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A practical continuous curvilinear capsulorhexis self-training system

Jing Dong*, Xiaogang Wang1*, Xiaoliang Wang2, Junhong Li1

Purpose: To	describe	a	practical,	self-assembled	continuous	curvilinear	capsulorhexis	(CCC)	self-training	
system	 to	 facilitate	 resident	 self-training	 and	 shorten	 the	 CCC	 learning	 curve.	Methods: This was a 
prospective	experimental	study	that	included	a	total	of	600	capsulorhexis	cases.	A device	for	CCC	practice	
was	 self-assembled	 and	used	 for	 training	 and	 testing.	Based	on	 capsulorhexis	manipulation	 experience,	
three	main	groups	of	 residents	 (A,	 capsulorhexis	experience	with	<50	cases;	B,	 capsulorhexis	experience	
with	400–500	cases;	and	C,	capsulorhexis	experience	with	>1000	cases)	were	created.	Furthermore,	based	
on	different	capsulorhexis	conditions,	each	main	group	was	divided	into	four	subgroups	(1,	CCC	without	
an	 anterior	 chamber	 cover	 and	 capsulorhexis	marker;	 2,	 CCC	with	 an	 anterior	 chamber	 cover	without	
a	 capsulorhexis	 marker;	 3,	 CCC	 with	 an	 anterior	 chamber	 cover	 and	 a	 capsulorhexis	 marker;	 and	 4,	
CCC	with	an	anterior	 chamber	 cover	and	a	 capsulorhexis	marker	under	2.5	 times	magnification).	Three	
CCC-related	parameters,	 including	acircularity	 index	 (AI),	axis	 ratio	 (AR),	and	capsulorhexis	 time,	were	
statistically	evaluated.	Results: We	compared	the	differences	in	study	parameters	among	50	consecutively	
completed	capsulorhexis	cases	by	one	 trainee	with	different	capsulorhexis	experience	 in	each	subgroup.	
The	 CCC-related	 parameter	 values	 in	 subgroups	 1	 and	 4	 were	 significantly	 different	 among	 the	 three	
groups (P	 <	 0.001).	 The	 capsulorhexis	 time	 in	 subgroup	 2	 was	 significantly	 different	 among	 the	 three	
groups (P	<	0.001).	The	capsulorhexis	time	and	AI	in	subgroup	3	were	significantly	different	among	the	three	
groups (P	<	0.001).	Moreover,	with	increasing	manipulation	experience	(from	group	A–C),	the	capsulorhexis	
time,	the	AI,	and	AR	tended	to	decrease.	With	the	help	of	the	CCC	marker,	in	subgroups	3	and	4,	the	AI	
and	AR	were	closer	to	1.0.	Conclusion: This	self-assembled	CCC	self-training	system	is	practical.	The	CCC	
marker	seems	helpful	for	size	specification	and	centration	during	self-training.

Key words:	 Acircularity	 index,	 axis	 ratio,	 cataract	 residents	 surgical	 training,	 continuous	 curvilinear	
capsulorhexis
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Continuous	 curvilinear	 capsulorhexis	 (CCC),	 an	 extremely	
important	 step	 during	 cataract	 surgical	 procedure,	 has	
enhanced	the	efficiency	and	safety	of	phacoemulsification	and	
extracapsular	extraction	techniques.[1]	Furthermore,	the	surgical	
step	 has	 contributed	 to	 the	 development	 of	 technologies	
related	 to	 phacoemulsification,	 such	 as	 hydrodissection,	
hydrodelineation,	 nucleus	 rotation,	 phaco-chop,	 and	
intraocular	lens	(IOL)	implantation.	In	addition	to	the	anterior	
capsule,	 the	CCC	 technique	 can	 be	used	 for	 the	posterior	
capsule	 to	manage	potential	posterior	 capsule	opacification	
due	 to	 implanted	 diffractive	multifocal	 IOL	 or	 pediatric	
cataract	surgery	with	IOL	optic	capture.[2-4]	In	the	current	era	
of	refractive	cataract	surgeries,	parameters	such	as	CCC	size	
and	centration	with	uniform	IOL	optic	coverage	will	affect	the	
effective	 lens	position,	 IOL	stability,	and	 toric	 IOL	rotation,	
eventually	 affecting	 postoperative	 refractive	 outcomes.	
Therefore,	 these	 factors	 are	directly	 correlated	with	patient	
satisfaction.[5-8]	Various	methods	and	technologies	have	been	
developed	 to	 improve	 the	 precision	 of	CCC,	 such	 as	 the	

corneal	capsulorhexis	marker,	digital	image	guidance	system,	
femtosecond	 laser	 capsulotomy,	diathermic	high-frequency	
capsulorhexis,	and	thermal	capsulotomy.[9-15] However, due to 
costs,	time,	and	lack	of	significant	advances,	a	large	proportion	
of	cataract	surgery	still	uses	manual	CCC.[16]

Based	 on	 current	 disharmonious	 doctor–patient	
relationships,	training	residents	to	improve	cataract	surgical	
skills	 in	 real	 cases	 has	many	 challenges.[17] Reports have 
indicated	that	repeated	practice	using	animal	eyes	or	simulators	
can	improve	surgical	performance	in	actual	clinical	settings.[18,19] 
Moreover,	surgical	complications	associated	with	residents	can	
be	prevented	by	adequate	preclinical	 training	using	animal	
eyes	(eyes	of	pigs	and	rabbits)	and	virtual	reality-based	surgical	
simulation systems.[20-22]	However,	most	 residency	 training	
systems	 cannot	provide	 enough	 facilities	 for	 all	 residents’	
training.[23-26]	Moreover,	 currently,	 there	 is	no	economic	and	
practical	self-training	model	to	practice	all	key	factors	of	CCC,	
such	as	pivot	skills	and	different	incision	sizes.[27,28] Therefore, 
in	 this	 study,	we	 introduce	a	practical,	 self-assembled,	 and	
self-designed	training	model	to	support	CCC	training	and	have	
evaluated	its	feasibility	in	training	residents.
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Manipulation procedure
CCC	manipulation	was	 done	 using	 smartphone	 screen	
magnification,	 2.5	 times	 mimicking	 the	 microscope	
function	 (unexpected	 small	CCC	profile	 enlargement	 to	 a	
regular	size	CCC).	The	following	steps	were	used	for	the	CCC	
procedure:	 (1)	A	cystotome	 (a	bent,	 27-gauge	needle)	or	 an	
appropriately	 sized	capsulorhexis	 forceps	 (1·8,	 2·2,	 3·0	mm)	
with	parallel	needle	 tip	 to	 the	enter	anterior	chamber	cover	
through	the	specific	inlet	is	used	for	the	procedure;	(2)	turn	the	
cystotome	or	capsulorhexis	forceps	clockwise	and	punch	the	
center	 of	 target	CCC	 to	 raise	 the	flap;	 (3)	 seize	 or	 control	
the	 capsule	flap	 for	 a	 clockwise	 or	 counterclockwise	CCC	
using	a	pivot,	with	or	without	the	CCC	marker	[Fig.	3].	The	
CCC	time	was	defined	as	the	time	period	from	the	beginning	
of	raising	the	flap	to	successful	removal	of	whole	flap	from	the	
anterior	chamber.

Image data extraction and evaluation
The	tinfoil	paper	used	for	CCC	training	was	scanned	to	acquire	
a	 digital	 image.	After	 image	 acquisition,	 the	 acircularity	
index	 (AI)	 and	 axis	 ratio	 (AR)	 of	 the	 CCC	 profile	were	
analyzed	using	MATLAB	R2009a	(the	MathWorks,	Inc.,	Natick,	
Massachusetts,	USA)	with	version	7.8.0.347	[Fig.	4].

The	AI	was	defined	as	the	ratio	of	the	perimeter	of	the	CCC	
to	the	perimeter	of	a	circle	with	an	equivalent	area.[29] The AI 
is	1	for	a	perfectly	circular	CCC;	the	values	become	higher	
with	a	corresponding	increase	in	the	irregularity	of	CCC.	The	
AR	was	defined	as	the	ratio	of	the	major	and	minor	axes	of	
an	ellipse	and	 is	calculated	using	MATLAB’s	region	props	
function	using	the	second-order	moments.[30,31]	The	AR	is	1	
for	a	perfectly	circular	CCC;	AR	becomes	higher	with	greater	
eccentricity	 and	 elongated	CCC.	To	validate	 the	MATLAB	
algorithm	used,	we	used	 foveal	 avascular	 zone	figures	 by	
Krawitz	 et al.[31]	 The	 final	 result	 of	 testing	was	 similar	 to	
their	 published	data,	which	demonstrated	 that	MATLAB	

Methods
This	prospective	experimental	study	was	conducted	at	xxxx.	
The	research	protocol	was	approved	by	the	institutional	review	
board	of	xxxx	and	performed	according	to	 the	 tenets	of	 the	
Declaration	of	Helsinki.

Group information
Based	on	 the	 total	 capsulorhexis	manipulation	 experience	
on virtual eyes and human eyes of three residents, three 
main	 groups	 (A	 group,	 B	 group,	C	 group)	were	divided.	
A	 group	 comprised	 of	 a	 resident	 with	 capsulorhexis	
experience	 <50	 cases;	 B	 group	 comprised	 of	 a	 resident	
with	 capsulorhexis	 experience	 about	 400–500	 cases;	 and	
C	 group	 comprised	 of	 a	 resident	 with	 capsulorhexis	
experience	 >1000	 cases.	 Furthermore,	 based	 on	 different	
capsulorhexis	conditions,	each	main	group	was	divided	into	
four	subgroups	[Fig.	1].

Device description
As shown in Fig. 2,	 this	 self-designed	CCC	device	mainly	
consists	of	the	following	four	parts:	(1)	an	anterior	chamber	
cover	 consisting	 of	 a	 transparent	 corneal	 and	pigmented	
iris.	The	device	has	an	anterior	chamber	structure	similar	to	
the	 real	 ocular	 structure	 (corneal	diameter,	 approximately	
12	mm;	 anterior	 chamber	 depth,	 approximately	 3.0	mm;	
pupil	 size,	 approximately	 7.0	mm);	 (2)	 an	 inlet	 for	 the	
capsulorhexis	forceps	or	cystotome:	this	rectangle	inlet	(width,	
1.8–3.2	mm	[depending	on	the	main	incision	width	required	
in	an	actual	surgery];	height,	approximately	2.0	mm);	(3)	an	
anterior	capsule	replacement:	commercial	tinfoil	paper	(10	µm)	
with	or	without	a	 5.5-mm	colorful	 ring;	 and	 (4)	 a	 subplate:	
an	approximately	2-cm-thick	foamed	plastic	material	which	
simulates	the	cortex	under	the	anterior	capsule	and	provide	
the	 same	 consistency	experienced	during	 capsule	puncture	
and	raising	the	capsule.

Figure 1: The flow diagram of this study
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code	used	 in	 this	 study	 is	 acceptable	 for	CCC	parameters	
analysis [Fig. 5].

Statistical analyses
All	 statistical	analyses	were	performed	with	a	 commercially	
available	software	(SPSS	ver.	13·0;	SPSS	Inc.).	Kruskal–Wallis	H	test,	
a	subtype	of	nonparametric	tests,	was	used	to	compare	the	CCC	

time,	AI,	and	AR	data	among	the	study	groups	and	subgroups	in	
this	study.	The	significance	level	for	all	tests	was	set	at	5%.

Results
As demonstrated in Figs.	2,	3,	and	Video	1,	each	resident	can	
self-assemble	this	device.	Furthermore,	the	resident	still	can	

Figure 3: The complete set of our CCC device and demonstration of several real-life cases. Panel A: the complete set of this device, including the 
anterior chamber cover, cystotome, capsulorhexis forceps, red ink, CCC marker, and ruler; Panel B: the part of the tinfoil paper with finished CCC; 
Panel C: CCC without the anterior chamber cover and the CCC marker; Panel D: CCC with the anterior chamber cover (red circle) and cystotome; 
Panel E: CCC with the anterior chamber cover and capsulorhexis forceps; Panel F: CCC with the anterior chamber cover and the CCC marker (red 
circle with 5·5 mm diameter) made using a capsulorhexis forceps; Panel G: finished capsulorhexis flaps. CCC, continuous curvilinear capsulorhexis

A B

C D E F G

Figure 2: The schematic diagram (left side) and corresponding freehand stereogram (right side) of the self-designed continuous curvilinear 
capsulorhexis training device (anterior view). 1, an anterior chamber cover; 2, the inlet of capsulorhexis or cystotome; 3, anterior capsule 
replacement (tinfoil paper in the current study); and 4, a subplate
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mimic	CCC-related	 complications	 (tearing	out	CCC	saving,	
small	CCC	 enlargement)	 to	 deal	with	 the	 corresponding	
surgical	 skills.	After	 training	 for	 approximately	 1000	 cases	
with	 the	 self-assembled	CCC	device,	 the	 trainees	 (DJ	 and	
WXG)	 could	 successfully	finish	 the	CCC	procedure	 in	 the	
wetlab	pig	eyes	and	real-life	 surgical	 cases.	Using	2.5	 times	
magnification	and	the	practical	CCC	marker,	the	trainees	could	
correctly	experience	and	feel	the	capsulorhexis	size	and	shape	
encountered	in	actual	clinical	settings.

Capsulorhexis	complications,	including	tearing,	residual	
flap,	 failure	 of	 raising	 the	 flap,	 and	 surrounding	 capsule	
laceration	 were	 found	 in	 this	 study	 [Fig. 6].	 Table	 1 
demonstrates	 capsulorhexis	 complications	 information	
during	successful	consecutive	50	cases	manipulation	using	
this	 device.	 Tearing	 and	 residual	 flap	were	 the	 two	main	
complications	for	A	group,	which	demonstrated	that	these	
two	complications	should	be	mainly	noticed	at	the	beginning	
of	 capsulorhexis	 learning.	With	practice	 cases	 increasing,	
all	 the	 complications	 demonstrated	 significantly	 lower	
tendency	 in	B	 and	C	groups,	which	 showed	 the	potential	
learning	curve.

We	 included	 50	 consecutive	 completed	 cases	 in	 each	
subgroup	of	 the	 three	main	groups.	Table 2 shows average 
capsulorhexis	 parameters	 for	 each	 group.	 The	 values	 of	
all	 CCC-related	 parameters	 in	 subgroups	 1	 and	 4	were	

Figure 4: Data extraction of CCC-related parameters. Panel A 
represents one case of CCC and the MATLAB code used in this study; 
Panel B represents the CCC boundary detection and final output values 
of the CCC-related parameters (acircularity index, axis ratio, perimeter, 
and area). CCC, continuous curvilinear capsulorhexis

A

B

Figure 5: Validation of the acircularity index (AI) and axis ratio (AR) values that were estimated by our MATLAB algorithm using published 
data (first row: Figure 3 panel A; second row: Figure 3 panel D) of Krawitz et al.’s study.[28] Images on the left represent the published output 
data; images on the right show our output values for foveal avascular zone boundary and corresponding AI and AR. The middle images show 
the foveal avascular zone extracted using our algorithm
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significantly	different	 among	 the	 three	 groups	 (Fig.	 7;	 all 
P <	0.001).	The	values	of	 capsulorhexis	 time	 in	 subgroup	2	
were	significantly	different	among	the	three	groups	(P	<	0.001)	
but	not	for	AI	(P	=	0.196)	and	AR	(P	=	0.924).	The	values	of	
capsulorhexis	time	and	AI	in	subgroup	3	were	significantly	
different among the three groups (P	 <	 0.001)	 but	 not	 for	
AR (P	 =	 0.518).	Moreover,	with	 increasing	manipulation	
experience	 (from	A	group	 to	C	 group),	 the	 capsulorhexis	
time,	 the	AI,	 and	AR	 demonstrated	 to	 decrease	 in	 each	
subgroup.	With	the	help	of	the	CCC	marker	in	subgroups	3	
and	4,	the	AI	and	AR	were	more	stable	and	closer	to	1.0,	which	
demonstrated	that	the	CCC	marker	guidance	was	helpful	for	
a	better	CCC	profile.

For	manipulation	experience	with	>1000	cases	(C	group),	the	
capsulorhexis	time	increased	with	more	restrictions	(anterior	
chamber	 cover,	 CCC	marker,	 2.5	 times	magnification).	
Moreover,	the	AI	and	AR	were	more	stable	and	getting	closer	
to	a	perfect	circle	with	the	help	of	the	CCC	marker	[Fig.	8].

Discussion
In	 this	 study,	we	 introduced	a	 self-designed	CCC	 resident	
training system. This training system was helpful for training 
residents.	Moreover,	with	 the	help	of	 the	CCC	marker,	 the	
capsulorhexis	size	and	centration	can	be	improved.

The	previously	developed	CCC	practice	materials	 and	
training	systems	have	the	following	limitations:	(1)	grape	or	
persimmon:	lack	of	an	anterior	chamber	and	incision	structure	
due	 to	 the	 limitations	 of	 an	 anterior	 chamber	 and	 incision	
operation	space.	This	leads	to	a	lack	of	practice	in	the	pivot	
concept	 needed	 during	CCC	manipulation[24,25];	with	 our	
self-designed	system,	 the	practitioner	can	use	plastic	covers	
of	other	products	to	mimic	the	anterior	chamber	cover,	with	
a	specific	size	inlet	to	train	the	pivot	concept	needed	during	
CCC;	(2)	rabbit	or	pig	eyes:	it	is	difficult	to	maintain	the	corneal	
transparency	at	all	times,	and	moreover,	cannot	be	practiced	
anywhere	without	supply	limitations;	(3)	all	types	of	training	
simulators,	such	as	the	Eyesi	ophthalmic	virtual	reality	surgical	
simulator[32,33]: providing good results for resident training and 
reducing	the	unnecessary	risk	of	CCC-related	complications	
for	live	patients,	but	not	available	for	training	each	resident	or	
even	in	each	hospital,	and	moreover,	simulators	are	expensive.	
In	 this	 study,	 our	 self-designed	CCC	device	 can	overcome	
the	above-mentioned	limitations	faced	during	CCC	training.	
More	importantly,	our	system	can	be	used	anywhere,	anytime,	
without	 any	 practice	 limitations,	 and	 it	may	 shorten	 the	
learning	curves	of	resident	for	CCC.

After	 training	 for	 >1000	 cases,	 the	AI	 and	AR	 in	 the	
without	CCC	marker	group	was	approximately	1.06	and	1.13,	

Figure 6: Capsulorhexis complications during manipulation. Panel A demonstrates a completed CCC case, and the yellow arrow demonstrates 
the tinfoil paper reflection in the scanning image; Panel B shows raising flap failure; red arrow in Panel C demonstrates wrinkled residual flap; 
blue arrow in Panel D shows tearing flap; and Panel E demonstrates tearing and residual flap; purple arrow in Panel F demonstrates laceration 
of the surrounding capsule. CCC, continuous curvilinear capsulorhexis

A B C

D E F
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Figure 8: The capsulorhexis time (Panel A), acircularity index (AI, Panel B), and axis ratio (AR, Panel C) changing tendency for group C. 
1 = subgroup without the anterior chamber cover and the CCC marker; 2 = subgroup with the anterior chamber cover but without the CCC marker; 
3 = subgroup with the anterior chamber cover and the CCC marker; and 4 = subgroup under 2.5 times magnification with the anterior chamber 
cover and the CCC marker. CCC, continuous curvilinear capsulorhexis

A B C

respectively.	This	result	was	not	significantly	different	from	
the	ideal	circularity	number.	This	observation	demonstrated	
that	the	use	of	our	training	device	and	repeated	training	could	
help	a	practitioner	to	 learn	and	control	 the	CCC	procedure.	
The	use	of	the	CCC	marker	helped	to	obtain	lower	values	of	
AI	and	AR	than	that	without	the	CCC	marker,	even	under	the	
magnification	manipulation	condition.	This	demonstrated	that	
the	use	of	the	CCC	marker	could	improve	the	CCC	profile	and	
stabilize	the	procedure,	making	it	reproducible	and	reliable.	
Moreover,	with	our	self-designed	system,	a	practitioner	can	

train	 to	perform	saving	 techniques	of	 tearing	 capsulorhexis	
and	smaller	capsulorhexis.

Our	 comparison	 results	 of	 subgroups	 suggested	 that	
beginners	 can	 plan	 a	 learning	 scheme	 step	 by	 step	 from	
subgroups	1–4.	With	the	manipulation	restriction	conditions	
from	1	to	4,	the	trainer	is	able	to	gradually	practice	continuous	
capsulorhexis,	 pivot	 concept,	 CCC	 size,	 and	microscope	
manipulation.	Subgroup	1	condition	is	suitable	for	beginners	
without	any	experience	and	can	help	the	resident	 to	realize	
the	 concept	of	 continuous	 capsulorhexis.	With	 the	 anterior	

Figure 7: Comparison of output parameters in each subgroup among the three groups illustrated using box-and-whisker plots. A group = capsulorhexis 
experience with <50 cases; B group = capsulorhexis experience with 400–500 cases; C group = capsulorhexis experience with >1000 cases; 
subgroup 1 = without the anterior chamber cover and the CCC marker; subgroup 2 = with the anterior chamber cover but without the CCC marker; 
subgroup 3 = with the anterior chamber cover and the CCC marker; and subgroup 4 = under 2.5 times magnification with the anterior chamber 
cover and the CCC marker. CCC, continuous curvilinear capsulorhexis
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chamber	cover	and	specific	size	inlet	restriction	in	subgroup	2,	
the	 trainee	 can	 realize	 the	 importance	of	 the	pivot	 concept	
during	CCC.	Further	 combination	with	 the	CCC	marker	 in	
subgroup	3,	the	trainee	gradually	realizes	the	specific	stable	size	
CCC	awareness	building,	which	is	essential	and	beneficial	for	
currently	refractive	cataract	surgery.	With	magnification	similar	
to	 the	microscope	manipulation	practice	 in	 subgroup	4,	 the	
trainee	can	actually	realize	and	practice	the	whole	procedure	
of	CCC	as	a	real-life	case.	Therefore,	the	four	subgroups	in	this	
study	noticed	almost	all	the	CCC-related	influencing	factors	
in	real	life,	and	this	learning	protocol	could	be	included	in	a	
future resident training system.

Our	study	had	several	limitations.	First,	this	device	can	only	
be	used	 for	CCC	 training.	 It	does	not	 include	 the	 complete	
phacoemulsification	or	manual	small	incision	cataract	surgical	
procedure.	However,	 because	of	 the	 importance	of	CCC	 in	
cataract	surgery,	this	training	system	works	well	and	will	be	
useful	for	training	residents.	Second,	CCC	practice	with	our	
device	generally	does	not	combine	the	use	of	a	microscope;	
however,	practitioners	can	use	a	microscope	to	practice	their	
micromanipulation	stability	and	skills.	Alternatively,	a	real-time	
smartphone	video	camera	with	adequate	magnification	can	be	
used	 to	 simulate	microscopic	manipulation.	Moreover,	 the	
feeling	and	details	experienced	during	an	actual	CCC	can	be	
practiced	well	using	 the	naked	 eye.	Third,	 the	 consistency	
of	the	tinfoil	paper,	which	was	used	to	replicate	the	anterior	
capsule,	 differs	 from	 the	 biological	 capsule.	However,	we	
used	a	10-µm-thick	tinfoil	paper,	with	a	thickness	similar	to	
that	of	 a	human	anterior	 lens	 capsule	 (average,	 11–15	µm).	
Last	 but	 not	 least,	 this	device	 is	 not	 able	 to	mimic	 all	 the	
real	 situations	using	 the	 current	version,	 such	 as	pediatric	
cataract,	 intralenticular	 pressure	 in	 intumescent	 cataract	
and	hypermature	 cataract,	 anterior	 capsular	 opacification,	
etc.,	 but	we	 trust	with	 the	development	 of	 better	 capsule	
imitating	material,	the	above-mentioned	imperfection	could	be	
improved.	Additionally,	it	can	provide	the	feelings	experienced	
during	capsulorhexis	manipulation,	such	as	the	pivot	concept,	
tearing	the	flap,	puncturing	the	capsule,	and	raising	the	flap.[34]

Conclusion
In	conclusion,	we	 introduce	an	 improved	CCC	self-training	
system,	which	 is	economical	and	practical	 than	the	systems	
currently	 available.	 Our	 system	 is	 expected	 to	 shorten	
the	 learning	 curves	 of	 residents	 for	CCC.	 Further	 studies,	
including	more	 residents	 training	evaluation	 from	multiple	
medical	centers,	to	evaluate	the	validation	and	making	this	a	
cost-effective	and	practical	training	system	used	as	needed.
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