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Abstract:

Aims: Interventional LV procedures integrating static 3D anatomy visualisation are subject to
mismatch with dynamic catheter movements due to prominent LV motion. We aimed to evaluate the
accuracy of a recently developed acquisition and post-processing protocol for low radiation dose LV

multi-phase Rotational Angiography (4DRA) in patients.

Methods and Results: 4DRA image acquisition of the LV was performed as investigational acquisition
in patients undergoing left sided ablation (11 men; BMI=24.7+2.5kg/m?). lodine contrast was injected
in the LA while pacing from the RA at a cycle length of 700ms. 4DRA acquisition and reconstruction
was possible in all 11 studies. Reconstructed images were post-processed using streak artefact
reduction algorithms and an inter-phase registration-based filtering method, increasing contrast-to-
noise-ratio by a factor 8.2+2.1. This enabled semi-automatic segmentation, yielding LV models of 5
equidistant phases per cardiac cycle. For evaluation, off-line 4DRA-fluoroscopy registration was
performed and the 4DRA LV contours of the different phases were compared to the contours of 5
corresponding phases of biplane LV angiography, acquired in identical circumstances. Of the
distances between these contours, 95% were <4mm in both incidences. Effective radiation dose for

4DRA, calculated by patient-specific Monte-Carlo simulation, was 5.1£1.1mSv.

Conclusions: Creation of 4DRA LV models in man is feasible at near-physiological heart rate and with
clinically acceptable radiation dose. They showed high accuracy with respect to LV angiography in
RAO and LAO. The presented technology not only opens perspectives for full cardiac cycle dynamic
anatomical guidance during interventional procedures, but also for 3DRA without need for very rapid
pacing.

Key Words: angiography, catheter ablation, imaging, tomography, ventricle
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Introduction.

Integrating highly detailed visualisation of relevant anatomical structures during complex ablation
procedures results in net clinical benefit: fusion of three dimensional models in electro-anatomical
mapping (EAM) systems or fluoroscopy-based systems has been reported to be beneficial for safety,

o 4 . .. 1-
accuracy, total radiation exposure, procedural duration and/or clinical outcomes. 8

Recently, rotational angiography (3DRA) has been put into use to generate 3D tomographic
reconstructions of contrast-filled cardiac cavities. To optimise accuracy, acquisition needs to be
performed during virtual cardiac standstill, i.e. by using adenosine or fast ventricular pacing at rates
>200/min, which may induce atrial and ventricular arrhythmias and cannot be performed in an
awake patient. The 3DRA techniques match pre-procedural CT and MRI for accurate imaging of
anatomical structures relevant to the ablation procedure.”™ Moreover, 3DRA compares favourably
to even state-of-the art and prospectively ECG-gated CT in terms of iodine contrast administration

13-19

and patient radiation dose. Its integration with EAM systems is feasible and stand-alone

registration of 3DRA generated models to fluoroscopy has also been shown to be an effective

13,18-21

strategy. Also because of its logistical advantages and superiority for intermodal registration, it

is becoming the modality of choice for intra-procedural 3D imaging.

To date, the predominant part of clinical studies evaluated 3DRA in the setting of atrial fibrillation
ablation. For that purpose, static 3D models of the left atrium (LA) and pulmonary veins seem to
suffice due to limited relative movement of the structures of interest for ablation throughout the

22,2 . . . . . . .
> However, when the region of interest is subject to more prominent cardiac motion,

cardiac cycle.
particularly in the case of left ventricular (LV) ventricular tachycardia (VT) ablations, feedback of real

time relative catheter position, by means of fluoroscopy or catheter-tracking EAM systems, will

inherently be of high cyclic inaccuracy when projected on a static 3D model.

Initial studies have recently shown the feasibility of generating multi-phase 3D (i.e. 4D) rotational

angiography models, although often at the cost of unacceptably high radiation dose. Moreover,

. . . . . . o . . . 24-2
validation of their accuracy for real-time heart motion in clinical context is still lacking.?*?®
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In this study we aimed to assess feasibility, accuracy and validity of a novel low-radiation acquisition
and post-processing protocol for generating highly detailed 4D models of the LV at a near-

physiological heart rate.

Methods.

3DRA Acquisition

Multi-phase 3DRA was performed in 11 consecutive patients (11 men; aged 56+16 years) referred for
left-sided ablation: PVI (n=7), post-ischaemic VT (n=1), LVOT (n=2) and left lateral accessory pathway
(n=1), using a Siemens Axiom Artis System. The acquisition was performed as an investigational
protocol for off-line analysis, i.e. not for use during the procedure itself. This was required by the
local ethics committee as it was the first study in man. Informed consent was obtained from all
patients. Patients with iodine allergy or increased risk for contrast-induced nephropathy were
excluded from this study (age>75 years, CrCl<60 ml/min, diabetes, anaemia and/or proteinuria).”’

Patient height, weight and BMI were 178+10 cm, 78+9 kg and 24.7+2.5 kg/m?, respectively.

lodine contrast agent (low-osmolar, 37.2+2.2 g-I, 94.9+3.5 ml) was administered, during right atrial
(RA) pacing at a cycle length of 700 ms, through a transseptal pigtail catheter in the LA while 100
projections were acquired in a single 14 sec 200° C-arm rotation around the patient during apnoea
and using optimal radiation field collimation (73.5+7.8 % of detector height). The protocol imaged 5
equidistant cardiac phases with 20 projections each. Effective radiation dose was calculated in a
patient-specific way by means of a Monte-Carlo simulation-based method, using the frame-specific

relevant DICOM data (mAs, kVp and incidence of radiation) and the most recent ICRP definition.>**

Reconstruction, Segmentation and Image Integration

In order to prevent streak artifacts originating from high density materials at reconstruction (e.g.
catheter tips, oesophageal probes, external metal on the body surface, etc..), a projection
completion method was applied.*” In brief, this algorithm uses an initial 3D image reconstruction

based on all 100 projections (i.e. irrespective of cardiac phase), from which all high density materials
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are segmented by means of gray value thresholding. These segmented regions are then projected
using the system geometry to find their corresponding areas in the original projection data, which
are replaced by a linear interpolation of surrounding densities. The updated projections were
subsequently used to reconstruct each of the 5 phases separately (i.e. using 20 projections),
effectively replacing high-density structures by a local interpolation of surrounding densities. All
reconstructions were performed on an off-line dedicated Siemens 3D workstation with a 0.925 mm

voxel resolution.

The reconstructed 3D images were post-processed for noise and residual artefact reduction using an
inter-phase registration-based (IPR) filtering method, adapted from Wielandts et al.,** to increase
contrast-to-noise-ratio (CNR) and enable semi-automatic LV cavity segmentation. This method
implicitly defines a mathematical relation between the voxels in the 3D images of all 5 phases so that
segmentation of a single phase is sufficient to generate the segmentations of the 4 remaining phases.
Semi-automatic segmentation of the phase closest to mid-diastole was performed using an in-house

developed tool (EPSegmenter, previously reported in De Buck et al.*).**

In all patients, LV angiography sequences were acquired at 15 frames per second, using the Axiom
Artis biplane fluoroscopy system (37.7+£7.5° RAO, 52.7+7.2° LAO), during identical pacing conditions
and by administering iodine contrast agent (low-osmolar, 21+0 g-I, 60+0 ml) through the transseptal
pigtail catheter in the LA. Retrospectively, 5 angiogram frames were selected based on DICOM ECG

information to match the 5 acquired 3DRA phases.

Image integration of the 5-phase 4D model with the fluoroscopy system was achieved in RAO and
LAO by means of landmark-based registration using an in-house developed software for electro-
anatomical mapping (LARCA, as described in Ector et al.'). All 5 acquired phases were used to define

the optimal 4D-fluoroscopy registration parameters.
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Quality Assessment

Comparing the originally reconstructed images and the post-processed images was done using CNR
as objective index of image quality. CNR was defined as the difference between cavity signal intensity
and wall signal intensity, divided by image noise. Signal intensity was defined as the mean gray value
inside 3 large regions of interest (ROI) for the LV cavity (at basal, mid and apical level) and 7 ROIs for
the LV wall (apical, baso- and mid-septal, baso- and mid-lateral, anterior and posterior region).
Identical ROIs were used in the corresponding images before and after image post-processing. Image
noise was derived from averaged standard deviations of the gray values in the same ROIs. Similarly,
CNR was calculated on static 3DRA reconstructions made for guidance of VT ablations in a
comparable retrospectively selected population (11 men, aged 53+14 years, BMI 25.8+5.3 kg/m?),
using a clinical acquisition protocol as described in De Buck et al.”® In a single 4 sec 200° C-arm
rotation around the patient, 67 projection images are acquired during apnoea and joint rapid A-V
pacing at a cycle length of 250 ms, after iodine contrast agent (low-osmolar, 15.8+0 g-l)

administration in the left ventricle.

In order to assess 4D model accuracy, the 5 phase models were projected in RAO and LAO using the
registration parameters defined in the image integration step and their contours were automatically
extracted using a Sobel edge detection filter. The LV cavity was manually delineated in the
corresponding angiography frames and similarity to the 4D model projections was evaluated using

the closest point distance and the Dice coefficient as measure of spatial overlap.*®

Statistical Analysis

All data was analyzed using IBM SPSS. Descriptive data for continuous variables are presented as
meanzsd. Normality was checked by the Shapiro-Wilk test. Normally distributed data were compared

with normal-model based analysis of variance. The level of significance was set at 0.05.

Results.
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Image Quality
Figure 1 illustrates image quality improvement after streak artefact reduction and inter-phase
registration-based filtering for a mid-systolic phase in one patient. The quantitative data for the
reconstructed images before and after post-processing are shown for all 5 phases and all
experiments in Table 1. While signal intensity in both LV cavity and LV wall remained approximately
unchanged, an 86.3% decrease in noise was noted, increasing contrast-to-noise ratio (CNR) to

5.7£1.9.

Corresponding quantitative data for the clinical static 3DRA reconstructions, which can be segmented
accurately without additional post-processing, are reported in Table 1. Their CNR was 3.8+1.0, due
to a three times higher cavity-wall contrast and 44.3% less noise than unprocessed 4DRA

reconstructions.

4D Model Accuracy

Examples of segmentations of a diastolic (blue) and systolic (green) phase in the same patient are
shown in Figure 2 and the respective overlays with their corresponding angiography frames in RAO
and LAO in Figure 3 This is also shown in a video that can be downloaded from the online
supplement. Similarity evaluation between the projected contours of the 4D models and the
delineation of the corresponding angiography frames yielded the results as summarised in Table 2.
There was no significant difference in similarity measures with respect to viewing angle or stage in
the cardiac cycle, except for the Dice overlap measure, which was significantly higher in LAO than in

RAO.

Radiation Dose

Monte-Carlo simulations yielded an average approximate effective radiation dose for 4DRA of
5.1+1.1 mSv. This corresponded to a peri-procedurally available DAP-value of 24.3+4.9 Gycm?. The

relation between system-reported DAP, available during the procedure, and calculated effective dose
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(ED) is shown in Figure 4. Linear regression (R>=0.73) yields ED = m*DAP, with the conversion factor

m = 0.21 mSv/Gycm?, corresponding to previously published values.™

Timing Implications

A detailed description of the 13 min time needed to generate a 5-phase 4DRA segmentation is
shown in Figure 5 and put in contrast to the £4 min needed for a single-phase 3DRA segmentation, as
described in Wielandts et al.** Following the acquisition, an initial reconstruction based on all 100
acquired projection images is performed in £1 min, before application of the streak artifact reduction
method, requiring 3.5 min. The separate reconstruction of the 5 phases based on the updated
projection images and the application of the IPR-based filtering method each take +2 min. The

segmentation step requires £3.5 min.
Discussion

Three dimensional rotational angiographic image integration, for combining highly detailed
anatomical information with dynamic catheter tracking, has shown its added value in complex
ablation procedures. Its clinical use has however been limited to static 3D imaging of the chamber of
interest, which entails important cyclic mismatch for locations subject to prominent cardiac motion,
like the ventricles. The acquisition and post-processing protocols evaluated in this study show the
ability to create highly accurate 4DRA LV models in man at near-physiological heart rate and with low
radiation dose. Currently, dynamic 3D surface anatomy reconstruction is not available in commercial
electro-anatomical mapping systems with or without intracardiac echography integration, while 4D
trans-thoracic and trans-esophageal echography have considerable practical limitations for LV
imaging during ablation procedures. Feasibility of 4D intracardiac echography has recently been
shown in initial prototype studies, but clinical use remains impeded by technical difficulties related to

catheter mechanics and image quality.>**°

High radiation dose has so far been the main restriction for applying dynamic radiographic imaging

since the available protocols required the acquisition of a large amount of projection data to allow
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reconstruction and segmentation. In contrast, the presented method limits radiation exposure by
using sparse projection data to reconstruct each phase, which results in more prominent image noise
and artefacts. These are circumvented by streak artefact reduction methods and by integrating
image information from all phases using an interphase registration approach.* Notwithstanding a
three times lower cavity-to-wall contrast than in typical static 3DRA images, the resulting noise
reduction, amounting to 86.3%, and increase of the contrast-to-noise ratio, by a factor 8.2, enables
quick semi-automatic segmentation. This way, 100 projections suffice to obtain segmentations of 5
distinct cardiac phases, at an acceptable estimated effective dose of 5.1 mSv compared to static (i.e.
single phase) 3D imaging using 3DRA (2.6 mSv) or state-of-the-art prospective gated CT (1.9 mSv) and
at a very acceptable estimated effective dose compared to retrospective gated CT, which enables

multi-phase reconstruction (23.2 mSv).***%*

Importantly, our approach uses near-physiological atrial pacing at a rate of 85 bpm, which provides a
controlled rate above the intrinsic rate that allows perfect synchronisation of C-arm imaging with the
cardiac cycle. Unlike static 3D imaging using rapid ventricular pacing (at rates above 220 bpm) or

10,1 . . .
18 this approach does not necessitate sedation or general

administration of high doses of adenosine,
anaesthesia, avoids the risk of inducing ventricular fibrillation, and respects the natural dynamics of

ventricular contraction.

Finally, an acceptable iodine contrast load was used despite the fact that, unlike in static 3D imaging,
the blood-contrast pool is not constrained to the chamber of interest due to preserved cardiac
contraction and continuous contrast infusion is required to maintain opacification. The amount of
iodine contrast still enables application in patients with reduced kidney function, even when applying
a strict cut-off (i.e. CrCl<60 ml/min and/or proteinuria) in the prevention of contrast-induced
nephropathy.”® In this study, the amount of contrast was independent of patient weight, but we

postulate that this can likely be reduced in slender patients.

Our validation data show that when the 4D LV model is compared with angiographic controls in

conventional RAO and LAO fluoroscopy, high anatomical accuracy is obtained independent of
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viewing angle and stage in the cardiac cycle. The trend towards better similarity in LAO compared to
RAO is explained by the more limited variation in LV cavity cross section throughout the cardiac cycle
in LAO view. Around 95% of distances between the 4D and angiographic contours were inferior to 4
mm in both incidences. We considered 4 mm a valid application-specific cut-off value for tolerable
errors, since ventricular ablation lesions, which are usually deployed with irrigated catheters, easily

reach a width of 4mm.*

The presented technology not only opens perspectives for full cardiac cycle dynamic anatomical
guidance during interventional procedures. It also allows multi-phase 3DRA in awake patients,
without need for virtual cardiac standstill and thus imaging of physiologic contractile states, for use

in current EAM systems or fluoroscopy-based approaches.

This study has some limitations. Since this was an off-line evaluation, clinical prospective evaluation
should include impact on ablation outcome and process indicators, like total procedural radiation
dose and duration, to define where the use of the presented protocol might prove beneficial. Due to
very strict a-priori exclusion criteria, only male patients could be included in this study. Although
there are no technical limitations to apply the method to female subjects, they tend to have higher
effective radiation doses due to a higher relative radiation risk. For radiographic examinations of the
thoracic region, this relative risk increase can be estimated at 1.33 in adult women compared to

1
adult men.'***

We used atrial pacing only, to preserve normal AV conduction and ventricular
contraction. It needs to be evaluated to what extent ventricular pacing in patients in whom atrial
pacing cannot be used results in clinically useful 4D images of the LV. A priori selection of specific
cardiac phases is not yet possible due to technical constraints in current rotational imaging systems.
The results of this feasibility study may spur adaptation of existing systems in the future. More
efficient method implementation into the reconstruction workstation will reduce post-processing

complexity and duration. Iterative reconstruction methods could further reduce noise and streak

artifacts, but their implementation requires intermediary image data which is not available from
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commercial acquisition systems and hence the impact of such additional technology could not be

. . 27,2 1
evaluated in this study.””?®%%*

Conclusions

We have shown that creation of 4DRA LV models in man is feasible at near-physiological heart rate
and with clinically acceptable radiation dose and iodine contrast administration. In this exploratory
study, the models accurately reflect the dynamic deformation of the LV throughout the cardiac cycle
as validated with respect to LV angiographic images in RAO and LAO. The presented technology not
only opens perspectives for full cardiac cycle dynamic anatomical guidance during interventional
procedures using dynamic catheter tracking, but also for 3DRA in fully awake patients, without the
need for virtual cardiac standstill, thereby avoiding the risk of inducing unwanted ventricular

arrhythmias.
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Table 1:

Quantitative Assessment of Image Quality.
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Original 4DRA Reconstructions

Post-Processed 4DRA Reconstructions

Original 3DRA Reconstructions

p value p value
(n=55) (n=55) (n=11)
Image Noise [GV] 447.6 £49.4 <0.0001 62.5+21.5 <0.0001 249.4+77.6
Signal Intensity LV Cavity [GV] 1549.1+97.9 0.871 1552.0 £ 88.9 <0.0001 2060.0 £211.1
Signal Intensity LV Wall [GV] 1224.6 +33.5 0.669 1222.2+24.1 <0.0001 1156.2 £65.5
Contrast [GV] 324.5+96.6 0.764 329.8+87.4 <0.0001 904.7 +200.5
Contrast-to-Noise Ratio 0.7+0.2 <0.0001 57+19 0.005 3.8+1.0

Data are presented as meanzsd. GV = Gray Value.
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Table 2:
Projected 3D Models and Angiography Similarity Assessment.
RAO LAO ] MAX DIASTOLE SYSTOLE MAX SYSTOLE DIASTOLE I
value
(n=55) (n=55) value (n=11) (n=14) (n=11) (n=19) P

RMS CPD [mm] 2.8+0.8 2.8+0.7 0.690 2.7+0.7 2.8+0.7 29+0.8 28+0.7 0.523
CPD <4mm [%] 947+6.4 95.8+4.5 0.293 95.8+4.9 959+45 949+7.2 943+58 0.656
Dice coefficient [%] 93.8+2.2 948+1.5 0.005 949+2.2 944+14 93.6+2.1 941+21 0.151

Data are presented as meanzsd. CPD = closest point distance, RMS = root mean squared. Left panel: overall results in RAO and LAO. Right panel: acquired

cardiac phases grouped per stage in the cardiac cycle (maximum systole, maximum diastole, systolic stage and diastolic stage).
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Figure Legends.

Figure 1:

Single phase reconstruction using 20 3DRA projections shown as a coronal (1), axial (2) and sagittal
(3) slice through the LVOT (orange crosshairs) before (A) and after (B) streak artifact reduction and
interphase registration-based filtering. Yellow arrows indicate catheter tips and respective artifacts
prior to removal. A clear reduction of overall noise between panel A and B can be observed, allowing
characterization of left atrium (LA), left ventricle (LV), anterior (a) and posterior (p) papillary muscles

and aortic structures (Ao).

Figure 2:

LV cavity segmentation of diastolic (left/blue) and systolic (right/green) phase in one patient. Despite
very high noise and artifact load in the original reconstructed images, the presented post-processing
method allows anatomic detail to be preserved throughout the cardiac cycle: Anterior (1) and

posterior papillary muscle (2), apex (3), LVOT (4), Aortic sinus (5), LV Inflow (6).

Figure 3:

Image integration of the 4D model with the fluoroscopy system shown in RAO (left panel) and LAO
(right panel) for the diastolic (blue) and systolic (green) phase respectively in semi-transparent
overlay with the corresponding angiography frame. Both Dynamic 3DRA and fluoroscopy were
acquired during atrial pacing at 700 ms (see ECG) by means of a catheter in the right atrial
appendage (1) and with iodine contrast injection in the LA through a pigtail catheter (2a) via a
transseptal sheath (2b). An oesophageal temperature probe (3) is present. The marks on the ECG
strip correspond to the timing of the acquired 3DRA projections, the blue and green marks to the
timing of the diastolic respectively systolic phase. An accurate overlay can be seen with LV inflow
(4a), LVOT/Aortic Sinus (4b) and papillary structures (4c). Slight mismatch can be observed at

locations with substantial LV wall trabeculation and is inherent to segmentation by thresholding (4d).
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Figure 4.
Plot showing the relationship between the estimated Effective Dose (ED), calculated using a Monte-

Carlo simulation-based method, and the Dose-Area Product (DAP) reported by the 3DRA system.

Figure 5:

Cumulative processing time for generating a 5-phase 4DRA segmentation (blue), shown alongside the
time needed for generating a clinical static 3DRA segmentation (black). The horizontal axis shows the
different steps in chronological order: acquisition (ACQ), reconstruction based on all projection
images: 67 for 3DRA, 100 for 4DRA (REC all), streak artifact reduction (SAR), separate 5-phase
reconstruction of the updated projection images (REC 5ph), IPR-based filtering (IPR) and
segmentation step (SEGM). White dots indicate that a particular step is not performed. Future
technical refinements may further shorten this time. The extra time investment of £9 min for 4DRA
should also be put in contrast to the time necessary for sedation or anesthesia and placement of an

extra ventricular rapid pacing catheter or administration of adenosine in static 3DRA.
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Figure 1

mid-systolic phase reconstruction from 20 projections
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Figure 2

Anterior view - Diastolic View from LA - Systolic
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Figure 3

RAO - Diastolic ' | LAO - Systolic
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Figure 5
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