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Abstract

Background: Three-dimensional (3D) mapping of the left atrium (LA) using multipolar
high-density (HD) catheters plays a central role in contemporary LA ablation procedures,
as accurate and efficient acquisition of anatomical and electrophysiological information is
essential. This study benchmarks workflow efficiency during acquisition of a predefined
complete HD LA map across four widely used multipolar HD catheter designs. The analysis
focuses on efficiency metrics and does not aim to assess mapping quality, arrhythmia
interpretation accuracy, or clinical outcomes. Methods: We analyzed 182 consecutive
patients from an ongoing cohort undergoing LA procedures, including pulmonary vein
isolation and complex LA ablations, using 3D mapping in accordance with current guideline
recommendations. Four multipolar HD catheters were applied according to the respective
3D mapping systems: a basket catheter (Orion, Rhythmia), a grid catheter (HD Grid, EnSite
X), a penta-spline catheter (PentaRay, Carto 3), and an octa-spline catheter (OctaRay, Carto
3). For each procedure, the time required for acquisition of a complete 3D LA map and
the number of acquired points were systematically recorded. LA HD mapping speed
was calculated by relating LA volume to the time required for complete map acquisition.
Results: The study population had a mean age of 69 years, with a median CHA2DS2-
VASc score of 3, indicating a cohort with a moderate thromboembolic risk profile. The
median LA volume index (LAVI) was 34 mL/m2. Patients were distributed across four
HD catheter groups, comprising 44 patients in the basket group, 29 in the grid group,
23 in the penta-spline group, and 86 in the octa-spline group. LA mapping speed differed
significantly among the groups, with values of 3 mL/min in the basket group, 2.5 mL/min
in the grid group, 3.1 mL/min in the penta-spline group, and the highest mapping speed
observed in the octa-spline group at 5.9 mL/min. Conclusions: The octa-spline catheter
was associated with a significantly higher LA mapping speed compared with other widely
used HD catheters.
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1. Introduction
Left atrial (LA) ablations are the cornerstone of interventional therapy in the man-

agement of atrial fibrillation (AF) and complex atrial tachycardias (AT). With increasing
complexity of the procedure, multipolar high-density mapping catheters (HDMCs) play a
central role, as gaining anatomical, bipolar and activation data during short amounts of
time becomes indispensable.

Bipolar data have been proven to be of crucial importance, as they serve useful for
the guidance of ablation in patients with persistent AF with improved outcomes in a
pulmonary vein isolation (PVI) together with a tailored ablation strategy directed at atrial
low-voltage regions, as demonstrated by the ERASE-AF trial [1]. Further strategies in
ablation of AF/AT such as the addition of vein of Marshall ethanol infusion to PVI [2]
and ablation of deceleration zones after isochronal late activation mapping [3] also imply
multiple LA maps, increasing LA dwell and procedure time – important predictors of
cerebral lesions [4].

Furthermore, the use of HDMCs in patients with paroxysmal or persistent AF undergo-
ing PVI using a 3D mapping system is an elegant alternative for creating anatomical maps
for point-by-point mapping with the ablation catheter accompanied by the angiography of
the pulmonary veins for defining the ostia. Also, HDMCs improve the detection of gaps
during a “de novo” PVI as compared to circular mapping catheters [5].

With increasing availability of HDMCs, there is a clear clinical need for the rapid
acquisition of high-density LA 3D maps.

While electroanatomic mapping primarily serves accurate substrate characterization
and, when applicable, robust interpretation of AT mechanisms, modern LA ablation work-
flows frequently require repeated mapping and remapping. In this setting, workflow
efficiency—i.e., the time and signal acquisition required to obtain a predefined complete
LA map—represents a relevant and measurable technology performance dimension. There-
fore, we benchmarked four widely used multipolar HD catheter designs with respect to
efficiency metrics during acquisition of a standardized complete LA map: a basket catheter
(Orion, Rhythmia), a grid catheter (Advisor HD Grid, EnSite X) and two multi-spline
catheters—a penta-spline catheter (Pentaray, Carto3) and an octa-spline catheter (OctaRay,
Carto3)—see Figure 1.

A. Basket catheter 

 

 

 
B. Grid catheter  

Figure 1. Cont.
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C. Penta-spline catheter 

 
D. Octa-spline catheter 

 

Figure 1. Overview of high-density mapping catheters and representative left atrial maps.

In this context, the proposed metric should be understood as an operational measure
of workflow efficiency rather than as a surrogate for mapping quality or clinical benefit.

2. Materials and Methods
2.1. Ethical Approval

The study protocol received approval from the local ethics committee of Heinrich
Heine University Düsseldorf (Study Number 2019-555_4) and was conducted in accordance
with the principles outlined in the Declaration of Helsinki. Prior to inclusion in the study,
all participants provided written informed consent after receiving detailed information
about the nature and purpose of the investigation.

2.2. Patient Population

We retrospectively studied consecutive patients undergoing left atrial procedures at
our institution from June 2022 until May 2023 using a 3D mapping system. Patients with
paroxysmal atrial fibrillation (AF), persistent AF and atrial tachycardia (AT) refractory to
antiarrhythmic treatment (class I and III antiarrhythmics) were considered eligible if they
were older than 18 years of age and provided informed consent before inclusion. Patients
were excluded if they had a contraindication to oral anticoagulation, left atrial thrombus
on preprocedural transesophageal echocardiography (TEE) or valvular AF. The procedures
were indicated in accordance with the most recent guideline recommendations from the
European Society for Cardiology (ESC) [6]. With increasing availability of HDMCs there is
a clear clinical need for the rapid acquisition of high-density LA 3D maps.

The primary endpoint of the study was the mapping speed of the HDMCs, defined as
the LA volume measured by echocardiography divided by the time needed to create the
complete LA map. The secondary endpoint was the overall procedure duration, fluoroscopy
time and fluoroscopy dose.

Comorbidities, medications, and epidemiological data were recorded and analyzed.

2.3. Procedural Details

All ablation procedures were conducted under intravenous sedation. Sedative man-
agement consisted of midazolam and propofol, with additional piritramide administered
when necessary. Throughout the procedure, continuous monitoring of heart rate, oxygen
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saturation, and non-invasive blood pressure was performed in accordance with institutional
standards. For the ablation procedures we used the US4ABL workflow [7]. TEE was rou-
tinely used to exclude LA thrombus and to support transseptal puncture. Femoral vascular
access was guided by ultrasound (US). After completion of the procedure, transthoracic
echocardiography (TTE) was performed to rule out pericardial effusion, in accordance with
our previously established protocol.

Oral anticoagulation was managed according to a minimally interrupted strategy.
Anticoagulant therapy was withheld on the evening prior to the procedure and routinely
resumed on the evening following the intervention after exclusion of pericardial effusion
by echocardiographic assessment. This approach was chosen to balance procedural safety
with the need to minimize thromboembolic risk during the periprocedural period [8].

All procedures were performed by two experienced electrophysiologists, each of
whom had performed more than 1000 ablation procedures using each respective 3D map-
ping system prior to the study period. The predefined procedural endpoints were de-
termined by the specific type of LA intervention performed and were adapted to the
underlying arrhythmia substrate and procedural objective:

(1) In procedures performed for pulmonary vein isolation (PVI), a wide-area circumfer-
ential ablation strategy was applied around the pulmonary vein (PV) antra using an
ablation index-guided approach. Lesion delivery was guided by predefined ablation
index targets to ensure consistent lesion quality and transmurality. The procedural
endpoint of PVI was defined as complete electrical isolation of all PVs, confirmed
by the absence of PV signals recorded using either a circular mapping catheter or a
HDMC following completion of the ablation.

(2) In procedures performed for LA tachycardias, detailed electroanatomical mapping
was carried out using a HDMC to delineate the underlying arrhythmia mechanism
and critical conduction pathways. Based on the individual activation and voltage
characteristics identified during mapping, lesion sets were selected at the operator’s
discretion and tailored to the specific tachycardia substrate. The procedural endpoint
was defined as non-inducibility of the clinical AT following completion of the ablation.
All deployed linear lesion sets were systematically evaluated for bidirectional conduc-
tion block to confirm their electrophysiological effectiveness. All AT cases included in
this study were macroreentrant; no focal AT was included.

We used four HDMCs, which could be grouped into three categories, according to
their designs:

- A 64-electrode basket catheter: Orion, in combination with the Rhythmia 3D mapping
system (Figure 1A);

- A 16-electrode grid catheter: Advisory HD Grid, in combination with the En Site X 3D
mapping system (Figure 1B);

- Two multi-spline catheters: 22-electrode penta-spline (Pentaray) and 48-electrode octa-
spline (Octaray), in combination with the CARTO3 3D mapping system (Figure 1C
and 1D, respectively).

Catheter use followed a stable institutional workflow throughout the study period
and was not selectively adapted to specific case types.

2.4. Assessment of the Mapping Speed

We defined the mapping speed as the LA volume divided by the time needed to create
the complete LA map:

Mapping speed =
Left atrial volume [mL]

Mapping time [min]
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After the transseptal puncture with a steerable sheath (Agilis NxT, Abbott), the HDMC
was introduced in the LA and a complete LA map (bipolar map and activation map)
was created using the HDMC and the steerable sheath by thoroughly covering every
segment of the LA (posterior wall, pulmonary veins, inferior wall, lateral wall, anterior
wall and septum), ensuring the best possible contact. Importantly, mapping was not
restricted to pulmonary vein anatomy, even in procedures performed for PVI, but aimed
at comprehensive LA coverage in all cases. The falsely annotated electrograms (EGMs)
were eliminated.

A complete LA map was defined by systematic anatomical coverage of all predefined
LA segments rather than by a predefined minimum number of acquired EGMs. Mapping
was continued until all segments were adequately represented and no relevant anatomical
gaps were present. Platform-specific mapping algorithms and fill thresholds were applied
according to the recommended settings of each 3D mapping system. Because EGM/point
counting depends on platform-specific acquisition and annotation settings, absolute EGM
counts were reported descriptively, whereas between-group comparisons focused on EGM
acquisition speed and volume-normalized LA mapping speed. During AT, activation maps
were considered complete when a stable and interpretable activation pattern covering
the entire LA was achieved. Mapping was performed in sinus rhythm (including after
cardioversion in patients with persistent AF) or during AT, reflecting the standardized
mapping conditions used for workflow benchmarking in this cohort.

Mapping was performed under deep sedation, which was routinely achieved due to
TEE conducted prior to LA mapping. Procedural interruptions due to sedation instability
were therefore uncommon. In cases where AT degenerated into AF during mapping,
electrical cardioversion was performed and LA mapping was subsequently repeated. In
these cases, mapping time was defined as the uninterrupted mapping period required to
acquire a complete LA map after rhythm stabilization. Repeated catheter repositioning to
ensure optimal contact and complete LA coverage was considered an integral part of the
mapping process and was included in the recorded mapping time.

Furthermore, the LA volume was assessed during the postprocedural TTE (for effusion
rule-out) using a Vivid T8 machine (GE Healthcare, Chicago, IL, USA) according to the
guidelines of the American Society of Echocardiography [9]. The bi-plane method of disks
(modified Simpson’s rule; apical four-chamber and two-chamber views) was employed to
calculate the LA volumes.

2.5. Statistics

Statistical analyses were performed using SPSS version 28 (SPSS Inc., Chicago, IL,
USA) and Prism 10. Continuous data are presented as mean ± standard deviation or as
the median with interquartile range (IQR), whereas categorical variables are reported as
absolute numbers and percentages. Data distribution was evaluated using the Shapiro–
Wilk test. Comparisons of continuous variables were conducted using the Mann–Whitney
U test. Relationships between categorical or discrete variables were analyzed using the
Pearson χ2 test or Fisher’s exact test, as appropriate.

3. Results
A total of 182 consecutive patients were included in the final analysis. The baseline de-

mographic and clinical characteristics of the study cohort are provided in Table 1, allowing
for a comprehensive overview of patient profiles across the different catheter groups.
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Table 1. Baseline characteristics.

All Patients
n = 182

Basket
n = 44

Grid
n = 29

Penta-Spline
n = 23

Octa-Spline
n = 86

p Value

Age, years 69 (62–77) 68 (60–77) 70 (63–77) 70 (65–79) 69 (61–77) 0.70

Male gender
—n (%) 98 (54) 22 (50) 16 (55) 8 (35) 38 (44) 0.47

BMI—kg/m2 (IQR) 27 (25–32) 29 (25–34) 27 (25–30) 27 (24–32) 27 (25–32) 0.62

CHA2DS2-VASc
score (IQR) 3 (2–4) 3 (2–4) 3 (2–4) 3 (2–4) 3 (2–4) 0.97

Hypertension
—n (%) 127 (70) 29 (66) 17 (59) 19 (82) 62 (72) 0.26

Diabetes
mellitus—n (%) 18 (10) 6 (14) 2 (7) 1 (4) 9 (10) 0.61

History of
stroke—n (%) 18 (10) 6 (14) 3 (10) 1 (4) 8 (9) 0.67

History of MI
—n (%) 18 (10) 3 (7) 3 (10) 3 (13) 9 (10) 0.86

Heart failure
—n (%) 52 (28) 12 (27) 9 (31) 8 (35) 23 (27) 0.87

OSA—n (%) 27 (15) 7 (16) 3 (10) 5 (22) 12 (14) 0.70

Echocardiography

LA volume—ml
(IQR) 68 (46–91) 71 (49–97) 63 (43–97) 58 (40–81) 75 (47–95) 0.26

LAVI—ml/m2

(IQR)
34 (24–46) 35 (27–46) 32 (23–46) 30 (21–39) 37 (25–48) 0.26

LV EF—% (IQR) 59 (56–62) 59 (56–62) 58 (55–62) 61 (58–63) 59 (56–62) 0.29

Type of arrhythmia

Paroxysmal AF 91 (50) 17 (39) 18 (62) 12 (52) 44 (51) 0.25

Persistent AF 70 (38) 22 (50) 9 (31) 7 (30) 32 (37) 0.28

Atrial tachycardia 22 (12) 5 (11) 2 (7) 5 (21) 10 (12) 0.42
IQR interquartile range, BMI body mass index, MI myocardial infarction, AF atrial fibrillation, LV left ventricle, LA
left atrium, OSA obstructive sleep apnea, LAVI left atrial volume index, and LV EF left ventricular ejection fraction.

The study population had a mean age of 69 years, reflecting an elderly cohort with
relevant comorbidity burden. The median CHA2DS2-VASc score was 3, indicating a high
thromboembolic risk, and the median LA volume index (LAVI) measured 34 mL/m2.

The study cohort was stratified into four groups according to the type of HD catheter
used, with each group comprising a predefined number of patients based on the mapping
system and catheter design applied during the procedure: 44 (basket group), 29 (grid
group), 23 (penta-spline group) and 86 (octa-spline group), respectively. The baseline
characteristics did not differ among the four groups. Likewise, arrhythmia categories were
similarly distributed across groups, arguing against preferential use of specific catheter
types in fundamentally different clinical settings.

Procedural characteristics are summarized in Table 2. Overall procedure duration
differed significantly between the study groups, primarily driven by the shorter procedure
times observed in the octa-spline group compared with the grid group. In contrast, the
radiation dose area product did not show significant differences across the four groups.
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Table 2. Procedural characteristics.

Basket
n = 44

Grid
n = 29

Penta-Spline
n = 23

Octa-Spline
n = 86

p Value

Procedural duration—min (IQR) 138 (113–171) 146 (118–172) 132 (110–172) 123 (106–151) 0.02

Fluoroscopy time—min (IQR) 13 (8–17) 16 (11–22) 8 (7–10) 10 (7–14) <0.01

DAP—cGy*cm2 (IQR) 497 (330–771) 549 (370–778) 383 (270–600) 433 (302–677) 0.12
IQR interquartile range and DAP dose area product.

No major periprocedural complications were documented in the study cohort; minor
access-site events were not systematically recorded.

The map characteristics differed significantly among the groups (Table 3). The absolute
number of points (acquired EGMs) was the highest in the basket group (mean of 9133 EGMs)
and the mapping time was the highest in the octa-spline group (11 min). Absolute EGM
counts varied across systems, consistent with platform-specific acquisition and annotation
algorithms; therefore, comparative interpretation primarily relied on EGM acquisition
speed and volume-normalized mapping speed.

Table 3. Map characteristics.

Basket
n = 44

Grid
n = 29

Penta-Spline
n = 23

Octa-Spline
n = 86

p Value

Mapping system Rhythmia EnSite X Carto 3 Carto 3 N/A

Algorithms Version 5.0 Version 2.0.1
OT, absolute
dV/dt max

Version 7.2
TPI, maximum
density, point

filtering 5 mm, fill
threshold 5 mm

Version 7.2
TPI, maximum
density, point

filtering 5 mm, fill
threshold 5 mm

N/A

Acquired EGMs 9133
(6605–12,974)

3306
(2682–4351)

1923
(1158–2915)

5177
(3668–6700)

<0.001

Mapping
duration—min (IQR) 24 (20–30) 21 (18–25) 18 (17–23) 11 (10–14) <0.001

Mapping
speed—mL/min (IQR) 3 (2–3.97) 2.5 (1.8–4.4) 3.1 (2.3–4.1) 5.9 (4.3–8.4) <0.001

EGM acquisition
speed—points/min

(IQR)
390 (255–724) 144 (111–234) 91 (62–152) 472 (301–670) <0.001

OT omnipolar technology, TPI tissue proximity indicator, IQR interquartile range, EGM electrogram, and N/A
not applicable.

A significant difference in LA mapping speed was observed among the four HD catheter
groups. The octa-spline catheter achieved the highest mapping speed, with a median value of
5.9 mL/min, indicating substantially faster acquisition of complete LA maps compared with
the other catheter designs. In contrast, mapping speed was markedly lower in the penta-spline
group, with a median of 3.1 mL/min, and was comparable in the basket group and the grid
group, with median values of 3 mL/min and 2.5 mL/min, respectively.

Pairwise statistical analyses confirmed that LA mapping speed obtained with the
octa-spline catheter was significantly higher than that achieved with each of the other HD
catheters investigated in this study. No statistically significant differences in mapping
speed were detected between the penta-spline, basket, and grid catheter groups, suggesting
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broadly comparable performance among these three designs with respect to this parameter.
These findings are illustrated in Figure 2.

Figure 2. Left atrial mapping speed of the four high-density mapping catheters.

Furthermore, the speed of the EGM acquisition also differed significantly among the
four groups, with the highest values for the octa-spline and basket catheters (median of 472
and 389 points/mL, respectively), as shown in Figure 3.

Figure 3. Acquisition speed of electrograms of the four high-density mapping catheters.
EGM electrogram.

4. Discussion
Our findings should be interpreted as a real-world benchmark of workflow efficiency

during acquisition of a predefined complete HD LA map using contemporary multipo-
lar catheter designs. We intentionally focused on efficiency metrics rather than clinical
outcomes, because technology benchmarking requires an operationally defined and com-
parable mapping task across platforms. Accordingly, the results do not imply superiority
in arrhythmia interpretation or mapping quality but quantify differences in mapping
throughput within routine clinical workflows.

We compared four of the available and most used multipolar HDMCs (basket, grid,
penta-spline and octa-spline) in terms of mapping speed and EGM acquisition speed. We
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defined the mapping speed as the volume of the LA measured by TTE divided by the
number of minutes needed to create the complete LA map, and the EGM acquisition speed
as the number of EGMs (points) acquired per minute.

The clinical relevance of this metric lies primarily in procedural workflow rather
than in a proven direct impact on patient outcomes. In complex LA procedures requiring
repeated mapping and remapping, a higher volume-normalized mapping speed may
reduce mapping-related procedural burden; however, whether this translates into improved
safety or long-term clinical outcomes is beyond the scope of the present study.

The main findings are as follows: (1) the mapping speed was significantly higher for
the octa-spline catheter compared to each of the other catheters and (2) the EGM acquisition
speed was significantly higher for the basket and the octa-spline HDMCs.

Systematic benchmarking of HD mapping efficiency has only rarely been reported,
likely because mapping objectives and workflows differ substantially across clinical scenar-
ios. By operationalizing a standardized complete LA mapping task and using a volume-
normalized efficiency metric, our study enables a pragmatic real-world comparison across
contemporary catheter designs.

To the best of our knowledge, this is the first study to define a measure for the LA
mapping speed. Moreover, we systematically analyzed and compared the performance of
four different HDMCs using this new measure technique. The octa-spline catheter not only
proved to be the fastest catheter but also was as fast as the basket catheter in terms of EGM
acquisition speed.

The available studies in the literature report the number of points and the mapping
time with a wide variety of clinical questions, without considering the LA volume measured
by a standardized method such as TTE [10–13]. We believe that this is the main strength
of our study—the implementation of a new unit of measurement for the mapping speed
of HDMCs.

Moreover, our data (mapping time and number of EGMs) are in line with those of the
published studies: for instance, the number of points gathered with the octa-spline catheter
was roughly four times higher than the number of points gathered with the penta-spline
catheter, exactly as previously reported [14].

The ablation of persistent AF and post-PVI LA tachycardias requires complex lesion
sets and long procedure times, including mapping and remapping of both atria [1,2,15,16].
Therefore, maintaining an LA dwell time as low as possible to avoid thromboembolic
complications is essential [17], particularly in complex LA procedures requiring repeated
mapping. In this context, the octa-spline catheter demonstrated a significantly higher LA
mapping speed and EGM acquisition speed compared with the other investigated HDMCs,
indicating higher workflow efficiency under the conditions of the present study.

Outcome data were not part of the present analysis; therefore, no conclusions could
be drawn regarding potential effects on arrhythmia recurrence or other clinical outcomes.
Likewise, the present findings should not be interpreted as evidence of superior mapping
quality or overall procedural superiority.

Our study has several limitations. Although a standardized HDMC-based mapping
workflow was applied and LA mapping was not restricted to pulmonary vein anatomy,
it cannot be fully excluded that mapping performed in the context of PVI may, in routine
clinical practice, be less detailed than mapping performed for complex AT. This potential
difference in mapping behavior represents an inherent limitation of comparative studies
conducted in real-world settings. Secondly, the groups are unbalanced in terms of the
number of patients, and the larger size of the octa-spline group may theoretically have
increased operator familiarity with this catheter over time. However, all procedures were
performed by highly experienced operators familiar with all three 3D mapping systems,
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making a relevant influence of operator-dependent factors or learning curve effects unlikely.
Thirdly, the LA mapping was done under sinus rhythm or during AT, not under pacing
with a fixed cycle length. Mapping was performed in sinus rhythm to avoid the induction
of AF in patients with persistent AF who required cardioversion immediately prior to
mapping. Finally, this was a single-center study performed by two operators; although a
standardized workflow was applied throughout, external reproducibility across additional
centers and operators should be confirmed in future multicenter studies.

In addition, echocardiographic parameters derived from speckle tracking echocardio-
graphy, such as LA reservoir strain, were not included in the present analysis. Impairment
of LA reservoir strain has been shown to identify patients with AF at higher risk of LA
appendage dysfunction, spontaneous echocardiographic contrast, or thrombus forma-
tion [18,19]. Integration of speckle tracking echocardiography-derived parameters may
therefore provide complementary functional insights beyond anatomical mapping alone
and should be considered in future studies.

5. Conclusions
This study shows that the octa-spline catheter was associated with higher LA mapping

speed and higher EGM acquisition speed than the other investigated HDMCs. These
findings support the use of volume-normalized LA mapping speed as a pragmatic metric of
workflow efficiency during the acquisition of a complete LA map. Whether these efficiency
differences translate into improved procedural safety or clinical outcomes remains to be
determined in future prospective studies.
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