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Abstract

Background: Contrast enhanced cardiac computed tomography (CE-CT) provides useful 

substrate characterization in patients with ventricular tachycardia (VT).

Objective: To describe the association between endocardial electrogram measurements and 

myocardial characteristics on CE-CT, in particular the field of view of electrogram features.

Methods: Fifteen patients with post-infarct VT who underwent catheter ablation with pre-

procedural CE-CT were included. Electroanatomic maps were registered to CE-CT and 

myocardial attenuation surrounding each endocardial point was measured at radii of 5, 10, and 15 

mm. The association between endocardial voltage and attenuation was assessed using a multi-level 

random effects linear regression model, clustered by patient, with best model fit defined by highest 

log likelihood (LL).

Results: A total of 4,698 points were included. There was a significant association between 

bipolar and unipolar voltage with myocardial attenuation at all radii. For unipolar voltage, the best 

model fit was at an analysis radius of 15 mm regardless of mapping catheter used. For bipolar 

voltage, the best model fit was at an analysis radius of 15 mm for points acquired with a 

conventional ablation catheter. In contrast, the best model fit for points acquired with a multipolar 

mapping catheter was at an analysis radius of 5 mm.
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Conclusion: Myocardial attenuation on CE-CT indicates a smaller myocardial field of view of 

bipolar electrograms using multipolar catheters with smaller electrodes in comparison to standard 

ablation catheters despite similar inter-electrode spacing. Smaller electrodes may provide 

improved spatial resolution for definition of myocardial substrate for VT ablation.
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Introduction

Catheter ablation has been shown to reduce the risk of recurrent ventricular tachycardia 

(VT).1–4 In patients with monomorphic VT, the most common mechanism is reentry 

mediated by slow conduction through heterogeneous scar tissue.5–7

Prior studies have shown that scar identified by cardiac magnetic resonance imaging (cMRI) 

is associated with increased risk of ventricular arrhythmia as well as with areas of low 

voltage, fractionation, late potentials, and critical isthmus sites.8–12 The use of contrast 

enhanced computed tomography (CE-CT) for substrate characterization has also been 

explored.13–15 Characteristics including wall thinning, first-pass segmental perfusion, 

delayed enhancement, adipose tissue deposition, and wall motion abnormalities have also 

been shown to be associated with endocardial low voltage, presence of abnormal 

electrograms, and critical isthmus sites.10,16–18

In this study, we investigated the association between endocardial electrogram 

characteristics and myocardial attenuation on CE-CT in patients with post-infarct ventricular 

tachycardia (PI-VT). We further sought to characterize the myocardial field of view of 

endocardial voltage through a quantitative analysis of the myocardium surrounding each 

endocardial point.

Methods

Patient Selection

Patients with a history of PI-VT who underwent VT ablation at a single tertiary care center 

between 2010 and 2016 with pre-procedural CE-CT, for which raw data files were available 

to facilitate appropriate reconstruction, were considered eligible for this study. Patients were 

enrolled with a goal of including 5,000 points for analysis. The study protocol was approved 

by the Johns Hopkins Institutional Review Board.

Pre-Procedural Cardiac Imaging

CE-CT was acquired using a Toshiba Aquillion 320-slice MDCT scanner with the following 

parameters: prospective ECG gating (mid-diastole), bolus triggered based on descending 

aorta attenuation, FOV 200 mm, range 140 mm, gantry rotation 0.275 ms, tube voltage 100–

120 kV, tube current 310–700 mA, target HR 60 bpm. Contrast (Isovue-370 in 14, Visipaque 

in 1; 70–80 cc) was administered as (1) contrast injection (2) 50/50 contrast/saline injection 
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and (3) saline flush. Images were reconstructed using myocardium-optimized reconstruction 

kernels including beam hardening artifact correction (thickness 0.5 – 1 mm). The epicardium 

and endocardium were contoured using semi-automatic segmentation with the open source 

imaging segmentation software ITK-SNAP (http://www.itksnap.org).19 A surface mesh of 

the myocardium (“myocardial mesh”), the volume between the endocardial and epicardial 

contours, was generated (Figure 1). Artifact, defined as high attenuation (>500 HU) regions 

surrounding intracardiac leads or calcification as well as associated streaking/shadowing, 

was manually labeled.

Electroanatomic Mapping

Electroanatomic mapping (“EAM mesh”) of the LV was performed with CARTO 3 using 

either a PentaRay multipolar catheter or Thermocool ablation catheter (Biosense Webster, 

Diamond Bar, CA) and registered to a CT-derived LV mesh (“CARTO CT mesh”) using 

landmark followed by surface registration. The PentaRay catheter available at our institution 

has 1 mm electrode size with 4 electrodes per spline with inter-electrode spacing of 4 mm. 

Bipolar electrograms were recorded between adjacent electrodes with two bipoles per spline 

(e.g. 1,2 and 3,4). The Thermocool ablation catheter has a 3.5 mm tip electrode and a 2 mm 

proximal electrode with an inter-electrode spacing of 2 mm.

Bipolar and unipolar electrograms were filtered at 10 to 400 Hz and 1 to 240 Hz, 

respectively, and recorded as the difference between the highest and lowest deflections of a 

stable contact signal. Electrogram duration was manually measured from the onset to the 

end of electrogram deflections at 400 mm/s speed. In accepting the electrogram at each 

EAM point, we confirmed that ≥2 consecutive electrograms had the same morphology to 

avoid electrogram artifact due to poor catheter contact.

VT Substrate Identification and Catheter Ablation

Scar was delineated via bipolar voltage mapping (scar < 0.5 mV; border zone 0.5 mV – 1.5 

mV; normal >1.5 mV). Fractionated and isolated potentials within and at the periphery of 

scar were tagged. For hemodynamically stable VT, sites were interrogated using entrainment 

techniques to assess participation in VT circuits. For hemodynamically unstable VT, pace 

mapping was utilized from sites with abnormal electrograms to estimate the participation of 

such sites in VT circuits. Sites that were demonstrated to participate in VT circuits were 

ablated using an irrigated RF catheter (Thermocool, Biosense Webster) with up to 50 Watts 

for 60 seconds per lesion or until lack of capture at 10 mA. Additional ablation lesions were 

delivered to sites of abnormal electrograms at operator discretion.

Registration of CT and Electroanatomic Map

The myocardial mesh, EAM mesh, and CARTO CT mesh were loaded to Slicer3D (http://

www.slicer.org), an open-source medical image informatics software, for registration.20 

Using the registration matrix generated in CARTO3, the CARTO CT mesh was registered to 

the EAM mesh and both subsequently registered to the myocardial mesh (Figure 1). A 

transformation matrix based on this registration was then derived for conversion of CARTO 

point coordinates into CT coordinates. The surface registration error was calculated by 
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measuring the distance between the mapped EAM surface and the myocardial mesh using 

MATLAB (MathWorks, Natick, Massachusetts).

Using Fiji (http://www.imagej.net/Fiji), the myocardium was isolated from the CE-CT by 

using a layer mask derived from the myocardial mesh (Figure 1). 24 Text files containing the 

voxel coordinates, attenuation, and labels were generated. The average attenuation of all 

voxels within a radius (5 mm, 10 mm, 15 mm in the X, Y, Z axis) of the nearest myocardial 

point to the EAM point was measured using MATLAB (Figure 1).21 Calcification or lead 

artifact related high-attenuation signals are expected to have a reverse association with 

electrogram characteristics in comparison to other areas of myocardium. Since this analysis 

used a linear framework, EAM points that were in these areas of myocardium were 

excluded.

Statistical Analysis

Statistical analysis was performed using STATA version 12 (StataCorp, College Station, 

Texas). Multi-level random effects linear regression models, clustered by patient, were used 

to characterize the correlation between myocardial attenuation, endocardial bipolar voltage, 

unipolar voltage, and electrogram duration. Voltage was log transformed to adjust for skew. 

The adjusted model included the gender, body mass index (BMI), and ejection fraction (EF) 

consistent with prior studies. Gender was included due to associated variation in myocardial 

mass. BMI was included due to the potential impact of increased extra-cardiac tissue on 

attenuation despite adjustments to mitigate those differences. EF was included as differences 

in the degree of cardiomyopathy may have several potential impacts on cardiac CT. The best 

model fit was defined as the analysis radius at which the log likelihood (LL) was greatest.

Results

Baseline Characteristics

Fifteen patients were included in this study (Table 1). Fourteen patients had an ICD (single 

chamber: 4; dual chamber: 6, CRT-D: 4). Fourteen patients were mapped in sinus rhythm; 

one pacemaker-dependent patient was mapped in ventricular paced rhythm. Eleven patients 

were undergoing initial ablation. One patient was non-inducible for VT at baseline and 

underwent substrate modification. Four patients did not have post-ablation testing due to 

procedural duration. Among the remaining patients, six were non-inducible for any VT post-

ablation and three were non-inducible for the clinical VT (defined by the operator based on 

12-lead morphology or intracardiac morphology/cycle length). One remained inducible for 

the clinical VT. There were no major complications.

Electroanatomic Mapping and CE-CT Imaging

A total of 5,094 points were acquired during baseline rhythm that met electrogram stability 

criteria. Of these points, 7.8% were excluded due to artifact leaving 4,698 electrograms 

(82% PentaRay, 18% Thermocool). The median surface registration error was 3.6 mm 

(interquartile range 1.8 mm – 6.9 mm). Of the analyzed points, 36% were consistent with 

dense scar, 33% with border zone, and 31% with normal tissue (Figure 2). A prolongation in 
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the EGM duration was observed across tissue types in both catheter groups (p < 0.001 for 

between group differences, Table 2).

The average myocardial volume affected by artifact was 9% (2% – 21%), excluding the 

patient without an ICD. Regions of myocardium impacted by artifact varied depending on 

insertion site of the right ventricular lead (mid-septal, distal septal, or distal RV free wall) 

and presence of coronary sinus lead (basal lateral LV).

Association of Endocardial Voltage to Local Myocardial Attenuation: Pooled Analysis with 
both Catheter Types

In unadjusted analysis, there was an association between unipolar voltage and myocardial 

attenuation at all analysis radii (5, 10, and 15 mm; Table 3). There was also an association 

between bipolar voltage and myocardial attenuation at analysis radii of 10 mm and 15 mm. 

The best model fit was at a radius of 15 mm for both bipolar and unipolar voltage (LL — 

3273.89 and −7265.74 respectively). In the adjusted model, there was an association 

between both bipolar and unipolar voltage with myocardial attenuation at all analysis radii. 

In this model, the best model fit was at a radius of 15 mm both for bipolar and unipolar 

voltage (LL −2024.38 and 4286.47respectively).

Association of Endocardial Voltage to Local Myocardial Attenuation: Stratified Analysis by 
Catheter Type

For points obtained using a Thermocool ablation catheter, there was a significant association 

between bipolar voltage and myocardial attenuation at all analysis radii (5, 10, and 15 mm; 

Table 3). As shown in Table 3, the best model fit was at an analysis radius of 15 mm (LL 

−1025.31). Similarly, there was a significant association between unipolar voltage and 

myocardial attenuation at all analysis radii. The best model fit was also at 15 mm (LL - 

599.17).

When restricting analysis to points obtained using a PentaRay catheter, there was a 

significant association between bipolar voltage and myocardial attenuation at all analysis 

radii (5, 10, and 15 mm; Table 3). In contrast to the above described results associated with 

the ablation catheter, the best model fit was at an analysis radius of 5 mm (LL −3197.54). 

Significant associations between unipolar voltage and myocardial attenuation were also seen 

at all analysis radii. However, the best model fit was at an analysis radius of 15 mm (LL 

−1385.54) as shown in Table 3.

Correlation of Electrogram Duration to Local Myocardial Attenuation

There was an association between EGM duration and myocardial attenuation at an analysis 

radius of 5mm in the unadjusted analysis that was lost in the adjusted analysis; no 

association was observed at analysis radii of 10 mm or 15 mm (Table 4). When restricting 

analysis in the adjusted model to the 3,235 points consistent with border zone and dense 

scar, however, there was an association between EGM duration and myocardial attenuation 

at all measured radii with best model fit at an analysis radius of 15 mm (LL −8844.21). In 

the stratified analysis by catheter, this relationship held true for points obtained using a 

PentaRay catheter with the best model fit at an analysis radius of 15 mm (LL −6699.20). For 
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points obtained with a Thermocool catheter, there was no association between electrogram 

duration and myocardial attenuation at any radius.

Discussion

In this study of patients with ischemic cardiomyopathy undergoing catheter ablation of 

ventricular tachycardia, there was an association between endocardial electrogram 

characteristics and CT-derived myocardial attenuation (Figure 3). While unipolar voltage 

was associated with the largest field of view regardless of catheter type, bipolar voltage was 

associated with a smaller field of view when acquired with a multipolar catheter with 

smaller electrodes than with an ablation catheter with larger electrodes. To our knowledge, 

this study is the first analysis describing the myocardial “field of view” of endocardial 

voltage measurements acquired with conventional mapping catheters.

These findings are consistent with prior studies showing an association between endocardial 

electrogram characteristics and myocardial attenuation. In a study using 64-slice MDCT, 

Tian et al showed that myocardial segments containing areas of hypoperfusion, as identified 

on visual review, correlated well with areas of low voltage.16 We and others have previously 

shown that myocardial attenuation, also assessed using a segmental model, was directly 

correlated to bipolar and unipolar voltage.10,18

In the present study, we found that the bipolar voltage was associated with a smaller field of 

view when using a multi-electrode catheter with bipoles consisting of 1 mm electrodes 

separated by 4 mm in comparison to an ablation catheter with a bipole consisting of a tip 3.5 

mm electrode and proximal 2 mm electrode separated by 3.5 mm (Figure 4). That the center-

to-center interelectrode spacing between these catheters is similar suggests that other factors 

contribute to difference in the field of view observed. Both smaller electrode size and the 

angle of incidence of the bipole with the myocardium can affect the underlying tissue 

diameter and therefore the overall field of view of the bipolar electrogram, though the 

relative impact is unclear.22–24 Of note, while areas of hypoattenuation reflecting scar can be 

visually defined on CE-CT, the differences between catheter type identified in this study 

were defined through quantitative analysis of myocardial attenuation and may not be 

discernible on visual analysis by an interpreting physician.

Prior studies have described the improved resolution of electroanatomic maps generated 

with catheters that have smaller electrodes and inter-electrode spacing, allowing 

identification of channels of viable myocardium in areas of dense scar that may support 

reentrant arrhythmia.22,25 In addition to electrode size and spacing, factors such as the 

activation wavefront can affect the local electrogram.22–24 In normal myocardium, the 

bipolar electrogram can be affected by the direction of the activation wavefront relative to 

the orientation of the bipole as well as the local fiber orientation. These wavefront-

dependent differences in electrogram amplitude and morphology are likely accentuated in 

diseased myocardium where viable myocardial fibers are interspersed within fibrotic tissue 

leading to more complex impulse propagation dependent on the direction of activation. In 

this study, a single activation wavefront was mapped in each patient. However, Tung et al 

found that the wavefront-dependent variation in endocardial voltage may be more significant 
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in patients with greater scar heterogeneity or non-ischemic cardiomyopathy. Therefore 

variations related to activation wavefront may have less effect in the cohort of patients 

included in the present study.26

Additionally, since the bipolar angle for mapping changes at random, there is no reason to 

suspect geographically differential bias in voltage assessment in the type of analysis 

performed in this study. Nonetheless, sensitivity analysis by adding rhythm during mapping 

to the multivariable model revealed no significant changes to the model results or fit.

Interestingly, the association between electrogram duration and attenuation was limited to 

electrograms obtained using a PentaRay catheter in regions of dense scar and border zone. 

This finding may reflect the impact of non-uniform conduction in heterogeneous, diseased 

tissue in this region as well as the effect of electrode size and bipole orientation relative to 

the myocardium. Overall, the findings of our study further demonstrate that smaller bipole 

configurations provide a smaller myocardial field of view, in this case reflecting the 

structural characteristics of a smaller region of myocardium as assessed by cardiac CT.

Cardiac CT does offer some potential advantages in comparison to cMRI for substrate 

characterization including greater accessibility, excellent spatial resolution, and unique 

substrate definition opportunities such as simplified delineation of adipose tissue from 

myocardial fibrosis. That the field of view of endocardial bipolar voltage varies as expected 

with bipole configuration suggests that cardiac CT has sufficient resolution such that 

quantitative analysis of myocardial attenuation may offer additional information that could 

aide in catheter ablation and should be investigated further.

Limitations

There are several limitations that are important to consider. First, various forms of artifact 

may impact the attenuation, despite mitigation with using reconstruction kernels that 

included artifact correction. Second, registration error could affect attenuation measurement 

around each point. However, the smallest radius analyzed was 5 mm whereas the median 

registration error was 3.6 mm. Third, measurements of endocardial electrograms can be 

falsely low due to poor catheter contact, which we mitigated with strict electrogram 

inclusion criteria. Further, endocardial mapping was performed using one catheter in each 

enrolled patient. While no selection bias was noted regarding catheter selection, it is possible 

this could introduce unknown confounding factors when making comparisons between the 

catheters themselves. Additionally, we did not analyze unfiltered unipolar signals. Future 

prospective studies that compare cardiac CT images to the entire frequency spectrum for 

unipolar signals as well as comparison to endocardial mapping with different catheter types 

in the same patient would be of considerable interest. Finally, the use of AADs may effect 

the measured endocardial voltage; as most patients were on AADs, it is unclear what affect, 

if any, this factor would have on the overall associations of voltage and attenuation.

Conclusion

Myocardial attenuation on CE-CT is associated with endocardial bipolar and unipolar 

voltage measurements. For bipolar voltage measurements, a multi-electrode mapping 
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catheter with smaller electrode size was associated with a 5 mm field of view in comparison 

to a 15 mm field of view for a standard ablation catheter with larger electrodes despite 

similar interelectrode spacing. Use of electrode mapping catheters with smaller electrodes 

may provide better definition of myocardial substrate for VT ablation.
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Figure 1: Registration of CE-CT to Electroanatomic Map and Field of View Analysis
Panel A: CE-CT Segmentation with isolation of ICD lead artifact for exclusion in 

subsequent analysis and generation of myocardial mesh. Left image shows CE-CT, middle 

image shows representative segmentation (green = artifact, red = myocardium, yellow = 

blood pool), and right image shows resulting myocardial model registered to the 

electroanatomic map (yellow dots indicate mapping points). Panel B: Representative image 

showing co-registered EAM points on CE-CT with different analysis radii (red lines) and 

associated electrograms.
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Figure 2: Distribution of Myocardial Attenuation in Scar, Border Zone, and Normal Tissue by 
Catheter Type
Violin plots showing distribution of myocardial attenuation (HU; y-axis) is show by tissue 

type (scar, border zone, normal as defined by endocardial bipolar voltage) and grouped by 

catheter type.
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Figure 3: Examples of Myocardial Characteristics on CE-CT at Scar, Border Zone, and Normal 
Myocardium
Examples of myocardial characteristics on CE-CT at scar, border zone, and normal 

myocardium (left to right) as defined by endocardial voltage. (Panel A) Patient in whom 

mapping was performed with a Thermocool ablation catheter. (Panel B) Patient in whom 

mapping was performed using a PentaRay. Red box highlights location of electroanatomic 

mapping point and the associated attenuation at an analysis radius of 5 mm is shown on each 

image.

Misra et al. Page 12

Heart Rhythm. Author manuscript; available in PMC 2021 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Optimal Field of View of Endocardial Bipolar Voltage Based on the Catheter Type and 
Associated Electrode Configuration
(A) Schematic of electrode configurations of catheters used during endocardial substrate 

mapping with associated optimal field of view (hemisphere) based on association with local 

myocardial attenuation. (B) Electroanatomic mapping showing PentaRay catheter (left) and 

Thermocool catheter (right) with the endocardial surface area associated with 5 mm and 15 

mm field of view respectively.
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Table 1:

Baseline Characteristics

All Patients PentaRay Group
3

Thermocool Group
3

Number 15 7 8

Age (years)
1 60 (50–70) 70 (59–74) 54 (46–63)

Gender (n)
2

 Male 11 (73%) 5 (71%) 6 (75%)

 Female 4 (27%) 2 (29%) 2 (25%)

Ejection Fraction (%)
1 32.5% (17.5–42.5%) 32.5 (12.5–42.5) 22.5 (17.5–47.5)

Anti-arrhythmic Use (n)
2 14 (93%) 7 (100%) 7 (88%)

 Class I 4 (27%) 3 (42%) 1 (13%)

 Class III 12 (80%) 5 (71%) 7 (88%)

VT inducible at baseline (%)
2 14 (93%) 6 (86%) 8 (100%)

Clinical VT non-inducible post-ablation (%)
2,4 9 (64%) 4 (67%) 5 (63%)

Total Points Acquired
1 151 (84–364) 364 (283 – 579) 88 (56–102)

1
Continuous variables are reported as median (interquartile range)

2
Categorical variables are reported with absolute values and percentages.

3
Catheter groups are based on the primary catheter used for substrate mapping prior to ablation.

4
One patient non-inducible at baseline, 4 patients not tested post ablation (2 Thermocool, 2 PentaRay).
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Table 2:

Electrogram Characteristics within Scar, Border Zone, and Normal Myocardium

Dense Scar Border Zone Normal Myocardium

Thermocool

 Bipolar Voltage (mV) 0.30 (0.04 – 0.498) 0.93 (0.501 – 1.49) 3.6 (1.5 – 14.8)

 Unipolar Voltage (mV) 3.09 (0.93 – 7.63) 4.5 mV (1.18 – 11.3) 8.2 (2.6 – 23.5)

 EGM Duration (ms) 146 (64–232) 137 (74–235) 118 (48–231)

PentaRay

 Bipolar Voltage (mV) 0.27 (0.036 – 0.498) 0.85 (0.501 – 1.497) 4.42 (1.5 – 29.3)

 Unipolar Voltage (mV) 4.13 (0.73 – 12.38) 5.50 (0.85 – 14.07) 8.87 (1.61 – 31.22)

 EGM Duration (ms) 147 (56–268) 134 (71–228) 120 (57–280)

Values are shown as mean and 95% confidence interval. P<0.001 for between group differences (scar, border zone, normal myocardium) for each 
characteristic.
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Table 3:

Association of Endocardial Voltage with Myocardial Attenuation at Varying Radii

5mm 10mm 15mm

All Points Unadjusted Analysis

Bipolar Voltage 0.01 (−0.08, 0.09; p = 0.844) 0.31 (0.19; 0.42; p < 0.001) 0.48 (0.34, 0.61; p < 0.001)

Unipolar Voltage 0.11 (0.07, 0.14; p < 0.001) 0.27 (0.22, 0.32; p < 0.001) 0.35 (0.29, 0.41; p < 0.001)

All Points Adjusted Analysis

Bipolar Voltage 0.43 (0.32, 0.54; p < 0.001) 0.62 (0.47, 0.76; p < 0.001) 0.69 (0.53, 0.85; p < 0.001)

Unipolar Voltage 0.28 (0.23, 0.33; p < 0.001) 0.46 (0.40, 0.53; p < 0.001) 0.55 (0.48, 0.62; p < 0.001)

Thermocool Ablation Catheter

Bipolar Voltage 0.50 (0.28, 0.55; p < 0.001) 0.79 (0.58, 1.01; p < 0.001) 0.95 (0.72, 1.17, p < 0.001)

Unipolar Voltage 0.52 (0.40, 0.63; p < 0.001) 0.65 (0.52, 0.77; p < 0.001) 0.72 (0.59, 0.85; p < 0.001)

PentaRay Catheter

Bipolar Voltage 0.41 (0.28, 0.55; p < 0.001) 0.54 (0.35, 0.72; p < 0.001) 0.55 (0.34, 0.76; p < 0.001)

Unipolar Voltage 0.23 (0.18, 0.28; p < 0.001) 0.39 (0.31, 0.46; p < 0.001) 0.46 (0.38, 0.54; p < 0.001)

Coefficient of association in multilevel random effects regression model presented with 95% confidence interval and p-value. Best model fit 
identified by grey shading.
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Table 4:

Association of Electrogram Duration with Myocardial Attenuation at Varying Radii by Catheter Type

5mm 10mm 15mm

All Points (unadjusted) 2.27 (0.39, 4.14; p = 0.02) −0.72 (−3.42, 1.99; p = 0.60) −1.17 (−4.45, 2.11; p = 0.49)

All Points (adjusted) 0.57 (−2.09, 3.34; p = 0.67) 0.49 (−3.14, 4.11; p = 0.79) 1.45 (−2.71, 5.61; p = 0.49)

Normal Myocardium 5.68 (0.23, 11.14, p = 0.04) 5.82 (−1.19, 12.82, p = 0.10) 7.11 (−0.72, 14.95, p = 0.08)

Scar and Border Zone 3.47 (0.99, 5.94, p = 0.006) 4.38 (1.14, 7.62, p = 0.008) 5.77(2.11, 9.43, p = 0.002)

PentaRay (Scar/BZ) 3.54 (0.78 – 6.30, p = 0.012) 4.83 (1.05 – 8.61, p = 0.012) 6.42 (2.06 – 10.78, p = 0.004)

Thermocool (Scar/BZ) 2.61 (−3.09, 8.30, p = 0.37) 3.06 (−3.28, 9.39, p = 0.345) 4.77 (−2.08, 11.62, p = 0.173)

Coefficient of association in multilevel random effects regression model presented with 95% confidence interval and p-value. Best model fit 
identified by grey shading.
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