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Purpose: To	assess	the	macular	vessel	density	(VD)	on	optical	coherence	tomography	angiography	(OCT‑A)	
using	 proprietary	 software	 (automated)	 and	 image	 processing	 software	 (manual)	 in	 diabetic	 patients.	
Methods: In	a	 retrospective	study,	OCT‑A	 images	 (Triton,	TOPCON	Inc.)	of	 type	2	diabetics	presenting	
to	 a	 tertiary	 eye	 care	 center	 in	North	 India	 between	 January	 2018	 and	December	 2019	with	 or	without	
nonproliferative	 diabetic	 retinopathy	 (NPDR)	 and	 with	 no	 macular	 edema	 were	 analyzed.	 Macular	
images 	of	size	3	×	3	mm	were	binarized	with	global	thresholding	algorithms	(ImageJ	software).	Outcome	
measures	were	superficial	 capillary	plexus	VD	(SCP‑VD,	automated	and	manual),	deep	capillary	plexus	
VD	(DCP‑VD,	manual),	and	correlation	between	automated	and	manual	SCP‑VD.	Results: OCT‑A	images	
of	89	eyes	(55	patients)	were	analyzed:	no	diabetic	retinopathy	(NoDR):	29	eyes,	mild	NPDR:	29	eyes,	and	
moderate	NPDR:	31	eyes.	Automated	SCP‑VD	did	not	differ	between	NoDR	and	mild	NPDR	(P	=	0.69),	but	
differed	between	NoDR	and	moderate	NPDR	(P	=	0.014)	and	between	mild	and	moderate	NPDR	(P	=	0.033).	
Manual	SCP‑VD	(Huang	and	Otsu	methods)	did	not	differ	between	the	groups.	Manual	DCP‑VD	differed	
between	NoDR	 and	mild	NPDR	 and	 between	NoDR	 and	moderate	NPDR,	 but	 not	 between	mild	 and	
moderate	NPDR	with	both	Huang	(P	=	0.024,	0.003,	and	0.51,	respectively)	and	Otsu	(P	=	0.021,	0.006,	and	
0.43,	respectively)	methods.	Automated	SCP‑VD	correlated	moderately	with	manual	SCP‑VD	using	Huang	
method (r	=	0.51, P <	0.001)	with	a	mean	difference	of	−0.01%	(agreement	 limits	from	−6.60%	to	+6.57%).	
Conclusion: DCP‑VD	differs	consistently	between	NoDR	and	NPDR	with	image	processing,	while	SCP‑VD	
shows	variable	results.	Different	thresholding	algorithms	provide	different	results,	and	there	is	a	need	to	
establish	consensus	on	the	most	suited	algorithm.

Key words: Capillary	 Plexus	 Vessel	 Density,	 diabetic	 retinopathy,	 ImageJ	 processing	 software,	 optical	
coherence	tomography	angiography,	thresholding	algorithm

Dr.	Rajendra	Prasad	Centre	for	Ophthalmic	Sciences,	All	India	Institute	
of	Medical	 Sciences,	New	Delhi,	 1Department	 of	Biostatistics,	Dr.	
Rajendra	Prasad	Centre	for	Ophthalmic	Sciences,	All	India	Institute	
of	Medical	Sciences,	New	Delhi,	India

Correspondence	to:	Dr.	Rohan	Chawla,	Dr.	Rajendra	Prasad	Centre	
for	Ophthalmic	 Sciences,	All	 India	 Institute	 of	Medical	 Sciences,	
New	Delhi	‑	110	029,	India.	E‑mail:	dr.rohanrpc@gmail.com

Received:	08‑Jan‑2022 Revision:	22‑Feb‑2022
Accepted:	20‑Mar‑2022	 Published:	31‑May‑2022

Optical	 coherence	 tomography	 angiography	 (OCT‑A)	
is	 a	 noninvasive	 tool	 to	 study	 the	 retinal	 and	 choroidal	
microvasculature	 both	 qualitatively	 and	 quantitatively	 at	
different	depths	without	the	need	for	dye	injection.[1]	OCT‑A	
has	been	used	extensively	 in	various	ocular	disorders	 such	
as	 age‑related	macular	degeneration,	 diabetic	 eye	disease,	
macular	telangiectasia,	and	central	serous	chorioretinopathy	
to	characterize	the	abnormalities	in	the	retinal	and	choroidal	
circulation.	Apart	 from	 this,	 there	 is	 growing	 evidence	
of	 correlation	 between	 quantitative	 assessment	 of	 retinal	
vasculature	 on	OCT‑A	 and	 disease	 severity	 in	 systemic	
diseases	such	as	systemic	lupus	erythematosus	and	Alzheimer’s	
disease.[2,3]

OCT‑A	has	become	an	important	tool	for	the	assessment	of	
retinopathy	in	diabetic	patients.	Use	of	OCT‑A	for	the	evaluation	
of	morphological	changes	in	diabetic	retinopathy	(DR),	such	as	
preretinal	neovascularization	and	the	quantification	of	foveal	
avascular	 zone,	 capillary	 nonperfusion	 area,	 and	macular	

capillary	vessel	density	(VD),	has	been	described	in	various	
studies.[1,4,5]	Many	 instruments	 have	 become	 available	 for	
performing	OCT‑A	with	pros	and	cons	of	each	other.[6]	Each	one	
has	its	proprietary	software	to	calculate	the	macular	capillary	
VD.[1,7–10] The potential utility of VD assessment of healthy and 
diseased	eyes	using	such	an	instrument	has	been	suggested	
previously.[1]	However,	the	results	may	vary	to	a	certain	extent	
between	the	devices,	and	each	one	of	these	devices	may	have	
their	particular	strengths	and	weakness.[6]	Also,	quantitative	
automated	depth‑resolved	analysis	of	VD	may	not	be	available	
for	 all	devices.	 In	 such	 cases,	numerous	authors	have	used	
different	thresholding	algorithms	on	to	the	images	captured	
by	the	device	and	have	analyzed	the	VD	manually.[11–19]

I m a g e J  i s  a  J a v a  s y s t e m  u s e d  f o r  i m a g e 
processing.[20]	ImageJ‑based	thresholding	algorithms	have	been	
used	recently	to	quantitatively	analyze	the	retinal	and	choroidal	
vasculature.[11,14,17–19]	The	thresholding	algorithm	can	be	either	
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global	(same	threshold	value	applied	across	the	entire	image)	
or	local/adaptive	(different	threshold	values	to	various	areas	
of	image).	Global	Otsu	method	has	been	uniformly	used	in	a	
few	studies	assessing	the	retinal	and	choroidal	vasculature	in	
diabetic	patients.[13,14,17]	Another	global	method,	Huang,	has	
been	found	to	be	superior	to	Otsu	for	thresholding	microscopic	
images	depicting	drug	distribution	in	living	cells.[21]

It	 is	 not	 known	 if	 a	 particular	 algorithm	 is	 superior	 to	
the	 other	when	OCT‑A	 images	 of	 retinal	 vasculature	 are	
considered.	Since	there	is	no	gold‑standard	technique	to	which	
these	algorithms	 can	be	 compared,	 the	diagnostic	 ability	of	
each	one	of	 these	 in	 itself	 is	 limited.	Also,	no	 studies	have	
compared	the	proprietary	automated	analysis	and	thresholding	
algorithm‑based	analysis	of	the	macular	VD.

Previous	 studies	 have	 consistently	 shown	 that	 the	VD	
differs	between	eyes	with	no	DR	 (NoDR)	and	proliferative	
DR	 (decreasing	 in	proliferative	 cases),[22–24]	 but	 the	 results	
are	 conflicting	when	a	 comparison	 is	made	between	NoDR	
and	mild/moderate	nonproliferative	DR	(NPDR).[22–24] It also 
remains	unclear	if	the	VD	changes	significantly	with	increasing	
severity	from	mild	to	moderate/severe	disease.[22–24]

We	performed	 a	 retrospective	 study	 to	 identify	 if	 any	
difference	 exists	 in	macular	VD	across	 the	 spectrum	of	DR	
and	 to	determine	 the	 correlation	between	 automated	 and	
thresholding	algorithm‑based	methods	of	VD	analysis.

Methods
We	performed	a	 retrospective	 review	of	 records	 of	 type	 2	
diabetic	patients	who	presented	 to	 the	 retina	 clinic	 of	 our	
tertiary	 eye	 care	 center	 in	North	 India	over	 a	period	 from	
January	2018	 to	December	2019.	The	 study	was	 carried	out	
in	accordance	with	the	tenets	of	the	Declaration	of	Helsinki.	
Ethical	clearance	was	obtained	from	the	institutional	research	
committee.

Study population
At	the	retina	clinic,	patients	with	type	2	diabetes	are	screened	
for	DR	changes	and	presence	of	diabetic	macular	edema	(DME)	
using	biomicroscopic	examination.	Baseline	fundus	imaging	
and	optical	coherence	tomography	(DRI	OCT	Triton,	TOPCON	
Inc.)	 are	 performed,	wherever	 possible.	We	 searched	 the	
retina	clinic	records	for	emmetropic	diabetic	patients	with	or	
without	mild–moderate	NPDR	with	clear	ocular	media	and	
distance	visual	 acuity	≥20/20	and	 their	ocular	 imaging	was	
reviewed.	The	diagnosis	of	 the	severity	of	DR	was	made	as	
per	the	International	Clinical	DR	and	DME	severity	scale.	The	
exclusion	criteria	included	presence/history	of	DME,	previous	
treatment	 for	DR/DME,	history	of	hypertension,	 any	other	
retinal	 vascular	pathology,	 glaucoma,	 age‑related	macular	
degeneration,	cataract	surgery	within	the	last	6	months,	and	
history	of	retinal	surgery.

The	patients	were	divided	based	on	the	retinal	examination	
findings	into	three	groups:	diabetes	with	NoDR,	mild	NPDR,	
and	moderate	NPDR.	The	demography,	age/sex	of	the	patients,	
and	duration	of	diabetes	were	noted.

Imaging
The	OCT‑A	images	on	DRI	OCT	device	(Triton,	TOPCON	Inc.)	
were	reviewed.	Artifact	(projection/shadow/blink)‑free	3	×	3	mm	
macular	cube	images	with	centration	on	the	foveal	avascular	

zone	 and	good	 signal	 strength	 (>6/10)	were	 selected;	 else,	
the	 eyes	were	 excluded.	 IMAGEnet	 software‑based	 enface	
images	were	segmented	automatically	to	define	the	superficial	
retinal	 capillary	 plexus	 (SCP)	 and	 deep	 retinal	 capillary	
plexus	(DCP).[25]

Automated VD
The	built‑in	software	provided	the	VD	for	SCP	separately	for	
the	 foveal	 region	 (central	 1	mm	circle)	 and	 four	quadrants	
(superior,	 nasal,	 inferior,	 and	 temporal)	 of	 the	parafoveal	
region	(centered	on	fovea	with	inner	and	outer	ring	diameters	
of	1	and	3	mm,	respectively)	in	the	form	of 	Early	Treatment	
of	Diabetic	Retinopathy	Study	 (ETDRS)	grid	 [Fig.	 1a].	The	
grid	was	checked	for	centration	on	to	the	fovea.	The	software	
calculates	VD	in	the	form	of	the	percentage	of	area	occupied	by	
the	vessels.	The	software	does	not	provide	a	single	VD	value	for	
the	whole	grid.	As	the	inner	circle/foveal	region	comprises	the	
foveal	avascular	zone,	which	is	devoid	of	vessels	and	may	vary	
with	the	severity	of	DR,[22,26] the average density was estimated 
including	 the	 foveal	 area	 as	well	 as	 the	 parafoveal	 area.	
A	mathematical	average	of	the	central/foveal	and	parafoveal	
VD	values	(accounting	for	the	different	areas	of	these	regions)	
was	calculated	by	the	examiner	(AS)	to	determine	a	single	VD	
value	for	the	grid	and	termed	as	“average	automated	VD.”

Manual quantification using image processing
The	 enface	 images	 were	 exported	 to	 ImageJ	 1.48v	
software	 (National	 Institute	 of	 Health,	 Bethesda,	MD,	
USA).[20]	The	analysis	was	performed	separately	for	the	SCP	
[Fig.	1b‑f]	and	DCP	images	by	a	single	examiner	 (DK).	The	
images	were	 binarized	using	manual	 global	 thresholding	

Table 1: Clinical characteristics and macular vessel 
density measured with TOPCON DRI OCT instrument (3×3 
mm scan)

Characteristic Value

Patients, n 55

Eyes, n 89

Sex
Male, n (%)
Female, n (%)

34 (61.8)
21 (38.2)

Age (years), mean±SD 53.3±10.1

Diabetes duration (years), mean±SD (median, 
range)

9.3±7.2 (8, 1‑37)

Automated vessel density (percentage), 
mean±SD

Whole area (3×3 mm) 43.8±2.3

ImageJ thresholding algorithm‑based vessel 
density (percentage), mean±SD

Superficial plexus, Huang algorithm 43.4±3.1

Superficial plexus, Otsu algorithm 27.6±4.4

Superficial plexus: larger vessels, Maximum 
entropy algorithm

8.5±1.8

Superficial plexus: smaller vessels,
Huang minus Maximum entropy algorithm

35.0±3.1

Superficial plexus: smaller vessels,
Otsu minus Maximum entropy algorithm

19.1±4.7

Deep plexus, Huang algorithm 41.2±1.6
Deep plexus, Otsu algorithm 30.6±3.0

OCT=optical coherence tomography, SD=standard deviation
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algorithms	(Otsu	and	Huang),	as	the	OCT‑A	images	tend	to	
be	evenly	illuminated.	A	circular	area	of	3	mm	diameter	was	
selected,	centered	on	the	foveal	avascular	zone.	The	histogram	
of	 image	 intensity	was	 analyzed	 for	 the	pixel	 count	of	 the	
white (vessels) and dark areas (devoid of the vessel) in the 
selected	area.	The	explant/selected	image	area	was	noted	in	the	
form	of	total	pixel	count.	The	VD	was	calculated	as	a	percentage	
(the	pixel	count	of	white	regions	divided	by	the	pixel	count	
of	explant	area	multiplied	by	100).	We	also	studied	the	larger	
vessels	in	superficial	plexus	by	applying	the	Maximum	entropy	
algorithm.	The	retinal	perfusion	occurs	at	the	level	of	capillaries	
and	not	the	larger	vessels.	Therefore,	it	becomes	important	to	
determine	 the	VD	of	 larger	vessels	and	subtract	 it	 from	the	
total	VD.	The	VD	of	larger	vessels	for	a	given	OCT‑A	image	
was	subtracted	from	the	total	VD	to	estimate	the	VD	of	smaller	
vessels	where	the	actual	retinal	perfusion	occurs.

Statistical analysis
The	 statistical	 analysis	was	 performed	 using	 Statistical	
Package	 for	 the	 Social	 Sciences	 (SPSS)	 21.0	 software.	 The	
parametric	data	 (age	 and	VD)	was	 compared	between	 the	
groups	with	Student’s	t	test	or	analysis	of	variance	(ANOVA).	
The	nonparametric	data	(duration	of	diabetes)	was	compared	
between	the	groups	with	Mann–Whitney	test	or	Kruskal–Wallis	

test.	 Bonferroni	 correction	was	used	 to	 adjust	 for	multiple	
comparisons.	 The	 categorical	 data	 distribution	 (sex)	was	
studied	with	Pearson’s	Chi‑square	test.	Both	eyes	were	included	
for	some	subjects,	while	in	others	only	one	eye	was	included.	

Figure 1: Representative OCT‑A images of left eye superficial retinal capillary plexus. (a) Automated vessel density values in inner foveal and 
outer parafoveal regions of 3 × 3 mm ETDRS grid. (b) Superficial capillary plexus image. Outputs of different thresholding algorithms on Image J 
software are shown in (c) Huang, (d) Otsu, and (e) Maximum entropy. (f) Fit circle selection is taken centered on fovea of the size 3 mm for the 
Huang output image. Finally, histogram analysis of the white and black pixels is done for each algorithm output image (pixels in selection area‑ 
66,076, white pixel on Huang image‑ 27,946, white pixel on Otsu image‑ 19,039, white pixel on Maximum entropy image‑ 5894). OCT‑A = optical 
coherence tomography angiography
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Figure 2: Bland–Altman plot of the difference in SCP vessel density 
calculated automatically by the instrument in the 3 × 3 mm ring of 
ETDRS grid and that derived from ImageJ‑based Huang thresholding 
algorithm (mean difference − 0.01, 95% CI − 0.40 to 1.20, 95% limits of 
agreement − 6.60, +6.57). CI = confidence interval, SCP = superficial 
capillary plexus
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This	was	done	to	take	care	of	poor‑quality	images	in	one	eye	of	
certain	subjects	and	to	have	a	reasonable	sample	size.	Taking	
care	of	this	clustering	effect,	generalized	estimating	equation	
was	used	to	compare	the	parameters	between	the	groups.	The	
correlation	between	the	automated	and	manual	VD	was	studied	
with	Pearson’s	 correlation	 test.	The	difference	between	 the	
automated	and	manual	VD	was	analyzed	using	Bland–Altman	
plot.	A P value	of	<0.05	was	deemed	statistically	significant.

Results
OCT‑A	images	of	89	eyes	of	55	patients	were	included	in	this	
study.	The	clinical	 characteristics	of	 the	entire	 study	sample	
are given in Table	1.	The	distribution	in	different	groups	was	
as	follows:	29	eyes	each	in	NoDR	and	mild	NPDR	groups	and	
31	 eyes	 in	moderate	NPDR	group	 [Table	 2].	The	mean	age	
was	53.3	±	10.1	years	(range	30–74	years).	The	age	distribution	
was	not	 statistically	different	between	 the	groups	 (P	 =	 0.59)	
[see	Table	 2].	 Thirty‑four	patients	were	male,	 and	 the	 rest	
21	 patients	were	 female	with	 no	 significant	 difference	 in	
distribution	between	the	groups	(P	=	0.30).	The	mean	duration	
of	diabetes	was	9.3	±	7.2	(median	8,	range	1–37	years).	The	mean	
duration	was	significantly	greater	in	NPDR	groups	compared	to	
NoDR	group,	but	the	difference	between	the	mild	and	moderate	
NPDR	groups	was	not	significant	(P	=	0.20)	[see	Table	2].

Superficial retinal capillary plexus vessel density
The	mean	average	automated	SCP‑VD	was	43.8	±	2.3	[Table	1].	
There	was	 statistically	 significant	 difference	 between	 the	
groups	on	multiple	comparison	test	(P	=	0.025)	[see	Table	2],	
with	a	decrease	in	density	observed	with	increasing	severity	of	
disease	from	mild	to	moderate	NPDR.	However,	no	significant	
difference	was	observed	in	automated	SCP‑VD	between	NoDR	
and	mild	NPDR	groups	(P	=	0.69).

The	mean	manual	SCP‑VDs	calculated	as	per	the	Huang	and	
Otsu	methods	were	43.4	±	3.1	and	27.6	±	4.4,	respectively	[Table	1].	
On	multiple	comparison,	significant	difference	was	not	noted	
between	the	DR	groups	as	per	the	Huang	method	(P	=	0.16)	as	
well as the Otsu method (P	=	0.93)	[see	Table	2].

The	mean	VD	 of	 larger	 vessels	 in	 SCP	 calculated	 as	
per	 the	Maximum	 entropy	method	was	 10.0	 ±	 1.7,	 and	
the	difference	was	 not	 significant	 between	 the	 groups	 on	
multiple	comparison	(P	=	0.88)	[see	Table	2].	Although	not	
significant,	 the	VD	 of	 larger	 vessels	was	 greater	 in	mild	
DR	 group	 (8.7	 ±	 2.1)	 compared	 to	NoDR	 (8.3	 ±	 1.9)	 and	
moderate	DR	(8.4	±	1.3)	groups.	The	VD	of	smaller	vessels	
(after	 subtraction	 of	VD	 of	 larger	 vessels	 form	 total	VD)	
was	also	not	different	between	the	groups	with	the	Huang	
method (P	 =	 0.10)	 as	well	 as	 the	Otsu	method	 (P	 =	 0.97)	
[see	 Table	 2].	However,	 the	 difference	 in	VD	 of	 smaller	
vessels	between	NoDR	and	moderate	NPDR	was	just	short	
of	significance	(P	=	0.051)	[see	Table	2].

Deep retinal capillary plexus vessel density
The	mean	manual	DCP‑VDs	calculated	as	per	the	Huang	and	
Otsu	methods	were	 41.2	 ±	 1.6	 and	30.6	 ±	 3.0,	 respectively.	
On	multiple	 comparison,	 a	 significant	difference	was	noted	
between	 the	groups	as	per	both	 the	methods	 (P	 =	 0.01	 and	
0.01,	 respectively)	 [see	Table	 2].	However,	 on	 two‑sample	
comparison,	the	difference	was	only	significant	between	NoDR	
and	mild	NPDR	groups	and	not	between	mild	and	moderate	
NPDR	groups	[Table	2].

Correlation and comparison of automated and manual 
density in SCP
Moderately	strong	correlation	was	noted	between	the	automated	
and	manual	VDs,	both	with	the	Huang	method	(r	=	0.51,	95%	
confidence	 interval	 [CI]	 0.34–0.65; P <	 0.001)	 and	 the	Otsu	
method (r	 =	 0.50,	 95%	CI	 0.33–0.64; P <	 0.001).	On	direct	
comparison,	 there	was	no	 statistically	 significant	difference	
between	 automated	VD	and	manual	VD	using	 the	Huang	
method	in	SCP	(P	=	0.15),	but	the	Otsu‑based	VD	values	were	
significantly	lower	than	automated	VD	(P	<	0.001).	The	level	
of	 agreement	was	 studied	between	 the	 automated	VD	and	
the	Huang‑based	manual	VD.	On	Bland–Altman	analysis,	the	
mean	difference	between	these	was	−	0.01	(95%	CI	−	0.40	to	1.20)	
and	the	95%	limits	of	agreement	were	−	6.60	and	+	6.57	[Fig.	2].

Discussion
The	retinal	vasculature	has	been	extensively	studied	in	healthy	
and	 diseased	 eyes.	 The	means	 of	 quantification	 include	
automated analysis inherent of the measuring instrument 
and	manual	 image	 analysis	methods.	 ImageJ	 is	 a	 public	
domain	software	developed	by 	National	Institutes	of	Health	
(NIH)		and	used	for	image	processing.[20]	ImageJ	uses	different	
thresholding	methods	to	binarize	the	images.	Otsu	method	is	a	
commonly	used	clustering	method.[21,27] It separates the image 
pixels	 into	 two	groups	after	 analyzing	 the	global	 intensity,	
such	that	the	intergroup	variance	remains	very	high	and	the	
intragroup	variance	remains	very	low.[27]	Otsu	method	has	been	
used	previously	in	diabetic	patients	to	compare	the	VD	between	
various	grades	of	DR,	and	its	reliability	and	repeatability	have	
been	established.[14,17]

It	remains	unclear	if	the	VD	values	obtained	with	the	Otsu	
method	truly	represent	the	actual	VD.	Otsu	method	is	effective	
in	 conditions	where	 the	 foreground	 and	 the	 background	
brightness	 remain	 similar.[21]	However,	 this	may	not	 follow	
in	case	of	retinal	vasculature	where	the	brightness	 intensity	
will	vary	depending	upon	the	caliber	of	the	vessels	and	the	
flow	 in	 these	vessels.	Huang	method	 is	 an	object	 attribute	
method	which	segments	based	on	certain	similarities	of	 the	
object	feature.[21,28]	It	minimizes	the	measures	of	fuzziness	of	an	
image.[28] Giedt et al.[21]	found	Huang	method	to	be	superior	to	
Otsu	method	when	there	are	multiple	levels	of	brightness	in	the	
image.	However,	their	analysis	was	based	on	identification	of	
fluorescently	labeled	drugs	in	intravital	imaging	and	not	using	
OCT‑A	images.	In	our	study,	a	moderately	strong	correlation	
was	noted	between	the	automated	VD	and	manual	VD	as	per	
both	the	Huang	and	Otsu	methods.	But	unlike	the	Otsu	method,	
the	Huang	method	provided	VD	results	statistically	similar	to	
the	automated	results.

The	 retinal	 vasculature	 includes	 the	 large	 superficial	
vessels	(first‑	and	second‑order	vein	and	arteries)	and	smaller	
superficial	 and	deep	 capillary	plexus.	The	 retinal	perfusion	
occurs	 at	 the	 level	 of	 capillaries	 and	not	 the	 larger	vessels.	
Therefore,	it	becomes	important	to	determine	the	VD	of	larger	
vessels	and	subtract	it	from	the	total	VD.	Also,	the	large	venule	
caliber	varies	with	 the	 severity	of	NPDR,[29,30]	 and	 thus,	 the	
estimated	VD	may	be	falsely	interpreted	if	the	larger	vessels	
are	not	 taken	 into	 account.	 The	AngioVue	 instrument	has	
updated	software	which	calculates	the	VD	after	subtracting	the	
larger	vessel	effect.[31]	VD	of	larger	retinal	vessels	has	not	been	
estimated	previously	using	 the	 ImageJ	processing	software.	
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We	used	Maximum	 entropy	 algorithm	 for	 this	 purpose.	
Maximum	entropy	algorithm	is	similar	to	the	Otsu	method,	but	
instead	of	maximizing	the	intergroup	variance,	it	maximizes	
the	intergroup	entropy.[32,33] Another way of analysis is to use 
the skeleton images after performing segmentation instead 
of	subtracting	the	larger	vessels.[13]	Some	authors	believe	that	
since	the	nutritional	flux	occurs	along	the	vessel	wall,	the	vessel	
length,	but	not	the	caliber,	may	be	more	important.[13]	However,	
in	our	opinion,	this	may	underestimate	the	VD	and	even	while	
using	 this	method,	 care	 should	be	 taken	while	 comparing	
values	between	different	machines/studies.

In	our	study,	we	found	a	significant	difference	in	automated	
SCP‑VD	between	NoDR	and	moderate	NPDR	groups	 and	
between	mild	NPDR	and	moderate	NPDR	groups,	but	not	
between	NoDR	and	mild	NPDR	groups.	However,	while	using	
the	Huang	 and	Otsu	 algorithms,	 there	was	no	 statistically	
significant	difference	in	manual	SCP‑VD	between	the	groups.	
Thus,	the	results	of	SCP‑VD	using	various	approaches	appear	
inconsistent.	When	we	 subtracted	 the	VD	of	 large	vessels	
and	 compared	 the	VD	of	 small	 vessels	 in	 SCP,	we	 found	
that	 the	 difference	 in	VD	 between	NoDR	 and	moderate	
NPDR	approached	toward	significance	 (P	=	0.51).	This	may	
have	reached	significance	if	our	sample	size	was	larger.	It	is	
possible	that	the	difference	in	VD	of	small	vessels	in	SCP	may	
be	 appreciable	only	 after	development	of	moderate	NPDR	
changes.	Another	interesting	observation	was	that	VD	of	larger	
vessels	in	SCP	was	greater	in	the	mild	NPDR	group	compared	
to	the	NoDR	group,	perhaps	due	to	the	venodilation	that	occurs	
with	development	of	DR.	However,	 it	 is	uncertain	why	 the	
VD	of	larger	vessels	decreased	again	in	the	moderate	NPDR	
group.	A	correlation	between	the	Maximum	entropy–based	VD	
of larger vessels and automated AngioVue software‑derived 
density	may	help	in	further	characterization	of	the	utility	of	
this	method.	However,	this	was	not	possible	in	our	study	as	
our	image	acquisition	was	made	using	the	automated	tool	in	
the	TOPCON	imaging	system.

In	 case	of	DCP,	 there	was	a	 significant	difference	 in	VD	
noted	with	both	Huang	and	Otsu	algorithms	between	NoDR	
and	mild	NPDR	groups	and	between	NoDR	and	moderate	
NPDR	groups,	but	not	between	mild	NPDR	and	moderate	
NPDR	 groups.	 This	 suggests	 that	 changes	 in	 DCP‑VD	
occur	with	development	of	 even	mild	NPDR	and	are	more	
consistently	seen	using	various	algorithms.	Previous	reports	
also	suggest	 that	 the	DCP	gets	affected	earlier	compared	 to	
SCP	in	DR,[22,23]	and	we	believe	that	it	was,	therefore,	found	to	
be	affected	with	both	the	thresholding	methods	in	our	study.	
The	difference	between	mild	and	moderate	NPDR	may	not	
be	marked	 to	 achieve	 statistical	 significance	 in	 our	 study.	
This	observation	also	goes	hand	 in	hand	with	 the	duration	
of	diabetes	in	each	group,	with	significantly	greater	duration	
observed	in	mild/moderate	groups	compared	to	NoDR	group	
but	no	difference	found	between	mild	and	moderate	groups.

This	 study	 carries	 certain	useful	 practical	 implications.	
First,	 different	 VD	 results	 are	 obtained	with	 different	
thresholding	algorithms,	so	one	needs	to	check	the	algorithm	
before	comparing	the	results	of	various	studies.	Second,	the	
automated	 results	may	differ	 from	 the	manual	 counts	 and	
should	 ideally	not	 be	 compared	 in	 absolute	 values.	Third,	
Huang segmentation method provided VD results that had 
moderately	 strong	 correlation	with	 the	 automated	 results.	

Fourth,	Maximum	entropy	 algorithm	highlights	 the	 larger	
retinal	vessels	in	SCP	and	may	help	in	determining	the	vascular	
density	of	smaller	vessels	across	which	the	actual	perfusion	
occurs	(VD	of	entire	image	−	VD	of	larger	vessels).

The	 study	 carries	 a	 few	 important	 limitations.	 First,	 the	
study	population	was	not	very	large,	and	observations	may	
have	occurred	due	 to	 chance.	Following	 the	 strict	 inclusion	
and	exclusion	criteria,	we	could	not	get	records	of	a	very	large	
number	of	patients.	Severe	NPDR	patients	were	not	included	
as	 they	 invariably	 had	macular	 edema,	which	 could	have	
confounded	 the	assessment.	 Second,	proliferative	DR	cases	
were	not	included,	and	it	would	be	interesting	to	know	if	the	
Huang	method	has	 good	 correlation	 and	 smaller	 limits	 of	
agreement	in	this	category	of	cases.	Third,	we	assessed	only	
3	×	3	mm	area	centered	on	the	fovea,	which	may	have	been	
too	small	to	detect	meaningful	difference	consistently	between	
the	 groups.	 Scans	with	 a	 larger	 field	may	provide	 better	
information	 in	 this	 regard.	However,	 the	 image	 resolution	
is	 generally	 inversely	proportional	 to	 the	 scan	 size.	Lastly,	
healthy	 (nondiabetic)	 controls	could	additionally	have	been	
used	to	compare	the	VD	between	various	algorithms.

Conclusion
To	conclude,	this	study	highlights	that	the	DCP‑VD	decreases	
with	 development	 of	NPDR,	 as	 noted	 consistently	with	
different	thresholding	algorithms.	For	SCP‑VD	analysis,	more	
accurate	algorithms	need	 to	be	developed	 that	 can	 subtract	
the	 large	vessels	and	depict	 the	smaller	VD	accurately.	The	
study	puts	forth	an	important	question,	that	is,	which	is	the	
best	algorithm	for	quantitative	vessel	analysis	using	OCT‑A?	
Probably,	 studies	with	histopathologic	 correlation	 can	only	
provide	an	answer.
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