American

National
Standard

ANSI/AAMI
PC76:2021

Active implantable medical
devices—Requirements and
test protocols for safety of
patients with pacemakers
and ICDs exposed to
magnetic resonance imaging

AAMI

q Safety in Health Technolog



American National Standard ANSI/AAMI PC76:2021

Active implantable medical devices—Requirements
and test protocols for safety of patients with
pacemakers and ICDs exposed to

magnetic resonance imaging

Approved 11 February 2021 by
AAMI

Approved 06 April 2021 by
American National Standards Institute, Inc.

Abstract: Provides requirements and test protocols for implantable pacemakers and ICDs exposed to magnetic
resonance imaging. Physicians are increasingly using magnetic resonance imaging as tool for
differential diagnostic, thus exposing pacemakers and ICD patients to such equipment. Current
product standards for implantable pacemakers and ICDs do not include requirements and test
protocols for implantable pacemakers and ICDs, which would ensure patient safety during such
procedures.

Keywords: implantable medical devices, testing, pacemakers, ICDs, magnetic resonance, imaging



AAMI Standard

This Association for the Advancement of Medical Instrumentation (AAMI) standard implies a consensus of those
substantially concerned with its scope and provisions. The existence of an AAMI standard does not in any respect
preclude anyone, whether they have approved the standard or not, from manufacturing, marketing, purchasing, or using
products, processes, or procedures not conforming to the standard. AAMI standards are subject to periodic review, and
users are cautioned to obtain the latest editions.

CAUTION NOTICE: This AAMI standard may be revised or withdrawn at any time. AAMI procedures require that action
be taken to reaffirm, revise, or withdraw this standard no later than five years from the date of publication. Interested
parties may obtain current information on all AAMI standards by calling or writing AAMI.

All AAMI standards, recommended practices, technical information reports, and other types of technical documents
developed by AAMI are voluntary, and their application is solely within the discretion and professional judgment of the
user of the document. Occasionally, voluntary technical documents are adopted by government regulatory agencies or
procurement authorities, in which case the adopting agency is responsible for enforcement of its rules and regulations.

Published by

AAMI

901 N. Glebe Road, Suite. 300
Arlington, VA 22203-1853

www.aami.org

© 2021 by the Association for the Advancement of Medical Instrumentation
All Rights Reserved

This publication is subject to copyright claims of ISO and AAMI. No part of this publication may be reproduced or
distributed in any form, including an electronic retrieval system, without the prior written permission of AAMI. All
requests pertaining to this draft should be submitted to AAMI. It is illegal under federal law (17 U.S.C. § 101, et seq.)
to make copies of all or any part of this document (whether internally or externally) without the prior written permission
of the Association for the Advancement of Medical Instrumentation. Violators risk legal action, including civil and
criminal penalties, and damages of $100,000 per offense. For permission regarding the use of all or any part of this
document, contact AAMI, 901 N. Glebe Road, Suite 300, Arlington, VA 22203 Phone: (703) 525-4890; Fax: (703) 525-
1424,

Printed in the United States of America

ISBN 978-1-57020-813-3


http://www.aami.org/

Contents Page

CoMMItEEE FEPIrESENTALION ...ttt et e e et e e s b e e e e e et e e et e e nnr e e e s nereeeeas viii
Lo (=31 o PSP O POTR ix
1 S Tel o] o1 TP T OO E PP PP OUPPP PRI 1
2 NOIMALIVE FEFEIENCES ... ittt et et e et e e e b et e s et et e e snn e e e e naneeeeas 1
3 Terms @nd defiNItIONS ........coiiiiiiie ettt sttt et e st ne e e eer e nar e st et nn e 2
4 Symbols and abbreviated tEIMS..........ooi e 6
5 General requirements for non-implantable Parts..............oooi 6
6 GIODAI MAIUNCHION ...ttt ettt e et e e et et e st et esne e e beenanee s 6
7 General considerations for application of the tests of this document .............c.ocoi e 9
8 Protection from harm to the patient from lead electrode heating...........coccoviiiiiii e 10
9 Protection from harm to the patient from device heating..............oooooiiiiiiii i 25
10 Protection from harm to the patient caused by gradient-induced vibration..............cccccoiiii s 29
11 Protection from harm to the patient caused by Bo-indUCed fOrCe ...........cooiiiiiiiiiiiiiiie e 32
12 Protection from harm to the patient caused by Bo-indUCEd tOrqQUE .........ccoiiiiiiiiiiiiiiiiie e 37
13  Protection from harm to the patient caused by gradient-induced extrinsic electric potential .............ccccoceeenen. 38
14  Protection from harm to the patient caused by Bo-induced malfunction .............c.cccooiiiiiiii e, 66
15 Protection from harm to the patient caused by RF-induced malfunction and RF rectification ............................. 70
16  Protection from harm to the patient caused by gradient-induced malfunction..............cccocviiiiiiinc e, 79
17 CombiNed fIElAS TESt......co et 90
Annex A (informative) RF injection method utilizing standard leads.............ccceooeiiiiiiiiiiii e 97

Annex B (informative) Use of standard production leads to deliver a target RF power at 64 MHz to the

myocardium in an aniMal et .........ooi i e 100
Annex C (informative) CEM43 °C (cumulative equivalent minutes at 43 °C) .......cccceviiiiiiiiiiiie e 104
Annex D (informative) In vivo temperature rise in response to applied heat flux...........c.ccoocieiiiiiie 108
Annex E (normative) Gradient P(UCS) calculation method..............eooiiiiiiiii e 110
Annex F (normative) RF UCS CompliaNCe CHtEMa...........uuuiiiiiiiiiiiiiiee ettt e e et e e e e e e eanenes 113
Annex G (informative) Example of implementation of MR scan protocols for combined fields..............cccocceeernineenn. 117
[ 1T o1 T Te ] £=T o] 1|20 PO POUPPTR 121
Figures
Figure 1—Diagram showing the interval between two valid pacing amplitudes in different situations ........................... 9
Figure 2—Example Eian magnitude and Phase............cooiiiiiiiiii e 20
FIQUIE 3——APCT VEISUS POWET .....ciiiiieiiiiieiee e e e e ettt ee e e e e e e aaeteeeeaa e e e e aeaeeeaaaeaaaansseeeeeaaesaannseeeeeaaeeaaannsseeeaaeeaaanssnneaaaeaannn 22

Figure 4—Gradient heating waveform with a peak value of 127 T/s, RMS value of 42 T/s, T1= 0.2 ms, T3=
3.2 ms to be used for gradient can heating assesSMENt....... ... 26



Figure 5—Example of thermally insulating CONAINET ...........ooi i e 27

Figure 6—Example setup with resistive heaters placed on one side of a device ..........cccccovieiiiiii e 28
Figure 7—General test flow for gradient-induced Vibrations ..............ccuiiiiiiiiiiiiiie e 30
Figure 8—MR system region of Nigh dB/Az ...........ccooiiiiiiiiii e 33
Figure 9—Lead measurement CONfIQUIAtioN ..............ooiiiiiiiiiiiii e e e e e e e e e e e e e e e sanraeeeaaeeans 34
Figure 10—DeViCE SUIMACE @rEaS..........uuii ittt e ettt e et e e e e et e e e easte e e s sne e e e anreeennes 35
Figure 11—Example gradient induced PG voltage and CUMTENt ............cccuiiiiiiiiiiiiiee e 39
Figure 12—Gradient test pulse synchronization to pace PUISE ...........cooiiiiiiiiiiii e 40
Figure 13—Gradient test pulse synchronization to pace charge balance pulsSe.............cccovvevieiiiiiiiiiiie e 41
Figure 14—Gradient test pulse synchronization to pace pulse and charge balance pulse ............cccccccoeeiiiiiiiineneee. 42
Figure 15—Test setup to measure gradient induced PG charge, current injection, rectification, and distortion........... 44
Figure 16—Simulated gradient-induced voltage pulse Waveform ... 45
Figure 17—Combined gradient induced PG charge measurement..............oociiiiiiiiie e 47
Figure 18—Separate gradient induced PG charge and current measurement .............cccccovieeiiiiiee e 50
Figure 19—Example simulated gradient-induced voltage pulse train for rectification test.............ccccoveeiiiiiiin . 51
Figure 20—PG Gradient pulse train rectified current measuremMeNnt..............cooccuiiiiii i 52
Figure 21—PG gradient pace distortion synchronization ................coocouiiiiii i 55
Figure 22—Single chamber pacemaker teSt CONNECHIONS ..........eeiiiiiiiiiii e 59
Figure 23—Dual chamber pacemaker test CONNECHIONS...........c.uiiiiiiiii e 60
Figure 24—CRT pacemaker teSt CONNECHONS. ..........oiiiii e e e e e e e e e aereeeeaa e e ann 61
Figure 25—Single chamber, single shock coil ICD test CONNECHIONS............cooiiiiiiiiii e 62
Figure 26—Dual chamber, two shock coil ICD test CONNECHONS ............coiiiiiiiiiiiee e 63
Figure 27—CRT, Two shock coil ICD teSt CONNECHONS............ooiiiiiiiiiiiiie e e e e e e e e 64
Figure 28—Tissue interface, conducted immUNIty tESt...........oooiiiiiii e 65
Figure 29—Example of RF rectification pulse along with pacing pulSe............ccuueiiiii e 71

Figure 30—Incident electric field (a.) and magnetic field (b.) in the phantom without the device present for

HPIM PRANTOM ...ttt ettt et e et e e ettt e e b et e e e es et e e et et e e naste e e e sane e e e abneeenanee 73
Figure 31—Incident electric field (a.) and magnetic field (b.) in the phantom without the device present for

[V I o] =T o1 (o] o PSPPSR 74
Figure 32—Schematic diagram of an example test setup to evaluate RF-induced malfunction and unintended

L] (10 a1 =1 (T o RSP 75
Figure 33—Characteristics of RF rectangular modulation PUISE ..............ooiiiiiiiiiiiiii i 77

Figure 34—Characteristics of RF sinc modulation PUISE..............coiiiiiiiiiiie e e e 77



Figure 35—RF Test condition 1 pulse synchronization to pacing therapy..........cccceviirciiiiie s 78

Figure 36—Radiated magnetic field test setup for gradient induced malfunction................cccccoeiiiiiii e 81
Figure 37—Radiated gradient te€St SIgNaAl.........cooiiiiiiiiii e 82
Figure 38—Injected gradient teSt SIGNQAL...........oo it e e e e e e e e e e e e e 86
Figure 39—Phantom position on the MR scanner table within the scannerbore..........c.cccccvviviiiiiiieee 91
Figure 40—DUT fixation inside ASTM phantom for combined field testing............cccccooveiiiiiii e 94
Figure A.1—Temperature spatial distribution comparison between injected 500 kHz and radiated 64 MHz

[0 T0 1Y PR TRR 98
Figure A.2—Lead body and Tip/RING iN @01 .....ooiuieiiiieie et e et s et e e e anreeennes 98
Figure A.3—Lead body in HEC, tip/FiNG iN @11 .....eiiiiiiiic et e e e e e e e e e e e e e s snnbaeaeeaeeans 98
Figure B.1—One configuration of the RF power injection system used for validation tests and animal tests ............ 102
Figure C.1—Comparison of measured chest skin surface temperatures from various sources.............cccccceeerrneeenne 105
Figure C.2—Probability of IPG pocket starting temperature .............cc.oeeeiieiiiiiiiiiicee e 106
Figure D.1—Equation estimating temperature rise (degrees Celsius) in response to applied heat flux

LN/ S 109
Figure E.1—Flowchart for assessing gradient induced charge and current limits..............ccccooeiiiiiiiiie e, 110
Figure E.2—Tissue stimulation strength duration CUIVe............cooooiiiiiiiii e 111
Figure E.3—Example UCS probability @nalySis ..........c.ccoiiiiiiiiiiiic ettt ae e e e 112
Figure E.4—Example determination of gradient induced charge and current limits............cccccoooiiiiiiiiei e, 112
Figure F.1—Stress-strength @nalySiS ..........cuoiiiiiiiiiii e 113
Figure F.2—Maximum rectified vOItage ENVEIOPE ..........coiiiiiiiiiee e e e e e e 115
Figure F.3—Stimulation strength-duration CUINVE.............ooiiiiiiiii e e e e e et ea e e e 116
Tables
Table 1—Malfunction test and corresponding clause, and MR fields causing the assessed hazard ..............cccccooveee. 6
Table 2—Assessments to be performed for both injected and radiated malfunction tests...........cccccooveiiieiiiiiicnneen. 7
Table 3—RF coil geometry for in-Vivo SIMUIALIONS ...........ooiiiiiiii e 11
Table 4—Virtual BOAY MOGEIS ....... ..ottt e e oottt e e e e e et e et eea e e e e nsbeeeeeaeeeaannanneaeaeeesannnneeeaenn 12
Table 5—RF COIl CONSIIAINTS .......oiiiiiiiie ettt e e b e e st e e s e e e et e e s aar e e e naneeas 17
Table 6—Acceptance criteria for POCKEt tISSUE ... et 29
Table 7—Gradient pulse test Signal PAraMELETS ...........uviiiiiii e e e e e e s e e e e e s eeanrreeaeas 46
Table 7—Maximum and minimum lead electrode VOIAgES............ccooiiiiiiiiii i 56
Table 8—Gradient coil geometry for in Vivo SIMUItIONS ...........oooiiiiiiii e 57

Table 9—Pacemaker lead voltage test combinNatioNs ...........cuoiiiiiii i 58



Table 10—ICD Lead voltage test CombINAtioNS ............ocuiiiiiiii e 58

Table 11—Component values for tissue interface CIrCUIt .............ccviiiiiii e 66
Table 12—Device ClasSIfiCAtioN ............cociiiiiiii et sttt ettt nen e nane e 67
Table 13—Recommended pacing impedance values for RF inJeCHON ............cocoiiiiiiiiiiii e 74
Table 14—Radiated gradient test signal Parameters ... 83
Table 15—Maximum and minimMum [€ad 100D @rEaS .........ciiii ittt e e e e e e e e e e e e e e e e e eennneeeeeas 84
Table 16—Pacemaker lead loop area test COmMbINAtIONS .........cc.uviiiiiiii e 84
Table 17—ICD lead loop area test COmMbINAtIONS ...........cuiiii i e 85
Table 18—Injected test Signal PAramMELErs ... ..o ettt e e e e et e e e e e e e e eeeeeas 87
Table 19—Maximum and minimum lead electrode VOIAgGES ...........c..uvviiiii et a e 88
Table 20—Pacemaker lead voltage test combiNatioNns ............coooiiiii i 89
Table 21—ICD lead voltage test COmMbDINAtIONS ... it e e e e 89
Table 22—Locations of the MR scanner iso-center (landmark position) with respect to the ASTM phantom

used during the combined fIeldsS tESt....... ..o e e e e e e 92
Table 23—List of scan protocols, with corresponding landmark poSition.............cccccviiiiiiiiiiiiiiie e 92
Table 24—Fixation setup of System UNAer teSt ... e e e e e e e eeee s 94
Table A.1—Input vs. output power deliver with lead body in airand HEC ... 99
Table A.2—Current measurements in different test Medium ............cooi i 99
Table C.1—Summary of sources for skin surface temperature in the chest region............cccccoeiiiiie 105
Table C.2—Summary of additional references for skin surface temperature.............ccocoiiiii e 105
Table C.3—Literature values of subcutaneous temperatures in the thorax region.............cccoccoviiiiiiiiiiiiiene e 106
Table C.4—Summary of CEM43°C acceptance criteria for pocket tiSSUE...........ccviiiiiiiiiiiiieei e 107
Table C.5—Summary of CEM43°C acceptance criteria for tissue surrounding lead body ...........c.coccveeiiiiiiniiinenns 107
Table D.1—Data used to determine a functional relationship for temperature rise in response to applied heat

L0 T O PP PPU U PP SPPPPP PRSP 108
Table G.1—List Of @abbreviations USEd ............couiiiiiiiii e e 117
Table G.2—List of MR-sequences used, and corresponding MR acronym by vendor @..............ccccceeveeierieeieseenns 118
Table G.3—Brain imaging protocol example [50] — Minimum scan time: 6 minUtes...........cccccoviiiiiii e 118
Table G.4—Lumbar spine imaging protocol example [50] — Minimum scan time: 4 minutes ........c...ccoecevieeeeeeeeecnnnes 119
Table G.5—Liver imaging protocol example [52] — Minimum scan time: 4 minutes ...........cccccoviiiii e 119
Table G.6—Kidney imaging protocol example [52] — Minimum scan time: 2 MiNULES ..o 119

Table G.7—MRCP (magnetic resonance cholangiopancreatography) imaging protocol example [52] —
MinimMUum SCaN tiME: 2 MINUEES........ooiiiii et e et e et e e snn e e s nereee s 119

Table G.8—Enterography imaging protocol example [52] — Minimum scan time: 2 minutes ........c...ccccccvveeveeeiieennns 119



Table G.9—Breast imaging protocol example [51] — Minimum scan time: 2 MiNUEES............ccoociiiie e 119

Table G.10—Cardiac imaging protocol example [53] — Minimum scan time: 5 minutes............cccccceeeieiiiiieiee e, 120
Table G.11—Hand imaging protocol example [54] — Minimum scan time: 3 MIiNULES ............cccccieeeeeiiiiiiieeee e 120
Table G.12—Shoulder imaging protocol example [55] — Minimum scan time: 3 MiNUteS...........c.ccveiiiiiieeeiiieeeee 120
Table G.13—Prostate imaging protocol example [57] — Minimum scan time: 3 minutes...........cccccceeiviiiieenee e, 120

Table G.14—Vulva and vagina imaging protocol example [56] — Minimum scan time: 5 minutes ..............c....cccue. 120



Committee representation

Association for the Advancement of Medical Instrumentation
AAMI Pacemaker & MRI Compatibility Working Group

This AAMI American National Standard (ANS) was developed and approved by the AAMI Pacemaker & ICD MRI
Compatibility Working Group.

At the time this document was published, the AAMI Pacemaker & MRI Compatibility Working Group had the
following members:

Cochairs: Mitchell Shein
Shiloh Sison
Members: Jonathan Edmonson, Medtronic Inc Campus

Mitchell Shein, CPR Consulting, LLC

Shiloh Sison, Abbott Laboratories

Paul Stadnik, Micro Systems Engineering Inc
Bob Stevenson, Integer

Johan van den Brink, Philips

Ingmar Viohl, FDA/CDRH

Alternates: Federico DeMula, Integer
Krishna Kurpad, Micro Systems Engineering Inc
Gabriel Mouchawar, Abbott Laboratories
Sunder Rajan, FDA/CDRH
Ronald Reitan, Boston Scientific Corporation

NOTE  Participation by federal agency representatives in the development of this standard does not constitute endorsement by the
federal government or any of its agencies.

viii © 2021 Association for the Advancement of Medical Instrumentation m ANSI/AAMI PC76:2021



Foreword

The following verbal forms are used within AAMI documents to distinguish requirements from other types of provisions
in the document:

— “shall” and “shall not” are used to express requirements;

— “should” and “should not” are used to express recommendations;

— “may” and “may not” are used to express permission;

— “can” and “cannot” are used as statements of possibility or capability;
— “might” and “might not” are used to express possibility;

— “must” is used for external constraints or obligations defined outside the document; “must” is not an alternative
for “shall.”

Suggestions for improving this recommended practice are invited. Comments and suggested revisions should be sent
to Standards, AAMI, 901 N Glebe Road, Suite 300, Arlington, VA 22203 or standards@aami.org.

NOTE  This foreword does not contain provisions of the AAMI PC76, Active implantable medical devices - Requirements and test
protocols for safety of patients with pacemakers and ICDs exposed to magnetic resonance imaging (AAMI PC76:2021), but it does
provide important information about the development and intended use of the document.
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American National Standard ANSI/AAMI PC76:2021

Active implantable medical devices—Requirements
and test protocols for safety of patients with
pacemakers and ICDs exposed to magnetic resonance
imaging

1 Scope

This document is applicable to transvenous pacemaker, ICD, and CRT systems intended to be used in patients who
undergo a magnetic resonance scan in 1.5 T, cylindrical (circular or elliptical cross-section) bore, whole body magnetic
resonance (MR) scanners operating at approximately 64 MHz with whole body coil excitation.

The tests that are specified in this document characterize interactions with the magnetic and electromagnetic fields
associated with an MR scanner. The tests can be used to demonstrate device operation according to its MR Conditional
labelling. The tests are not intended to be used for the routine testing of manufactured products. Some of the tests are
type tests whereas others require sample size justification.

The scope of this document is limited to:

— systems that do not use sensing functions or that are programmed not to use sensing functions to affect
therapy delivery during an MR scan;

— systems which have high voltage therapy disabled during an MR scan;
— devices which are implanted in the pectoral region of patients.
Requirements for non-implantable parts are outside the scope of this document.
The requirements of this document supplement or modify those of AAMI/ISO TIR10974.

NOTE 1 The document might provide useful guidance for newer therapies such as subcutaneous ICD systems, leadless
pacemakers, and loop recorders, but their requirements are outside the scope of this document.

NOTE 2 Safety requirements for MR scanners can be found in IEC 60601-2-33.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are indispensable for its
application. For dated references, only the edition cited applies. For undated references, the latest edition of the
referenced document (including any amendments) applies.

AAMI/ISO TIR10974, Assessment of the safety of magnetic resonance imaging for patients with an active implantable
medical device

IEC 60601-2-33, Medical electrical equipment — Part 2-33: Particular requirements for the basic safety and essential
performance of magnetic resonance equipment for medical diagnosis

ASTM F2052-15, Standard Test Method for Measurement of Magnetically Induced Displacement Force on Medical
Devices in the Magnetic Resonance Environment
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