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Glaucoma	represents	one	of	the	most	important	ocular	diseases	causing	irreversible	ganglion	cell	death.	It	
is	one	of	the	most	common	causes	of	visual	impairment	and	morbidity	in	the	elderly	population.	There	are	
various	tests	for	measuring	visual	function	in	glaucoma.	While	visual	field	remains	the	undisputed	method	
for	screening,	diagnosis,	and	monitoring	disease	progression,	other	tests	have	been	studied	for	their	utility	
in	glaucoma	practice.	This	review	discusses	some	of	the	commonly	used	tests	of	visual	function	that	can	be	
routinely	used	in	clinics	for	glaucoma	management.	Among	the	various	modalities	of	testing	visual	function	
in	glaucoma,	this	review	highlights	the	tests	that	are	most	clinically	relevant.
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Glaucoma,	 an	 age‑related	 progressive	 optic	 neuropathy,	
represents	the	leading	cause	of	irreversible	blindness	globally.[1,2] 
This	disease	is	well	characterized	clinically,	with	volumes	of	
literature	existing	on	the	different	forms	and	pathogenesis	of	
the	disease.	An	equally	more	extensive	work	of	literature	exists,	
detailing	the	diagnostics	tools	for	screening	and	monitoring	
glaucoma	 progression.[2‑4]	 Visual	 function	 represents	 the	
functions	of	the	eye	that	are	compromised	by	glaucoma	(such	as	
visual	acuity	and	visual	field	being	of	prime	importance).	In	
contrast,	functional	vision	means	the	tasks	in	daily	life	served	
by	visual	acuity	in	vision‑related	activities	(eg.,	reading	ability	
and	driving)	that	are	quantified	using	various	quality	of	life	
measures.	Yet,	visual	field	remains	the	gold	standard	for	testing	
the	visual	function	in	glaucoma	practice,	with	other	faculties	of	
visual	function	being	conspicuously	absent	in	routine	glaucoma	
examination	procedures.[4] This review explores the various 
faculties	of	visual	function	and	updates	about	the	known	and	
unknown	anatomical	basis	of	visual	functions	that	are	affected	
in	glaucoma	and	evaluates	the	applicability	of	these	into	routine	
clinical	glaucoma	practice.

Functions of the Retinal Ganglion Cells and 
Its Implication in Visual Function: A Brief 
Update
Faculties of visual function served by ganglion cells
The	 retina	 houses	 0.7–1.5	million	 retinal	 ganglion	 cells	
that	 connect	 to	 rods,	 cones,	 and	 photoreceptors.[5,6] The 
distribution	of	the	RGC	in	the	central	retina,	their	structure,	
and	 functions	 are	 different	 in	 the	 central	 and	peripheral	

part	of	 the	 retina,	which	 imparts	 the	macula	with	specific	
functions	 served	 by	 the	 ganglion	 cells.[5‑9]	 Chemical	
messages	 sensed	 by	 receptors	 on	 RGC	 transform	 it	 to	
intracellular	 signals	 by	 the	 RGC	 dendrites	 and	 soma,	
which	is	conveyed	as	nerve	spikes	forward	onto	the	visual	
specific	 neural	 circuitry.[5‑9]	 Processing	 of	 the	 information	
by	 complex	 processing	 systems	 in	 the	 vertebrate	 retina,	
with	 the	maintenance	 of	 topographical	 localization	 and	
hierarchy	 of	 information	 in	 the	 visual	 circuitry,	 is	what	
determines	different	visual	functions	such	as	visual	acuity,	
color,	movement,	 direction,	 and	 speed	 of	movement	 and	
contrast	 (Fig. 1).	 The	RGC	 axons	 are	 directed	 to	 specific	
visual	centers	according	to	the	visual	trigger	or	information	
they	encode	and	transmit	constituting	topographic	integrity	
along	the	visual	circuitry.	The	RGCs	are	broadly	classified	as	
tonic	or	phasic	cells.[5,8,9]	The	tonic	cells	exhibit	a	sustained	
response	and	are	called	midget	or	parasol	cells,	which	relay	
information	to	the	parvocellular	pathway.[5,8,11‑13]	In	contrast,	
the	morphologically	larger	phasic	cells	relay	information	to	
the	magnocellular	 layers	 of	 the	 lateral	 geniculate	 nucleus	
in	the	thalamus.	Midget	cells	respond	best	to	stimuli	with	
high	contrast	whereas	phasic	cells	respond	to	low	contrast	
over larger areas.[9,11]	 The	 visual	 system	 collects	 signals	
from	 various	 RGCs	which	 relay	 information	 in	 parallel	
pathways.	The	RGC	subtypes	are	distributed	spatially	in	a	
nonrandom	fashion	with	an	overlap	of	dendritic/receptive	
fields	occurring	 in	a	specified	ordered	mosaic	or	group	of	
RGC	subserving	common	or	different	visual	functions.

Cite this article as: Rao A, Padhy D, Pal A, Roy AK. Visual function tests for 
glaucoma practice - What is relevant?. Indian J Ophthalmol 2022;70:749-58.

This is an open access journal, and articles are distributed under the terms of 
the Creative Commons Attribution‑NonCommercial‑ShareAlike 4.0 License, 
which allows others to remix, tweak, and build upon the work non‑commercially, 
as long as appropriate credit is given and the new creations are licensed under 
the identical terms.

For reprints contact: WKHLRPMedknow_reprints@wolterskluwer.com



750	 Indian Journal of Ophthalmology	 Volume	70	Issue	3

Size selectivity of RGC and receptive fields - key for visual 
information processing
The	 “ON”	 type	 fibers	 respond	with	 a	 transient	 burst	 of	
impulse	 followed	 by	 continuous	 elevated	 discharge	 rate	
throughout the time of light stimulation.[10,11,13]	 The	 “OFF”	
center	fibers	 respond	 to	 sustained	 impulse	discharge	 after	
the	 light	 stimulus	 turns	off	 (Fig.	 1a).	The	“ON‑OFF”	fibers	
react	with	 a	burst	 of	 activity	 at	 the	onset	 and	offset	of	 the	
stimulus.	This	 type	of	 stimulus‑response	 forms	 the	basis	of	
hierarchy	 or	 subcategorization	 of	 information	 (also	 called	
visual	function	features,	say	color	or	contrast)	by	the	RGCs,	
which	 also	 determines	 the	 area	 subserved	 in	 the	 visual	
cortex.[6,11]	The	RGCs	stratify	and	connect	 to	bipolar	 cells	 in	
different	layers	of	the	inner	plexiform	layers	with	the	ON‑center	
fibers	 establishing	connections	 close	 the	RGC	bodies,	while	
the	OFF‑center	fibers	being	close	to	the	amacrine	cells.[13,15‑17] 
This	 organizational	 hierarchy	 is	 further	maintained	by	 the	
receptive	fields	of	the	RGC	that	define	the	spatial	properties	
of	the	RGC.[11]	The	receptive	field	is	merely	the	region	in	which	
the	RGC	would	respond	to	a	particular	stimulus	of	a	specific	
size.	Increasing	stimulus	size	after	excitation	of	the	RGC	can	
result	 in	 the	 cessation	of	 the	 stimulus	 excitation	 responses.	
The	ON‑center	 receptive	 field	 responds	 at	 the	 onset	 of	 a	
centrally	placed	bright	light,	while	the	OFF‑center	receptive	
field	responds	to	an	offset	of	the	light	stimulus.	The	ON‑center	

cell	 also	 responds	at	 the	offset	of	an	annulus	of	 light	while	
the	OFF‑center	cell	responds	to	the	onset	of	a	light	annulus.	
This	 center‑surround	physiologic	 function,	 combined	with	
the	selectivity	of	each	RGC	to	stimulus	size,	determines	the	
complementarity	of	the	receptive	field	of	ON‑	and	OFF‑center	
cells	with	overlapping	 receptive	fields.[10,12,14‑17] This ensures 
excitation	responses	to	changes	from	sustained	to	transient	as	
stimulus	moves	from	center	to	surround	(for	ON‑center	cells)	
and	inhibition	of	the	center	with	surround	stimulation.	These	
determine	the	final	RGC	response	encoded	by	the	stimulus,	
which	forms	the	basis	for	the	specific	visual	function	recognized	
by	the	visual	system.[17‑19]

Contrast sensitivity
Dendritic	 span	 is	 a	 critical	 factor	 that	 enables	 RGCs	 to	
collect	 signals	over	a	 large	area	of	visual	 space.[11,12,14,17] The 
size	 selectivity	of	RGC	causes	offset	 responses	 as	 stimulus	
size	becomes	more	 extensive.	Contrast	 sensitivity	 functions	
are	 a	 result	 of	 spatial	 tuning	 on	ON/OFF	 receptive	 field	
characterization	induced	by	spatial	sine	waves	that	consist	of	
alternating	 light	and	dark	bands.[6,11,20‑26]	Briefly,	 for	contrast	
characterization,	 the	difference	 in	 intensity	of	 the	 light	 and	
dark	 stimulus	 is	 reduced	until	 the	 ganglion	 cell	 responds	
to	 a	 stimulus,	which	 forms	 the	 contrast	 threshold	 of	 that	
RGC	 (Fig.	 1b).	This	 threshold	 is	different	 for	patterns	with	
varying	widths	of	 the	bar,	or	“spatial	 frequencies”	(number	
of	 light‑dark	 bar‑pairs	 per	 unit	 per	 distance),	 which	
determines	the	contrast	sensitivity	function	curve,	where	the	
sensitivity	(reciprocal	of	contrast	threshold)	is	plotted	against	
the	spatial	frequency.

Movement-speed, directional localization of movement
Hyperacuity	 is	 the	 ability	 to	detect	movements	within	 the	
receptive	field	 of	 the	 ganglion	 cell.	 Specific	 ganglion	 cells	
elicit	 excitatory	 responses	 to	 stimuli	moving	 in	a	particular	
direction	while	 being	 inhibited	 by	 stimuli	moving	 in	 the	
opposite	 direction.[27]	 These	 RGCs	 also	 have	 a	 preferred	
speed	of	motion	of	 the	 stimulus	while	being	 indifferent	 to	
the	size,	nature,	or	contrast	of	the	stimuli.	They	also	exhibit	
ON‑OFF	center‑surround	characterization	and	display	distinct	
dendritic	morphology	for	ON	and	OFF	cells.	The	machinery	
and	pathways	 encoding	 these	 information	 signals	 are	 not	
fully	understood.	Yet,	 they	 form	an	 integral	 function	of	 the	
RGCs,	which	may	affect	the	quality	of	vision	in	patients	with	
glaucoma.

Chromatic vision
The	 RGC	 subserve	 an	 essential	 yet	 complex	 process	 in	
vertebrate	 retinas‑color	 vision.	 They	 add	 or	 subtract	
information	from	cones	and	compare	the	information	obtained	
from	middle‑long	wavelength	 cones	 that	 determine	 the	
hue/saturation	or	 amount	of	 red/green	 in	 the	 stimulus.[27‑32] 
The	 on‑off	 center‑surround	 characterization	 also	plays	 in	
deciphering	 the	 color	 and	 saturation	of	 the	 color	 stimulus	
with	 excitation	 responses	 triggered	 by	 a	 stimulus	 in	 the	
center	while	getting	inhibited	at	the	periphery	(Fig.	1c).	The	
RGCs	not	only	decipher	the	color	of	the	stimulus	with	specific	
processing	stratifications	and	characterization	but	also	provide	
information	 about	 the	 extent	 of	 particular	 colors	 (hues/
saturation)	and	the	brightness	of	the	stimulus.[29,31] These are 
imparted	by	the	color	opponent	responses	and	the	responses	
of	the	RGCs	to	light.	In	cells	receiving	input	from	the	various	
spectral	 class	 of	 cones,	 the	 relative	 strength	 of	 color	 cone	

Figure 1: Different functions of ganglion cells serving different faculties 
of visual function. (a) left panel shows topographical stratification 
of ON and OF retinal ganglion cells (RGC) that stratify close to the 
ganglion cell bodies or amacrine cells, respectively. Middle panel 
shows center‑surround response characteristics in response to the 
stimulus presented on to receptive fields of RGC. Right panel shows 
the response waveforms produced by ON‑center or off‑center stimuli 
presented on to RGC receptive fields. (b) Graphical representation 
of summation of responses from bright or dark stimuli by center‑
surround summation determining the overall contrast of any object. 
(c) Center‑surround summation for different color‑opponent RGC 
resulting in summation of the color of objects. (d) Overall object seen 
as a summation of visual stimulus responses along with the summation 
of color and contrast
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inputs	can	be	altered	by	differently	colored	backgrounds;	this	
is	termed	as	“selective	chromatic	adaptation.”	Color	opponent	
ganglion	cells	have	a	center	and	surround	with	different	color	
opponent properties (Fig.	1c).	In	a	double	opponent	ganglion	
cell,	each	color	mechanism	in	the	receptive	field	at	the	center	
is	opposed	by	the	same	color	type	but	the	opposite	sense	in	
the	surround.	This	confers	the	ability	to	detect	color	changes	at	
the edges or periphery of an illuminated target. In addition to 
information	about	color	from	cones,	ganglion	cells	also	relay	a	
monochromatic	or	achromatic	signal	from	rods.[6,11,28,31]

Other less-known accessory RGC functions
It	is	less	known	that	specific	RGCs	play	a	role	in	maintaining	
the	circadian	rhythm.[33‑35]	These	specific	RGC	project	onto	the	
suprachiasmatic	nucleus	in	the	hypothalamus	and	contain	a	
chemical	called	melanopsin.	They	receive	inputs	from	amacrine	
cells	 and	 cone	 bipolar	 cell	 axons.	 They	 have	 endogenous	
photoreceptive	 properties,	 implying	 that	 they	 can	 relay	
luminance	signals	directly	without	the	need	for	information	
from	rods	and	cones.	These	RGCs	are	also	believed	to	relay	
signals of the pupillary light responses through additional 
projections	to	the	project	to	the	lateral	geniculate	nucleus	and	
to	the	Edinger–Westphal	nucleus	(EW).[34,35]

What is Affected in Glaucoma - Basis for 
Visual Function Tests?
Glaucoma	affects	 the	ganglion	 cells	 of	 the	 retina.[2,3] While 
traditional	knowledge	exists	that	the	magnocellular	pathway	
is	more	susceptible	to	glaucoma	damage,	this	has	now	been	
questioned,	with	histopathological	 evidence	 for	 identifying	
RGC	types	in	sections	not	proving	this	theory	unequivocally.	
Further	shrinkage	of	cell	soma	with	injury	may	cause	shrinkage	
of	large	cells,	thereby	giving	a	false	impression	of	small	RGC	
on	sections.[8,11]	Moreover,	psychophysical	tests	of	contrast	and	
scotopic	sensitivity	suggest	aberrations	in	both	parvocellular	
and	magnocellular	pathways.	While	studies	have	demonstrated	
excitotoxic	 injury	and	 loss	of	 trophic	 factors	causing	axonal	
damage	to	RGC,	it	is	now	recognized	that	the	dendrites	of	the	
RGC	may	show	the	earliest	evidence	of	degeneration	or	cell	
death,	which	needs	further	exploration.[2,3,8‑13,31,32]	Therefore,	it	
may	be	wise	to	conclude	that	both	small	and	larger	ganglion	
cells	 are	 equally	 susceptible	 to	 damage	 that	may	 cause	
disturbances	in	contrast,	visual	field,	color	vision,	or	scotopic	
sensitivity.

Currently,	 glaucoma	 monitoring	 entails	 regular	
perimetry	and	sometimes	contrast	function	or	quality‑of‑life	
measures.[29‑31]	Other	visual	functions	such	as	color	vision	have	
not	found	applicability	in	clinics	so	far.	So	far,	only	level	II	
evidence	exists	on	the	use	of	other	visual	functions	such	as	
color	vision	in	glaucoma.[31]	This	is	largely	because	of	various	
issues	with	each	instrument/technology,	such	as	cost	issues,	
lack	of	direct	correlation	with	severity	of	glaucoma,	lack	of	
demonstration	 of	 the	utility	 in	monitoring	progression,	 or	
simply	the	lack	of	wide	access	to	the	technology.[31]	No	level	I	
evidence	states	the	superiority	of	any	one	visual	function	over	
the	other,	or	studies	do	not	compare	the	utility	of	all	visual	
function	tests	in	routine	glaucoma	clinics	for	screening	and	
monitoring	glaucoma	progression.	We	now	detail	 in	 brief	
routine	tests	that	capture	ganglion	cell	function	in	different	
ways	and	discuss	the	causes	for	their	lack	of	applicability	in	
routine	glaucoma	practice.

Tests for Assessing Ganglion Cell Function
Perimetry
As	 structural	 changes	precede	 functional	damage,	 various	
psychophysical	tests	of	visual	function	have	been	developed	
for	detecting	early	glaucomatous	visual	loss;	however,	standard	
automated	perimetry	(SAP)	is	the	current	gold	standard.[2,3,36‑44] 
A	perfect	structure–function	correlation	is	rare	in	glaucoma.	
Yet,	newer	tools	aimed	at	minimizing	this	structure–function	
disparity are under investigation.[37] While visual field or 
perimetry	remains	the	mainstay	of	assessing	visual	function	
in	glaucoma,	the	subjective	responses,	test–retest	variability,	
and	 extended	 testing	 times	have	prompted	 the	 search	 for	
other	alternatives	 to	evaluate	RGC	function.	Other	 forms	of	
perimetry	 such	 as	 short‑wavelength	 automated	perimetry,	
SWAP,	 and	microperimetry	 assess	 functions	 of	 different	
RGCs	 [Table	 1].[39,44,45‑49]	 This	 is	 based	 on	 the	 premise	 that	
different	RGCs	may	be	more	 susceptible	 to	 early	damage,	
which	may	 be	missed	 in	 normal	 visual	 field	 or	 standard	
automated perimetry. Table	2	details	the	essential	aspects	of	the	
three	main	perimetry	techniques	used	in	clinical	practice.	Over	
the	years,	this	technology	has	evolved,	with	various	algorithms	
being	developed	for	automated	estimation	of	progression	or	
stability	of	the	disease	and	this	has	found	wide	applicability	
among	routine	clinics.	As	other	forms	of	perimetry	such	as	high	
pass	resolution	and	microperimetry	have	not	found	their	place	
in	routine	clinical	practice,	we	restrict	our	following	discussion	
on	methods	that	are	more	common	and	readily	available	for	
use	by	clinicians.

Photopic negative response in glaucoma
Electroretinography	 (ERG)	 is	 a	 noninvasive	 or	minimally	
invasive	method	of	objective	assessment	of	visual	function.[43,50,51] 
Pattern	 electroretinogram	 (pattern	 ERG)	 isolates	 retinal	
ganglion	cell	function	and	is	highly	specific	for	detecting	early	
glaucoma.[50‑53]	 Yet,	 this	 cannot	provide	 a	measure	of	 focal	
changes	seen	early	in	glaucoma.	The	pattern	ERG	amplitude	
correlates	linearly	with	structural	changes	in	the	optic	nerve	
head	 in	glaucoma.[50,54‑57]	Yet,	 level	 2	 evidence	 suggests	 that	
pattern	ERG	may	not	yet	be	a	sensitive	enough	tool	to	detect	
very	focal	loss	of	ganglion	cell	function	in	the	early	stages	of	
glaucoma.	 Full‑field	flash	ERG	 is	 the	 cumulative	 response	
of	distal	retinal	neurons	rather	than	representing	pure	RGC	
responses.	Nevertheless,	there	are	few	other	features	of	full‑field	
flash	ERG	 such	 as	 scotopic	 threshold	 response	 (STR)	 and	
photopic	negative	response	(PhNR)	that	are	now	recognized	to	
measure	RGC	function.[50,54,56,58,59]	The	PhNR	is	a	useful	clinical	
diagnostic	procedure	for	the	assessment	of	RGC	function	in	
optic	nerve	pathologies,	including	glaucoma.[59‑65]	The	photopic	
negative	response	(PhNR)	is	the	negative‑going	wave	following	
the	b‑wave	of	cone	ERG	response	[Fig. 2a	and	b].	It	measures	
both	a‑wave	and	b‑wave	 simultaneously	 and	evaluates	 the	
function	of	the	middle	and	outer	retinal	layers.[59]

Experimental	 studies	 have	 reported	 that	 the	 PhNR	
originates	 from	RGCs	 and/or	 their	 axons	with	 decreased	
amplitude	 seen	 in	glaucoma.[59,60]	 Focal	PhNR	has	 a	higher	
sensitivity	 (90%)	 than	 full‑field	PhNR	 (77%)	 in	 recognizing	
early	 glaucomatous	 functional	 losses.[60,62]	 The	 possible	
reason	 for	decreased	 sensitivity	of	 full‑field	PhNR	 in	 early	
glaucoma	can	be	attributed	to	a	higher	population	of	RGC	in	
the	center	and	the	other	retinal	cells	in	the	periphery,	which	
may	therefore	contribute	more	for	full‑field	PhNR	responses.	
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Machida	et al.	investigated	focal	ERG	PhNR	in	38	open‑angle	
glaucoma	patients	(OAG),	12	glaucoma	suspects	(GS),	and	32	
healthy	controls	and	found	a	strong	correlation	between	local	
retinal	sensitivity	and	amplitude	of	the	focal	PhNR,	with	high	
discriminatory	power	to	differentiate	glaucoma	from	normal	
eyes.[63]	Another	 study	by	Kamada	 et al.[64]	 concluded	 that	
focal	PhNR	is	effective	in	identifying	functional	losses	in	early	

glaucoma	where	SAP	is	normal,	and	the	amplitude	significantly	
correlates	with	the	localized	damage	of	the	optic	nerve	head	
and retinal neurons. Viswanathan et al.[60]	observed	that	PhNR	
is	capable	of	detecting	and	monitoring	glaucoma	progression.	
Another	notable	study	by	Machida	et al.[65]	found	that	PhNR	
amplitudes	strongly	correlated	with	the	ganglion	cell	complex	
thickness	on	 spectral‑domain	OCT	 in	 the	 center	with	poor	

Table 1: Comparison of most used techniques for measuring visual function in glaucoma

Visual field 
SAP

SWAP Electroretinogram 
PERG, PhNR, 
mfERG

VEP Microperimetry Contrast Color vision Reading 
ability

Ease of use 
in routine 
clinics

  ‑ /‑    ‑

Testing times 15 min per 
eye

10 min per 
eye

15 min per eye 15 min per 
eye

10‑15 min per 
eye

5 min per eye 5 min per eye 10‑20 min per 
eye

What they 
measure

RGC 
function/
threshold

Koniocellualr 
pathway 
specific 
RGC

RGC + bipolar 
cells and other 
cells response 
possible

Signals 
generated in 
visual cortex 
to visual 
stimulus

Retinal 
sensitivity at 
various retinal 
regions

RGC function Cones and 
RGC function

Ganglion 
cells?

Special 
equipment

Yes Yes Yes Yes yes No No NO

Useful for 
monitoring 
progression

Yes Uncertain Uncertain Uncertain Uncertain Uncertain Not yet 
explored

Not yet 
explored

Disadvantage Test‑retest 
variability
Time 
consuming/
fatigue

Fallacious in 
presence of 
cataract

Fallacious in 
presence of 
cataract
Other cell 
responses, other 
diseases influence 
responses

Not 
sensitive 
for focal 
damage in 
glaucoma

Media 
opacities, other 
pathologies 
influence 
results

Media 
opacities, 
other 
pathologies 
influence 
results

Media 
opacities, 
other 
pathologies 
influence 
results

Media 
opacities, 
other
pathologies 
influence 
results

Advantages Useful for 
all stages, 
all ocular 
conditions 
with 
correlation, 
algorithms for 
progression

Useful 
for early 
glaucoma 
when SAP is 
normal

Useful for early 
glaucoma when 
SAP is normal

Useful 
for early 
glaucoma 
when SAP 
is normal

Useful for 
all ocular 
conditions

Can be an 
objective 
measure of 
the quality of 
visual function 
complimenting 
visual fields

Can be an 
objective 
measure of 
visual function 
complimenting 
visual fields

Can be an 
objective 
measure of 
the quality 
of vision 
complimenting 
visual fields

SAP ‑ standard automated perimetry; SWAP ‑ short wavelength automated perimetry; PERG ‑ pattern electroretinogram; PhNR ‑ photopic negative response; 
VEP ‑ visual evoked potential; RGC ‑ retinal ganglion cells

Table 2: Comparison of parameters involved in three different types of perimetry

Characteristics Static automated 
perimetry (SAP)

Short Wavelength automated 
perimetry

Microperimetry

What they measure Ganglion cell threshold sensitivities Konicellular pathway ganglion cells Retinal sensitivity across retinal regions

Background and 
stimulus color

White on white Blue on yellow background Red stimuli on white background or 
white on white

Stimulus luminance High (3183 cd/m2) Low (100 cd/m2) Low (130 cd/m2)

Fixation analysis Poor, difficult in eccentric vision Poor, difficult in eccentric vision Superior, unaffected in eccentric vision

Procedure Automated Automated Manual

Age corrected Threshold Available Available Lack of age‑corrected threshold Values

Level of luminance Changes at each test location Changes at each test location Same at all test locations
Preferred retinal 
locus (PRL)

Cannot identify the location of 
fixation or PRL in advanced field 
loss

Cannot identify the location of 
fixation or PRL I advanced field 
loss

Can identify the location of fixation or 
PRL in advanced field loss
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correlation	outside	 the	macula.	 Further	 studies	need	 to	be	
conducted	to	evaluate	its	application	in	routine	clinical	practice	
and	its	correlation	with	visual	field/structural	parameters.

Pattern electroretinogram
Pattern	 electroretinogram	 (PERG)	 is	 a	 retinal	 bio‑potential	
response	to	a	pattern	stimulus	with	temporal	and	spatial	high	
contrast	modulation.[53‑55,66,67]	Transient	PERG	is	formed	by	2–4	
reversal/second	waveform	with	an	 initial	positive	P50	wave	
followed	by	a	negative	N95	wave,	and	steady‑state	PERG	is	
generated	by	16	reversals/s.[50,53,54]	This	allows	the	cone	bipolar	
and	cone	photoreceptor	 cells	 to	 cancel	 each	other	and	only	
reveal	the	RGC	function.	Thus,	PERG	is	a	direct	measure	of	
RGC	 function	and	a	promising	 clinical	 tool	 to	detect	 early	
glaucomatous	loss.

Ventura et al.[67]	 evaluated	 RGC	 functions	 by	 using	
steady‑state	 PERG	 in	 200	 glaucoma	 suspects,	 42	 early	
glaucoma,	 and	 16	 healthy	 subjects	 and	 found	 that	 PERG	
amplitudes	correlated	significantly	with	worsening	of	mean	
deviation	(MD)	values	in	SAP	and	larger	vertical	cup	disc	ratio.	
Bayer et al.[68]	examined	SWAP,	frequency	doubling	technique	
perimetry	(FDT),	and	pattern	ERG	in	patients	with	primary	
open‑angle	(POAG)	and	found	that	SWAP	MD	and	PERG	P1N2	
amplitudes	diagnose	early	glaucomatous	functional	damage	
in	POAG	patients	even	with	a	normal	SAP.	Reduced	PERG	
amplitudes	 can	precede	 future	 functional	 loss	 in	 SAP.[54,55] 
However,	Hood	et al.[69] demonstrated that transient PERG may 
overlook	glaucomatous	loss	in	30%	of	patients	with	abnormal	
visual	field	 in	mfVEP.	 In	 summary,	PERG	 is	 an	 important	
clinical	tool	in	identifying	RGC	functions	in	early	glaucoma	
patients	with	or	without	SAP	defects.	However,	some	technical	
and	methodological	aspects	may	hinder	routine	clinical	use	
such	as	media	opacities,	advanced	age,	and	technical	difficulty.	
Future	 studies	with	 advanced	 techniques	will	 improve	 the	
ability	of	PERG	to	diagnose	early‑stage	glaucoma.

Multifocal ERG
The	multifocal	 ERG	 (mfERG)	measures	 responses	 from	
multiple	retinal	 locations	from	a	single	recording.[50,70‑77] It is 
primarily	generated	by	 the	photoreceptor	and	bipolar	 cells	
of	 the	 retina.	The	 stimulus	 in	mfERG	 constitutes	 an	 array	
of	either	61	or	103	white	and	black	hexagons	alternating	 in	
a	 semi‑random	sequence	with	 the	fixation	 target	 located	at	
the	 center	 (Fig.	 2c	 and	2d).	The	 structure–function	analysis	
can	be	enhanced	in	glaucoma	when	mfERG	test	is	combined	
with	OCT	and	SAP.[74,75] Moon et al.[72] studied the relationship 
between	visual	field	defects	 and	mfERG	optic	 nerve	head	
component	(ONHC)	in	39	glaucoma	patients	and	30	healthy	
controls.	They	found	that	the	ONHC	amplitude	was	decreased	
in	glaucoma	patients	with	excellent	topographic	relation	with	
visual	field	defects.	Golemez	et al.[70] demonstrated the good 
ability	 of	 the	 amplitude	 and	 implicit	 times	 of	N2	mfERG	
responses	in	the	center	to	discriminate	glaucoma	from	normal	
before	SAP.	Rao	et al.[74]	compared	mfERG	responses	to	retinal	
nerve	fiber	layer	(RNFL)	thickness	in	glaucoma	patients	and	
found	 that	 RNFL	 thickness	 significantly	 correlated	with	
the	P1N2	 amplitude	of	mfERG.	 It	 is	 now	 recognized	 that	
N2P1	amplitude	on	mfERG	may	be	an	 essential	parameter	
for	monitoring	 early	 and	moderate	 glaucoma.	 In	 another	
subsequent	 study,	 the	 ganglion	 cell	 inner	 plexiform	 layer	
thickness	on	SD‑OCT	strongly	correlated	to	mfERG	responses	
in	healthy	and	glaucoma	patients.[71,70,74,75]	In	conclusion,	mfERG	
can	be	utilized	 to	 identify	 early	 glaucomatous	 changes	 in	
specific	retinal	or	focal	areas.	Its	routine	use	is	limited	by	the	
need	for	longer	testing	times	and	the	lack	of	a	unified	parameter	
defining	glaucomatous	damage	in	different	stages	of	glaucoma.

Contrast sensitivity
Contrast	 sensitivity	 (CS)	 is	 the	measure	 of	 the	 difference	
between	the	brightness	of	one	object	with	its	background,	more	
acceptably	 the	difference	between	 two	different	amounts	of	
dazzle	from	the	target	and	the	surroundings.[78]	Visual	acuity	
measures	visual	 function	 from	 lower	 luminance	optotypes	
tested	 against	 a	 background	 of	 higher	 luminance,	which	
does	 not	 represent	 a	 typical	 physiological	 scenario	 in	 the	
real	world	with	different	intensities	of	light	of	the	target	and	
background.[79]	However,	 contrast	 sensitivity	 function	 (CSF)	
measures	the	spatial	frequency	with	different	levels	of	contrast	
sensitivity (Fig. 3).	 Two	 formulas	 are	 universally	 used	 to	
quantify	 the	 contrast.	Weber	 formula	 is	used	with	 constant	
background	 luminance.	However,	 in	 the	 case	 of	 changing	
brightness	 of	 both	 target	 and	 the	 background,	Michelson	
formula is more suited.[79]

Weber	 contrast	 =	 (Luminance	max	 –	 Luminance	min)/
Luminance	background.

Michelson	contrast=	(Luminance	max	–	Luminance	min)/
(Luminance	max	 +	 Luminance	min).	 The	 inverse	 of	 CS	
is	 known	 as	 the	 contrast	 sensitivity	 threshold	 (CST)	 and	
describes	the	minimum	contrast	required	by	an	individual	
to	discriminate	an	object	from	its	background.	Unlike	visual	
acuity	measurements,	which	maintain	a	steady	100%	contrast	
level	for	all	letters,	contrast	sensitivity	tests	often	use	targets	
of	a	given	size	with	variable	brightness	until	an	image	is	no	
longer	visible.	Both	photopic	and	scotopic	contrast	can	be	
measured	against	a	background	of	80–100	cd/m2	and	25‑32cd/
m2,	respectively.	Measuring	the	CST	for	various	stimulus	sizes	
is	used	to	plot	the	contrast	sensitivity	function	curve	(CSF)	

Figure 2: (a) Photopic negative response (PhNR) of a typical 
electroretinogram (ERG) of a normal patient. (b) Photopic negative 
response (PhNR) of a typical electroretinogram of a patient with 
glaucoma showing decreased PhNR amplitude. (c) multifocal ERG 
showing 103 hexagonal topographical testing regions with D showing 
a color‑coded map of the relative sensitivity of response from each 
retinal region
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for	each	patient	to	determine	the	exact	distinction	between	
the	 object	 and	 background.	The	 better	 the	discriminatory	
ability	to	identify	an	object	amidst	a	background,	the	greater	
the	quality	of	vision	and	processing	of	fine	details.	Several	
charts	of	different	target	stimuli,	range	of	values,	various	step	
sizes,	and	psychophysical	measures	are	available	to	assess	
the	contrast	 sensitivity.[80‑83]	All	 charts	display	 the	contrast	
sensitivity	 in	 the	 form	of	 gratings	 or	 letters.	 The	 grating	
charts	include	the	Arden	grating	plate,	Cambridge,	CSV‑1000,	
and	 functional	 acuity	 contrast	 test	 (FACT);	Vistech	while	
letter‑based	charts	include	Regan,	Pelli–Robson,	Mars,	and	
HACSS	charts.	Studies	have	shown	that	grating‑based	charts	
are	time‑consuming	whereas	letter‑based	charts	are	easy	to	
understand	and	are	more	commonly	used	in	clinics.[80,83] The 
main	drawback	is	test–retest	variability	and	repeatability	that	
have	not	encouraged	their	everyday	use	in	routine	clinics.	The	
Pelli–Robson	test	(PR	test),	a	wall‑mounted	chart,	consists	of	
6	lines	of	letters	in	triplets	on	each	line	with	a	step	size	0.15	
log	unit	per	triplet	and	each	letter	subtending	an	angle	of	3°	

from	the	subject’s	eye.	The	Mars	 letter	contrast	 sensitivity	
test	consists	of	eight	rows	of	six	letters	(step	size	of	0.04	log	
units)	with	each	letter	subtending	2°	from	the	subject	placed	
at	0.5	m.

Previously,	there	was	a	thought	to	the	loss	of	larger	RGCs	in	
glaucoma,	but	it	is	now	known	that	shrinkage	of	all	cell	types	
of	RGCs	takes	place	wherein	both	cells	of	the	magnocellular	
and	 parvocellular	 pathway	 are	 equally	 susceptible	 to	
damage.[79,82,83‑88]	 Studies	 have	 established	 a	 significant	
correlation	between	CS	and	Falls,	motor	 accidents,	 reading	
speed,	computer	task	ability,	and	driving	performance.[26,89‑93] 
Unlike	visual	acuity,	CST	represents	a	more	robust	measure	of	
visual	function,	which	is	valuable	in	diseases	such	as	glaucoma.	
Contrast	sensitivity	tests	can	be	used	as	a	screening	tool	in	those	
places	where	the	expensive	setup	of	visual	field	is	not	accessible.	
To	 further	 extend	 its	use	 in	 routine	 clinics	 for	glaucoma,	 a	
search	for	electronic	CST	tests	has	resulted	in	newer	tools	that	
are	both	easy	and	useful	measures	of	visual	function.	Among	
all,	the	Spaeth/Richman	contrast	sensitivity	(SPARCS)	test	has	
been	a	significant	contribution	in	this	field.

SPARCS	is	a	novel,	 standardized	Internet‑based	test	 that	
measures	the	central	and	peripheral	contrast	sensitivity.[94‑97] A 
monitor	set	with	1024	×	768	resolution	represents	the	vertical	
square‑wave	gratings	 of	 256	 grey	 levels	 over	 an	 area	 that	
extends	up	 to	 30°	horizontally,	 23.5°	vertically,	 5°centrally,	
3.5°	horizontally	 and	vertically.	 Sine‑wave	gratings	 (spatial	
frequency	of	0.4	cpd	appearing	for	0.3	s)	are	presented	in	five	
quadrants	of	the	field	while	the	patient	fixates	on	the	central	
area (Fig.	3).	The	contrast	sensitivity	ranges	from	100%	to	0.45%	
with	a	decrease	of	0.15	log	units	in	each	step.	This	test	calculates	
CST	using	the	Weber	formula	and	displays	the	score	in	each	
quadrant	and	in	the	center‑like	visual	field	thresholds,	which	
is	tested	at	all	quadrants.	The	SPARCS	test	has	been	shown	to	
have	good	test‑retest	repeatability	with	excellent	correlation	to	
PR	contrast	and	vision‑related	quality	of	life	measures.	This	
test	can	be	administered	at	home	or	office	without	the	need	for	
an	experienced	technician	for	performing	the	test.[22] This test 
also	addresses	the	drawbacks	of	the	Pelli–Robson	chart,	such	
as	uneven	illumination,	chart	fading,	reflection,	storage	issue,	
and	expensiveness,	making	SPARCS	a	good	alternative	 for	
measuring	visual	function	in	glaucoma	patients.	More	studies	
can	reflect	its	utility	in	its	use	as	a	routine	tool	for	glaucoma	
progression	and	monitoring	complimenting	the	visual	fields,	
which	are	the	gold	standard.

Chromatic vision
It	 refers	 to	 the	 ability	 to	 distinguish	 hue,	 saturation,	 and	
brightness	 of	 different	wavelengths	 of	 light.	Color	 vision	
is	 predominantly	 contributed	 by	 three	 types	 of	 cones	 in	
which	L	 and	M	 cones	 are	mostly	packed	 in	 the	 center	 of	
the fovea.[29‑31,33,35,97‑105] Multiple responses with different 
photopigments	 confer	 different	 light	 sensitivities:	 blue,	
green,	 and	 red,	 or	 short	 (S),	medium	 (M),	 and	 long	 (L)	
wavelength	cones	represent	these	three	cones	providing	the	
information	of	 color	 that	 excite	 them.	Various	 color	vision	
tests	 are	 designed,	 including	 pseudoisochromatic	 test,	
arrangement	test,	anomaloscopes,	and	lanterns	test	(Fig.	3).[97‑105] 
Pseudoisochromatic	plates	easily	detect	red‑green	deficiency	
than	blue‑yellow	deficiency.	The	premise	of	these	tests	is	the	
inability	to	discriminate	between	specific	colors.	The	widely	
used	plate	is	the	Ishihara	test,	which	contains	38	plates.	The	

Figure 3: (a) The contrast sensitivity function curve showing the 
threshold of contrast as a function of spatial frequency. (b) Pelli–Robson 
contrast chart for measuring contrast sensitivity. (c) and (d) show 
Speath–Richman contrast sensitivity measure. (e) spectral sensitivity 
of rods and different types of cones serving color vision. (f) Ishihara 
color vision tests. (g) Farnsworth–Munsell D‑15 panel test for measuring 
color vision (see text for detailed description)
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Richmond	HRR	test	is	also	a	pseudoisochromatic	test,	but	in	
addition	to	Ishihara,	it	detects	Tritan	deficiencies	and	grades	the	
color	vision	defect	as	mild,	medium,	and	strong.	Arrangement	
tests	based	on	hue	discrimination	ability	present	a	set	of	colored	
samples	of	different	hues	to	the	subject	whose	task	is	to	arrange	
caps	in	a	sequence.	Hence,	the	color	ability	is	measured	by	an	
observer’s	skill	in	organizing	and	matching	color	series	and	can	
therefore	quantify	color	vision	defect	rather	than	just	measuring	
the	 type	 of	 color	 vision	 deficiency.	 Farnsworth–Munsell	
100‑hue	test	and	Farnsworth	panel	D‑15	test	are	examples	of	
such	color	vision	tests.	Another	variant,	the	desaturated	panel	
D‑15	test,	has	samples	paler	than	Farnsworth,	which	makes	
it	more	cumbersome.	Yet,	color	vision	charts	either	measure	
combined	 color	 vision	deficiencies	 or	do	not	 quantify	 the	
depth	of	the	defect,	making	its	utility	for	glaucoma	monitoring	
difficult.[98,103]

Studies	have	also	 that	 color	vision	deficits	with	M	cone	
contrast	 sensitivity	 is	more	 susceptible	 in	 various	 ocular	
disease.[98‑103]	In	contrast,	another	study	reported	the	presence	
of	macular	function	damage	in	both	blue‑yellow	and	red‑green	
opponent	 pathways	 in	 glaucoma.	Bayer et al.	 found	 a	 5%	
incidence	tritans	in	glaucoma	but	huge	with	diffuse	color	vision	
defects.[43]	However,	the	other	possible	cause	of	diffuse	defects,	
such	as	age,	pupil	miosis,	cataract,	and	age‑related	macular	
edema,	was	not	accounted	for.	 It	 remains	a	debate	whether	
cone‑specific	color	sensitivity	loss	may	be	found	in	glaucoma	
as	RGCs	process	color	opponent	signals	that	have	already	been	
transformed.	Yet,	no	study	has	studied	the	relationship	between	
color	deficits	versus	structural	loss	or	other	measures	of	visual	
function	in	glaucoma	across	different	stages.

Reading Ability - A Surrogate for RGF 
Function?
There	 is	 a	 common	 belief	 among	 clinicians	 that	 reading	
disabilities	 are	 related	 to	 uncorrected	 refractive	 errors,	
cataract,	and	maculopathy.[105] It is unlikely to have reading 
difficulties	 from	disorders	 such	 as	 peripheral	 vision	 loss	
such	as	glaucoma,	especially	when	visual	acuity	is	normal.	
However,	 this	 is	 not	 always	 true.[106‑116]	 The	 probable	
mechanisms	for	the	reading	disability	and	reading	restrictions	
cited	are	aberrant	eye	movements	from	field	defects,	inability	
to	read	low	contrast	stimuli,	poor	visual	acuity,	and	improper	
lighting.

Interestingly,	glaucoma	patients	have	poorer	acuity,	contrast	
sensitivity,	with	or	without	glare	when	measured	at	home	
versus	in	the	clinic,	suggesting	that	low	contrast	in	the	native	
environment impair reading.[109,110,112]	As	a	 result,	 they	often	
experience	reading	fatigue.	It	 is	also	noted	that	glaucoma	is	
associated	with	decreased	reading	speed,	mainly	when	reading	
is evaluated through sustained silent reading (as opposed to 
short‑duration	out‑loud	 reading)	and	when	 individuals	 are	
asked	to	read	low‑contrast	materials.

In	 a	 study	 to	delineate	 the	 reading	difficulty	 of	 POAG	
patients	with	the	use	of	Radner	Reading	Charts,	the	glaucoma	
patients,	when	compared	to	normal	adults,	 read	slowly	and	
made more mistakes.[107] Reading parameters also showed a 
moderate	 correlation	with	visual	field	mean	deviation.	The	
reading	parameters	were	significantly	impaired	in	the	worst	eye;	
this	result	confirms	the	impact	of	field	loss	on	reading	ability.	

Burton et al.[109]	described	an	average	reduction	in	reading	speed	
caused	by	a	difference	in	letter	contrast	between	100%,	and	20%	
is	significantly	more	apparent	in	patients	with	glaucoma	when	
compared	with	visually	healthy	people.[109]	Richman	et al.[114] 
also	showed	that	the	aspects	of	visual	function	that	best	predict	
the	ability	of	a	patient	with	glaucoma	to	perform	activities	of	
daily	living	are	binocular	visual	acuity	and	contrast	sensitivity.	
High	rates	of	spoken	reading	impairment	have	been	reported	
in	 elderly	glaucoma	patients.[111]	 The	presence	of	glaucoma	
was	associated	with	a	slow	pace	of	reading.	A	more	significant	
reading	impairment	was	noticed	with	advanced	bilateral	field	
loss.[111,112]

It	is	understood	that	binocular	reading	is	not	useful	if	the	
fields	are	depressed	differently	in	both	eyes.[112]	In	glaucoma	
patients,	 under	 binocular	 conditions,	maximum	 reading	
speed,	 critical	print	 size,	 and	 reading	 acuity	 are	decreased	
significantly	 in	 comparison	 to	normal.[112]	 The	 critical	print	
size	decreased	in	proportion	to	the	extent	of	the	differences	
in the mean deviation values and the sensitivity values of the 
paracentral	bottom	left	 in	 the	 two	eyes.	 Interestingly,	 there	
is	a	difference	 in	which	the	superior	or	 inferior	field	defect	
affects	 reading	 or	 other	 visual	 functions.	 Cheng	 et al.[115] 
showed	 that	MD	of	 the	 superior	hemifield	was	 correlated	
only	with	near	activities	score	(P	=	0.01).	In	contrast,	the	MD	
of	 the	 inferior	 hemifield	positively	 correlated	with	 central	
vision,	vision‑specific	role	difficulties,	and	peripheral	vision.
[113,114,116]	This	may	explain	why	patients	with	glaucoma	and	
worse	binocular	 inferior	VF	have	 a	 slower	walking	 speed,	
higher	rates	of	falls,	and	more	falls	with	injury	among	elderly	
individuals.[114,116]	While	reading	ability	is	recognized	as	being	
affected	in	glaucoma,	its	clinical	utility	remains	unexplored	
owing	 to	 the	 subjectivity	 and	 other	 associated	 causes	 of	
reading	impairment,	which	makes	it	a	global	measure	rather	
than	a	measure	of	the	RGC	function.

Conclusion
In	summary,	visual	function	tests	that	can	measure	the	RGC	
function	include	visual	fields,	which	constitute	the	most	used	
test	in	routine	clinical	practice.	Yet,	other	visual	function	tests	
such	as	contrast	sensitivity,	color	vision,	and	ERG	are	other	tests	
that	can	measure	the	visual	function	as	a	complement	to	visual	
fields.	Of	these,	contrast	and	color	vision	are	not	only	easy	but	
also	measure	specific	attributes	of	RGC	function,	which	can	not	
only	complement	visual	field	but	also	help	grade	the	severity	
of the damage. This makes them a useful tool for monitoring 
disease	over	time,	along	with	visual	fields,	while	serving	as	a	
robust	measure	of	RGC	function.	It	remains	to	be	seen	if	these	
tests	 add	value	 to	 the	practice	 of	 visual	field	 and	possibly	
predict	disease	progression	earlier	than	visual	fields.	Future	
studies	would	prove	their	utility	in	routine	glaucoma	practice	
and	highlight	how	they	can	be	effectively	used	in	conjunction	
with	conventional	perimetry.
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