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Abstract

To assess the visualization and efficacy of a wireless resonant circuit (wRC) catheter system for 

carotid artery occlusion and embolectomy under real-time MRI guidance in vivo, and to compare 

MR imaging modality with x-ray for analysis of qualitative physiological measures of blood flow 

at baseline and after embolectomy. The wRC catheter system was constructed using a MR 

compatible PEEK fiber braided catheter (Penumbra, Inc, Alameda, CA) with a single insulated 

longitudinal copper loop soldered to a printed circuit board embedded within the catheter wall. In 

concordance with IACUC protocol (AN103047), in vivo carotid artery navigation and 

embolectomy were performed in four farm pigs (40–45 kg) under real-time MRI at 1.5T. Industry 

standard clots were introduced in incremental amounts until adequate arterial occlusion was noted 

in a total of n=13 arteries. Baseline vasculature and restoration of blood flow were confirmed via 

MR and x-ray imaging, and graded by the Thrombolysis in Cerebral Infarction (TICI) scale. 

Wilcoxon signed-rank tests were used to analyze differences in recanalization status between DSA 

and MRA imaging. Successful recanalizations (TICI 2b/3) were compared to clinical rates 

reported in literature via binomial tests. The wRC catheter system was visible both on 5° sagittal 

bSSFP and coronal GRE sequence. Successful recanalization was demonstrated in 11 of 13 

occluded arteries by DSA analysis and 8 of 13 by MRA. Recanalization rates based on DSA 

(0.85) and MRA (0.62) were not significantly different from the clinical rate of mechanical 

aspiration thrombectomy reported in literature. Lastly, a Wilcoxon signed rank test indicated no 

significant difference between TICI scores analyzed by DSA and MRA. With demonstrated 

compatibility and visualization under MRI, the wRC catheter system is effective for in vivo 
endovascular embolectomy, suggesting progress towards clinical endovascular interventional MRI.
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1 Introduction

Stroke is the leading cause of long-term disability and the fifth leading cause of death in the 

United States. In addition, stroke imposes a significant economic burden on the U.S. 

healthcare system: costs are projected to triple from $71.6 billion to $184.1 billion between 

2012 and 2030. Each year approximately 795,000 people suffer from a new or recurrent 

stroke, of which 87% are acute ischemic strokes (Mozaffarian et al. 2016; Demaerschalk et 

al. 2010). Large vessel occlusion (LVO) ischemic strokes are particularly devastating due to 

the large amount of thrombus in the arteries at the base of the brain (e.g., internal carotid 

artery, middle cerebral artery) that supply blood to large brain territories (Smith et al. 2009). 

Administration of intravenous tissue plasminogen activator (tPA) is often insufficient in LVO 

to re-canalize the cerebral arteries, reperfuse the brain parenchyma, and prevent irreversible 

infarction. The large cerebral arteries can be accessed endovascularly with catheters through 

which blood clots can be mechanically removed. Recent randomized controlled trials have 

demonstrated the clinical superiority of x-ray angiography guided endovascular 

embolectomy to medical therapy alone in the first six hours of stroke onset, establishing 

mechanical thrombectomy as an equivalent or superior treatment method in an extended six 

hour stroke treatment window (Berkhemer et al. 2015; Campbell et al. 2015; Goyal et al. 

2015; Saver et al. 2015; Jovin et al. 2015). Currently existing commercial catheters for 

mechanical thrombectomy can be divided into two main categories: stent retriever and 

aspiration catheters (Kang and Park 2017; Raychev and Saver 2012). The stent retrievers, 

including the Solitaire (Medtronic, Minneapolis, MN) and Trevo (Stryker, Kalamazoo, MI), 
utilize self-expanding nitinol or stainless steel stents that are deployed within the thrombus, 

entrapping the clot within the struts (Smith et al. 2008). The stent along with the thrombus 

are withdrawn together as a single unit. While stent retrievers have been shown to be 

clinically superior, they induce clot fragmentation that may cause distant emboli and utilize 

materials that are less likely to be MR safe. On the other hand, aspiration catheters, notably 

the Penumbra system, utilize a separator wire and vacuum aspiration to disrupt and remove 

occlusive clots (Penumbra Pivotal Stroke Trial Investigators 2009). These catheters are 

relatively inexpensive and have the ability to take out larger clots in a single piece, limiting 

clot fragmentation, but are prone to becoming clogged in the small intracranial arteries. 

These powerful clinical tools are now often paired with emergent MR imaging stroke 

protocols to further define recoverable areas of brain tissue, in addition to the DSA 

fluoroscopic guidance needed to direct the catheter system. MRI guidance for stroke 

treatment provides a number of substantial benefits, including measurements of soft-tissue 

perfusion and diffusion, which can guide the interventionalist to the areas that require 

intervention. Typical sequences for soft-tissue perfusion might include T2*-weighted GRE 

or EPI sequences that show susceptibility contrast over time, T1-weighted Dynamic Contrast 

Enhanced (DCE) sequences over time, or non-contrast-enhanced methods, such as Arterial 

Spin Labelling. Our long-term goal is to improve stroke treatment further by combining 

these two important loci of evaluation and treatment solely into the MR environment using 
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real-time MRI guidance as a substitute for the fluoroscopy suite. By allowing intra-

procedural evaluation of brain parenchyma viability so that reperfusion therapy can be 

directed at living tissue and not at infarcted tissue, we believe that the total time for 

reperfusion of all affected brain areas would be reduced and would allow increased patient 

safety with fewer transfers and one fewer dedicated operative or imaging evaluation areas 

needed (Gonzalez 2006).

To facilitate clinical adoption of MRI guided interventions, endovascular devices must be 

reliably and accurately tracked and visualized (Hetts 2005; Düring and Novel 2014; 

Kramme et al. 2011). Currently, MR-guided catheter based interventions have clinical 

applications in the field of cardiac electrophysiology and are being tested for use in 

intravascular stent placement, chemo-ablation of tumors, and renal embolization (Henk et al. 

2005; Wang 2015). These applications have demonstrated that MRI-based therapy can 

eliminate the need for prolonged ionized radiation exposure and offer a wealth of 

physiological and structural information. Compared to other imaging modalities, MRI 

provides biomarkers for physiological status of soft tissue and anatomical information on 

complex cardiovascular. Herein we pursue a tracking method consisting of MR compatible 

fiducial markers in isolated resonance circuits (Wendt and Wacker 2000; Zuehlsdorff et al. 

2004). By tuning wire coil resonant circuits to the Larmor frequency of water protons in the 

external magnetic field, the circuit can couple with the transmit coil and increase the B1 

field intensity by enhancing the exciting angle of protons in only a localized field 

surrounding the marker (Kuehne et al. 2003; Kaiser et al. 2015). Thus water protons 

adjacent to the circuit experience a much higher flip angle than the more distant 

surroundings. Using low flip angle sequences, semi-active resonant fiducial markers can be 

visualized under MR and have the potential to be used in current clinical applications that 

utilize active MR tracking (Dumoulin et al. 1993; Quick et al. 2005; Hillenbrand et al. 

2004).

Applying resonant circuits to the tips of MR compatible catheters, we seek to develop a tool 

for endovascular navigation and thrombus removal, all performed under active tracking MR 

sequences with intermittent physiological evaluation of treatment progress. The aim of our 

current preclinical study is to assess the visualization and efficacy of a resonant circuit 

catheter system for MRI-guided carotid embolectomy in vivo. Previous studies have already 

demonstrated the viability of using similar applications for carotid stenting using MR 

guidance (Feng et al. 2005a, b). Our hope is to further this approach employing a similar 

animal model with the goal of aspiration embolectomy, rather than stent placement.

2 Methods

2.1 Wireless resonant marker catheter construction

A catheter with an outer diameter of 2.0 mm and an inner lumen diameter of 1.78 mm was 

designed to contain a wireless RF resonant marker on the outer surface of the distal catheter 

tip to enable active instrument visualization. Base catheter construction was performed using 

a 0.00075″ thick polytetrafluoroethylene (PTFE) liner with a single continuous 0.005″ 
diameter polyether ether ketone (PEEK) fiber thread wrapped circumferentially, then heat 

sealed with a layer of polyether block amide (Pebax) (0.003″) at 260 °C. The resonator was 
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constructed with an insulated 30 gauge longitudinal copper wire formed into a single loop 

measuring 55–65 mm in length and 2.5 mm in width (Quick et al. 2005). The single-loop 

coil was connected to a Pyralux flexible circuit board sheet (AP8515R, DuPont, Durham, 

NC) acting as a tunable capacitor with capacitance ranging from 55 to 100 pF (Fig. 1a). 

Trimming the flexible circuit board allowed for easy modification of length and area, thus 

modifying the capacitance of the system. The resonant frequency of the setup was then 

tuned to match the Larmor frequency (63.89 MHz) of the intended Philips Achieva 1.5 T 

MRI scanner. Once structurally complete, the resonant marker portion was thermally bonded 

using a Pebax coating to provide a stable environment surrounding the capacitor and flexible 

structural reinforcement (Fig. 1b).

In its completed form, the catheter with circuit and Pebax coating maintained torquability 

and flexibility similar to many commercial production catheters of similar diameter. Figure 2 

visually demonstrates these properties in a completed prototype prior to use in vivo.

2.2 Artificial clot

Artificial clot material was initially developed to provide a realistic equivalent in consistency 

and resilience to actual blood clot for use in flow model simulations of circulatory systems 

for thrombectomy device testing (Kuehne et al. 2004; Chueh et al. 2011). We experimented 

with established clot analogues composed of bovine thrombin and autologous whole pig 

blood and with novel industrial clot equivalent used by device development companies 

(Shao et al. 2014). While autologous clot was readily available, post-delivery consistency 

was not reliable, thus we opted for the industry standard artificial clot (Duffy et al. 2016). 

The artificial clot material selected was composed using a mixture water, salt, plaster of 

Paris, dye coloring and a solidification chemical component (Concentric Medical, Mountain 

View, CA). Clots were sealed and refrigerated in airtight packaging until needed. Clot 

material was prepared just prior to insertion by forming multiple 15 mm × 3 mm × 3 mm 

individual clot pieces. Clots were then soaked in a 2% gadolinium aqueous solution for 

approximately 20 min prior to insertion to enhance MRI clot visualization and increase 

pliability for insertion similar to preparation used in previous studies (Robinson et al. 2013).

2.3 Animal subjects

Research was conducted under a protocol approved by the UCSF Committee on Animal 

Research (IACUC Protocol 103,047). Four 40–45 kg female Yorkshire farm pigs were 

acclimatized for 48 h prior to catheterization. Animals were placed under general anesthesia 

and oxygen saturation levels were continuously monitored. Prior to percutaneous femoral 

access, animals were intravenously heparinized at 0.2 mL/kg bodyweight (Heparin Sodium 

Injection, Fesenius Kabi, Lake Zurich, Il).

2.4 Imaging and catheterization protocol

All experiments were performed in a clinical hybrid interventional XMR suite combining an 

Achieva 1.5 T clinical MR scanner and an Integris V5000 C-arm DSA system (Philips 

Healthcare, Best, The Netherlands). The two image modalities were positioned in line and 

connected via a floating patient table that enabled rapid transfer between modalities. The 

workflow for the entire intervention is described in Fig. 3. A contrast enhanced MR 
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angiogram (CE-MRA), non-contrast in-flow MRA, and diffusion weighted imaging (DWI) 

sequence were acquired at baseline, after clot placement, and after embolectomy (Table 1).

Each animal was initially catheterized by an interventionalist (SWH, MWW, DLC) in the C-

arm suite. A 3.67 mm arterial sheath (Cordis, Fremont, CA) was placed in the right femoral 

artery and used for advancement of intra-arterial catheters. Next, a 1.67 mm Berenstein II 

catheter (Cook, Bloomington, IN) was introduced through the right femoral artery sheath 

and positioned under fluoroscopic guidance in the common carotid artery (CCA) 2 cm 

proximal to the carotid artery bifurcation. Digital subtraction angiography (DSA) of the 

common carotid artery using a 10 mL injection of iodinated contrast (iohexol 350 mgI/mL, 

Omnipaque, GE healthcare, Waukesha, WI) was obtained prior to embolization. The catheter 

was then advanced beyond the bifurcation to select either the ascending pharyngeal artery 

(APA), supplying the rete mirabile and analogous to human internal carotid artery (ICA), or 

the external carotid artery (ECA). Using an over-the-wire exchange, the 5Fr diagnostic 

catheters were replaced with the 6 Fr straight tip resonant marker intervention catheters. 

Three to five individual clots were injected through the resonant marker catheters into either 

the ICA or ECA. Blood flow was evaluated by contrast injection following insertion of each 

clot. Once cessation of blood flow was satisfactory, the resonant marker catheter was pulled 

2 cm proximal to the carotid bifurcation and a second DSA was performed to demonstrate 

unilateral carotid occlusion prior to embolectomy. Finally the resonant marker catheter was 

replaced into the selected occluded vessel branch with approximately 5 cm of distance from 

the tip of the resonant marker to the point of occlusion, awaiting later MR navigation and 

clot aspiration.

The animal subject was then transferred to the 1.5 T MR scanner for reassessment via GRE, 

DWI and 3D MRA. Following MR confirmation of carotid occlusion, the resonant marker 

catheter was advanced under real time MRI guidance using either a gradient echo (GRE) or 

a balanced steady-state free precession (bSSFP) sequence with a low flip angle. The catheter 

tip was visualized and advanced until abutting the clot. Firm manual aspiration was placed 

on the proximal hub of the catheter using a 60 mL syringe in order to engage the clot. While 

maintaining negative pressure, the catheter and clot were retracted from the common carotid 

artery to the aorta and then out through the femoral artery sheath.

Following aspiration embolectomy, 3D MRA and DWI were repeated to evaluate carotid 

blood flow and brain parenchyma. The animal was then shuttled back to the C-arm suite for 

a final post embolectomy DSA using 10 mL of Omnipaque-300 iodinated contrast. Animal 

subjects were euthanized immediately following the post-procedural DSA.

2.5 Quantitative and qualitative evaluation of vascular flow

MRA, DWI, and DSA were all recorded for baseline perfusion, post clot introduction, and 

post embolectomy. Levels of flow were measured at all three time points across several 

imaging modalities to confirm and analyze occlusion in the ICA, ECA, or CCA. We chose to 

analyze vessel recanalization via the validated Thrombolysis in Cerebral Infarction (TICI) 

scoring system. Revascularization was determined to be TICI 0, 1, 2a, 2b, or 3 (SWH) 

(Higashida et al. 2003). Following clinical standards, arteries with TICI outcomes of 2b or 3 
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were regarded as successful angiographic outcomes as evaluated by DSA. Arteries, status 

post embolectomy, with TICI outcomes of 2a or lower were deemed as unsuccessful.

Additional studies such as MR perfusion DCE and phase contrast MR, while potentially 

valid, were excluded from this initial study due to logistical limitations weighed against 

additional value of assessing vascular flow.

2.6 Physiological assessment using DWI

DWI images recorded at baseline, during occlusion, and after embolectomy were acquired 

with b-value = 800 s/mmˆ2. The apparent diffusion coefficient (ADC) values were 

determined at regions of interest (ROI) around at risk brain parenchyma supplied by the 

embolized blood vessels.

2.7 Statistical analysis

TICI scores were considered ordinal variables. Each imaging technique was compared to 

both spontaneous recanalization rate of 17% (Kassem-Moussa and Graffagnino 2002) and 

reported clinical success of mechanical thrombectomy of 71% (Jankowitz et al. 2012) using 

binomial probability tests. Arteries with a TICI score of 2b or 3 were considered successful 

(Writing Group Members et al. 2016) and 0, 1, or 2a were considered a failure (0). 

Comparisons between imaging technique and chance were collapsed over artery group. 

Wilcoxon signed-rank tests were used to analyze both differences between TICI scores post 

occlusion and post embolectomy, as well as differences in recanalization status between 

DSA and MRA. All tests were two-sided and a p-value of ≤0.05 was considered statistically 

significant. All statistical analysis was performed with STATA (Stata SE 13.1, StataCorp, 

College Station, Texas).

3 Results

Of the four animals in the study, the right carotid vasculatures of two animals were excluded. 

In the first animal, the right carotid artery was ruptured during catheter placement and the 

experiment was subsequently aborted. The right carotid artery of the second animal was not 

attempted due to experimental time constraints.

Successful embolus placement in either the ICA or ECA was achieved in six carotid 

vasculatures using 0.27 cm3 of catheter-delivered artificial blood clot. In the four swine, 6/6 

ICA, 6/6 ECA, and 1/1 CCA arteries were occluded. The occlusion was then re-

demonstrated on MRA in 6/6 ICA, 5/6 ECA, and 1/1 CCA cases. Of note, MR imaging was 

often limited at this stage due to the loss of vascular flow in the carotid arteries. As flow 

slowed, the ability of inflow MRA to represent stagnant blood flow was reduced. In this 

case, the relative absence of vessels on MRA was interpreted as halted flow with 

confirmation by post-occlusion DSA that demonstrated abrupt cessation of contrast flow and 

arterial reflux in the remaining patent carotid branch.

During the embolectomy procedure, the resonator catheter was successfully visualized under 

real-time bSSFP or 5° GRE. For both sequences, it was determined that an oblique sagittal 

and coronal plane would best visualize the resonator catheter and the course of the common 
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carotid artery, respectively. Suction embolectomy was then performed under real time 

bSSFP MR guidance. The resonance signal from the single-loop coil allowed navigation 

from the common carotid artery, proximal to the carotid bifurcation, to the clot and aspirate 

clot material. Resonant marker catheters were continuously visualized during aspiration with 

an oblique sagittal plane bSSFP sequence. A demonstration of visualization across each 

orientation of navigational scan as well as images from active image tracking are shown in 

Fig. 4. Additionally, Fig. 5 demonstrates catheter visualization pre-embolectomy and during 

aspiration with clot noted as a filling defect in the lumen.

Degrees of occlusion and of recanalization were verified with both x-ray DSA and MRA. 

Vasculature at baseline, post occlusion, and post embolectomy from a single experiment are 

shown in Fig. 6 and Fig. 7 under both imaging modalities.

Restoration of flow was graded in each individual artery. The DSA and MRA images were 

both analyzed for each artery of interest and an individual TICI score was assigned. Relevant 

TICI scores analyzed from DSA and MRA are outlined in Fig. 8 and Fig. 9, respectively. 

TICI score trends demonstrated a high rate of success in our ability to recanalize the 

occluded vessels (TICI restored to 2b or 3).

We demonstrated successful recanalization in 11 of 13 occluded arteries by DSA analysis 

and 8 of 13 arteries by MRA analysis. Per experiment protocol, no second attempt was made 

to remove the emboli. In these 13 arteries considered, clot was successfully removed from 

6/6 ECA branches, 4/6 ICA branches, and 1/1 CCA branches. Successful embolecto-my as 

re-demonstrated on MRA in 4/6 ICA, 4/6 ECA, and 0/1 CCA. When compared with 

spontaneous recanalization in stroke patients, binomial tests indicated that the proportion of 

successful recanalization based on DSA of 0.85 (11 of 13) and MRA of 0.62 (8 of 13) were 

both significantly higher than the expected 0.17 (p < 0.001). Additionally, binomial testing 

comparing DSA (0.85) and MRA (0.62) to the clinical rates of success in ELVO 

embolectomy (Chueh et al. 2011) showed no significant difference with p = 1.00 and p = 

0.16, respectively. A Wilcoxon signed-rank test confirmed significant TICI score differences 

between occluded and post embolectomy arteries (DSA: p = 0.00148, MRA: p = 0.0222). 

Lastly, a Wilcoxon signed-rank test resulted in no significant difference between DSA and 

MRA (z = 1.494, p = 0.135). When investigating differences for each artery type, no 

significant differences were found between DSA and MRA (ECA: p = 0.157, ICA: p = 

0.876, CCA: p = 0.317).

In DWI and ADC analysis, one of the swine subjects did develop transient regional changes 

in ADC values with baseline, post-occlusion, and post-embolectomy values at 828.90, 

588.29, and 794.97, respectively. In other subjects, image quality was limited and no definite 

diffusion changes could be confirmed.

4 Discussion

This study demonstrates the feasibility of using an MR conditional endovascular catheter 

with wireless resonant marker visualization in retrieving an intra-arterial thrombus in a 

simulated ELVO stroke. The resonant circuit catheter system was visualized via signal 
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amplification at low flip angles in vivo, and allowed for real-time MR guided catheter 

tracking during embolectomy. Our success rates in embolectomy in both the ICA and ECA 

subgroups were excellent, achieving revascularization rates similar to clinical procedures in 

human patients. The resonator catheter’s PEEK braided PTFE shaft provided a durable and 

MR compatible substrate that retained strength throughout multiple experimental repetitions. 

Our study demonstrates a novel porcine model for human intracranial arterial procedures 

simulating ELVO stroke in an MR environment when used in conjunction with our MR 

compatible resonant marker system.

While this study did demonstrate feasibility of visualization, the stroke model was 

challenging for several reasons. Animal models of ELVO strokes are often limited by 

locating both the necessary cerebral vessel diameter (2–5 mm) in a subject with sufficient 

cortical matter to demonstrate significant infarction (Gralla et al. 2006). Pigs have cervical 

blood vessels similar in size to human brain blood vessels, and thus can provide an 

acceptable analogue for device testing. Further refinement is needed in our porcine model. 

While we were able to demonstrate the feasibility of the porcine neurovascular model for 

performance of the embolectomy, we were not able to demonstrate significant changes on 

DWI imaging during embolization. Due to the biological model and robust collateral 

perfusion seen in the porcine brain through the rete mirabile and posterior circulation, we 

did not expect transient carotid occlusion to cause regional brain infarcts. Previous studies 

have demonstrated that complete occlusion of the ECA yielded no significant changes in 

cerebral blood flow in an identical porcine model, owed at least in part to ECA and ICA 

anastomoses (Mangla et al. 2015). Thusly, we were not expecting significant changes in this 

imaging. In our DWI and ADC analysis, one of the swine subjects did develop transient 

regional changes in ADC values, but not sufficient to evolve a cortical or subcortical 

infarction. In short, human-like changes in perfusion are not evident in the porcine brain 

even with 100% occlusion of a single ICA, but may still be sufficient for quantitative 

evaluation of ADC data, a key imaging biomarker for physiological viability in human 

systems (Martin et al. 2005; Schellinger et al. 2010). Further, even if the porcine model 

perfectly emulated a human cerebrovascular blood supply, the time frame from complete 

unilateral occlusion to DWI sequence acquisition was approximately 30 to 45 min, which is 

often less than the time needed to see acute imaging changes in humans.

Our imaging sequence selection was also limited in this preliminary study. As this was a 

feasibility study in which we were comparing the abilities of MR against the x-ray gold 

standard visualization with minimal navigation, we did not perform phase contrast MR 

imaging to fully characterize the tissue surrounding the blockage. Rather, we elected for 

angiographic methods of assessing revascularization that were analogous to those commonly 

used with DSA. Additionally, an MR perfusion protocol was deemed beyond the scope of 

this experimental design and thus was excluded. While MR perfusion could have provided 

interesting supplemental information, we prioritized contrast enhanced MRA over DCE 

perfusion as a rapid way to evaluate the arterial anatomy. Given that the contrast enhanced 

MRA would be repeated several times during the procedure we did not want to administer 

additional MR contrast for DCE perfusion. Rather, we relied on DWI measures for 

evaluating the status of the brain. In future studies, additional scans, and therefore additional 
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time for cell death to occur, could provide additional insight into the biological accuracy of 

the swine as a model of the human neurovascular system.

It should be noted that DSA assessment in this study also proved to be an equal or 

marginally superior method of vascular occlusion assessment as compared to MRI in our 

swine model. We believe this effect to be less of a comment on the ability of each 

assessment method and more a factor of timing in the experiment. With any artificial or 

natural occlusion of vasculature, endogenous plasminogens already found in the blood 

stream of the swine model attempt to disrupt the blockage. Given that DSA was performed 

after MRI assessment during post embolectomy analysis, we theorize that biological 

plasminogen had additional access to vasculature and ability to break up clots during the 

move. This could have biased the results toward DSA. This effect, as seen in human stroke 

patients, is further enhanced as blood flow is restored to previously inaccessible smaller 

areas of clot during the endogenous clot dissolution process.

The device design itself can also be limiting in this study as we opted for a simplified and 

lower profile device that did not use a decoupling circuit. The lack of a decoupling circuit 

during RF transmission, and the local flip angle amplification could result in high flip angles 

and increased local specific absorption rate (SAR). One possible solution is to add anti-

parallel decoupling diodes, which are currently available as thin wafers, to the circuit. While 

the device is functional in its current iteration, the addition of crossed diodes may be 

necessary for enhanced safety and clinical implementation. Another limitation was the time 

it took to manually determine the location of the resonant marker. In a previous study, an 

MR-tracking sequence that automatically updated the imaging location and plane was 

implemented in combination with a wireless resonant circuit (Rube et al. 2014), based on a 

prior tracking sequence used with active markers (Dumoulin et al. 1993). This could be 

implemented in future studies.

In addition to limitations in physiological imaging, our study was limited by small sample 

size. Although sufficient trials were conducted to indicate the feasibility of MR-guided 

carotid embolectomy, overall efficacy of MR-guided embolectomy as compared to x-ray 

guided embolectomy was beyond the scope of this study. From the small number of cases 

performed, we can see that achieving TICI 2b to 3 recanalization is possible with MR-

guided embolectomy, but cannot comment on the robustness of this nascent technique as 

compared to the well-developed clinical standard of x-ray guided embolectomy.

This study was designed to address building a framework for further experiments to evaluate 

and refine catheter design based on visualization, but was not intended to directly evaluate 

long distance navigation under real time MR imaging. A next step in the catheter 

development process is to use our existing devices for the full navigation from femoral 

access to the carotid artery occlusion site, instead of the last few centimeters prior to clot. 

The advent of MRI-conditional guidewires from such companies as MaRVis (Hanover, 

Germany) and Nano4Imaging (Aachen, Germany) will permit full navigation from access 

site to arterial occlusion site under MRI guidance. To add greater clinical context to these 

navigation experiments we expect to address time to reperfusion, an important benchmark of 

achievement for stroke related interventions. With repeated trials, we hope to build a data set 
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with sufficient x-ray fluoroscopic and MRI-guided procedures to demonstrate similarity in 

reperfusion times.

In conclusion, our study demonstrates the feasibility of a wireless resonator circuit catheter 

system in vivo for the performance of neurovascular embolectomy using real-time MRI 

guidance. This sets the stage for more robust device and imaging technique development.

4.1 Advances in knowledge

1. Using the wireless resonant catheter system for carotid artery embolectomy under 

real-time MR guidance is feasible and comparable to standard x-ray guided 

intervention.

2. Due to enlargement of transmitted flip angle in the neighborhood of the wRC 

catheter tip, the tip appears hyperin-tense and is easy to locate under MRI guidance in 
vivo.

3. MRA evaluation of flow at baseline, during occlusion, and post embolectomy was 

comparable to the x-ray gold standard.

4.2 Implications for patient care

MR-guided interventions provide real-time imaging biomarkers and a wealth of 

physiological information not available with x-ray guidance alone. This additional data 

provides quantitative measures of success and allows the interventionalist to determine 

whether further intervention is necessary. It is possible to construct MRI-based catheters for 

navigating to and treating ischemic stroke by removing clots from blocked vessels in the 

neck.

4.3 Summary statement

Our study demonstrates the feasibility of using a wireless resonant circuit (wRC) catheter for 

in vivo MR guided carotid embolectomy and is a step toward clinical endovascular 

interventional MRI, wherein the interventionalist has intra-procedural access to imaging 

biomarkers.
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Fig. 1. 
Resonant Catheter Design: The wireless resonant circuit, consisting of a single loop copper 

coil connected to a tunable flexible printed circuit board capacitor (55–100 pF), is tuned to 

the Larmor frequency of 63.89 Mhz and embedded in distal tip of a polyether ether ketone 

(PEEK) fiber thread catheter. The catheter is then coated with a protective Pebax layer
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Fig. 2. 
The PEEK fiber used to braid the catheter allowed for adequate deflection and flexibility for 

the resonant circuit catheter system to make vascular turns. The figure demonstrates the 

catheter system’s mechanical properties and provides a cross-sectional view of the lumen
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Fig. 3. 
The experimental workflow in the clinical hybrid interventional XMR suite. All experiments 

were done with an Achieva 1.5 T clinical MR scanner and an Integris V5000 C-arm DSA 

system (Philips Healthcare, Best, The Netherlands)
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Fig. 4. 
Demonstration of resonant catheter system visualization during active image tracking and 

across each orientation of navigational scan. The arrows point to the resonant marker 

catheter system. a Balanced steady-state free precession (bSSFP) sequence (TE = 2 ms, TR 

= 3.9 ms, Flip Angle = 10°, Slice thickness = 8 mm, FOV (cm) = 28 × 28, Slice orientation 

= sagittal) b Gradient echo (GRE) (TE = 1.7 ms, TR = 5.3 ms, Flip Angle = 10°, Slice 

thickness = 5 mm, FOV (cm) = 26 × 26, Slice orientation = coronal)
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Fig. 5. 
Active image tracking under bSSFP sequence during (a) navigation to occluded carotid 

artery and (b) clot aspiration into lumen of catheter, noted as filling defect. The arrows 

indicate resonant marker catheter system
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Fig. 6. 
Digital subtraction angiography (DSA) imaging of right carotid vasculature from a single 

experiment. (a) Baseline start of study with the arrow pointing to the external carotid artery 

(ECA) and the asterisk identifying the ascending pharyngeal artery (APA) supplying the rete 

mirabile. (b) Post clot occlusion of carotid vasculature showing absent blood flow to the 

APA and rete mirabile with arrow identifying occlusion of blood flow to branches of the 

ECA. (c) Post embolectomy through manual aspiration identifying patent ECA, APA, and 

rete mirabile
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Fig. 7. 
Magnetic resonance angiography imaging of the same selected right carotid vasculature as 

demonstrated in fig. 5. (a) Baseline start of study with arrow identifying the ECA, 

arrowhead identifying the APA, and asterisk identifying the rete mirabile. (b) Post clot 

occlusion MRA of carotid vasculature with absent ECA blood flow, and filling defects noted 

in the ICA and rete mirabile. (c) Post embolectomy through manual aspiration with return of 

blood flow to branches of the ECA and improving filling to the APA and rete mirabile
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Fig. 8. 
Thrombolysis in Cerebral Infarction scores as analyzed via DSA during clot occlusion and 

recanalization post embolectomy for each artery
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Fig. 9. 
Thrombolysis in Cerebral Infarction scores as analyzed via CE-MRA during clot occlusion 

and recanalization post embolectomy for each artery. (TE = 1.5 ms, TR = 5.3 ms, Flip angle 

= 40°, Slice thickness = 3 mm)
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