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Purpose: The risks of RF-induced heating of active implantable medical device 
(AIMD) leads during MR examinations must be well understood and realistically 
assessed. In this study, we evaluate the potential additional risks of broken and aban-
doned (cut) leads.
Methods: First, we defined a generic AIMD with a metallic implantable pulse gen-
erator (IPG) and a 100-cm long lead containing 1 or 2 wires. Next, we numerically 
estimated the deposited in vitro lead-tip power for an intact lead, as well as with 
wire breaks placed at 10 cm intervals. We studied the effect of the break size (wire 
gap width), as well as the presence of an intact wire parallel to the broken wire, and 
experimentally validated the numeric results for the configurations with maximum 
deposited in vitro lead-tip power. Finally, we performed a Tier 3 assessment of the 
deposited in vivo lead-tip power for the intact and broken lead in 4 high resolution 
virtual population anatomic models for over 54,000 MR examination scenarios.
Results: The enhancement of the deposited lead-tip power for the broken leads, com-
pared to the intact lead, reached 30-fold in isoelectric exposure, and 16-fold in realis-
tic clinical exposures. The presence of a nearby intact wire, or even a nearby broken 
wire, reduced this enhancement factor to <7-fold over the intact lead.
Conclusion: Broken and abandoned leads can pose increased risk of RF-induced 
lead-tip heating to patients undergoing MR examinations. The potential enhancement 
of deposited in vivo lead-tip power depends on location and type of the wire break, 
lead design, and clinical routing of the lead, and should be carefully considered when 
performing risk assessment for MR examinations and MR conditional labeling.
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1  |   INTRODUCTION

Patients with long conductive implants undergoing MR exam-
inations bear the additional risk of interaction of the implant 
with the RF fields induced in the body by the MR system. 
An elongated conductive lead acts like an antenna, collecting 
RF power and depositing it around the implant electrodes (ie, 
the lead-tip) resulting in local tissue heating.1-4 The methods 
and procedure to assess the deposited in vivo lead-tip power 
of active implantable medical devices (AIMD) are defined in 
ISO 10974, with Clause 8 describing the assessment of RF-
induced heating. The risk is assessed for potential variation 
in the implant configuration, lead design, lead trajectories, 
tissue environment, and incident field (RF coil, imaging land-
mark, etc.), including consideration of the measurement and 
simulation uncertainties. However, individual wires of a lead 
may already be broken before, or break during implantation, 
because some unresponsive channels may be tolerated by the 
implantation protocol. Wire breakage may also occur sponta-
neously over time, and broken, retained, or abandoned leads 
may result from subsequent surgeries, where leads may be 
re-positioned, cut, or simply unplugged from the implantable 
pulse generator (IPG) instead of being removed. Extraction of 
abandoned leads may introduce significant procedural risk, 
including cardiac or vascular avulsion, pulmonary embolism, 
stroke, cardiac tamponade, and myocardial perforation in the 
case of implantable cardiac defibrillators and pacemakers,5-10 
or may not be feasible at all. Therefore, often leads are left in 
place, leaving this subset of AIMD patients ineligible for MR 
examinations by current protocols. In conversations with 3 
cardiologists, we learned that between 5%-10% of their pa-
tients have abandoned leads. The significance of addressing 
the safety of AIMD patients with abandoned leads during MR 
examinations is reflected by the National Institutes of Health 
(NIH) funded clinical trial “Evaluating MRI Scanning in 
Patients with Fractured or Abandoned Endocardial Leads”11 
that started in October 2020 recruiting patients. The presence 
of abandoned leads during MR examinations has not yet been 
linked to patient harm in a clinical case,12-17 which may be 
because of the infrequency of such examinations and the fact 
that many MR scans are done with specific absorption rate 
(SAR) levels much lower than 2 W/kg. However, the pres-
ence of abandoned leads contraindicates MR examination at 
some sites,18,19 whereas at others it can be allowed by the ex-
pert if mitigating steps are taken (eg, reduced scan intensity 
or time).12-17,20 To our knowledge, there is no clinical study 
to date of the effects of leads with broken wires on the safety 
of MR examination.

In some cases, the proximal end of the abandoned lead is 
capped (isolated from the tissue), whereas in other cases the 
lead connectors are simply left in contact with the tissue after 
unplugging it from the IPG. For leads much shorter than res-
onant length (roughly λ/5 or shorter), the deposited lead-tip 

power is a simple function of the local lead-tip resistivity.21 
Therefore, capping or otherwise insulating an abandoned 
short lead reduces the deposited power at the insulated loca-
tion. For longer leads, however, capping the proximal end of 
an abandoned lead may result in higher deposited power at 
the distal end of the lead (ie, the lead-tip).22-25 An analogous 
situation arises in risk assessment of passive orthopedic im-
plants, whereby fractured or adjacent metallic implants can 
exhibit higher RF-induced heating by up to a factor of 10 than 
predicted by safety evaluations based on single implants.26,27

In this study, we developed a generic AIMD with a metal-
lic IPG and a 100-cm long lead containing 1 or 2 wires. The 
scaled transfer function, the deposited lead-tip power, and 
the RF-induced maximum local SAR near the lead-tip were 
derived both numerically and experimentally. Subsequently, 
we modeled wire breaks at 10 cm intervals. The effect of 
the break size (wire gap width g), as well as the effect of 
a second wire, intact or broken, parallel to the broken wire, 
on the enhancement of the deposited in vitro lead-tip power 
were numerically studied, and the configuration with max-
imum deposited in vitro lead-tip power was experimentally 
validated.

Finally, the transfer functions of the intact and broken 
leads were measured to estimate the Tier 3 deposited in vivo 
lead-tip power according to Clause 8 of ISO 10974 in 4 high 
resolution Virtual Population (ViP) anatomic models, 10 RF-
coils covering the envelope of commercial MR systems, and 
head-to-foot imaging landmarks.

2  |   METHODS

2.1  |  Lead models

A generic implant with a metallic IPG and a 100 cm long 
single-wire lead was defined as shown in Figure 1A. The 
wire(s) are connected to the IPG with a 100 pF feed-through 
capacitor in parallel with a 500 Ω resistor, grounded to the 
IPG body. A 1-mm air gap in the wire (but not in the in-
sulation) was added at 10-cm intervals along the wire. For 
the single-wire lead with a wire break at 50 cm, gap sizes 
g = 1, 2, 5, and 10 mm were studied. To study the influence 
of a nearby (coupled) wire, a double-wire lead was created 
as shown in Figure 1B, with a wire distance d = 1.3 mm. For 
the lead with a wire break at b = 50 cm from the lead-tip, the 
influence of the distance d between the leads was also inves-
tigated for d = 0.55 mm and 1.80 mm. Finally, the effect of 
both wires broken at b = 50 cm from the lead-tip was studied.

For each lead model, the RF-induced SAR distribution 
near the lead-tip, the current distribution I (l) = |I (l)| ej�I l 
along the lead, and the transfer function were derived numer-
ically using the finite-difference time-domain (FDTD) sim-
ulation platform Sim4Life V5.2 (ZMT Zurich MedTech AG 
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(ZMT), Zurich, Switzerland) in a homogeneous tissue sim-
ulating medium (TSM) with the dielectric properties ε = 78 
and σ = 0.47 S/m.

2.2  |  In vitro experimental validation

Four implants, all with the same IPG but different leads, were 
manufactured to validate the simulations: (1) m1: a 100-cm 
long intact single-wire lead, (2) m2: a 100-cm long single-
wire lead with a wire break at 50 cm from the lead-tip (1 mm 
plastic spacer inserted to ensure wire separation), (3) m3: the 
same 100-cm long broken single-wire lead with a parallel in-
tact 100-cm long wire (wire distance d = 1.3 mm), and (4) 
m4: a 50-cm long single-wire lead. This 50-cm long lead was 
made by cutting the 100-cm long lead at b = 50 cm from 
the lead-tip and insulating the cut end, that is, a capped end. 
For the m4 measurements, the IPG with the remaining 50-
cm lead was removed, making it a true representation of a 
50-cm long capped abandoned lead. The second lead-tip for 
the double-wire lead was 2.5 mm behind the first lead-tip. 
The lead-tip is formed by removing the insulation along 50% 
of the circumference to make a 1-mm wide gap and expose 
the wire. The transfer function for each lead was measured 
with the piecewise excitation (piX) system (ZMT) and scaled 
using radiated SAR measurements performed with the medi-
cal implant test system (MITS, ZMT) and the dosimetric as-
sessment system DASY6 (Schmid and Partner Engineering 
AG, Zurich, Switzerland) at 64 MHz in an ELIT1.5 phantom 
(ZMT) loaded with TSM with dielectric properties ε = 78 

and σ = 0.47 S/m. The “touchless” technique28 was used to 
calculate the deposited in vitro lead-tip power PISO−E by inte-
grating the deposited power within a −30 dB volume around 
the lead-tip with the aid of a numerically derived local power 
deposition distribution, which is co-registered and scaled 
to the SAR measurements collected at 3 planes above the 
lead-tip.

The confidence interval of the validation measurement of 
a given implant, exposure system, and polarization, was as-
sessed for tests performed by the IT’IS Foundation following 
the methodology of JCGM 100:2008 (GUM), and is shown 
in the supporting information.

2.3  |  In vivo deposited power

The Tier 3 in vivo deposited power was estimated using 
the Medical Device Development Tool, IMAnalytics with 
MRI×ViP and BCLib.29 Four high-resolution ViP ana-
tomic models (http://itis.swiss/​virtu​al-popul​ation/​virtu​al-
popul​ation/​vip3/) were selected: Fats, Duke, Billie, and 
Thelonious.30 Each model was placed in 10 RF birdcage 
coils with different coil lengths and diameters, covering the 
envelope of commercial MR systems, as shown in Figure 
2A. Each 2-channel coil was tuned to resonate at 64 MHz at 
circular drive polarization. The patient models were placed 
supine in a head-first scanning orientation, with the bird-
cage isocenter along the centerline of the patient model. 
Imaging positions from head-to-foot were considered for 
each model with a step size of 10 cm along the longitudinal 

F I G U R E  1   (A) Generic implant with a metallic IPG and a 100-cm long single-wire lead, with a break of dimension g at distance b from the 
lead-tip. (B) Generic implant with a double-wire lead (wire separation d) and 2 electrodes (lead-tips). l indicates the distance of the wire break from 
the lead-tip

(A)

(B)

http://itis.swiss/virtual-population/virtual-population/vip3/
http://itis.swiss/virtual-population/virtual-population/vip3/
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axis, as shown in Figure 2C. For each coil, anatomic 
model, and landmark, the coil power was set such that the 
limiting SAR values of the normal operating mode, that is, 
either head averaged SAR (3.2 W/kg), whole-body aver-
aged SAR (2 W/kg), or partial-body averaged SAR, was 
reached. For each ViP model, a generic spinal cord stimu-
lator lead routing group, including 100 randomly generated 
lead routings, was evaluated. The routings ran underneath 
the skin from the left buttocks below the waistline, along 
the epidural space from the T10 vertebra, and terminated 
at the C1 vertebra. The magnitude of the tangential E-field 

induced along the length of each routing is shown in the 
Supporting Information.

3  |   RESULTS

The current distribution of the single-wire lead is shown in 
Figure 3A. The wire break causes a change in the effective 
electrical length of the lead. The non-zero currents at some of 
the break points in Figure 3A are artifacts because of the lim-
ited spatial resolution of the current sensors. Figure 3B shows 

F I G U R E  2   (A) Numeric models of the 10 2-port RF coils in BCLib. (B) Illustration of the 4 selected ViP models with the spinal cord 
stimulator routing groups; each routing group contained 100 randomly generated lead routings. Imaging positions with a step size of 10 cm along 
the longitudinal axis from head-to-foot were selected

(A)

(B)
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the current distribution and transfer function of the double-
wire leads. The current distribution of the double-wire lead 
is substantially different compared to the single-wire lead, 
which is because of the change in the characteristic imped-
ance of the lead caused by the additional coupled wire. The 
deposited in vitro lead-tip power under isoelectric conditions 
PISO−E, shown in Figure 4 as a function of the wire break po-
sition b, demonstrates that when the damaged wire segment 
attains the half-wavelength of the field (ie, lead with a wire 
break at 50 cm), the RF-induced and deposited in vitro lead-
tip power is ~30 times higher than for the intact single-wire 
lead. The size of the wire gap has negligible influence (<0.01 
dB) on the deposited in vitro lead-tip power.

By adding an extra intact wire, or surprisingly even an 
extra broken wire, the RF-induced deposited in vitro lead-tip 
power enhancement decreased for the single-wire lead from 
>30-fold to <7-fold. By changing the spacing between the 
broken and unbroken wire the enhancement factor varies by 
a factor of ~3. When the coupled wire was also broken at the 
50-cm position (ie, the 100-cm long double-wire lead with 
wire a distance d = 1.3 mm and both wires broken at b = 
50 cm), the RF-induced maximum deposited in vitro lead-
tip power PISO−E increased by ~2 compared to the case when 

only the main-wire was broken at 50 cm, but was ~3 times 
lower than for the broken single wire.

All numeric results were experimentally validated, shown 
in Figure 4 as m1−m4, which agreed with the simulations 
within the estimated expanded uncertainty of 2.7 dB (see 
Supporting Information Tables S1-S4). The RF-induced de-
posited in vitro lead-tip power of the lead broken at 50 cm 
was ~30 times higher than the intact lead; this enhancement 
decreased to <4 times when an intact wire was placed par-
allel to the wire with the break at 50 cm. Surprisingly, even 
a broken parallel lead reduced the enhancement to <7 times 
that of the intact case.

Finally, the Tier 3 deposited in vivo lead-tip power (PTier3) 
of the intact single-wire lead and the single-wire lead with a 
wire break at 50 cm was computed for more than 54,000 ex-
posure scenarios. The corresponding tangential E-fields are 
statistically summarized (see Supporting Information Figure 
S1). As previously shown,31 the variation of the RF-induced 
SAR across different ViP models of the same generation can 
exceed 10 dB. Figure 5 shows that the mean and maximum 
enhancement ratio of the Tier 3 deposited in vivo lead-tip 
power between the single-wire lead with the wire broken at 
50 cm (b = 50 cm) and the intact lead (b = 0 cm), computed 

F I G U R E  3   Amplitude (A) and phase (B) of the current distribution along the lead length l of the single-wire lead and the double-wire lead (C) 
and (D), numerically derived for 9 leads with different wire break positions b (distance from the lead-tip), respectively

(A) (B)

(C) (D)
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for exposures where the lead-tip power was ≥5% of the max-
imum value, varied from more than a 16-fold enhancement 
to <0.2-fold enhancement (reduction) depending on the ex-
posure scenario.

4  |   DISCUSSION

This work demonstrates the potential for dangerously large 
RF-induced heating during MR examinations by broken, 
abandoned, or cut leads when compared to intact leads. The 
maximum enhancement of the deposited lead-tip power of 
a generic AIMD because of a wire break reached 30-fold 
under isoelectric conditions (in vitro) and 16-fold in realis-
tic clinical exposures (in vivo), compared to the intact lead, 
with variations up to 2 orders of magnitude depending on 
the patient anatomy and scan position. Because of electro-
magnetic coupling, the presence of a nearby intact, or even 
broken, wire was seen to reduce the potential enhancement 

significantly, to ~4 times for the nearby intact wire and 
~7 times for the nearby broken wire, respectively. Our ex-
perimental results confirm that a capped abandoned lead 
behaves the same as a broken lead with the same length 
from lead-tip to the break point. The numerically extracted 
results were successfully validated by experiments within 
the combined uncertainty.

The charge buildup at the end of the wire is proportional 
to the spatial derivative of the current inside the wire. The 
associated field in the tissue is proportional to that charge 
build-up, whereas the SAR and deposited power are propor-
tional to the square of it. The parabolically shaped current 
profile along the wire shown in Figure 3 doubles in mag-
nitude after breaking at 50 cm, while being squeezed into 
a 50-cm length (further doubling the current derivative, re-
sulting in a qualitatively estimated 4-fold increase in charge 
build-up and a 16-fold 1 in power deposition). Quantitative 
evaluation of the computed current along the wire shows that 
the effective increase of the spatial derivative at the end is 

F I G U R E  4   Deposited in vitro lead-tip power PISO−E in 
[

mW

(V∕m)2

]

 for the (1) 100-cm long single-wire and the 100-cm long double-wire lead 
(wire distance d = 1.3 mm) with main-wire break as a function of the wire break position b under isoelectric conditions. (2) 100-cm long single-
wire lead with wire break at b = 50 cm and a gap size g = 1 mm, 2 mm, 5 mm, and 10 mm, (3) 100-cm long double-wire lead with wire distances 
d = 1.8 mm and 0.55 mm and the main-wire broken at b = 50 cm, and (4) 100-cm long double-wire lead with wire distance d = 1.3 mm and both 
wires broken at b = 50 cm. Experimental validation measurements of the four 50-cm break cases are shown with slight offset for clarity. m1: 100-
cm long intact single-wire lead with IPG. m2: 100-cm long single-wire lead broken at b = 50 cm with IPG. m3: 100-cm long double-wire lead with 
main-wire break at b = 50 cm and wire distance d = 1.3 mm and with IPG. m4: 50-cm long single-wire lead without IPG, that is, a 50-cm capped 
abandoned lead
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~5.5-fold—therefore, the deposited power is expected to in-
crease in the order of 30-fold, explaining the observed in-
crease in Figure 4.

To evaluate if the findings are also relevant for clinical 
exposures, a simple test was performed using a set of generic 
leaded implants exposed to the fields along potential routings 
of a spinal cord stimulator for a large set of realistic exam-
ination conditions. Obviously, the observed enhancements 
are different for any other AIMD design, damage scenarios, 
clinical routings, and examination conditions.

All simulations and measurements were performed at 64 
MHz, corresponding to 1.5T MR systems; qualitatively sim-
ilar results are expected at the higher frequencies used by 3T 
and 7T MR systems, with the main difference being the break 
length(s) and geometries, at which large enhancement of de-
posited power is attained.

These potential heating enhancements should be consid-
ered, together with the probability of damage and/or the use 
of a pre-scan diagnostic, such as an impedance check, when 
performing risk assessment for MR examinations or device 
labeling. Our results indicate that multi-wire leads must be 
thoroughly tested for the worst-case break configuration be-
fore claims about their safety in the MR environment with 
broken wires can be made. Without comprehensive evalua-
tion of broken wires, the large enhancement of RF-induced 
deposited lead-tip power, both in vitro and in vivo, found 
in this study, and the potential consequences of serious tis-
sue damage, warrant to contraindicate AIMD patients with 
broken, abandoned, or cut leads from MR examinations. It 
also calls for further investigations into how abandoned leads 
(those that cannot be removed because of medical reasons) 
can be put into a configuration, which does not produce more 
RF-induced lead-tip power than when the lead is connected 

to the IPG. Such a lead configuration would allow patients 
with MR conditional AIMDs access to MR examination even 
when their MR conditional lead is no longer connected to 
the IPG.
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TABLE S2 Combined uncertainty of incident field exposure, 
because of the RF coil and anatomic model
TABLE S3 Uncertainty of local SAR enhancement mea-
sured via radiated testing in the MITS using DASY6 with an 
EX3D SAR probe
TABLE S4 Estimated validation uncertainty
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