	 0.68	 -0.69	 2.04	 0.33	
Mixed/other	 -0.98	 -1.64	 -0.31	 0.004	

Female	(vs.	Male)	 -0.13	 -0.39	 0.14	 0.36	
Refraction	(per	dioptre)	 0.30	 0.25	 0.35	 <0.001	
IOP	(per	mmHg)	 -0.01	 -0.04	 0.02	 0.59	
Height	(per	cm)	 0.05	 0.04	 0.07	 <0.001	
Education	(per	category)	 -0.14	 -0.21	 -0.07	 <0.001	
Deprivation	index	(per	quintile)	 -0.20	 -0.27	 -0.14	 <0.001	
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Table	4.26a.	(continued)	
	

	 Coefficient	 95%	CI	 P-value	
Inner	Temporal	 	 	 	 	Age	(per	year)	 -0.15	 -0.16	 -0.14	 <0.001	
Ethnicity	(vs.	White)	Asian	 -2.54	 -3.08	 -2.00	 <0.001	

Black	 -3.20	 -3.79	 -2.60	 <0.001	
Chinese	 -0.14	 -1.39	 1.10	 0.82	
Mixed/other	 -0.88	 -1.46	 -0.29	 0.003	

Female	(vs.	Male)	 -1.02	 -1.25	 -0.79	 <0.001	
Refraction	(per	dioptre)	 0.11	 0.07	 0.16	 <0.001	
IOP	(per	mmHg)	 0.01	 -0.02	 0.04	 0.45	
Height	(per	cm)	 0.08	 0.07	 0.10	 <0.001	
Education	(per	category)	 -0.17	 -0.24	 -0.11	 <0.001	
Deprivation	index	(per	quintile)	 -0.16	 -0.22	 -0.10	 <0.001	

	

	

	

Table	4.26b.	Multivariable	regression	of	GCL-IPL	thickness	at	outer	subfields.		
95%	CI	=	95%	confidence	interval,	IOP	=	intraocular	pressure.		
	

	 Coefficient	 95%	CI	 P-value	
Outer	Nasal	 	 	 	 	Age	(per	year)	 -0.19	 -0.19	 -0.18	 <0.001	
Ethnicity	(vs.	White)	Asian	 -0.03	 -0.5	 0.44	 0.90	

Black	 0.81	 0.33	 1.28	 0.001	
Chinese	 3.73	 2.31	 5.16	 <0.001	
Mixed/other	 0.80	 0.27	 1.33	 0.003	

Female	(vs.	Male)	 1.03	 0.82	 1.24	 <0.001	
Refraction	(per	dioptre)	 1.12	 1.08	 1.16	 <0.001	
IOP	(per	mmHg)	 -0.06	 -0.08	 -0.03	 <0.001	
Height	(per	cm)	 -0.02	 -0.03	 0.00	 0.01	
Education	(per	category)	 0.02	 -0.04	 0.07	 0.56	
Deprivation	index	(per	quintile)	 -0.06	 -0.12	 -0.01	 0.02	

	
	



	
	

	 174	

Table	4.26b.	(continued)	
	

	 Coefficient	 95%	CI	 P-value	
Outer	Superior	 	 	 	 	Age	(per	year)	 -0.15	 -0.16	 -0.14	 <0.001	
Ethnicity	(vs.	White)	Asian	 -1.23	 -1.64	 -0.82	 <0.001	

Black	 0.44	 0.01	 0.87	 0.05	
Chinese	 2.30	 1.18	 3.43	 <0.001	
Mixed/other	 0.48	 0.01	 0.95	 0.05	

Female	(vs.	Male)	 0.42	 0.24	 0.60	 <0.001	
Refraction	(per	dioptre)	 0.91	 0.88	 0.94	 <0.001	
IOP	(per	mmHg)	 -0.05	 -0.07	 -0.03	 <0.001	
Height	(per	cm)	 0.01	 0.00	 0.02	 0.03	
Education	(per	category)	 -0.08	 -0.13	 -0.03	 0.001	
Deprivation	index	(per	quintile)	 -0.07	 -0.12	 -0.03	 0.002	

Outer	Inferior	 	 	 	 	Age	(per	year)	 -0.12	 -0.13	 -0.11	 <0.001	
Ethnicity	(vs.	White)	Asian	 0.37	 -0.14	 0.89	 0.16	

Black	 1.36	 0.85	 1.87	 <0.001	
Chinese	 2.28	 0.83	 3.74	 0.002	
Mixed/other	 0.86	 0.29	 1.43	 0.003	

Female	(vs.	Male)	 0.95	 0.73	 1.17	 <0.001	
Refraction	(per	dioptre)	 1.04	 1.00	 1.08	 <0.001	
IOP	(per	mmHg)	 -0.09	 -0.11	 -0.06	 <0.001	
Height	(per	cm)	 -0.02	 -0.03	 0.00	 0.009	
Education	(per	category)	 -0.01	 -0.07	 0.05	 0.74	
Deprivation	index	(per	quintile)	 0.002	 -0.05	 0.06	 0.94	

Outer	Temporal	 	 	 	 	Age	(per	year)	 -0.11	 -0.12	 -0.1	 <0.001	
Ethnicity	(vs.	White)	Asian	 -1.71	 -2.14	 -1.27	 <0.001	

Black	 -0.27	 -0.74	 0.20	 0.25	
Chinese	 1.72	 0.52	 2.92	 0.005	
Mixed/other	 0.28	 -0.20	 0.76	 0.25	

Female	(vs.	Male)	 -0.82	 -1.02	 -0.63	 <0.001	
Refraction	(per	dioptre)	 0.89	 0.85	 0.92	 <0.001	
IOP	(per	mmHg)	 -0.04	 -0.06	 -0.02	 0.001	
Height	(per	cm)	 0.01	 0.002	 0.02	 0.02	
Education	(per	category)	 -0.16	 -0.21	 -0.11	 <0.001	
Deprivation	index	(per	quintile)	 -0.09	 -0.14	 -0.04	 <0.001	
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Table	4.26c.	Multivariable	regression	of	GCL-IPL	thickness	at	central	subfields.		
95%	CI	=	95%	confidence	interval,	IOP	=	intraocular	pressure.		
	

	 Coefficient	 95%	CI	 p-value	
Central	 	 	 	 	Age	(per	year)	 0.00	 -0.01	 0.02	 0.78	
Ethnicity	(vs.	White)	Asian	 -3.49	 -4.36	 -2.61	 <0.001	

Black	 -7.67	 -8.57	 -6.77	 <0.001	
Chinese	 -2.15	 -4.55	 0.24	 0.08	
Mixed/other	 -4.60	 -5.44	 -3.76	 <0.001	

Female	(vs.	Male)	 -2.82	 -3.17	 -2.47	 <0.001	
Refraction	(per	dioptre)	 -0.41	 -0.47	 -0.34	 <0.001	
IOP	(per	mmHg)	 -0.01	 -0.05	 0.03	 0.69	
Height	(per	cm)	 0.07	 0.05	 0.09	 <0.001	
Education	(per	category)	 0.02	 -0.07	 0.12	 0.61	
Deprivation	index	(per	quintile)	 0.13	 0.05	 0.22	 0.003	
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4.4	 Retinal	Nerve	Fibre	Layer	

	

4.4.1	 Contributors	

Paul	Foster	was	central	to	designing	the	eye	portion	of	UK	Biobank.	Paul	Foster,	Praveen	

Patel,	and	Nick	Strouthidis	provided	guidance	when	planning	the	analysis.	Qi	Yang	and	

Charles	Reisman	performed	automated	segmentation	of	OCT	images.	After	automated	

segmentation	of	images	were	performed,	I	reviewed	data	to	evaluate	for	outliers,	and	

recommended	images	to	Qi	Yang	for	manual	re-grading.	These	variables	were	then	

analyzed	by	me.	Paul	Foster,	Praveen	Patel,	Peng	Khaw	were	involved	in	suggestions	for	

improved	approach	to	analysis	as	the	work	evolved.	Paul	Foster,	Peng	Khaw,	Praveen	

Patel,	Nick	Strouthidis,	Qi	Yang,	Charles	Reisman,	Anthony	Khawaja,	David	Garway-

Heath,	James	Morgan,	Yusrah	Shweikh,	and	Zaynah	Muthy	were	helpful	during	review	

and	editing	phase.	Although	there	were	many	collaborators	in	this	work,	to	whom	I	am	

grateful,	the	analysis	and	writing	was	performed	entirely	by	me.	

	

	

4.4.2	 Results	

33,068	high-quality	OCT	images	from	16,416	right	eyes	and	16,652	left	eyes	from	people	

without	self-reported	ocular	disorders,	diabetes,	or	neurodegenerative	diseases	were	

included	for	analysis	(Figure	4.32).	Participants	included	in	the	study	are	described	in	

Table	4.27.	Mean	age	was	56.0	years	(95%	CI	55.9-56.1%,	SD	8.2).	There	were	more	

women	(53.5%)	than	men.	The	majority	of	participants	were	white	(91.8%);	however,	



	
	

	 177	

the	number	of	participants	from	different	ethnicities	was	sufficiently	high	to	perform	

statistical	testing,	and	included	123	Chinese,	857	Asians,	946	blacks,	and	761	

mixed/other.	Mean	visual	acuity	was	LogMar	-0.04	(SD	0.16)	and	mean	refraction	was	-

0.06	D	(SD	1.91).	Mean	IOP	was	15.0	mmHg	(95%	CI	15.01-15.07,	SD	3.0).	
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Figure	4.32.	Inclusion/exclusion	criteria	for	macular	RNFL	SDOCT.	

	
Total	number	of	UK	Biobank	participants	with	SDOCT	scans	performed	=	67321	
	
	 5	participants	withdrew	consent	
	

Missing	ETDRS	subfield	macular	thickness	values	(also	excludes	corrupted	files)	
	 4551	Right	eyes	and	4972	left	eyes	
	
63912	People	 62765	Right	eyes	 62344	Left	eyes	
	
	 Scans	with	low	signal	strength	
	 5826	right	eyes	and	4893	left	eyes	
	
60971	People	 56939	Right	eyes	 57451	Left	eyes	 	
	
	 Scans	with	low	quality	
	 18533	right	eyes	and	18762	left	eyes	
	
49455	People	 38406	Right	eyes	 38689	Left	eyes	 	

	
	 Refractive	error	>6D	or	<-6D	
	 1537	right	eyes	and	1763	left	eyes	
	
47534	People	 36869	Right	eyes	 36926	Left	eyes	 	

	
	 Vision	worse	than	0.1	logMAR	
	 8986	right	eyes	and	8864	left	eyes	
	
38762	People	 27883	Right	eyes	 28062	Left	eyes	 	

	
	 Self-reported	glaucoma,	missing	IOP	measurement,	IOP	≥22	or	≤5	
	 3056	right	eyes	and	3088	left	eyes	
	
35097	People	 24827	Right	eyes	 24974	Left	eyes	 	

	
	 Ocular	disorders	(corneal	graft,	injury,	macular	degeneration)	 	
	 168	right	eyes	and	181	left	eyes	
	
34867	People	 24659	Right	eyes	 24793	Left	eyes	 	

	
	 Neurologic	disease	 	
	 106	right	eyes	and	115	left	eyes	
	
34703	People	 24553	Right	eyes	 24678	Left	eyes	 	

	
	 Diabetes	 	
	 1122	right	eyes	and	1116	left	eyes	
	
33070	People	 23431	Right	eyes	 23562	Left	eyes	 	

	
	 If	both	eyes	included,	one	eye	randomly	selected	
	
33070	People	 16418	Right	eyes	 16652	Left	eyes	 	

	
	 Manual	re-grading	rejected	2	images	
	
33068	People	 16416	Right	eyes	 16652	Left	eyes	 	
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Table	4.27.	Basic	demographics	for	those	included	in	RNFL	analysis.	
	
	 Estimate	(95%	CI)	 	
*	Age	(mean	years)	 56.0	(55.9	–	56.1)	 SD	=	8.2	
+	Female	Sex	 53.5	(53.0	–	54.1)%	 	
+	Ethnicity	

White	
Chinese	
Asian	
Black	
Mixed/Other	

	
91.8	(91.5	–	92.1)%	
0.4	(0.3	–	0.4)%	
2.6	(2.4	–	2.8)%	
2.9	(2.7	–	3.1)%	
2.3		(2.2	–	2.5)%	

	

+	Laterality	=	Right	eye	 49.6	(49.1	–	50.2)%	 	
*	Visual	acuity	(logMAR)	 -0.04	(-0.042	–	-0.039)	 SD	=	0.16	
*	Refraction	 -0.06	(-0.08	–	-0.04)	 SD	=	1.91	
*	IOPG	 15.0	(15.01	–	15.07)	 SD	=	3.0	
*	mean	(95%	confidence	interval)	
+	percentage	(95%	confidence	interval)	
SD	=	standard	deviation	
IOPG	(Goldmann	equivalent)	was	measured	using	the	Reichert	Ocular	Response	Analyser	
	

	

mRNFL	thickness	at	each	subfield	is	shown	in	Figure	4.33.	The	central	subfield	was	

thinnest	at	8.3	μm	(SD	4.2)	and	the	outer	nasal	was	thickest	at	53.3	μm	(SD	9.0).	

Superior	and	inferior	subfields	were	of	intermediate	thickness,	with	outer	subfields	

being	thicker	than	inner	subfields.	There	was	a	slight	right	skew	toward	higher	RNFL	

thickness	(figures	4.33a-b).	Women	and	men	had	different	distribution	of	mRNFL	

thicknesses	(figures	4.33d-e),	with	women	showing	greater	thickness	at	outer	subfields,	

and	men	showing	greater	thickness	at	inner	and	central	subfields	(p<0.001	at	all	

subfields	except	inner	superior	subfield).	
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Figure	4.33a-b.	Histogram	of	macular	RNFL	thickness	at	A)	central	and	B)	outer	nasal	
subfields.	Central	subfield	mean	=	8.26	μm,	standard	error	=	0.02	μm,	standard	
deviation	=	4.20	μm.	Outer	nasal	subfield	mean	=	53.28	μm,	standard	error	=	0.05	μm,	
standard	deviation	=	8.90	μm.	
a)	 	 b)	

			 	
		

Figure	4.33c.	Macular	RNFL	thickness	at	different	subfields.	Mean	(µm)	±	standard	
deviation.		

	
	
	
Figure	4.33d-e.	Macular	RNFL	thickness	in	D)	women	and	E)	men,	at	different	
subfields.	Mean	(µm)	±	standard	deviation.	T-test	of	women	versus	men,	p<0.001	at	all	
subfields	except	inner	superior	(p=0.36).	
d)	 	 e)	
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Regression	analyses	were	performed	to	determine	potential	associations	with	mRNFL	

thickness	with	individual	variables,	including	age,	ethnicity,	IOP,	refraction,	height,	

education,	and	Townsend	deprivation	index.	There	was	significant	association	between	

thinner	mRNFL	and	older	age,	with	the	most	obvious	being	the	outer	nasal	subfield,	

decreasing	0.12	μm	per	year	(95%	CI	-0.13	–	-0.11	μm	per	year,	p<0.001)	(figure	4.34).	

This	relationship	was	consistent	for	all	subfields	except	central	subfield,	which	showed	a	

positive	association	of	+0.02	μm	per	year	(95%	CI	0.01	–	0.02	μm	per	year,	p<0.001).		
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Figure	4.34.	Mean	RNFL	thickness	at	subfields,	by	age.	Regression	coefficients	and	p-
values	are	shown.	Error	bars	=	95%	confidence	interval.		
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As	compared	to	whites,	black	people	had	significantly	thinner	mRNFL	in	all	subfields,	

and	Asians	were	thinner	in	most	subfields	(Figure	4.35	and	Table	4.28).	Chinese	and	

mixed/other	ethnicities	showed	mixed	results,	with	thinner	RNFL	at	some	subfields	and	

thicker	RNFL	at	other	subfields,	with	no	clear	pattern	or	trend.	

	

Figure	4.35.	Mean	RNFL	thickness	at	subfields,	by	ethnicity.	Error	bars	=	95%	
confidence	interval.		
	

	
	
Table	4.28.	Linear	regression	of	RNFL	thickness	at	subfields,	by	ethnicity.		
Ref	=	reference,	Coef	=	coefficient,	P	=	P-value.	
	

	

White	
(ref)	 Asian	 Black	 Chinese	 Mixed/Other	

	 	 Coef.	 P	 Coef.	 P	 Coef.	 P	 Coef.	 P	
Outer	Nasal	 53.45	 -1.53	 -3.93	 -3.93	 <0.001	 1.18	 0.17	 -0.74	 0.02	
Outer	Inferior	 41.55	 -1.35	 -1.98	 -1.98	 <0.001	 0.56	 0.35	 -0.46	 0.06	
Outer	Superior	 40.12	 -0.81	 -1.13	 -1.13	 <0.001	 1.62	 0.002	 0.17	 0.41	
Inner	Superior	 29.10	 -0.44	 -0.77	 -0.77	 <0.001	 0.68	 0.04	 0.02	 0.88	
Inner	Inferior	 27.83	 -1.15	 -1.51	 -1.51	 <0.001	 -1.20	 0.002	 -0.68	 <0.001	
Inner	Nasal	 25.79	 -0.42	 -1.38	 -1.38	 <0.001	 -0.01	 0.98	 -0.54	 <0.001	
Outer	Temporal	 21.60	 0.20	 0.47	 0.47	 <0.001	 0.19	 0.37	 0.41	 <0.001	
Inner	Temporal	 20.68	 -0.27	 -0.58	 -0.58	 <0.001	 -0.29	 0.16	 -0.11	 0.21	
Central	 8.35	 -0.35	 -1.68	 -1.68	 <0.001	 -0.37	 0.36	 -1.08	 <0.001	
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Ocular	factors	considered	included	IOP	and	refraction.	No	association	was	identified	

between	mRNFL	thickness	and	IOPG	(Figure	4.36).	In	fact,	regression	analysis	showed	0.0	

μm	change	for	multiple	subfields	(Table	4.29),	including	outer	inferior,	outer	superior,	

and	central	subfields	(p-values	0.89,	0.69,	and	0.73,	respectively).	The	outer	nasal	

subfield,	which	previously	showed	the	most	obvious	thinness	with	age	and	ethnicity,	

showed	a	slight	positive	association	with	IOPG	(0.04	μm	per	mmHg,	95%	CI	0.01	–	0.08,	

p=0.01).	Inner	inferior	(0.02	μm	per	mmHg,	95%	CI	0.01	–	0.04,	p=0.004)	and	inner	nasal	

(0.02	μm	per	mmHg,	95%	CI	0.01	–	0.03,	p=0.005)	subfields	also	showed	slight	positive	

associations.	There	was	a	slight	negative	association	at	outer	temporal	(-0.04	μm	per	

mmHg,	95%	CI	-0.05	–	-0.03,	p<0.001)	and	inner	temporal	(-0.01	μm	per	mmHg,	95%	CI	-

0.02	–	0.00,	p=0.01)	subfields.	

	



	
	

	 185	

Figure	4.36.	Mean	RNFL	thickness	at	subfields,	by	intraocular	pressure	(Goldmann-
corrected).	Error	bars	=	95%	confidence	interval.	
	

	
	
	
Table	4.29.	Linear	regression	of	RNFL	thickness	at	subfields,	by	intraocular	pressure	
(Goldmann-corrected).	
	

	 Constant	 Change	
	(per	mmHg)	

95%	Confidence	Interval	 p-value	

Outer	Nasal	 52.62	 0.04	 0.01	 0.08	 0.01	
Outer	Inferior	 41.47	 0.00	 -0.03	 0.02	 0.89	
Outer	Superior	 40.01	 0.00	 -0.02	 0.03	 0.69	
Inner	Superior	 28.99	 0.01	 -0.01	 0.02	 0.43	
Inner	Inferior	 27.38	 0.02	 0.01	 0.04	 0.004	
Inner	Nasal	 25.45	 0.02	 0.01	 0.03	 0.005	
Outer	Temporal	 22.25	 -0.04	 -0.05	 -0.03	 <0.001	
Inner	Temporal	 20.82	 -0.01	 -0.02	 0.00	 0.01	
Central	 8.22	 0.00	 -0.01	 0.02	 0.73	
	

	

In	contrast,	refraction	was	significantly	associated	with	mRNFL	thickness,	with	thicker	

mRNFL	for	each	diopter	of	myopia	and	thinner	mRNFL	for	each	diopter	of	hyperopia	

(Figure	4.37).	The	most	dramatic	association	was	at	the	outer	nasal	subfield,	which	

showed	1.33	μm	change	per	diopter	refraction	(95%	CI	-1.38	–	-1.28,	p<0.001).	The	one	

exception	was	the	outer	temporal	subfield,	which	was	thicker	among	hyperopes.	
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Figure	4.37.	Mean	RNFL	thickness	at	subfields,	by	refraction.	Error	bars	=	95%	
confidence	interval.	Linear	regression	performed	for	all	variables.	
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Height,	a	potential	confounder	with	sex	and	refractive	error,	was	considered	as	well	

(Figure	4.38	and	Table	4.30).	For	most	subfields,	there	was	a	small	positive	association,	

ranging	from	0.01	to	0.06	μm	per	cm	(Table	4.30).	The	exceptions	were	the	outer	

superior	subfield	where	there	was	a	small	but	statistically	significant	association	of	-0.05	

μm	per	cm.	(95%	CI	-0.06	–	-0.04,	p<0.001),	and	outer	inferior	and	outer	temporal	

subfields,	which	were	not	significant.		

	

Figure	4.38.		Mean	RNFL	thickness	at	subfields,	by	height.	Error	bars	=	95%	confidence	
interval.	
	

	
	
	
Table	4.30.	Linear	regression	of	RNFL	thickness	at	subfields,	by	height.	
	

	 Change	
	(per	cm)	

95%	Confidence	Interval	 p-value	

Outer	Nasal	 0.01	 0.00	 0.03	 0.01	
Outer	Inferior	 -0.01	 -0.02	 0.00	 0.05	
Outer	Superior	 -0.05	 -0.06	 -0.04	 <0.001	
Inner	Superior	 0.02	 0.01	 0.02	 <0.001	
Inner	Inferior	 0.06	 0.05	 0.06	 <0.001	
Inner	Nasal	 0.05	 0.04	 0.05	 <0.001	
Outer	Temporal	 0.00	 -0.01	 0.00	 0.05	
Inner	Temporal	 0.02	 0.02	 0.03	 <0.001	
Central	 0.04	 0.03	 0.04	 <0.001	
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Given	the	recorded	associations	between	mRNFL	and	cognitive	function,	education	and	

Townsend	deprivation	index	(Figure	4.39)	were	included	in	multivariate	analysis.	Those	

with	lower	educational	attainment	(less	than	O-level)	had	significantly	thinner	mRNFL	in	

all	subfields,	except	the	two	thinnest	subfields	(inner	temporal	and	central).	The	most	

dramatic	finding	was	at	the	outer	nasal	subfield,	which	showed	0.65	μm	thinner	mRNFL	

for	each	category	lower	in	educational	attainment	(95%	CI	-0.72	–	-0.58,	p<0.001).	

Townsend	deprivation	index,	a	measure	of	later	life	socioeconomic	relative	deprivation,	

showed	a	trend	toward	greater	deprivation	and	thinner	mRNFL,	though	the	findings	

were	not	as	large	as	educational	attainment	and	was	not	statistically	significant	(Figure	

4.39).	At	the	outer	nasal	subfield,	those	with	greater	deprivation	had	0.11	μm	thinner	

mRNFL	per	quintile	worse	deprivation	(95%	CI	-18	–	-0.05	μm,	p=0.002).	
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Figure	4.39.	Mean	RNFL	thickness.	Inset	shows	the	outer	nasal	subfield	in	greater	
detail.	A)	mRNFL	thickness	and	education	(Regression	at	outer	nasal	subfield	of	-0.65	
υm	per	category	lower	education,	95%	CI	-0.72	-	-0.58,	p<0.001)	and	B)	mRNFL	
thickness	and	Townsend	deprivation	index,	a	measure	of	socioeconomic	deprivation	
(Regression	at	outer	nasal	subfield	of	-0.11	υm	per	quintile	of	worsened	deprivation,	
95%	CI	-0.18	-	-0.04,	p=0.002).	Error	bars	represent	95%	confidence	intervals.	
A)	

	
B)	
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To	quantify	the	relative	impact	of	all	variables	together,	multivariable	regression	

modeling	was	performed	for	mRNFL	thickness	at	outer	nasal,	outer	inferior,	outer	

superior,	and	central	subfields	(Table	4.31).	The	first	three	subfields	were	the	ones	with	

thickest	mRNFL	and	largest	trends	in	single	variable	analysis,	whereas	central	subfield	

had	thinnest	mRNFL.	Outer	nasal	subfield	showed	significantly	thinner	mRNFL	in	older	

age	(-0.06	μm	per	year,	95%	CI	-0.07	–	-0.05,	p<0.001);	Asian	(-1.79	μm,	95%	CI	-2.36	–	-

1.22,	p<0.001),	black	(-3.97	μm,	95%	CI	-4.54	–	-3.40,	p<0.001),	or	mixed/other	(-0.78	

μm,	95%	CI	-1.41	–	-0.15,	p=0.01)	ethnicities	compared	with	whites;	higher	

hypermetropia	(or	lower	myopia)	(-1.23	μm	per	diopter,	95%	CI	-1.29	-	-1.18,	p<0.001);	

lower	education	attainment	(-0.28	μm	per	category	lower	education,	95%	CI	-0.35	–	-

0.21,	p<0.001);	and	greater	socioeconomic	deprivation	(-0.08	μm,	95%	CI	-0.15	–	-0.01,	

p=0.02).	In	contrast,	women	had	a	thicker	RNFL	than	men	(1.82	μm,	95%	CI	1.55	–	2.09,	

p<0.001),	including	controlling	for	height	(0.05	μm	per	cm	(95%	CI	0.04	–	0.07,	p<0.001).	

There	was	no	significant	association	between	outer	nasal	macular	RNFL	thickness	and	

Chinese	ethnicity	or	intraocular	pressure.	Outer	inferior	and	outer	superior	subfield	

regression	modeling	showed	consistent	results	with	those	described	above	for	the	outer	

nasal	subfield,	with	the	exception	of	Chinese	ethnicity	(1.35	μm	as	compared	to	whites,	

95%	CI	0.30	–	2.39,	p=0.01),	which	showed	a	significant	positive	association	with	outer	

superior	RNFL.	Central	subfield	RNFL	multivariable	regression	modeling	showed	positive	

association	with	older	age	(0.03	μm	per	year,	95%	CI	0.02	–	0.03,	p<0.001),	lower	

education	(0.05	μm,	95%	CI	0.02	–	0.09,	p=0.02),	and	greater	socioeconomic	deprivation	

(0.07	μm,	95%	CI	0.03	–	0.10,	p=0.002);	and	negative	association	with	female	sex	(-0.78	

μm	compared	to	men,	95%	CI	-0.91	–	-0.65,	p<0.001),	black	or	mixed/other	ethnicities			

(-1.50	μm	and	-0.99	μm	compared	to	whites,	95%	CI	-1.81	–	-1.19	and	-1.29	–	-0.69,	
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respectively,	p<0.001),	and	higher	refractive	error	(-0.30	μm	per	diopter,	95%	CI	-0.32	–		

-0.27,	p<0.001).	There	was	no	significant	association	with	Chinese	or	Asian	ethnicity,	or	

height.	For	all	subfields,	there	was	no	significant	association	with	intraocular	pressure	

(IOPG).	
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Table	4.31.	Multivariable	regression	of	RNFL	thickness	at	select	subfields.		
95%	CI	=	95%	confidence	interval,	IOPG	=	Goldmann-corrected	intraocular	pressure.		
	
	 Coefficient	 95%	CI	 P-value	
Outer	Nasal	 	 	 	 	
Age	(per	year)	 -0.06	 -0.07	 -0.05	 <0.001	
Female	(vs.	Male)	 1.82	 1.55	 2.09	 <0.001	
Ethnicity	(vs.	White)	 Asian	 -1.79	 -2.36	 -1.22	 <0.001	

Black	 -3.97	 -4.55	 -3.40	 <0.001	
Chinese	 -0.02	 -1.66	 1.62	 0.98	
Mixed/other	 -0.78	 -1.41	 -0.15	 0.02	

Refraction	(per	dioptre)	 -1.23	 -1.29	 -1.18	 <0.001	
IOPG	(per	mmHg)	 0.03	 0.00	 0.06	 0.08	
Height	(per	cm)	 0.05	 0.04	 0.07	 <0.001	
Education	(per	category)	 -0.28	 -0.35	 -0.21	 <0.001	
Deprivation	index	(per	quintile)	 -0.08	 -0.15	 -0.01	 0.02	

Outer	Inferior	 	 	 	 	
Age	(per	year)	 -0.06	 -0.07	 -0.05	 <0.001	
Female	(vs.	Male)	 1.86	 1.64	 2.07	 <0.001	
Ethnicity	(vs.	White)	 Asian	 -1.42	 -1.84	 -1.00	 <0.001	

Black	 -2.05	 -2.47	 -1.64	 <0.001	
Chinese	 0.06	 -1.11	 1.22	 0.93	
Mixed/other	 -0.57	 -1.05	 -0.08	 0.02	

Refraction	(per	dioptre)	 -0.47	 -0.51	 -0.43	 <0.001	
IOPG	(per	mmHg)	 0.00	 -0.02	 0.03	 0.76	
Height	(per	cm)	 0.04	 0.03	 0.06	 <0.001	
Education	(per	category)	 -0.25	 -0.3	 -0.19	 <0.001	
Deprivation	index	(per	quintile)	 -0.09	 -0.14	 -0.04	 0.001	

Outer	Superior	 	 	 	 	
Age	(per	year)	 -0.01	 -0.02	 0.00	 0.06	
Female	(vs.	Male)	 2.53	 2.34	 2.71	 <0.001	
Ethnicity	(vs.	White)	 Asian	 -0.58	 -0.98	 -0.19	 0.004	

Black	 -0.97	 -1.34	 -0.59	 <0.001	
Chinese	 1.35	 0.30	 2.39	 0.01	
Mixed/other	 0.15	 -0.26	 0.57	 0.48	

Refraction	(per	dioptre)	 -0.24	 -0.27	 -0.20	 <0.001	
IOPG	(per	mmHg)	 0.01	 -0.02	 0.03	 0.56	
Height	(per	cm)	 0.04	 0.03	 0.05	 <0.001	
Education	(per	category)	 -0.13	 -0.18	 -0.08	 <0.001	
Deprivation	index	(per	quintile)	 -0.04	 -0.09	 0.00	 0.07	
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Table	4.31.	(continued)	
	
	 Coefficient	 95%	CI	 P-value	
Central	 	 	 	 	
Age	(per	year)	 0.03	 0.02	 0.03	 <0.001	
Female	(vs.	Male)	 -0.78	 -0.91	 -0.65	 <0.001	
Ethnicity	(vs.	White)	 Asian	 -0.32	 -0.63	 -0.01	 0.05	

Black	 -1.50	 -1.81	 -1.19	 <0.001	
Chinese	 -0.32	 -1.14	 0.49	 0.44	
Mixed/other	 -0.99	 -1.29	 -0.69	 <0.001	

Refraction	(per	dioptre)	 -0.30	 -0.32	 -0.27	 <0.001	
IOPG	(per	mmHg)	 -0.01	 -0.03	 0.00	 0.07	
Height	(per	cm)	 0.01	 0.00	 0.02	 0.003	
Education	(per	category)	 0.05	 0.02	 0.09	 0.004	
Deprivation	index	(per	quintile)	 0.07	 0.03	 0.10	 <0.001	
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4.5	 Cognitive	Function,	Ganglion	Cell	Layer-Inner	Plexiform	

Layer	Complex,	and	Retinal	Nerve	Fibre	Layer	

	

	

4.5.1	 Contributors	to	Study	of	Cognitive	Function	

Paul	Foster,	Praveen	Patel,	and	John	Gallacher	were	involved	during	design	phase	of	the	

study.	Qi	Yang	and	Charles	Reisman	performed	automated	segmentation	and	manual	

review	of	OCT	images.	All	analyses	were	performed	by	me,	with	suggestions	from	Paul	

Foster	and	Cathie	Sudlow	to	improve	statistical	methodology.	John	Gallacher	provided	

significant	expertise	in	understanding	cognitive	function.		Zaynah	Muthy	assisted	in	

literature	search.	Paul	Foster,	Cathie	Sudlow,	John	Gallacher,	Peng	Khaw,	Praveen	Patel,	

Nick	Strouthidis,	Qi	Yang,	Charles	Reisman,	Geraint	Rees,	Pearse	Keane,	Axel	Petzold,	

and	Zaynah	Muthy	were	helpful	during	review	and	editing	phase.	Although	I	performed	

all	analyses	and	writing,	my	collaborators	elevated	the	quality	of	this	work	to	the	level	

you	see	here,	and	I	am	grateful	for	their	contributions.	
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4.5.2	 Results	

	

4.5.2.1	 GCL-IPL	and	Cognitive	Function	

To	test	for	potential	link	between	inner	retinal	layers	and	cognitive	function,	GCL-IPL	and	

RNFL	thickness	were	examined	together	with	cognitive	function	tests.	The	first	section	

will	focus	on	GCL-IPL.	RNFL	results	are	shown	in	the	next	section.	Between	2009-10,	

67,321	people	underwent	OCT	imaging.	Of	these,	32,069	people	had	high	quality	OCT	

imaging,	all	cognitive	tests,	and	reported	no	neurological	or	ocular	disease,	and	no	

diabetes	(Figure	4.40).	1,251	people	with	high	quality	OCT	scans	and	full	additional	data	

at	baseline	completed	follow-up	cognitive	testing	in	2012-13.	Table	4.32	summarizes	

demographic,	morphometric,	and	ophthalmic	variables	at	baseline	(2009-2010)	for	all	

participants	with	an	OCT	measure,	the	32,069	included	in	this	study,	and	the	subset	of	

those	who	also	underwent	follow-up	assessment	in	2012-2013.	Compared	to	all	

participants	recruited	with	OCT	measurements	available,	participants	included	in	this	

study	were	less	economically	deprived,	more	highly	educated,	had	lower	refractive	error	

and	were	less	ethnically	diverse.	The	subset	of	participants	with	follow	up	data	were	

slightly	older,	included	more	people	of	white	ethnicity,	had	higher	educational	

attainment	and	included	more	non-smokers	when	compared	to	the	32,069	included	at	

baseline.		

	

Mean	age	of	the	participants	included	in	this	study	was	56.0	years	(95%	CI	55.9-56.1,	SD	

8.21	years)	with	a	higher	percentage	of	women	(53.5%,	95%	CI	53.0-54.1)	than	men.	

Mean	age	for	those	who	received	follow-up	testing	was	58.1	years	(95%	CI	57.7-58.5),	



	
	

	 196	

with	approximately	equal	numbers	of	women	and	men.	There	was	a	predominance	of	

white	participants	at	both	baseline	and	follow-up	(91.8%	and	98.6%,	95%	CI	91.5-92.1	

and	97.8-99.2,	respectively).	Mean	Townsend	deprivation	index	was	-1.13	at	baseline	

(95%	CI	-1.16—-1.10;	more	positive	scores	indicate	greater	deprivation,	UK	average:	0).	

Those	included	at	follow-up	were	less	disadvantaged	than	the	UK	average,	and	less	so	

than	those	at	baseline	(mean	Townsend	deprivation	index	-2.49,	95%	CI	-2.63—-2.36).	

Over	one-third	of	participants	at	baseline	had	a	degree	and	another	quarter	had	a	

professional	qualification	or	A-levels.	Of	participants	undergoing	follow-up	cognitive	

testing,	almost	half	(47.7%,	95%	CI	45.0-50.5)	reported	having	a	degree,	less	than	one-

quarter	had	a	professional	qualification	or	A-levels	(23.2%	95%	CI	21.0-25.6);	and	the	

remainder	had	GCSE’s	or	lower.	

	

Figure	4.40.	Inclusion	in	cognitive	testing	among	those	with	clean	GCL-IPL	OCT	data.	
	
	
Total	number	of	participants	after	initial	data	cleaning	of	GCL-IPL	on	OCT’s	=	33069	

	
33069	People	 16490	Right	eyes	 16579	Left	eyes	 	
	

	
	

	
33040	People	 15984	Right	eyes	 16056	Left	eyes	 	
	

	
	

	
1251	People	 623	Right	eyes	 628	Left	eyes	 	
	

	
	
	
	
	
	

Baseline	testing	of	cognitive	function	in	2009-2010	

Longitudinal	follow-up	of	cognitive	function	in	2012-2013	
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Table	4.32.	Characteristics	at	baseline	(2009-2010)	of	all	participants	recruited	with	
baseline	OCT	available	for	analysis,	of	those	included	in	baseline	analysis,	and	of	the	
subset	with	follow-up	assessment	in	2012-2013.	
	
	 All	participants	

recruited	with	OCT	
available	in	2009-2010	

	

Participants	with	OCT	
included	in	this	study	

	

Participants	with	
follow-up	

in	2012-2013	

	 N=67316	 95%	CI	 N=32069	 95%	CI	 N=1251	 95%	CI	
*	Age	(years)	 57.3	 57.2	 57.3	 56.0	 55.9	 56.1	 58.1	 57.7	 58.5	
+	Female	sex	 54.4%	 54.8	 54.0%	 53.5%	 53.0	 54.1%	 51.1%	 53.9	 48.3%	
+	Ethnicity	 White	 90.6%	 90.4	 90.8%	 91.8%	 91.5	 92.1%	 98.6%	 97.8	 99.2%	

Chinese	 4.6%	 4.1	 5.2%	 0.4%	 0.3	 0.4%	 0.2%	 0.0	 0.6%	
Asian	 3.3%	 3.1	 3.4%	 2.2%	 2.1	 2.4%	 0.2%	 0.0	 0.6%	
Black	 3.2%	 3.1	 3.3%	 2.6%	 2.4	 2.8%	 0.2%	 0.1	 0.7%	
Mixed/Other	 2.5%	 2.3	 2.6%	 2.1%	 2	 2.3%	 0.8%	 0.4	 1.5%	

*	Townsend	deprivation	index	 -1.01	 -1.03	 -0.99	 -1.13	 -1.16	 -1.10	 -2.49	 -2.63	 -2.36	
+	Education	 College	degree	 35.7%	 35.3	 36.0%	 37.1%	 36.6	 37.6%	 47.7%	 45.0	 50.5%	

Prof.	qual.	or	A-level	 23.4%	 23.1	 23.7%	 23.6%	 23.1	 24.0%	 23.2%	 21.0	 25.6%	
GCSE	or	O-level	 21.1%	 20.8	 21.4%	 21.4%	 21.0	 21.9%	 20.3%	 18.1	 22.6%	
CSE	 5.6%	 5.4	 5.8%	 5.8%	 5.6	 6.1%	 3.1%	 2.3	 4.2%	
Lower	than	CSE	 14.3%	 14.0	 14.6%	 12.0%	 11.7	 12.4%	 5.7%	 4.5	 7.1%	

+	Laterality	=	right	eye	 N/A	 N/A	 N/A	 49.9%	 49.3	 50.4%	 49.8%	 47.0	 52.6%	
*	Visual	acuity	(logMAR)	 °	0.02	 0.02	 0.03	 -0.07	 -0.08	 -0.07	 -0.05	 -0.06	 -0.04	
*	Intraocular	pressure	(mmHg)	 °	15.8	 15.8	 15.8	 15.0	 15.0	 15.1	 15.2	 15.0	 15.3	
*	Refraction	(diopters)	 °	-0.37	 -0.39	 -0.35	 -0.06	 -0.08	 -0.04	 -0.09	 -0.20	 0.03	
*	Height	(mean	cm)	 168.7	 168.6	 168.8	 169.2	 169.1	 169.3	 170.0	 169.5	 170.5	

Women	 162.7	 162.6	 162.8	 163.1	 163.0	 163.2	 163.5	 163.1	 164.0	
Men	 175.8	 175.7	 175.9	 176.3	 176.2	 176.4	 176.7	 176.2	 177.2	

*	Mean	
+	Percentage	
°	For	those	excluded,	random	selection	of	right/left	eyes	was	not	performed;	thus,	for	
the	“all	participants	recruited”	category,	visual	acuity,	intraocular	pressure,	and	
refraction	were	calculated	for	right	eyes	only.	

95%	CI	=	95%	confidence	interval.	
SD	=	standard	deviation	
Prof.	qual.	=	Professional	or	vocational	qualification	(including	higher	national	diploma)	
A-Level	=	General	Certificate	of	Education	Advanced	Level,	typically	taken	at	age	18	
GCSE	=	General	Certificate	of	Secondary	Education	(formerly	O-Level),	typically	taken	at	
age	16)	
O-Level	=	General	Certificate	of	Education	Ordinary	Level,	typically	taken	at	age	16	
CSE	=	Certificate	of	Secondary	Education,	a	less	demanding	exam	usually	taken	at	age	16	
	
	

Thinner	baseline	GCL-IPL	was	associated	with	worse	performance	on	every	cognitive	test	

assessed	(Figures	4.41	–	44).	On	prospective	memory	testing	(Figure	4.41),	for	each	

quintile	thinner	GCL-IPL,	there	was	an	associated	increase	in	number	of	attempts	

needed	(-0.02	attempts	per	quintile,	p<0.001).	A	similar	effect	was	seen	with	remaining	

cognitive	tests,	with	each	quintile	thinner	GCL-IPL	corresponding	with	greater	number	of	
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incorrect	matches	at	pairs	matching	(-0.03	incorrect	matches	per	quintile,	p<0.001,	

Figure	4.42),	worse	score	on	numeric	and	verbal	reasoning	tests	(0.08	per	quintile,	

p<0.001,	Figure	4.43),	and	slower	reaction	time	(-9.43	msec	per	quintile,	p<0.001,	Figure	

4.44).	After	controlling	for	potential	confounders	(age,	sex,	height,	race,	refraction,	IOP,	

socioeconomic	deprivation,	and	education),	pairs	matching	(-0.01	incorrect/quintile,	

p<0.001)	and	reaction	time	(-2.97	msec/quintile,	p<0.001)	remained	significant,	whereas	

prospective	memory	(p-0.04)	and	numeric	and	verbal	reasoning	(p=0.001)	were	no	

longer	significant	at	the	pre-set	threshold.	

	

	
Figure	4.41.	Prospective	memory	and	GCL-IPL	thickness	at	baseline.	(A	greater	number	
of	attempts	indicate	worse	performance.)	Regression	coefficient	-0.02	(95%	CI	-0.02	–	-
0.01,	p<0.001).	After	controlling	for	potential	confounders	(age,	sex,	height,	race,	
refraction,	IOP,	socioeconomic	deprivation,	and	education),	regression	coefficient	-0.004	
(95%	CI	-0.008	–	0.0002,	p=0.04).	
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Figure	4.42.	Pairs	matching	and	GCL-IPL	thickness	at	baseline.	(A	greater	number	of	
incorrect	matches	indicates	worse	performance.)	Regression	coefficient	-0.03	(95%	CI	-
0.04	–	-0.03,	p<0.001).	After	controlling	for	potential	confounders	(age,	sex,	height,	race,	
refraction,	IOP,	socioeconomic	deprivation,	and	education),	regression	coefficient	-0.01	
(95%	CI	-0.02	–	-0.006,	p<0.001).	

	
	
Figure	4.43.	Numeric	&	verbal	reasoning	and	GCL-IPL	thickness	at	baseline.	(Lower	
score	indicates	worse	performance.)	Regression	coefficient	0.08	(95%	CI	0.06	–	0.09,	
p<0.001).	After	controlling	for	potential	confounders	(age,	sex,	height,	race,	refraction,	
IOP,	socioeconomic	deprivation,	and	education),	regression	coefficient	+0.02	(95%	CI	
0.01	–	0.04,	p=0.001).	
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Figure	4.44.	Reaction	time	and	GCL-IPL	thickness	at	baseline.	(Longer	reaction	time	
indicates	worse	performance.)	Regression	coefficient	-9.43	(95%	CI	-10.31	–	-8.56,	
p<0.001).	After	controlling	for	potential	confounders	(age,	sex,	height,	race,	refraction,	
IOP,	socioeconomic	deprivation,	and	education),	regression	coefficient	-2.97	(95%	CI	-
3.84	–	-2.10,	p<0.001).	

	
	

	

Furthermore,	GCL-IPL	thickness	was	associated	with	total	number	of	tests	with	poor	

performance,	defined	as	doing	worse	than	95%	of	participants,	or	an	incorrect	answer	

on	first	attempt	of	prospective	memory.	For	each	quintile	thinner	GCL-IPL,	there	was	a	

corresponding	increase	in	the	number	of	cognitive	tests	with	poor	performance	(-0.03	

per	quintile,	p<0.001)	(Figure	4.45).	After	controlling	for	potential	confounders,	

regression	coefficient	decreased	but	remained	significant	(-0.01	tests	with	poor	

performance	per	quintile,	p<0.001).	
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Figure	4.45.	Total	number	of	tests	with	poor	performance	and	GCL-IPL	thickness	at	
baseline.	Regression	coefficient	-0.03	(95%	CI	-0.04	–	-0.03,	p<0.001).	After	controlling	
for	potential	confounders	(age,	sex,	height,	race,	refraction,	IOP,	socioeconomic	
deprivation,	and	education),	regression	coefficient	-0.01	(95%	CI	-0.02	–	-0.007,	
p<0.001).	

	
	

	

To	better	interpret	risk,	threshold	was	set	at	failure	of	either	1	or	2	cognitive	tests,	and	

regression	analysis	was	performed,	controlling	for	age,	sex,	height,	race,	refraction,	IOP,	

socioeconomic	deprivation,	and	education	(Table	4.33).	Those	with	thinnest	GCL-IPL	

were	at	14%	increased	risk	of	failing	at	least	one	test	and	27%	increased	risk	of	failing	at	

least	two	tests,	as	compared	to	those	with	thickest	GCL-IPL;	however,	while	this	

approached	statistical	significance	(p=0.003	and	p=0.007,	respectively),	it	did	not	meet	

the	statistical	threshold	set	for	the	current	study.	When	this	was	examined	graphically	

(Figure	4.46),	one	can	certainly	appreciate	a	trend	of	greater	cognitive	deficit	among	

those	with	thinner	GCL-IPL.	After	controlling	for	potential	confounders,	regression	
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shows	odds	ratio	1.04	per	quintile	(p<0.001)	at	threshold	of	failing	1	or	more	tests,	and	

1.07	per	quintile	(p=0.001)	at	threshold	of	failing	2	or	more	tests.		

	

Table	4.33.	Multivariable	logistic	regression	modeling	of	association	between	GCL-IPL	
thickness	and	risk	of	failing	A)	1	or	more	cognitive	tests	(compared	to	0)	or	B)	2	or	
more	tests	(compared	to	0	or	1	test)	at	baseline,	controlled	for	age,	sex,	height,	race,	
refraction,	IOP,	socioeconomic	deprivation,	and	education.	
	
A)	Risk	of	failing	1	or	more	cognitive	tests	(compared	to	0).	
	

GCL-IPL	(μm)	 Odds	Ratio	 95%	CI	 P-value	
<=85.65	 1.14	 1.05	 1.24	 0.003	

85.66	–	90.56	 1.08	 0.99	 1.17	 0.09	
90.57	–	94.49	 1.00	 0.92	 1.09	 0.92	
90.50	–	98.87	 0.92	 0.85	 1.01	 0.07	

>=98.88	 reference	 	 	 reference	
	
	
B)	Risk	of	failing	2	or	more	cognitive	tests	(compared	to	0	or	1).	
	

GCL-IPL	(μm)	 Odds	Ratio	 95%	CI	 P-value	
<=85.65	 1.27	 1.07	 1.51	 0.007	

85.66	–	90.56	 1.07	 0.89	 1.28	 0.47	
90.57	–	94.49	 1.11	 0.93	 1.33	 0.25	
90.50	–	98.87	 0.92	 0.76	 1.11	 0.4	

>=98.88	 reference	 	 	 reference	
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Figure	4.46.	Proportion	(with	95%	confidence	intervals)	of	33,040	UK	Biobank	
participants	with	a	cognitive	deficit,	set	at	threshold	of	A)	1	or	more	tests	or	B)	2	or	
more	tests,	according	to	quintile	of	retinal	nerve	fibre	layer	thickness	measured	in	the	
inner	nasal	retinal	subfield	by	optical	coherence	tomography	(OCT).		
	
A)	Threshold	of	1	or	more	tests,	according	to	quintile	of	retinal	nerve	fibre	layer	
thickness	measured	in	the	inner	nasal	retinal	subfield	by	optical	coherence	
tomography	(OCT).	After	controlling	for	potential	confounders	(age,	sex,	height,	race,	
refraction,	IOP,	socioeconomic	deprivation,	and	education),	odds	ratio	1.04	per	quintile,	
p<0.001.	

	
	
B)	Threshold	of	2	or	more	tests,	according	to	quintile	of	retinal	nerve	fibre	layer	
thickness	measured	in	the	inner	nasal	retinal	subfield	by	optical	coherence	
tomography	(OCT).	After	controlling	for	potential	confounders	(age,	sex,	height,	race,	
refraction,	IOP,	socioeconomic	deprivation,	and	education),	odds	ratio	1.07	per	quintile,	
p=0.001.	
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Baseline	GCL-IPL	thickness	(collected	2009-2010)	was	analysed	together	with	cognitive	

testing	at	follow-up	(2012-2013).	This	was	tested	in	several	ways,	with	threshold	of	1	or	

more	cognitive	tests	worse	on	follow-up	(Figure	4.47a,	Table	3.34a),	2	or	more	cognitive	

tests	worse	on	follow-up	(Figure	4.47b,	Table	3.34b),	and	total	number	of	cognitive	tests	

worse	on	follow-up	(Figure	4.48).	Results	were	examined	graphically,	as	well	as	through	

regression	analyses.	While	some	trends	were	visible,	none	met	the	strict	threshold	set	

for	statistical	significance.	
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Figure	4.47.	The	proportion	of	1,251	UK	Biobank	participants	who	underwent	
cognitive	testing	at	baseline	and	3	years	later	who	experienced	a	decline	in	cognitive	
function	test	results.	Rates	are	plotted	against	quintile	of	GCL-IPL	thickness	measured	in	
the	inner	nasal	retinal	subfield	by	optical	coherence	tomography	(OCT).		
	
	
A)	1	or	more	of	a	total	of	4	cognitive	tests	deteriorating.	

	
	
	

B)	2	or	more	of	a	total	of	4	cognitive	tests	deteriorating.	
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Table	4.34.	Multivariable	logistic	regression	modeling	of	association	between	GCL-IPL	
thickness	and	risk	of	worsening	on	A)	1	or	more	follow-up	cognitive	function	tests	
(compared	to	0	tests)	or	B)	2	or	more	follow-up	cognitive	tests	(compared	to	1	or	2	
tests),	controlled	for	age,	sex,	height,	race,	refraction,	IOP,	socioeconomic	deprivation,	
and	education.	
	
	
A)	Worsening	on	1	or	more	follow-up	cognitive	function	tests	(compared	to	0	tests).	
	

GCL-IPL	quintile	
(μm)	 Odds	Ratio	 95%	CI	 P-value	

<=85.65	 1.28	 0.85	 1.93	 0.24	
85.66	–	90.56	 0.98	 0.67	 1.44	 0.93	
90.57	–	94.49	 1.02	 0.69	 1.51	 0.91	
90.50	–	98.87	 0.88	 0.60	 1.29	 0.52	

>=98.88	 reference	 	 	 reference	
	

GCL-IPL	 Odds	Ratio	 95%	CI	 P-value	
Per	quintile	 1.06	 0.97	 1.16	 0.21	

	
	
B)	Worsening	on	2	or	more	follow-up	cognitive	function	tests	(compared	to	0	or	1	
tests).	
	

GCL-IPL	quintile	
(μm)	 Odds	Ratio	 95%	CI	 P-value	

<=85.65	 1.25	 0.80	 1.96	 0.33	
85.66	–	90.56	 1.27	 0.83	 1.95	 0.27	
90.57	–	94.49	 0.82	 0.52	 1.30	 0.39	
90.50	–	98.87	 0.84	 0.54	 1.33	 0.46	

>=98.88	 reference	 	 	 reference	
	

GCL-IPL	 Odds	Ratio	 95%	CI	 P-value	
Per	quintile	 1.1	 0.99	 1.21	 0.08	
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Figure	4.48.	Number	of	cognitive	tests	worse	on	follow-up	testing	as	compared	with	
baseline	GCL-IPL.	Regression	coefficient	0.65	μm	per	each	test	failed,	p=0.03.	After	
controlling	for	potential	confounders,	including	age,	sex,	race,	ethnicity,	Townsend	
deprivation	index,	height,	refraction,	and	intraocular	pressure,	regression	coefficient	
0.58	μm	per	each	test	failed,	p=0.04.	
	

	
	

	

4.5.2.2	 RNFL	and	Cognitive	Function	

Between	2009-10,	67,321	people	underwent	OCT	imaging.	Of	these,	32,038	people	had	

high	quality	OCT	imaging,	all	cognitive	tests,	and	reported	no	neurological	or	ocular	

disease,	and	no	diabetes	(Figure	4.49).	1,251	people	with	high	quality	OCT	scans	and	full	

additional	data	at	baseline	completed	follow-up	cognitive	testing	in	2012-13.	Table	4.35	

summarizes	demographic,	morphometric,	and	ophthalmic	variables	at	baseline	(2009-

2010)	for	all	participants	with	an	OCT	measurement,	the	32,038	included	in	this	study,	

and	the	subset	of	those	who	also	underwent	follow-up	assessment	in	2012-2013.	

Compared	to	all	participants	recruited	with	OCT	measurements	available,	participants	

included	in	this	study	were	less	economically	deprived,	more	highly	educated,	had	lower	

refractive	error	and	were	less	ethnically	diverse.	The	subset	of	participants	with	follow	
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up	data	were	slightly	older,	included	more	people	of	white	ethnicity,	had	higher	

educational	attainment	and	included	more	non-smokers	when	compared	to	the	32,038	

included	at	baseline.		

	

Mean	age	of	the	participants	included	in	this	study	was	56.0	years	(95%	CI	55.9-56.1,	SD	

8.21	years)	with	a	higher	percentage	of	women	(53.6%,	95%	CI	52.0-54.1)	than	men.	

Mean	age	at	second	visit	was	58.1	years	(95%	CI	57.7-58.5),	with	approximately	equal	

numbers	of	women	and	men.	There	was	a	predominance	of	white	participants	at	both	

baseline	and	follow-up	(92.7%	and	98.6%,	95%	CI	92.4-92.9	and	97.8-99.2,	respectively).	

Mean	Townsend	deprivation	index	was	-1.18	at	baseline	(95%	CI	-1.21—-1.14;	

interquartile	range	4.23;	more	positive	scores	indicate	greater	deprivation,	UK	average:	

0).	Those	included	at	follow-up	were	less	disadvantaged	than	the	UK	average,	and	less	

so	than	those	at	baseline	(mean	Townsend	deprivation	index	-2.49,	95%	CI	-2.63—-2.36;	

interquartile	range	2.619).	Over	one-third	of	participants	at	baseline	had	a	degree	and	

another	quarter	had	a	professional	qualification	or	A-levels.	Of	participants	undergoing	

follow-up	cognitive	testing,	almost	half	(47.7%,	95%	CI	45.0-50.5)	reported	having	a	

degree,	less	than	one-quarter	had	a	professional	qualification	or	A-levels	(23.2%	95%	CI	

21.0-25.6);	and	the	remainder	had	GCSEs	or	lower.	
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Figure	4.49.	Inclusion	in	cognitive	testing	among	those	with	clean	RNFL	OCT	data.	
	
	
Total	number	of	participants	after	initial	data	cleaning	of	GCL-IPL	on	OCT’s	=	33068	

	
33068	People	 16416	Right	eyes	 16652	Left	eyes	 	
	

	
	

	
33038	People	 15902	Right	eyes	 16136	Left	eyes	 	
	

	
	

	
1251	People	 615	Right	eyes	 613	Left	eyes	 	

	
	
	
	

Baseline	testing	of	cognitive	function	in	2009-2010	

Longitudinal	follow-up	of	cognitive	function	in	2012-2013	
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Table	4.35.	Characteristics	at	baseline	(2009-2010)	of	all	participants	recruited	with	
baseline	OCT	available	for	analysis,	of	those	included	in	baseline	analysis,	and	of	the	
subset	with	follow-up	cognitive	function	assessment	in	2012-2013.	
	
	 All	participants	

recruited	with	OCT	
available	in	2009-2010	

	

Participants	with	OCT	
included	in	this	study	

	

Participants	with	
follow-up	

in	2012-2013	

	 N=67316	 95%	CI	 N=32038	 95%	CI	 N=1251	 95%	CI	
*	Age	(years)	 57.3	 57.2	 57.3	 56.0	 55.9	 56.1	 58.1	 57.7	 58.5	
+	Female	sex	 54.4%	 54.8	 54.0%	 53.6%	 53.0	 54.1%	 51.1%	 53.9	 48.3%	
+	Ethnicity	 White	 90.6%	 90.4	 90.8%	 92.7%	 92.4	 92.9%	 98.6%	 97.8	 99.2%	

Chinese	 4.6%	 4.1	 5.2%	 0.4%	 0.3	 0.4%	 0.2%	 0.0	 0.6%	
Asian	 3.3%	 3.1	 3.4%	 2.2%	 2.1	 2.4%	 0.2%	 0.0	 0.6%	
Black	 3.2%	 3.1	 3.3%	 2.6%	 2.4	 2.8%	 0.2%	 0.1	 0.7%	
Mixed/Other	 2.5%	 2.3	 2.6%	 2.1%	 2.0	 2.3%	 0.8%	 0.4	 1.5%	

*	Townsend	deprivation	index	 -1.01	 -1.03	 -0.99	 -1.18	 -1.21	 -1.14	 -2.49	 -2.63	 -2.36	
+	Education	 College	degree	 35.7%	 35.3	 36.0%	 37.6%	 37.1	 38.1%	 47.7%	 45.0	 50.5%	

Prof.	qual.	or	A-level	 23.4%	 23.1	 23.7%	 23.6%	 23.1	 24.1%	 23.2%	 21.0	 25.6%	
O-level	 21.1%	 20.8	 21.4%	 21.7%	 21.2	 22.1%	 20.3%	 18.1	 22.6%	
CSE	 5.6%	 5.4	 5.8%	 5.8%	 5.6	 6.1%	 3.1%	 2.3	 4.2%	
Lower	than	CSE	 14.3%	 14.0	 14.6%	 11.3%	 11.0	 11.7%	 5.7%	 4.5	 7.1%	

+	Laterality	=	right	eye	 N/A	 N/A	 N/A	 49.6%	 49.1	 50.2%	 49.2%	 46.4	 51.9%	
*	Visual	acuity	(logMAR)	 °	0.02	 0.02	 0.03	 -0.04	 -0.04	 -0.04	 -0.05	 -0.06	 -0.04	
*	Intraocular	pressure	(mmHg)	 °	15.8	 15.8	 15.8	 15.0	 15.0	 15.1	 15.2	 15.0	 15.4	
*	Refraction	(diopters)	 °	-0.37	 -0.39	 -0.35	 -0.07	 -0.1	 -0.05	 -0.1	 -0.21	 0.02	
*	Height	(mean	cm)	 168.7	 168.6	 168.8	 169.3	 169.2	 169.4	 170	 169.5	 170.5	

Women	 162.7	 162.6	 162.8	 163.2	 163.1	 163.3	 163.5	 163.1	 164.0	
Men	 175.8	 175.7	 175.9	 176.4	 176.3	 176.5	 176.7	 176.2	 177.2	

+	Smoker	 No	 90.3%	 90.1	 90.5%	 90.6%	 90.3	 90.9%	 94.6%	 93.2	 95.8%	
Occasional	 2.9%	 2.7	 3.0%	 3.0%	 2.8	 3.2%	 1.6%	 1.0	 2.5%	
Yes	 6.8%	 6.6	 7.0%	 6.4%	 6.1	 6.6%	 3.8%	 2.8	 5.0%	

*	Mean	
+	Percentage	
°	For	those	excluded,	random	selection	of	right/left	eyes	was	not	performed;	thus,	for	
the	“all	participants	recruited”	category,	visual	acuity,	intraocular	pressure,	and	
refraction	were	calculated	for	right	eyes	only.	

95%	CI	=	95%	confidence	interval.	
SD	=	standard	deviation	
Prof.	qual.	=	Professional	or	vocational	qualification	(including	higher	national	diploma)	
A-Level	=	General	Certificate	of	Education	Advanced	Level,	typically	taken	at	age	18	
O-Level	=	General	Certificate	of	Education	Ordinary	Level,	typically	taken	at	age	16	
CSE	=	Certificate	of	Secondary	Education,	a	less	demanding	exam	usually	taken	at	age	16	
	

	

A	thinner	baseline	RNFL	measure	was	associated	with	worse	performance	on	baseline	

cognitive	tests	(Figures	4.50	–	54).	For	each	cognitive	test	(prospective	memory,	pairs	

matching,	numeric	&	verbal	reasoning,	and	reaction	time)	there	was	worse	performance	

for	each	quintile	of	RNFL	thinner	(Figures	4.50	–	53).	Of	those	in	the	thinnest	RNFL	

quintile	7.4%	(95%	CI	6.8	–	8.1%)	failed	at	least	2	out	of	4	cognitive	tests	(Figure	4.54),	as	
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compared	to	4.2%	(95%	CI	3.7-4.7%)	of	those	in	the	thickest	RNFL	quintile	(p<0.001).	To	

quantify	the	effect	and	account	for	other	potential	confounding,	multivariable	logistic	

regression	was	used	to	adjust	for	the	effects	of	age,	sex,	race,	Townsend	deprivation	

index,	educational	attainment,	refractive	error,	and	IOP,	and	to	calculate	odds	ratio	of	a	

cognitive	deficit	(Table	4.36).	Those	in	the	thinnest	RNFL	quintile	were	11%	(95%	CI	2-

21%,	p=0.01)	more	likely	to	fail	one	or	more	cognitive	tests	(as	defined	in	methods),	

compared	to	those	in	the	thickest	quintile	(Table	4.36).	

	

	

Figure	4.50.	Prospective	memory	and	retinal	nerve	fibre	layer	thickness	at	baseline.		
Regression	coefficient	-0.02	(95%	CI	-0.02	–	-0.01,	p<0.001).	A	greater	number	of	
attempts	indicate	worse	performance.	
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Figure	4.51.	Pairs	matching	and	retinal	nerve	fibre	layer	thickness	at	baseline.	(A	
greater	number	of	incorrect	matches	indicates	worse	performance.)	Regression	
coefficient	-0.03	(95%	CI	-0.04	–	-0.02,	p<0.001).	
	

	
	
	
Figure	4.52.	Numeric	&	verbal	reasoning	and	retinal	nerve	fibre	layer	thickness	at	
baseline.	(Lower	score	indicates	worse	performance.)	Regression	coefficient	0.12	(95%	
CI	0.11	–	0.14,	p<0.001).	
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Figure	4.53.	Reaction	time	and	retinal	nerve	fibre	layer	thickness	at	baseline.	(Longer	
reaction	time	indicates	worse	performance.)	Regression	coefficient	-4.47	(95%	CI	-5.29	–	
-3.64,	p<0.001).	
	

	
	

Figure	4.54.	Proportion	of	32,038	UK	Biobank	participants	with	a	cognitive	deficit	
(failure	of	2	or	more	of	a	panel	of	4	tests),	according	to	quintile	of	retinal	nerve	fibre	
layer	thickness	measured	in	the	outer	nasal	retinal	subfield	by	optical	coherence	
tomography	(OCT).		Error	bars	represent	95%	confidence	intervals.	
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Table	4.36.	Multivariable	logistic	regression	modeling	of	association	between	RNFL	
thickness	and	risk	of	failing	1	or	more	tests	(compared	to	0	tests)	at	baseline,	
controlled	for	age,	sex,	height,	race,	refraction,	IOP,	socioeconomic	deprivation,	and	
education.	
	

RNFL	(μm)	 Odds	Ratio	 95%	CI	 P-value	
<=45.9	 1.11	 1.02	 1.21	 0.01	

45.9	-	50.4	 0.99	 0.90	 1.07	 0.74	
50.4	–	54.6	 1.00	 0.92	 1.09	 0.96	
54.6	–	60.2	 1.02	 0.94	 1.11	 0.67	
>=60.2	 reference	 	 	 reference	
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Baseline	RNFL	thickness	was	compared	with	total	number	of	cognitive	tests	with	worse	

scores	on	follow-up	testing	–	i.e.,	whether	a	participant	did	worse	on	zero,	one,	two,	

three,	or	four	tests	(Figure	4.55).	Thinner	baseline	RNFL	was	significantly	associated	with	

a	future	decline	in	a	greater	number	of	cognitive	tests	(linear	regression	p<0.001),	even	

after	controlling	for	potential	confounders	(Figure	4.55).		

	

	
Figure	4.55.	Number	of	cognitive	tests	worse	on	follow-up	testing	is	significantly	
associated	with	baseline	RNFL.	Regression	coefficient	1.2	μm	per	each	test	failed,	
p<0.001.	After	controlling	for	potential	confounders,	including	age,	sex,	race,	Townsend	
deprivation	index,	height,	refraction,	and	intraocular	pressure,	regression	coefficient	1.1	
μm	per	each	test	failed,	p<0.001.	
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Multivariable	regression	modeling	of	association	between	RNFL	thickness	and	future	

worsening	on	one	or	more	follow-up	cognitive	tests	was	performed,	controlling	for	age,	

sex,	height,	race,	refraction,	IOP,	Townsend	deprivation	index,	and	education	(Table	

4.37).	Compared	to	those	in	the	thickest	RNFL	quintile,	those	in	the	two	thinnest	

quintiles	were	almost	twice	as	likely	(odds	ratio	1.92,	95%	CI	1.29-2.85,	p<0.001)	to	

score	worse	on	at	least	one	cognitive	test	at	follow-up	(Table	4.37).	Per	quintile	of	RNFL	

thinning,	there	was	18%	increased	risk	of	cognitive	decline	at	3-year	follow-up	(95%	CI	8-

29%,	p<0.001,	Table	4.37).		

	

	

Table	4.37.	Multivariable	logistic	regression	modeling	of	association	between	RNFL	
thickness	and	risk	of	worsening	on	1	or	more	follow-up	cognitive	function	tests	
(compared	to	0	tests),	controlled	for	age,	sex,	height,	race,	refraction,	IOP,	
socioeconomic	deprivation,	and	education.	

	
RNFL	Quintile	

(μm)	
Odds	Ratio	 95%	CI	 P-value	

<=45.9	 1.92	 1.29	 2.85	 <0.001	
45.9	-	50.4	 2.08	 1.40	 3.08	 <0.001	
50.4	–	54.6	 1.48	 1.01	 2.18	 0.05	
54.6	–	60.2	 1.51	 1.05	 2.19	 0.03	
>=60.2	 reference	 	 	 reference	

	
RNFL	(μm)	 Odds	Ratio	 95%	CI	 P-value	
Per	quintile	 1.18	 1.08	 1.29	 <0.001	
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SECTION	V:	

CONCLUSIONS	
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5.1	 Discussion	

	

	

5.1.1	 Retinal	Pigment	Epithelium	

	

Using	the	largest	known	dataset	of	macular	SD-OCT	measurements,	this	study	shows	

novel	findings	relating	to	RPE-BM	thickness,	and	its	distribution	by	demographic,	ocular,	

and	systemic	indices.	RPE-BM	is	significantly	thicker	in	the	nasal	and	temporal	subfields	

as	compared	to	superior	or	inferior	subfields,	with	greatest	thickness	in	the	inner	nasal	

subfield	(figure	4.2b).	This	remains	true	regardless	of	sex	(figure	4.2c),	age	(figure	4.3,	

table	4.2),	race	(figure	4.4),	refraction	(figure	4.5,	table	4.3),	IOP	(figure	4.8),	blood	

pressure	(figure	4.9,	table	4.5),	and	BMI	(figure	4.10,	table	4.6).		

	

RPE-BM	becomes	thinner	with	each	year	of	age	over	46,	decreasing	0.1	μm/year	(figure	

4.3a,	tables	4.2	&	4.8).	This	trend	persists	across	subfields	(figure	4.3b-c,	tables	4.2	&	

4.8).	Our	findings	are	in	contrast	to	other	studies	that	have	indicated	RPE-BM	thickness	

increases	with	age	(Karampelas	M	et	al	2013,	Demirkaya	et	al	2013).		However,	the	

numbers	included	in	at	least	one	of	these	studies	was	too	small	to	be	conclusive	

(Karampelas	M	et	al	2013).	In	the	other	study,	numbers	were	marginally	larger;	but	the	

age	range	was	wider	(18-81	years)	and	the	proportion	of	people	of	comparable	age	to	

the	participants	included	in	the	current	study	(40-69	years)	was	relatively	few	

(Demirkaya	et	al	2013).	Although	the	Demirkaya	study	controlled	the	analysis	for	sex,	

race	was	not	adjusted	for	and	this	is	a	potential	confounder,	particularly	since	the	
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current	study	found	that	ethnicity	was	significantly	associated	with	RPE-BM	thickness.	

Others	have	examined	histologic	sections	of	retina,	and	suggested	increasing	deposition	

of	material	in	the	basement	membrane	with	age		(Okubo	et	al	1999,	Ramrattan	RS	et	al	

1994).		If	this	were	indeed	true,	then	my	finding	of	thinner	RPE-BM	complex	would	

suggest	that	the	effect	of	RPE	thinning	is	even	more	dramatic.	It	may	be	that	histology	

studies	report	focal	changes,	whereas	OCT	has	the	potential	to	provide	averaged	

estimates	of	change	within	an	entire	section	or	subfield	of	the	retina.	A	possible	

explanation	for	these	findings	is	that	age-related	loss	of	RPE	cells	may	lead	to	remaining	

cells	spreading	horizontally	to	take	up	space	freed	by	loss	of	neighboring	cells.	This	

process	would	lead	to	loss	of	vertical	height	of	RPE	cells	with	age	and	resultant	reduced	

RPE-BM	thickness	with	age.	

	

Men	and	women	appeared	to	have	different	distributions	of	RPE-BM	thickness,	but	

these	were	no	longer	significant	after	controlling	for	other	variables	in	multivariable	

regression	modeling.	

	

Black	people	have	significantly	thicker	RPE-BM	than	any	other	race	—	3	to	4	μm	

(approximately	12%)	more	than	white	(table	4.8).	Some	might	attribute	this	finding	to	

skin	pigmentation;	however,	race	was	self-reported	and	may	be	a	cultural	classification.	

Further,	there	was	no	significant	difference	between	Chinese	and	whites,	and	possibly	a	

trend	in	opposite	direction	among	Asians	and	whites.	To	our	knowledge,	this	is	the	first	

time	this	finding	has	been	demonstrated,	and	may	hold	clues	to	the	variable	phenotypes	

of	macular	degeneration	in	different	populations	(Wong	WL	et	al	2014).	
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Refraction	is	notable	in	that	there	appears	to	be	a	trend	toward	thicker	RPE-BM	with	

each	diopter	increase	in	refraction	–	i.e.,	higher	hyperopia	or	less	myopia	(figure	4.5,	

table	4.3).	This	effect	may	be	partially	explained	by	ethnic	differences	in	refraction,	as	

figure	4.6	demonstrates.	Nevertheless,	the	effect	persists	in	multivariable	modeling,	

with	RPE-BM	thickness	increasing	0.28	μm	per	diopter	increase	in	hyperopic	refraction	

(or	each	decrease	in	myopic	refraction)	(table	4.8).	A	recent	meta-analysis	has	

attempted	to	identify	associations	between	refractive	error	and	macular	degeneration,	

but	any	association	appears	weak	(Li	et	al	2014).	

	

Intraocular	pressure	is	associated	with	thinner	RPE-BM	(figure	4.8).	Multivariable	

regression	modeling	suggests	this	effect	is	not	significant	until	after	45	years	of	age	

(table	4.8).	The	association	is	small,	and	its	clinical	relevance	is	unclear.	Nevertheless,	

this	is	a	new	and	unexpected	finding,	as	there	have	been	no	reported	associations	

between	RPE-BM	thickness	and	intraocular	pressure,	and	this	warrants	further	

investigation.	

	

The	relationship	with	smoking	is	complex	and	must	be	interpreted	with	care,	given	the	

potential	for	bias	if	participants	are	unwilling	to	admit	to	undesirable	lifestyle	habits.	

Among	those	older	than	age	45,	regular	smokers	showed	potentially	thinner	central	

RPE-BM	as	compared	to	non-smokers	(difference	-0.27	μm,	p=0.02,	Table	4.8b),	but	this	

did	not	meet	the	pre-set	threshold	of	p<0.001.	Many	have	attempted	to	explore	the	

association	between	smoking	with	oxidative	stress	and	damage	to	the	RPE	(Liang	FQ	et	

al	2003,	Kunchithapautham	K	et	al	2014,	Woodell	A	and	Rohrer	B	2014).	The	current	

findings	support	a	role	for	smoking	in	the	induction	of	RPE	damage	and	subsequent	loss.	
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Given	the	large	number	of	participants	in	this	study,	the	negative	findings	are	

meaningful.	There	is	no	clinically	significant	association	between	RPE-BM	thickness	and	

systolic	blood	pressure,	diastolic	blood	pressure,	or	body	mass	index		(figures	4.9	&	4.10,	

tables	4.5	&	4.6).	One	might	be	misled	by	the	small	p-values	in	regression	analysis	of	

individual	variables;	however,	the	slope	of	regressions	is	small,	and	the	low	p-value	likely	

represents	the	lack	of	fluctuation	around	a	flat	line.	

	

Conclusions	relating	to	RPE-BM	thickness	necessarily	rely	on	interpretation	of	SD-OCT	

imaging.	Optical	reflectivity	changes	to	identify	inner	and	outer	RPE	boundaries	were	

used	to	infer	changes	in	thickness.	However	if	optical	reflectivity	changes	occur	for	other	

reasons	within	the	RPE	cell	other	than	shortening	of	cells	then	there	could	be	

decoupling	between	optical	reflectivity	changes	and	true	thickness	change	within	the	

RPE/BM	complex.	Even	if	OCT	based	measures	of	RPE-BM	thickness	are	indeed	valid,	

they	may	be	due	to	changes	in	structural,	morphological,	and	density	indices.	It	is	not	

possible	to	be	certain	of	any	direct	relationship	with	function.	

	

This	experiment’s	strengths	include	its	standardized	methodology,	inclusion	of	multiple	

ethnicities	across	the	United	Kingdom,	and	unprecedented	number	of	high-quality	SD-

OCT	images	of	the	macula.	This	study	is	limited	in	that	UK	Biobank	is	not	population-

based,	and	thus	people	with	fewer	resources	to	attend	community	research	sites	are	

likely	under-represented.	Nevertheless,	it	remains	possible	to	make	correlations	

between	various	biological	factors.		
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Novel	findings	and	associations	from	this	study	show	RPE-BM	thickness	is	dynamic,	with	

greater	thickness	nasally	and	temporally	as	compared	to	superiorly	and	inferiorly;	it	

becomes	thinner	with	older	age,	myopia,	and	black	ethnicity	as	compared	to	all	others;	

furthermore,	potential	associations	with	gender	and	intraocular	pressure	were	

identified.	These	findings	hold	implications	for	new	directions	of	research	to	understand	

the	RPE-BM	and	disease	at	this	level	of	the	retina.	

	
	

	

5.1.2	 Photoreceptor	inner	and	outer	segments	

	

Photoreceptors	are	critical	for	visual	function,	and	thus	have	been	extensively	studied	

for	decades,	both	in	vitro	and	in	vivo	(Marshall	et	al	1979,	Tucker	GS	1986,	Inomata	

1988,	Curcio	et	al	1993,	Panda-Jonas	et	al	1995).	More	recent	studies	have	explored	the	

link	between	changes	in	photoreceptor	structure	and	function	(Asaoka	et	al	2017),	but	

with	limited	understanding	of	the	numerous	factors	contributing	to	photoreceptor	

thickness,	a	major	flaw	that	limits	the	validity	of	existing	work.	The	current	study	is	the	

largest	in	vivo	study	of	its	kind,	and	demonstrates	the	changes	visible	in	both	

physiological	and	pathological	states.	

	

One	existing	question	is	whether	older	age	results	in	increased	photoreceptor	thickness	

due	to	nodular	swelling	and	accumulation	of	refractile	bodies	and	lipofuscin	by-products	

(Marshall	et	al	1979,	Tucker	GS	1986,	Iwasaki	and	Inomata	1988),	or	thinning	because	of	
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loss	of	cells	and	decreased	density	(Curcio	et	al	1993,	Panda-Jones	et	al	1995).	Indeed,	

imaging	studies	have	reported	conflicting	results	(Kenmochi	et	al	2017,	Wei	et	al	2017).	

A	study	of	74	people	examined	mean	photoreceptor	thickness,	and	found	that	those	in	

the	oldest	group	showed	significantly	thicker	photoreceptor	complexes	than	those	in	

the	youngest	group	(Wei	et	al	2017).	However,	the	study	was	limited	by	sample	size	as	

well	as	by	its	statistical	methodology,	which	did	not	allow	for	the	correlation	between	

measurements	made	in	the	right	and	left	eyes	of	the	same	individuals,	thereby	reducing	

statistical	power	(Wei	et	al	2017).	Another	study	of	127	normal	eyes	found	age-related	

thinning	in	the	layer	between	the	RPE	and	the	cone	outer	segment	tip,	as	well	as	the	

segment	between	the	inner	segment	outer	segment	junction	to	the	external	limiting	

membrane,	but	not	in	the	segment	from	cone	outer	segment	tip	to	the	inner	segment	

outer	segment	junction	(Kenmochi	et	al	2017).	While	the	methodology	of	this	study	

appeared	sound,	and	determined	thickness	through	a	manual	count	of	pixels,	the	study	

was	limited	by	its	selection	of	participants	(Kenmochi	et	al	2017).	Specifically,	among	the	

127	“normal”	eyes,	101	had	disease	in	the	fellow	eye	(including	branch	retinal	vein	

occlusion,	epiretinal	membrane,	central	serous	choroiretinopathy,	microaneurysms).	

Whilst	these	diseases	may	occur	as	isolated	monocular	presentations,	the	question	

remains	as	to	whether	those	participants	can	truly	be	representative	of	a	“normal”	

healthy	state.	

	

In	the	current	study,	there	was	a	statistically	significant	association	between	thinner	

photoreceptor	layer	and	older	age	(-0.06	μm/year,	p<0.001,	Table	4.19).	Further,	when	

the	relationship	was	examined	graphically,	there	appeared	to	be	a	slight	positive	trend	

between	the	ages	of	40	to	55,	after	which	the	curve	appeared	to	decline	steadily	(Figure	
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4.14,	Table	4.10).	These	findings	support	both	theories,	that	refractile	bodies	and	

lipofuscin	build	up	occurs	with	swelling	of	photoreceptors	(Marshall	et	al	1979,	Tucker	

GS	1986,	Iwasaki	and	Inomata	1988),	but	ultimately	decreased	total	density	results	in	

decreased	overall	thickness	(Curcio	et	al	1993,	Panda-Jones	et	al	1995).	

	

There	was	no	identifiable	sex-related	difference	in	photoreceptor	thickness	at	central	

subfield	(Figure	4.13c-d,	Table	4.19).	This	analysis	adjusted	for	the	effect	of	height,	

which	was	significant	in	single	variable	analysis,	but	not	significant	after	controlling	for	

confounders	(Figure	4.18,	Table	4.19).	This	is	consistent	with	the	existing	literature	

(Ooto	et	al	2011).	

	

Surprisingly	little	has	been	described	regarding	the	variation	in	photoreceptor	thickness	

between	people	of	different	racial	and	ethnic	backgrounds.	There	were	significant	

differences	among	Chinese	and	blacks,	as	compared	to	whites	(Figure	4.15,	Table	4.11).	

After	controlling	for	confounders	(Table	4.19),	photoreceptor	thickness	at	central	

subfield	was	1.84	μm	thicker	among	Chinese	as	compared	to	whites	(p<0.001),	and	-3.76	

μm	thinner	among	blacks	as	compared	to	whites	(p<0.001).	Mixed/other	ethnicities	

were	also	significantly	thinner	than	whites	(-0.87	μm,	p<0.001).	Asian	ethnicity	showed	

no	significant	association.	The	difference	between	Chinese	and	Blacks,	after	controlling	

for	confounders,	was	almost	6	μm.	When	considering	whether	this	is	clinically	

significant,	one	could	compare	this	to	age-related	differences	in	thickness	of	0.6	

μm/year.	Intrinsic	ethnic	differences	in	photoreceptor	layer	may	contribute	to	risk	

factors	of	retinal	disease,	and	should	be	considered	in	future	research.	
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Likewise,	little	has	been	published	regarding	the	relationship	between	IOP	and	

photoreceptor	thickness.	There	was	a	positive	statistically	significant	association	(Figure	

4.16,	Table	4.12),	which	remained	significant	even	after	controlling	for	confounders	

(+0.05	μm/mmHg,	p<0.001,	Table	4.19).	The	clinical	significance	of	this	is	unclear,	but	

may	be	interesting	for	future	research,	to	determine	whether	there	is	any	clinical	or	

pathological	significance.	

	

Others	have	sought	and	not	identified	an	association	between	axial	length	and	

photoreceptor	thickness	(Ooto	et	al	2011).	256	participants	were	analyzed,	with	

refractive	error	between	-6.0	and	+5.0	diopters,	and	no	association	identified	with	

photoreceptor	thickness.	In	contrast,	the	current	data	showed	significant	association	

between	refraction	and	photoreceptor	thickness,	showing	greater	photoreceptor	

thickness	with	greater	ametropia	(Figure	4.17,	Table	4.13).	But	if	refraction	is	treated	as	

a	single	continuous	variable,	and	then	controlled	for	other	factors,	there	was	no	

significant	association	with	photoreceptor	thickness.	

	

A	recent	study	of	150	people	found	significantly	thinner	photoreceptor	layer	among	

those	who	have	ever	smoked	compared	to	those	who	have	never	smoked	(Harris	et	al	

2017).	I	also	found	a	significant	association	between	smoking	and	thinner	photoreceptor	

layer,	both	in	single	variable	analysis	(Figure	4.19,	Table	4.15),	as	well	as	in	multivariable	

regression	(-0.87	μm	among	those	who	smoked	all	or	most	days	compared	to	non-

smokers,	p<0.001,	Table	4.19).	Possible	explanations	for	this	finding	may	be	due	to	

oxidative	stress,	inflammatory	changes,	or	altered	vascular	blood	flow	(Peluffo	et	al	

2009,	Krogh	et	al,	2017,	Garhofer	et	al	2011,	Tamaki	et	al	1999).	
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While	there	initially	appeared	to	be	an	association	between	blood	pressure,	especially	

diastolic	blood	pressure,	and	photoreceptor	thickness	(Figures	4.20-21,	Tables	4.16-17),	

the	association	was	not	significant	after	controlling	for	potential	confounders	(Table	

4.19).	Given	the	size	of	the	current	study,	this	is	a	pertinent	negative.	

	

To	my	knowledge,	there	are	no	published	data	relating	to	the	association	between	BMI	

and	photoreceptor	thickness.	The	current	study	finds	a	negative	association	between	

BMI	and	photoreceptor	thickness	(Figure	4.22,	Table	4.18).	This	was	significant	in	

multivariable	regression	(-0.12	μm	per	kg/m2,	p<0.001,	Table	4.19).	This	is	interesting,	as	

one	might	expect	the	opposite,	with	retinal	oedema	occurring	at	higher	BMI.	I	excluded	

all	people	who	reported	diabetes.	Furthermore,	the	trend	was	visible	even	at	normal	

BMI.		

	

BMI	and	smoking	are	both	modifiable	risk	factors	associated	with	photoreceptor	

thickness.	This	novel	finding	is	important	as	it	indicates	that	lifestyle	changes	might	

mitigate	or	be	protective	against	photoreceptor	thinning.	
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5.1.3	 Ganglion	Cell	Layer	–	Inner	Plexiform	Layer	Complex	

	

GCL-IPL	complex	has	been	well-studied,	both	in	the	context	of	glaucoma	as	well	as	

cognitive	function	(Francoz	et	al	2014,	Kim	et	al	2015,	Jiang	et	al	2018,	Liu	et	al	2016,	

Cheung	et	al	2015).	However,	a	literature	search	identified	no	other	study	of	the	size	

and	scope	of	the	current	analysis.	I	showed	GCL-IPL	thinning	with	age,	consistent	with	

existing	literature	(Gao	et	al	1992,	Wei	et	al	2017,	Demirkaya	et	al	2013,	Harwerth	and	

Wheat	2008,	Zhang	et	al	2016,	Altay	et	al	2017,	Bloch	et	al	2017).	Advanced	Imaging	for	

Glaucoma	Study	(AIGS)	found	-0.17	±	0.05	μm	thinner	GCL-IPL	per	year	of	

baseline	age	(P	<	0.001)	in	cross-sectional	analysis	(Zhang	et	al	2016).	A	separate	smaller	

study	of	74	people	showed	-0.14	μm	per	year	difference	in	GCL-IPL	thickness	(Wei	et	al	

2017).	This	correlates	well	with	current	findings,	which	shows	a	range	of	-0.07	μm	per	

year	at	outer	temporal	subfield	to	-0.22	μm	per	year	at	inner	nasal	subfield	(p<0.001)	

(Figure	4.25).	A	multivariate	analysis	was	carried	out	adjusting	for	potential	

confounders,	and	found	thinner	GCL-IPL	ranging	from	-0.11	μm	per	year	at	outer	

temporal	subfield	to	-0.24	μm	per	year	at	inner	nasal	subfield	(p<0.001)	(Table	4.26a).	It	

is	interesting	that	the	differences	in	GCL-IPL	thickness	between	age	groups	was	more	

pronounced	after	controlling	for	other	factors.	

	

To	date,	the	study	most	comparable	to	the	current	study	involves	the	TwinsUK	cohort,	

with	1657	individuals,	1432	of	whom	were	either	monozygous	or	dizygous	twin	pairs	

(Bloch	et	al	2017).	They	found	age	(β	=	-0.14,	P	<	0.001),	refractive	spherical	equivalence	

(β	=	0.70,	P	<0.001),	and	BMI	(β	=	-0.15,	P	=	0.001)	were	significantly	associated	with	

GCL-IPL	thickness	in	multivariable	modeling		(Bloch	et	al	2017).	These	findings	are	
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consistent	with	those	of	this	study.	

	

Sex	was	not	found	to	be	significantly	associated	with	GCL-IPL	in	the	TwinsUK	cohort,	but	

it	was	underpowered	due	to	a	small	number	of	men	(174	or	10.5%)	(Bloch	et	al	2017).	

Several	other	studies	were	not	able	to	find	a	significant	association	with	sex	and	GCL-IPL	

thickness	(Wang	et	al	2016,	Mwanza	et	al	2011).	The	current	analysis	did	find	sex-

associated	differences	in	GCL-IPL	thickness,	though	the	direction	of	the	effect	differed	

depending	on	the	subfield	(Figure	4.24d-e,	Table	4.26a-b),	potentially	reflecting	a	

variation	in	distribution	of	cells	related	to	sex.	Of	note,	there	was	a	significant	

association	between	GCL-IPL	and	height	at	inner	subfields	(range	+0.05	–	+0.08	μm/cm	

after	controlling	for	potential	confounders,	p<0.001)	(Figure	4.29,	Table	4.23,	Table	

4.26a).	This	is	important	to	take	into	account	when	adjusting	for	sex,	as	women	and	

men	have	different	mean	heights	(mean	163.1	cm	among	women,	95%	CI	163.0-163.2;	

mean	176.3	cm	among	men,	95%	CI	176.2	–	176.4;	Table	4.20).	

	

TwinsUK	study	only	consisted	of	white	people	of	British	ancestry	which	is	a	major	

limitation	of	that	study,	in	light	of	our	findings	of	significant	differences	among	

ethnicities	(Bloch	et	al	2017).	The	current	analysis	found	that	at	all	inner	subfields,	

Asians	and	black	people	had	significantly	thinner	GCL-IPL	than	whites	(Table	4.26a).	At	

outer	subfields,	GCL-IPL	among	Asians	was	significantly	thinner	than	whites	at	2	out	of	4	

subfields	(Table	4.26b).	In	contrast,	blacks	had	thicker	GCL-IPL	at	outer	inferior	subfield	

(Table	4.26b).	Chinese	people	tended	to	have	thicker	GCL-IPL	as	compared	to	whites	

(Table	4.26a-b).	This	should	be	taken	into	account,	both	in	academic	research	involving	

GCL-IPL	thickness,	and	also	in	considering	diseases	where	ethnicity	is	a	risk	factor.	
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TwinsUK	did	not	find	a	significant	association	between	IOP	and	the	ganglion	cell	complex	

in	any	statistical	model	(Bloch	et	al	2017).	In	contrast,	in	the	current	analysis	there	was	a	

significant	association	at	outer	subfields,	but	not	inner	subfields	(range	-0.05	μm/mmHg	

to	-0.09	μm/mmHg	after	controlling	for	potential	confounders,	p<0.001)	(Figure	4.27,	

Table	4.22,	Table	4.26b).	This	highlights	an	important	weakness	in	Bloch	et	al’s	work,	in	

that	the	ganglion	cell	complex	was	treated	as	a	single	structure,	and	only	mean	

thickness	was	reported.	An	important	result	of	the	current	analysis	is	the	difference	in	

relationships	seen	in	central,	inner,	and	outer	GCL-IPL	subfields	with	IOP.	The	AIGS	Study	

found	no	association	with	IOP	(Zhang	et	al	2016),	but	again,	they	treated	GCL-IPL	as	a	

static	structure	measured	as	one	number,	mean	thickness,	rather	than	a	structure	that	

varies	depending	on	subfield.	

	

Refractive	error	is	another	example	of	the	nature	and	variability	of	the	GCL-IPL	complex,	

with	inner	subfields	appearing	to	have	different	trends	from	outer	subfields	on	single	

variable	analysis	(Figure	4.28).	Multivariable	regression,	which	controlled	for	numerous	

confounders,	resulted	in	much	more	similar	results	between	inner	and	outer	subfields,	

although	regression	coefficients	for	inner	subfields	(range	+0.11	–	+0.48	μm,	p<0.001,	

Table	4.26a)	were	much	lower	than	for	outer	subfields	(range	+0.89	–	+1.12	μm,	

p<0.001,	Table	4.26b).	I	was	not	able	to	control	for	the	effects	of	magnification	and	the	

projected	scan	length	in	myopic	eyes.	Thus,	there	may	be	a	slight	underestimation	of	

thickness	among	people	with	myopia.	This	may	partially	account	for	the	appearance	of	

an	inflection	point	at	emmetropia	(Figure	4.28),	as	the	effects	of	magnification	interact	

with	those	of	physiologic	thinning	due	to	changes	in	axial	length	or	refractive	error.	My	
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results	are	supported	by	previous	studies,	which	have	shown	that	eyes	with	longer	axial	

lengths	tend	to	have	thinner	GCL-IPL	(Kim	et	al	2011,	Wu	et	al	2008,	Luo	et	al	2006).	

Whilst	the	absence	of	axial	length	measurement	is	a	potential	weakness	of	this	study,	it	

is	also	often	the	reality	in	clinical	practice,	where	refractive	error	is	measured	as	part	of	

a	routine	exam	but	axial	length	measurement	is	usually	ordered	as	an	additional	test	

(i.e.,	for	biometric	measurement	prior	to	cataract	surgery).		

	

The	central	subfield	showed	rather	different	results	from	remaining	subfields	(Table	

4.26).	This	may	be	the	effect	of	the	relative	overall	thinness	of	the	central	subfield	

(Figure	4.24),	increasing	any	influences	from	artifact.	

	

A	literature	search	suggests	that	this	study	is	the	first	to	compare	OCT	measurements	of	

GCL-IPL	with	educational	attainment	and	socioeconomic	deprivation.	The	EPIC-Norfolk	

Eye	Study	did	consider	education,	but	the	imaging	technology	used	was	Heidelberg	

Retinal	Tomography,	and	they	largely	focused	on	RNFL	(Khawaja	et	al	2013	Oct).	The	

current	study	shows	that	lower	educational	attainment	and	greater	socioeconomic	

deprivation	are	significantly	associated	with	thinner	GCL-IPL,	with	the	effect	most	visible	

at	inner	subfields	(range	-0.12	–	-0.17	μm	per	category	lower	education	and	–0.16	–	-

0.20	μm	per	quintile	greater	deprivation,	after	controlling	for	confounders,	p<0.001)	

(Figures	4.30-31,	Tables	4.24-26).	Some	might	argue	that	the	effects	of	education	may	

be	due	to	associations	with	myopia	(Mountjoy	et	al	2018).	However,	the	current	analysis	

controls	for	refractive	error.	Among	UK	Biobank	participants,	the	youngest	age	included	

was	40	years	old;	thus,	educational	attainment	was	most	likely	achieved	several	decades	

prior	to	participation	in	the	current	study.	Whether	the	relationship	between	education	
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and	GCL-IPL	thickness	is	a	reflection	of	healthier	nerve	tissue	corresponding	to	greater	

academic	achievement,	or	whether	there	is	an	intrinsic	cause	and	effect	between	

education	and	nerve	development	requires	further	research.	Socioeconomic	deprivation	

reflects	more	current	circumstances	of	participants,	but	may	still	carry	a	component	of	

past	exposures.	It	may	be	that	early	factors,	such	as	education,	as	well	as	ongoing	

factors,	such	as	socioeconomic	deprivation	attribute	to	the	health	or	attrition	of	the	

GCL-IPL.	

	

	

	

5.1.4	 Retinal	Nerve	Fibre	Layer	

	

This	analysis	presents	novel	findings	in	a	dataset	of	unprecedented	size,	demonstrating	

the	variation	of	macular	RNFL	(mRNFL)	and	its	associations	in	healthy	people.	In	this	

cross-sectional	analysis,	there	was	an	association	between	older	age	and	thinner	

mRNFL.	This	is	a	reasonable	starting	point,	but	it	is	possible	that	cohort	effects	may	be	

masking	or	exaggerating	the	observed	trends.	Thinner	RNFL	in	older	people	is	consistent	

with	existing	literature	from	macula	and	peripapillary	OCT	(Vianna	et	al	2015,	Sung	et	al	

2009,	Girkin	et	al	2011,	Parikh	et	al	2007,	Varma	et	al	2003,	Vianna	et	al	2015).	The	

outer	nasal	subfield	showed	the	largest	age-related	difference,	of	0.06	μm	thinner	per	

year	of	older	age,	after	controlling	for	other	factors	in	multivariable	modeling	(Table	

4.31).	Interestingly,	central	subfield	measurements	appear	to	be	thicker	with	age.	

Jampel	has	previously	noted	that	height	of	the	parafoveal	annulus	relative	to	the	foveal	
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pit	does	not	differ	with	age	(Jampel	et	al	2009).	It	is	possible	that	the	central	subfield	

demonstrates	a	different	trend	from	remaining	subfields	due	to	some	yet	undefined	

characteristic	about	the	anatomic	location.	However,	it	is	more	likely	that	the	positive	

association	at	the	central	subfield	is	due	to	artifact	–	as	central	subfield	is	the	thinnest	of	

all	subfields	(mean	8.3	μm,	SD	4.2	μm),	it	may	be	more	likely	to	be	susceptible	to	

artifactual	errors.	

	

RNFL	thicknesses	at	inner	subfields	are	in	the	predicted	range	as	compared	to	histologic	

studies	(Varma	et	al	1996).	Histologic	studies	found	inferior	subfield	to	be	thickest;	in	

contrast,	it	was	found	that	of	the	inner	subfields,	superior	subfield	was	thickest.	These	

measurements	were	acquired	ex	vivo	from	only	10	eyes	and	were	not	classified	

according	to	ETDRS	subfields,	rendering	direct	comparison	to	our	study	problematic.	

Furthermore,	histologic	measurement	of	RNFL	thickness	is	prone	to	processing	artifact,	

so	may	not	accurately	mirror	in	vivo	measurements.	

	

In	the	outer	subfields,	women	have	significantly	thicker	average	mRNFL	as	compared	to	

men	(Figure	4.33d-e).	This	difference	persists	after	accounting	for	height	in	multivariable	

modeling	(Table	4.31).	Women	have	a	thinner	central	subfield	mRNFL	than	men.	Recent	

evidence	from	studies	using	deep	learning	computer	algorithms	suggests	that	there	are	

probably	fundamental	(but	largely	unquantified	and	currently	unclear)	differences	in	

retinal	anatomy	between	women	and	men	(Poplin	et	al	2017).	Given	the	size	of	the	

dataset	in	the	current	study,	the	statistical	significance	is	high	(p<0.001).	Ooto	reported	

a	similar	finding	in	a	smaller	study	(Ooto	et	al	2011).	The	reproducibility	of	this	finding	
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suggests	further	investigation	may	be	warranted	to	identify	the	precise	location	and	

nature	of	these	differences.		

	

People	of	different	ethnicities	have	different	mRNFL	thickness.	Specifically,	black	people	

have	significantly	thinner	mRNFL	than	whites	in	all	subfields	(Figure	4.35,	Table	4.28,	

and	Table	4.31).	Asians	also	have	thinner	mRNFL	than	whites,	although	the	statistical	

probability	of	this	difference	is	weaker	(Figure	4.35,	Table	4.28,	and	Table	4.31).	Axial	

length	was	not	available	for	analysis;	however,	the	analysis	did	adjust	for	refractive	error	

(Tables	4.37	and	4.31).	Thinner	baseline	mRNFL	may	indicate	an	increased	susceptibility	

to	glaucoma	among	people	of	African	descent	(Quigley	2006).	

	

In	contrast,	intraocular	pressure	(IOPG),	the	sole	modifiable	risk	factor	for	glaucoma	

(Coleman	and	Miglior	2008,	Leske	et	al	2003,	Kass	et	al	2002,	Anderson	2003),	is	not	

associated	with	mRNFL	thickness	in	the	range	5	to	21	mmHg.	The	results	were	also	

tested	with	IOPCC,	and	found	to	be	consistent.	This	is	a	surprising	and	unexpected	

negative	finding,	especially	since	this	study	previously	showed	a	small	but	highly	

significant	trend	towards	thinner	retinal	pigment	epithelium	(RPE)	measures	in	those	

with	higher	IOP	in	this	same	cohort	with	identical	selection	criteria	(Figures	4.8	&	4.36,	

Tables	4.8	&	4.31,	Ko	et	al	2017).	Regression	lines	are	either	0.0	or	approach	0.0	(Figure	

4.36,	Table	4.29),	and	findings	persist	in	multivariable	regression	modeling	(Table	4.31).	

In	particular,	it	appears	that	in	people	without	prior	glaucoma	and	IOPG	≤21,	there	is	no	

cross-sectional	association	between	mRNFL	thickness	and	IOPG.	It	has	always	been	

assumed	that	glaucomatous	risk	factors	exerted	an	effect	across	the	full	spectrum	of	

their	distribution.	Lowering	of	intraocular	pressure	is	beneficial	in	people	with	
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established	glaucoma	who	have	always	had	normal	IOPs	(Anderson	2003).	Our	findings	

offer	evidence	among	the	normal	population,	simply	having	lower	IOP	may	not	offer	

additional	protective	effects	for	preserving	mRNFL.	Continuing	this	idea,	it	does	raise	

questions	about	the	use	of	macular	RNFL	for	diagnosis	and	monitoring	of	glaucoma.	

	

Refraction	is	significantly	associated	with	mRNFL	thickness,	being	thicker	in	myopia	and	

thinner	in	hyperopia	(Figure	4.37).	One	might	expect	the	opposite	to	be	true,	as	

increased	axial	length	may	stretch	intraocular	structures	or	result	in	atrophic	changes.	

Certainly,	assessment	of	peripapillary	RNFL	is	more	difficult	in	people	with	high	

refractive	errors,	due	to	unpredictable	changes	in	anatomy	(Rauscher	et	al	2009,	Guedes	

et	al	2003).	This	study	shows	good	predictability	of	mRNFL	thickness,	supporting	the	

potential	of	mRNFL	in	diagnosis	of	glaucoma	among	people	with	higher	myopia.	Axial	

length	was	not	collected	as	part	of	UK	Biobank,	which	is	a	potential	weakness	as	

correction	for	magnification	changes	cannot	be	made.	Nevertheless,	given	the	large	

numbers	of	participants	in	the	study,	having	a	normative	database	of	such	size	has	the	

potential	for	clinical	significance.	It	may	allow	valid	comparisons	of	mRNFL	thickness	to	

be	made	even	where	refractive	errors	exist.		

	

There	was	a	significant	association	between	lower	education	and	thinner	RNFL	(Figure	

4.39	and	Table	4.31).	This	is	particularly	interesting	when	taken	together	with	reports	

that	RNFL	may	be	a	biomarker	for	dementia	(Garcia-Martin	2014,	Coppola	et	al	2015).	

One	may	consider	whether	educational	attainment	offers	an	index	of	“potential	

cognitive	reserve,”	and	also	may	help	risk	stratify	the	individual	risk	of	glaucoma.	The	

fact	that	having	higher	than	average	educational	attainment	is	broadly	equivalent	to	a	
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decade’s	difference	in	age,	and	that	this	difference	persists	after	adjustment	for	

refractive	error	and	height,	points	to	either	genetic	heritage	and/or	early	life	

experiences	and	exposures	as	important	factors	in	the	glaucoma	risk	profile.		As	all	

participants	were	at	least	40	years	of	age,	and	it	was	assumed	that	the	vast	majority	of	

educational	exposure	occurred	prior	to	enrolment,	education	may	reflect	neural	

development	or	early	life	neural	health.	Townsend	deprivation	index	is	a	marker	for	

more	recent	socioeconomic	deprivation,	and	also	shows	an	association	between	greater	

deprivation	and	thinner	RNFL	(Figure	4.39	and	Table	4.31).	This	supports	the	previous	

finding	of	a	strong	inverse	association	between	income	and	self-reported	glaucoma	in	

this	cohort	(Shweikh	et	al	2015),	which	extends	across	the	full	spectrum	of	the	range.	

Socioeconomic	deprivation	is	a	complex	and	challenging	concept	to	quantify,	interpret	

and	influence.	However,	these	data	show	that	both	early	and	later	life	markers	of	

educational	and	material	advantage	are	linked	to	the	thickness	of	mRNFL.		

	

This	study’s	strengths	include	its	large	sample	size,	use	of	standardized	techniques,	and	

rigorous	selection	scans	of	mRNFL	thickness.	The	current	study	is	40-80	times	larger	

than	any	other	previous	study	(Le	et	al	2015,	Ooto	et	al	2011),	allowing	one	to	include	

only	people	who	have	the	highest-quality	OCT	scans.	Weaknesses	of	the	study	include	

the	effectively	voluntary	nature	of	participation,	potentially	biasing	the	study	toward	

healthier	younger	people	who	are	able	to	travel	to	testing	centers,	and	preventing	

population-based	estimates	of	prevalence.	These	will	have	implications	for	the	

representativeness	of	the	absolute	values	observed,	but	should	have	minimal	influence	

on	the	identification	of	important	aetiological	relationships.	With	such	a	large	study,	

small	associations	can	be	identified,	but	care	must	be	taken	to	differentiate	statistical	
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versus	clinical	significance.	Even	as	the	large	size	of	the	study	is	a	potential	weakness,	in	

that	even	small	associations	are	identified,	it	is	also	a	strength	of	the	study,	as	the	

negative	findings	(egg,	IOPG)	are	likely	to	be	reliable	and	may	have	clinical	impact.	

	

The	study	used	a	large	high-quality	dataset	to	describe	novel	findings	in	the	mRNFL,	

including	quantification	of	cross-sectional	relationships	between	mRNFL	and	age,	

demonstration	of	sex	differences	in	mRNFL	distribution,	significantly	thinner	mRNFL	in	

blacks	and	Asians	as	compared	to	whites,	thicker	macular	mRNFL	measurements	in	

people	with	myopia,	and	importantly,	showed	the	significant	lack	of	association	

between	macular	mRNFL	thickness	and	IOP	in	the	normal	range.	These	findings	provide	

increased	understanding	of	the	mRNFL	and	may	inform	future	investigations	into	

diseases	states.	

	

	

	

5.1.5	 Cognitive	Function	

	

5.1.5.1		GCL-IPL	and	Cognitive	Function	

Some	have	argued	that	GCL-IPL	thickness	is	related	to	mild	cognitive	impairment,	and	

may	be	more	sensitive	than	RNFL	for	assessing	cognitive	decline	(Cheung	et	al	2015).	

Histologic	studies	have	linked	retinal	ganglion	cell	degeneration	with	Alzheimer’s	

disease	(Blanks	et	al	1989).	There	were	significant	associations	with	all	baseline	
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cognitive	tests,	including	prospective	memory	(Figure	4.41),	pairs	matching	(Figure	

4.42),	numeric	and	verbal	reasoning	(Figure	4.43),	and	reaction	time	(Figure	4.44).	When	

considered	together,	the	total	number	of	tests	with	poor	performance	was	significantly	

associated	with	GCL-IPL	thickness	(-0.03	tests/quintile,	p<0.001,	Figure	4.45).	However,	

after	controlling	for	potential	confounders	(age,	sex,	height,	race,	refraction,	IOP,	

socioeconomic	deprivation,	and	education),	all	associations	lessened,	reflected	by	lower	

regression	coefficients,	and	two	out	of	four	baseline	tests	were	no	longer	statistically	

significantly	associated	with	GCL-IPL	thickness.	

	

To	better	quantify	risk,	modeling	was	performed	to	determine	the	percentage	of	people	

who	failed	either	≥1	or	≥2	baseline	cognitive	tests	with	GCL-IPL	thickness	(Table	4.33,	

Figure	4.46).	Figure	4.46	appears	to	show	a	trend	of	greater	cognitive	deficit	with	

thinner	GCL-IPL	(OR	1.04	at	threshold	of	≥1	cognitive	tests,	p<0.001;	OR	1.07	at	

threshold	of	≥2	cognitive	tests,	p=0.001)	after	controlling	for	potential	confounders.	

When	examined	per	quintile	(Table	4.33),	there	appears	to	be	a	14%	increased	risk	of	

failing	at	least	one	cognitive	test,	and	27%	increased	risk	of	failing	at	least	two	cognitive	

tests	between	the	thinnest	and	thickest	quintiles	of	GCL-IPL	thickness,	but	it	did	not	

meet	threshold	for	significance	(p=0.003	and	0.007,	respectively).	

	

Longitudinal	cognitive	testing	results	were	also	considered	together	with	baseline	GCL-

IPL	thickness,	including	number	of	people	with	worse	performance	on	1	or	more	

cognitive	tests	(Figure	4.47A,	Table	4.34A),	2	or	more	cognitive	tests	(Figure	4.47B,	Table	

4.34B),	and	total	number	of	cognitive	tests	worse	on	follow-up	(Figure	4.48).	None	of	

these	were	significant	at	any	threshold.	
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Taken	together,	one	might	understand	why	previous	work	(Cheung	et	al	2015)	have	

suggested	GCL-IPL	thickness	was	a	marker	for	cognitive	function,	as	there	were	some	

significant	associations	at	baseline.	The	current	study	shows	the	complexity	of	

interpreting	GCL-IPL	thickness,	and	the	importance	of	controlling	for	relevant	variables	

when	interpreting	results.	

	

One	could	argue	that	perhaps	these	findings	were	not	significant	because	of	small	

numbers,	or	inadequate	follow-up	time.	The	former	critique	would	not	be	valid	for	

baseline	results,	as	the	current	study	is	the	largest	of	its	kind,	with	33,040	participants.	

Indeed,	longitudinal	results	included	only	1251	participants	with	follow-up	of	3	years.	

Further,	participants	of	UK	Biobank	were	relatively	healthy.	Future	work	may	attempt	to	

recall	a	greater	number	of	participants	for	follow-up	at	a	future	time	frame,	when	the	

effects	of	cognitive	decline	would	be	more	obvious.	

	

	

5.1.5.2		RNFL	and	Cognitive	Function	

UK	Biobank	is	the	largest	study	of	its	kind,	and	for	the	first	time,	identifies	that	future	

decline	in	cognitive	function	is	associated	with	thinner	retinal	nerve	fibre	layer	(RNFL)	in	

a	large,	healthy	community	cohort.	Those	in	the	lowest	two	quintiles	of	baseline	RNFL	

distribution	had	double	the	likelihood	of	a	decline	in	cognitive	function	over	a	three	year	

follow-up	interval,	compared	with	those	in	the	top	RNFL	quintile	(Table	4.37).	As	was	

expected,	there	was	a	strong,	consistent	relationship	between	thinner	RNFL	and	poorer	
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cognition	in	cross-sectional	data.	A	further	novel	finding	was	of	an	incremental	

relationship	between	thinner	RNFL	and	poorer	cognition	in	the	longitudinal	data	(Figure	

4.37).	The	findings	show	that	thinner	RNFL	is	a	potential	indicator	for	current	impaired	

cognition,	and	may	predict	an	increased	risk	of	future	decline	in	cognitive	function.	

These	cognitive	deficits	and	decline	spanned	a	range	of	functional	domains.		

	

An	important	limitation	of	the	current	study	is	that	although	UK	Biobank	participants	

were	enrolled	from	a	sample	representing	a	cross	section	of	the	UK	population,	the	

response	rate	was	low.	Consequently,	the	representativeness	of	the	study	is	limited,	

participants	were	more	white,	middle	class	and	educated.	This	means	that	rates	of	

cognitive	impairment	identified	here	will	not	necessarily	be	the	same	as	those	in	the	UK	

population,	or	of	another	Western	European	or	North	American	population.	However,	

while	the	study	may	not	reflect	the	full	UK	population,	the	associations	that	have	been	

identified	are	unlikely	to	be	the	result	on	an	intrinsic	bias	in	the	data,	and	the	overall	

conclusions	should	be	taken	seriously,	particularly	among	those	of	Western	European	

descent.	

	

The	vast	number	of	participants	enrolled	in	UK	Biobank	required	that	a	balance	be	

struck	between	detailed,	in-depth	full	clinical	testing	and	the	need	to	complete	a	

cognitive	assessment	efficiently	on	hundreds	of	thousands	of	participants.	Whether	the	

resultant,	very	large	cognitive	dataset	is	strengthened	or	weakened	by	this	approach	is	

unclear.	The	individual	tests	used	in	this	study	have	been	validated	by	a	separate	group	

(Lyall	et	al	2016).	By	using	tests	sensitive	to	the	population	range	of	performance,	

decline	across	the	population	can	be	detected.	This	increases	the	sensitivity	of	the	study	
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to	detect	change,	and	its	relevance	to	population-based	early	disease	stage	screening.	

From	an	aetiological	perspective,	this	study	does	not	attempt	to	identify	specific	

cognitive	domains	linked	with	RNFL	thickness.	The	range	of	tests	available	to	test	the	

hypothesis	include	basic	mechanisms	such	as	processing	speed	(reaction	time)	and	high	

level	functions	such	as	intelligence	(reasoning).	As	such	they	are	suitable	for	

investigating	an	overall	association	between	cognition	and	retinal	thickness	measures.	

Further	work	would	be	required	to	identify	the	underlying	mechanisms	linking	RNFL	

thickness	to	specific	cognitive	domains	

	

Findings	from	the	current	study	are	consistent	with	those	from	several	previous	studies	

of	people	with	established	disease.	Hinton	described	an	association	between	dementia	

and	thinner	RNFL	(Hinton	et	al	1986).	Others	have	made	similar	observations	in	mild,	

moderate	and	severe	cognitive	impairment	in	cases	series	(Moreno-Ramos	et	al	2013,	

Garcia-Martin	et	al	2014,	Shi	et	al	2014,	Kesler	et	al	2011,	Whitson	et	al	2015,	Gao	et	al	

2015).	Thinner	RNFL	has	been	recorded	in	Parkinson’s	disease	(Inzelberg	et	al	2004),	and	

Lewy	body	dementia	(Moreno-Ramos	et	al	2013).		

	

Although	the	bulk	of	previous	data	suggesting	an	association	between	RNFL	thickness	

and	cognition	comes	from	case	series,	two	studies	have	identified	a	cross-sectional	

association	between	thinner	RNFL	and	poorer	cognitive	function	in	community	based	

cohorts,	one	in	a	geographically-	and	genetically-isolated	population	in	the	Netherlands	

(van	Koolwijk	et	al	2009),	the	other	in	the	EPIC	Norfolk	cohort	in	the	UK	(Khawaja	et	al	

2016).	In	the	EPIC	cohort	of	8,623	people,	thinner	RNFL	was	associated	with	poorer	

scores	from	cognitive	tests	assessing	global	function,	recognition,	learning,	episodic	
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memory,	and	premorbid	intelligence.	While	EPIC	Norfolk	described	a	similar	relationship	

as	the	current	study,	the	cross-sectional	associations	were	of	small	effect	size,	with	RNFL	

thickness	appearing	to	be	of	little	use	as	a	predictive	test	for	cognitive	function	(Khawaja	

et	al	2016).	In	contrast,	the	relationship	between	baseline	RNFL	and	future	cognitive	

decline	in	the	current	study	is	stronger.	A	possible	explanation	for	this	is	that	RNFL	

measurements	in	EPIC	were	generated	using	scanning	laser	ophthalmoscopy,	which	is	

less	precise	than	OCT,	as	it	does	not	directly	measure	RNFL	thickness.	Another	recent	

community-based	study	assessed	a	cohort	of	Chinese	people	linked	poorer	cognitive	

function	to	thinner	sub-foveal	choroidal	thickness.29	Choroidal	thickness	measures	were	

not	available	in	this	study	because	of	differences	in	scanning	technology,	but	it	adds	

weight	to	the	concept	that	ophthalmic	imaging	can	detect	features	associated	with	

poorer	cognitive	function.		

	

Of	particular	interest	and	relevance	are	results	from	a	small,	prospective	study	which	

examined	the	longitudinal	trends	in	RNFL	thickness	in	a	mixed	group	of	78	people	with	

normal	or	mildly	impaired	cognition	over	a	two	year	period	in	Shanghai,	Peoples’	

Republic	of	China	(Shi	et	al	2014).	Sixty	retained	stable	cognitive	function,	while	18	

(23%)	suffered	a	cognitive	decline	and	were	then	diagnosed	as	suffering	mild	cognitive	

impairment	(n=8)	or	AD	(n=10).	Using	retinal	OCT	to	measure	RNFL	(as	I	have	done),	

they	observed	greater	reduction	of	RNFL	thickness	among	those	showing	a	cognitive	

decline	than	the	stable	participants	(−11.0	±	12.8	(mean	±	SD)	µm	versus	-0.4	±	15.7	µm	

(p	=	0.009).		

	



	
	

	 242	

In	this	study,	participants	who	reported	neurological,	diabetic,	and	ocular	diseases	were	

excluded,	and	only	people	with	good	visual	acuity	were	included,	because	of	the	well-

recognised	impact	these	conditions	have	on	RNFL	measurements.	Consequently,	the	

results	are	more	representative	of	a	pre-morbid	population,	further	strengthening	the	

principle	of	an	association	between	a	thin	RNFL	and	cognitive	decline.	Others	have	

reported	that	markers	of	ill-health,	particularly	cardiovascular,	are	risk	factors	for	future	

cognitive	decline	–	such	risk	factors	include	atrial	fibrillation,	diabetes,	heart	failure,	

intermittent	claudication,	previous	stroke	and	frailty	markers	such	as	poor	exercise	

tolerance	(Tilvis	et	al	2004,	Marquis	et	al	2002,	Liew	et	al	2009).	The	current	study	does	

not	take	these	risk	factors	into	account,	but	they	could	potentially	be	considered	in	

future	studies.	

	

There	was	an	incremental	relationship	between	a	progressively	thinner	baseline	RNFL	

and	a	future	decline	spanning	different	cognitive	domains.	Gao,	et	al.	sought,	but	did	

not	find	such	a	correlation	between	retinal	features	and	severity	of	cognitive	

impairment	(Gao	et	al	2015).	One	possible	explanation	is	that	they	used	the	Mini-Mental	

State	Examination	(MMSE)	as	the	index	of	cognitive	impairment,	which	is	likely	to	be	

insensitive	to	subtle	early	changes	(Hinton	et	al	1986).	The	association	between	baseline	

RNFL	and	baseline	cognitive	scores	appears	to	be	curvilinear,	showing	a	threshold	effect	

with	greater	deficit	shown	in	RNFL	quintiles	one	and	two	(Figure	4.54).	Evidence	for	a	

curvilinear	association	between	baseline	RNFL	and	future	cognitive	decline	was	less	

convincing	(Figure	4.55),	although	the	number	of	observations	was	smaller	by	a	factor	of	

30.		
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One	potential	concern	with	the	current	study	is	that	multiple	statistical	tests	may	lead	to	

significant	findings	purely	by	chance;	however,	our	work	is	supported	by	results	from	

the	Rotterdam	Study,	published	in	the	same	issue	as	our	work	(Mutlu	et	al	2018).	3289	

people	were	analyzed	over	5	years,	among	whom	41	people	(1.2%)	had	existing	

dementia	and	86	people	(2.6%)	developed	dementia	over	a	5-year	time	period.	A	

significant	association	was	found	between	thinner	baseline	RNFL	and	incident	dementia,	

but	not	prevalent	dementia,	consistent	with	our	findings.	While	the	size	of	the	

Rotterdam	study	was	smaller	than	UK	Biobank,	the	screening	methods	for	dementia	

were	more	extensive,	including	the	Mini	Mental	Status	Examination,	Geriatric	Mental	

State	organic	level,	and	the	Cambridge	Examination	for	Mental	Disorders	of	the	Elderly,	

as	well	as	continuous	monitoring	through	electronic	linkage	with	medical	records	(Mutlu	

et	al	2018).	The	repeatability	of	results	between	two	separate	longitudinal	studies	

among	different	populations	supports	the	idea	that	the	findings	are	not	a	statistical	

anomaly,	but	a	significant	finding	worth	further	investigation.	

	

Some	have	argued	against	there	being	retinal	involvement	in	generalised	

neurodegenerative	disease	(Curcio	et	al	2993,	Davies	et	al	1995,	Parisi	et	al	2001,	

Kergoat	et	al	2001a,	Kergoat	et	al	2001b).	Van	Koolwijk	et.	al.	proposed	that	while	there	

may	be	an	association	between	RNFL	thickness	and	cognitive	function,	it	is	not	sufficient	

to	explain	variance	in	cognitive	test	scores,	and	therefore	is	not	a	useful	predictor	of	

cognitive	ability	(van	Koolwijk	et	al	2009).	UK	Biobank	cohort	benefits	from	large	

numbers	of	participants,	and	consequently	has	greater	statistical	power.	Statistical	

significance	is	not	equivalent	to	clinical	relevance.	However,	while	the	bulk	of	previous	

research	has	focused	on	later	stage	cognitive	impairment	and	on	older	participants,	my	
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findings	suggest	the	predictive	potential	of	RNFL	thickness	measurement	in	a	relatively	

younger	and	healthier	group	of	people.	Furthermore,	the	preponderance	of	white	

people	of	relative	socioeconomic	prosperity	(as	demonstrated	by	the	favourable	mean	

Townsend	deprivation	index,	Table	4.35)	suggests	that	these	results	are	even	more	

applicable	to	a	“low	risk”	group,	and	provide	a	conservative	estimate	of	the	association.	

More	recently,	preclinical	and	translational	data	revealed	that	in	at	least	one	of	the	

neurodegenerative	dementias,	frontotemporal	dementia	caused	by	progranulin	

haploinsufficiency,	retinal	layer	changes	are	indeed	related	to	a	demonstrable	

pathological	substrate	(Ward	et	al	2017).	Nevertheless,	in	response	to	Van	Koolwijk	et.	

al.,	it	would	be	unlikely	for	any	single	predictive	test	to	be	used	in	isolation.	This	study	

adds	weight	to	the	argument	of	an	association	between	neurodegenerative	processes	

affecting	the	brain	and	the	eye,	and	indicates	that	OCT	measurement	of	the	RNFL	could	

provide	a	non-invasive,	relatively	low-cost	and	time-efficient	predictive	tool.		

	

There	can	now	be	little	doubt	that	thinner	RNFL	is	associated	with	adverse	cognitive	

function.	These	data	also	suggest	that	RNFL	thinning	precedes	cognitive	decline	in	many	

people,	and	predicts	cognitive	deterioration.	Wide	availability	of	OCT	technology	in	

ophthalmic	and	optometric	practices	may	be	beneficial	for	general	uptake	of	this	

potential	predictive	test.	However,	one	must	be	careful	in	its	interpretation,	to	avoid	an	

unnecessary	psychological	burden	to	people	who	may	not	ultimately	experience	

cognitive	decline.	Further,	attempting	to	risk-stratify	people	would	be	most	appropriate	

if	there	is	a	viable	treatment	or	preventative	measure.	Additional	research	is	required	to	

define	a	possible	role	for	these	observations	in	health	policy	and	to	determine	the	

relevance	at	an	individual	level.	It	is	unclear	whether	RNFL	thinning	continues	even	as	
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cognitive	decline	occurs,	or	whether	it	is	a	precursor	to	cognitive	deterioration.	While	

UK	Biobank	did	perform	follow-up	OCT	testing,	later	retinal	measures	were	not	available	

for	this	analysis.	Future	research	may	focus	on	longitudinal	RNFL	changes	relative	to	

cognitive	function.	It	may	be	that	RNFL	imaging	is	more	useful	for	certain	demographic,	

racial	or	medical	sub-groups.	I	believe	it	is	plausible	that	a	thinner	RNFL	is	a	marker	of	a	

currently	ill-defined	clinical	syndrome,	which	includes	cognitive	decline.		

	

The	finding	that	a	thinner	RNFL	is	associated	with	significant	future	cognitive	decline	in	a	

large	cohort	of	people	aged	40	to	69	years,	drawn	from	communities	around	the	UK,	

consolidates	the	case	for	regarding	retinal	anatomical	measures	as	a	useful	predictive	

tool	for	identifying	those	at	risk	of	future	cognitive	loss.	The	potential	for	OCT	

measurement	of	retinal	layers	as	a	predictor	of	cognitive	decline	is	particularly	attractive	

because	it	is	rapid,	non-invasive	and	widely	available,	with	high	potential	for	uptake.	
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5.2	 Summary	

	

	

The	major	conclusions	from	this	body	of	research	may	be	summarized	as	follows:	

1. OCT	can	be	used	to	analyse	a	large	number	of	eyes.	UK	Biobank	obtained	OCT	

measurements	from	eyes	of	67,321	people.	This	study	used	OCT	to	image	a	large	

cohort,	and	through	use	of	automated	segmentation,	the	images	were	analysed	

to	generate	novel	findings.	Over	33,000	images	were	selected	for	analysis.	The	

exact	number	of	scans	varied	depending	on	the	sub-layer	analysed,	due	to	

quality	issues	and	varying	levels	of	difficulty	using	automated	segmentation.	

Manual	re-grading	rejected	<1%	of	images	(range	288	of	34572	RPE	images	to	2	

of	33070	RNFL	images),	a	testimony	to	the	reliability	of	the	automated	

segmentation	algorithm	that	was	selected.	There	are	certain	layers	that	remain	

difficult	to	segment	on	OCT,	such	as	the	boundary	between	the	ganglion	cell	

layer	and	inner	plexiform	layer,	which	is	why	they	were	analysed	as	a	single	

complex.	Nevertheless,	OCT	proved	itself	to	be	a	powerful	tool	for	retinal	studies	

of	large	cohorts.	

2. Retinal	sub-layers	show	variations	according	to	demographic	factors	such	as	age,	

ethnicity,	and	gender.	For	all	layers	analysed,	there	is	an	age-related	association	

between	thinner	retinal	sub-layers	and	older	age.	Ethnicity	affects	retinal	

thickness	differently	for	different	sub-layers,	with	black	people	having	thicker	

RPE	than	white	people,	but	showing	the	opposite	result	for	the	remaining	sub-

layers	analysed.	This	may	explain	the	higher	prevalence	of	disease	among	certain	
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ethnicities,	such	as	macular	degeneration	(higher	among	white	people,	who	tend	

of	have	thinner	RPE)	and	glaucoma	(higher	among	black	people	who	have	

thinner	RNFL).	Sex-related	differences	are	a	bit	more	complex.	In	the	

photoreceptor	layer,	women	appear	to	have	thinner	photoreceptor	layers	than	

men	at	all	except	two	subfields	(central	and	outer	superior).	However,	for	the	

remaining	subfields	analysed,	there	is	not	a	consistent	difference	across	all	

subfields;	rather	there	appears	to	be	variation	in	distribution.	RPE	is	thicker	at	

central	and	inner	superior	subfields	among	women,	but	thinner	or	the	same	at	

remaining	subfields.	GCL-IPL	and	RNFL	appears	thicker	among	women	at	outer	

subfields,	but	thinner	at	inner	subfields.	Height	was	also	included	in	the	analysis,	

as	a	potential	confounder	with	sex,	and	results	remained	consistent.	The	

significance	of	distribution	differences	of	retinal	thickness	at	different	subfields	is	

unclear.	However,	one	needs	to	take	this	into	account	if	selecting	a	single	

subfield	for	analysis.	

3. Physiological	and	lifestyle	differences	are	also	associated	with	variation	in	retinal	

thickness.	An	interesting	finding	was	that	higher	IOP	was	significantly	associated	

with	thinner	RPE,	but	was	not	associated	with	thickness	of	GCL-IPL	or	RNFL.	This	

is	counterintuitive	regarding	expected	relationships	between	IOP,	glaucoma	and	

the	retinal	layers	affected.	Whether	this	finding	has	clinical	significance	remains	

to	be	seen,	but	is	certainly	an	interesting	area	for	future	research.	Additionally,	it	

appears	that	refractive	status	affects	retinal	thickness,	with	inner	retinal	layers	

thicker	and	outer	retinal	layers	thinner	with	higher	myopia.	Possible	explanations	

include	differences	in	axial	length-related	compression	of	inner	layers	and	

stretching	of	outer	layers,	versus	magnification-related	differences.	Smoking,	



	
	

	 248	

blood	pressure,	and	BMI	were	analysed	to	assess	for	association	with	RPE	and	

photoreceptor	layers	thickness.	None	of	these	variables	showed	a	statistically	

significant	association	with	RPE	thickness.	In	contrast,	regular	smoking	and	

higher	BMI	were	significantly	associated	with	thinner	photoreceptor	layer.	Blood	

pressure	was	not	significant	after	controlling	for	other	variables	in	multivariable	

analysis	of	photoreceptor	layer.	For	GCL-IPL	and	RNFL	layers,	associations	with	

smoking/blood	pressure/BMI	were	sought	in	preliminary	analysis,	but	for	the	

purposes	of	main	analysis,	interest	shifted	to	education	and	socioeconomic	

deprivation,	given	the	interest	in	a	potential	relationship	with	cognitive	function.	

For	GCL-IPL,	inner	subfields	were	significantly	thinner	in	those	with	lower	

education	and	greater	socioeconomic	deprivation.	This	effect	was	present	at	

outer	subfields,	but	did	not	reach	statistical	significance,	possibly	because	the	

outer	subfields	are	thinner	than	inner,	so	changes	may	be	more	subtle.	Likewise,	

RNFL	was	thinner	in	those	with	lower	educational	attainment.	In	contrast,	

socioeconomic	deprivation	was	not	significantly	associated	with	RNFL	thickness.	

4. The	relationships	with	cognitive	function	are	likely	to	be	the	most	important	

aspects	of	this	work,	with	RNFL	being	associated	not	only	with	current	cognitive	

function,	but	also	potentially	being	predictive	of	future	cognitive	decline.	The	

relationship	between	GCL-IPL	and	cognitive	function	was	also	examined;	while	

results	were	consistent,	much	of	it	was	either	not	statistically	significant,	or	was	

not	significant	after	adjusting	for	potential	confounders.	All	cognitive	tests	were	

significantly	associated	with	RNFL	thickness,	and	remained	consistent	after	

adjusting	for	potential	confounders	(demographic,	ocular,	physiologic,	and	

lifestyle	factors).	People	with	the	thinnest	RNFL	were	11%	more	likely	to	fail	at	



	
	

	 249	

least	one	test	at	baseline,	and	almost	twice	as	likely	to	have	a	cognitive	deficit	

(fail	2	or	more	tests).	Further,	those	in	the	two	thinnest	RNFL	quintiles	were	

twice	as	likely	to	have	worsening	on	at	least	one	cognitive	test	after	3	years,	with	

an	18%	increased	risk	per	each	quintile	thinner	RNFL.	This	is	a	major	finding,	and	

could	potentially	guide	future	research	into	cognitive	function	as	our	population	

ages.	
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5.3	 Future	Work	

	

UK	Biobank	is	a	massive	database,	with	huge	potential.	It’s	main	design	and	function	is	

to	identify	associations	among	common	disorders.	Obviously,	one	could	analyze	

additional	variables	such	as	glucose	levels,	HA1c,	and	food	logs,	together	with	retinal	

thickness.	These	variables	could	be	analyzed	using	similar	algorithm	as	current	work,	

making	further	analysis	relatively	rapid.		

	

Alternatively,	separate	study	could	address	questions	raised	by	the	current	analysis.	For	

instance,	a	significant	association	was	identified	between	IOP	and	RPE	thickness,	but	no	

association	between	IOP	and	RNFL	thickness	among	people	without	ocular	disease.	To	

our	knowledge,	this	is	the	first	report	of	an	association	between	IOP	and	RPE	thickness.	

Validation	of	the	current	work	could	be	attempted	using	data	excluded	from	the	current	

study	(i.e.,	random	selection	of	opposite	eye).	If	results	are	confirmed,	further	study	of	

the	relationship	between	RPE	thickness	and	glaucoma	would	be	to	measure	RPE	

thickness	among	healthy	individuals,	normal	tension	glaucoma,	and	primary	open	angle	

glaucoma	to	detect	differences	amongst	groups.	

	

Macular	degeneration	is	another	important	area	for	future	research,	as	it	is	the	leading	

cause	for	blindness	in	developed	countries.	I	found	thinner	RPE	among	whites	as	

compared	to	black	people.	This	is	consistent	with	risk	of	macular	degeneration	among	

the	two	groups.	To	my	knowledge,	no	one	has	demonstrated	that	thinner	baseline	RPE	

is	associated	with	future	risk	of	macular	degeneration.	As	10	years	have	passed	since	UK	
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Biobank	began	collecting	macular	OCT,	one	could	potentially	answer	this	question	now,	

by	re-assessing	this	population	for	development	of	macular	degeneration	through	

fundus	imaging	(OCT	or	photos)	or	questionnaire,	and	comparing	with	baseline	RPE	

thickness.	If	thinner	baseline	RPE	is	associated	with	future	risk	of	macular	degeneration,	

this	could	have	implications	for	prevention	and	treatment.	Work	is	already	being	

conducted	to	treat	macular	degeneration	by	transplanting	RPE	stem	cells	(Mehat	et	al	

2018,	Takagi	et	al	2019).	Researchers	could	potentially	transplant	stem	cells	into	the	

retinas	of	those	at	highest	risk	of	blindness	from	macular	degeneration	as	a	preventative	

measure.	

	

Cognitive	function	is	arguably	the	most	interesting	finding	of	this	body	of	work.	Within	

UK	Biobank,	future	work	may	consider	follow-up	OCT	analysis	together	with	future	

cognitive	decline.	At	the	time	of	writing,	these	data	were	collected,	but	not	yet	available	

for	analysis.	Outside	of	UK	Biobank,	the	current	study	informs	future	research,	with	

RNFL	being	a	potential	marker	for	predicting	cognitive	decline.		

	

An	interesting	study	would	be	analyzing	RNFL	thickness	measurements	in	a	high-risk	

group;	specifically,	football	players,	both	American	and	European	(soccer),	where	there	

has	been	concern	and	media	attention	related	to	the	risk	of	concussive	brain	injury	and	

early-onset	dementia	(Schneider	2019,	Ling	et	al	2017).		The	former	is	particularly	suited	

for	study,	as	college-	and	professional-level	players	are	filmed	both	in	practice	and	in	

competition,	so	impacts	to	the	head	can	be	recorded.	The	American	National	Football	

League	has	committed	$100	million	toward	the	study	of	concussions	and	head	injuries	

(Maske	2016).	There	is	an	existing	concussion	protocol	including	evaluation	by	a	
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neurologist	during	games	(Stites	2018).	One	could	measure	RNFL	thickness	on	OCT	at	

baseline,	as	well	as	yearly	follow-up,	together	with	cognitive	function	testing.	Age	and	

gender	matched	controls	could	be	recruited	from	lower-impact	sports	such	as	baseball.	

Weight	matching	will	be	important,	and	analysis	needs	to	be	controlled	for	BMI.	The	

potential	for	such	work	is	exciting	–	if	one	day	we	could	predict	people	at	risk	for	

cognitive	decline,	prevent	further	decline	through	behavior	modification	(such	as	

“benching”	a	player	for	a	few	games),	or	even	develop	therapeutics.	

	

This	work	with	UK	Biobank	has	been	exciting	and	may	lead	to	further	work	to	explore	

the	relationship	between	retina	and	ocular	disease,	and	could	potentially	be	applied	

toward	improving	future	cognitive	function.		
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