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Introduction
Robotic systems have been used in a diverse spectrum of cardiac 

interventions, mainly in the field of invasive cardiology, namely 
interventional cardiology and electrophysiology1-4. In EP, telerobotic 
interventions have been largely limited to few reports on limited 
patient cohorts5-10. The state-of-the-art robotic systems allow mapping 

and ablation of various arrhythmias without the need for manual 
conventional catheter steering11, 12. The aim of robotic procedures is to 
achieve at least the same effectiveness and safety as the conventional 
procedures, whilst reducing the radiation exposure for patients and 
operators, and to be able to reach targets within the heart that are 
otherwise unreachable conventionally with greater precision and 
catheter stability13-18. 

Performing interventions with an operator from a distance 
supporting the local team (telesupport procedures), still remains a 
challenge and an area highly underexplored. Until this point in time, 
expert operators mostly support the local team verbally only by case 
observation, without being able to directly interact with the patient. 
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Abstract
Background: Robotic systems have been used in a diverse spectrum of cardiac interventions, mainly in the field of invasive cardiology, 

namely interventional cardiology and electrophysiology (EP). The state-of-the-art robotic systems allow mapping and ablation of various 
arrhythmias without the need for manual conventional catheter steering. The aim of robotic procedures is to achieve the same effectiveness 
and safety as conventional procedures, whilst reducing the radiation exposure for patients and operators, and to be able to reach targets 
within the heart that are otherwise unreachable conventionally with greater precision and catheter stability.

Purpose: We aimed to demonstrate the feasibility of 3D electroanatomical mapping (EAM) using the remote magnetic navigation (RMN) 
system (Niobe ES, Stereotaxis Inc) by comparing the mapping performance of 2 operators (one located in the electrophysiology catheter lab 
control room and the second ~1200 km away via remote online connection). 

Methods: Two operators were tasked to perform 3D fast anatomical maps (FAM, CARTO 3 RMT, Biosense Webster) of the right and left 
atrial and ventricular chambers, as well as the aorta of a 3D phantom representing normal cardiac anatomy. All procedures were recorded 
on the Odyssey Cinema system for further analysis. Parameters compared were duration of FAM, total volume acquired and average distance 
of surface match to a contrast enhanced computed tomography (CT) of the same phantom. A composite endpoint of map completeness, 
mapping time and surface match accuracy was calculated to demonstrate if quality of the maps between operators were comparable. 

Results: A total of 60 maps were created (6 maps for each right atrium (RA), left atrium (LA), right ventricle (RV), left ventricle (LV) and 
aorta (Ao) per operator) in an alternating fashion. Average mapping time was 16:08±3:36 min for all chambers with shorter mapping times 
for right atrial chamber 14:28±3:47 min. Total volumes did not significantly differ between operators. Match statistics also revealed no 
difference between map completeness. Comparing the composite endpoint, both operators achieved the same accuracy. 

Conclusion: A distant operator located more than 1200 km away from the RMN laboratory connected online to perform 3D electro-
anatomical maps of all cardiac chambers of a phantom with equal accuracy and procedure parameters as compared to an operator located 
in the control room. These results support the feasibility of truly remote-controlled procedures which would allow an expert operator to 
actively support a local team in EP interventions.
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Recently, telestenting or rPCI procedures have been reported, but 
still have a relatively high conversion rate to manual14, 19, 20. RMN in 
principle allows a distantly located operator to take control of catheter 
manipulation and the electro anatomical mapping (EAM) of cardiac 
chambers. Thus, there is a need to perform a systematic investigation 
of the feasibility and quality of this remote support with the ability to 
directly interact if needed. 

In our study, we aimed to demonstrate the accuracy of acquiring 3D 
maps by both a local and a distantly located operator using the RMN 
system in a 3D phantom setting. 

Methods
Phantom mapping

Using a hollow 3D phantom derived from a CT scan of a human with 
a normal cardiac anatomy, EAM (CARTO 3 RMT, Bio sense Webster) 
was enabled in the clinical EP laboratory of the Royal Brompton 
Hospital in London, UK. The phantom allowed to individually map 
each chamber of the heart (right and left atria and ventricles and the 
aorta). The phantom was positioned on the cath lab table and connected 
to both the EAM and the RMN system (Niobe ES, Stereotaxis, St. 
Louis, MO). The magnetically enabled catheter was introduced via 
either the IVC or retrograde via the aorta descending. The catheter 
was manipulated using the magnetic field directions via a dedicated 
platform, which also displayed the EAM, fluoroscopy and EP tracings 
(Odyssey Cinema, Stereotaxis Inc.). Advancing and retraction of the 
mapping catheter is enabled via a mechanical drive (Cardiodrive, 

Stereotaxis Inc.) and connected to the wheel of the operator’s mouse.

Set-up of distantly located operator
The distant operator connected via 2 different commercially available 

personal computers (PC) from Tyrol (Austria, ca 1200 km distance) 
to the hospital. The first PC consisted of average-speed office PC 
(Lenovo idea-PC, Intel Core i5-3330S CPU@2.70 GHz with 4.0 GB 
of RAM) and was used for the first 15 maps. The second PC was a high 
performance PC (Alienware Aurora R9, Intel Core i9-9900K CPU 
@3.6GHz with 64GB of RAM. Both PCs connected through the same 
internet connection using glass fiber connection via the Windows 10 
remote desktop program and a protected VPN (Global Protect). Audio 
and visual link to the lab was established via a Teams session using the 
same connection. Mapping sessions were conducted after normal lab 
procedures had ended, typically around 19.00h local time.

Figure 1: 3D phantom.

Typical display of the 3D electroanatomical mapping system (top left), the navigation reference projections (bottom left and middle), as well as the fluoroscopy information on the workstation (Odyssey, 
Stereotaxis Inc.) which is identical for the local and distant operator. The right upper insert shows the hollow 3D phantom. 

Table 1: Average results for each chamber and operator

Mean parameters for each chamber mapped; white=on-site operator; grey=distant operator
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3D electro anatomical mapping (EAM) tasks
3D EAM was performed by the two operators monitoring 3 key 

parameters: time, volume mapped, and average surface area mapped 
using the fast anatomical mapping (FAM) feature. Each operator 
acquired 3D maps of the RA, LA, RV, LV as well as the entire aorta 
(Ao) with the aorta descending until the level of the diaphragm (Figure 
2). Mapping time was measured from start of the 3D FAM until the 3D 
map of the respective chamber was deemed completely reconstructed 
by the respective operator. Settings for surface reconstruction resolution 
were kept equal for both operators. The LV was mapped in a retrograde 
fashion via the Ao. Mapping volumes were recorded from the 3D EAM 
system. In order to assess map completeness, a 3D reconstruction 
of a CT scan of the same phantom was merged using initially the 
“3 landmarks method”. Subsequently, surface matching was applied 
and the average surface match statistics were recorded for each map. 
Both operators mapped all chambers 6 times in alternating order on 
different days. 

Operators were free to use intermittent fluoroscopy as needed which 
could only be initiated by the operator on site after verbal instructions 
by the distant operator.

Detailed comparison
Three key parameters were assessed: time (seconds), volume 

(millilitres, as provided by the 3D mapping system), and average surface 
area mismatch (millimetres, as compared to the 3D reconstructed CT 
scan of the phantom). The merge between the FAM and the CT scan 
was performed using landmarks and then matching them using the 
CARTO surface match. The exclusion of excessive FAM (artefact from 
CT scan) was performed by shaving it off.

We investigated the two different computer setups for the remote 
operator to assess the performance. In order to assess the quality of 
the acquired maps, we created a composite endpoint of mapping time, 
difference of acquired to maximum volume (derived from CT scan) as 
well as best surface match statistics for each map, in which each of the 
three variables were equally weighted.

Statistical analysis
The statistical analysis was performed using IBM SPSS Statistics 

version 20. The skewness of the time, volume and surface was found to 
be -.51, .03 and 0.9, respectively, indicating that the distribution was 
fairly symmetrical. An independent T-test was used to compare the 
results between the two operators. 

We used three simple algorithms to determine the efficiency of each 
operator for each parameter separately. We used an algorithm to assign 
a score for the surface match of each chamber (percentage from 0 to 
100%) depending on the error of the acquired value of each operator, 
compared to the best surface match which has an error equal to 0. 
Thus, using a numeric scale from 0 to 3, with 0 being the 100% on the 
grading system, we further split the scale into 300 equal units (100 units 
between each two numbers from 0 to 3) and determined the value of 
each single unit. The score for each chamber mapped by each operator 
was given by subtracting from 100 the number resulted by multiplying 
the value of the surface area match error with 100, further multiplied 

by the value of each unit. Therefore, the bigger the error, the lower the 
score for each operator. 

The score for the volume mapped was assigned by reporting the 
percentage of the volume of the FAM mapped by each operator to the 
total volume of each chamber of the Phantom as measured by the CT 
scan (RA 96.9 ml; LA 85.8 ml; RV 137 ml; LV 112 ml, Ao 130 ml). 

Finally, considering the time (in seconds) that each operator needed 
for the intervention, we designed a grading algorithm based on the 
mean number of seconds that each operator needed to complete the 
FAM of each chamber, compared to the best achieved and the worst 
achieved times. We took the best time achieved, which we annotated as 
MIN (in seconds) and the worst time, annotated as MAX (in seconds) 
and subtracted the MIN from the MAX, to identify the range of 
seconds between the two, which was then assigned a value from 0 to 
100. We compared each of the times we wanted to grade (annotated 
as X) with the MIN to determine how many extra seconds did one 
operator take for the intervention, compared to the best achieved time. 
Then we took the number of seconds obtained and multiplied it by 
the number of grading points we previously achieved (100/((MAX-
MIN))). Since the longer the time needed, the lower the grade, we 
reversed the percentage by subtracting our obtained value from 100% 
in order to achieve our final grade. Therefore, the equation used is:

Score = 100 – ( X – MIN) × ( 100/((MAX-MIN)) )

Results
The two operators created 30 maps each, with 6 maps of each 

chamber per operator. The average mapping time was 16:08 min for 
all chambers. The mean volumes obtained for both operators were for 
RA 71.7±4.97 ml, LA 69.3±5.88 ml, RV 103.2±7.2 ml, LV 88.7±7.48 
ml, and 100.4±4.5 ml for the aorta. The mean times for each chamber 
were 14:28±3:47 min for RA, 15:41±2:47 min for LA, 17:11±5:42 
min for RV, 15:14±2:57 min for LV and 17:49±2:45 min for the aorta. 
The mean average surface mismatch were 1.90±1.51 mm for the RA, 
2.12±1.7 mm for LA, 1.95±1.58 mm for RV, 1.95±1,67 mm for LV 
and 1.83±2.14 mm for the aorta. 

Figure 2: Example of 3D maps acquired remote-controlled with 3 
landmarks registration followed by surface map

Anatomical aorta maps acquired using the magnetic navigation system in the control room of the 
catheter lab (green) and via a remote online connection by a distantly located operator (pink) 
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surface area match for each of the five chambers. Figure 5. demonstrates 
the comparison of the composite endpoints for each chamber mapped 
by the two operators.

In addition, the two different computer setups that the remote 
operator used did not make a significant difference in the composite 
endpoint for the low-performance PC (M=54.35, SD=5.87) and for 
the high-performance PC (M=57.14, SD=3.71) conditions; t (-.896), 
p=0.396. These results suggest that the quality of the acquired maps 
was similar for both computer specifications. 

Discussion
We report on our telerobotic interventional project imitating the 3D 

mapping typically performed during invasive EP procedures. Using a 
3D phantom, 2 different operators mapped from either the control 
room or from a distant location all cardiac chambers. There was no 
significant difference between the mapping time, the 3D volume of 
the maps or average surface match, both for the individual parameters 
or the composite endpoint. In addition, the performance of the 2 
different computer setups for the distantly located operator did not 
make a significant difference. However, the key for a successful remote 
mapping session is the speed and stability of the internet connection. 
Importantly, there were no interruptions of the connection in all 
mapping sessions, with similar session times compared to conventional 
EP procedures. 

Our aim was to demonstrate the feasibility of telerobotic procedures 
in the EP setting and to compare the mapping performance of 2 
operators, one located locally in the EP catheter lab control room 
and the second ~1200 km away connecting online. In this pilot-
study, the results showed the non-inferiority of map quality for the 
remote operator as compared to the one on-site. This provides initial 
evidence that a distant operator can safely manipulate a magnetic 
EP catheter. The ability to provide expert remote support to on-site 

Comparing overall results, mapping time and completeness when 
performed by the distant operator was not inferior to the local operator 
and both did not require any additional radiation exposure during the 
mapping process. Table 1 demonstrates the mean parameters for each 
chamber, respectively. Figure 3 demonstrates the comparison for the 
mean parameters between the two operators. 

The distant operator used two different computer setups for the 
mapping sessions: one low performance for the first 15 maps and 
another high performance for the latter 15 maps. However, the 
performance of the two different computer setups did not make a 
significant difference in the composite endpoint (Figure 4). 

In addition, there was no interruption of the mapping process for 
both operators in all the sessions. The overall session times exceeded 3 
hours, which was similar to real EP procedures. Average uploads and 
download speed varied between 40 – 450 megabits per second and 
above 10 megabits per second, respectively (measurement lab report).

Composite endpoint of map quality
There was not a significant difference in the scores for the composite 

endpoint of the local operator (M=61.72, SD= 3.562) and of the distant 
operator (M= 61.02, SD= 7.095) conditions; t (0.196), p= 0.850. These 
results suggest that the quality of the acquired maps between the two 
operators was as good when the mapping was either performed locally, 
with the operator on site, or when it was performed remotely, with the 
operator located more than 1200 km away controlling the RMN system 
via a stable internet connection. 

Thus, distant mapping did not significantly differ compared to local 
remote mapping in terms of duration, total volume mapped and average 

Figure 3: Comparison of maps acquired locally (green) or distantly (pink) 
for RA, LA, RV, LV and aorta

Mean parameters for each chamber mapped by each operator. Green= local operator; LA= left 
atrium; LV= left ventricle; Pink= remote operator; RA= right atrium; RV= right ventricle.

Figure 4: Bar graphs for volume, mapping time, and surface match for 
both operators for all chambers

Composite endpoint (surface match, volume, time) for the remote operator on a scale from 0 to 
100%. There was no significant statistical difference between the low and high-performance PC. 
LA= left atrium; LV= left ventricle; RA= right atrium; RV= right ventricle.
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of ablations and in vivo studies are needed to establish the role of 
telerobotic interventions in the usual practice of physicians around 
the world. 

Limitation
There was no proper assessment of the latency as the EP systems 

did not provide any direct assessment for this. Latency of the internet 
connection varied between 14 and 85 ms when tested. This study only 
looked at the mapping and diagnostics, whilst the therapeutic effect 
should be further assessed in other models.

Conclusion
A distant operator located more than 1200 km away from the 

magnetic navigation lab connected online is able to perform 3D 
electro anatomical maps of all cardiac chambers of a phantom with 
equal accuracy and procedure parameters as compared to an operator 
located in the control room. These results support the feasibility of truly 
remote-controlled procedures which would allow an expert operator 
to actively support a local team in EP interventions. However, in this 
study only mapping was assessed, whilst the therapeutic effect should 
be further assessed in a similar model or animal models.
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