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ABSTRACT Robotic percutaneous coronary intervention (R-PCI) is a novel technology in which operators can manipulate
guidewires and catheter devices in interventional cardiology. This approach provides great benefits to interventional cardiologists
in terms of reducing both radiation exposure and orthopedic injuries. Several large, high-quality cohort studies have confirmed the
short-term safety and high technical success rate of R-PCI. However, randomized long-term data are still needed before adopting
them as part of standard coronary interventions. Furthermore, tele-stenting for complex coronary lesions has significant potential for
R-PCI. We need to overcome the present relevant challenges for its application such as inherent delays, bedside care for unstable pati-
ents from R-PCIs to manual PCIs (M-PCls), incompatibility for a thrombus aspiration catheter and heavily calcified lesions. There is
a great future in laboratory workflow teams, 3D-printed anatomical models and multiple joint collaborative control algorithms. This
narrative review summarizes the latest developments in R-PCI, with a focus on developments in robotic technology, and discuss-
es the current and future potential use of R-PCI in clinical practice globally.

ercutaneous coronary intervention (PCI) is ro-

utinely performed for the treatment of patients

with coronary artery diseases."! However, the-
re is considerable radiation harm for interventionalists
who work in a standing position and view fluoroscopic
images from across the procedure table.” Radiation-induc-
ed damage includes deoxyribonucleic acid damage,"” th-
us resulting in cancer.”! Moreover, orthopedic complicat-
ions from the long-term use of heavy lead protective gar-
ments are also common."!

Recently, robotic PCI (R-PCI) has become a novel te-
chnique that aims to solve these problems by significan-
tly reducing radiation exposure,” and improving ergono-
mics. Additionally, the advantages of R-PCI include ac-
curate stent placement,m detailed visual feedback,”! mil-
limeter precision,”’ and potential for use in tele-stenting
procedures.””! The feasibility and safety of R-PCls have
been proven in many large medical centers, with high rat-
es of procedural and clinical success.”"! Even for complex
coronary lesions, the abovementioned advantages still ex-
ist for interventional cardiologists."”

In this narrative review, we summarize the latest rese-
arch progress on R-PCls, focusing on technology develop-
ments, the current R-PCl system, future potential use, stre-
ngths and limitations (Figure 1).
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TECHNOLOGY DEVELOPMENTS OF R-PCI

The Niobe magnetic navigation robot system develo-
ped Stereoaxis in 2002, which was based on the earliest st-
udy on vascular intervention robots."” The first-in-human
experience was conducted by a remote navigation syst-
em in 2006."” Since then, R-PCIs have been validated. Cor-
Path200 (Corindus Vascular Robotics, USA) received Food
and Drug Administration approval in 2012.”) The CorPa-
th GRX (Corindus Vascular Robotics, USA), a second-gen-
eration device, received Food and Drug Administration
approval in 2016." In 2020, a new R-PCI system named R-
One (Robocath, France) was permitted in Europe and has
progressed successfully since its first use.”” In China, the fi-
rst R-PCl was developed in 2022 by Beijing WeMed Medic-
al Equipment Co., Ltd., and named the ETcath200 robot-
assisted system."”! Another R-PCI named ALLVAS (Op-
pen, Shanghai, China) was reported at Changhai Hospit-
al, Naval Medical University.!"’ In 2023, a minimally in-
vasive vascular interventional robot system called WSER-
CD01 was reported to explore the possibility of robot-assis-
ted vascular intervention, particularly for vascular wall pr-
otection."! Figure 2 shows a more concrete process.

STRENGTHS OF R-PCI

High lesion complexity requires a longer procedure ti-
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Handle high complex lesion )

Rudece radiation exposure )

Strengths of R-PClIs ( Rudece longitudinal geographic misses )

Prevent orthopaedic injuries )

Proceed tele-stenting

Comparison among R-PCls

Bedside care for unstable patients )

Review

Inherent delays from R-PCIs to M-PCls )

Limitations of R-PCI

Incompatible for a thrombus aspiration catheter )

For complex lesions such as bifurcation lesions and heavily calcified lesions )

Develop laboratory workflow teams )

Future potential use of R-PCIs

Tele-stenting for complex coron ary lesions )

3D-printed anatomical models for training and education )

Multiple joint collaborative control algorithms )

Figure1l The central illumination of the review. M-PCI: manual percutaneous coronary intervention; R-PCI: robotic percutaneous co-

ronary intervention.
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Figure 2 The technology developments of R-PCls. R-PCI: robotic percutaneous coronary intervention.

me and more precise measurements. During the R-PCI pro-
cedure, the operator can sit comfortably in the robotic cock-
pit in front of a large screen displaying angiographic ima-
ges (hemodynamic, intracoronary imaging and physiolo-
gical data). With the high lesion complexity of the PCI pr-
ocedure, it is more obvious that there are many benefits,
such as enhanced visualization, the ability to place longer
stents, and higher rates of postdilatation." Additionally,
current-generation R-PCI platforms can produce intrac-
oronary wires, rapid-exchange devices, guide extension ca-
theters, intracoronary physiology wires, and specific non-
rotational-based intravascular imaging catheters. Intra-
vascular imaging is a routine technique often used in PCL
One study reported that (n =110 patients), 94.6% of wh-
om used intravascular ultrasound, most R-PCls had a pr-
ocedure time of 30-90 min."” When multiple modalities
(physiological assessments) are used, R-PClIs still require
considerable time. The same phenomenon also occurs for
manual PClIs (M-PCls), so the method itself may requi-
re more time. More research needs to be conducted in the
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future to explore the difference in time between R-PCls
and M-PCIs by overlaying multimodality evaluation me-
thods.

The aforementioned technological developments, co-
mbined with increasing operator experience worldwide,
have reduced the time of routine operations and improv-
ed the success rate of difficult operations. The 2017 CORA-
PCI trial"” further demonstrated that there was no sign-
ificant difference in clinical success rates between R-PCI
and M-PCI for complex coronary artery lesions.

Interventional cardiologists have high radiation expos-
ure, with an estimated maximum annual dose of up to 5.0
uSv in percutaneous transluminal coronary angioplasty.””
A concerning study revealed that there is a growing possi-
bility of a relationship between the incidence of left-sided
brain tumours and the incidence of these tumours among
interventional cardiologists.”! Additionally, it also increas-
ed, with one study reporting that it occurred. Fifty percent of
interventional cardiologists experienced posterior subcap-
sular changes when the percentage of age-matched contr-
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ols was less than 10%. This meant that the risk of catarac-
ts increased with long-term radiation exposure.” Notab-
ly, radiation exposure through the radial approach was
51% greater than that through the femoral approach in a st-
udy including 297 PCI patients.” The mean fluoroscopic

source.

time between the two approaches was similar. Therefore,
the reason may be the closer proximity to the fluoroscopic-

We reviewed a total of 21 reports on actual clinical trials
(Table 1) of the R-PCI platform, starting with the first R-

Table1 Studies reporting system, design and exclusion criteria for robotic PCI.

Author RO:;S?: HI:CI Study design Inclusion criteria Exclusion criteria
Beyar, et all"”! Remote gyt in-human
(2866) nl‘;s%[zﬁm experience NR NR
Planned coronary artery bypass dgra.ft surgery or PCI
within 30 days of target procedure o
Single-arm, op- Angiographic documentation of Congestive heart failure or left ventricular ejecti-
Granada, et al™" en-Tabel, pros- obstructive coronary artery disea- O fraction of <30%
(2011) ! " CorPath 200 pective in gesti se ry y Recent (< 72 h) myocardial infarction
b 3 . il 8 . Recent stroke (< 30 days) or bleeding diathesis
gation) Evidence of myocardial ischemia Prior stent within 5 mm of the target lesion, osti-
al or bifurcation lesion, total occlusion, and severe
tortuosity or calcification
Planned PCI or coronary artery bypass graft surgery
Required treatment of more than 1 coronary artery
P dve si A de novo stenosis of at least 50% Previous stent implantation within 5.0 mm of the
. nl’(l)spi;lVg Si_ by visual estimate target lesion
Weisz, et al” CorPath 200 ti%eer-l’?er A ;n- Maximal length of 24 mm Planned treatment with directional or rotational
(2013) label n(/)nfan d- Reference diameter of 2.5-4.0 mm atherectomy, intraluminal thrombus, severe tortu-
omized stud Could be completely covered by a osity or calcification of the lesion or proximal to it,
y single stent total occlusion, ostial location, involvement of a bi-
furcation
Unprotected left main coronary artery
The de novo obstructive coronary
26§ry disease w1t}}11a stenosis of 2 | ot ventricular ejection fraction < 30%
2 .‘élon angflograp yd' lischemia Acute myocardial infarction
Smilowitz, ef a1 Single-center ozlngrr:icrfvgs i?;gcs)graerssltaesltsi;gemla Recent PCIwithin72 h prior to the study procedure
(2014) CorPath 200 (4 v Indications for single-vessel PCI dAar;la]or recent complication from PCI within 30
Single or multiple coronary artery i
stenioses (with 10 mm onless betwe I3’(l)agrale(s:1 PCI or coronary artery bypass graft within
een diseased segments) if they we- Y
re < 24.0 mm in length
Mild to moderate calcification
Chronic total occlusion
M L etall® Postmarket, pr- Bifurcation disease
ahmud, et al ospective, sing- Severe tortuosity . 1 .
(2017) CorPath 200 le-arm, multic. Unprotected left main coronary ar- ST-segment elevation myocardial infarction
enter registry tery stenosis
Multivessel disease
Left ventricular dysfunction
Hemodynamic instability
) Inclusion if subsequent invasive an- Emergent need for PCI, including emergent pri-
. Single-center giography demonstrated a severe MarY PCI for ST-segment elevation myocardial in-
Madder, et al. CorPath 200 Prospectiveob- & o s requiring PCland the tar- 2rction
(2017) servational st- getlesion vgas degme d suitable for Cardiogenic shock )
udy freatment using a robotic approach %evere multivessel coronary artery disease
argetlesionlocated in a coronary artery bypass graft
Ejection fraction < 35%
Single-arm, op- . . . s .
. f6] P Obstructivecoronary artery disea- ST-elevation myocardial infarction
%zrgitgf n, etal. CorPath GRX gr;;lgaelieil hi;lrels%cfi;_- se(>70%stenosisby visualestima- Lesions not treatable due to known limitations of the
ation of anovel t€) and clinical indication for PCI  robotic platform
Postmarket, pr-
: [34] ospective, sin-
gg?g)s codedal CorPath 200 gle-arm, mult- =18 yrs of age NR
icenter registry
study
818 http:/ /www.jgc301.com; jgc@jgc301.com
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Continued
Author Ro:);)sttiecnI:CI Study design Inclusion criteria Exclusion criteria
> 18 yrs of age
Had symptoms suggestive of isc-
e Retrospective hemic heart disease, with TIMIgr- Underwent CTO PCI of more than two lesions at
Hirai, et al*" CorPath GRx Study at two  ade 0 flow the same setting
(2019) CTO referral ~ More than 3 months Unsuccessful cases with or without subintimal pl-
centers Only patients undergoing PClofa aque modification

Patel, et al"”!
(2019)

Dou, et al.*¥!

(2019)

Patel, et al"!
(2020)

Walters, et al.l*”!
(2020)

Sooknanan, et al™

(2021)

Koeda, et al.™”
(2022)

Zhai, et al.l'”
(2023)

Li, et all'"
(2023)

CorPath GRX

CorPath GRX

CorPath GRX

CorPath GRX

CorPath GRX

CorPath GRX

ETcath200

ALLVAS

Single-center,
open-label, one-
arm study

Single-center
study

Single-center
study

Single-center
study

Single-center
study

Single-center
study

Single-arm,
single-center,
open-label,
prospective
trial

One patient

single CTO with successtul man-
ual crossing of the CTO

Presence of a de novo, previous-
ly untreated, native coronary arte-
ry stenosis (> 80% occlusion by vi-
sual estimate)

Lesionlength < 20 mmbyvisuales-
timate

Vessel diameter between 2.5 mm
and 4.0 mm

NR

NR

NR

NR

Stable effort angina pectoris
Silent myocardial ischemia
Unstable angina pectoris

> 90% stenotic lesion and stenotic
lesion possibly causing chest sym-
ptoms

Age 218 yrs, no gender restrictions
Patients with coronary heart dise-
ase and clinical indications for PCI
The de novo lesions

Reference vessel diameter of 2.5-
4.0 mm, target lesion length < 40
mm

Target lesions that could be compl-
etely covered by the stent

The degree of stenosis in the target
lesion > 50%

NR

Left ventricular ejection fraction < 40%, acute cor-
onary syndrome in the past 48 h

Prior stent placement within 5 mm proximal or dis-
tal to the target vessel lesion

A lesion requiring planned treatment with athere-
ctomy, or any device except for balloon dilatation
prior to stent placement

Evidence of intraluminal thrombus or moderate to
severe tortuosity (> 90°) proximal to the target lesion
Total vessel occlusion, severe target vessel calcific-
ation proximal to target lesion

Lesion located in a native vessel distal to an anas-
tomosis with a saphenous vein graft or a left/right
internal mammary artery bypass that must be app-
roached through the bypass graft

Presence of > 50% diameter stenosis in the left ma-
in coronary artery

NR
NR
NR

NR

Acute myocardial infarction

Culprit lesion in left main trunk

Culprit lesion in coronary bypass graft
Witﬁ transcatheter aortic valve replacement
Using debulking device

Using mechanical circulatory support
Without intravascular imaging

Acu’{(e myocardial infarction experienced within one
wee

Stroke occurrence within six months, or a history of
major gastrointestinal bleeding in the past six mon-
ths, or determination by the investigator that the pa-
tient had a bleeding disorder

The target vessel having received a previous stent
treatment, and the target lesion located within 5 mm
of the proximal end of the treated lesion

Severe calcification at the proximal end of the tar-
get lesion or within the lesion

Thrombosis in the target vessel lumen
Unprotected left main coronary artery disease
Allergy to any component of the drug or research
device necessary for surgery, such as aspirin, clop-
idogrel, heparin, contrast agent, ticagrelor, bivalir-
udin, and paclitaxel

Pregnant or breastfeeding women

Having participated in clinical trials of other dru-
gs or medical devices during the same period

NR
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Continued
Author Ro:’;’sttl:nI:CI Study design Inclusion criteria Exclusion criteria
Targetlesion with Thrombolysis in Myocardial In-
Age 218 yrs farction flow <3
Candidate for percutaneous coron- Treat t of in-stent rest . ior stent i
ary intervention reatment of in-stent restenosis or prior stent in
Presence of a de novocoronary ar- e target vessel proximal to the target lesion
tery stenosis of > 50% and < 1}60% > 1 target lesion per vessel requiring treatment at
h : - N the time of procedure
in anative coronary artery indica- -
ted and suitable for stent placement ggzz;g Xg:zg zglizl'&(i)cséi}i,o n
Reference vessel diameter of 2.5- o1, lovati dial infarcti d
4.0 mm S1-segment elevation myocardial infarction, card-
P " Tareetlesion lenethall fortre. iopulmonary resuscitation, or cardiogenic shock <
- rospective, argetlesionlengthallowsfortre- o'y, ¢ 1he Srocedure
Durand, et al. R-O multicenter,  atment with a single stent up to 38 Sionifi : d dpri . .
(2023) -One single-arm mm ilgm icant Issuef ejcce'(i)tlez ; Tior ’{)0 intervention, su-
clinical study  Up to 2 target vessels, each with a f\l a(sj};resence 0 Vlcsll < t}x;onlhus ball .
single target lesion requiring asi- [ty 'or Stenting (e.g, atherectomy, laser) |
a%lﬁisr’iean; 1};1 %rlée;c())rgeaélgréreatable Patients under judicial protection, tutorship, or cu-
Written informed consent a5 app- 0560 F i amother dhinical study evaluating
mmi ttee}; pp adrugor medical device (exceptregistries) for wh-
Willing to comply with all study ich the primary endpoint was not yet evaluated
. : A Pregnant, breastfeeding, orintention to become pr-
}‘gﬂg&e_?ents including 30 days of egnant prior to completion of all follow-up proc-
p edures
[51] Prospective,
{ggg;j etal CorPath GRX  single-center NR NR
study
52 Contemporary, ﬁ ie1i>t 1§oyr?ve written informed Cardiogenic shock
Bay, et al.l™” single-center, ytog s s .
(2024) CorPath GRX > &~ e consent Hemodynamic instability due to other causes, inc-
gohol;)t study Adec%uate knowledge of the Ger- luding arrhythmias
man language

CTO: chronic total occlusion; PCI: percutaneous coronary intervention; NR: not reported.

PCl system in 2006. Both clinical and technical success ra-
tes were maintained at a very high level (> 90%) (Table 2).
Compared to the M-PCI group, the R-PCI group showed si-
gnificantly reduced total radiation exposure and mainta-
ined procedural times. Meta-analyses reported that both co-
ntrast volume (mean difference: -15.27, 95% CI: -22.37--8.18,
P<0.0001) and fluoroscopy time (mean difference: -1.26,
95% CI: -2.37--0.16, P=0.03) were significantly lower in the
R-PCI group.”! Our experience suggests that the perfor-
mance of R-PClIs can be assessed in a short time frame. Ea-
rly experienced interventionalists became significantly fa-
ster at completing R-PCls after performing three procedur-
es without compromising patient safety.”” As interventi-
onalists gain experience performing R-PCls over time, the
number of procedures and fluoroscopies is expected to de-
crease. Therefore, we cannot exclude the possibility that a
learning curve effect might partly explain the slightly inc-
reased total procedure time of this technique compared
to that of M-PCL™!

Another potential advantage of R-PCI may be a redu-
ced incidence of lesion-stent mismatch, called geograph-
ic miss. Compared with that of M-PCls (n = 1557 patien-

820

ts), the rate of longitudinal geographic misses decreas-
ed by 72% for R-PCls (n = 164 patients).” Previous studi-
es reported that geographic misses were related to poor
clinical outcomes, including increased rates of restenos-
is and revascularization problems.”*) A retrospective stu-
dy demonstrated that there was a threefold increase in 1-
year myocardial infarction rates (n = 1557 patients) with
angiographic evidence of geographic misses.”! When su-
ffering from instances of geographic misses, stent impl-
antations might fail to cover the entire portion. Thus, thro-
mbosis or restenosis may develop at the proximal or dis-
tal edge of the stent.” Moreover, 8.3% of patients could sa-
ve extra stents. This was because visual measurements ov-
erestimate lesion length compared with robotic measur-
ements."”

Orthopaedic injuries are caused by wearing lead apro-
ns for a long time. Although the weight of lead aprons has
decreased with the development of technology, there has
been no significant improvement in the incidence of orth-
opedic injuries."” By using the R-PCI platform, doctors can
operate in a comfortable way based on ergonomics, whi-
ch will improve muscle and orthopedic strain.

http:/ /www jgc301.com; jgc@jgc301.com v
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Table 2 Studies reporting actual clinical data for R-PCIL.

Number of Lesion co- Clinical Technica

Author Total radiation exposure Times

patients mplexity’ success lsuccess
e Remote navigation system: 9.1 £3.5
ar, et al. min
(o) 18 NR - 100%  83% NR Total fluoroscopy time: 8.8 + 4.8
min

Granada, et al™! Interventional cockpit: 1.81 £1.93 Gy Robotic system procedure time:
(2011) 8 0 100%  97.9%  procedure table: 6157 £ 54.95 uGy 26,5+ 8.0'min
Weisz, et al.”! Interventional cockpit: 0.98 uGy ~ Robotic system procedure time:
(2013) 164 31.7%  100%  988%  procedure table: 20.6 iGy 244+ 141 min
Smilowitz, et al'”! Robotic group: 1389 £ 599 mGy ~ R-PCI: 10.1 + 4.7 min
(2014) 40 NR— 100% 9% NManyal group: 1665+ 102mGy ~ M-PCL: 12.3 £ 7.6 min
Mahmud 11 Robotic group: 12,518 + 15,970

ahmud, et al. cGy-cm Robotic group: 44:30 + 26:04 min
(2017) 108 783% - 991%  9L7%  Manual group: 14,048 £18437  Manual group: 36:34  23:03 min

cGy-cm®
Madder, et al.¥ Robotic group: 1263 + 751 mGy Robotic group: 15.5 + 7.6 min
(2017) 20 A Sl | st Manual group: 1826 + 637 mGy Manual group: 18.5 + 7.7 min
; 0]
(Sggitss)o“ etal. 40 778%  90.0%  97.5% NR NR
. . Complete R-PCI: 10,440 + 13,726 R-PCI fluoroscopy time: 31.6 +11.7
Harrison, et al. 108 78.3% 991%  91.7% cGy-cm min )
(2018) Manual assistance: 21,667 + 21,576 Manual assistance fluoroscopy
cGy-cm® time: 15.2 £ 7.2 min
Hirai, et al.*" Robotic group: 1522 + 1129 mGy  Robotic group: 89.6 + 27.1 min
(2019) 49 80.0%  98.0%  98.0%  \janual group: 2466 + 1204 mGy  Manual group: 93.4 + 30,5 min
[47]
?2"‘(}1%')” i 5 NR  100% 100% R-PCL: 989-1713 mGy R-PCI procedure: 23.6 (19-29) min
Dou, et al” Early cases: 1932 + 978 mGy- cm Early cases: 48.3 + 32.9 min
(2019) 100 63.6% 100% — 100% | ate cases: 1007 + 70 mGy-cm® Lateycases: 25.5+13.0 min
Patel, et al."" R-PCI: 833 (521-1378) mGy R-PCI: 36 (26-49) min
(2020) et B NR - NR 7 pCl. 1235 (793-1873) mGy T-PCI: 31 (21-42) min
Walters, et al.*”! Total time: 55.1 £ 28.7 min
(2020) 10 NR 0% 60% NR Fluoroscopy time: 29.9 + 14.5 min
5]
(Sf(‘)%‘{;amn' el 13 NR 100%  100%  R-PCI: 741.75 mGy R-PCI: 71.1 min
Koeda, et al" 81.8% had an entrance skin dose of Most R-PCIs: 30-90 min
(2022) 102 60% — 100%  NR 900Gy 10% R-PCls: < 30 min or > 90 min
9 [16]
(22%312')8“ i 11 NR  100% 100% R-PCL 1674 (1056-4360)mGy ~ R-PCIL 53 (39-67) min
Li, et al” 1 NR  100%  100% :
(2023) b b R-PCI: 2202.32 mGy NR
Durand, et al.”! R-PCIL: 7.2 + 8.7 uSv R-PCI: 17.4 + 78.02 min
(2023) 62 259 | WBLER | SO S e s T-PCL 22.23 + 10.99 min
[51]

{%‘2’5‘;) etal 21 72% 100%  81%  R-PCI: 5118 (4350-8886) cGy-cm®  R-PCI: 47 (18-76) min
5 J R-PCI: 2309.0 (1631.0-4230.0)

ay, et al. cGy-cm’ R-PCI: 20.4 (13.8-27.2) min
(2024) 70 882% | 100% | 741% | TIECT 21355 (1230.8-3733.8) T-PCI 14.4 (10.4-24.3) min

cGy-cm?

“Refers to it was defined by the American Heart Association (AHA) for type B2/ C lesions. M-PCI: manual percutaneous coronary interven-
tion; NR: not reported; R-PCI: robotic percutaneous coronary intervention; T-PCI: traditional percutaneous coronary intervention.

Moreover, if there are difficult surgeries that subordi-
nate hospitals cannot accomplish, superior hospitals can
provide convenient guidance through the internet. Some
studies have shown that R-PCI remote stent placement is

http:/ /www .jgc301.com; jgc@jgc301.com

ontinental distances.™

technically feasible (n = 20 patients with all manipulatio-
ns, including guidewires and stents).” In fact, it was proven
that models of tele-stenting could be achieved over transc-
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COMPARISON AMONG CURRENT R-PCI
SYSTEMS

The CorPath 200 consists of a robotic arm (at the pati-
ent’s bedside) and a robotic cockpit (either inside or outsi-
de the laboratory). The robotic arm contains all intraco-
ronary guidewires and devices. Then, operators use a joys-
tick to control the robotic cockpit. The separate location of
the robotic arm and robotic cockpit meant that interventi-
onal operators could manipulate intracoronary guidewi-
res and devices without being in the radiation field." Ho-
wever, the ability to manipulate the guide catheter and
simultaneously advance two stents is limited.""

The CorPath GRX platform consists of a bedside unit (a
single sterile cassette, articulating arm and robotic drive)
and an interventional cockpit. The bedside unit is install-
ed on the procedure table. Specifically, there is a commu-
nication cable that translates operator commands to mani-
pulate each device independently. This device is mounted
on the robotic drive, which is tethered to the control cock-
pit. The single-use cassette, which manipulates guiding ca-
theters and angioplasty devices using motorized rolle-
rs that provide axial and rotational force, is manually lo-
aded with commercially available 0.014-inch guidewi-
res.”” However, a previous review reported that the-
re was no significant difference in the rates of technical
success between the two CorPath devices (mean differ-
ence: 2.1%, P=0.71)."

Compared with other R-PCI systems, the R-One syst-
em has a simpler intracoronary device to improve the le-
arning curve for operators.”!

The ETcath200 system consists of control and execut-
ive units. Interventionists can remotely control the move-
ment of the guiding catheter, guidewire, balloon, or stent
in the control room using three joysticks on the control un-
it. They could also achieve axial movement (forward/ba-
ckwards) and rotational movement of the guidewire and
simultaneously push and rotate the guidewire. Balloon or
stent catheter advancement and retraction were controll-
ed precisely, and the robot recorded the distance travell-
ed by the device to accurately measure the length of the ta-
rget lesion. Importantly, the device was compatible with
common components of interventional procedures, inclu-
ding guidewires, rapid exchange balloon dilatation cath-
eters, and stent delivery systems.!"”

The ALLVAS can accomplish complex actions in multi-
vessel coronary lesions, such as insertion, withdrawal and
rotation of the guidewire, balloon and stent."”’ Compared

822

with the robots currently available for clinical use, the ma-
in difference is that the novel robotic system accomplish-
ed multiple collaborative manipulations with twelve deg-
rees of freedom though four robotic manipulators.™

The WSER-CDO01 system uses novel safety indicators su-
ch as speed, error of the secondary actuator and the maxi-
mum safety delay to confirm the safety of blood vessels. In
addition, multijoint collaboration reduces the communic-
ation system jitter to 1 ps based on EtherNet Control Au-
tomation Technology (EtherCAT).""

LIMITATIONS OF R-PCI

Unstable patients, such as those with ST-segment elev-
ation myocardial infarction and severely impaired left ven-
tricular function, may experience rapid decompensation.
Therefore, bedside care may also be needed.

Ad(ditionally, there are inherent delays in switching fr-
om R-PCls to M-PCIs. In some emergency situations, the-
se delays can lead to severe consequences for patients. Alt-
hough there is no evidence that more complications will
occur in R-PCls than in M-PCls, abrupt vessel closure and
perforation still require manual assistance for emergent pr-
ocedures.” This is also a major problem in the impleme-
ntation of tele-stenting, where interventional cardiologi-
sts may not necessarily be available on site.

Moreover, the use of thrombus aspiration catheter, wh-
ich is the first option for patients with a high thrombus bu-
rden,” is currently incompatible with R-PClIs. If there is
no reflow in patients, it is necessary for interventionalists
to change to M-PCl to deliver a microcatheter distally (ad-
minister intracoronary drugs such as adenosine or nit-
rates to the microvascular bed)."™

The different results of various studies may affect the te-
chnical and clinical success rates of R-PCI procedures. Th-
ese factors could be attributed to the incidence of adverse
events, lesion complexity, and the experience of interv-
entional cardiologists. Lesion complexity is divided into
A, Bl, B2, and C based on the American Heart Association.
However, the meta-analysis revealed that there was no re-
lationship between the percentage of B2 or C lesions and
the technical success rate.” One reason for this may be th-
at more experienced interventional cardiologists were ch-
osen for handling severe lesions. Therefore, this approa-
ch reduced the occurrence rate of manual conversion.

For complex lesions with certain characteristics, such
as bifurcation lesions, robotic drive had limited ability to
advance 2 balloons or stents simultaneously when operato-
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rs performed provisional bifurcation stenting or final kiss-
ing balloon angioplasty. It is necessary to solve these prob-
lems to update the technology of over-the-wire device de-
livery, which could enable atherectomy and antegrade wi-
re upgrading for chronic total occlusions. This approach can
avoid manual assistance and manual conversion during
the R-PCI procedure.

However, heavily calcified lesions still require the use
of rotational or orbital atherectomy devices. Due to the in-
compatibility between these devices and R-PCls, they can-
not be performed without manual assistance. Moreover,
R-PClI still faces challenges, including a lack of force fe-
edback systems, poor wire compatibility, potentially exte-
nded operation time, and high costs.

FUTURE POTENTIAL USE OF R-PCI

R-PCI has an ever-growing evidence base to support
its use and has been successfully utilized in the treatment
of highly complex coronary lesion. However, patients wi-
th ST-segment elevation myocardial infarction were exc-
luded from R-PCl trials. Therefore, this evidence gap mu-
st be investigated if R-PCls are to be increasingly incorp-
orated into cardiac catheterization laboratories.

Tele-stenting is an application of R-PCI with signific-
ant potential to impact future practice. This may open the
possibility for remote interventional treatment of coron-
ary heart disease in rural areas without access to an interv-
entional cardiologist or a local hospital specializing in em-
ergency cardiovascular care.

Not only do we need to expand the benefits of R-PCI,
but we also need to expand the methods used for this pro-
cedure. Learning R-PCls should start with learning eq-
uipment, techniques, and catheter laboratory workflows.
Therefore, new training and educational methods are ne-
eded to assist operators, and a wider number of catheter
laboratory workflow teams should acquire the necessary
skills for R-PClIs.

Compared with digital or electronic simulators, 3D-
printed anatomical models are more suitable for practice
because 3D models are more realistic and closer to the in
vivofeel ™ 3D models require fewer resource and have few-
er ethical concerns than preclinical animal models. The ma-
in advantage is the ability to perform the same procedure
repeatedly within the same model, which can accelerate an
operator’s learning progression."’ Based on coronary ar-
tery computed tomography scans, coronary artery illusio-
ns that closely replicate coronary artery size and traject-
ory can be developed to support different robotic wiring te-
chniques. Complex wiring scenarios, such as rethreadi-
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ng through stent pillars or navigating through highly cur-
ved blood vessels, can also be simulated." Models can al-
so be invented with different anatomical structures of the
aortic sinus and coronary artery orifice, allowing operat-
ors to use guide catheters of different sizes and shapes for
multiple repeated insertions in each model.""! The use of
silicon or 3D-printed anatomical models for simulation tr-
aining is increasingly being used for training and educa-
tion in interventional cardiology."”*"

For R-PCI safety indicators, theoretical modelling of the
deformation problem of arterial blood vessel walls und-
er force, solving boundary values, ensuring the safety of bl-
ood vessels even under extreme conditions where the gu-
idewire end face directly contacts the arterial wall, provi-
ding a basis for the determination of safety indicators for
vascular intervention surgical robots, and minimizing
potential damage to the vascular wall during R-PCI opera-
tion, we studied and designed multiple joint collaborati-
ve control algorithms and remote control algorithms for va-
scular intervention surgery robots to achieve remote sur-
gery functionality.

CONCLUSIONS

R-PCl is a novel technology in interventional cardiolo-
gy. This approach provides great benefits to interventio-
nal cardiologists in terms of reducing both radiation expo-
sure and orthopedic injuries. Several large, high-quality
cohort studies have confirmed the short-term safety and
high technical success rate of R-PCL. However, randomiz-
ed long-term data are still needed before adopting them
as part of standard coronary interventions. Furthermore,
tele-stenting has significant potential for R-PCI. We need
to overcome the present relevant challenges for its appli-
cation.
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