
 
 

Abstract—Radiofrequency (RF) heating of tissue during 
magnetic resonance imaging (MRI) is a known safety risk in the 
presence of active implantable medical devices (AIMDs). As a 
result, access to MRI is limited for patients with these implants 
including those with deep brain stimulation (DBS) systems. 
Numerous factors contribute to excessive RF tissue heating at 
the DBS lead-tip, most notable being the trajectory of the lead. 
Phantom studies have demonstrated that looping the 
extracranial portion of the DBS lead at the surgical burr hole 
reduces the heating at the lead-tip; however, clinical 
implementation of this technique is challenging due to surgical 
constraints. As such, the intended looped trajectory is usually 
different from what is implanted in patients. To date, no data is 
available to quantify the extent by which surgical trajectory 
modification reduces RF heating of DBS leads compared to the 
typical surgical approach. In this work, we measured RF heating 
of a commercial DBS system during 3 T MRI, where the 
trajectory of the lead and extension cable mimicked lead 
trajectories constructed from postoperative CT images of 13 
patients undergoing modified DBS surgery and 2 patients with 
unmodified trajectories. Two manually created trajectories 
mimicking typical heating cases seen in the literature were also 
evaluated. We found that modified lead trajectories reduced the 
average heating by 3-folds compared to unmodified lead 
trajectories. 
 

Clinical Relevance— This study evaluates the performance of 
a surgical modification in the routing of DBS leads in reducing 
RF-induced heating during MRI at 3 T. 

I. INTRODUCTION 

Magnetic resonance imaging (MRI) is a widely used 
neuroimaging modality that offers high resolution and 
excellent soft tissue contrast through a noninvasive 
procedure. The need for MRI exams continues to burgeon, 
particularly for patients with active implantable medical 
devices (AIMDs). Notably, approximately 70% of patients 
with deep brain stimulation (DBS) implants will require an 
MRI exam within 10 years following device implantation [1].  
Despite recent advances in implant and MRI technology, 
MRI-induced radiofrequency (RF) tissue heating remains a 
major safety concern for patients with DBS systems. 
Localized excessive heating accumulates at the interface of 
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the lead-tip and tissue since the lead behaves like an antenna 
when coupled with the electric field of the MRI transmit coil.  
This interaction amplifies the specific absorption rate (SAR) 
of RF energy in the surrounding tissue [2], [3]. Due to the risk 
of RF heating, MRI protocols for patients with implanted 
DBS systems are highly restricted. To date, head imaging is 
limited to a magnetic field strength of 1.5 T with a heating-
related threshold of a B1+rms <1.1 µT based on established 
guidelines for Abbott Medical MR-conditional full DBS 
systems [4]. These stringent guidelines limit MRI protocols 
for evaluating potential post-surgical complications and 
optimal structural imaging using 3 T MRI. 

RF-induced tissue heating is a multiparameter 
phenomenon; the orientation and trajectory of an implanted 
lead are key contributors to significant variations in RF tissue 
heating [5]–[9]. Recently developed approaches for 
mitigating RF-induced heating for DBS patients include 
modifying the material and design of DBS leads, introducing 
novel MRI coil technology to induce a region of low electric 
field that coincides with the implanted lead’s trajectory, and 
performing exams at a vertical scanner with a different 
orientation of the magnetic and electric fields [10]–[17]. 
However, these methods require modifications to existing 
DBS or MRI technology. On the contrary, surgically placing 
the extracranial portion of the DBS lead into concentric loops 
near the respective burr-hole reduces RF tissue heating by 
minimizing the exposure to the maximum tangential electric 
field without altering the DBS system [7]. This surgical lead 
management approach with modified lead trajectories has 
been demonstrated in simulation-based and experimental 
studies with isolated DBS leads or with limited cohorts [7], 
[18].  

It is important to note, however, that in contrast to phantom 
studies that allow for easy manipulation and positioning of the  
leads, trajectory modification in a clinical setting is far more 
challenging due to surgical constraints. In DBS surgery, a 
linear incision is made in the scalp through which the 
extracranial portion of the lead is tucked under the skin. As 
such, surgeons cannot visually inspect the lead trajectory, and 
for this reason the intended trajectory (i.e., having concentric 
loops at the burr hole) is usually different from what is 
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implanted in patients. To date, no data is available to quantify 
the effect of clinical trajectory modification compared to the 
typical surgical approach.  

In this study, we evaluated the effect of surgical 
modification of extracranial DBS lead trajectories on 
reducing RF-induced tissue heating. We performed RF 
heating experiments at 3 T MRI with a commercial DBS 
system implanted in a realistic anthropomorphic phantom. 
We measured the maximum temperature rise, Δ𝑇𝑇, for 15 
patient-derived DBS lead trajectories reconstructed from 
postoperative CT images of patients undergoing DBS surgery 
at our institutions, as well as 2 additional lead trajectories that 
mimicked typical routing of DBS leads as seen in other 
publications. Results from these experiments demonstrate 
that clinical implementation of trajectory modification is 
highly effective in reducing RF heating during 3 T MRI.  

 
II. METHODS 

A. Patient-derived DBS Lead Trajectories 
In total, 17 unique, clinically relevant DBS trajectories 

were evaluated in this study. DBS lead trajectories were 
reconstructed from postoperative computed tomography (CT) 
images of patients who underwent DBS surgery at Albany 
Medical Center (AMC) performed by a single neurosurgeon. 
These trajectories varied in both loop size and location on the 
skull across these patients (Fig. 1). Use of patients’ imaging 
data for modeling purposes was approved by AMC’s 
Institutional Review Boards. Modified DBS lead trajectories 
were classified as trajectories with loops near the surgical 
burr-hole, reflecting an approach found to minimize RF-
induced tissue heating [7], [19]. Each DBS lead was identified 
in the patient CT images using 3D Slicer 4.10.2 
(http://slicer.org). The corresponding coordinates of points 
along the trajectory of each lead were extracted and processed 
in a CAD tool (Rhino 6.0, Robert McNeal & Associates, 
Seattle, WA) to create a 3D model of each DBS lead 
trajectory. These models were 3D-printed in ABS plastic and 
served as guides for the RF heating experiments. 3D-printed 
guides were then used to shape a commercial DBS lead along 

different trajectories to assure that the orientation and 
positioning of the lead were realistically replicated (Fig. 2). 
Note that the guide was detached from the lead after the 
trajectory was fixed on to the skull phantom with tape. 

B. RF Heating Experiments 
An anthropomorphic phantom of the human head and 

torso and a skull was constructed for RF heating experiments 
similar to our previous work [20]. Briefly, the phantom was 
derived from postoperative CT images of a patient, with the 
head, torso, and skull segmented using 3D Slicer 4.10.2 (Fig. 
2). Further processing was completed in Rhino 6.0 to create 
triangulated surfaces for 3D printing. The skull consisted of 
corresponding halves divided along the coronal plane to allow 
for positioning of the intracranial portion of the lead. All 
components of the phantom were 3D-printed in ABS plastic 
and coated with acrylic for waterproofing. Tissue-mimicking 
gel was created from a solution of agar (32 g/L) (Landor 
Trading Co., gel strength of 900 mg/cm2), NaCl (2.25 g/L), 
and water. The electric conductivity and relative permittivity 
of the agar-based gel were 0.40 S/m and 77, respectively, as 
measured using a vector network analyzer (Keysight 
Technologies, Santa Rosa, CA). The skull was filled with this 
agar-based gel which prevented convection during RF heating 
measurements while the head-torso part of the phantom was 
filled with 18 L of saline solution (σ = 0.50 S/m, 𝜀𝜀𝑟𝑟 = 80) 
to allow for complete submersion of the lead, extension, and 
implantable pulse generator (IPG) in the saline solution.  

Heating experiments were performed with a full 
commercial DBS system from Abbott (St. Jude Medical, 
Plano, TX) including a 40 cm 8-channel directional lead 
(model 6173), a 50 cm extension (model 6371), and an IPG 
(Infinity 6660). Fluoroptic temperature probes (OSENSA, 
BC, Canada) were used to measure Δ𝑇𝑇 at the tip of the DBS 
lead. Temperature probes were securely attached to the DBS 
lead at the distal end at electrodes 1 and 2. The DBS lead and 

 
Figure 1. 3D surface rendered views of CT images of patients with 
implanted modified DBS lead trajectories. DBS lead trajectories that were 
evaluated in this study are highlighted (yellow). 
 

 
Figure 2. Experimental setup. (A) Anthropomorphic phantom with the full 
DBS system implanted. (B) Cross-sectional view of the skull phantom 
with the inserted DBS lead and securely attached temperature probes. (C) 
3D surface rendered view of a CT image of a patient with implanted DBS 
leads. An example of an evaluated lead trajectory is highlighted (yellow). 
(D) A 3D-printed model of the respective DBS lead trajectory (black) was 
used as a guide to replicate the trajectory for RF heating experiments. (E) 
The trajectory of the commercial DBS lead was shaped to the match the 
patient-derived trajectory as indicated in the CT image. 
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temperature probes were inserted into the skull through a 5 
mm hole; placement of the lead and probes mimicked the 
location and angle of insertion for targeting the subthalamic 
nucleus (STN). The extracranial region of the DBS lead was 
routed along different patient-derived trajectories using the 
3D-printed guides to evaluate the effect of the trajectory on 
the temperature rise at the DBS lead-tip. The lead was 
connected to the extension and IPG; the extension was routed 
laterally along the neck with looping around the IPG to 
account for any excess length while the IPG was placed in the 
pectoral region contralateral to the implanted lead.  

Prior to and following RF heating experiments, we used 
the Clinician Programmer Application to measure the 
impedances on the electrode array to verify the DBS system’s 
integrity and to assess for any interference with the DBS 
system’s function due to the RF exposure. No problems were 
detected during the impedance measurements.  

Heating experiments were performed at a Siemens 3 T 
Prisma scanner (Siemens Healthineers, Erlangen, Germany) 
with a body transmit coil and a 20-channel receive head coil. 
The phantom was placed in the head-first, supine position, 
and the imaging landmark for all experiments was located at 
the level of the DBS lead-tip, corresponding to neuroimaging 
for DBS patients. RF exposure for these experiments at 3 T 
was generated using a high-SAR T1-weighted turbo spin echo 
(TSE) sequence (TE = 7.5 ms, TR = 1450 ms, FA = 150o, 
FOV = 180 mm x 180 mm, number of slices = 70, acquisition 
time = 451 seconds, voxel size = 0.9 mm x 0.9 mm x 1.4 mm, 
B1

+rms = 2.8 µT). The temperature was measured throughout 
the duration of RF exposure. Ample time was allotted to allow 
for the temperature to return to the baseline temperature 
following each experiment. Each experimental configuration 
included only one DBS lead with one lead trajectory to 
represent scenarios with unilateral DBS. 

III. RESULTS 

A total of 17 trajectories were assessed, including 13 
patient-derived modified trajectories, 2 patient-derived 
unmodified trajectories, and 2 manually created trajectories 
mimicking typical cases seen in the literature. In all evaluated 
configurations, the implanted lead was contralateral to the 
IPG. The extracranial trajectories that demonstrated typical 
RF heating scenarios typically included an uncoiled region 
around the burr-hole or with loops on the border of temporal 
and occipital bones. Modified extracranial trajectories 
contained loops near the respective surgical burr-hole. 

The measured Δ𝑇𝑇 occurred in the agar-based gel 
immediately surrounding the DBS lead-tip during all 
experiments. DBS leads with modified trajectories had a Δ𝑇𝑇 
of 0.18-1.49 oC with mean ± standard deviation of 0.75 ± 0.33 
oC. On the contrary, the DBS leads with the unmodified 
trajectories showed a substantially greater Δ𝑇𝑇 than the 
modified lead trajectories with Δ𝑇𝑇 = 2.18 ± 0.06 oC. Most 
notably, the DBS lead trajectories with a straight segment 
passing the skull mediolaterally and a loop positioned at the 
border of the temporal and occipital bones demonstrated a Δ𝑇𝑇 
of 7.75 oC and 11.97 oC.  

Figure 3 shows the distribution of the maximum 
temperature rise for the modified lead trajectories fitted to a 

Rayleigh distribution (𝜎𝜎 = 0.38) using the Distribution Fitter 
App of Matlab 2018b. The confidence interval of Δ𝑇𝑇 with a 
95% confidence level is 0.57-0.98 oC.  RF heating for the 
unmodified lead trajectories with the typical heating 
configurations far exceeds two standard deviations of the 
average Δ𝑇𝑇 measured for the modified DBS lead trajectories. 

IV. DISCUSSION AND CONCLUSIONS 

Currently, DBS is the gold-standard for addressing 
movement disorders, and the clinical use of DBS for treating 
other neurological and psychiatric disorders is under ongoing 
evaluations [21]. Similarly, the need for MRI for DBS 
patients continues to increase as MRI allows for superior 
target verification while fMRI provides greater understanding 
of the mechanisms of DBS [22]–[24].  

The problem of RF heating in the tissue around DBS leads 
remains a significant barrier to 3 T MRI for DBS patients. 
Surgical lead management is one effective method with 
demonstrated surgical feasibility for mitigating RF heating 
without altering surgical planning and implantation 
procedures of the intracranial region of the lead [7], [19]. 
Previous works show that manipulating the extracranial 
trajectory of DBS leads into loops around the burr-hole 
consistently reduces RF heating. In this work, we studied the 
effect of modified extracranial DBS lead trajectories that were 
implanted in patients on RF heating. All RF heating 
experiments were performed with a commercial full DBS 
system at a 3 T MRI scanner. We observed substantially 
reduced heating around the DBS lead-tip for modified 
trajectories compared to trajectories that displayed typical 
heating scenarios. Additionally, all leads with modified 
trajectories had a 𝛥𝛥𝑇𝑇 below 2 oC. One mechanism for the 
lower measured 𝛥𝛥𝛥𝛥 due to the presence of the extracranial 
loops around the burr-hole includes cancellation of the 
tangential component of the incident electric field along the 
initial segment of the lead that exits the burr-hole [7]. 

While implementing the extracranial loops in the DBS lead 
trajectory reduced RF heating, several limitations remain. The 
amount of heating measured is specific to the model of the 
DBS system, the MRI scanner, and the patient-derived lead 
trajectories used in this study and cannot be extrapolated to 
DBS systems from other commercial vendors. Additionally, 
experiments were performed with a unilateral lead in a single 
phantom setup; it has been highlighted that different patient 
body compositions affect RF heating due to differences in 
electric properties around the implanted DBS system [20]. 
Future work will include a systematic assessment of RF 
heating accounting for these related factors.  
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Figure 3. (A) Distribution of ΔT for the 13 modified DBS lead trajectories. 
The distribution was fitted to the Rayleigh distribution. The distribution of 
ΔT for the lead trajectories representing typical heating scenarios is also 
included. (B) 3D surface rendered view of patient CT images with examples 
of DBS lead trajectories with typical heating scenarios. The measured ΔT 
values from the RF heating experiments are indicated for the highlighted 
DBS lead trajectories and are outside the 95% confidence interval estimated 
under the Rayleigh distribution of ΔT for DBS leads with modified 
trajectories. (C) 3D rendered view of manually created DBS lead trajectories 
that were evaluated. 
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