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Safety and effectiveness of introducing a robotic-assisted
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Background: Robotic-assisted percutaneous coronary intervention (PCI) is a novel technology that permits
remote operation of interventional devices. However, little is known about the safety and effectiveness of
introducing a robotic PCI program in a hospital already experienced in traditional coronary angioplasty.
Methods: Prospective single-arm survey to assess the safety and effectiveness of robotic-assisted PCI in
comparison to pre-defined performance goals. The study cohort comprised all consecutive cases treated
with robotic PCI since its introduction. The safety primary endpoint was a composite of (I) overall death or
(IT) non-fatal adverse events related to target vessel complications (stent thrombosis, myocardial infarction,
vessel perforation or cardiac tamponade, or repeat invasive treatment) during the index hospitalization. The
efficacy primary endpoint was robotic-assisted procedural success, a composite of (I) successful dilatation of
the target lesion and (II) successful robotic assistance, defined as absent non-planned manual conversion.
Results: A total of 83 patients and 112 lesions were prospectively enrolled. The rate of angiographic
success was 99.1%. From these, 97 lesions (86.6%) were treated with only robotic PCI or with hybrid
according to the pre-interventional plan. The rates of efficacy and safety primary endpoints were 85.7% and
2.4% respectively (P<0.01 for non-inferior to the pre-defined performance threshold).

Conclusions: Introduction of robotic-assisted PCI in a tertiary center was associated with safe and

effective results, comparable to pre-defined goals of optimal performance.
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Introduction

Percutaneous coronary intervention (PCI) is an established
and mature method, applied worldwide according to the
same technical principles, which traditionally frame the
procedure as a manual one, performed by physicians who
must stand at the patients’ side for the whole duration
of the operation. Coronary interventions are guided by
fluoroscopic imaging, therefore exposing to ionizing
radiation the healthcare team, who must wear heavy and
non-ergonomic protection equipment. Altogether, this
whole description is of a relatively unhealthful professional
space that has been associated with the risk of malignancies,
cataracts, orthopedic problems, and other medical
complications (1-4).

Recently, a robotic-assisted system for PCI has been
developed to overcome those limitations (5-11). With this
technology, guide-catheters, guidewires, and interventional
devices are operated through a robotic arm, remotely
maneuvered by an interventionalist using joysticks and
touchscreens from a control cockpit. The novel tool has been
previously validated, showing marked reduction in the need
of physical closeness between the healthcare team and the
operating table (12,13), and thus in radiation exposure (5-11).

The robotic-assisted PCI platform is currently approved
for clinical use in Japan, the United States, Europe, and,
recently, Brazil. Nevertheless growing in adoption, the
technology is only debuting in practice and relatively
few studies have been conducted to prospectively assess
its clinical impact. In particular, little is known about the
safety and effectiveness of initiating a robotic PCI program
in a hospital already experienced in traditional coronary
angioplasty.

That was the context under which the present
prospective study was conceived, therefore designed to
assess the performance of robotic-assisted PCI upon its
introduction in a tertiary and highly specialized center of
invasive cardiology.

We present the following article in accordance with the
Transparent Reporting of Evaluations with Nonrandomized
Designs (TREND) and the MDAR reporting checklists
(available at https://cdt.amegroups.com/article/
view/10.21037/cdt-21-442/rc).

Methods
Study design and patient population

We conducted a prospective single-arm survey to assess the
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safety and effectiveness of starting a robotic-assisted PCI
program in a single tertiary center, evaluating the results of
all procedures utilizing the new technology in comparison
to pre-defined performance goals.

The study cohort comprised all consecutive cases treated
with robotic PCI since its introduction. The population
consisted of patients with either chronic or acute coronary
artery disease requiring PCIL. One or more lesions could
be treated the index procedure, but all of them must have
planned robotic manipulation in at least one step during the
procedure. Patients with ST-segment elevation myocardial
infarction <48 hours or indication of emergent procedures
were not included, as well as patients with any invasive
cardiac or non-cardiac treatment scheduled within the
first month after the index procedure. Also, patients with
angiographic thrombus, unprotected left coronary artery
(stenosis >50%), total occlusion (thrombolysis in myocardial
infarction 0 or 1 anterograde flow), or target lesion in a
surgical graft were not included.

The occurrence of adverse events was prospectively
assessed during the index hospitalization and for 30
days after the robotic intervention. The protocol was
approved by the institutional review board of Hospital
Israelita Albert Einstein, Sao Paulo-SP, Brazil and by
the National Commission of Ethics in Research (CAAE:
96392318.4.0000.0071), Brasilia-DF, Brazil and the study
was conducted in the Declaration of Helsinki (as revised in
2013). Signed, written, informed consent was obtained from
every patient.

Robotic-assisted PCI

Description of the system

Robotic PCI was performed using the CorPath GRX
Robotic System (Corindus, A Siemens Healthineers
Company, Waltham, MA, USA), which is a robotic
platform developed for assistance of percutaneous coronary
or vascular procedures. The system allows controlling of
guide-catheters, permitting engagement/disengagement
of the catheter in the coronary ostium, as well as advanced
finesse moves such as deep coronary intubation, if needed.
Also, the robotic system permits the delicate maneuvering
of 0.014” guidewires with submillimetric exactitude, as well
are of rapid-exchange balloons and stents.

As described elsewhere, the system comprises two
principal modules (Figure I). The first is a cockpit, from
which the operator maneuvers the interventional devices
using joystick and touchscreen controls, having full control
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Figure 1 Overview of the two modules of the CorPath GRX Robotic System (Corindus, A Siemens Healthineers Company, Waltham,

MA, USA). (A) Control cockpit, from which the interventionalist operates the interventional devices through joysticks and a computerized

touchscreen. Note that the operator performs the procedure sitting and unscrubbed outside of the suite, while having full view of the

navigation, imaging, and other important patient, as well as maintaining visual contact with the inside space, through the cath lab leaded

glass window. (B) The robotic arm itself, located at tableside, which houses a sterile single-use cassette that provides the interface for

insertion of the interventional devices.

of the navigation, imaging, and other important patient
and procedural information through high-definition
monitors and a roof camera (Figure 1). In our study, the
cockpit was positioned outside of the catheterization suite,
where the operator could perform the procedure sitting
and unscrubbed, while still having visual contact with
the inside of the suite, through the cath lab leaded glass
window (Figure 1). The other module is the robotic arm
itself, located at tableside, which houses a sterile single-
use cassette that provides the interface through which the
inserted interventional devices are robotically commanded
(Figure I). In the present version, the cockpit and tableside
unit are connected by communication cabling with no wi-
fi connection needed. The clinical use of the robotic system
is approved by regulatory agencies in many countries
(e.g., Conformité Européenne mark, Food and Drug
Administration, Japan, and Brazil among others).

Two important features of the robotic system used in
our study are that (I) the interventional devices utilized
are the same as in traditional PCI and (II) connection and
disconnection of the robotic arm is an easy action that can
be accomplished immediately without having to retrieve any
interventional device already in place. These characteristics
make the system readily adaptable to the routine practice,
making conversion to manual as well as planned hybrid
operations (i.e., part of the procedure performed robotically,
part manually) straightforward to implement.

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Robotic-assisted PCI

Vascular access, insertion of guide-catheters was performed
manually as usual care, entirely left at the discretion of the
operator. Only after engagement of the coronary ostium
the robotic assistance begins, allowing for manipulation of
0.014” guidewires, balloons, and stents, which are remotely
controlled by operators outside the room through a control
panel. Additionally, robotic manipulation of the guide-
catheter is also possible, permitting small positioning
adjustments. Exchanges of materials (e.g., balloons, stents)
during the procedure are performed by the interventional
staff. In our study, both total and hybrid robotic-assisted
PCI were allowed. However, the operator had to inform
prior to the initiation of the procedure which strategy would
be used. Also, for those undergoing planned hybrid robotic-
assisted PCI, the interventionalist was asked to annotate,
before the beginning of the intervention, which steps were
intended for manual or robotic manipulation.

Training and education plan

After the system was installed in the hospital, before the first
patient was treated, the whole team of interventionalists (five
fully certified interventional cardiologists with a minimum
of 20 years of experience in manual PCI), together with
six registered nurses, and seven cath lab technicians were
extensively exposed to the functioning details of the
equipment, in a training and education program provided
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by the manufacturer, conducted at the hospital. Users
assigned to operate sterile parts received specific didactic
and hands-on training directed to operating the single-
use cassettes, removing and changing balloons, stents,
and guidewires. The interventionalists attended didactic
sessions and performed hands-on training on a bench-top
model, with verbal guidance and evaluation from a member
of Corindus clinical staff. A post-training quiz was then
applied and needed to be successfully answered in at least
8 from the 10 questions. Then, in the following days, five
actual cases were treated with robotic PCI by the local team,
under supervision. The training schedule was delivered in
person by a non-physician specialist who conducted the
sessions and observed the execution of those first cases.

After this first phase, cases started to be regularly
performed without supervision. Two months afterwards,
a new visit of the manufacturer’s clinical staff was
accomplished to assess the adequacy of the operation and
last certify the site.

Study endpoints

Safety primary endpoint

A composite of (I) overall death or (II) non-fatal adverse
events related to target vessel complications [stent thrombosis
(definite or probable), myocardial infarction, vessel
perforation (Ellis’ grade III or III-cavity spilling) or cardiac
tamponade, or non-planned invasive treatment] during the
index hospitalization, as a per patient analysis (14-16).

Efficacy primary endpoint

Robotic-assisted procedural success, a composite of (I)
successful dilatation of the target lesion with residual
diameter stenosis <30% and (II) successful robotic
assistance, defined as non-manual conversion (i.e., fully
accomplished robotic operation) of any interventional step
intended to be robotic according to the pre-procedural
strategy planning, as a per lesion analysis.

Statistical analyses

Performance goals and statistical considerations

This exploratory, single-arm, study was designed to assess
the safety and effectiveness of robotic-assisted PCI in a
newly initiated program in a tertiary center, with the study
cohort comprising all consecutive cases treated with the
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novel technology since its introduction. The performance
of robotic PCI was measured up against pre-defined goals,
which were used as indicators to evaluate whether the
new procedure is non-inferiority compared traditional
manual PCL.

The safety and efficacy primary endpoints were powered
separately and the largest sample size from the two
calculations was ultimately chosen as the final sample size
for the study. From historical series, assuming a mixed-
profile population, the following incidences were considered
for each component of the composite safety endpoint, as
a per patient analysis: (I) overall death 0.0-4.5% (17-23);
(II) definite or probable stent thrombosis 0.0-3.3%
(17,21,24-26); (III) myocardial infarction 0.0-3.0%
(20,25,27); (IV) vessel perforation (Ellis’ grade III or III-
cavity spilling) or cardiac tamponade 0.4% (28,29); (V)
unplanned invasive treatment 0.5% (20). Based on those
figures, the goal rate of the safety composite primary
endpoint was guessed at 5% with an upper value of 12% at
maximum. A sample size of 83 was calculated as sufficient
to test whether the results were not inferior to the safety
performance goal upper threshold, with a power of 90% and
a one-sided alpha of 0.05.

The rate of the efficacy primary endpoint (robotic-
assisted procedural success) was estimated as 85%,
which was then arbitrarily adjusted downward by 15%
(5,6,10,30,31), resulting in a performance goal of 70%.
Accordingly, we calculated that 49 treated lesions would be
needed to assess whether the results of the newly introduced
robotic-assisted PCI program were not lower than the
efficacy performance goal threshold, with a 10% power and
an alpha of 0.05.

Therefore, a final sample size of 83 patients ultimately
comprised the cohort of the present study.

Continuous variables are expressed as mean + standard
deviation and categorical variables are expressed as
frequencies and percentages. Single-sample one-tailed
binomial 95% confidence interval for safety and efficacy
primary endpoints were estimated by the Clopper-Pearson
method. Confirmatory analyses were performed with
Jeffreys, Wald, Wilson, and Agresti-Coull methods and
provided similar results. All analyses were performed with
SPSS 21.0 statistical package (SPSS, Chicago, IL, USA) and
Stata/SE 14.1 for Windows (StataCorp LP. College Station,
TX, USA), and P values <0.05 were considered to indicate
statistical significance.
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Results

The robotic-assisted program was initiated in June 2019
and the last patient of this survey was enrolled in November
2020, summing up a cohort of 83 consecutive patients
treated with the new technique. On average, patients aged
60.7+8.6 years, 25.3% were women, 36.1% were diabetics,
and approximately half of the population presented with
acute coronary syndromes (1able 1).

A total of 112 target lesions were treated, with half of
lesions presenting at least one angiographic characteristic
of high complexity (Table 1). Angiographic success was
achieved in 99.1% (111 lesions), and 86.6% (97 lesions)
were treated exclusively through robotic PCI or planned
hybrid PCI (i.e., planned robotic plus manual PCI) (Table 2).
Robotic-assisted procedural success (i.e., angiographic
success accomplished with robotic PCI as planned)—
the efficacy primary endpoint, was reached in 96 lesions
(85.7%) (1able 2). The rate was numerically higher than
the estimated success rate of 85% and the lower 95%
confidence interval (76.7%) was non-inferior to the pre-
defined performance goal (Figure 2).

Table 3 summarizes the reasons for unplanned manual
switch during robotic-assisted PCI (14 patients; 15 lesions).
Inability to advance the interventional devices (0.014”
guidewire, balloon, or stent) until or across the lesion
represented a large proportion of cases of failed robotic
manipulation.

A total of 2 patients (2.4%) presented fatal or target
vessel-related complications during the index hospitalization
(safety primary endpoint) (Table 4). This incidence was
numerically lower than the expected rate of 5%, and the
respective 95% confidence interval (9.4%) was non-inferior
to the pre-defined performance threshold (Figure 2).

After 30 days of follow-up, the outcomes remained
uneventful except by a case of sudden death after discharge
(which was also classified as probable stent thrombosis)
(Table 4).

As an appraisal of the potential effect of a “learning-
curve” for the new robotic PCI, the comparative
demographics, angiographic characteristics, interventional
strategy, and clinical results between the first 42 patients
and the last 41 patients included are depicted in Table 5.

Discussion

The present study demonstrated that robotic-assisted
PCI can be performed safely and effectively just after its
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introduction in a tertiary center, associated with a 2.4% rate
of in-hospital adverse events and an 87.5% success rate that
significantly reached anticipated performance levels by pre-
established goals.

As previously shown by other groups and ours, robotic-
assisted PCI undeniably provides distancing between the
interventionalist and the tableside, producing a much-
improved work environment regarding radiation exposure,
procedural ergonomics, orthopedic protection, and
interpersonal air sharing (5-13). Notwithstanding the fact
that those are valuable benefits, in order to be fully and
largely adopted, the novel technology must be proven
functional and reliable, without compromising the already
good clinical results achieved with traditional manual
intervention. Our cohort, composed of young patients with
acute coronary syndromes, presented a low mean average
SYNTAX score, which reflects a modest disease extension
but may not entirely describe the level of anatomical
complexity of the target lesions. In fact, half of the patients
presented at least one feature of angiographic complexity of
the treated segment. Our findings suggest that robotic PCI
is a safe and effective procedure, maintaining the expected
high levels of clinical performance even as shortly as upon
its introduction.

In our study, the vast majority of cases were accomplished
through robotic manipulation. However, a small, though
sizable proportion of cases, approximately 15%, needed
unplanned manual aid during the procedure. Our findings
cannot directly answer whether those events reflect an
inherent limitation of the technology or, alternatively, if
it is related to the current point in the learning curve our
team is, or a combination of both. Nevertheless, the present
findings convincingly indicate robotic assistance has the
potential to be used as a mainstay tool, applicable to a large
number of patients undergoing percutaneous interventions.

The collection of the present cohort completely
encompasses the learning curve of our group with the new
technology. Curiously, we were not able to demonstrate
a clear-cut difference in the profile of patients and results
of procedures between the first half and the last half of
the population. It is important to mention that the study
was not designed for this purpose and therefore does not
have statistical power to differentiate this situation. On
the other hand, it is noteworthy that the team comprised a
highly experienced group of interventionalists, nurses, and
technicians who rapidly embraced robotic-PCI, something
that might have damped the learning curve. Robotic-PCI
seemed to be easily implemented to the daily practice of a
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Table 1 Baseline and angiographic characteristics (83 patients;

112 lesions)
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Table 1 (continued)

Characteristics Value

Characteristics Value
Age, years 60.7+8.6
Male sex 61 (73.5)
Weight, kg 79.4+13.5
Height, cm 167.9+8.4
Hypertension 75 (90.4)
Current smoker 34 (41.0)
Diabetes mellitus 30 (36.1)
Peripheral artery disease 2(2.4)
Previous stroke 2 (2.4
Previous myocardial infarction >1 month 22 (26.5)
Previous coronary surgery 1(1.2)
Previous PCI 34 (41.0)
End-stage renal dysfunction 1(1.2)
Clinical presentation
Asymptomatic 14 (16.9)
Stable angina 26 (31.3)
Acute coronary syndrome 41 (49.4)
Recent ST-elevation myocardial infarction 7(17.0)
Electrocardiographic changes 27 (65.9)
Elevated biomarkers 33 (80.5)
Other 2(2.4)
Treated vessel
Left main coronary 1(0.9*
Left anterior descending 37 (33.0)
Diagonal 10 (8.9)
Left circumflex 22 (19.6)
Obtuse marginal 11 (9.8)
Ramus intermedius 1(0.9
Right coronary artery 30 (26.8)
In-stent restenosis 11 (9.8)
SYNTAX score 11.0£7.0
Lesion type
A/B1 25 (22.3)
B2 21(18.8)
C 66 (58.9)

Complexity characteristics

Moderate or severe calcification 21 (18.8)
Moderate or severe tortuosity 25 (22.3)
Lesion angulation >45° 27 (24.1)
True bifurcation 22 (19.6)
Aorto-ostial lesion 4 (3.6)

Any of the above 56 (50.0)

Numbers are mean =+ standard deviation or counts (percentages).
*, a lesion originally located in proximal left descending artery
which was treated with stenting extending to the distal left main
coronary. PCI, percutaneous coronary intervention.

Table 2 Robotic-assisted PCI-procedural characteristics
(83 patients; 112 lesions)

Characteristics Value

Access site*

Right radial artery 70 (84.3)

Right femoral artery 15 (18.1)
Intravascular ultrasound guidance 18 (21.7)
Contrast volume, mL 206.4+114.4
Procedure duration, minutes’ 86.5+49.2
Lesions treated per patient 1.4+0.6
Stents implanted per patient 1.8+1.0
Summed length of stent per patient 49.9+29.8
Lesions with angiographic success 111 (99.1)
Robotic assistance

Lesions treated exclusively with robotic PCI 92 (82.1)

Lesions treated with at least one robotic stepas 97 (86.6)
planned*

Lesions treated with at least one unplanned 15 (13.4)
manual step
Robotic-assisted procedural success® 96 (85.7)

Table 1 (continued)

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Numbers are mean + standard deviation or counts (percentages).
*, the sum does not equal 100% because of multiple vascular
access was needed in some patients; ', from guiding catheter
insertion time to removal time; *, planned hybrid PCI; 3, efficacy
primary endpoint (angiographic success and successful robotic
assistance performed as planned). PCI, percutaneous coronary
intervention.
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Table 3 Unplanned manual switch during robotic-assisted PCI
(14 patients; 15 lesions)

Parameters Value

Reasons for unplanned manual switch*

Inability to advance until the lesion as intended 6 (40.0)
0.014” guidewire 3(20.0)
Balloon 2 (13.3)
Stent 2(13.3)
Inability to cross the lesion as intended 2(13.3)
0.014” guidewire 1(6.7)
Balloon 0
Stent 1(6.7)
Inability to retrieve the interventional device as 0
intended
Inability to remotely manipulate the as intended 0
Device malfunction 1(6.7)
Clinical condition which required rapid medical 2(13.3)
intervention
Other reasons for unplanned manual switch 4 (26.7)
Successful unplanned manual switch 15 (100.0)

Numbers are counts (percentages) per lesion. *, the sum does
not equal 100% because of multiple reasons occurred in some
cases. PCI, percutaneous coronary intervention.

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Table 4 In-hospital and 30-day clinical outcomes (83 patients; 112 lesions)

Outcomes Value
In-hospital
Death 0
Stroke 1(1.2)
Target vessel-related complications 2 (2.4
Myocardial infarction 1(1.2)
Vessel perforation or cardiac tamponade* 0
Repeat intervention 1(1.2)
Stent thrombosis 0
Death or target vessel-related complications' 2 (2.4)

Cumulative 30-day

Death 1(1.2)
Stroke 1(1.2)
Myocardial infarction 1(1.2)
Repeat intervention 1(1.2)
Stent thrombosis 1(1.2)
Definite 0
Probable 1(1.2)
Possible 0

Numbers are counts (percentages). *, Ellis’ grade Il or Ill-
cavity spilling; ', safety primary endpoint: death or non-fatal
stent thrombosis (definite or probable), myocardial infarction,
vessel perforation (Ellis’ grade Il or lll-cavity spilling) or cardiac
tamponade, or non-planned invasive treatment.
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Table 5 Demographics, angiographic and results between the first 42 patients and the last 41 patients included

Parameters First 42 patients (56 lesions) Last 41 patients (56 lesions) P value
Age, years 59.8+7.4 61.6+9.6 0.4
Male sex 31 (73.8) 30(73.2) 0.6
Diabetes mellitus 14 (33.3) 16 (39.0) 0.4
Acute coronary syndrome 24 (57.1) 17 (41.6) 0.1
Treated vessel left anterior descending 18 (32.1) 19 (33.9) 0.5
Lesion type B2/C 47 (83.9) 40 (71.4) 0.2
Complexity characteristics
Moderate or severe calcification 10 (18.2) 11 (19.6) 0.5
Moderate or severe tortuosity 14 (25.0) 11 (19.6) 0.3
Lesion angulation >45° 15 (26.8) 12 (21.4) 0.3
True bifurcation 9 (16.1) 13 (23.2) 0.2
Aorto-ostial lesion 2 (3.6) 2 (3.6) >0.9
Any of the above 28 (50.0) 28 (50.0) >0.9
Contrast volume, mL 190.8+101.5 222.4+125.6 0.2
Procedure duration, minutes 75.9+37.0 97.4+57.6 0.046
Lesions treated per patient 1.3+£0.5 1.4+0.6 0.5
Summed length of stent per patient 48.4+27.3 50.1+£32.2 0.8
Efficacy primary endpoint 48 (85.7) 48 (85.7) >0.9
Safety primary endpoint 2 (4.9) 0.2

Numbers are mean + standard deviation or counts (percentages).

busy catheterization laboratory.

The present findings, however, are confined to the
conditions investigated in the study and cannot be
extrapolated to further clinical scenarios, such as the
treatment of emergency patients or highly complex lesions
subsets. The results of robotic-PCI, as well as the potential
learning curve for those subsets, cannot be assessed from
the present study. Moreover, the promising results of
initiating a robotic-PCI program observed in our relatively
small, single-arm, single-center trial may not entirely reflect
the conditions of other institutions. Additionally, it must be
acknowledged that known restrictions of robotic-PCI, in its
current stage of technological development, were not tested,
such as the utilization of over-the-wire devices. Finally, as
all new technology, robotic-PCI may result in additional
costs essentially at early stages of the method. However, we
believe that a more widespread use can reduce the current
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costs of the procedure and if the development of the
method beats the safety and efficacy results of conventional
coronary angioplasty, especially for more complex cases, it
will be cost effective in the most of the procedures.

It is our perception that a full and comprehensive
utilization of the technology at its highest interventional
capacity might require longer and continued use, most
probably coupled with a change in the mindset of
operators, who will need to renovate their manual skills
into new “joysticking” abilities. As of today, robotic-PCI is
totally dependent on the operators’ scrutiny and abilities.
Future developments, already in course, that will add
automatic and programmed features to the platform, may
be able to enhance the procedure workflow by offering
to interventionalists new and advanced maneuvering
capabilities that may surpass manual operation in subtlety,
delicacy, precision and repeatability.
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Conclusions

Introduction of robotic-assisted PCI in a tertiary center was
associated with safe and effective results, comparable to pre-
defined goals of optimal performance.
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