
UCLA
UCLA Electronic Theses and Dissertations

Title
Mitigation of Radio-frequency Induced Active Implantable Medical Device Heating During 
MRI Exams

Permalink
https://escholarship.org/uc/item/0493d031

Author
Martinez Martinez, Jessica Aurora

Publication Date
2019
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0493d031
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

Mitigation of Radio-frequency Induced Active Implantable 

Medical Device Heating During MRI Exams 

 

 

 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy in 

Bioengineering 

 

 

by 

 

 

 

Jessica Aurora Martinez Martinez 

2019 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Jessica Aurora Martinez Martinez 

2019



 ii 

1. Abstract 

CHAPTER 1 

Abstract of The Dissertation 

 

 

Mitigation of Radio-frequency Induced Active Implantable Medical Device Heating 

During MRI Exams 

 

by 

 

Jessica Aurora Martinez Martinez 

Doctor of Philosophy in Bioengineering 

University of California Los Angeles, 2019 

Professor Daniel Ennis, Co-Chair 

Professor Holden H. Wu, Co-Chair 

 

 

 

MRI examinations for patients with active implantable medical devices (AIMDs) pose significant 

safety concerns. Among them, induced currents by the radiofrequency (RF) electromagnetic 

field can result in tissue damage. While the magnetic component of the RF field (B1) is 

necessary for spin excitation, the electric component does not have a significant role during an 

MRI exam but it is mostly responsible of the induction of currents that get concentrated by the 

AIMD. The induced current propagates in the AIMD lead and when it reaches the end of 
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the lead, a temperature increase is observed at the lead, commonly known as lead-tio 

heating (LTH), which can damage the surrounding tissue. A large number of factors 

impact the magnitude of the induced currents. Therefore, the analysis can be extremely 

complex, which contributes to difficulty associated with understanding how to safely 

examine patients with an AIMD using MRI. Consequently, and unfortunately, MRI 

examinations for patients with AIMDs are often denied. To reduce safety risks, device 

manufacturers have created MR-conditional AIMDs which under specific conditions 

safety risks are reduced. The conditions often include the specific absorption rate 

(SAR). SAR is a measure to estimate RF exposure measured by the MRI scanner 

which is often limited to a certain value to mitigate temperature increase.  However, 

meeting SAR conditions can be challenging. In this dissertation, a thorough examination 

of the parameters that affect RF-induced AIMD heating is performed. Novel techniques 

for mitigating device heating are addressed including a workflow that provides guidance 

for modifying protocols to reduce the applied RF power with limited impact on diagnostic 

image quality. Additional work provides an analysis of the magnitude of the RF electric 

fields with the aim of reducing the induced device heating.  

The motivation behind this thesis is provided in Chapter 2. A review of the risks 

associated with MRI exams for patients with MR-conditional and non-conditional cardiac 

AIMDs. The current clinical practice for performing MRI examinations is provided in 

Chapter 3. Chapter 4 is a brief introduction to the physics behind the static magnetic 

and time varying electromagnetic fields used in MRI. A brief introduction to nuclear 

magnetic resonance (NMR) is also provided.   
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Chapter 5 main goal is to find a method to allow MRI clinics to modify standard 

protocols while limiting the effect on image quality and scan time. To do so, a workflow 

that modifies SAR dependent sequence parameters in a specific order was suggested 

and tested for head, C-spine, L-spine and T-spine vendor provided protocols. The 

protocols were modified to meet SAR levels as low as 0.1 W/kg which is ~95% less than 

SAR for conventional examinations. We believe that the proposed workflow will solve 

the potential examination denials of MR-conditional devices due to the lack of guidance 

to meet really low SAR conditions.    

Chapter 6 presents a simple method for reducing RF induced lead-tip heating 

(LTH) for patients with MRI unsafe cardiac AIMDs. LTH is known to depend on the lead-

path and distance to isocenter. Herein we suggest that by simply changing patient 

orientation from a head-first to a feet-first orientation LTH can be mitigated.  The 

principle behind this is steeped in the fact that the RF electric field is spatially 

asymmetric and temperature increase is proportional to the magnitude of the electric 

field. Thus, by moving to a lower E-field magnitude, LTH can be reduced. Hence, for 

MR-unsafe cardiac AIMDs implanted on a left side switching from a head-first to a feet-

first orientation was then suggested. To do so temperature data was acquired for MR-

unsafe cardiac devices following different lead paths and at nine positions within the 

human body. The results show that changing orientation can reduce LTH. There was no 

scenario in which LTH was significantly worse in a feet-first orientation. 

In Chapter 7 a comparison of LTH at 1.5T and 3T is provided. With 1.5T being 

the standard field strength used for scanning patients with cardiac AIMDs, examinations 

at 3T are generally contraindicated. The principal motivation is that SAR increases with 
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the square of field strength, thus the rationale suggests that for patients with cardiac 

AIMDs, RF-induced device heating will increase as well. Notably, however, the 

interactions between the cardiac AIMD and the RF-electromagnetic field are subject to 

resonant length effects, hence LTH may not be worse. In addition to resonant effects, 

LTH depends on the interactions of the lead path, position relative to isocenter, and type 

of cardiac AIMD type. The comparison of LTH at 1.5T and 3T was performed by 

acquiring temperature data for MR-unsafe cardiac AIMDs following different lead paths 

and at nine distances from isocenter. Results suggests that MRI examinations for MR-

unsafe cardiac AIMDs at 3T may not be more dangerous than at 1.5T. 

Chapter 8 summarizes the methods suggested in this thesis to mitigate LTH and 

the potential benefit for patients with MR-conditional AIMDs. Future work is also pointed 

out. 
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CHAPTER 2 

Motivation 

2. Motivation 

The rate of implantation of active implantable medical devices (AIMDs) is increasing 

every year. Thus, MRI referrals for patients with AIMDs are expected to increase as 

well. To date, these referrals are generally denied due to the potentially hazardous 

interactions between the device and the MRI scanner’s magnetic fields. For instance, 

the B0 (―main‖) magnetic field can unpredictably activate the reed switch sensor. In 

devices like pacemakers and neurostimulators this can result in the activation of the 

device therapy [1],[2]. The gradient magnetic fields can induce currents in the device 

that can create unintended stimulation [3]. The RF field can generate conductive 

currents in the AIMD that induce tissue heating that may result in tissue damage [4]. 

This dissertation focuses on RF-induced heating concerns and describes several 

methods to mitigate AIMD heating and potential tissue damage. 

 

One solution to mitigating device heating has been for industry to develop AIMDs that 

heat less during MRI exams. The FDA categorizes AIMD device risks during MRI 

exams [5] and provides guidance for device labeling that includes: MRI safe, MRI 

unsafe, and MRI conditional categories. MRI conditional labeling, indicates that patients 

can safely undergo MRI examination only when specific conditions (e.g. low RF power, 

specific landmark restrictions, etc.) are met. Consequently, RF induced AIMD heating 

remains a concern for both MRI conditional and MRI unsafe AIMDs and approaches to 

mitigating AIMD heating persist as an open clinical problem. 
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This dissertation is focused on understanding different strategies to reduce RF-induced 

device heating risks in order to allow patients with AIMDs to be scanned more safely. 

Specifically, we will evaluate the type of MRI sequence that is used, the AIMD position 

within the scanner, the scanner’s B0 magnetic field strength. 

 

The objective of this dissertation was to mitigate RF-induce lead-tip heating in patients 

with AIMDs. By doing so, patients with AIMDs will benefit from an MRI examination with 

an improved safety profile. 

 

2.1 Specific Aims 
 

SPECIFIC AIM #1 – To create a workflow designed to generate MRI protocols that 

meet a lower specific absorption rate (SAR, W/kg) target while limiting the effect on 

image quality. The workflow enables modifying SAR-dependent MRI sequence 

parameters in a systematic fashion. The workflow followed constraints that included: 

maintaining image contrast, limiting scan time increase to ≤2x, and reducing spatial 

resolution by less ≤2x. The workflow was tested for several clinical neuro protocols to 

meet a whole-body SAR target of ≤0.1 W/kg. We hypothesized that image quality for 

the low SAR images was not statistical different than the default protocol. In order to 

test this, image quality was scored by two experts on a 5-point Likert scale. Additional 

CNR and SNR measurements were also performed.  

 

SPECIFIC AIM #2 – To study the relationship between the induced RF electric field and 

pacemaker lead-tip heating (LTH) as a function of patient orientation. The E-field is 

asymmetric, hence we compared LTH for both the head-first (HF) and a feet-first (FF) 
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orientation by performing in vitro temperature experiments with nine MRI unsafe cardiac 

devices using a range of left-sided implant configurations in the American society for 

testing and Materials (ASTM) phantom. Temperature data were recorded at the lead-tip 

using MRI-compatible temperature probes during exposure to five minutes of 4 W/kg 

whole body SAR at nine different landmarks. We hypothesized that LTH was higher for 

a HF than a FF orientation, which corresponds to a lower E-field exposure. This may 

present a novel approach to limiting AIMD heating. 

 

SPECIFIC AIM #3 – To evaluate device heating at various magnetic field (B0) strengths. 

To do so we evaluated induced temperature changes while applying the same B1+RMS 

(average effective RF field) at 0.35T, 1.5T, and 3T for a range of device lengths that 

approximate the scanner’s resonant frequency half wavelength positioned at different 

locations within the ASTM torso phantom. Temperature data was recorded using MRI-

compatible temperature probes when the RF field was active. We hypothesized that 

maximum heating would be observed when the device length closely approximates the 

scanner’s half wavelength.   

 

Taken together the results of these Specific Aims will be an improved understanding of 

several sources of AIMD heating that leads to new approaches to mitigating the risk of 

heating faced by patients with AIMDs. 

 

2.2 Significance 
 

Importance of the problem  
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The rate of implantation of active implantable medical devices (AIMDs) increases each 

year. For cardiac devices, such as pacemakers and implantable cardioverter 

defibrillators (ICDs), 700,000 devices are implanted annually [1]. Approximately 50-70% 

of patients with AIMDs will be referred for an MRI examination during their lifetime for a 

range of clinical indications [7]. The majority of these referrals, however, are denied due 

to safety concerns. To date, scanning patients with AIMDs is broadly contraindicated.  

The majority of the MRI referrals for patients with AIMDs are denied due to safety 

concerns, except at leading clinical sites [8]. MRI can have a great benefit in the clinical 

diagnosis of patients with AIMDs. For this reason, it is imperative to minimize risks 

generated between the AIMD and the scanner. Enormous effort has been done in the 

development of MRI-conditional devices. These devices have FDA device labeling for a 

specific SAR condition that cannot be exceeded. To reach this SAR condition, MRI 

exam parameters have to be modified. It is difficult to modifying the MRI exam 

parameters while mitigating any deleterious impact on image quality and, in fact, very 

limited information is available to guide clinicians and technicians in this regard. 

Nevertheless, both MRI conditional and MRI unsafe AIMDs are available and there is a 

need to better define the conditions under which these patients can safely undergo an 

MRI exam. Due to a lack of understanding of the interaction between and the MRI 

scanner and AIMDs, MRI exams for patients with AIMDs may be withheld.  

 

Improvement in Clinical Practice  

 As a direct consequence of this dissertation, we will offer several approaches to 

facilitate MRI exams of patients with AIMDs with improved safety profiles. From a 

clinical standpoint, technicians and radiologists can benefit from the workflow that we 
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will develop (SA1). Furthermore, safety can be improved once a better understanding of 

the interactions between the devices and the scanner is achieved (SA2 and SA3).  
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CHAPTER 3 

Introduction 

3. Introduction 
 

This thesis chapter was previously published: Martinez JA, Ennis DB. MRI of Patients 

with Cardiac Implantable Electronic Devices. Current Cardiovascular Imaging Reports. 

2019. DOI: 10.1007/s12410-019-9502-8 

  

http://dx.doi.org/10.1007/s12410-019-9502-8
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3.1 Abstract 

Purpose – The purpose of this review is to clarify the risks associated with MRI exams 

for patients with cardiac implantable electronic devices (CIEDs) and to provide 

information regarding the MRI examination protocol for patients with CIEDs.  

Recent findings – Several prospective studies evaluated the feasibility of MRI exams for 

patients with CIEDs and reported no adverse events. These studies suggest that by 

following a specific MRI examination protocol and monitoring both CIED parameters 

and the patient’s symptoms, an MRI exam can be performed by appropriately trained 

personnel with an acceptable benefit-to-risk ratio. 

Summary – Both MR unsafe and MR conditional CIEDs are commercially available, but 

there are no MR safe CIEDs. The potential risks faced by patients with CIEDs during an 

MRI exam are always present and warrant careful monitoring. Three magnetic fields in 

the MRI scanner interact with the device in ways that can damage the CIED or harm the 

patient. Due to safety concerns and out of an abundance of caution, the majority of MRI 

exams for patients with CIEDs are currently denied. However, when following a specific 

MRI exam protocol, these risks can be mitigated.  
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3.2 Introduction  

Cardiac implantable electronic devices (CIEDs), such as pacemakers and implantable 

cardioverter defibrillators (ICDs), are widely used for treating cardiac arrhythmias – the 

most common heart disorder. Each year 63 patients per million require CIED therapy 

[1]. 

According to the Food and Drug Administration (FDA, 21CFR870.3610), CIEDs are 

categorized as a Class III medical devices because of the use a source of electrical 

energy or a battery, to function (i.e. active device). Depending on the patient’s needs, 

CIEDs can have different wire leads and pulse generators that can be programmed in 

various modes to target a specific type of arrhythmia (Figure 1).   

 

Figure 1. Illustration of different CIED characteristics. 
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For patients with cardiac arrhythmias, it is expected that other medical complications 

will arise during their lifetime. Therefore, patients with CIEDs may be referred for a 

clinical MRI exam during the device lifetime for any number of reasons. Due to safety 

concerns and out of an abundance of caution, the majority of MRI exams for patients 

with CIEDs are currently denied.  Nevertheless, the indication for an MRI exam for 

patients with CIEDS are numerous. In fact, it is expected that up to 75% of patients with 

CIEDs will need an MRI exam during the lifetime of the device, and 17% will need an 

MRI exam within the first 12 months [2]. The need to improve CIED safety during MRI 

exams has led to a tremendous amount of industrial and academic work that resulted, in 

part, to clear labeling of CIEDs using an accepted terminology.  

The objectives of this review are: i) to clarify the different categories for labeling 

CIEDs; ii) to explain the interactions between the MRI scanner and the CIED that confer 

potential risk to the patient’s safety; and iii) to review current information on the MRI 

exam protocols for patients with MR unsafe and MR conditional CIEDs. 

 

 

3.3 Device Terminology 

To categorize the hazardous risk associated with a CIED in an MRI scanner the 

following specific terminology has been defined by American Society for Testing and 

Materials (ASTM) [3]: 

i) MR Safe – Devices that do not pose any hazard in the MR environment and are 

therefore safe to scan.  

ii) MR Conditional – Devices that are proven to be safe in the MR environment 

when specific conditions are met. According to FDA indications, all MR 
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Conditional devices intended to operate in presence of the MR system must be 

―labeled‖ according to specific conditional parameters listed in Table 1.  

 

 

Parameter Condition Units Note 

Main Magnetic 
(B0) Field 

B0 Strength [T] 
Main magnetic field 
strength (typically 

1.5T or 3T) 

Spatial Magnetic 
Field Gradient 

[T/m] 

Change in B0 
strength with 

respect to distance 
from the scanner 
isocenter (NOT 
RELATED TO 

GRADIENT FIELD) 

Gradient      
Field 

Slew Rate 
(dB/dt) 

[T/m/s] 
Only for Active 

Devices 

Radiofrequency 
(RF) Field (B1) 

Specific 
Absorption Rate 

(SAR)  
–or–  

Time averaged 
(root-mean-
square) RF 

magnetic field 
(B1+RMS) 

[W/kg] 
–or–  

T 

Normal operating 

mode (NOM):  2 
W/kg 

 
First level operating 

mode (FOM):  4 
W/kg 

 

Miscellaneous 

Type of Coils 
Transmit (Tx) 
Receive (Rx) 

TX/Rx or Rx  

Imaging 
Restrictions 

[Landmark,  
LM] 

Avoid certain 
examinations  

Examination 
Time 

[seconds or 
minutes] 

Do not exceed 
required time 

Table 1. Parameters and respective conditions to follow when scanning MR conditional 

devices. 

 

iii) MR Unsafe – Devices under this label are known to pose hazards in all 

MR environments, thus it is not recommended to perform an MRI exam 

with the device present.  
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Note, around 6 million people worldwide have implanted CIEDs that are not MR 

conditional labeled. At least half of these patients will have a clinical indication for an 

MRI exam [4]. MRI examinations for patients with legacy devices are widely considered 

absolutely contraindicated. The term ―legacy CIED‖, corresponds to commercially 

available CIEDS that were marketed and sold before the existence of the ASTM device 

terminology. These CIEDs were not designed to be safe for MRI examinations and their 

behavior in the MRI environment is not widely understood. Therefore, legacy CIEDs are 

considered MR unsafe. In this paper, the term ―MR unsafe CIED‖ refers to both MR 

unsafe labeled and legacy CIEDs. Importantly, the terminology ―MR compatible‖ 

remains persistently used colloquially, but it is not an accepted term. This term is not 

formally recognized and should not be used. 

To date, there are around 75 commercially available CIEDs [5]. From these, there 

are no commercially available MR safe CIEDs and it is unclear if such a device could be 

engineered. Currently, the available CIEDs are labeled either MR conditional or MR 

unsafe (or unlabeled), with the first MR conditional CIED approved by the FDA in 2011 

[6].  

 

3.4 Device Risks 

The interactions between CIEDs and the MRI scanner have been previously 

described [7]. These interactions raise potential safety concerns related to CIED 

damage or risk to the patient. CIEDs interact with the following three magnetic field 

components in the scanner each of which is required to generate clinical MR images:1) 

Main magnetic Field (B0); and the time varying magnetic fields: 2) gradient magnetic 

field gradient; and 3) radiofrequency (RF) magnetic field.  
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3.4.1 Main Magnetic Field (B0) 

 

The main magnetic field (B0), is the static magnetic field that is always active. The main 

magnetic field polarizes the hydrogen nuclei (i.e., spins) so that they are amenable to 

being imaged. For clinical MRI scanners, the B0 strength is typically 1.5T or 3T. The 

adverse interaction between a CIED and B0 include: 1) substantial physical forces 

(attraction or torque) that move the CIED resulting in device displacement and patient 

discomfort; 2) activation of the device therapy (activation of the reed switch sensor). 

 

3.4.1.1 Physical Forces 

In the presence of B0, ferromagnetic components will be attracted to the scanner 

when sufficiently close. Depending on the position of the device within the MRI scanner, 

the magnitude of the force of attraction will be different. Stronger translational forces will 

be exerted on the device just outside the scanner bore. Moving closer to isocenter, 

translational forces decrease, however, torque becomes stronger [8]. Figure 2 shows 

the schematics of the physical forces exerted by the B0 field on a CIED relative to 

position in the scanner.  

The main component subject to translational forces are the ferromagnetic materials 

in the pulse generator; whereas, the majority of the pacing leads are made of alloys that 

reduce ferromagnetic interactions with B0. Therefore, the main concern are translational 

forces and torques on the components in the pulse generator.  Notably, however, 

patients with MR unsafe CIEDs evaluated at 1.5T prior of 2001 did not report any 

adverse effects related to the B0 field [9]. The tissue that surrounds the pulse generator 

can help hold the device in place despite the presence of the B0 field. Therefore, 
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guidelines suggest waiting four to six weeks after device implantation before performing 

an MRI examination [10].  

 

Figure 2. Diagram of the physical forces exerted on a CIED by the B0 field inside the 

scanner bore. 

 

3.4.1.2 Reed Switch Sensor 

Reed switch sensors are components inside some MR unsafe CIEDs. When 

activated, the CIED is forced to stop sensing and pace in an asynchronous mode. In 

order to be activated, reed switch sensors were designed to be activated through the 

use of external magnets.  Thus, the interaction between the CIEDs and the MRI 

scanner may lead to the erroneous activation of the sensor. This activation can lead to 

incorrect pacing or therapy inhibition [11]. An incorrect pacing mode can also lead to 

battery depletion in ICDs.  

 

3.4.2 Time Varying Magnetic Fields 

MRI scanners use two different types of magnetic fields that are rapidly activated: 

gradient fields (used to encode images) and radiofrequency (RF) fields (used to excite 



 14 

spins). These magnetic fields generate time varying electric fields that can interact with 

the CIEDs in different ways.  

 

3.4.2.1 Gradient Field 

The gradient fields enable spatially encoding, which is required for image formation. 

The majority of clinical MRI scanners have gradient systems that generate a magnetic 

field whose peak strength varies between 40 and 80mT/m. The speed at which a 

gradient can be turned on and off is given by the slew rate which is in range to 100 to 

200T/m/s. When the gradient magnetic field is rapidly turned on and off (as is required 

for imaging), it generates a time varying electric field (E-field) that creates electric 

currents. These currents can, for example, result in peripheral nerve stimulation with or 

without a CIED present. In the presence of CIEDs, the currents can interfere with the 

device sensing and may result in an undesired stimulation event. The CIED 

characteristics, such as the sensing mode and type of lead (bipolar or unipolar), lead 

path, and gradient strength along with its periodic duration can contribute to CIED 

oversensing [12]. When the device is in a synchronous pacing mode, the gradients can 

inhibit pacing or inappropriately apply ICD anti-tachycardia therapy. It has been 

observed that monopolar leads will be more susceptible to oversensing, whereas 

bipolar leads have a higher threshold [13]. 

 

3.4.2.2 RF field 

RF fields excite the hydrogen spins, thereby, tipping them so they can be detected 

by a coil and measured for image formation. Highly conductive and lengthy 

components, such as the CIED leads can at as an antenna. The RF induced E-field 

generates currents that will travel along the lead. Because the myocardial tissue 



 15 

proximal to the lead-tip has a lower conductivity, these electric currents will be 

converted to thermal energy. Consequently, so-called lead-tip heating (LTH) can 

potentially cause thermal damage to the surrounding tissue. This thermal damage, may 

eventually lead to an increase in pacing threshold, capture loss, or arrhythmia induction 

produced by the CIED. LTH can be influenced by factors such as implant geometry [14], 

lead path [14-15], lead characteristics [16-17], abandoned leads [18], scanning 

sequence type [19] and imaging landmark [20]. Generally speaking, the greatest LTH 

will occur when the CIED is placed at isocenter [21]. Hence, the thoracic examinations 

may generally be avoided. In addition to LTH, RF interference can lead to battery 

depletion due to erroneous sensing of multiple RF pulses as arrhythmic episodes [22]. 

 

3.4.2.2.1 SAR and B1+RMS 

Regardless of the presence of pacing leads and CIEDs, the RF field deposits energy 

in all tissues that can result in tissue heating. The specific absorption rate (SAR, W/kg) 

is a measure of the amount of RF energy the MR scanner produces and that may be 

absorbed by the tissue. The FDA approves examinations under two SAR levels, normal 

operating mode (2 W/kg whole body SAR) and first level mode (4 W/kg whole body 

SAR). SAR, however, is patient dependent (height, weight, age, and gender) and its 

calculation varies between different MRI scanner vendors. Some MR conditional 

devices have SAR specific labeling constraints (i.e. only MRI exams with 

SAR≤0.5W/kg). The time averaged (root-mean-square) RF magnetic field (B1+RMS) is 

an alternative for estimating the applied RF energy. B1+RMS, however, is only 

dependent on the MRI exam parameters [23] (not patient specific parameters). It is 

important to note that SAR and B1+RMS are only a means to estimate the whole-body 

deposited RF energy and these values do not estimate the real thermal energy at the 
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CIED lead-tip. Notably, CIEDs with B1-RMS limits are clinically more straightforward 

because an MRI exam protocol that meets the B1-RMS condition can be designed 

before the exam itself. SAR conditional labeling typically requires patient-specific 

protocol refinement, which can be time consuming and ultimately costly. 

 

3.5 MR Conditional CIEDs 

In 2011, the first FDA approved MR conditional pacemakers became available [24]. 

To date the number of MR conditional CIEDs has dramatically increased. These 

pacemakers have been modified and tested to mitigate potential risks in the MRI 

environment when specific conditions are met. To reduce the potential for translational 

forces and torquing, the number of ferromagnetic components has been reduced. The 

reed switch sensor has been replaced with a hall sensor, thus, the activation of the 

device therapy in presence of the B0 field has been diminished. MR conditional CIEDs 

include another pacing mode that can be activated during an MRI scan. This so called 

―MR-mode‖, allows the CIED to pace at a controlled rate during an MRI examination. All 

MR conditional CIED components and devices have been extensively tested over a 

wide range of exam conditions. Information needed to establish safety and combability 

of active devices in the MR environment has been published by the FDA [3]. Despite the 

availability of MR conditional CIEDs, the switch from implanting MR unsafe to MR 

conditional CIEDs has not occurred rapidly and confusion regarding safe MRI exams for 

these patients persists. The ProMRI study reported that nearly 45% (14/33) of MRI 

referrals were denied, despite MR conditional CIED device labeling [25]. The main 

reason for denying these examinations is likely related to the absence of MRI 

examination protocols for MR conditional CIEDs combined with the fact that the 
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conditional guidelines may be unclear and provide insufficient guidance on how to 

modify MRI protocols to be acceptable. 

 

3.6 MR imaging with CIEDs 

A protocol for performing MRI examinations with MR unsafe CIEDs while 

mitigating adverse effects has been previously reported [26]. CIEDs. Following this 

protocol, several prospective studied [27-31] have analyzed the effect of MRI on MR 

unsafe CIEDs. The MagnaSafe prospective multi-center study [27] evaluated outcomes 

for patients with a CIED from 2009 to 2014 who underwent a clinically indicated MRI 

exam. In this study, non-thoracic MRI examinations were performed in 818 patients with 

MR unsafe non-pacing dependent pacemakers and 428 patients with ICDs. Patients 

with pacing dependent pacemakers were excluded from the study due to the risks of 

battery depletion. After the MRI examination, a follow-up evaluation was performed at 6 

months in 93% of the participants. The MagnaSafe study reported no significant 

damage to the CIED and an MRI protocol to scan MR-unsafe devices was suggested 

[28]. Recent studies [29] suggest that MR-unsafe pacing dependent pacemakers 

manufactured after 2002 do not experience battery depletion during an MRI exam. A 

single center study [30], reported no adverse effects in either pacing and non-pacing 

dependent patients with CIEDs when specific MRI protocols are followed. A prospective 

study from Johns Hopkins University and the National Institutes of Health (NIH) [31] 

reported the analysis of 2103 examinations with MR unsafe CIEDs. In this study, both 

pacing and non-pacing dependent MR unsafe CIEDs were included (880 pacemaker, 

629 ICDs, 137 pacing dependent), and thoracic MRI examinations were not excluded 

(257 of 2103 exams).  Only nine examinations resulted in power-on reset. Furthermore, 
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an association between thoracic imaging and change in sensing and threshold was not 

found.  

Safety of MR conditional CIEDs under an MRI examination has also been 

evaluated [32].  No adverse effects were reported. It is also suggested that after CIED 

implantation, the percentage MRI examinations are expected to be ~73% over the CIED 

lifetime.  

 

3.6.1 MRI Exam Protocol 

To mitigate the risk of damaging the CIED or harming the patient during an MRI 

exam, it is important to follow a specific MRI exam protocol, depending on whether the 

patient has an MR unsafe [33] or MR conditional [34] CIED. The exam protocol should 

carefully consider safe procedures pre-exam, during the exam, and post-exam. 

Generally, guidelines for a CIED MRI protocol should comply with the following [35]:  

 

3.6.1.1 Pre-Exam Procedures 

To evaluate whether or not the MRI examination resulted in CIED damage, it is 

necessary to analyze the CIED’s electrical parameters (e.g., battery status, stimulation 

thresholds and lead impedance) along with the electrical signal [36] before and after an 

examination (Table 2). 

 

Parameter Reason   Limit 

Battery   
Status 

Voltage reduction? 
Battery depletion or loss 

of CIED capture. 
  ≤0.04V 

Lead 
Impedance 

・Decreased impedance? 

Insulation failure or lead facture.                              

Pacing      
Lead 

 ≥50 ohms 
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・Increased impedance? Lead or 

CIED problem. High Voltage 
Lead 

≥3 ohms 

Stimulation 
Threshold  

・Lead or CIED problems         

・Decrease threshold?        

Tissue damage. 

・Increase threshold? 

myocardial infraction 

   ≥0.5V  

Heart       
Signal 

Decreased P/R waves? Lead or 
CIED problems. 

P-wave ≤ 50% 

R-wave ≤25% 

Table 2. Parameters to evaluate change in function of CIEDs after an MRI exam. 

 

 

Figure 3 shows an example workflow to follow before an MRI examination. For 

both MR unsafe and MR conditional CIEDs, an assessment related to the CIED status 

is performed. In order to perform the MRI examination, it is expected that the CIED has 

been implanted for at least 6 weeks and that broken or abandoned leads are not 

present. In the case of MR conditional CIEDs, it is mandatory that all the CIED 

components (pulse generator and leads) are labeled as MR conditional and that the 

labelled conditions are completely understood and followed. Currently, there are no 

reports regarding MRI exams for patients with MR conditional pulse generators attached 

to MR unsafe leads (or vice versa). The programing of the CIED into a specific mode is 

then performed by a clinical cardiac electrophysiologist or nurse trained in ACLS with 

CIED expertise.  
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Figure 3. Workflow to assess safety and initial status of the CIED before an MRI 
examination. 

 

 

3.6.1.2 During and Post-Exam Procedures 

For patients with CIEDs, at least two trained personnel need to be present during 

an MRI examination. The personnel need to be aware of an evacuation procedure and 

the location of an external defibrillator with external pacing pads. The patient’s heart 

rhythm (electrocardiogram and pulse oximetry) and symptoms need to be continuously 

monitored. Blood pressure should be monitored periodically. If the patient’s 

hemodynamic status is compromised during the MR exam, then the examination should 

be discontinued and appropriate measures taken. Figure 4-A shows the workflow to 

follow during an MRI examination. Once the examination has finished, it is necessary to 
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perform a second interrogation of the CIED parameters. If a change in the parameters is 

observed, then a follow-up in the CIED clinic is warranted. The CIED is then restored 

the original programming mode (Figure 4-B).   

 

 

Figure 4. Workflow to follow during (A) and after (B) an MRI examination for patients 

with CIEDs. 

 

If more than one CIED parameter change was observed,  it is recommended to 

assess the performance of the CIED after the MRI examination [37]. Three follow-ups 

need to be scheduled at one week, three months, and six months after the MRI 

examination. If no CIED parameters changes are observed, then only one follow-up is 

needed between 3 and 6 months after the MRI examination.  

 

The increase of blood troponin levels has been suggested as a biomarker to 

estimate myocardial damage due to the RF induced heating [38]. A study performed in 
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348 scans analyzed troponin levels, pacing threshold, and lead impedance values 

before and after an MRI examination [39]. The results showed no significant changes in 

lead impedance and pacing thresholds values. However, an increase of troponin levels 

(≥0.002 ng/mL) was reported for 6.35% of the exams. Mollerus et al. [40] studied the 

change of troponin levels in patients with MR unsafe CIEDs before and after an MRI 

examination without landmark or SAR restrictions. Similarly, a retrospective study 

analyzed troponin levels for patients with abandoned leads undergoing an MRI 

examination with a SAR limit of 1.5 W/kg [41]. Neither study showed a significant 

elevation of troponin and both concluded that RF induced heating was not sufficient to 

cause significant tissue damage. In practice, the measurement of blood biomarkers of 

myocardial damage is not performed. Adding this step in the MRI exam protocol is 

unlikely to benefit clinical management of these patients.  

 

3.7 Current Issues 

Summarizing previous studies [27, 30, 31 32], the body regions most frequently 

scanned for patients with both MR conditional and MR unsafe CIEDs are shown in 

Table 3. Centers in need of a CIED MRI exam protocol should be aware and prioritize 

protocol evaluation accordingly. Thereby ensuring, for example, that neuro and spine 

MRI protocols are available for patients with CIEDs. In the majority of the protocols, 

whole body SAR was limited to ≤2 W/kg. One exception was the MagnaSafe study, 

wherein this restriction was not followed after the first 55 patients. The authors 

explained that SAR is not associated with device malfunction. Thus, restricting SAR to a 

certain limit does not appear to affect the safety of the exam. Previous studies 

suggested that a change in pacing threshold was related to LTH [42]. From 61 CIEDs 

that underwent an MRI examination (107 leads), it was observed that regardless of the 



 23 

whole-body SAR reported, only ~10% of the leads had a significant change in pacing 

threshold (increase or decrease >1 Volt). It is well known that whole-body SAR is not a 

good estimate of LTH.  

As previously mentioned, RF induced heating depends on several device and 

patient specific parameters that are not accounted for in the estimation of whole-body 

SAR. Energy being deposited at the device/tissue interface (i.e. local SAR) may still 

occur at a restricted whole-body SAR value [43]. Thus, a better estimate to assess 

tissue damage it is needed in evaluating the safety of MRI examinations. 

 

Incidence Range 
[%] 

Body 
region 

1 52-34 Brain 

2 40-22 Spinal* 

3 27-4 Abdomen 

4 16-12 Chest 

5 9 Extremities** 

 

*Includes cervical, thoracic and lumbar spine. 

**Refers to hand, legs and feet. 

Table 3. List of the most common MRI referrals for patients with both MRI unsafe and 

MRI conditional CIEDs during the device lifetime. 

 

3.8 Conclusion 

In a period of 30 years, CIEDs have moved from being a complete contraindication 

in the MRI environment to not presenting significant risks for MR conditional CIEDs in 

controlled situations. Substantial device design engineering to improve CIED 

components to limit interactions with the MRI magnetic fields has enabled this step 

forward. Clinical evidence shows that MRI examinations for patients with CIEDs can be 

obtained with no reported significant adverse events. Nevertheless, research continues 
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to reduce the risks and simplify the MRI exam procedures for patients with CIEDs. 

While the risks associated with the main (B0) magnetic field have largely been 

diminished, it is still necessary to better understand and limit the interactions between 

the CIED and the time varying gradient and RF magnetic fields. 
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CHAPTER 4 

Physics of RF-induced Heating 

4. Physics of RF-induced Heating 

Time varying electromagnetic waves consist of both a magnetic (B) and an electric 

component (E). These components can interact with physical media in different ways. 

Nuclear magnetic resonance (NMR) focuses on the interactions of nuclear spins (i.e. 

1H) with magnetic fields, especially in the context of imaging. The intrinsic electric field, 

however, interacts with physical media and can lead to a temperature increase through 

conductive heating. In this chapter a summary of the physical interactions of both 

components will be described. The first part of the chapter outlines the interactions of 

static and time varying magnetic fields for inducing the NMR phenomenon. The second 

part of the chapter analyses time varying electromagnetic interactions in conductive 

media. 

 

4.1 Principles of Nuclear Magnetic Resonance 

 

4.1.1 Static fields (B0) 

Consider a dipole or spin with an intrinsic magnetic moment (m) given by: 

      (1) 

Where   is defined as the gyromagnetic ratio measured in MHz/T/ For hydrogen atoms,  

  is equal to 42.58 MHz/T. J is the spin’s angular momentum. The magnetic moment 

gives rise to the effect that an external magnetic field (B) has on the spins. Namely, the 

external magnetic field (B) will exert a torque () on m given by: 

       (2) 

By taking the time derivative of Eqn 1. and combining with Eqn. 2 we obtain, 
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           (3) 

This system of differential equations, commonly referred as the Bloch equations, 

enables the analysis of the effect of an external magnetic field on the bulk 

magnetization.  In the presence of a uniform magnetic field, such as the main magnetic 

field in MRI (B0, T), the bulk magnetization predominantly aligns with the B0 axis (z-axis) 

and precesses around B0 at a specific frequency. This is known as the Larmor 

frequency (). For MRI applications,  falls in the radiofrequency range (MHz) and it is 

given by: 

       (4) 

From a macroscopic perspective, one can examine the magnetic moment of N 

spins in a given volume. The sum of the spins’ magnetic moments is known as the bulk 

magnetization (M). In absence of B0, the spins are oriented in random direction, thus M0 

is equal to zero. In presence of a B0 field, each spin gets oriented and the magnitude of 

the initial magnetization (M0) can be described as: 

 
   

       

   
 (5) 

Where N is the total number of spins,  is the gyromagnetic ratio, ħ is Planks 

constant, k is Boltzmann constant, and T is the sample temperature. Figure 5 shows a 

schematic of spins and the bulk magnetization.  
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Figure 5. Bulk magnetization (M) without (A) and in presence of a static uniform 
magnetic field B0 (B). Depending on the strength of B0, the spins precess at a specific 
frequency called the Larmor frequency     (C). 

 

4.1.2 Time varying magnetic fields (B1) 

In presence of B0, M is precessing in an equilibrium manner. If one aims to 

analyze M, it is necessary to alter the equilibrium condition. To do so, an external 

perturbation can be applied into the spins. In NMR, this perturbation is exerted by an 

external time varying magnetic field (B1) which flips the spins to a transverse plane. The 

perturbation can occur only when B1 matches the spins frequency. B1 is also referred to 

the RF field and its direction is perpendicular to the direction of B0. The linear polarized 

B1 in the x direction can be written as: 

                  ̂ (6) 

Macroscopically, M will precess about the overall magnetic field given by: 

               (7) 
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By applying the B1 field for a period of time (B1 pulse), M can be tilted from z-axis 

to the x-y plane, commonly referred as transverse magnetization (Mxy). This is due to 

the fact that the B1 field will also exert a torque on the spins. Depending on the duration 

of the B1 pulse, M will be tipped by a certain amount from the z-axis to the transverse 

plane (Figure 6-A). The angle of tipping is commonly referred to flip angle () and is 

written as: 

        (8) 

Where t refers to the time in which the RF pulse is applied. From the duration that the 

B1 pulse is applied, the profile takes the shape of a rectangular pulse whose area is  

(Figure 6-B).  The magnitude of the pulse usually falls around 8-10T and its duration 

can be around 2ms. 

 

Figure 6. M is tilted away from the z-axis onto the x-y plane by a certain degree α 
known as flip angle. (B) A rectangular RF pulse shape with an amplitude of B1 and a 
duration of τ produces a flip angle α (B). 
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4.1.3 Basics on B1 Pulse sequences 

The B1 pulses can be applied in different combinations to measure aspects of 

spin magnetization, known as sequences. Conventional sequences usually start by 

applying a B1 pulse and measure the magnetization response. This response is called 

echo and it occurs at a specific time at a called echo time (TE). The following B1 pulse is 

applied at a time called repetition time (TR) (Figure 7-A).  

 
Figure 7. Pulse sequence diagram for a free induction decay (FID) pulse (A), a spin 
echo sequence (B) and a gradient echo sequence (C). 
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4.1.3.1  Spin echo sequen ce  

Spin echo sequence  

To tip the magnetization into the transverse, plane a 90o pulse is applied. 

However, because of spin to spin interaction, the amplitude of Mxy starts to decay and 

little information can be obtained at the echo. The latter can be avoided by applying an 

180o that can help refocus the spins for the echo (Figure 7-B). While a spin echo 

sequence is commonly used in MRI, it increases the amount of energy applied due to 

the fact that it uses two pulses, this may lead to RF-induced heating risks. 

 

4.1.3.2 Gradient echo sequence 

Gradient echo sequence  

 

In NMR time varying gradient fields are used to spatially localize the information 

received at the echo. However, the gradient field can also be used as an alternative 

method to refocus the spins before the echo. After the application of the B1 pulse, a 

gradient field, that dephases the spins, is firstly applied. Following to this, a second 

gradient that will start rephasing the spins then follows (Figure 7-C). Gradient echo 

sequences only require the use of one flip angle per TR that does not need to be 

greater than 90o, thus RF induced heating is typically less of a concern. Nevertheless, it 

can induce nerve stimulation due to the fact that it uses an extra pair of gradient fields.  

 

4.1.4 B1 hardware 

A B1 coil is used to create a B1 field in the radiofrequency range (RF).  In principle, 

the coil is a resonant circuit composed of arrays of electrical components including 

capacitors and inductors that allow a current to flow that both generates the B1 field that 

perturbs the spins and enables measuring their signal after the perturbation. The 

magnitude of the B1 field is proportional to the current that travels along the coil and the 
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coil’s impedance. In order to achieve the resonant frequency, it is necessary that the 

electrical components are perfectly tuned. Depending on the coil’s role, they can be 

divided into receive and transmit coils. A receive (RX) coil detects the current generated 

by the B1 electromagnetic induction in the spins and translates it as a measurable signal 

response. RX coils are required to receive the spin’s signal after excitation. Transmit 

(TX) coils create RF pulses at the Larmor frequency that will enable the coupling of the 

B1 field with the spins to generate an excited state. Thus, a TX coil is in charge of 

supplying the RF energy to perturb the spins and create Mxy. To excite the spins with 

the same flip angle, it is necessary to generate a B1 field that is spatially homogeneous. 

However, depending on the profile of the B1 field, the amount of power that the TX coil 

needs to generate a homogeneous field can vary. TX coils usually generate B1 fields 

with two types of profiles: linear and circular polarized fields. To further understand B1 

profile, it is necessary to talk about polarization.  

 

4.1.5 Polarization 

The B1 field is a transverse plane wave. Thus, it behaves as a sinusoidal wave 

that oscillates perpendicularly to the direction of propagation (z axis). Mathematically 

speaking, B1 can be written as: 

               ̂              ̂ (9) 

Where   refers to the wave propagating in time and   is the wave’s phase. 

Polarization is given by  ; when   is equal to 0, then it is referred as a linear 

polarization (Figure 8-A), whereas   is   ⁄  is referred to a circular polarization (Figure 

8-B). 
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Figure 8. Polarization profiles. (A) linear, (B) Circular. 

 

Usually, linearly polarized B1 fields are in the x direction. Thus, the field is written 

as in eqn (6). 

A circular polarized (B1, P) field is written as: 

     
            ̂             ̂ (10) 

     
            ̂             ̂ (11) 

Where     
  refers to a field rotating clockwise, while      

  refers to a field rotating 

anticlockwise; and the linearly polarized field (B1, L) can be written in term of with respect 

of B1, P: 

 
     

 

 
    

  
 

 
    

  (12) 

The amount of power that a B1 coil requires to generate the field will vary 

between a linear and a circular polarized field. Power is proportional to the square of the 

generated B1 field. Hence for creating     , 

         (    
 )

 
 (    

 )
 
  (    

 )
 
            (13) 

Therefore  
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 ⁄         (14) 

The latter is one of the main reasons on designing B1 coils that create a circular 

polarized field.  

In clinical MRI scanners two different shapes of RF coils can be found: surface 

coils and volume coils. Surface coils – Small coils formed by single or multiple loop coils 

with various shapes. Due to their size they have a high SNR but a poor B1 homogeneity, 

thus they are usually used as RX coils.  

4.1.6 Vol ume coils  

 Volume coils – The most common in clinical MRI scanners are known as body 

coils. These coils are embedded on the bore of the scanner along with the B0 and the 

gradient coils. Volume coils are typically cylindrical designed to provide a homogeneous 

excitation across a large volume. Quadrature coils produce a circular polarized B1 field. 

The most common quadrature coil used in clinic is the birdcage coil. The main reason is 

that a continuous sinusoidal current distribution on the coil’s surface allows the 

production of a very homogeneous circular B1 field (Hayes et al 1985).  Birdcage coils 

are formed of two end rings, connected by a number of equally spaced of legs or rungs. 

To achieve a homogeneous field, capacitors are added to the coil. Depending on the 

position of the capacitors, they are referred as high-pass and low-pass coil (Figure 9). 
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Figure 9. Models of birdcage coils. A high-pass birdcage coil (A) and a low-pass 
birdcage coil (B). (C) axial view of the birdcage coil with quadrature excitation. Two 
ports 90o apart are excited with a phase of 90o to create a circular polarized field.  

 

A birdcage coil with N number of legs and capacitors has N/2 resonant frequency 

modes (m), where m is 

               (15) 

m=1 is the lowest resonant frequency for a low-pass coil and the highest for a high-pass 

coil. Quadrature excitation uses these two orthogonal modes to create the circularly 

polarized B1 field. Thus, the birdcage coil can be driven from two ports that are 

geometrically 90° apart with phase difference of 90°.  

MRI mainly focuses on the analysis of the manipulation of bulk magnetization 

when applying magnetic fields, which is described by the Bloch equations. However, 

time varying electromagnetic fields are formed by both magnetic and electric fields. Both 

fields are oscillating perpendicularly to each other and to the direction of the 

electromagnetic field propagation. While the electric fields do not play a significant role 

from an NMR standpoint, they can interact with conducting materials and are of 

particular interest with regards to MR safety and patient heating.   
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4.2 Electromagnetic Theory 

 

4.1.7 Maxwell’s Equation 

The interaction of electromagnetic fields with physical materials can be studied 

using Maxwell’s equations. The following equations enable the understanding of the 

relationship between electric and magnetic fields and the analysis of the propagation 

and interaction the fields with materials. 

4.1.7.1 Faraday’s law of induction. 

Faraday’s law of induction describes the relationship between magnetic fields and 

induced electric fields. Consider a closed loop of wire placed in a time varying magnetic 

field. The rate of change of the total magnetic flux (Φ) is equal to the voltage (V) 

generated in the loop (Figure 10). 

 

Figure 10. Voltage generated through a wired loop in presence of a time varying 
magnetic field.  
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However, the magnetic flux relates to the B1 flux density over the area enclosed by the 

loop of wire: 

 
  ∫      

 

 

 (16) 

And the voltage between two points is related to the electric field along the loop’s path: 

 
  ∮     ∫      

 

 

 (17) 

Hence, as stated from Faraday’s Law of Induction, a time varying magnetic field gives 

rise to an electric field such that: 

 
     

  

  
 (18) 

While in NMR, the only electromagnetic term that is needed is the B1 field, 

however, Faraday’s law demonstrates that besides the RF magnetic field, an RF electric 

is also present.  

 

 

 

4.1.7.2 Ampere’s law. 

Ampere’s law states that magnetic fields can be induced by currents. Consider 

the same closed loop of wire. The enclosed current, that is passing through the loop, 

creates a magnetic field around the loop (Figure 11). 



 41 

 

 
Figure 11. Magnetic field (B) generated due to a currents (I) passing through an 
enclosed surface.  

 

The enclosed current can be written in terms of the current density passing 

through the loop. However, Ohm’s law states that the current density is directly 

proportional to the electric field and the media’s electrical conductivity such that: 

 
  ∫    

 

 

       (19) 

Where   refers to the electrical conductivity (S/m). The media in which the current and 

therefore the electric field are acting upon, will create an effect, known as the 

displacement current (Jd) density that is proportional to the time varying electric field 

and the electrical permittivity (  , F/m): 

 
    

  

  
 (20) 

Therefore, Ampere’s Law indicates that a time varying electric field gives rise to a 

magnetic field: 

  

 
        

  

  
 (21) 
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Where   is the magnetic permeability (N⋅A−2).  ,  , and   are the macroscopic media 

electromagnetic properties that dictate the propagation and interactions of an 

electromagnetic. The electrical conductivity ( ) depends upon the concentration of ions 

in a conductive fluid, hence, the ability to carry electrical current. The electrical 

permittivity ( ), determines the resistance to an electric field, thus the polarization of the 

fluid in presence of the electric field. Both   and   are frequency-dependent. 

Conventional MRI scanners are around use RF fields with frequencies between 64MHz 

and 128MHz. Thus, the behavior of the media will change between scanners. 

 

Electromagnetic interactions with  lossy  media 

4.3 Electromagnetic interactions with lossy media 

Electromagnetic wave interactions with conductive media, commonly referred as 

lossy media, will depend on the frequency of the applied electromagnetic field and the 

electromagnetic properties of the media. The propagation of the wave through 

conductive media result on energy absorption that can be translated as an increase of 

thermal effects which are strongly associated with induced currents. Two mechanisms 

of energy absorption can occur: electromagnetic attenuation and electric current 

induction. 

 

4.1.8 Wave attenuation 

Electromagnetic fields propagating through a physical media undergo 

attenuation. Figure 12 shows a schematic of the wave decay while propagating though 

z. While the wave continues propagating, the amplitude and therefore the energy of the 

wave decreases. 
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Figure 12. Electric field propagating through a lossy media. The wave will propagate 
and attenuate at the same time. The amount of attenuation is related to the media’s 
permittivity (ε) and conductivity (σ). 

 

The electrical wave propagating through the media can be written as: 

         
         (22) 

where   and   refer to the attenuation coefficient and the oscillation term consecutively. 

Both terms are functions of the media’s conductivity and permittivity. The reason for the 

wave’s decay is related to scattering. The wave’s lost energy therefore is deposited in 

the media, which results in some heating of the media. For radiofrequency waves, 

however, the energy is only sufficient to create oscillations in the molecules within the 

media, which results in an increase of kinetic energy. However, the increase in energy 

due to the radiofrequency wave’s attenuation is not the main source of thermal effects. 
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4.1.9 Induced currents  

Induced currents in media are the greatest source of thermal effects for 

radiofrequency fields. Recalling Faraday’s Law of Induction (18), a time varying 

magnetic field produces an electric field, and from Ohm’s law (19), the applied electric 

field drives a conduction current density equal to   . Hence, the total thermal energy 

absorbed by the media can be translated to a temperature increase that depends on the 

media’s conductivity.  

In the presence of a time varying electromagnetic fields, highly conductive wires 

can experience an antenna effect. The wires act as receive antennas, which can couple 

to the electromagnetic field resulting in a current along the wire. When the antenna is 

aligned with the electric field, only the tangential component of the field induces a 

voltage along the wire. The induced voltage generates a current that starts flowing. 

When the current reaches the end of the wire, part of the power can be reflected and 

the current starts traveling in the opposite direction. This behavior continues, thus 

backward and forward traveling waves are created along the wire. The resultant current 

is therefore a superposition of all of the traveling currents in the wire.  

Antennae are subject to the resonance principle: depending on the length of the 

wire and the frequency of the applied electric field, a standing wave can be created. The 

formed standing waves is therefore a current traveling through the wire, The length of 

the wire is therefore chosen to be related to the electric field’s wavelength to produce 

maximum current. Typically, 1/2 wavelengths are most likely to result in maximum 

current values. The relationship between wavelength and frequency is given by: 

 
  

 

√ 

 

 
 (23) 
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4.2 Methods to es timate temperature incr ease 

4.5 Methods to estimate temperature increase 

The heat equation is used to further analyze the diffusion of heat through media 

when in presence of an external energy source. It analyses the change in temperature 

at a specific location and time. For a non-perfused homogeneous media, it is expressed 

as: 

 
  

  

  
            (24) 

Where  ,   and   are media properties. More specifically,    refers to the media density 

(kg/m3),   to the specific heat (JoC/kg),   thermal conductivity (WoC/m). The first term 

on the right is the amount of power deposited per unit volume, also known as specific 

absorption rate (SAR, W/kg). The second term is the conductive heat loss per unit 

volume which is negligible for short time durations.  

4.2.1 Specific Absor pti on Rate (SAR)  

From the heat equation, the amount of SAR that results from time varying RF electric 

fields in media, can be written as: 

 
      

   

 
   

  

  
 

(25) 

In MRI, the applied power of a linearly polarized RF pulse is: 

 
             

     (
 

 
)
 

 (26) 

Recalling equation (14) indicates that the amount of power to generate a circular 

polarized B1 field is half of the power to generate a linear polarized field. The same 

principle is applied to SAR in which:  

              
 ⁄           (27) 
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In clinical MRI scanners, the scanner reported SAR is often used to estimate RF 

exposure. SAR values for a and RF pulse with flip angle   and width   is given by 

 
    

  
   

 
 (28) 

The simplest method for estimating SAR is by measuring the amount of energy that 

the RF coil will need for inducing both 90o and 180o flip angles per repetition time (TR), 

this is often done when the scanner is calibrating itself. The latter is then divided by the 

weight of the body under examination. According to the International Educational 

Conference (IEC) and the U.S Food and Drug administration (FDA), two levels of RF 

exposure in clinic are allowed: Normal operating mode (NOM), which limits SAR<2W/kg 

thus, temperature increase <0.5oC over a 6min period. First level mode SAR limits MRI 

examinations <4 W/kg and temperature increase <1oC over a 6min period. Table 4 

shows the maximum allowed SAR limits per body region. 

 

Region SAR Limit Time Limit 

Whole-Body <4 W/kg 15 minutes 

Head <3 W/kg 10 minutes 

Extremities <12 W/kg 5 minutes 

Table 4. MRI SAR limits suggested by IEC and FDA. 

 

In practice, SAR calculations are complicated because the human body possesses a 

complex geometry and it is made of non-homogeneous media with varying electrical 

properties and active cooling (perfusion). Therefore, it is necessary to rely on numerical 

models to estimate the real amount of power absorbed in human tissue. The main 

drawback is that the scanner reported SAR relies on a vendor specific numerical model 
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that estimates the amount of RF power deposited in a region of examination. Thus, SAR 

is patient and scanner dependent and only estimated at best. 

Another method to estimate RF exposure is the time averaged B1 magnitude 

(B1+RMS) measured in T. B1+RMS is given by:  

 

         
√∫   

    
    

 

  
 (29) 

It takes the average of the magnitude of the applied B1 pulses over 10 seconds. Thus, it 

is not patient nor scanner dependent, it is only dependent on the applied sequence.  

Because the maximum B1+RMS is not limited by the SAR limits but by the limitations of 

the clinical MRI scanners, limit is set to 7 T. 

The amount of power injected by the RF pulse can be measured with respect of the 

magnitude of the applied B1 pulse. Figure 13 shows the relationship between the B1 

field magnitude (B1peak), B1+RMS and the applied power for one RF waveform. 
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Figure 13. Relationship between the average power (Paverage) in terms of B1+RMS and 

B1peak. VPeak to Peak relates to the voltage measured by an external oscilloscope.  

The average power created by the RF pulse can be written as: 

 
         

       
 

       

  (30) 

Therefore, SAR can be written as: 

 
    

        

      
 

 

      
  
       

 

       

  (31) 
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CHAPTER 5 

Evaluation of a Workflow to Define Low SAR MRI Protocols for Patients with Active 

Implantable Medical Devices 

5. Evaluation of a Workflow to Define Low SAR MRI Protocols for Patients with Active Implantable Medical Devices 

MR-conditional active implantable medical devices have been designed to improve 

patient safety during MRI exams. Thus, MRI clinics have to follow the device 

manufacturer’s defined MRI conditions throughout the MRI examination. However, a 

wide range of SAR conditions exist and limits can be as low as 0.1W/kg. This can be 

problematic mostly due to the fact that standard protocols are optimized to operate at 

≤2W/kg. Hence, in order to meet the specific SAR conditions, MRI protocols need to be 

modified. In this chapter, we developed and tested a workflow for modifying MRI 

protocols to meet the SAR condition for patients with MR-conditional active implantable 

medical devices (AIMDs). The suggested workflow serves as a guide for MRI clinics to 

modify their own protocols with minimal effects on image quality and scan time.  

This chapter has been previously submitted as a paper and it is under revision: JA 

Martinez, K Moulin, B Yoo, Y Shi, HJ Kim, PJ Villablanca and DB Ennis, ―Evaluation of 

a Workflow to Define Low SAR MRI Protocols for Patients with Active Implantable 

Devices‖. {In progress}. 

Additional work regarding the use of the workflow for modifying cardiac protocols for 

meeting low SAR conditions is shown in Appendix 1.  
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5.1 Abstract  

Background–Patients with MR-conditional active implantable medical devices (AIMDs) 

are contraindicated for MRI exams unless specific conditions are met. This typically 

limits the maximum specific absorption rate (SAR, W/kg). Currently, there is no general 

framework to guide meeting a lower SAR limit. 

Purpose – To design and evaluate a workflow for modifying MRI protocols to meet low 

whole-body SAR (WB-SAR≤0.1W/kg) and local-head SAR (LH-SAR≤0.3W/kg) targets 

while mitigating the impact on image quality or exam time.  

Methods – Vendor provided head, C-spine, T-spine, and L-spine protocols with routine 

SAR levels (SARRT) were modified to meet both low SAR targets (SARLow). In vivo 

exams (N=20) were acquired with SARRT and SARLow with IRB consent. Image quality 

and clinical acceptability were scored using a five-point Likert scale. SNR and CNR 

were evaluated using a T1-T2 phantom.  

Results – Subject-specific LH-SAR and WB-SAR reached 0.24±0.01W/kg and 

0.04±0.02W/kg for head; 0.21±0.03W/kg and 0.1±0.01W/kg for C-spine; 0.02±0.03W/kg 

and 0.10±0.01W/kg for T-spine; and <0.001W/kg and 0.1±0.01W/kg for L-spine 

protocols. Exam time was ≤60min and protocol time increased ≤2x. SARRT image 

quality was sufficient to perform a clinical evaluation and not significantly different than 

SARLOW images (4.30.2 vs. 4.00.01, p>0.05). Phantom SNR for SARLOW was reduced 

by 1922% for head, 2520% for C-spine, 2123% for T-spine and 3631% for L-spine 

protocols. 

Conclusion – The proposed workflow provides guidance for modifying routine MRI 

exams to achieve low target SAR values. This can benefit patients referred for an MRI 

exam that have AIMDs with low SAR MR-conditional labeling.  
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5.2 Introduction  

 

 MR-conditional active implantable medical devices (AIMDs), e.g. pacemakers 

and deep brain stimulators (DBS), are being implanted at increasing rate [1]. Therefore, 

it is important that MRI clinics have appropriate MRI protocols readily available. Per 

FDA approved device labeling, patients with MR-conditional AIMDs should not be 

scanned unless specific safety conditions are met [2, 3]. These device-specific limits 

may include: 1) B0 field strength [T], 2) B0 field spatial gradient [T/m], 3) the time-rate-of-

change of the magnetic field [dB/dt], 4) de-activation of the device therapy (MR-mode), 

5) total scan time and 6) scanner reported specific absorption rate (SAR, W/kg]). 

Amongst these limits, there is little guidance for meeting a specific low SAR target. 

Routine MRI exams of patients without AIMDs are often performed under normal 

operating mode, where whole-body SAR is restricted to  2 W/kg. Thus, routine 

protocols are typically optimized under normal operating mode, where the acquired 

images have the highest achievable image quality. On the other hand, to avoid RF-

induced heating, MR-conditional AIMDs have specific SAR limits that are typically well 

below the normal operating mode SAR limit. For instance, some DBS devices are only 

approved for MRI with whole-body SAR (WB-SAR) ≤0.1 W/kg [4]. Consequently, routine 

protocols need to be modified to meet the AIMD’s specific SAR limit.  

To modify a protocol to meet a specific SAR limit several sequence parameters 

can be modified [5]. The two simplest modifications to reduce SAR are to increase 

repetition time (TR) and to reduce flip angle (FA). Modifying these sequence 

parameters, however, can alter image contrast, extend scan time, and alter overall 

image quality. Furthermore, because SAR is patient dependent [6], modifying protocols 

on-the-fly to meet a patient-specific SAR target can be time consuming. To date, there 
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exists limited guidance for modifying MRI protocols to meet low SAR targets while 

limiting the impact on image quality. Hence, MRI exams for patients with AIMDs that 

have low SAR conditions may be deferred owing, in part, to uncertainty about how to 

meet the SAR restriction. 

Previous research has demonstrated the feasibility of creating a head-specific 

MRI protocol with WB-SAR limits of 0.1 W/kg while maintaining image quality [7–10]. To 

date, however, a general workflow that can guide meeting a specific SAR limit while 

limiting the impact on image quality is not available. The purpose of this work to design 

and evaluate a workflow for modifying routine MRI protocols with a low WB-SAR 

(0.1W/kg) and, local-head (LH-SAR, 0.3 W/kg) targets while mitigating the impact on 

image quality or scan time. Independent of the type of AIMD (e.g. pacemaker or 

neurostimulator), head and spine protocols are the most common clinical referral [11]. 

Therefore, vendor provided protocols for head, C-spine, T-spine, and L-spine were 

modified to meet WB-SAR≤0.1W/kg and LH-SAR≤0.3 W/kg. 

 

5.3 Methods  

The majority of MR-conditional devices have labeling for 1.5T only. Therefore, 

the SAR reduction workflow was designed and image acquisition was performed using 

a clinical 1.5T scanner (Siemens, Avanto Fit). Vendor provided head, C-spine, T-spine, 

and L-spine protocols were modified for each subject until the scanner reported WB-

SAR≤0.1 W/kg and LH-SAR0.3 W/kg using the following workflow.  

 

5.3.1 Workflow Design 

The workflow was designed to modify sequences from a vendor provided MRI 

protocol with a routine SAR (SARRT) level to meet a specific SAR limit in an iterative 
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manner subject to three principal and ordered restrictions: 1) mitigate changes in image 

contrast; 2) limit the increased duration to <2x; and 3) limit decreases in spatial 

resolution to <0.5x. The workflow consists of two iterations, the first one is focused on 

SAR reductions and the second iteration is dedicated to improving scan time. SAR 

depends on many sequence parameters. The ones considered for modification, with 

their respective limits are summarized in Table 5. All of these parameters were modified 

sequentially and their modification followed this specific order.  

 

 Parameter Modification Limit 

 

S
A

R
  

P
a

ra
m

e
te

r 

1 RF Pulse Type Low SAR Mode Manufacturer Options 
2 Concatenations Increase <2x exam Time 
3 Turbo Factor Reduce <2x exam Time 
4 Repetition Time (TR) Increase Weighting, Time 
5 Flip Angle (FA) Reduce Contrast, Signal 
6 Slice Number Reduce <2x exam Time 

 

S
c

a
n

 T
im

e
  

P
a

ra
m

e
te

r 1 Averages Reduce <2x exam Time 
2 Phase Oversampling Reduce 40% Reduction 
3 Parallel Imaging Increase 3x Acceleration 
4 Phase Resolution Reduce ½ Original Resolution 

Table 5. Parameters used for modifying sequences to reach a given SAR limit. 

 

The workflow starts by evaluating the patient-specific scanner reported SAR 

value at the scanner’s console. If the SAR value exceeds the target, then a parameter 

from the SAR parameter list is selected and modified in a stepwise manner. If the SAR 

target is not reached and the parameter limit has been reached, then the subsequent 

parameter is selected until reaching the target SAR value. After SAR modification and 

given that the scan time may have exceed >2x the initial time, a second iteration can be 

used to meet the imposed time criteria. Note, however, that some sequences cannot be 

modified to reach the SAR target using this workflow. In this case, a surrogate 

sequence is needed. 
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5.3.2 Protocol modification 

The vendor provided routine protocols (SARRT) for the head, C-spine, T-spine 

and L-spine (Table 6) were first modified to create baseline low-SAR protocols (SARLow) 

using a T1-T2 phantom (Model 130, QalibreMD). The phantom was placed in the 

scanner. Images were acquired for head and C-spine protocols using a 20 channel 

receive-only head coil. A 24-channel receive-only spine matrix coil was used and for T-

spine and L-spine protocols. All RF transmission used the body coil. Height and weight 

registered in the console were set up to match male values (70kg, 170cm) [12].  

 

   
Head C-Spine T-Spine L-spine 

SE 

T1 

SAG ✓ ✓ ✓ ✓ 

COR ✓ 
   

AX 
  

✓ ✓ 

T2 
SAG 

 
✓ ✓ ✓ 

AX ✓ ✓ 
 

✓ 

TSE            
DARK 
FLUID 

T1 SAG 
 

✓ ✓ 
 

T2 AX ✓ 
 

TSE               
STIR 

T2 SAG 
 

✓ ✓ ✓ 

TSE           
DIXON 

T2 SAG 
  

✓ 
 

TSE            
MSMA* 

T2 AX 
   

✓ 

SSFP-3D T2 AX 
 

✓ ✓ 
 

DIFFUSION – AX ✓ 
   

TOF – AX ✓ 
   

Table 6. Routine MRI sequences corresponding to each exam region. Grey boxes 

indicate that the sequence was not part of the vendor’s routine exam. *Note: MSMA 

stands for multi-slice multi-angle. 
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5.3.3 In Vitro Image Quality Assessment 

To evaluate changes in image quality due to protocol parameter differences 

between the SARRT and SARLOW  protocols, signal to noise ratio (SNR) maps and 

contrast to noise ratio (CNR) values were measured using ten repeated image 

acquisitions and a T1-T2 phantom [13].To calculate SNR and CNR values, two ROIs 

were placed in a single central slice in regions where the contrast approximates grey-

matter/white-matter (T1:980/710ms,T2:80/74) for the head protocols, and CSF/spinal 

cord T1:4273/780ms, T2:1577/101) for the C-spine, T-spine, and L-spine protocols [14, 

15]. 

 

5.3.4 In Vivo Image Acquisition 

Twenty healthy volunteers (N=20) provided signed statements of informed 

consent and were enrolled under an IRB approved protocol (five volunteers per exam 

region, 10/10 male/female, 176.3±9.5cm, and 76.3±21.8kg). Low-SAR protocols used 

the baseline phantom protocol as a starting point. Subject-specific in vivo protocol 

adjustments were made following the workflow and recorded. Subject-specific scanner 

reported WB-SAR and LH-SAR for both protocols were recorded for each volunteer.  

 

5.3.5 In Vivo Image Quality Assessment 

 Image quality was evaluated based on clinical acceptability scores provided by 

two expert radiologists. To compare clinical acceptability, the acquired images were 

stripped of identifying information and presented in a randomized order to each 

radiologist who independently evaluated image quality on a five-point Likert scale. The 
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scoring scale (Table 7) accounted for both image quality and clinical acceptability using 

an index – 1 (extremely poor), 2 (poor), 3 (borderline good), 4 (good) and 5 (excellent). 

 

Clinical 
Unacceptable 

1 Extremely Poor 
Extremely noisy/inadequate image contrast. Not clinically useful. 
 

2 Poor 
Substantial image noise/insufficient image contrast. Clinical use is not 
advised. 
 

Clinical 
Acceptable 
 

3 Borderline Good Noisy images/poor image contrast.  Clinical use somewhat impacted. 

4 Good 

 
Minor image noise/sufficient contrast.  Clinical interpretation not adversely 
effected. 
 

5 Excellent Very little image noise. Expected image contrast. Clinically acceptable. 

Table 7. 5-point Likert scoring scale for scoring image quality and overall clinical 

acceptability. 

5.3.6 Statistical Analysis 

A repeated measures general linear model was used to evaluate differences in 

SNR and CNR for the SARRT and SARLOW protocols. In addition, the level of agreement 

between the two radiologists was analyzed using Cohen’s kappa statistical analysis. 

Moreover, a generalized estimating equation analysis (GEE) was performed to evaluate 

differences on image quality and clinical acceptability for SARRT and SARLOW. A p<0.05 

was considered statistically significant.   

5.4 Results  

 

5.4.1 Protocol Modification 

The workflow designed to modify routine MRI protocols to reach a specific SAR 

target is shown in Figure 14. The list of sequences evaluated for each anatomical region 

is outlined in Table 6 and detailed parameters changes to achieve the SARLOW protocols 

are shown in  Erreur ! Source du renvoi introuvable.,10,11 and 12. Using the T1-T2 

phantom, the SARRT protocol for head, C-spine, T-spine and L-spine were successfully 
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modified to reach the desired SAR limits (WB-SAR ≤ 0.1 W/Kg and LH-SAR ≤ 0.3 

W/Kg). Only the T1-weighted spin echo (SE) sagittal sequence for the head did not 

reach the SAR target. Therefore, it was replaced with a gradient echo (GRE) sequence. 

After modification, sequences in the SARLOW protocol increased ≤2x in duration and 

spatial resolution decreased ≥0.5x. For the T1 SE Coronal sequence of the head 

protocol and all of the T-spine sequences with the exception of the T2 TSE sagittal 

sequence, the number of slices were reduced to half to reach the SAR limits. The total 

scan times for the SARRT and SARLOW protocols in the phantom were [min: sec]: Head – 

19:33 vs. 22:35; C-Spine – 23:40 vs. 26:54; T-Spine – 20:58 vs. 25:36; and L-Spine – 

20:06 vs. 25:35.  
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Figure 14. (A) Workflow to reduce SAR to a target SAR value. The workflow consists of 

two iterations. The first iteration modifies SAR-dependent parameters following a 

specific order (B). To mitigate the impact on image quality, a limit defined for each 

parameter. Once the SAR limit is reached, and if the sequence time exceeds <2x, the 

second iteration modifying time-dependent parameters (C) until a given limit.  

 

 

5.4.2 In Vitro Image Quality Assessment 

SNR maps and CNR values acquired with the T1-T2 phantom are shown in 

Supplemental Figure 15 and Figure 16 Reported median [IQR] SNR values for SARRT 

were 97.7 [74.9] for head, 92.3 [68.5] for C-spine, 70.1 [76.6] for L-spine and 48.1 [47.3] 

for T-spine. These SNR values were reduced by 19%, 25%, 21% and 36% respectively 

for the SARLOW protocols. Moreover, reported median SNR values for SARLOW were 

64.6 [27.6] for head, 59.8 [59.9] for C-spine, 56.2 [63.2] for T-spine and 38.5 [43.0] for 

L-spine. For all regions, the SNR values within the SARRT ROIs were higher and 

significantly different from the SARLOW ROIs (p-value<0.05). Reported median [IQR] 

CNR values for SARRT were 14.2 [25.0] for head, 12.1[16.9] for C-spine, 81.6 [70.1] for 

T-spine and 51.4 [52.6] for L-spine. Whereas, for SARLOW reported median [IQR] CNR 

values were 15.1 [9.2] for head, 25.3 [14.2] for C-spine, 71.0 [26.6] for T-spine and 37.7 

[27.3] for L-spine. No significant difference was observed between the CNR values 

(p=0.21).  
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Figure 15. In vitro SNR maps and CNR values for standard (SARST) and low-SAR 

(SARLS) protocols for head (A.) and C-spine (B.) anatomical regions. Note: * 

corresponds to the regions in which CNR calculations were performed. 
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Figure 16. In vitro SNR maps and CNR values for standard (SARST) and low-SAR 

(SARLS) protocols for T-spine (A.) and L-spine (B.) anatomical regions. Note: * 

corresponds to the regions in which CNR calculations were performed. 

 

 

5.4.3 In Vivo Image Acquisition 

Protocol definitions started from the low SAR protocol refined in the phantom 

experiments, then patient-specific protocol parameter adjustments were performed 

using the defined workflow and recorded (Table 8). In vivo images were acquired with 

the SARRT and SARLOW protocols and compared in Figure 17 and Figure 18. 

Parameters for the SARRT protocol were not modified for in vivo acquisition, hence the 

scan time remained constant. Whereas the parameters for SARLOW protocols were 
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adjusted per volunteer. The recorded scan time was [min:sec]: 24:0901:09 for the 

head; 27:5200:42 for C-Spine; 29:1600:14 for T-Spine; and 27:4801:43 for L-Spine.  

 

Head C-spine 
T-spine L-spine 

T1 SE 
Sag 

– 
T2 TSE 

Sag 
– 

T2 
TSE 
Sag 

TR:4500 
T2 

TSE 
Sag 

TR:4000-4700 

T1 SE Cor – 
T2 TSE 

STIR 
Sag 

TR:4000,  
FA:130 

T2 
TSE 

STIR 
Sag 

TR:5000-
5500 

T2 
TSE 

STIR 
Sag 

TR:4200 

T2 TSE 
Ax 

TR: 
13500-
15500 

T1 TSE 
Sag 

TR:750,  
FA:120 

T2 
TSE 

DIXON 
Sag 

TR:4500-
5600 

T1 
TSE 
Sag 

TR:700-720 

T2 TSE 
DF Ax 

– 
T1 TSE 
DF Sag 

TR:2500-2700,  
FA:120-130 

T1 
TSE 
Sag 

TR:750-780 
T1 

TSE 
Ax 

TR:700 

Diffusion 
Ax 

TR:5500 
T2 TSE 

Ax 
TR:8000 

T1 
TSE 

DF 
Sag 

– 
T2 

TSE 
Ax 

TR:4500 

TOF Ax TR:55-70 
T2 

CISS3D 
Ax 

FA:45-47 
T1 

TSE 
Ax 

TR:600-620 

T2 
TSE 

MSMA 
Ax 

TR:4500 

Table 8. In situ parameter modification performed in some volunteers to reach whole 

body SAR of 0.1 W/kg and local-head SAR of 0.3 W/kg. 
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Figure 17. Example images on one volunteer for a vendor provided protocol and the 

low-SAR protocols defined using the framework for the head (A) and C-spine (B). For 

the diffusion example of the head protocol, diffusion weighted images (DWI) and 

apparent diffusion coefficient maps (ADC) are shown (colormap range: blue=0, red=4 

mm2/s).   
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Figure 18. Example images on one volunteer for standard and low SAR protocols for T-

spine (A) and L-spine (B) anatomical regions. 

 

For SARLOW protocol, the SAR limit was successfully reached for all volunteers for all 

sequences and all anatomical regions. As expected, the recorded SAR values were 

higher and significantly different for SARRT compared to SARLOW (p<0.05). WB-SAR and 

LH-SAR values for the SARRT and SARLOW protocols are reported in Figure 19. A 

general trend was observed for SARRT and SARLOW protocols: WB-SAR was less 

constraining for the head and C-spine protocol; whereas LH-SAR was less constraining 

for T-spine and L-spine protocols. Volunteer median [IQR] WB-SAR values were greater 

for SARRT vs. SARLOW protocols for head (0.21 [0.17] W/kg vs. 0.04 [0.02],p-

value<0.05), C-spine (0.45 [0.3] W/kg vs. 0.1 [0.01], p-value<0.05), T-spine (1.12 [0.04] 
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W/kg vs. 0.1[0.01] W/kg, p-value<0.05) and L-spine 1.28 [0.05] W/kg vs. 0.1[0.01] W/kg, 

p-value<0.05). Similarly, median [IQR] LH-SAR values were also greater for SARRT vs. 

SARLOW protocols for head (1.10 [0.78] W/kg vs. 0.24 [0.01] W/kg, p-value<0.05), C-

spine (0.98 [0.63] W/kg vs. 0.21 [0.03] W/kg, p-value<0.05), T-spine (0.18 [0.2] vs. 0.02 

[0.03] W/kg, p-value<0.05) and L-spine (<0.001W/kg vs. <0.001W/kg, p-value<0.05). 
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Figure 19. (A) Scanner reported whole-body SAR and (B) local head SAR. Values are 

shown for each volunteer for the vendor provided protocol (red) and the defined low-

SAR protocol (blue). Dashed lines indicate the low SAR target. 
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5.4.4 Image Quality Assessment    

Image quality scores are shown in Figure 20. The results show that both experts 

were in significant agreement regarding the quality of the images (K=0.11). Scoring 

differences didn’t differ between radiologist (p<0.05). On average SARRT images 

received higher scores than SARLOW images. Median [IQR] scoring values for SARRT vs 

SARLOW (p-value<0.05) were 4.0 [1.0] vs. 3.9 [0.5] for head; 4.5 [0.5] vs. 4.0 [0.5] for C-

spine; 4.3 [0.5] vs. 4.0 [0.5] for T-spine and 4.3 [0.5] vs. 4.0 [0.4] for L-spine. Image 

quality scores were not statistically significant between SARRT and SARLOW protocols 

(p>0.05) thus, the evaluation was clinical acceptable when modifying MRI protocols with 

the proposed workflow to meet low SAR targets. 

 

Figure 20. Expert reported image quality using a 5-point Likert scale for the vendor 

provided (red) and low-SAR (blue) protocols for (A) head, (B) C-spine, (C) T-spine, and 

(D) L-spine. 
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5.5 Discussion  

A workflow to modify routine MRI protocols to meet SAR limits for patients with 

MR-conditional AIMDs was designed and evaluated. To reach a defined low SAR 

target, sequence parameters were iteratively and sequentially modified up to a specific 

parameter limit to avoid substantial changes in image quality and scan time increases of 

<2x.  

MRI exams for patients with AIMDs can be challenging. Unlike conventional 

examinations, interactions between the MRI scanner and AIMDs raise safety concerns 

[16]. RF-induced heating of the device is a principal safety concern. Device heating 

leads to thermal energy deposition in the tissue surrounding the AIMD and can lead to 

tissue damage. To mitigate the amount of energy deposited, SAR is limited to a specific 

threshold for MR-conditional AIMDs.  

 

In order to avoid compromising patient safety, MR-conditional AIMDs have 

manufacturer specified conditions of use. Thus, when meeting the device’s specific 

conditions, no adverse effects for the patient are expected during an MRI exam. Since 

2011 [17, 18], a rapidly growing number of MR-conditional AIMDs has been approved 

by the FDA. Therefore, it is increasingly important that MRI clinics have available MRI 

protocols that assure a risk-free examination [19–21]. Within such protocols the AIMD’s 

device characteristics are examined before and after an MRI exam, and SAR is 

controlled to within a target value throughout the MRI examination as indicated for each 

AIMD.  

Currently, however, a wide range of SAR conditions exist and these conditions 

can have a SAR limits as low as ≤0.1 W/kg. Routine examinations seldom reach such 
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low SAR values by default. Hence, each protocol requires parameter modification until 

reaching the target SAR value. SAR depends on the patient’s body habitus, the 

anatomical region under examination, and the type of imaging sequence applied. 

Modification of the protocol while examining a patient is time consuming and may 

contribute to a prolonged MRI exam with poorer clinical and patient acceptance. 

Consequently, when patients with MR-conditional AIMDs that have low SAR conditions 

are referred for an MRI scan, the examination may be deferred.  

 

Low-SAR head examinations for patients with DBSs have been created in 

previous studies by modifying the RF pulse width [7] or by reducing the flip angle and 

phase resolution [10] without affecting image quality. However, they do not provide 

sufficient guidance for MRI clinics to refine their own low SAR MRI protocols for any 

anatomical region. The purpose of this work was to propose a general method to reduce 

SAR. The workflow was evaluated on head and spine protocols because these regions 

correspond to amongst the most common clinical MRI exam referrals [11, 18].  

High SAR protocols are typically observed, for example, for spin-echo based 

sequences with short TRs [22]. In this work, only the T1-weighted SE sagittal sequence 

for the head protocol did not reach the low SAR target. Consequently, a GRE based 

sequence was used as a surrogate. GRE sequences generally have lower SAR due to 

the lower intrinsic flip angle and therefore require less modification to reach a low SAR 

limit. Sequences common in cardiac examinations, like balanced steady-state free 

precession (bSSFP), with very short TR and high flip angle, however, would be hard to 

refine for low SAR due to their unique T1/T2 contrast and the lack of a suitable 

sequence surrogate. Hence, low SAR bSSFP protocols remain an open challenge 

despite some recent work in this area [23]. 
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In vivo images acquired for both protocols suggest that image quality is lower for 

the SARLOW protocol compared to the SARRT protocol, but clinical acceptability was not 

significantly compromised and was still considered acceptable. Routine clinical MRI 

exams are often performed within 20 to 60 minutes [24]. The low SAR modified 

protocols are longer, but fall within this duration. Each sequence duration within the 

protocol increased <2x relative to the initial sequence duration.  

 

Limitations – The suggested workflow starts by modifying the RF-pulse type, but 

some MRI systems may not include low-SAR RF pulse types. Secondly, to reach the 

SAR limit, in some sequences, slice coverage was reduced. The corresponding 

sequence can be reacquired to cover the missing volume, but this extends scan time. 

Lastly, the study did not analyze the effect of AIMD-induced artifacts on image quality 

and the impact of the low SAR protocols on image artifacts. Further work is needed to 

evaluate AIMD-induced image artifacts. This work also examined an especially low SAR 

target. Hence, it can be expected that higher targets can be achieved with even less 

impact on image quality, but this was not investigated. Further work is also needed to 

provide guidance for other anatomical territories and to evaluate image quality in clinical 

patients.  

Conclusion – A workflow to modifying MRI protocols to reach a low SAR target 

for patients with AIMDs was defined and evaluated. The modified MRI protocols achieve 

WB-SAR≤0.1 W/kg and LH-SAR≤0.3 W/kg simultaneously. For the low-SAR modified 

protocols, image quality was considered clinically acceptable and protocol duration 

increased less than 2x. The proposed workflow may benefit patients referred for an MRI 

exam that have AIMDs with low SAR conditional labeling. 
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      HEAD 

  
T1 SE 
Sag 

T1 SE 
Cor 

T2 TSE 
Ax 

T2 TSE DF 
Ax 

Diffusion 
Ax 

TOF Ax 

RF Pulse Type 
SARRT Normal Normal Normal Normal Normal 

- 
SARLOW Fast** Low SAR Low SAR Low SAR Low SAR 

Concatenations 
SARRT 1 1 2 

2 1 4 
SARLOW 1** 3 4 

Turbo Factor 
SARRT - 

- 
17 16 

- - 
SARLOW 28**   14 

TR 
SARRT 550 550 4000 9000 4300 23 

SARLOW 1240** 650 6000 13000 5000 50 

Flip Angle 
SARRT 90 90 150 150 

- 
25 

SARLOW 15** 70 120 120 20 

Slice Number 
SARRT 25 30 

25 25 25 40 
SARLOW 26** 15* 

Averages 
SARRT 1 

1 
3 

1 3 1 
SARLOW 1** 1 

Phase 
Oversampling 

SARRT 30 
- - - - - 

SARLOW 30** 

Parallel imaging 
SARRT - 

- IPAT 2 
- 

IPAT 2 IPAT 2 
SARLOW IPAT 2** IPAT 2 

Phase Resolution 
SARRT 80 80 85 75 

100 
94 

SARLOW 80** 67 70 70 70 

Scan Time 
SARRT 03:07 02:24 03:46 04:32 01:06 04:38 

SARLOW 03:43** 04:31* 03:38 03:56 01:17 05:30 

Note:    *: Sequence was separated in 2 parts 

             -: Parameters not applicable in the sequence 

            ~: Sequence was not able to be optimized for the SAR limit 

            **: Sequence changed  

Table 9 Parameter values per sequence for standard (SARST) and low-SAR (SARLOW) 

protocols for the head anatomical region. 
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      C-SPINE 

  
T2 TSE 

Sag 
T2 TSE 

STIR Sag 
T1 TSE 

Sag 
T1 TSE DF 

Sag 
T2 TSE 

Ax 
T2 CISS3D 

Ax 

RF Pulse Type 
SARRT Normal Fast Normal Normal Normal Normal 

SARLOW Low SAR Low SAR Low SAR Low SAR Low SAR Low SAR 

Concatenations 
SARRT 1 1 1 2 1 

- 
SARLOW 2 3 4 3 3 

Turbo Factor 
SARRT 18 9 3 6 13 

- 
SARLOW 14 9 4 5 8 

TR 
SARRT 3800 3800 550 1900 5000 5.1 

SARLOW 6500 3800 600 2000 6500 7.6 

Flip Angle 
SARRT 150 

150 
150 150 

150 
63 

SARLOW 120 135 135 55 

Slice Number 
SARRT 

15 15 15 15 28 56 
SARLOW 

Averages 
SARRT 2 2 3 

1 
2 1 

SARLOW 1 1 1 1   

Phase 
Oversampling 

SARRT 
65 80 80 80 

65 
50 

SARLOW 70 

Parallel imaging 
SARRT 

IPAT 2 IPAT 2 - 
- 

- - 
SARLOW IPAT 2 

Phase Resolution 
SARRT 100 

75 70 90 
80 

100 
SARLOW 60 50 

Scan Time 
SARRT 03:53 02:37 04:29 04:31 04:27 03:43 

SARLOW 03:30 04:12 04:54 04:32 04:15 05:31 

Note:    *: Sequence was separated in 2 parts 

             -: Parameters not applicable in the sequence 

            ~: Sequence was not able to be optimized for the SAR limit 

            **: Sequence changed  

Table 10 Parameter values per sequence for standard (SARST) and low-SAR (SARLOW) 

protocols for the C-spine anatomical region. 
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      T-SPINE 

  
T2 TSE 

Sag 
T2 TSE 

STIR Sag 
T2 TSE 

DIXON Sag 
T1 TSE 

Sag 
T1 TSE DF 

Ax 
T1 TSE 

Ax 

RF Pulse Type 
SARRT 

Low SAR 
Normal Normal 

Low SAR 
Normal 

Low SAR 
SARLOW Low SAR Low SAR Low SAR 

Concatenations 
SARRT 1 1 1 1 2 2 

SARLOW 5 2 2 5 5 9 

Turbo Factor 
SARRT 19 

10 16 
9 

8 3 
SARLOW 14 4 

TR 
SARRT 

4000 
4000 

4000 
650 

1900 550 
SARLOW 4200 720 

Flip Angle 
SARRT 150 150 150 150 150 150 

SARLOW 120 120 120 120 120 120 

Slice Number 
SARRT 

15 
15 15 15 15 25 

SARLOW 7* 7* 7* 7* 12* 

Averages 
SARRT 2 2 

1 
2 2 2 

SARLOW 1 1 1 1 1 

Phase 
Oversampling 

SARRT 100 80 90 80 80 
50 

SARLOW 45 70 45 60 70 

Parallel imaging 
SARRT 

IPAT 2 IPAT 2 IPAT 2 
- 

IPAT 2 
- 

SARLOW IPAT 2 IPAT 2 

Phase Resolution 
SARRT 80 

70 
75 75 75 

75 
SARLOW 65 70 65 68 

Scan Time 
SARRT 02:52 03:40 02:30 03:50 04:30 03:36 

SARLOW 05:42 03:40* 03:38* 03:16* 04:56* 04:24* 

Note:    *: Sequence was separated in 2 parts 

             -: Parameters not applicable in the sequence 

            ~: Sequence was not able to be optimized for the SAR limit 

            **: Sequence changed  

Table 11 Parameter values per sequence for standard (SARST) and low-SAR (SARLS) protocols 

for T-spine anatomical region. 
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      L-SPINE 

  
T2 TSE 

Sag 
T2 TSE STIR 

Sag 
T1 TSE 

Sag 
T1 TSE 

Ax 
T2 TSE 

Ax 
T2 TSE 

MSMA Ax 

RF Pulse Type 
SARRT 

Low SAR 
Fast 

Low SAR Low SAR 
Normal 

Low SAR 
SARLOW Low SAR Low SAR 

Concatenations 
SARRT 1 1 1 2 1 1 

SARLOW 4 3 4 8 4 4 

Turbo Factor 
SARRT 17 

9 3 3 15 17 
SARLOW 9 

TR 
SARRT 3500 3500 550 550 

4000 4000 
SARLOW 4000 3600 600 600 

Flip Angle 
SARRT 150 150 150 150 150 150 

SARLOW 120 120 120 120 120 120 

Slice Number 
SARRT 

15 
15 15 20 20 6 

SARLOW 8 8 10 10 3 

Averages 
SARRT 

2 
2 3 2 2 2 

SARLOW 1 1 1 1 1 

Phase 
Oversampling 

SARRT 80 
80 80 30 40 20 

SARLOW 50 

Parallel imaging 
SARRT - IPAT 2 

- 
- - - 

SARLOW IPAT 2   IPAT 2 IPAT 2 IPAT 2 

Phase Resolution 
SARRT 70 

80 70 85 75 80 
SARLOW 50 

Scan Time 
SARRT 03:28 02:44 03:48 03:34 03:48 02:44 

SARLOW 05:06 04:10 04:52 04:11 04:18 02:58 

Note:    *: Sequence was separated in 2 parts 

             -: Parameters not applicable in the sequence 

            ~: Sequence was not able to be optimized for the SAR limit 

            **: Sequence changed  

Table 12 Parameter values per sequence for standard (SARST) and low-SAR (SARLS) protocols 

for L-spine anatomical region. 
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CHAPTER 6 

Patient Orientation Impacts Lead Tip Heating of Cardiac Active Implantable Medical 

Devices During MRI Exams Evaluation 

6. Patient Orientation Impacts Lead Tip Heating of Cardiac Active Implantable Medical Devices During MRI Exams of a Workflow to Define Low SAR MRI Protocols for Patients with Active Implantable Medical Devices  

In this chapter, we suggest that changing patient orientation during an MRI exam may 

reduce active implantable medical device (AIMDs, e.g. pacemaker) lead-tip heating 

(LTH). This approach may enable safer MRI examinations for patients with MRI unsafe 

cardiac AIMDs. Herein, extensive in vitro testing of MRI unsafe AIMDs demonstrates 

significantly lower LTH for supine FF MRI exams compared to supine HF exams for left-

sided anterior implants (the most common implant location). Therefore, supine FF 

imaging of patients with anterior left-side AIMDs, when practical, is proposed as a 

simple method to reduce LTH without the need for specific MRI protocol revisions. This 

work was previously published: Martinez JA, Serano P, Ennis DB, Patient Orientation 

Impacts Lead Tip Heating of Cardiac Active Implantable Medical Devices During MRI 

Exams Evaluation. Radiology: Cardiothoracic Imaging 2019. {In Press} 
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6.1 Abstract 

Purpose: Patients with MRI unsafe cardiac active implantable medical devices (cardiac 

AIMDs) are frequently contraindicated for an MRI exam due to the RF induced lead-tip 

heating (LTH) that may damage tissue. The purpose of this work was to evaluate 

changing patient orientation to mitigate LTH during MRI exams. 

Methods: LTH was evaluated with respect of device type, lead path, and distance to 

the isocenter of a 1.5T MRI system. LTH for a total of 378 conditions in both head-first 

(HF) and feet-first (FF) orientations was measured for nine MRI unsafe cardiac AIMDs 

placed along three different (two anatomical, one planar) left-sided lead paths at nine 

different landmark locations. The devices were exposed to five minutes of continuous 

RF energy at 4W/kg Whole-Body SAR. 

Results: LTH was greater in HF versus FF orientation for the planar and one 

anatomical lead path (p<0.05). LTH was significantly impacted by lead path, distance to 

isocenter, and patient orientation (all p<0.05), but not by cardiac AIMD device type. 

Maximum LTH was observed in a HF orientation for the planar lead path when the lead-

tip was at isocenter (RV lead: 32.016.3C, RA lead: 16.19.3C). Whereas, in the FF 

orientation LTH was significantly reduced (RV lead: 1.61.4C, median RA lead: 

0.51.0C, p=0.008).     

Conclusion:  LTH for supine FF patient orientations for anterior left-sided cardiac AIMD 

can be significantly lower compared to supine HF orientations. There was no scenario in 

which LTH was significantly worse in FF. Changing patient orientation presents a simple 

method to reduce RF induced LTH.  
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6.2 Introduction 

 

Patients with cardiac active implantable medical devices (cardiac AIMDs), such as 

pacemakers and implantable cardioverter defibrillators (ICDs), are routinely referred for 

both cardiac and non-cardiac MRI exams (Mason et al. 2017). ―MR-conditional‖ 

pacemakers became available in 2008 [2]. Nevertheless, ―MR-unsafe‖ pacemakers are 

still routinely implanted. Consequently, patients with MR-unsafe devices may be denied 

an MRI examination due to safety concerns. 

In the presence of an RF electric field (E-field), MR-unsafe cardiac AIMDs can act as an 

antenna, receiving RF energy from the MRI scanner’s transmitter, and producing 

currents in the device. These currents deposit energy at the device/tissue interface and 

therefore the maximum temperature increase occurs at the device lead-tip, resulting in 

lead-tip heating (LTH), which may damage the myocardium [3].  The resultant LTH 

depends on several parameters including tissue conductivity, cardiac AIMD 

characteristics [4], lead paths [5-6], and device position relative to the isocenter of the 

scanner [7]. LTH is also strongly correlated to the RF E-field magnitude [8], Therefore, 

higher LTH is expected when the cardiac AIMD is placed in a region of high magnitude 

E-field.  The E-field distribution has been previously described for the ASTM-phantom 

[9]. Which is observed spatially asymmetric; for a supine position, it is found to be 

higher at the posterior right edge and the anterior left edge of the ASTM-phantom. This 

asymmetry is related to the ASTM-phantom’s cross-sectional shape [9]. The E-field 

tangential to the phantom’s edges, creates an elliptical polarization near the phantom’s 

corners.  

The majority of cardiac AIMDs are positioned on the patient’s left side [10]; for a supine 

head-first (HF) position, the AIMDs falls in high E-field region with higher expected LTH.  
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In a supine feet-first (FF) position, the device will fall in a region of lower E-field 

magnitude. Consequently, LTH in patients with left-sided cardiac AIMDs may be 

reduced by using supine FF exams. To date, there are no studies that examine the 

relationship between LTH and patient orientation.  

The objective of this study was to compare LTH in HF and FF orientations for different 

MR-unsafe cardiac AIMDs placed in the ASTM-phantom with realistic lead paths and a 

range of landmark locations. As a result of this work, we expect that patient orientation 

can be considered as a practical method to mitigate potential LTH in patients with 

cardiac AIMDs undergoing MRI exams. 

 

6.3 Methods  

RF-induced LTH experiments were performed in a 1.5T scanner (Avanto Fit, Siemens) 

following the ASTM F2182-11a guidelines. AN ASTM-phantom was filled with a saline 

gel consisting of polyacrylic acid (PAA) to match human tissue electrical conductivity 

(σ=0.47 S/m). HF and FF experiments were performed using: 1) a titanium ASTM-

reference rod; and 2) nine previously implanted MR-unsafe cardiac AIMDs (7 

pacemakers and 2 ICDs) obtained from our institute’s Donated Body Program (Figure 

21). 
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Figure 21. Experimental configuration for comparing LTH for HF and FF patient 

orientations. (A) ASTM-phantom with the ASTM-reference rod placed at x’=3cm from 

the phantom’s left edge. (B), (C), and (D) show the specific anatomic (ALP-1 and ALP-

2) and planar (PLP) lead paths and the 3D printed scaffolds used for the cardiac AIMD 

heating experiments performed at the nine landmarks (LM). Temperature probes were 

positioned in a tip-to-tip configuration. Due to the fact that LTH differences between HF 

and FF orientations are analyzed, the positioning of the probes did not affect the result 

of the study.  

 

 

6.3.1 Heating experiments 

To compare LTH for HF and FF orientations, thermal data was collected using fluoroptic 

thermal probes (Lumasense Technologies, Santa Clara, CA). The probes were fixed in 

a tip-to-tip configuration to the lead-tip [11]. Thus, the sensor was at 2mm from the lead-

tip. Baseline temperature (TB) was acquired during 30s prior to RF heating, followed by 

5 minutes of temperature recording (TRF) while the RF-field was applied using a turbo 
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spin-echo sequence that induced a scanner reported whole-body SAR of 4 W/kg. LTH 

was defined as: 

         
 

              

 

6.3.2 Titanium ASTM-Reference Rod Experiments 

 A non-insulated 12cm titanium rod (1/8inch diameter) was used for electromagnetic 

(EM) simulations and thermal experiments to compare LTH for HF and FF orientations. 

The rod’s long-axis was parallel to B0, and placed in the phantom at 9cm in the anterior 

direction, 3cm from the left wall and at isocenter (Figure 21-A). The E-field asymmetric 

principle was evaluated by analyzing LTH for HF and FF at two different 1.5T scanners 

(ScannerA: Siemens Avanto Fit; ScannerB: GE Signa HDxt).  

 

6.3.3 Electromagnetic simulations 

EM simulations of the ASTM-reference rod were used to define the correlation of LTH 

and E-field strength for HF and FF orientations. A 1.5T MRI birdcage quadrature 

transmitter coil tuned at 64MHz was modeled using a finite element EM solver (HFSS, 

ANSYS, Canonsburg, PA). The coil consisted of a 16-rung high-pass birdcage coil. The 

tuning capacitance was estimated and adjusted until the unloaded coil system was 

tuned to 64MHz (31 pF). To generate the circularly polarized excitation mode, two input 

ports located at the superior end ring were driven with the same voltage and 90 phase 

difference. The coil was loaded with a ―headless‖ ASTM-phantom (σ = 0.47 S/m) and 

the ASTM-reference rod. From simulations, the scattered E-field distributions for HF and 

FF were obtained. For both orientations, the 1gram averaged local SAR (1g-SAR) near 

the rod was computed.  
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6.3.4 Cardiac AIMD Experiments 

LTH was compared for HF and FF while taking in consideration clinically uncontrollable 

factors (cardiac AIMD type and lead path) and clinically controllable factors (distance to 

isocenter and orientation). LTH experiments were performed on nine previously 

implanted MRI unsafe cardiac AIMDs (Table 13) following three different lead paths in 

the phantom:  

Anatomical Lead-Paths (ALP1, ALP2) – In situ lead-paths were extracted from two 

cadavers with previously implanted bi-ventricular AIMDs that underwent a whole-body 

CT scan. The pulse generator position and lead-paths were rendered using OsiriX 

surface rendering (Pixmeo SARL, Switzerland). The rendered paths were used to 3D-

print two scaffolds to secure each device in the ASTM-phantom with the ALP-1 or ALP-

2 configuration (Figure 21-C, E). 

Device RV Lead RA Lead Type 

P1 58cm – Pacing 

P2 52cm 45cm Pacing 

P3 – 65cm Defibrillation 

P4 58cm 46cm Pacing 

P5 52cm 45cm Pacing 

P6 52cm 45cm Pacing 

P7 58cm – Pacing 

P8 53cm 45cm Pacing 

P9 65cm 52cm Defibrillation 

Table 13. List of cardiac AIMDs used for comparing LTH for HF and FF orientations 
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Planar Lead-Path (PLP) – A single coronal plane scaffold with a non-looped bi-

ventricular planar lead-path (PLP) was also 3D-printed (Figure 21-G). This path has 

been shown to cause substantial LTH [12].  

 

The scaffolds consisted of hollow columns of specific heights 3D-printed from polylactic 

acid (PLA) on a 3mm thick base. At the end of the path, two additional supports were 

added to position the fluoroptic thermal probes at a defined distance from the lead tip.  

Each scaffold was placed in the ASTM-phantom at 9cm in the anterior direction. The 

AIMD’s implantable pulse generator (IPG) was placed 4.5cm inferior to the (left) 

shoulder of the phantom and 3cm from the left wall. To evaluate the dependence of LTH 

on position within the MRI scanner LTH values were acquired for nine different 

landmark (LM) positions within the scanner. For each scan, a LM was placed at the 

isocenter. LM1 corresponded to the middle of the phantom’s head, followed by LM2 to 

LM9 separated by a distance of 9cm in the inferior direction.  

378 cases for both the HF orientation and the FF orientation were compared. Thermal 

threshold guidelines suggest that adverse thermal effects can be avoided if the local 

temperature does not exceed 2°C[13]. The number of cases in which that this threshold 

was exceeded was recorded for both HF and FF orientations. All LTH data is expressed 

as median and 95% confidence interval unless noted otherwise. 

 

6.3.5 Statistics  

 A repeated measurements general linear model was performed to analyze the 

effect of both controllable factors and uncontrollable factor in LTH. Post-hoc pairwise 

comparisons were performed for lead-path, cardiac AIMDs and landmarks. In addition 

to this, to compare LTH for HF and FF, a Wilcoxon signed rank test for paired samples 
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[14] was performed for the three lead paths.  A p-value <0.05 was considered 

significant. 

 

6.4 Results 

 

6.4.1 ASTM-Reference Rod  

Electromagnetic Simulations– The scattered E-field distributions obtained from the EM 

simulations are shown in Fig. 2. For HF (Figure 22-A), the rod is observed to be placed 

in a high incident E-field (206.8 V/m for HF vs 29.1 V/m for FF), hence the average SAR 

next to the rod was 121.2 W/kg. For FF (Figure 22-B), the rod is observed to be placed 

in a lower magnitude E-field region and the 1g-SAR decreased to 7.1 W/kg. 

Rod Heating Experiments– The temperature profile measured at the tip of the ASTM-

reference rod shows the relation between LTH and E-field magnitude (Figure 22-C). 

LTH was observed to be greater for HF than for FF for the two clinical scanners 

(Scanner A: 30.1C vs 11.9C, Scanner B:  12.4C vs 1.0C). 

 

Figure 22. E-field distribution in the ASTM-phantom around the ASTM-reference rod for 
(A) HF orientation and (B) FF orientation. (C) Lead-tip heating for the ASTM-reference 
rod during six minutes of RF exposure at 4W/kg for scanner A and scanner B for HF 
and FF orientations. 
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6.4.2 Cardiac AIMD Experiments 

Uncontrollable Factors – Figure 23 shows maximum LTH for each cardiac AIMD 

configured along three lead paths and two orientations. LTH values at all landmarks for 

HF and FF were shown to be mostly affected by lead-path (p-value<0.01) compared to 

the type of cardiac AIMDs (p-value>0.05). Post-hoc comparisons did not show a 

difference of LTH within cardiac AIMDs (p-value=1). Contrary, post-hoc tests showed 

greater LTH values for the PLP (mean difference~6.3C, p -value<0.01), whereas LTH 

differences were not significantly different between ALP1 and ALP2 (mean 

difference=0.46C, p -value=1). For the three lead paths, differences within orientation 

were found to be significant (p-value<0.01). In a HF orientation. However, LTH in a HF 

orientation, showed that LTH was significantly different for the three lead paths 

(p<0.05). Greater LTH was observed for the PLP (RV: 33.716.4C, RA: 16.18.8C), 

followed by the ALP-1 (RV: 4.73.8C, RA: 3.44.5C) and the ALP-2 (RV: 2.02.1C, RA: 

1.61.3C). In contrast, LTH was not significantly different in a FF orientation for the 

three lead paths (p>0.05). LTH was reduced by factor of ~14 for the HF PLP (RV: 

3.11.6C, RA: 1.01.2C), by a factor of ~2 for the HF ALP-1 (RV: 1.81.4C, RA: 

1.52.8C) and by a factor of ~1 for the HF ALP-2 (RV: 2.02.1C, RA: 1.61.3C), 

compared to FF orientations. 
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Figure 23. Maximum LTH for each cardiac AIMDs with RV leads (left column) and RA 

leads (right column) placed along two anatomic lead paths (A and B) and one planar 

lead path (C) reported for both HF and FF orientations. The dashed line shows the 2C 

threshold. LTH is generally lower for FF orientations. 
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Controllable Factors – Figure 24 shows median LTH values with respect to isocenter 

positions and orientation for the three lead paths. Maximum and median LTH values 

were found to be correlated (ALP1: 0.738, ALP2:0.73, PLP:0.920). LTH for all lead-

paths and orientations was observed to be significantly different between the nine 

landmarks (p-value<0.05). Post hoc tests show that for all cases, greatest LTH was 

observed between LM4-LM7 which corresponds to landmarks where the lead-tip was 

near isocenter (p-value<0.1). Results show that switching orientation can reduce LTH. 

LTH in the FF orientation was found to be significantly lower than in the HF orientation 

for ALP-1 (RV: 4.53.1C vs 1.31.0C, RA: 3.43.6C vs 1.02.0C, p =0.028) and for PLP 

(RV: 32.016.3C vs 1.61.4C, RA: 16.19.3C vs 0.51.0C, p =0.008). For ALP-2, LTH 

in the FF orientation was not significant different than in the HF orientation. Notably, 

median LTH values at all landmark positions remained under the 2C thresholds for both 

orientations (RV: 2.01.2C vs 1.02.1C, RA: 1.10.5C vs 1.01.1C, p >0.3). Overall, the 

2C threshold was exceeded for 153 of 378 (41%) cases in a HF orientation and for 50 of 

378 (13%) in a FF orientation.  
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Figure 24. Median LTH values (interquartile range) across cardiac AIMDs for RV leads 

(left column) and RA leads (right column) placed along two anatomic lead paths (A and 

B) and one planar lead path (C) reported for both HF and FF orientations. The dashed 

line shows the 2C threshold. LTH is generally lower for FF orientations. 
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6.5 Discussion  

This work explored a mechanism to reduce lead-tip heating (LTH) that may enable safer 

MRI examinations for patients with MRI unsafe cardiac AIMDs. Extensive in vitro testing 

of AIMDs demonstrated significantly lower LTH for supine FF MRI exams compared to 

supine HF exams for anterior left-sided implants. Therefore, supine FF imaging of 

patients with anterior left-side AIMDs, when practical, is proposed as a simple method 

to reduce LTH. 

The effect of heating magnitude and E-field magnitude observed in this work, agrees 

with work previously published [12]. The E-field distribution observed in the ASTM-

phantom, also agrees with previous work. Herein, the E-field distribution and its effect 

on LTH as a function of orientation was evaluated. Switching from a HF to a FF 

orientation places the device in lower E-field strengths, thereby reducing LTH. 

Therefore, the E-field simulation confirms the mechanism of RF induced LTH and 

supports a practical solution for reducing LTH in patients. 

 

Analysis of the E-field distribution was performed for a quadrature high-pass birdcage 

coil, the most typical clinical coil [15–18]. Differences in how the coil is excited exist, but 

these effects appear to be quite small [19] and are mostly dependent on the 

handedness of the RF-field [8]. This, depends on the direction of the main magnetic 

field, which by convention is oriented with magnetic-north opposite the scanner’s table-

end. Consequently, the observations are expected to be consistent across clinical MRI 

systems. Experimental work performed with the ASTM-reference rod for the different 

vendors clinical scanners, suggests a similar LTH trend. 
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Changing patient orientation as a mean to reduce LTH was further tested with MRI-

unsafe cardiac AIMDs including an analysis of clinically uncontrollable factors (device 

type and lead path) and clinically controllable factors (patient orientation and landmark). 

 AIMDs with leads near the resonant length of a specific MRI scanner can exhibit 

resonant behavior, thus greater LTH [20]. In this study, when comparing LTH for the 

different AIMDs and a specific lead path, it was found the LTH magnitude was not 

statistically different. This is likely due to the fact that all the analyzed leads were similar 

lengths and lead construction. Similar results were found by Mattei et al [4]. When 

evaluating LTH for different lead paths, however, it was observed that lead path played 

a major role in heating. Greater LTH was observed for the planar lead path (PLP), than 

the anatomical lead paths (ALP-1 or ALP-2). This suggests that both the magnitude and 

homogeneity of the E-field in which AIMD lead is placed will affect LTH. These results 

agree with previous work by Nordbeck et al. [21].  

 

Position of the AIMD and lead-tip relative to the isocenter of the scanner is also a 

principal factor that affects LTH[9, 17]. When the lead-tip is placed close to the 

isocenter, LTHmax will occur. While this distance from isocenter increases, LTH 

decreases. The position (landmark) of the device relative to isocenter depends on the 

region under examination. Therefore, when using imaging landmarks for which the lead 

is not close to isocenter, a small LTH value can be expected. 

The ASTM-phantom assumes a generalization of patient morphology. Thus, the E-field 

distribution will be different for different body types. Previous work has simulated this 

distribution for five human models with respect to patient orientation and with the heart 

at isocenter[19]. It was observed that for three models (1.73-1.82m; 61.1-119kg), the 

magnitude of the E-field inside the body was higher for HF than for FF. Whereas for the 
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remaining models (1.49-1.63m; 34-57.3kg), it was not different for either orientation. 

Specific MRI protocols have been proposed and analyzed that mitigate risks for patients 

with cardiac AIMDs undergoing an MRI examination [19-21]. These, includes guidelines 

such as the assessment of the AIMD before and after the MRI exam. Following the 

protocols, no damage to the AIMD was reported. However, little is known regarding 

possible tissue damage due to LTH [26]. Hence, changing patient orientation is a simple 

approach that can be easily incorporated into reducing LTH.  

While image acquisition and image quality will be unaffected by switching orientation, 

feasibility may depend on how far the scanner table can move into the bore. Thus, 

switching orientation is limited to a certain number of examinations. Neuro, c-spine, and 

shoulder exams, for example, require a HF orientation, while knee and lower 

extremities, a FF orientation is ideal. Chest, abdominal, pelvic, hip and breast 

examinations can be performed in either orientation [23-24].  

 

Conclusion – For MRI exams with anterior left-side cardiac AIMDs, using a conventional 

clinical MRI system, LTH for supine FF patient orientations can be significantly lower 

compared to supine HF orientations. There was no scenario in which LTH was 

significantly worse in a FF orientation. Thus, changing patient orientation could be used 

as a simple method to reduce LTH. Further clinical work is needed to validate these 

findings in patients.  
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CHAPTER 7 

A comparison of RF-induced heating at 1.5T and 3T 

7. A comparison of RF-induced heati ng at 1.5T and 3T  

In this chapter, we compare RF-induced heating at 1.5T and 3T which are the two most 

common field strengths for clinical MRI scanners. In general, MRI examinations for 

patients with MR-unsafe cardiac active implantable medical devices (AIMDs) are 

contraindicated at field strengths >1.5T. Interestingly, very few in vitro evaluations have 

been performed to analyze AIMD lead-tip heating (LTH) at 3T, but it is generally 

assumed that LTH is higher at 3T. Herein, we analyzed several mechanisms that can 

affect the magnitude of RF-induced LTH. Resonant effects, device type, device position 

relative to the E-field, distance to isocenter, and lead path were all evaluated at both 

1.5T and 3T. Results found in this work suggest that MRI examinations for MR-unsafe 

cardiac AIMDs at 3T do not always result in greater LTH when compared to 1.5T. 

Additional work should be considered to further investigate methods to reduce RF-

induced heating risks at 3T as has been done at 1.5T. 

This chapter has been previously submitted as a paper and it is under revision: JA 

Martinez, P Serano, K Moulin and DB Ennis,‖ A comparison of RF-induced heating at 

1.5T and 3T‖. In progress  
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7.1 Abstract  

Purpose: Patients with MR-unsafe cardiac active implantable medical devices 

(AIMDs) are usually contraindicated to undergo MRI examinations, especially when the 

field is >1.5T. At 3T, however, very little is known regarding the interaction of RF-

induced electric field and the implanted cardiac AIMD lead-tip heating (LTH). 

Parameters that are known to affect the magnitude of LTH are generally known, but 

there are very few reports describing the differences between 1.5T and 3T field 

exposure. In this study, the interaction of RF-induced cardiac AIMD LTH and the E-field 

distribution, device length, lead path, and distance to isocenter were analyzed at both 

1.5T and 3T. 

Methods: MRI exposure experiments were performed for several cardiac AIMDs 

at both 1.5T and 3T. An ASTM-phantom was filled with a saline gel in which a range of 

ASTM-Reference rods with varying lengths (52cm, 26cm, 13cm, 6.5cm) were implanted 

at nine positions within phantom and oriented along the scanner’s z-axis during 

exposure to a B1+RMS of 2.5μT. LTH was also measured for nine previously implanted 

MR-unsafe cardiac AIMDs following three different lead paths evaluated at nine 

distances relative to isocenter for first-level mode SAR (4W/kg). 

Results: Reference rods that nearly matched the scanners half-wavelength 

showed greater heating at the anterior-left and posterior-right positions wavelength 

(7.9°C for 26cm at 1.5T and 15.3°C for 13cm at 3T). For the cardiac AIMDs, the 

greatest LTH was observed near isocenter (p<0.01) and for a planar lead path (p<0.01). 

Overall, a 2°C threshold was exceeded for 165 of 378 (44%) of the experiments at 1.5T 

and for 138 of 378 (37%) of the experiments at 3T. 

Conclusion:  For a range of devices and configurations LTH was not directly 

proportional to field strength as commonly believed and LTH was not always higher at 
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3T compared to 1.5T. Parameters such as resonant length, the magnitude of the E-field, 

lead path, and distance to isocenter can affect LTH1.5T and 3T field strength.  
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7.2 Introduction 

There is an increasing number of MRI referrals for patients with cardiac active 

implantable medical devices (cardiac AIMDs) such as pacemakers and implantable 

cardioverter defibrillators (ICDs). The clinical referral for patients with implanted AIMDs, 

however, is still limited by safety concerns. Cardiac AIMDs interact in different ways with 

the MRI scanner’s various magnetic fields each of which contributes a unique safety 

risk. For high-frequency time varying magnetic fields, such as the radiofrequency (RF) 

field, the major concern is related to induced currents that can result in lead tip heating 

(LTH) that can damage the surrounding tissue.  

While MR-conditional cardiac AIMDs have been designed to mitigate safety 

concerns, MR-unsafe cardiac AIMDs are still available and their implantation is still 

active. Patients with MR-unsafe cardiac AIMDs are broadly contraindicated to undergo 

MRI examinations, but several studies have shown that for clinical patients for whom 

the risk-to-benefit ratio was considered favorable there are very few reported adverse 

events [1–3]. In fact, an increasing number of specialized clinics allow MRI 

examinations for patients with MR unsafe cardiac AIMDs. Nevertheless, methods to 

reduce risks at 1.5T have been suggested [4–10] 

Currently, 1.5T scanners are still widely used for MRI examinations and there is a 

perception that they are safer for patients with implanted AIMDs. However, advances in 

MRI hardware and shifts in clinical practice have resulted in the widespread use of 3T 

MRI scanners for clinical practice. Nowadays 3T MRI scanners are used as frequently 

as 1.5T MRI scanners in worldwide clinics [11]. The main motivation for this for the shift 

from 1.5T MRI scanners to 3T MRI scanners is the two-fold increase in signal-to-noise 

ratio that can be used to increase spatial resolution and/or decrease scan time [12]. The 

latter being crucial for clinical evaluations [13, 14].  
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Currently, however, it is widely thought that patients with MR-unsafe cardiac AIMDs 

may not benefit from MRI examinations >1.5T owing to perceived safety concerns. 3T 

MRI exams confer an increase in SNR, but the amount of power deposited (SAR, W/kg) 

by the radiofrequency field increases with the square of the Larmor frequency. 

However, while the scanner reported SAR is a good estimate of the overall power 

absorbed of the region under examination, it is a poor predictor of local tissue heating or 

damage caused by LTH.  

  The complexity of LTH depends on several parameters including tissue 

conductivity, cardiac AIMD characteristics [15], lead paths[16, 17], and device position 

relative to the isocenter of the scanner [18]. LTH is also strongly related to the RF E-

field magnitude  applied by the RF coil [19, 20] and the spatial distribution of the E-field 

within the body of interest [21]. For instance, greater LTH will result when the device is 

placed in regions where the E-field is the highest [22]. 

To further understand the relationship of RF-induced LTH and field strength, it is 

necessary to recall that the main mechanism of LTH results from the induced antenna 

effect. The cardiac AIMD acts as a receive antenna and it couples with the RF field 

resulting in the induction of currents along the lead. The magnitude of the induced 

current depends on the formation of standing waves subject to a resonant effect; in 

which both the length of the lead, lead properties, and the RF frequency will allow the 

formation of standing waves of currents. At resonance, the waves travel back and forth 

in the lead supporting each other, thus a current is transmitted with a maximum 

amplitude. A maximum current amplitude will result for leads matching the RF field’s 

half-wavelength. This potentially contraindicates the rationale that LTH for MR-unsafe 

cardiac AIMDs is expected to increase at 3T. In fact, LTH may not worsen when moving 

to higher field strengths.  
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 The objective of this specific aim was to compare LTH at 1.5T and 3T field strengths 

over a wide range of in vitro experiments. Resonant effects were tested for four ASTM-

reference rods with harmonic lengths placed in nine different regions within the ASTM 

phantom. MR-unsafe cardiac AIMDs were also tested following three different lead 

paths and nine different distances to isocenter (Landmarks, LM).  

 

 

7.3 Methods 

Experiments were performed at 1.5T (Avanto Fit, Siemens) and 3T (Prisma, 

Siemens), which nominally accords with 64MHz and 128MHz, following the ASTM 

F2182-11a guidelines. An ASTM-phantom was filled with a saline gel consisting of 

polyacrylic acid (PAA) to closely match the electrical conductivity of human tissue 

(σ=0.47 S/m). The effect of the E-field magnitude (RF exposure and spatial distribution) 

was evaluated at 1.5T and 3T for two setups: 1) ASTM-reference rods (1/8‖ titanium 

rod, 6.5-52cm length); and 2) several MR-unsafe cardiac AIMDs (Table 14) placed in 

the ASTM phantom.  

 
ASTM Reference 

Rods 
MR-unsafe Cardiac 

AIMDs 

Controlled Factors 

Field Strength 

Rod Length 
Distance to isocenter 

(Landmark, LM) Spatial Position within 
the ASTM phantom 

B1+RMS Whole body SAR 

Uncontrollable 
Factors 

  
Type of cardiac AIMD 

Lead Path 

Table 14. List of factors considered for analyzing RF-induced heating for the two setups 

at 1.5T and 3T. 
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Heating Experiments – Temperature data was collected using fluoroptic thermal 

probes (Lumasense Technologies, Santa Clara, CA). The probes were rigidly 

configured in a tip-to-tip configuration to the reference rod or lead-tip [23]. Thus, the 

sensor was located at 2mm from the tip. Baseline temperature (TB) was acquired for 

30s prior to RF heating, followed by 5 minutes of temperature recording (TRF) while the 

RF-field was applied. Tip heating (TH) was defined as: 

        
 

              

 

ASTM-Reference Rods Experiment – TH data was obtained for four non-insulated 

ASTM reference titanium rods (1/8-inch diameter, various lengths) to further understand 

resonant effects and the spatial distribution of the E-field within the phantom. The length 

of the reference rods was set up to approximate the RF wavelength, half-wavelength, 

and quareter-wavelength for 1.5T and 3T MRI scanners (52cm, 26cm, 13cm, 6.5cm). 

To simplifying the analysis, the media conductivity was not included and the permittivity 

was =80. Each rod’s long-axis was oriented parallel to B0 and placed in the middle of 

the ASTM phantom, except for the 52cm rod that was placed at 3cm from the 

phantom’s top edge. In addition to resonant heating effects, the effect of the magnitude 

of the E-field was also evaluated. To do so, the rods were placed in nine different 

positions within the ASTM phantom. These nine positions corresponded to all 

combinations of anterior-mid-posterior and right-center left positions (Figure 25-A). To 

ensure that the same RF energy was applied for all experiments at both field strengths, 

a turbo spin echo sequence (TSE) with constant B1+RMS (2.5μT at both 1.5T and 3T) was 

applied for 5 minutes. For this B1+RMS value, whole body SAR level was 0.6W/kg at 1.5T 

and 1.4W/kg at 3T. The difference in RF-induced heating with respect of field strength 
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    ) was obtained by comparing the data in a pairwise matter. If     was positive 

then, TH was greater at 1.5T. On the other hand, if    was negative, then TH was 

greater at 3T.     was defined as: 

              

 

Electromagnetic simulations – Electromagnetic (EM) simulations of the ASTM phantom 

were performed in order to correlate the magnitude of the E-field and TH measured with 

the rods. Two MRI birdcage quadrature transmitter coil tuned at 64MHz and 128MHz 

were modeled using a finite element EM solver (HFSS, ANSYS, Canonsburg, PA). Both 

coils consisted of a 16-rung high-pass birdcage coil. At 1.5T and 3T, the tuning 

capacitance was estimated and adjusted until the unloaded coil system was tuned to 

64MHz ( 31 pF) and 128MHz (13.5pF), respectively. To generate the circularly polarized 

excitation mode, two input ports located at the superior end ring were driven with the 

same voltage and 90° phase difference. The coil was loaded with a ―headless‖ ASTM-

phantom (σ = 0.47 S/m). From simulations, the E-field distributions observed within the 

ASTM at both field strengths were obtained. To further understand the distribution of TH 

within the phantom, the acquired temperature data at the nine positions was normalized 

to the maximum temperature observed for the four rods. The temperature distribution 

was then compared to the E-field distribution.  

 

 

 

Cardiac AIMDs Analysis  

MR-unsafe Cardiac AIMDs Experiment – LTH data was obtained for nine previously 

implanted MR-unsafe cardiac AIMDs (Table 15). LTH measurements were obtained for 

a range of uncontrollable factors (device type and lead path), and controllable factors 

(distance to isocenter and field strength). To ensure that maximum allowed RF 

exposure was applied at both field strengths, a turbo spin echo sequence (TSE) was 
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used for 5 minutes at first level mode (~4W/kg). To analyze the effect of lead path, each 

cardiac AIMD was placed in the phantom following three different lead paths:  

Anatomical Lead-Paths (ALP1, ALP2) – In situ lead-paths were extracted from two 

cadavers with previously implanted bi-ventricular AIMDs that underwent a whole-body 

CT scan. The pulse generator position and lead-paths were rendered using OsiriX 

surface rendering (Pixmeo SARL, Switzerland). The rendered paths were used to 3D-

print two scaffolds (see 3D Printing below) to secure each device in the ASTM-phantom 

with the ALP-1 or ALP-2 configuration (Figure 25-C, D). 

Planar Lead-Path (PLP) – A single coronal plane scaffold with a non-looped bi-

ventricular planar lead-path (PLP) was also 3D-printed (Figure 25-E). This path has 

been shown to cause substantial LTH in a previous study [16].  

3D Printing – The scaffolds consisted of hollow columns of specific heights 3D-printed 

from polylactic acid (PLA) on a 3mm thick base. At the end of the path, two additional 

supports were added to position the fluoroptic thermal probes at a defined distance from 

the lead tip.  

Phantom Set-up – Each scaffold was placed in the ASTM-phantom at 9cm depth in the 

anterior direction (Figure 25-F). The AIMD’s implantable pulse generator (IPG) was 

placed 4.5cm inferior to the (left) shoulder of the phantom and 3cm from the left wall. To 

evaluate the dependence of LTH on position within the MRI scanner LTH values were 

acquired for nine different landmark (LM) positions (relative to isocenter) within the 

scanner. For each scan, a specific LM was placed at the isocenter. LM1 corresponded 

to the middle of the phantom’s head, followed by LM2 to LM9 separated by a distance 

of 9cm in the inferior direction.  

A total 378 cases for both field strengths were compared. Thermal threshold 

guidelines suggest that adverse thermal effects can be avoided if the local temperature 
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does not exceed 2°C [24]. This threshold was used to record the number of cases 

presenting a substantial thermal effect for each field strength. All TH data is expressed 

as median [IQR values] interval unless noted otherwise. 

 

Statistics– All statistical analyses were performed using SPSS Statistics (IBM, 

Armonk, New York). A Wilcoxon signed rank test for paired samples was performed for 

analyzing TH for the ASTM-Reference rods and the MR unsafe cardiac AIMDs at both 

field strengths. Interactions between uncontrollable and controllable factors between 

cardiac AIMDs were analyzed with a repeated measures general linear model. Post hoc 

pairwise comparisons were performed for lead-path, cardiac AIMDs, and landmarks. A 

p-value <0.05 was considered significant. 

 

Device RV Lead RA Lead Type 

P1 58cm – Pacing 

P2 52cm 45cm Pacing 

P3 – 65cm Defibrillation 

P4 58cm 46cm Pacing 

P5 52cm 45cm Pacing 

P6 52cm 45cm Pacing 

P7 58cm – Pacing 

P8 53cm 45cm Pacing 

P9 65cm 52cm Defibrillation 

Table 15. List of cardiac AIMDs used for comparing TH following the same lead path 

and nine landmarks at 1.5T and 3T 
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Figure 25. (A) positions at which TH was measured for the four ASTM reference rods. 

(B) Turbo spin echo (TSE) sequence used for inducing a B1+RMS of 25µT at both 1.5T 

and 3T field strengths. (C) and (D) are the anatomic lead paths and (E) is the planar 

lead path used for cardiac AIMD TH assessment. The 3D printed scaffolds were placed 

in the ASTM phantom and thermal data was obtained for (F) nine landmark (LM) 

positions relative to isocenter  
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1. 7.4 Results 

ASTM-Reference Rods – Experiments performed with the titanium reference rods show 

that for both field strengths there is a relationship in the magnitude of TH between rod 

length and rod position. The E-filed distribution and normalized temperature maps with 

respect to the maximum temperature observed for each rod are shown in Figure 26. For 

both field strengths, TH was observed to have a spatial asymmetry related to the E-field 

distribution within the ASTM phantom (Figure 26-A,B). The greatest LTH was observed 

at the anterior-left and posterior-right positions, where LTH>2C for the 6.5cm, 13cm, 

26cm and 52cm rods at 1.5T and for the 6.5cm, 13cm, and 26cm at 3T. At the middle-

center position where the E-field is lowest, TH was <2C for all rod lengths at both field 

strengths.  
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Figure 26. (A) Axial view of the E-field distribution in the ASTM phantom at 1.5T and 3T 

obtained from EM simulations. At both field strengths, it was observed that the E-field is 

spatially asymmetric. (B) E-field magnitude maps obtained from EM simulations at the 

nine locations in which thermal experiments were performed at 1.5T and 3T. (C) 

Normalized temperature maps at the nine locations for all the rod lengths. The maps 

were normalized with respect to the maximum temperature measured. In accordance 

with the simulated E-fields, the LTH data is also spatially asymmetric. 

RF-induced temperature heating maps for all the rods with respect to both the position 

and the field strength are shown in Figure 27. At 1.5T, greater TH was observed for the 

26cm and 52cm rod (Figure 27-A). In contrast, greater TH was observed for the 6.5cm 

and 13cm rods at 3T (Figure 27-B). 
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Figure 27. Temperature heat maps for 1.5T (A) and 3T (B) field strengths. Maximum 

temperatures were observed for rods that more closely matched the scanner’s half-

wavelength.  

Resonant heating effects were observed for both field strengths (Figure 28). For rods 

that closely matched the scanners half-wavelength (26cm at 1.5T and 13cm at 3T), the 

maximum LTH was observed at 1.5T for the 26cm rod (7.9C, TFS= 2.41.1C for 26cm) 
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and at 3T for the13cm rod (15.3C, TFS= -5.11.6C for 13cm). 

Figure 28. Maximum LTH observed for the rods at right (A), center (B) and left (C) 

positions in the ASTM phantom. Amongst all reference rod lengths, the maximum LTH 

was observed for rods closely matching the scanner’s half-wavelength. 

For rods with lengths ≥26cm, greater TH was observed at 1.5T than at 3T (TFS= 

2.41.1C for 26cm p-value=0.093; 1.20.1C for 52cm, p-value<0.02). In comparison, at 

3T greater LTH was observed for rods with lengths ≤13cm than at 1.5T (TFS= -

5.11.6C for 13cm, p-value<0.02; -7.50.4C for 6.5cm, p-value<0.02) (Figure 29). 

 

Figure 29. TFS heat maps. At 3T, maximum LTH was observed for the 6.5cm and 

13cm rods. On the other hand, at 1.5T maximum LTH was observed for the 26cm and 

52cm rods. 

Cardiac AIMDs Analysis  
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 Overall, the 2C threshold was exceeded for 165 of 378 (44%) at 1.5T and for 138 of 

378 (37%) at 3T. However, TH was observed to depend on both uncontrollable and 

controllable factors in a different manner. 

 

 
 
 
Uncontrollable factors 
Figure 30 shows maximum LTH for each cardiac AIMD type following the three lead 

paths at both field strengths. LTH values were more impacted by lead-path (p-

value<0.01) than cardiac AIMDs type (p-val=0.06). Post hoc comparisons did not show 

a difference in LTH within cardiac AIMDs at either field strengths. Thus, Cardiac AIMDs 

heated similarly at either field strengths (p-val=N.S.). However, post hoc comparisons 

reinforce that LTH did show a difference within lead paths. LTH values were greater for 

the PLP (mean difference between lead paths=4.8C, p-value<0.01). The LTH 

differences were not significantly different between ALP1 and ALP2 (mean difference 

between lead paths =0.1C, p-value=1). For the three lead paths, differences within each 

field strength were found to be significant (p-value<0.01). At 1.5T, greater LTH (median 

[IQR]) was observed for the PLP (RV: 30.7C [17.6C], RA: 16.1C [9.5C]), followed by the 

ALP-1 (RV: 4.1C [1.8C], RA: 2.7C [5.0C]), and the A LP-2 (RV: 2.0C [0.9], RA: 1.1C 

([0.6C]).  At 3T, greater LTH was also observed for the PLP (RV: 6.8C [3.6C]), RA: 9.0C 

[8.8C]), followed by the ALP-2 (RV: 5.6C [6.1C]), RA: 5.0C [4.8C]) and the ALP-1 (RV: 

0.8C [0.7C], RA: 5.0C [4.8C]). 

 

Controllable factors 

 Figure 31 shows median LTH values with respect to isocenter positions and field 

strength for the three lead paths. LTH for all lead-paths and field strengths was 
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observed to be significantly different between the nine landmarks (p-value<0.01). Post 

hoc tests show that for all cases, the greatest LTH was observed between LM4 and 

LM7, which corresponds to landmarks where the lead-tip was near isocenter (p-

value<0.01). The field strength also affects LTH. The LTH (median [IQR]) at 3T was 

found to be significantly lower than at 1.5T for ALP-1 (RV: 0.8C [0.2C] vs. 4.1C [3.0C], 

RA: 5.0C [3.2C] vs. 2.5C [1.6C], p-value<0.01) and for PLP (RV: 6.8C [5.1C] vs. 30.7C 
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[23.2C], RA: 9.0C [6.6C] vs. 16.1C [12.4C] , p-value<0.01). For ALP-2, LTH at 3T was 

found to be significantly greater than at 1.5T (RV: 5.6C[4.0C] vs. 2.0C([1.1C], RA: 

2.7C[1.5C] vs. 1.0C[0.5C], p-value<0.01.  

Figure 30. Maximum TH for each cardiac AIMD type following the ALP-1 (A), ALP-2 (B) 

and PLP (C) lead paths at both field strengths. 
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Figure 31. Median LTH values with respect to landmark (LM) position relative to 

isocenter and field strength for the (A) ALP-1, (B) ALP-2, and (C) PLP lead paths at 

both 1.5T (blue) and 3T (red). For both field strengths, maximum LTH was observed 

when the lead-tips were near isocenter (LM4-LM7). 
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7.5 Discussion 

This work explored several factors that impact lead tip heating (LTH) at both 1.5T and 

3T.  Analysis with both ASTM reference rods of different lengths and MR-unsafe cardiac 

AIMDs suggest that LTH depends on the length of the device, the device position with 

respect to the magnitude of the E-field, the lead path, and the distance to isocenter at 

both field strength. Notably, it was also found that unlike general concerns, LTH at 3T is 

not always worse than 1.5T. 

Several studies have shown that LTH at 1.5T depends on the distance to isocenter ]. 

[15], lead [16, 17] and the position within the body of interest [18]. Nevertheless, the 

exists a widespread assumption that the risks associated with RF-induced lead-tip 

heating are worse for higher field strengths, but very limited data was previously 

available to support this claim. 

Resonant effects for highly conductive wires at 1.5T [25, 26] and at 3T[27, 28]  

have been observed. Greater LTH was observed at lengths close to the half-wavelength 

of the MRI scanner’s Larmor frequency. In addition, the analysis of RF-induced heating 

of cardiac stents with respect to the device’s length at both 1.5T and 3T has also been 

previously evaluated [29]. Resonant heating effects were also observed at both field 

strengths and greater LTH was obtained for stents with lengths <12cm at 3T and >12cm 

at 1.5T. In this work, rods with lengths that matched half-wavelength of the scanner’s 

RF wavelength were placed at different positions within the ASTM phantom. As 

expected, for both field strengths, the magnitude was affected by the length of the rod. 

Additionally, LTH was dependent on the magnitude of the E-field within the phantom. It 

was observed that greater LTH resulted when the rods were placed in locations with 

known higher E-field magnitudes. These locations corresponded to the left-anterior and 

the right-posterior region in the ASTM phantom. 
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 The magnitude of LTH for cardiac AIMDs at 1.5T and 3T has also been 

analyzed. Uncontrollable factors (device type and lead path) and clinically controllable 

factors (landmark) were the main mechanisms studied. In this study, when comparing 

LTH for the different AIMDs following a specific lead path, it was found the LTH 

magnitude at both field strengths was not statistically different. This may be due to the 

fact that the device leads were similar in both length and lead construction. Similar 

results were previously outlined by Mattei et al. [30]. Notably, however, the lead path 

played a major role in LTH. Maximum LTH values were observed for the PLP with less 

LTH observed for the anatomical lead paths. A significant relationship between lead 

path and field strength was found. For the PLP and ALP1, the magnitude of LTH was 

greater at 1.5T than at 3T. On the other hand, LTH for ALP-2 was greater at 3T than at 

1.5T. Previous work has performed electromagnetic simulations to analyze the 

relationship of lead-path at both field strengths for deep brain stimulators [31, 32]. In 

that study, it was observed that local SAR was dependent on lead path and field 

strength.  

 

The relative position of the cardiac AIMD and lead-tip also affect heating. At both field 

strengths, LTH was the greatest when the lead-tip was placed close to isocenter. When 

the distance to isocenter increases, LTH decreases. Similar results were previously 

found for SAR values obtained by electromagnetic simulations performed on six cardiac 

retained leads (min-length: 4.4cm, max-length:15.5cm) [33]. Six different lead paths 

were evaluated. LTH for nine landmarks were evaluated at nine landmarks at both 1.5T 

and 3T. They observed that SAR values were greater overall when portions of the lead 

were placed close to isocenter. in addition to this, SAR was observed to be at 3T than at 
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1.5T mostly because of the length of the cardiac leads were closer to half-wavelength at 

3T. Nevertheless, the obtained temperature data were not statistically different. 

 

The results presented herein has some limitations. Firstly, only the assessment of RF-

induced LTH was evaluated. Nevertheless, the possible risks resulting from the 

interactions between cardiac AIMDs and the other magnetic fields within the MRI 

scanner need to be accounted to allow MRI examinations at fields strengths >1.5T. 

These interactions include translational forces, torque and the activation of the device 

therapy. Secondly, only a limited number of rod lengths were evaluated. Thus, to further 

understand the effect of resonant effects at both fields, more rod lengths, not only 

harmonic lengths need to be analyzed. Lastly, the analysis of LTH was performed for a 

homogeneous conductive media. It is known that the electrical conductivity depends on 

the Lamor frequency that accords with the magnetic field [34]. The conductivity has to 

be taken in consideration when evaluating RF-induced heating for inhomogeneous 

media at different field strengths.  

 

Conclusion – The reported data suggests that MRI examinations for MR-unsafe cardiac 

AIMDs at 3T do not always result in greater LTH when compared to 1.5T. Additional 

work should be considered to further investigate methods to reduce RF-induced heating 

risks at 3T as has been done at 1.5T. 
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CHAPTER 8 

Summary 

8. Summar y 

The overall objective of this dissertation was to find ways to mitigate heating for active 

implantable medical devices (AIMDs) due to the applied radiofrequency (RF) field 

during an MRI exam. In the presence of time-varying electromagnetic fields, such as the 

RF field, highly conductive devices (e.g. AIMDs) act as antennae. The applied RF field 

also generates an E-field that couples with the device resulting in electrical currents 

within the device. These currents result in a thermal increase at the device-tissue 

interface, which is caused by the break in the conductive path. Several device-specific 

and scanner-specific physical factors have an effect on the magnitude of the 

temperature increase. A further understanding of the factors that drive AIMD heating 

can enable the mitigation of the safety risks associated with RF-induced heating for 

patients undergoing an MRI exam. In this thesis, both in vitro testing and 

electromagnetic simulations were used to further understand the factors that drive RF-

induced heating of AIMDs.  

In order to meet the objective of this dissertation we analyzed the dependence of 

AIMD heating on the magnitude of the RF-electric field, the spatial distribution of the E-

field in conductive bodies, and the Larmor frequency of the E-field. These factors were 

examined because they represent practical factors for potentially reducing RF induced 

heating of AIMDs. Three specific aims (SA) were analyzed: 

 

Specific Aim-1 – To create a workflow designed to generate MRI protocols that meet a 

lower specific absorption rate (SAR, W/kg) target while limiting the effect on image 

quality.  The main objective was to identify a method to achieve a really low SAR 
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(≤0.1W/kg) MRI exam for patients with MR-conditional AIMDs. Hence, a workflow to 

modify SAR-dependent sequence parameters was proposed. The workflow enabled the 

logical and progressive modification of the protocol parameters in a specific order while 

limiting the effect on image quality and acquisition time. This work can potentially benefit 

MRI clinics to create low SAR protocols without compromising clinical evaluation. 

Achieving low SAR conditions for an MRI exam is often complicated and little guidance 

is currently available.  

Currently, there is no general framework to guide meeting a lower SAR limit. 

Consequently, SAR conditions are not met and patients with MR conditional devices 

may be denied an MRI exam. The suggested workflow in this thesis serves as a guide 

for MRI clinics to modify their own protocols with minimal effects on image quality and 

scan time.  

 

Specific Aim-2 – The goal was to study the relationship between the RF-induced 

electric field and pacemaker lead-tip heating (LTH) as a function of patient orientation 

(supine head first vs. supine feet first). The magnitude of pacemaker LTH was shown to 

depend on patient orientation. In vitro experiments were performed on MR-unsafe 

cardiac AIMDs. The resultant pacemaker LTH was shown to be lower for a supine feet-

first compared to a supine head-first orientation for AIMDs that were positioned on the 

left anterior side. This result was supported with electromagnetic simulations, which 

show that the magnitude of the RF electric-field is spatially asymmetric. In the ASTM 

phantom, high electric-field regions were observed in the left-anterior and in the right-

posterior regions. Therefore, when the cardiac AIMD is placed within in region with a 

lower E-field magnitude, LTH was diminished. Extensive in vitro testing of MRI unsafe 

AIMDs demonstrates significantly lower LTH for supine FF MRI exams compared to 
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supine HF exams for left-sided anterior implants (the most common implant location). 

Therefore, supine FF imaging of patients with anterior left-side AIMDs, when practical, 

is proposed as a simple method to reduce LTH without the need for specific MRI 

protocol revisions 

 

Specific Aim-3 – This aim sought to evaluate AIMD heating at various magnetic field 

(B0) strengths. The popular belief suggests that RF-induced heating is worse at higher 

B0 field strengths. Hence, it is thought that a 3T MRI exam may double the magnitude of 

lead-tip heating (LTH) compared to a 1.5T exam. As a consequence, most patients with 

implanted AIMDs receive MRI exams at 1.5T, but 3T MRI exams are widely preferred 

for most clinical indications. However, it remains unclear if, in fact, 1.5T exams are safer 

for patients with implanted AIMDs compared to 3T MRI exams. Importantly, recalling the 

antenna effect for highly conductive devices, it is expected that the device heating will 

depend on the coupling of the device with the specific wavelength of the RF field. Thus, 

RF induced heating depends, for example, on the device length. For devices with 

lengths that match the scanner’s half wavelength, resonant effects are expected to be 

induced and the resultant LTH will be the greatest. In this aim, LTH of cardiac AIMDs 

was compared at 1.5T and 3T for a range of conditions. The results show that the 

magnitude of LTH does not worsen at higher field strengths. The main conclusion of this 

aim is that RF-induced heating risks for patients with AIMDs does not necessarily 

worsen with increasing field strength and, in fact, LTH can be lower at 3T compared to 

1.5T. 

 The strength of this thesis relies on the fact that the three specific aims can be 

simultaneously implemented for mitigating LTH. For instance, the results presented 

here suggest that RF induced heating can be substantially reduced at 3T (Specific Aim-
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3) by switching the patient’s orientation (Specific Aim-2) and by using really low SAR 

protocols (Specific Aim-1) modified according to the suggested workflow. Nevertheless, 

further experiments need to be performed to validate the proposed combination of these 

findings.  

 

 

8.1 Specific Aim Related Limitations 

Specific Aim 1 – Two main limitations were not included in the analysis as reported in 

this thesis. Firstly, image quality was evaluated without considering the either effects of 

AIMD-induced artifacts on image quality or the impact of the low SAR protocols on 

image artifacts. Secondly, the proposed workflow was only evaluated for a limited 

number of anatomical regions. Some protocol regions often rely on techniques to 

reduce motion artifacts. Abdominal examinations, for instance, often rely on breath-

holding techniques to mitigate respiratory induced motion artifacts. The proposed 

workflow, however, does not provide guidance on how to modify breath-hold dependent 

regions. Thus, future work is needed to evaluate AIMD-induced image artifacts and to 

provide guidance for other anatomical territories including breath-hold dependent 

exams. Note, however, it should be straightforward to adopt the low SAR protocol 

framework for other body regions including lower and upper extremity imaging. 

 

Specific Aim 2 – The main limitation observed during the project related to the E-field 

distribution in different body shapes and the tissue conductivity. The ASTM-phantom 

assumes a generalization of patient morphology. The E-field distribution, however, will 

be different for different body types. To further understand the effects of patient 

orientation on RF-induced AIMD lead-tip heating, it would be helpful to evaluate a wide 
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range of body types, simulated E-fields, and corresponding subject-specific phantom 

models. Ultimately, it is important to analyze LTH in such phantoms and to also directly 

measure E-fields.  

 

Specific Aim 3 – This study only evaluated RF-induced device heating. The interactions 

between cardiac AIMDs and the other magnetic fields within the MRI scanner also 

needs to be evaluated to better understand the heating risk of MRI examinations at 

fields strengths >1.5T. Secondly, only a limited number of rod lengths were evaluated. 

Thus, to further understand the resonant heating effects for a range of B0 fields, more 

rod lengths, not only harmonic lengths need to be analyzed. The additional of direct E-

field measurements would also bolster our understanding. Lastly, the analysis of LTH 

was performed for a homogeneous conductive media. It is known that the electrical 

conductivity depends on the Larmor frequency that accords with the magnetic field [1]. 

The conductivity has to be taken in consideration when evaluating RF-induced heating 

for inhomogeneous media at different field strengths.  

 

8.2 General field limitations  

Techniques to assess temperature increase – The main limitation relates to the general 

understanding of LTH for in vivo scenarios. Many studies, such as the MagnaSafe 

Registry [2], have created protocols to evaluate patients with MRI unsafe cardiac 

AIMDs. While no adverse events nor adverse effects related to device damage were 

reported, RF-induced heating during MRI examinations was not evaluated. Thus, the 

potential risk is still not fully understood. While some in vivo experiments have been 

performed in porcine models [ref], there was a limitation related to device path, patient 

positioning, and body morphology. The current assessment of RF-induced AIMD 
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heating largely relies on in vitro experiments, temperature measurements, and 

electromagnetic simulations. Techniques to estimate the tissue temperature increase in 

vivo need to be addressed. However, current in vivo techniques to assess temperature 

data are still invasive. Thus, it is important to investigate minimally invasive approaches 

to evaluate RF-induced heating during MRI examinations.  

 

Estimation of thermal damage – Currently, very little is known about the threshold at 

which LTH becomes a significant safety risk. The CEM43 model [3] suggests that the 

maximum local temperature should not increase >2oC for any tissue. The main concern 

relates to the maximum temperature increase and the duration in which RF-induced 

heating can result in irreversible tissue damage. To date, the acceptable limits of RF-

induced heating remains an open question in MRI safety that needs to be addressed.   

 

8.3 Future Work  

The field of MRI safety relies on understanding the interactions between medical 

devices and the MRI scanner. The design of RF pulse sequences with an emphasis on 

reducing RF absorption is an emerging field.  Future work should address designing 

low-SAR MRI sequences that help to reduce LTH during an MRI examination.   

 

The standard assessment of RF-induced heating follows an in vitro setup using the 

ASTM standards. To measure temperature increase, fiber-optic temperature probes are 

used. MRI sequences such as thermometry [4], or diffusion-based techniques [5] have 

been suggested. Future work should develop techniques that can be included in clinical 

practice that can estimate both RF-induced heating and the magnitude of tissue 

damage after the MRI examination.   
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Lastly, electromagnetic simulations are the current standard for analyzing the E-field 

distribution for different device paths, body shapes, and conductivities. However, a 

method to measure the magnitude of the E-field during an MRI examination would 

substantially augment our understanding of E-fields in the human body. Optoelectrical 

probes are one potential solution to solving this issue. Therefore, the implementation 

and validation of these probes would move the field forward. 

 

Summary – Mitigation of RF-induced heating was achieved by analyzing the 

dependence of LTH and the magnitude of the RF-electric field, the spatial distribution of 

the E-field in conductive bodies, and the Larmor frequency of the E-field.  
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Appendix 1 

Cardiac MRI Exams with Very Low SAR (0.1 W/kg) for Patients with Active implantable 
medical Devices 

9. Appendi x 1 

9.1 Introduction 

MRI-Conditional active implantable medical devices (AIMDs), such as pacemakers 

or deep brain simulators (DBS), are approved for MRI exams by the FDA, but include 

SAR limits as low as 0.1 W/kg [1]. In conventional cardiac MRI exams, the conventional 

limit is SAR≤2W/kg, therefore, modified MRI sequences must be implemented to meet 

the device’s SAR limit. Previous work proposed a workflow to modify non-cardiac MRI 

exams to meet a specific SAR target while minimizing the impact on image quality [2]. 

The objective of this project was to use the same workflow to modify a complete cardiac 

protocol to achieve a target SAR≤0.1W/kg. The resulting images were then assessed 

against those acquired with conventional sequences.  

9.2 Methods 

Cardiac MRI exams were performed at 1.5T (Avanto, Siemens) in healthy 

subjects after obtaining informed consent under an IRB approved protocol (N=10, 7 

females, 3 males, 81.144.6kg, 66.17.1bpm). A standard cardiac MRI protocol 

(SARSTAN), consisted of localizers, cine, late gadolinium enhancement (LGE), 

coronal/sagittal/axial anatomical, and flow imaging. The SARSTAN protocol was modified 

to achieve SAR≤0.1W/kg (SAR0.1). The RF pulse mode, number of slices, and flip angle 

were modified in a systematic manner following a previously derived workflow [2]. If 

SAR0.1 could not be achieved, then the sequence was changed from bSSFP to a GRE-

based sequence. Protocol modifications are shown in Table 14. During each cardiac 

examination, the scanner reported whole-body SAR, was recorded. To analyze image 

quality, the resulting images were scored by an expert radiologist on a 5-point Likert 
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scale blinded to the imaging protocol. The scale accounted for both (i) clinical 

acceptability and (ii) an image quality index using 1 (extremely poor quality), 2 (poor), 3 

(borderline good), 4 (good), and 5 (excellent). In addition, ten repeated image 

acquisitions were acquired in a T1/T2 phantom (System Standard 130, QalibreMD) to 

calculate voxel-wise SNR maps. CNR analysis was performed by comparing a single 

slice with ROIs in regions where T1 values were similar to myocardium (95023ms) and 

late enhanced scar (40694ms) [3].  

 

Table 16. Parameters modified for each sequence. * Refers to sequences which were 
able to be modified for reaching 0.1 W/kg for both b-SSFP and GRE. 

 

9.3 Results 

In this work only four of the main cardiac sequences are reported: Coronal 

anatomical (cor. anat.), cine, flow imaging and LGE. Table 1 shows the whole-body 

SAR and the 5-point Likert score recorded for both SARSTAN and SAR0.1 protocols. 

 

Table 17. Median Whole-Body SAR and Likert scale for four of the main cardiac 
sequences. 

  On average the whole-body SAR for the SARSTAN protocol was significantly 

higher than the SAR0.1 protocol (0.880.68 vs 0.050.03 W/kg, p-value<0.05). On 

average, image quality was higher, but not significantly for SARSTAN compared to SAR0.1 
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((3.90.8 vs 3.10.7, p>0.05). Example images are shown in Fig. 1A, SNR maps and 

CNR values are shown in Fig. 1B. The SNR value for the phantom region 

corresponding to myocardium was 53.11±58.85 for SARSTAN and 34.35±23.64for 

SAR0.1. CNR values, however, were maintained for the four sequences in each protocol 

(p>0.05).  

 

Figure 32. Example images (A) and SNR and CNR results (B) for four of the main 
cardiac sequences. 

9.4 Discussion and Conclusion 

This work aims provides feedback for both clinicians and device manufacturers on 

how to achieve a cardiac protocol for patients with MRI-conditional AIMDs. A protocol 

with whole body SAR ≤0.1W/kg was achievable with limited impact on image quality. 

Image quality was not significantly reduced and while SNR was reduced, contrast was 
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maintained. The later indicates that the low SAR cardiac protocol can be used for 

clinical evaluation. 
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