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Foreword

ISOITS 10974:2012(E)

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been

established has the right to be represented on that committee. International organizations, governmental and
nmﬁ-governmental, in liaison with 1SO, also take part in the work. ISO collaborates closely with the
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Introduction

This Technical Specification came about following a joint meeting between ISO/TC 150, Implants for surgery,

and IEC/SC 62B/MT 40, Magnetic resonance equipment for medical diagnosis,

in Vienna, Austria, in

September 2006. An agreement was reached to coordinate efforts on the development of a new Technical
Specification for the safety of patients with active implantable medical devices (AIMD) undergoing an MRI

exam and felated further development of IEC 60601-2-33.

This Technical Specification represents a broad-based effort to capture the current unersta mg of relevant

issues ang concerns at 1,5T, the most common MR field strength. The Join
responsiblg¢ for this Technical Specification (ISO TC150/SC6/JWG2 and IEC SCG
incompletq understanding and coverage of relevant details. The JWG releds
developmeénts in this area.

The JWG
allowed by
the possibl{li

IEC 60601
any and a

The relatig
and not nge
scanner, p|

Patient

\ Scanner \

G)
its
pte

me

40,
sed

Straight lines represent the relationghip
g, i.e. the effects between patient and

Figure 1 — Diagram showing the responsibilities of product committees and illustrating the extent of
the scope of this Technical Specification in terms of the effects between AIMDs and MR scanners
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This Technical Specification is concerned with interactions on the AIMD caused by the scanner.
ISO/TC 150/SC 6 product committees are concerned with how those interactions affect patient safety.

This Technical Specification is general for all AIMD types, while ISO/TC 150/SC 6 product committees deal

with specific types. ISO/TC 150/SC 6 will turn the general provisions of this Technical Specification into
product-specific requirements, if necessary.

TS SC6

(,)tu

Te
usi

h-top tests
MR 15T
SC3 al scanner tests are implied, in all others, the AIMD manufacturer
asy arid validation of clinical scanner-based test methods. Furthgrmore, the
test signals a S ifically described within this Technical Specification for bench-top {esting (e.g.
Clguse 8) are hot beingyentouraged or recommended for use on clinical scanners and to do so might result in
SCé ‘

No| requirements<contained within this Technical Specification, including the use of clinical scanner, construe
or imply anyburdener gbligation on the part of MR equipment manufacturers. Any statement to the|contrary is
strictly unintentional.

The Gtequirements contained within this Technical Specification are based on specific potential hazards that
hamemmmWWwith these

specific hazards, and any additional hazards and risks that might occur for any specific AIMD type
(e.g. implantable neurostimulators), are outside the scope of this Technical Specification.

NOTE 1 Other interested parties, such as device manufacturers, regulatory agencies and particular product
committees, are responsible for setting specific compliance criteria and determining risk.

NOTE 2 The discussion of risk and, in some cases, test methods in some of the informative annexes (e.g. Annex S,
Annex T and Annex V) serves to provide additional information and a rationale that might assist readers in their
comprehension of this material. The information provided in these annexes is supplementary and subordinate to the
normative requirements in this Technical Specification.

© 1SO 2012 — All rights reserved ix
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The International Organization for Standardization (ISO) and the International Electrotechnical Commission
(IEC) draw attention to the fact that it is claimed that compliance with this Technical Specification may involve
the use of a patent concerning gradient vibration given in Clause 12.

ISO and IEC take no position concerning the evidence, validity and scope of this patent right.

The holder of this patent right has assured ISO and IEC that he or she is willing to negotiate licences under
reasonable and non-discriminatory terms and conditions with applicants throughout the world. In this respect,
the statement of the holder of this patent right is registered with ISO and IEC (a copy of the patent declaration
is shown in Annex A). Further information may be obtained from:

Medtronic,|Inc.

Open Innoyation and Intellectual Property
8200 Cora| Sea St. NE, MVN43

Mounds View, MN 55112

USA

Attention i$ drawn to the possibility that some of the elements of this documeé
rights other than those identified above. ISO and IEC shall not be held resp

such patert rights.

X © 1SO 2012 — All rights reserved
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Assessment of the safety of magnetic resonance imaging for
patients with an active implantable medical device
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Scope

nner. They can be used to demonstrate
ts are not intended to be used for the routi

azards (see Clause 7). Tests for partic
riteria Jand the determination of risk resulting fr
i e scope of this Technical Specification.

device manufacturers, regulatory agencies, and particy
iC compliance criteria and determining risk.

e following” referenced documents are indispensable for the application of this document.
brences; only the edition cited applies. For undated references, the latest edition of the
cument (including any amendments) applies.

red to be
nting this

vhole body

n samples
ith an MR
elling. The

g applicable to a broad class of AIMDs for the

ular device
bom device

lar product

For dated
referenced

IEC 60601-2-33:2010, Medical electrical equipment — Part 2-33: Particular requirements for the basic safety
and essential performance of magnetic resonance equipment for medical diagnosis

IEC 61000-4-3, Electromagnetic compatibility (EMC) — Part 4-3: Testing and measurement techniques —

Ra

diated, radio-frequency, electromagnetic field immunity test

ANSI/AAMI PC69:2007, Active implantable medical devices — Electromagnetic compatibility — EMC test
protocols for implantable cardiac pacemakers and implantable cardioverter defibrillators

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

© 1SO 2012 — All rights reserved
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ASTM F2213, Standard Test Method for Measurement of Magnetically Induced Torque on Medical Devices in
the Magnetic Resonance Environment

ASTM F2503-08, Standard Practice for Marking Medical Devices and Other Items for Safety in the Magnetic
Resonance Environment
3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

31

AIMD
active implantable medical device
active medlical device which is intended to be totally or partially introduced, surgj
human body or by medical intervention into a natural orifice, and which is i
procedure

the
the

[ISO 1348%:2003, definition 3.1]

NOTE 5 aS AsiSting™e nts
(e.g. device y i

3.2

AIMD con
any uniqu setti ive
geometrica

3.3

active me
medical de < i an
that directl

[ISO 1348

3.4
By
static mag

3.5

Biruvs
root mean

where ¢ is time, and ¢, is the evaluation time, estimated at the RF transmit coil centre
[IEC 60601-2-33:2010, definition 201.3.201]

3.6

birdcage coil

radiator which generates the RF portion of the magnetic field

NOTE This usually refers to a bench-top coil used to simulate the operation of a scanner's volume RF transmit coil.

2 © 1SO 2012 — All rights reserved
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3.7
compliance volume
patient-accessible space in which compliance of gradient output is inspected

NOTE 1 In MR equipment with a cylindrical whole body magnet, the compliance volume is a cylinder whose axis
coincides with the magnet axis, with a radius of 0,20 m and with a length equal to the gradient coil.

NOTE2  Adapted from IEC 60601-2-33, definition 201.3.202.

3.8

cylindrical bore scanner reference coordinate system

three dimensional Cartesian coordinate system in which the X axis lies in a horizontal plane, the ¥ axis in a
vettical plane, the Z axis is coaxial with the magnet bore, and the origin of the reference coordinate system is

located at isocentre
3.
deyice

t part of an AIMD that houses a power source and electronic stimulation

voltage or current pulse
NQTE The complete AIMD includes the device and a means for con 1 i tion site.
3. 1lg
effpctive stimulus duration

tS €
du
ca

5 limits for
ion and the

ation of any period of the monotonig
diac or peripheral nerve stimulation,

unrectified voItag@c d by fields

can cause

may cause

mdgnetic field gradient in units of T/m

NOTE 1 Gy introduces a spatial gradient along the X axis of the reference coordinate system, Gy introduces a gradient
along the Y axis, and G; introduces a gradient along the Z axis.

NOTE 2  Adapted from IEC 60601-2-33:2010, Table 201.101.
3.14
gradient output

parameter characterizing the gradient performance, such as rate of change of the magnitude of the magnetic
field, or E-field induced by one or more gradient units, under specified conditions and at a specified position

[IEC 60601-2-33:2010, definition 201.3.209]

© 1SO 2012 — All rights reserved 3


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISOITS 10974:2012(E)

3.15

gradient unit

all gradient coils and amplifiers that together generate a magnetic field gradient along one of the axes of the
coordinate system of the MR equipment

[IEC 60601-2-33:2010, definition 201.3.210]
3.16

harm
physical injury or damage to health or property

NOTE Adapted from ISO/IEC Guide 51:1999, definition 3.3.

3.17
hazard
potential spurce of harm

NOTE Adapted from ISO/IEC Guide 51:1999, definition 3.5.
3.18

implant vglume
patient-acg¢essible space

NOTE In MR equipment with a cylindrical whole body magne Hes

with the magnet axis, with a radius of 0,25 m and with atangth egua

3.19
isocentre
in MR equ

NOTE 1
NOTE 2
[IEC 6060

3.20
label
area beari

3.21
lead
flexible tube enclosing one or
its length

ore insulated electrical conductors, intended to transfer electrical energy alopng

[ISO 14708-1:2000, definition 3 5]

3.22

MR equipment

magnetic resonance equipment

medical electrical equipment which is intended for in vivo magnetic resonance examination of a patient
comprising all parts in hardware and software from the supply mains to the display monitor

[IEC 60601-2-33:2010, definition 201.3.218]

4 © 1SO 2012 — All rights reserved
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3.23

MR scanner

magnetic resonance scanner
See 3.22

NOTE The term “scanner” is used throughout this Technical Specification in lieu of “equipment”.
3.24

malfunction
device failure causing degradation of performance, loss of function, or unintentional responses

3.35
mgrking

insription on a device, package or label

[ISP 14708-1:2000, definition 3.9]

3.26
mgximum gradient slew rate

rate of change of the gradient obtained by switching the gradiep
stréngths Gumax and G-max in the shortest possible ramp time obtain al scan condition
[IELC 60601-2-33:2010, definition 201.3.222]

3.27
meddical device

aximum specified gradient

S

art{cle, used alone or in combination, with » re for its proper functioning, intended by

thg manufacturer to be used on human bejngs in the

angl which does no
mdtabolic means, but

NQTE

3.28

MR Conditional
iteqn that has be&e
comditions of use

derqonstrated to pose no known hazards in a specified MR environment wit

NQTE A Field conditions that define the specified MR environment include field strength, spatial gradient

ological or

h specified

dB/dt (time

rat¢ of-change of the magnetic field), radio frequency (RF) fields, and specific absorption rate (SAR). Additiona

conditions,

1 P £ £2 'H £ 4l i+ I <l
|nC|uu|||9 SPCCMCCOMMyuratornS O e TteTiay O TCYuireUr

NOTE2  Adapted from ASTM F2503, definition 3.1.9.

3.29
normal operating mode

mode of operation of the MR equipment in which none of the outputs have a value that can cause

physiological stress to patients

[IEC 60601-2-33:2010, definition 201.3.224]

© 1SO 2012 — All rights reserved
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3.30

rectification
voltage induced by fields external to the AIMD that is rectified by non-linear circuit elements within the AIMD

3.31
search co

small diameter coil used in a compliance test to measure gradient output

[IEC 60601-2-33:2010, definition 201.3.230]

3.32

second le
mode of d
significant
approved f{

[IEC 6060
3.33
SAR
specific a
radio frequ
[IEC 6060
3.34

dB/dt

rate of change of the magnetic flux density with time (W%

[IEC 6060

3.35

transverse¢ plane

x-y plane,

3.36

volume R
RF transm
volume en

NOTE 1
coil designsg
the body is

NOTE 2

ency power absorbed per unit of mass (W/kg)
-2-33:2010, definition 201.3.233]
time rate ¢f change of the magnetic field

vel controlled operating mode
peration of the MR equipment in which one or more outputs reach a value
risk for patients, for which explicit ethical approval is required (i.e. a h
o local requirements)

-2-33:2010, definition 201.3.231]

bsorption rate

-2-33:2010, definition 20

normal to the a@

F transmit caqil

considered-tobe a~olyme RF transmit coil (e.g. single-loop wrist coil).

Adapted-from |IEC 60601-2-33:2010, definition 201.3.236.

3.37

whole body gradient system
gradient system suitable for use in whole body MR equipment

[IEC 60601-2-33:2010, definition 201.3.237]

3.38

whole body magnet

magnet su

itable for use in whole body MR equipment

[IEC 60601-2-33:2010, definition 201.3.238]

hat cancprodiice

col

ed

mit
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3.39

whole body MR equipment

whole body magnetic resonance equipment

MR equipment of sufficient size to allow whole body MR examination and partial body MR examination of
adult patients

NOTE 1 It can be equipped with volume RF transmit coils, local RF transmit coils and with a special purpose gradient
system.

NOTE 2  Adapted from IEC 60601-2-33:2010, definition 201.3.239.

3.do
whole body RF transmit coil
volume RF transmit coil of sufficient size for whole body examinations of adult pa

[IEC 60601-2-33, definition 201.3.240]
3.41

whole body SAR
SAR averaged over the total mass of the body and over a specifi

[IE[C 60601-2-33:2010, definition 201.3.241]
4 | Symbols and abbreviated te
TEM transverse electromaghe

RF radio frequency

SAR specific\absbption rate

>

s

MD

® >

TEM

iC resonance imaging

5 | General requirements for non-implantable parts

Repuirements for non-implantable parts of an AIMD are outside the scope of this Technical Specification.

Th y mighf be epnr\ifinr{ ina-future edition-

6 Requirements for particular AIMDs

Requirements for particular AIMDs are not specified in this Technical Specification. They might be specified in
a future edition or in particular product standards.

© 1SO 2012 — All rights reserved 7
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7 Protection of patients from potential hazards caused by interactions of the AIMD
and MR scanners

The requirements in this Technical Specification were derived from seven known or foreseeable potential
hazards to patients with an AIMD undergoing an MR scan. These general hazards give rise to specific test
requirements as shown in Table 1.

Table 1 — Potential patient hazards and corresponding test requirements

General hazards to the patient Test requirement Clause

Heat RF field-induced heating of the AIMD 10

Gradient field-induced device heating

Vibration Gradient field-induced vibration

Force Bo-induced force \ \\ \/ 13
Torque Bo-induced torque & \\ \ 14

/>>j

Extrinsic eJectric potential Gradient field-induced lead volt/e@ \ 16
Rectificati¢n RF field-induced rectified lead{volt4gd 17

Malfunctioh Bofield-inducyd‘d\evice Ifu%%n/ <\ ‘\> 18
RF field- indu\an\"\\Qalfu\‘Qtion\ ) 19

Gradient fleld- uced mgm}\nctlon 20

@ Device malfunction due to eddy current heating of | ter mp: eWovered in Clause 11. Device malfunctipn
due to vibration of internal componentz%x:qe use

RF-induce
current.

red

Gradient-in
Device vibf
Force and
Extrinsic e the

case of gradient-indtced stimylation or modification of output pulses due to superposition. The result involyes
voltages npt caused-by a device malfunction.

RectificatignCef induced voltages can occur if the induced voltage is high enough to cause non-linear cirguit
elements to—tomduct,forexampte;ammputprotectiom divdeRectificatiommight Tesutt—mvottage puises
occurring on the lead and at a distal electrode. The resulting rectified voltage is an unintended consequence
of physical interactions between the MR scanner and medical device and is not considered a device failure or
malfunction, per se.

Malfunction is meant to capture a wide range of performance issues, such as degradation of performance,
loss of function, unintentional responses, etc., due to device failure caused by, for example, the improper
operation of a circuit element or motor. Since malfunctions are highly device-specific, and unknown in a
general sense for all AIMD types, they remain undefined in this Technical Specification.

NOTE 1 Requirements regarding device-specific malfunctions might be specified in particular product standards.
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Evaluation of the AIMD for these hazards involves some combination of testing and modelling. Devices are
subjected to radiated fields or injected voltages in order to witness behavioural responses. Modelling may be
employed to determine appropriate test signal voltage levels or to estimate tissue heating, for example.

Device immunity to the By, RF and gradient fields may be evaluated separately. For devices containing
components affected by magnetic fields (e.g. saturable ferrite), a By (static) field shall be simultaneously
applied during testing unless it can be shown that the magnetic effects of these components will not affect
device performance.

In addition to the tests listed in Table 1, this Technical Specification contains recommendations for image

artifact-evaluation (enn Clause 1’-'\\ combined field fnehnn fenn Clause ')1\ and-requirements for ma rkings and

ac¢ompanying documentatlon (see Clause 22).

8 | Test signals

8.1 Gradient sequence of sequences

The d by three
vati resents an
ex re the next
bu sequence.
Eap se time.
Th rs. Table 2
list ; however
soime sequences may be omitted with appropriate > cturer. For
cir i

The j, the time
deri test signal
pa d (radiated
an

NO bting to use

the|
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—>

Key
TSLEW (p-p rise/fall time in ms)

TDWELL

TOFF (time between bursts)

Bg (graflient field strength, p-p amplitude in mT)
One cygle

Burst length (two cycles in this example)

Tabl&Z Ra

eofg

AN

Parameter \/\ \
Bg (MT) 1 \/‘2

5
TSLEW (m$) 0,2 /o<4\ \Lo\
Number of cycles < \
(burst lengith) /\ <\

NS
TOFF (ms) 0\2\ \\\5\\)0

TDWELL (njs) 0,0 \0)5> 50 | 20 | - - - — Z Z _ _ _

o g~ WN -

20 | 50 | 10 | 20 | 50 | 100 | 200 | 500 | 1000 | 2 00O

Exposure [time per | 15 s minimum or characteristic response time of the device, if greater than 15 s
sequence

NOTE 2  The parameter B as used in this Technical Specification, is not to be confused with the parameter G as used
in IEC 60601-2-33. Bg is used to denote the peak-to-peak amplitude (in mT) of the simulated test signal whereas G is used
to denote the amplitude (in mT/m) of the magnetic field gradient of the actual scanner. For example, along the Z axis of a
scanner, the field strength of Gz at a given spatial location is given by the distance from isocentre. This relationship was
used to determine the test values for Bgin Table 2.

NOTE 3  Itis understood that gradient amplifiers have a limited bandwidth and therefore gradient profiles are not strictly
trapezoidal or triangular, depending on the particular selection of parameters in Table 2. A 10 kHz gradient amplifier
bandwidth represents a lower (worst case) value (with respect to the gradient amplifier).
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https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISO/TS 10974:2012(E)

Ke

1 | TEDGE (maximum 10 %
2 | TAPW (Pulse A — positive
3 | TBPW (Pulse B i
4 | Equal to TDWELL

5 | ivamp (Pulse A afd

bigure 4 — Injected voltage test signal

able 3 — Range of injected voltage test signal parameters

Parameter Values
IVAMBZ (VOlts) See 20.2
TAPW/TBPW (TS 01702 02104 0.5/10 17072,0
TEDGE (MS) 1 (maximum)

8.2 RF sequence of sequences

The test signal used to simulate the RF field is shown in Figure 5. It is defined by three variable parameters:
B, peak amplitude at the isocentre, pulse width, and pulse period. One set of parameter values constitutes a

© IS0 2012 — Al rights reserved 11
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single sequence (e.g. B1 = 1 uT, pulse width = 50 ps, and pulse period = 1 ms constitutes a single sequence).
Each sequence shall be run for a minimum of 15 s, or longer if necessary to observe device response time.

The complete sequence of sequences consists of all combinations of the three variable parameters. Table 4
lists the range of required parameter values. Typically, all combinations are required; however some
sequences may be omitted with appropriate rationale and documentation by the manufacturer. For
circumstances in which this is allowed, refer to the individual test clauses.

Parameter combinations for testing should be chosen taking into consideration those combinations that
represent acute conditions for the specific device being tested. For example, parameter combinations which

fall into k ter
combinatigns shall be justified and documented. The amplitude values shall be adjusted accordingly,
depending|on the test method used (described in each test section). This test signal wave pth

radiated and injected methods.

NOTE The test signals and parameters described in 8.2 are intended for bench-top t€st . e Lise
them on clinjical scanners is not encouraged or recommended and might result in scanner

Key

1 B4 (RF field strength,
2 pulse Width

3 pulse pgriod

4  pulse shape (squa

5 frequency

Figure 5 — RF test signal
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Parameter Values
B1 (uT) peak at the isocentre 1, 2,5, 10, 20, 30
Pulse width See Table 5
Pulse period See Table 5
Pulse shape Square
Frequency (MHz) 63,8+0,5
FPolarisation Circular
Rise/fall time of pulse shape (ns) 500 (maximum) TN
Exposure time per sequence 15 s minimum or characteristic resp tlme 0 he device, [if greater
than 15 s
Table 5 — Pulse width and pulse period matrlx@xf segudences
Pulse Puls%\nu:fh\\\
iod
perio 50us 100us 200us 500p7/ }s\ \5 5ms 10ms
1ms test test test f\\/> / - --- -—-
2ms test test ést (\\---8 ( ({-) ‘\/ — — —
5ms test test te \@st\ est - -
10 ms test test st p \Qél\ test test - -
20 ms test /te\st té§t test test test - -
50 ms test NasN test \Jtev test test test test
100 ms test I \st\ Q\e\st \—te/st test test test test
200 ms @&3 tes{\/‘ \te\st test test test test test
500 ms tést/ /\ \Ae\st N tes> test test test test test
1s @éx \Qst >est test test test test test
Tept 1: Test wulse width and pulse periods labelled "test" in Table 5 at the highest
amplitude fora minimum duration of 15s per exposure, in order to assess device
perform iour.\The AIMD manufacturer may reduce the above test combinations by providing
ratjonale
Test2: Test.at a m um of one device-dependent susceptible modulation scheme(s), considering both
pulse period and pulse width, using all amplitudes in the table, incrementally increasing the amplifude of the
tegt signal from zero to maximum, in order to assess “windowing” effects. Wait for a minimum of 1% s at each

am

sense), a rationale shall be provided for waiving this test.

EXAMPLE

pacemaker, at which point it is expected to be the most susceptible.

plithde step. If no device-dependent modulation schemes can be identified (e.g. a device thgt does not

A pulse period of 50 ms and a pulse width of 2 ms would fall in the sensing passband of a cardiac

Test 3: Test the maximum pulse width and the minimum pulse period labelled "test" in Table 5 at the
maximum amplitude given in Table 4 for an exposure time of 30 min, in order to assess device damage from
internal component heating. Consider performing this test before Test 1 and Test 2.

© 1SO 2012 — All rights reserved
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9 General considerations for application of the requirements of this
Technical Specification

9.1 Compliance criteria

During each test, the device shall operate as intended according to its MR Conditional labelling (see 22.7 and

22.8).

After each test, the device shall operate as intended (including any special MR modes used only for scanning)
with no loss of function, have no degradation of performance, and conform to all device specifications. All

functionalily (i.e. normal modes and MR modes) shall be checked after testing. Specific compliance critgria

and the d
scope of th

NOTE 1
committees

NOTE 2
to perform g

9.2 Moni

use a monj
test. Remg
permitted.

9.3 \Vali

Test meth
validation,

field stren
performang

9.4 Unc

All tests rg

analysis sh

9.5 Tes

Every test
subclause

System co,

termination of risk resulting from device behavioural response during these tests are outside’the

is Technical Specification (see 22.3).

particular prog

See individual test clauses for any additional requirements.

mponents description:

uct

ers are encouraged

nall
der
not

ire

VD

he

— name

and location of test facility and date(s) of testing;

— device model number(s) and product description of the configuration tested (include all system
components, e.g. devices, leads;

— photograph or drawing of all system components;

— constr

uction materials including magnetic (e.g. ferromagnetic) components;

— photograph or drawing of implant geometry showing key morphological features and dimensions;

14
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— electrical description of AIMD describing the input circuitry at the device (including EMI capacitors) and

the lead system.
Test methods:

— complete description of all tests performed;

— description and photographs or diagrams of each test set-up, including all test and measuring equipment,
configuration and placement of AIMD components, and phantom placement within coils or MR scanner

relative to isocentre;

—| phantom dimensions and composition of tissue simulating material and electrical properties;

—| simulators and auxiliary equipment, if any;

—| AIMD settings and mode(s) of operation;
—| justification for the injected and radiated exposure levels used, ikapplisable;

—| evidence for the validation of test equipment and measuring~apparatus

—| any other'te
enoughiinformatie
results);

— | _C€onclusions.

formation needed for interpretation and reproduction of the tests (it is img
be provided so that an experienced investigator could reliably reprodu

ortant that
te the test

10 Protection from harm to the patient caused by RF-induced heating

10.1 General

Determining the rise in local tissue temperature due to interaction of an AIMD with the RF field of an MRI
scanner is a complicated process, and depends on AIMD design, MRI scanner technology (RF coil and pulse
sequence design), patient size, anatomy, position, AIMD location and tissue properties. Depending on the
specific conditions, variation of in vivo temperatures may span several orders of magnitude. For example, a
small compact device implanted in an anatomical region that receives minimal RF exposure may pose

© 1SO 2012 — All rights reserved
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relatively little RF heating risk, whereas an elongated metallic device, such as a neurostimulator or pacemaker
lead, may present an elevated risk.

The following subclauses outline the first step in the assessment; namely the methods for determining a
conservative estimate of energy deposition, including the uncertainty, in a controlled in vitro test system. A
four-tier testing approach is described in order to accommodate the diversity of AIMD configurations and
specific applications. The second step assesses the maximum in vivo temperature rise using the assessed
energy deposition of the first step, as described in Annex F. This Technical Specification does not provide
tissue-specific thermogenic damage threshold values or guidance on how to determine application-specific
risk factors for the determined temperature rise, which would constitute the third and final step in a complete
assessment

10.2 Outline of the four-tier approach

Tiers 1 and 2 follow an identical step-by-step measurement procedure but diffeKi
specified glectric test field. Tiers 1 and 2 are only applicable if the AIMD does '
filters (lunmped elements) in the lead system of the AIMD such that the A
continuous
requires n
test field
overestim3

10.2.1 Tigr 1

Step 1: Dgtermine the incident field for testing thHe All les
have been| computed using human models represeqting Y the
specified NMRI operating mode (Normal or First Leyercontrql) bdy
regions (h i

Step 2: Immerse the AIMD in a hor i de
and phase)) electric test field ( ) i at
lower or higher field strengths

at lower figld strength and seali MD
is predominantly embed Lum
(HCM) (sef 10.5). If the AIMD/i i in
low condu

Step 3: Th pom
temperatu

Step 4: In ptal
length of n ice
versa.

Step 5: For electsode leads longer than 100 mm, the resonant length shall be determined by measuring the
energy deposition for lengths between 100 mm and the largest commercially available lead length. The

resonant I¢ngth is the length that produces maximum energy deposition at the analysed electrode pole. The
worst-case energy deposition of any length measured in Step 3 shall be multiplied with the resonant length
weighting factor of Table 8 to account for the worst-case phase condition. Alternatively, the phase factors can
be determined for the investigated structure (see Annex K).

Step 6: A comprehensive uncertainty budget shall be determined in accordance with 10.8.

Step 7: The maximum energy deposition assessed in Step 1 to Step 6 is used to estimate the maximum in
vivo temperature rise using Annex F.
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Table 6 — Overall worst-case RMS FE-field values (10 g average)

Body part Maximum induced Normal mode First level mode
field "°’g‘1a"zed 1 (2Wikg whole- (4W/kg whole-
body SAR) body SAR)
ERMsmax, in vivo ERwvsmax, in vivo
Head 90 V/m/uT 420 V/m 420 V/m
Trunk 140 V/Im/uT 500 V/m 700 V/m
Extremittes -Vt 666-Ym 856-vm

NOTE 1 Evaluations are in accordance with 10.3 for all tissues and the entire population.

values for the trunk and extremities are normalized to whole body
2 W/kg for normal mode and 4 W/kg for first level mode. The)
values calculated from a large set of numerical S|mulat|ons
models with a mass ranging from 50 kg to 120 kg and g
1,78 min a large number of representative positions ine
(Annex J). The maximum E-field normalized to B4 i

were normalized to the whole body SAR maxi
of the body model in the coil where head afid
separately. The resulting fleld alues m ot
are subject to change when p ameterssand method§become more narrowly defined.

Table 7 - Conservat/ve\nmd/en\gsgms for testing in accordance with Tier 1

Bodyfp\art maI mt%{ First level mode

HeadL \ \ 7,0 uT 70T
T)nk < < 7.0uT 7.0 0T
em\ne\ \/\ 7.0 uT 7.0 uT

O EN_/AS he m Birwus is not limited by the SAR limits but by the
itationswef th commermal scanners, the Birus to be used for magnetic
I|n is set to 7 uT. For details and rationale, see Annex P.
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Table 8 — Worst-case phase weighting factors for a single conductive lead (not including helical
structures and structures with lumped elements)

Length as function of electrical resonant Worst-case phase weighting factor (Cphase)
length (I/liesonance)
0.2 1,0
0.4 10
0,6 10
0.8 1,0
1.0 1,0
12 1.1 (
1,4 1.2 < )
, 2 N O
16 13 N\

18 (4 \\ >
TR0 S

2.2 \6\\ \

24 NEORI Y%

26 AN (e >

28 NN

3,0 2,0
NOTE increase at the lead tip under
worst-case phase conditions A0 t esqQnansgfor insulgted straight leads of different lead

rmittivities (¢; = 1 to 10)N.ea and 500/mm and phase gradients from 0 rad/m to
rad/m were considered fo CM at 64MHz (see Annex K).

%dii (0,4 mm to 1,2 mm),

10.2.2 Tigr 2

AIMD in accordance with 10.3 for any averaged 10 g tissue
etermine the uncertainty of the determined incident test field.

Step 1: Determine the incig]
for the angtomically relevan

Step 2 to Step 7: Londy of Tier 1.

10.2.3 Tier 3

Step 1: Dgtermine_the maximum incident field in accordance with 10.3 for the tangential E-field (magnitdde
and phase)) and\the magnetic field averaged over any 20 mm of anatomically relevant elongated AIMD ppth
(this only applies for structures with a length-to-diameter ratio greater than 10) for the anatomically relevant
implant lodatians_Determine the uncertainty of the determined incident test field

Step 2 to Step 4: Conduct Step 2 to Step 4 of Tier 1 for constant phase of the incident E-field.

Step 5: For electrode leads longer than 100 mm, the resonant length shall be determined by measuring the
energy deposition for lengths between 100 mm and the largest commercially available lead length. The
resonant length is determined as the length of maximum energy deposition at the tip. The worst-case energy
deposition of any length measured in Step 3 shall be multiplied with the worst-case phase multiplication factor,
determined as follows.

— Option 1: Use the worst-case phase multiplication factor as provided in Table 8.

— Option 2: Assess the enhancement factor experimentally.
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— Option 3: Develop a numerical electromagnetic model of the AIMD and validate this model in
accordance with 10.4. Numerically or experimentally determine the worst-case enhancement factor
compared to Step 2 to Step 5 of Tier 1 by varying a linear phase excitation at uniform magnitude over
the phase range determined in Step 1.

Step 6 and Step 7: Conduct Steps 6 and 7 of Tier 1.

10.

2.4 Tier 4

Step 1: Develop and validate an electromagnet|c model (fuII-wave or lumped element) of the AIMD that is

bei odel and
experimental results with the methodology defined in 10.4.
Step 2: Compute the energy deposition normalized to the appropriate inciden B1RMS, nofmal mode,
using the validated numerical AIMD model for the defined patient populatio Il relevant
pafameters of 10.3.
Step 3: Determine the uncertainty budget of the evaluation. This will btional and
pafient population coverage uncertainty.
Stgp 4: Compute the maximum tissue temperature rise for ery Annex F.
Yes
> od\\% G N
obal
o
(AN 4
(\ ier Yes
< > uman elling
involume
N N
y
> Human modelling
s E o max @lONg device path
No
\ y
Tier 4 Yes
Human and device modelling
E.,, along device path
No
4 \ 4
E Unsafe J (Conditional safej
NOTE Failure at an earlier stage leads to more complex methods in the following stages.
Figure 6 — Analysis flow diagram of the proposed tier approach
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10.3 Determination of the induced electric and magnetic fields

10.3.1 Electromagnetic simulation

Tiers 2 to 4 require electromagnetic simulation results using numerical human body models to identify the
electric and magnetic field magnitudes used in the in vitro phantom test procedure. This subclause provides a
general overview of the requirements for determining the distribution of the excitation or of the field induced in
the body that induces currents on the AIMD under test. From this distribution, the excitation will be derived for
experimental assessment of the maximum local power deposition caused by the AIMD.

10.3.2 Rel|evant parameters

The RF exgitation of the AIMD is proportional to B, and strongly dependent on the followi atameters!
— RF frgquency;

— body habitus or external anatomy;

— internal anatomy;

— locatign of the implant;
— transmitting RF coil design and polarization;
— positign in the birdcage with respect to the iso

— body posture in the coil.

NOTE The resulting field distribuion i ; fhis
necessitate$ careful evaluation of the transforimation of the'

10.3.3 Asgessment prociur

Electromagnetic simulatio i : 'he
conservatiye incident fields are > efollowing steps using validated electromagnetic simulation
packages and human modegls.

— Identify the patie divide into subgroups with respect to anatomical properties such as
length, BMI, 7 i 5 percentile of the patient population for each relevant property.

— Complte the incis stributions as defined in the applied tier and determine the 95" percentile
incident field valuerforeacty subgroup in any of the clinically relevant postures and positions with respect
to the fisocentrefor the spécified relevant RF-transmitting coil designs.

— Deterinesthe largest 95" percentile incident field of all subgroups and coil designs for use as fhe
incideptfield amplitude.

10.3.4 Uncertainty budget of incident field assessment

An uncertainty budget for the distribution of the excitation is required. All of the above parameters shall be
considered and shall include at least the following:

— transmitting RF coil design (including variations, e.g. polarization);

— inner and outer anatomy (BMI, size, tissue distribution, dielectric and thermal tissue parameters);
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in the coil);

AIMD paths in anatomy (geometrical distribution of AIMD location inside the body).

position and posture in the birdcage (position in the birdcage with respect to the isocentre, body posture

OTE 1 These parameters can be evaluated separately if they are deemed to be sufficiently independent.
OTE 2  The exact procedure depends on the tier that is applied.

OTE 3 Table R.11 can be applied for the uncertainty assessment.

0{4 Validation of electromagnetic AIMD models

4.1 Validation procedure

1€

tg

te

model prediction over the range of in

pect to performance.

—

(

tg

t

0

5ting shall be-performyed using a known and measured electromagnetic field. Depending on th

omagnetic

inty analysis

ces in the
5 and that
to validate
ength. If no
cases with

condition.

within the
validated,

nt fields for Tier 1 to Tier 3 and minimal medium requirements

particular

proach used, the test field may be uniform (in magnitude and phase) or spatially varying. The gbjective of
test system is to obtain the smallest uncertainty with respect to test results. Important test conditions are
coCTstant E-field amplitude and phase of Table 9. These conditions can be obtained with various

(c

F sources

il‘'systems) and different phantoms. An example of a coil system that meets these requirements|is given in

nnex J. Examples of phantoms are provided in Annex M.

The dielectric properties of acceptable phantom materials for averaged high and low conductivity tissue
parameters are defined in Table 10, for which an example of the recipe is provided in Annex L. If the energy
deposition is determined by temperature measurements, the thermal properties of material shall be assessed
with a precision of better than + 20 %, with viscosity larger than 0,1Pa-s.

©
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Table 9 — Minimal requirements for the incident field for 1,5T test setups

Larmor frequency

64 MHz £ 5 %

Birms

>2uT

Deviation from Uniform Etan-field over the entire AIMD path

<+ 1dB (Phase < £ 20 degrees)

Drift of Etan-field during assessment

<0,25 dB

Taple 10 — Dielectric properties of the liquid and gel materials to be used in the phantom

By (T) Tissue simulating Relative permittivity, ct|V|ty,
medium 4
o <\(S/

15 High conductivity 78 \ \>
medium (HCM) (\ C

1,5 Low conductivity 11, \ \&Qﬂr‘g
medium (LCM)

NOTE Maximal acceptable tolerance +20 %. (\\)/ /\

10.6 Medsurement system requirements

10.6.1 Prgbe specification

The B, of the RF birdcage shall be fonitare
the field stfength and the deviati
be used if equivalent. The sugg

Table 11.

Table 11 -8

of the probes of the measurement system

SAR probes Temperature probe
Frequehcy range < 64+/-5 MHz —
Dynamic rang< \ \ &Q,‘I to>20 uT <0,01 to 100 W/kg <10to >40 °C
Deviatign from lindariy )\|\ ™" <£0,2 4B <+0,2 dB <£0.2K
Noise (avg. <10 s) \) <0,1 T <0,01 W/kg <0,1K
Spherigal isotropy <0,4 dB <0,4 dB —
directivity,
Spatial resolution <5 mm <3 mm <Tmm

NOTE If probes of lower specifications are used, additional uncertainty analysis is required.

10.6.2 Validation and characterization of the measurement system

g of
ban

The test system, instrumentation and measurement procedures need to be validated using one of the generic

AIMD as described in Annex|.

Specific protocols shall be developed and available, together with a

documented uncertainty budget to ensure that the same conditions with known uncertainty are obtained
during the tests as during the validation, e.g. the same position of the phantom with respect to B4, magnitude
of B4 field or magnitude of the induced E-field.

22
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10.7 Procedures and protocols for determination of the distribution and magnitude of the
absorbed energy in the tissue equivalent material by SAR and AT measurements

10.

7.1 Determination of 3D relative distribution of local energy deposition

The local temperature rise inside the tissue is the result of the absorbed energy deposition. In the first
approximation, the distribution of the locally absorbed energy is a function of the local geometric properties of
the AIMD and the magnitude is a function of the capability of the AIMD to collect RF energy. In the first step
the relative energy distribution is determined. This can be based on numerical simulation of the local energy
deposition, the uncertainty of which is validated by experimental SAR or temperature measurements or by the

full experimenta measurements. vvhen this 1s established, the Tull assessment o performance

for|each required configuration can be conducted by absolute measurements of one or only a few.goints. One

of the four following recommended procedures to determine the 3D distribution @ ergy depositiops shall be

used.

NQTE Procedure 3 and procedure 4 result in larger uncertainties.

Procedure 1: Numerical assessment with thermal validation

—| Step 1: conduct quasi-static or full-wave electromagnetic the AIMD loca|l geometry
resulting in the highest energy deposition for the experjaient

—| Step 2: conduct uncertainty assessment of the EM

—| Step 3: conduct thermal modelling of the into a temperature distribption in the
experimental medium.

—| Step 4: conduct uncertainty assessment o@ al modelling, unermal-

—| Step 5: based on the d ne on, i.e. the
points resulting in thg

—| Step 6: meas in 10.7.2.

—| Step 7: conduct y nent’ of the thermal measurement for the single point measurement,
Umeasl-

—| Step 8: p

—| Step@:i y validated
and the

Procedure 2:'\Numerical assessment with SAR validation

—| Step(1: conduct quasi-static or full-wave EM modelling of the AIMD local geometry, resulfing in the
highest energy deposition for the experimental medium.

Step 2: conduct uncertainty assessment of the EM modelling, ugp.

Step 3: based on the SAR distribution, determine of the most suitable points for validating the distribution,

i.e. the points resulting in the smallest uncertainty for validating the energy distribution.

Step 4: measure SAR at the selected points to verify the distribution using the procedure defined in 10.7.2.

Step 5: conduct uncertainty assessment of the SAR measurement, umeas.

Step 6: perform pattern matching and determination of the matching uncertainty, upatiern matching-
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— Step 7: if the deviation is less than the combined uncertainty, the model has been successfully validated
and the uncertainty is equal to the combined uncertainty.

Procedure 3: Full 3D SAR measurements

— Step 1: conduct the full 3D SAR evaluation and determine the 3D distribution by interpolation and
extrapolation.

— Step 2: determine the uncertainty of the 3D evaluation.

Procedureg4—+Ful-3D- AT measurements

— Step 1: measure 3D AT using temperature probes following the protocol of 10.7.2.

— Step 2: determine the SAR distribution using the appropriate Green'’s functio

— Step 3: conduct uncertainty assessment of the energy deposition.

10.7.2 Mefsurement protocol for determination of maximum ampli
— Step 1: Preparation for the evaluation.

The systems for RF heating evaluation should fulfil the reguire ) 10.6. The full validation
should haye been conducted according to Annex k

Prior to te$ting, measures should be defined to ens j nty
are met (measurement of the induced E-field, monjtoring the.

NOTE 1 The induced E-fields can be mMeasured-with osiE-fie d prébes or temperature probes, and the direcfion
of the field fan be determined by E-fiefd prokeg or by cokelation 7 ion

can be determined by time-domain sensors or computationaitechniques.

Measuremient or validatiom\of i
properties [remain within

liquid meagurements to ensure

tric
the

NOTE 2 [The dielectric p
dielectric parameters are™e
Table 10, rgproducible ryeasu

The
of

— Step 2: Mounting © ‘\‘l and p
The mounting of the Al
In the casg of E<field coupling evaluations according to Tier 1, Tier 2 and Tier 3, the AIMD should be mounted

along a path”of ‘constant magnitude (£1 dB) and constant phase with known precision (10 degrees),|as
described |n"Ahnex M.

In the case of experimental E-field coupling evaluations according to Tier 3, not using the worst-case phase
factor of Table 8, the AIMD should be mounted along a path of constant E-field magnitude (1 ¢B) and linear
in phase with known precision (+10 degrees).

In the case of Tier 3 and Tier 4 based on AIMD modelling, the AIMD should be mounted along paths providing
suitable conditions (magnitude and phase) with known precision for validating the numerical AIMD model, one
of which may correspond to a path of constant amplitude (1 ¢B) and constant phase.

For H-field coupling evaluations, the AIMD is moved to the central region of the phantom and oriented so that

there is minimal tangential E-field coupling. Loops or similar structures are oriented to produce maximal
coupling with the By field.
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Configuration for H-field coupling shall only be tested if the AIMD or any extension can form one or more loops
or nearly closed loops when implanted, i.e. two parts (e.g. leads) that are not electrically short-circuited (RF)
come close (within 20 mm) to each other. Otherwise testing for H-field coupling may be omitted.

Step 3: AIMD configurations to be tested.

The AIMD configurations defined in Clause 3 and Annex R, and test conditions defined by the applied tiers
(see 10.2), shall be tested. For devices smaller than 100 mm, only the longest configuration needs to be
tested if the other configurations do not significantly change the electromagnetic properties of the device. For
conflguratlons larger than 100 mm, all conflguratlons that result |n a geometrical change larger than 20 % or
es, shall be
an 50 mm,
100 mm or

evluated For AIMDs W|th exten3|ons that can vary in Iength (e g. Ieads) and which are Ionger th
cessive reduction of the length by 50 mm until the total AIMD length (e.g. lead—plus device) is
5 is required.

Step 4: Scan of entire AIMD area for high energy deposition.

bcations of
br:

The f less than
0,2 to conduct
the Righ energy deposition always occurs af the same
loc

Defermine the energy d of all configurations defined in Step 3 that are Jarger than

ents of the scan to determine the location of maximal energy

—(3 dB + u). u is theunce
depositions as g|

The
conmfigurations \and

ac

ocajions in Step 5 according to one of the procedures defined in 10.7.1. In g
uracy of.the probeposition shall be better than 0,25 mm for SAR assessment and better than

he defined
eneral, the
0,5 mm for

temperature evaluations.

Step 8: Determination of the magnitude of local 3D distribution of the energy deposition

The magnitude of the energy deposition is determined by one or more measurements in selected
configurations and locations for all areas selected in Step 5.

NOTE 3 For AT measurements, it is recommended that a reference probe at a location that provides equivalent or
consistent SAR distributions be monitored.

NOTE4  SAR can be determined with isotropic dosimetric probes or with temperature probes. For AT measurements, it
is recommended that a reference probe at a location that provides equivalent or consistent SAR distributions be monitored.

NOTE 5  SAR or AT are the induced SAR or induced temperature increases by the AIMD only beyond the background
SAR and AT.

© 1SO 2012 — All rights reserved 25


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISOITS 10974:2012(E)

NOTE 6

Precise probe positioning with respect to the surface is necessary for the uncertainty budget, in particular for
SAR probe evaluations.

— Step 9: Evaluation of results to determine maximum 3-D energy deposition and uncertainty budget.

The results of the configurations and locations selected in Step 5 shall be evaluated with respect to the total
energy deposited whereby the values for the energy depositions of the E- and H-field coupling shall be added.
The uncertainty budgets shall be determined for each location. All values that are within £3 dB of the largest
values plus the uncertainty (k=2) shall be evaluated according to Annex F for maximum heating.

Figure 7|

— Blo

dia

Step T: Determination of 3D relative
distribution of local energy deposition
(10.7.1)

'

Step 2: Experimental assessment of maximu
amplitude of local energy depostlon
(10.7.2 and Flgure 6)

Step 3: Uncertalnty bud gy
03|t| G

temperature rise

N QO
<>§2\P

Step\5! Mnty budget of in vivo
terperature rise

(Annex F.3)

NS

of\the steps for the assessment of the maximum temperature rise in vivp
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Step 1: System preparation

A

Step 2: Mounting of AIMD and phantom
preparation for SAR evaluation

A 4

Step 3: Prescan of entire AIMD area for high
energy deposition

No

-.

Step"&: Evalation &f SARdata’ Define
configurations.fok 3-D \ener: ostion
assessme
<\ /\\ % \
wSt 6: ting of AIMD and phantom
%ﬁgar ion for SAR evaluation
\ N X \ 4
\St{?_?Determination of the magnitude and
\Qca -D distribution of the energy depostion

A 4

&

R
X Y
No All configurations
Step 8 selected at Step 5
done?
Yes

A
Step 9: Evaluation of results to determine

maximum 3-D energy depostion and
uncertainty budget

Figure 8 — Block diagram of the steps for experimentally determining the maximum amplitude

10.8 Uncertainty assessment of energy deposition using SAR or temperature probes

The requirements of R.2 shall apply.
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10.9 Compliance criteria

Compliance shall be checked by examination of the manufacturer's records in accordance with the
requirements in 9.1.

10.10 Te

The followi

st report

ng test report information is required in addition to the requirements of 9.5.

a) Invivo justification of the in vitro incident field exposure level:

b) Resul

d) Evaluation of the patient ris

an MR

11.1 Gen

The pulse
conductive

gradient figlds). A metalh

and other
function of

pscription of the test approach used (Tier);

immary of in vivo simulation results, if used;
ncertainty analysis of the incident field assessment.
s of localized energy deposition assessment:

pscription of the incident test fields and medium;

| scan. Q

conductive’ internal’ surfaces including AIMD internal circuit traces. The induced currents arg
the electrical conductivity and dimensions of the surfaces. These currents have been shown

induce he
cylindrical

ting.of an implant in bench testing. The instantaneous power deposited by eddy currents o

ing

eral
1 gradient produced by 1,5 T MR scanners will induce eddy currents in any
material expos by

b a
to
h a

IS¢ is given by the follow equation:

4 2
P= aT;rR— d—Bcosﬂ
8 \ dt

where
P

T

28

is instantaneous power deposited on a disc of radius R;
is thickness;

is conductivity;

© 1SO 2012 — All rights reserved


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISO/TS 10974:2012(E)

‘;—f is the time rate of change of the magnetic field incident at an angle of g to the normal to the disc.

When determining the average power deposited in the device and associated surrounding tissue, the mean
value of the square of dB/dt for the particular MRI sequence(s), as well as the integral of the exposure and
incident angle across all conducting material of the device, shall be considered. The heating will be greatest
for implants with a large surface area and high electrical conductivity (copper will heat more than titanium, for
example).

NOTE Device heating caused by gradient field induced eddy currents is proportional to the mean value of the square
of B7artormore precisely, 7B7ar).

1

SN

2 Testing considerations

11J2.1 General

gnner bore.
. Typically,
orthogonal

The intensity and vector orientation of the pulsed gradient magneti
Dewce heatlng will be maX|m|zed when the dewce is Iocated where

to duch as an
un pohents, for which| maximum
he duced case heating shall be

co exposures allowed by the [AIMD MR
Co ).

The i i i ient i B/ i a_function of location in and aroupd the MR
scanner. For the 1,5T cylindrical bore clags of scahne ng whole body gradient coils, maximu:ln levels of
) pnately 0,35 m along the z axis on either side of

dt may be

dBfdt will be found near the inner wall of the bgresand a
isocentre (0,3 m < |z| £0,4 annexs i
located closer to isocentre (| )

11)2.2 Determinat'fn 0
11{2.2.1 Tier 1

The AIMD shall bé
8.1, gradient seque

ions given in

TD\VELL =0 R
TOFF =0 ms
TSYEW = 0,2.mSs

The Bg'test value, which depends on the device location within the MRI bore, shall be the maximum shown in
20[3.2/ The combination of maximum Bg test value and TSIEW = 0,2 ms triangle wave yields a 1001% slewing
duty cycle dB/dt which represents currently available MR scanner limits. Note that the mean square value of
the resulting dB/dt square wave function is theoretically equal to its peak value. Testing using this single
gradient pulse sequence is sufficient as it will produce maximum device heating. In order to use these test
signals and parameters, bench-top apparatus is required.

NOTE The test signals and parameters described in 8.1 are intended for bench-top testing only. To attempt to use
them on clinical scanners is not encouraged or recommended and might result in scanner damage.

11.2.2.2 Tier 2

Use of Tier 1 test conditions may not be clinically realistic. Consequently, the AIMD manufacturer may make a
determination of clinically relevant device maximum exposure conditions in terms of the mean square value of

© 1SO 2012 — Al rights reserved 29


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISOITS 10974:2012(E)

dB/dt and vector orientation of the field relative to the device. If the Tier 1 test conditions are not used, the
AIMD manufacturer shall provide a rationale for the dB/dt test conditions used to evaluate eddy current heating.
The rationale shall indicate the source of gradient field dB/dt information, and indicate the spatial basis (i.e.
single point, averaged over the area of a surface, or averaged over a volume) for the measurements or
computations. If averaging is used, the surface or volume shall be equivalent to or smaller than the device
under evaluation. Gradient field dB/dt information may come from measurement, from the MR equipment
manufacturer’s data sheet, or be obtained from and documented by the MR equipment manufacturer, etc.

NOTE Maximum (peak) gradient dB/dt data, at the surface of three cylinders of diameters 20 cm, 40 cm, and bore ID
minus 10 cm, provided by MR vendors (see IEC 60601-2-33:2010, 201.7.9.3.101) can be helpful in determining clinically
relevant test conditions for gradient-induced device heating.

If measurgment is the method used to determine the clinical worst-case conditions, the 3-axis search-coil’and
methods described in IEC 60601-2-33 may be used. Other search coils or E-M measu ment probes-may|be
used so Igng as the spatial averaging inherent in the coil or probe is consistent wi of the AIMD
device. If {the mean square value of dB/dt is taken directly from measurement, cape en that the
pulse seqyence used produces the clinically relevant maximum mean square vald i

Alternative]y, the maximum mean square dB/dt may be calculated based ¥/dtand the clinically
relevant mpximum slewing duty ratio.

11.2.3 Test duration

11.2.3.1 [Test duration determination

The test ddiration for temperature rise testing shalNye ds ) e following methods.

11.2.3.2

A gradienf fi i th arpsquare dB/dt (when averaged over a time
period of 1 v il fHe temperature difference between the device
and the ge S\ i

11.2.3.3

A profile g i i F : el and\yduration corresponding to worst-case clinical use shall|be
applied to

NOTE i ield 8 &d in terms of root mean square as well as mean square so long as the fact

that device ing is™x 0 e mean square is taken into account. That is, RMS values are squared when
considering i )

11.2.3.4

If the AIMD MR/Conditional labelling includes provisions that limit the duration of gradient field exposy
temperaturectesting shall be conducted in accordance with those provisions.

=

e,

11.2.4 Data collection

The AIMD heating test requires simultaneous measurement of device temperature and gradient dB/dt
exposure in a gelled solution, as defined in the test methods section.
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11.3 Test requirements

11.3.1 General

Evaluation of device heating involves exposing the AIMD device to the specified gradient field dB/dt (mean
square or RMS value and vector orientation) and measuring the resulting temperature rise. It may be
necessary to immerse the device in a gelled solution using a suitable phantom to simulate transfer of heat
away from the device provided by tissue when the device is implanted.

Use of a Iaboratory coil, ampllfler and functlon generator that can S|mulate cI|n|caI gradlent fleld exposure is

' sequences
thgt can be consistently reproduced Because the volume of homogeneous fleld reqwred for testing most
AIMDs will be considerably smaller than that required in a scanner; the size, cost; cogling and power required
by fthe laboratory equipment may also be considerably less. The use of this type ratus’may |be applied

Alternatively, testing may be conducted using a clinical MR scanne 8 S should be
taken that the device location, device orientation and scanner set-up are wel co trolled. This i ifficult task
andl specialized knowledge is required in order to operate the MR«

NQTE This statement does not construe or imply any burde ! S equipment
mahufacturers.

It 1 sure limits of 11.2.2 during temperature

XRO
tegtti @ = ugh to be

me o\evaltiate the/device using linear temperatpre scaling
an

hay not be necessary to expose the device to '

Popi g radial centre of a phantom filled with gelled solution. P¢sition and
orig¢ : y as required in either laboratory test equipment capable of pfoducing a
sinmulated MR gradient{j ical MR scanner.

11]3.3 Gell

For a device. heatingtest, the phantom material is 9 g/l polyacrylic acid and 1,4 g/l saline.

NQTE This is the same material described in ASTM F2182, but a different mixture, and it may also be {ised for the
indpced voltage tests.

11.3.4 Optical temperature probes

Place at least two fibre-optic temperature probes on the surface of the device case (see Reference [18] or
equivalent for more information). One probe should be near the centre of the largest surface of the device and
the other should be near the outer edge of the device or, alternatively, at the hot spot identified during the
initial temperature survey. Prior to applying any gradient sequences, record the initial temperature, Tp. Since
the device may have localized hot spots, the final location of temperature probes shall take this into account.
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11.3.5 Temperature survey to determine worst-case orientation and hot spots

Device heating will depend upon orientation of the device relative to the vector of the applied field. A survey
shall be conducted to determine the orientation that produces the largest heating. The heating shall be
measured with the device oriented in each of three orthogonal orientations relative to the applied gradient field
(testing in MR scanner) or simulated gradient field (lab testing). One orientation shall place the largest surface
of the case orthogonal to the applied field. Note that repeating testing with the device in each of the three
orientations described above is an acceptable alternative to conducting the orientation survey. Whether or not
the device orientation survey is helpful will depend upon the number of tests being conducted.

heating. The hot spot survey shall be conducted using the device orientation that produ aximum heating

when the grientation survey was conducted.

11.3.6 Mipimum temperature instrumentation

Temperatyre data collection shall be consistent with the intended use. A migim S ature probes
shall be uded to measure device temperature, with at least one probe at the highest g’spot found in
the temperature survey. A minimum of two additional temperature grobe ) ad to measure the
temperatute of the surrounding gelled electrolyte solution.

11.3.7 Temperature data collection

ata
ing

Data recording shall commence one minute prio
recording shall continue for the full duration of gra
cessation |of the field exposure, recording of tepap
Temperatyre data shall be recorded at a rate suff

iciently
response fjme constant(s); the minimum temperatyre g@gng

nrl:n.
allow calculation of the AIMD thermal

. Orient the probe to be orthogonal to the vectof of
G M the device. Record the applied dB/dt waveform used
for the hegting test. The recoyded have a sampling rate sufficient to capture the details of the
dB/dt wavdform and prevent alia e 'si he recorded waveform shall have sufficient length to allow
determination of mean values, N ah squaré or RMS dB/dt is not directly recorded, the gradient field
exposure recording s \ an be post-processed to calculate mean square or RMS dB/dl A
synchronization refere ed to allow time correlation of dB/dt and temperature data recordings.

The devicg temperature risesshall be measured in three orthogonal device orientations. One orientation shall
place the |argestssurface of the device orthogonal to the applied field vector. Alternatively, the result of the
orientation|suryey or other rationale may be used to justify using a single orientation (see 11.3.5).

11.3.10 Monitoring AIMD for heating and malfunction
Device performance and behaviour shall be monitored during testing for heating and for malfunction.

Compliance shall be checked by examination of the manufacturer's records in accordance with the
requirements in 9.1.
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11.4 Lab testing using simulated MRI gradient field

11.4.1 Simulated field requirements

Case heating in the bench-top test is measured using the procedure described in 11.3. The device is placed in
the gelled phantom with temperature probes attached and placed in a laboratory coil that applies the time-
varying magnetic field. The preferred method is to apply the required RMS dB/dt determined in accordance
with 11.2.2.

An alternative method is to test at a RMS dB/dt that is greater than or equal to 50 % of the RMS requirement
frof Fer it fle resulting
te perature rise is Iarge enough to be measured accurately then the result shall be scaled as described in
11J6 to find the temperature rise at the required RMS dB/dt exposure. If tempe tments are
scgled in this manner, the effect of measurement errors shall be carefully con intolaccount.

11)4.2 Pulse waveform RMS value

The simulated gradient field pulse waveform may be adjusted to oltain tk Juirex A Of dB/dt by
adjusting the amplitude and/or pulse sequence duty cycle.

The spectral content of the test waveform shall be similar tg'tha i€al scanners. If the gradient
field excitation waveform is significantly different from S . [a sinusoid
rather than a series of trapezoidal pulses) a demo dy current

herting may be a function of spectral the eddy
cufrents.

11/4.3 Gradient sequence of sequences

A pulsed gradient magnetic fi DS may be
used as a guideline when d ice heating.
The gradient SOS may t alue needed for temperature rise testing. [The AIMD
mgnufacturer shall provide ars ating Xthe gradient field RMS dB/dr used for testing to th¢ expected
wofst-case clinica po . : » to perform the device heating test using all of the pulse
sequences identified jr i i juerice of sequences.

1115 MR scanne

Mdst of the d i e jaboratory testing could be adapted to testing conducted using a clinical
scanner. lfa ¢ anner is Wsed, adequate fixturing will be needed to locate and orient the phantom and
deyice ufider te g controlling and repeating the scanner clinical pulse sequence used fdr testing is
alsp important

The gradieft )outputndsed for this test shall be consistent with intended AIMD labelling, {aking into

of [IB/dt_are both important parameters to be considered because device heating will be proportipnal to the
mean“square (averaged over time) of gradient field dB/dt. An SOS is defined in 8.1. It may not be practical to
apply the Tier T gradient field exposure requirements defined in T1.2.2Z when tesfing is conducted using a
clinical MR scanner.

co(J;sideration variables between scanners and sequences. Pulse sequence characteristics and the |magnitude

The gradient SOS may be useful as a guide when selecting clinically relevant sequences used to test and
evaluate AIMD device heating using Tier 2 test conditions in accordance with 11.2.2 of this Technical
Specification. The AIMD manufacturer shall provide a rationale relating the gradient field mean square or RMS
dB/dt used for testing to the expected worst-case clinical exposure.

As a minimum, gradient heating should be tested and evaluated using gradient intense compatibility protocol
information provided by MR equipment manufacturers (see IEC 60601-2-33:2010, 201.7.9.3.101).
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NOTE 1 The test signals and parameters described in 8.1 are intended for bench-top testing only. To attempt to use
them on clinical scanners is not encouraged or recommended and might result in scanner damage.

NOTE 2  Generation of worst-case mean square dB/dt may require that the MR scanner is operated in its research

mode. This mode of operation requires specialized knowledge that might not be readily available. This statement does not
construe or imply any burden or obligation on the part of MR equipment manufacturers.

11.6 Analysis of gradient heating test

From the recorded dB/dt waveform taken from the search coil, determine the mean square value of dB/dt
orthogonal ta the plane of the search cail (nnd AIMD Qurfnr‘p)

2
dB
dB/dt MS)=% IOT[TIyJ dt

where

s a suitable averaging time for the dB/dt pulse sequence;

T

dB/dt (MS) is the mean (averaged over time) of dB/dt squared
The heating constant yg.q is defined as
dB
AT = Ygrad E(MS)
a e

NOTE 1

In general{ in vivo heating will diffeKfromns Qsy i ting and will depend on factors such as the
implant logation and the type(s)\of fissueNin ¢ Wi MD and surrounding the implant site, blgod
perfusion, etc. Analysis that take i nt will be needed to evaluate the results of {his

testing.
hum tissue temp;r

The maxin BUS

time expos

NOTE 2 the

thermal timg

11.7 Unc

The requir

11.8 Test report

The following test report information Is required In addition o the requirements of 9.5.

a) Plots of data from the test, including recording of the maximum temperature rise after the steady state is
reached.

b) Record of gradient waveforms from the search coils.
c) If MRI scanner-based testing is employed, a detailed description of each pulse sequence used in the

testing. This will include the following description of the scan sequence and the parameters affecting the
gradient pulse sequence and test conditions:
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— type of pulse sequences(s) used in the testing (e.g. spin echo, fast spin echo, turbo spin echo,
gradient echo, echo planar);

— slice thickness, resolution in the phase and frequency axis;
— slice orientation;
— gradient amplitude (units of mT/m) for each axis (G, G,, and G,);

— a theoretical or empirical rationale justifying the location and orientation of the device during testing.

d) | Any analysis needed to interpret the measurement results, such as scaling tempellature rise
measurements.

12 Protection from harm to the patient caused by gradieR ion

12|1 General

Vilratory forces are caused by interaction between the gradi [ ed ic moments of
thg AIMD and the MR scanner static magnetic field (Bo). 3 r{dy current
mdgnetic moment and static magnetic field are misaligned. Th ortional to
thg vector product of gradient field dB/dt and B, field. X gragh i from those

thg AIMD is subjected to during the handling and transj i i re typically
—| the forces act directly on electrically/conducti 2 manner of

—| the power spectral density lsyel and\red df the accelerations associated with gradignt-induced
{ ose encountered in traditional shipping and handling
tests;

—| the forces ar@ UROA a deviceNmplanted in a patient.

Three harms haveee ied as potentially resulting from gradient-induced vibratory force hazgrds:

c) | injury to tisSsue surrounding the implant (12.5).
Befause-of the unique nature of the forces produced by the interaction of MR gradient field-induced eddy
cufrents and the MR static field, some amount of testing will need to be conducted in a suitable MR |[scanner or
in @ ‘laboratory using test equipment capable of generating magnetic fields that simulate those produced by
clinical scanners.

The gradient-induced eddy currents developing within the AIMD conductive enclosure and internal component
surfaces depend on the magnitude and orientation of the pulsed gradient dB/dt, size, and shape of the
conductive materials, and conductivity. The induced eddy current and associated AIMD magnetic moment are
maximized when the incident dB/dt is perpendicular to AIMD conductive surface(s).

The force and torque exerted on the AIMD are proportional to the cross product of the transient AIMD-induced
magnetic moment and the B, field and, therefore, maximized when the AIMD conductive surface(s) are
oriented tangent to the B, field vector. The torque axis is defined by the cross-product right hand rule
convention. Figure 9 illustrates the situation for a simple conductive disk.
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Figure 9 — Torque due to gradient-induced eddy current an atic B, field

g —larsz4B disin(a) cos(f)
8  ar

the radius (m);

the thickness (m);

d By differeqt fromy AIMD will be exposed to during clinical MR exams so long as

juct is al to the requirement. For example, an AIMD with conditional label
R use to serg’ could be tested using a 3,0 T scanner to show a design margin
ely 2:1.

with: inCreased device vibration displacement and when the plane of the device becomes m
lar-to the plane of B.

se
ns
the
ing

of

g a higher B, field, the potential for increased AIMD damping should be considered. The effect

pre

perpendicy

12.2 General test considerations

12.2.1 Equipment

There are four general equipment types and test methods [see a), b), ¢) and d)] applicable to the testing
required to evaluate the three potential harms associated with AIMD vibration.

Gradient vibration testing can be performed using a variety of test equipment. The test method will depend on
the type of equipment used. Use of a suitable research MR scanner, or simulated static and gradient fields
produced by laboratory equipment, that allows the gradient waveform to be input from a function generator will
provide the greatest flexibility and ease of use for vibration testing. Alternatively, once properly characterized
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and validated, the use of a shaker table may offer a number of advantages for gradient vibration AIMD
functional testing. Shaker table testing is not useful for testing related to patient discomfort or tissue injury.

a)

Research MR scanner.

The research MR scanner as defined here does not refer to a clinical scanner operated in research or second
level controlled operating mode. In this Technical Specification, a research MR scanner refers to non-clinical
MR equipment used for research purposes. Conducting vibration testing using research MR scanner
equipment that produces a combination of gradient and static magnetic fields can offer advantages. Using
statrc field strengths and/or a gradlent field dB/dt greater than the maximum aIIowed by AIMD labelling can

ally relevant
ient pulse
sequences for the specific purpose of vibration testing.
NQTE 1 This statement does not construe or imply any burden or obligatjo of MR| equipment
mapufacturers.
b) [ Simulated By and gradient magnetic fields.
Laboratory test equipment capable of producing suitable comp n MR static
and gradient magnetic fields may be used for vibration testing hdient field
dBJdt greater than the maximum allowed by AIMD labellijfg can\pro nt field dB/dt and B, vector
prgduct greater than or equal to the maximum clinically feleyant exg may offer
grgater flexibility in tailoring gradient pulse sequences
c) | Clinical scanner
A ¢linical MR scanner may be used for yibration hen a clinical MR scanner is used, [the vector
prd i i AIMD istex d to shall be greater than or equal tol the worst-
casge exposure allowed by the”AIMD M ilabe instructions.
NQTE 2  This statemenf\doe imply any burden or obligation on the part of MR| equipment
mahufacturers.
d) | Shaker tableQ
A s apparatus may be used for AIMD functional testing only. [Testing for
pali be conducted using equipment types a) to c) listed above. Use of a
sh ng apparatus will require development and validation of equivalgncy to MR
SCé ic field exposure. AIMD MR vibration characterization using at l¢ast one of
equi above will also be needed to develop and validate the equivalence pf the test
conditionswhe or other vibration testing apparatus is used for AIMD functional testifg.
The equipmentitypes and applicability are provided in Table 12 and Table 13.
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Table 10 — Description of gradient vibration test equipment types

Test equipment type Test equipment key characteristics

— Vector product of By and gradient field dB/dt are in excess of expected maximum
clinical exposure.

a) Research scanner

— Gradient waveform can be input from function generator or software sequence
programming suitable pulse sequence.

— Vector product of By and gradient field dB/dt are in excess of expected maximum
b) Slrr\ datad D and Lnoical avenac e
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expected maximum clinical exposure.

c) Clinical scanner

\

— If a shaker table is to be used to simulat
scanner shall be used with an instrumented

=)

— Force applied to case only. It do
conductive components.

d) Shaker table modes, resonan

equal t

a

Table 13 — CompaEWatg\}w\sWﬁveness by test equipment type

Q K & \ Equipment type
Evaluation

esearch ndlated B, and c) Clinical scanner d) Shaker table
canne radient field
Patient discomfort A&Q@Iﬁ\v Acceptable Superior N/A

Tissue infury %é}{iﬂa\e> Acceptable Acceptable N/A

AIMD funiction erio Superior Acceptable Acceptable®

a

N

Acceptable, provided that the shaker table can produce the necessary accelerations at frequencies in the kH
range andgl it has/been shown that the shaker table spectral profile produces AIMD internal accelerations greater tha
or equal fothose produced in vivo during clinical scanning.

=

Testing shall preferably be conducted by exposing the AIMD to magnetic fields equivalent to both the MR
static magnetic field (By) and the slewing MR gradient magnetic field (dB/dt). The most practical means of
generating these fields may be to use an MR scanner for gradient vibration testing.

NOTE 3  Gradient-induced eddy currents can only develop in conductive parts. Therefore gradient-induced vibratory
forces will be applied selectively to conductive AIMD parts. The frequency and amplitude of induced vibrations are affected
by the gradient field and its orientation and also by the mechanical characteristics of the conductive parts themselves
(including their vibratory modes and resonant frequencies). This can result in stresses being applied in different locations
and with different magnitudes than might be achieved with typical means of vibration testing, e.g. a linear shaker table. For
example, consider an AIMD with a non-conductive housing containing a circuit board to which a highly conductive but low
mass shield enclosure is attached at a few points. Gradient eddy current-induced mechanical forces on the circuit board
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may be greater than forces resulting from accelerating from the AIMD housing on a shaker table. Such forces could tend
to be concentrated at the points of attachment.

If a shaker table is used to test AIMD operation during exposure to MR gradient vibration, the AIMD
manufacturer shall demonstrate that the accelerations of affected components and their interconnections are
equal to or greater than those experienced when the AIMD is used in an MR scanner in accordance with the
AIMD MR Conditional labelling restrictions. This will require measurements in a scanner or the use of
simulated By, and gradient fields to determine a vibration profile for use in development of testing using a
shaker table.

ested at a
and By are
Conditional
el to dB/dt,
igure 10).

or Tier 2
AIMD, the
e(s) of the
relevant. When this is th¢ case, the
ibn using a
mination of
clinically relevant maximum exposure cone
12J2.3 Test signals
MR Qry IMD would
experience in MR scannerg ¢ set i i iti ing. Pulse
sequence characteristics and ‘ [ ar€ both important parameters to be considered. As a
mifimum, gradient vibra ’ aluated using gradient intense compatibility protocol
infprmation provided b YU anufacturers (see IEC 60601-2-33, 201.7.9.3.101) or|equivalent
grddient intense b he\ gradient sequence of sequences defined elsewhgre in this
Teghnical Specificatio fgr vibration testing

12 the € of AIMD functionality during exposure to gradient-

1213.1.1 ector\product of gradient field dB/dt and B, used to conduct AIMD functional testipng shall be
at |east equalyto thexmdximum vector product the AIMD will be exposed to during clinical MR expminations
when thesMR Conditional labelling conditions of use are observed. Gradient field dB/dr magnitude shall be
ermined in accordance with 12.2.2. An additional safety factor of 100 % (test exposure vector|product of
iCfield and gradient field dB/dt (B x dB/dt) = 2x maximum clinical exposure) is recommended. The gradient

12.3.1.2 The AIMD shall be tested with the gradient field dB/dt vector orthogonal to the plane of the AIMD’s
greatest conductive surface, and again with the normal aligned along each of the two other mutually
perpendicular axes (see Figure 10).

12.3.1.3 The AIMD shall be exposed to gradient field dB/dt and By for a minimum of 1 h for each of the
three AIMD orientations.

12.3.1.4 A single axis search coil or equivalent sensor shall be used to monitor and record the component

of gradient field dB/dt orthogonal to the plane of the AIMD’s greatest conductive surface. The distance
between the search coil or other sensor shall be no greater than one centimetre. The recorded waveform shall
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have a sampling rate sufficient to capture the details of the dB/dt waveform and prevent aliasing of the signal.
The recorded waveform shall have sufficient length to fully characterize the pulse sequence.

12.3.1.5 Device performance and behaviour shall be monitored during the test. Compliance shall be
checked by examination of the manufacturer’s records in accordance with the requirements in 9.1.

12.3.2 Conducting functional testing using a research scanner

The requirements specified in 12.3.1 apply.

12.3.3 Cohducting functional testing using simulated fields

The requirements specified in 12.3.1 apply.

12.3.4 Cohducting functional testing using a clinical scanner

The requirements specified in 12.3.1 apply.

When a clinical scanner is used for AIMD functional testing, it may be possibls cal

exposure Vector product of dB/dt and By by using one or more of the followi

fields might be very diffiQut.Th ing steps should be taken.

40

For
ner

cting the test using the clinical worst-case dB/dt a
le, if the MR Conditional labelling restricts MR scanki
linical worst-case dB/dt will give a testihargin of"ap

of

ery
be

of
um

ally

or

6f simulating vibration caused by MR gradient and static magnegtic

D to measure a relative velocity between the components, a relafive
e components, a relative displacement between the components and
accelgrations at the AIMD case surface.

Measure_the magnitude of the MR vibration response of the AIMD to dB/dt at various frequencies. These
measurements shall be made using one of the equipment types a) through c) defined in 12.2.1. It is not
necessary to use the worst-case vector product of gradient field dB/dt and static field By as the test
environment. The vibration response can be measured during exposure to a different (i.e. less than the
clinical worst case) vector product of gradient field dB/dt and static field B,. The measurement results can
then be scaled to the required gradient dB/dt and B, vector product greater than or equal to clinically
relevant exposure.

Use the measured MR vibration response from item b) above to develop equipment, vibration profile(s),
and methods for mechanically producing a vibration response that is greater than or equal to the
measured MR vibration response at all measurement points. The same instrumentation listed in item a)
above shall be used to measure the AIMD vibration response on the shaker table or other vibration test
equipment.
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d) Demonstrate the equivalency of the shaker table or other vibration equipment to the MR vibration
response.

Device performance and behaviour shall be monitored during the test. Compliance shall be checked by
examination of the manufacturer’s records in accordance with the requirements in 9.1.

12.4 Test method for the evaluation of patient discomfort during exposure to gradient-
induced vibration

12.4.1 General requirements

Patient discomfort testing is performed to assess a patient’s qualitative sensation of the AIMD"vibration. This
infTr:mation may be useful in developing device labelling and literature. If thie quantitative’ patient tissue
dafnage testing in 12.5 is performed, the patient discomfort test described in ¥ omitted by
thg AIMD manufacturer.

The vector product of gradient field dB/dt and By used to conduct AMD Yunation st be at least
equal to the maximum vector product the AIMD will be exposed to i i ; 5 when the
MR Conditional labelling conditions of use are observed. Gradient fi ’ gnitudeshall be defermined in
ac¢ordance with 12.2.2. The gradient field pulse sequences sha ey Ui pecified in

Human volunteers shall be used to conduct the test gsfollo

a) | The investigator shall guide or othefyiseN tion of the
required By and gradient field dB/dt and th i p nt-induced
AIMD vibration.

b) [ The volunteers shall hg fields, as
described in step a).

c) | Using 12.3.1.2 and D location
and orientatic@t N

d) | The volunteers Shall e 14.

able 14 — Vibration intensity score

\ \/ Vibration assessment
\NQvit}ation felt

core
\R\
\1\ \Qnset of sensation — a slight humming may be felt
3
5
7

4

Modest vibration that would not cause any physical discomfort during a 15 min
scan

Slightly uncomfortable vibration that could be tolerated if medically necessary

Modestly painful vibration that can be withstood for 1 or 2 min, but not for
15 min

10 Significantly painful vibration that can be withstood for only a few seconds

Perform the vibration assessment with the device oriented with each of the three AIMD surface normals
oriented in the y direction (Figure 10). Since the vibration is a qualitative sensation, it shall be assessed by
several volunteers.
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y y
AIMD AIMD
v/ 4 X

Orientation 1 Orientation 1 Z

Tty Pty

AIMD AIMD
Orientation 2 Z Orientation 3 Z
NOTE 1 This figure is applicable for lab testing using Gy-induced vibration.
NOTE 2 The two arrows in each of the illustrations represent y-axis and z-axis unit ve
NOTE 3 Inpage A is a 3-D representation of the first orientation.
NOTE 4 Images B to D provide 2-D illustrations of the three orientations g z-axis unit vectd
orthogonal fo the plane of the printed page.
Figufe 10 — lllustration of the three orthogonal Al
Device pe
examinatign of the manufacturer’s records in acco
12.4.2 Cohducting patient disco
The requirements specified in 12
12.4.3 Conducting pati@s
The requir
12.4.4 Co
Useofac
For the puf
exposure i
The AIMD|manufacturer shall determine the approximate target location for the volunteer vibration discom
testing. The AIMD manufacturer shall provide rationale for the testing location consistent with the AIMD ty
and the asp6ciated MR Conditional labelling.

ris

by

Dly.
cal

fort
pe

Both G4 and G, produce a significant dB/dt orthogonal to B, (transverse field) in regions where |Bo| = |Bo|max.
Typically, G, and G, will produce maximum transverse dB/dt when the z-axis location is between 0,35 m and
0,45 m on either side of isocentre. dB,/dt and dB,/dt will increase as the test location is moved radially from the
bore centreline toward the inner wall of the bore along the horizontal (x) or vertical (y) reference axis. The
AIMD manufacturer shall determine the radial distance, 4, from the bore centreline used for vibration testing.

It may be possible to achieve the required clinical exposure vector product of dB/dt and B, for patient
discomfort testing in a clinical scanner that is not worst case by using one or more of the following techniques.
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Conducting the test using a B, greater than clinical worst case. For example, if the MR Conditional

labelling restricts scanning to 1,5 T scanners, testing in a 3 T scanner using a dB/dt that is less
case may provide the required vector product of dB/dt and B,.

Testing in a location that is not clinically relevant for the AIMD but produces a larger vector
dB/dt and By may allow testing to worst case on a scanner that is not worst case. For example,

than worst

product of
testing the

AIMD at a location very close to the inner wall of the scanner bore in a region of very high dB/dt that the

AIMD would not be exposed to clinically may provide the required test condition.

Testing using an AIMD orientation that is not clinically relevant but produces a larger vector

ALNAD.

product of

Th

TIVIL V;blat;ull VV;:: typlua::y bG at |
when dB/dt is orthogonal to the greatest conductive AIMD surfaces. This orientation may not|H
relevant for some AIMDs. When this is the case, it may be possible to condust worst-case te

scanner that is not worst case.

EsW) P~ ) L Al 4] ] H™ EH £, AY
upD/7ul Aartd D) \al aUUT IOU\.{UUIIlIy |a|uc| vINTAuUuuUTll IUI\JUD}.

0%

following steps should be used for the assessment:

maximum
e clinically
sting on a

1) | Hold the implant with your fingers about 30 cm from isocentre ( akbore). Wear hearing
protection for this test. The greatest conductive surface of the. irection.

2) | With gradients operating, move the AIMD incremental B5m <z <
0,45 m to find the location of maximum vibration. U ocation for
volunteer vibration discomfort testing.

12/4.5 Conducting patient discomfort ipment

Vihration shaker tables or other vibration te sting.

12

induced vibration

12/5.1 General r&

12/5.1.1 The vestor of patient
tisgue injury shall be.greatex tha d to during
MR examinations ¥ field dB/dt
vector used to ier 1 dB/dt
exposure req ethods are
used to e bee 12.2.2).
NQTE r.
Vihration testing undettaken for the purpose of evaluating the risk of tissue injury due to gradient figld-induced
AIMD vibration may be conducted using a vector cross product of gradient field dB/dt and By that |is different
frop the maximum exposure during clinical MR examinations. If this is the case, vibration test reslilts can be

scgledyaccordingly for tissue injury risk assessment.

12.5.1.2 The gradient field pulse sequence or B(t) waveforms shall be equivalent to the protocols identified
in 12.2.3.
12.5.1.3 The AIMD shall be tested with the gradient field dB/dt vector orthogonal to the plane of the AIMD’s

greatest conductive surface, and again with the plane of the AIMD’s greatest conductive surface orthogonal to
each of the two other mutually perpendicular axes (see Figure 10).

12.5.1.4  The gradient field dB/dt waveform(s)used to conduct the testing shall be monitored and recorded
using a planar single axis search coil as described IEC 60601-2-33:2010, 201.12.4.105.2.2, or equivalent
planar single axis search coil. The search coil cross-sectional area should be selected to be similar to that of
the AIMD. The search coil or other sensor shall be oriented to measure the component of gradient field dB/dt
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orthogonal to the plane of the AIMD’s greatest conductive surface. The distance between the search coil or
other sensor and the plane of the AIMD’s greatest conductive surface shall be no greater than 1 cm.

12.5.1.5 The recorded waveform shall have a sampling rate sufficient to capture the details of the dB/dt
waveform and prevent aliasing of the dB/dt signal. The waveform record length and associated notations shall
be sufficient to allow subsequent reproduction of the dB/dt exposures used to conduct the testing. If the RMS
value of dB/dt is not directly recorded, the recorded dB/dt waveforms and associated notations shall provide
sufficient information to allow post-processing to calculate RMS dB/dt.

12.5.1.6 The vector cross product of gradient f|eld dB/dt and BO the AIMD is exposed to during testing shall
be known anc : =\V/-R- : S .
of accuratgly Iocatlng the AIMD wrthrn the research scanner bore and orrentrng the AIMD reIatrve to the
gradient figld vector, B, and the static field vector, By, will be needed.

1) Identifly a test location within the scanner bore where the gradient field B is perpe to e field By

2) Placelaccelerometers on the periphery of the implant, as shown in £i 11.Y elerometers are in a

additign to accelerometer measurements, AIMD vibration-induced tissue force nay be assessed using
force fransducers. The remainder of this subclause illustrate e y

3) Applyjan intense gradient sequence and recofd\accelefa

4) Rotatg the implant by 90 degrees in the horlg e accelerometers as shown in
Figurg 12.

5) Applyjan intense gradient sequg

6) Measure and record AIMD & ati f e six orientations shown in Figure 13.

at which maximum vibration occurs will be scanner and

NOTE 1 In general dB/dt, atio amplite a ’
of 2 eed to be’characterized by use of a search coil for each particular fest

sequence dependent. dB/dt Ve
sequence. This information is no

NOTE 2 Low mass acceletometer(s

NOTE 3  |Device fixture and m i pértant. A lightly constrained device, e.g. mounted in a tissue stimulant, |will

12.5.1.8 Device perfermance and behaviour shall be monitored during the test. Compliance shall |be
checked by examination-ofthe manufacturer’s records in accordance with the requirements in 9.1.
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AL

Accelerometers

Figure 11 — Accelerometer placement for gradient vibration testin along B,

celerometer placement for gradient vibration testing
with long axis of device orthogonal to B,
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Figure 13 — The si \st\e\:lgations relative to the gradient field dB/dt vector

12.5.2 Cohduct esti ar the evaluation of risk of tissue injury using a research scanner

The requirements speeified in 12.5.1 apply.

12.5.3 Cohducting testing for the evaluation of risk of tissue injury using simulated fields

The requirgments specified in 12.5.1 apply.

12.5.4 Conducting testing for the evaluation of risk of tissue injury using a clinical scanner

The requirements specified in 12.5.1 apply.

12.5.5 Conducting testing for the evaluation of risk of tissue injury using a shaker table or other
vibration test equipment

Vibration shaker tables or other vibration test equipment are not appropriate for the evaluation of risk of tissue
injury.
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6 Uncertainty assessment

The requirements specified in R.4 shall apply.

12

7 Test report

The following test report information is required in addition to the requirements of 9.5.

Record of MR gradient waveforms from the sensing coils or other source.

Theoretical or empirical rationale justifying the test conditions.

—| If gradient-induced AIMD vibration testing for tissue injury assessment wag’ conductedusing I Bo x dB/dt
exposure different from the clinical in vivo exposure, the information neededyto™ scalg vibration
measurement results to account for this difference shall be provided.

—| Record of accelerometer output waveforms observed during grg testing for
tissue injury assessment. The recorded waveforms shall have\a sa apture the
details of the acceleration waveform and prevent aliasing o shall have
sufficient length to fully characterize the pulse sequence.

—| Measured peak and RMS AIMD vibration acceleratigns. measured
or otherwise determined during testing, the rec r data and

information included in the test repo allb

13

movement
vice below

Dis
of

(Bo) has the potential to cause unwanted

A device containing agnetic, diamagnetic, or ferromagnetic de

safuration, the location force is at the point where the product of the magnitudes of
thg magnetic fiel ; of'the magnetic field (VBy) is at a maximum. The same is true
for|paramagnetic matéria is possible that this location is off the central axis of the bore of

theg
for
Co

placement
belled MR

scanner. For a
ce will occur at
hditional are o

Test the device, as. de ASTM F2052. The manufacturer shall establish acceptance critg¢ria for the
magneti i tion force. Observe all reporting requirements in ASTM F2052 in addjtion to the
requirement

Compliance shall be-checked by examination of the manufacturer's records in accordance with the

requirements in 9.1.

14 Protection from harm to the patient caused by By-induced torque

Magnetically induced torque produced by the static magnetic field (By) has the potential to cause unwanted
movement of a device containing ferromagnetic materials. The magnetically induced torque is a function of By
and should be measured where the static magnetic field is homogeneous (e.g. isocentre). The torque is
evaluated using a torsional pendulum method. If the maximal torque is less than the product of the longest
dimension of the medical device and its mass, then the magnetically induced torque is less than the worst-
case torque on the device due to gravity. For this condition, it is assumed that any risk imposed by the
application of the magnetically induced torque is no greater than any risk imposed by normal daily activity in
the Earth’s gravitational field.
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Test the device in accordance with the requirements in ASTM F2213. Observe all reporting requirements in
ASTM F2213 in addition to the requirements in 9.5.

Compliance shall be checked by examination of the manufacturer's records in accordance with the
requirements in 9.1.
15 Protection from harm to the patient caused by image artefact

The AIMD may interfere with the acquisition of MR data resulting in artifacts that may compromise MR images.
An evaluatforshoutdbe performed (See 22-9).

It is recorpmended that AIMD manufacturers avoid signal-producing materials, suc eclastomers, and

conductivg materials and materials whose susceptibility differs from water.

NOTE 1 MR equipment manufacturers have compatibility test procedures that might prg

NOTE2 |ASTM F2119 specifies a test method for evaluating MR image artif glants. Sinjilar

methods colld be used to evaluate the MR image artifact from an AIMD.

NOTE 3 [It may be advisable to investigate artifacts caused by induced ¢u

ced extrinsic

ges that develop between the distal and
igh enough, it could be directly responsiple

of induced due to superposition. In any case, the result is|an
consequence i i between the MR scanner gradient pulsed fields and
nd is not con A ice fai Ifunction, per se. The tests in this clause are for the

siC electric potential is similar to gradient-induced malfunctipn.
are the same, except for radiated testing. Using a radiated field is
field area required for a device with leads attached, and is hot

method may be used, a method is not provided in this edition of the Technijcal
. If a manufacturer intends to use a radiated method, development and validation of the method is left to[the

16.2 Test procedure

In general, the requirements of Clause 20 and 20.2 apply. Using the injected voltage test levels determined
from Tier 1, Tier 2, or Tier 3, apply the gradient sequence of sequences from 8.1 to the voltage injection
network (Annex D). Some sequences may be omitted with appropriate rationale and documentation by the
manufacturer. Sequences may not be omitted for Tier 1 testing.

Test signals shall be applied from terminal to terminal (i.e. bipolar output configuration) and terminal to case
(i.e. unipolar output configuration), as appropriate, depending on device capability. If AIMD therapy is to be
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delivered during scanning, according to the manufacturer's MR Conditional labelling, then the following
condition also applies:

— synchronize/apply test signals to coincide with AIMD therapy output.

NOTE If the injection network of Annex D is used, apply the test level to Input C and measure the device output
signal using Port K.

Current flow from the distal electrode into the volume impedance of the relevant tissue shall be evaluated for
unintended consequences of induced extrinsic electric potential including unintended stimulation and modification of
output pulses due to superposition. Additional guidance on evaluating gradient-induced current flow due to lead
poft interface impedance is found in Annex T.

Compliance shall be checked by examination of the manufacturer's recq accordanceg with the
requirements in 9.1.

16{3 Uncertainty assessment

The requirements specified in 20.2.6 apply.

16(4 Test report
The requirements specified in 9.5 apply.
17| Protection from harm to the pati & ectification

17|11 General

RH rectification of induc

i the indpiged voltage is high enough to cause non-lipear circuit
elgments to conduct, i

¢ diode. The resulting rectified voltage is an nintended
comsequence of elgctromagrietic tween the MR scanner RF pulsed fields and the medical
deyice and is .@ 3 i ajlure_gr malfunction, per se. The tests in this clause are for the
pufpose of measuring the amqunt ef rettified\voltage, if any.

The test approach{orRF ification is the same as it is for RF-induced malfunction. From Figure |14 the test

floy alternative . a for radiated testing. Using a radiated field for measuring rectified
voltage levels(s extreR if and unreliable and is not recommended.

NQTE 1 ) 3 i method may be used, a method is not provided in this edition of the Technical
Specification. I eyintends to use a radiated method, development and validation of the method |s left to the
mahufacturer.

The maximum injected voltage level used for RF-induced malfunction is used for RF rectification gnd applied
with the\same injection network. The only difference is measuring the rectified voltage level |instead of
mdnitering device performance and behaviour.

NOTE 2  This test is not necessary for devices without conductive leads, such as implantable infusion pumps.

17.2 Test procedure

In general, the requirements of Clause 19 and 19.2 apply. Using an injection network (e.g. Annex E), apply
signal to terminal C to achieve the maximum injected voltage test level (see 19.2.1) at each device port
(terminals F and G). Device ports (at the proximal end of the lead) shall be measured for their rectified voltage
level and checked for acceptable levels in accordance with the manufacturer's MR Conditional labelling.

NOTE If the injection network of Annex E is used, apply the test level to input C and measure the rectified voltage
level using port K and port K'.
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It is not necessary to perform the entire RF sequence of sequences table (Table 5). One parameter
combination (pulse width and pulse period) is sufficient. A suggestion is to use a pulse width long enough to

observe rectification voltages and a pulse period that gives a moderate duty cycle for the amplifiers.

Compliance shall be checked by examination of the manufacturer's records in accordance with the

requirements in 9.1.

17.3 Uncertainty assessment

The requirements specified in 19.2.4 apply.

17.4 Test report

The requirements specified in 9.5 apply.

18.1 General

The B, field of the scanner could have certain effects on the Al}
re-programming, magnetic remanence, battery drain and perma
clause, the
functionali

18.2 Tes

The device density of 1,5 T over its entire area.

parts of the

to the stali vice functionality and the effects of resid
magnetismn). D manufacturer, but shall not be shorter th
1 min.

A lower m

sensitive

Field sens|ng elements, e.g. Hall effect or reed switches, that are normally expected to actuate with an app
magnetic fleld, shall be taken into consideration.

set,

his
ber

All

fields shall be exposed. Exposure durafion

ual
an

ically

eir
T.

ice
pre

ied

Device performance and behaviour shall be monitored during the test. Compliance shall be checked

by

examination of the manufacturer’s records in accordance with the requirements in 9.1. Evaluation of the

device after the test shall include assessment of the effects of remanence.
18.3 Test equipment

18.3.1 Generating the B, field

To generate the By test field, either a clinical MR scanner or other magnet sufficient to generate the required

field strength may be used.
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18.3.2 Phantom and tissue simulation medium

It is not necessary to use a phantom or to place the device in saline.

18.4 Uncertainty assessment

The requirements of R.5 shall apply.

18.5 Test report

The requirements of 9.5 apply.

19 Protection from harm to the patient caused by RF-indu

19{1 Introduction of tiered approach

The RF field of a scanner could have certain effects on the AIMD b to deliver
thg intended therapy, re-programming, device re-set and perma sed by the
unyvanted induction of voltage on the leads or directly on ipterna field penetrates|the device

eng r and performance|for proper

functionality in accordance with the device MR Condit

The Qn hé four RF tiers (Clause 10) and uses
either radiated or injected immunity tests gure 14. Beglnning W|th Tier 1, each tier
describes a progressively more rigorous ana ody by the
B fi is ei testing or for determmmg injected Joltage test
levgls.

Although no electromagnetic mod utat|on analysis is required for Tier 1 (it uses pre-gletermined
E-fleld levels) it uses [the est) E-field test values. Tier2 and Tief3 require
electromagnetic co qpu qumerical human body models. Tier 4 requires| the most
rigprous electrom botential to
predict the lowest imvj ogy of this
ap is similar t ept, in this
cas ng device
be

Th nfiguration
an nong other
fag required.
The choice\ef tier canalso influence the choice of test method, i.e. radiated versus injected. For example,
lower tiers)in particular Tier 1, will have E-field values (e.g. hundreds or thousands of V/m) that make radiated
testing“impractical. Tier 4 is only applicable to the injected method since the intermediate analytic E-field
values’/cannot be used for radiated testing.

Injected testing is recommended in most cases, not only because of repeatability, but because the E-field can
be scaled downwards to a practical level. Then the induced voltage can be measured at the ports of the
device (proximal end of lead) and the measured voltage scaled back up accordingly to use for the injected test
level. The E-field cannot be scaled for radiated testing.

The radiated method is also not appropriate for testing devices with leads attached. The in vivo induced E-
fields found in a scanner are non-uniform, and although the tiered approach described in this clause has steps
in the method for multiplying the measured induced voltage with a resonant length weighting factor (also
called phase factor) to account for non-uniform fields, this factor cannot be applied to a uniform radiated E-
field test.
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NOTE A device that does not normally use leads, but has conductive contacts on the surface, may use either the
radiated or injected method. An external antenna is treated the same as a lead.

Devices without conductive leads or accessible patient connected terminals shall use a radiated method
unless it can be shown that radiated fields cannot penetrate the device enclosure and do not influence device
behaviour and functionality. The same requirement applies to devices with conductive leads if those devices
have inadequate shielding from electromagnetic waves. All potential points of RF entry shall be evaluated, in
particular antenna ports that are used for communication purposes.

T1

T2

T3

Radiated
immunity test r

Determine E field test level

Measure induc

e ate induced
oltage

/

Injected

% )\%munity test

N

The methdd of each.ti
methods for Step

Figife 14. Tiers 1 to 3 use the same steps but differ in the computatignal
gree tiers use an empirical approach for determining the induced voltage

induced vqltage ratherithan megsuring it.

odel is not required. Tier 4 requires an AIMD model and calculates the

Note that fadiated\immunity testing uses the E-field level from Step 1 in Tiers 1 to 3. The same level is used

for the exposure level for measuring the induced voltage in Step 3. Tier 4 is only applicable to injected testing.
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T1,T2, T3
Step 1: Determine incident test E field
Step 2: Expose to field with HomLcm ———— | Radiated
test
Step3: Measure induced voltage
Step 4: Repeat with LCM/HCM, if
necessary
. Inject
Step 5: Phase factor to modify injected \g}ﬁ}:dy
test voltage test
A
T4
Step 1: Develop D
Step 2: Determine incid%tfie d
Step3: Calgulate i ed JE

\Y%

iguré 15 — Step-by-step tier methods
19(2 Injected tes

19]2.1 Using

For injectediimmunity~ésting, follow Steps 1 to 5 of Tiers 1 to 3, or Steps 1 to 3 of Tier 4, as described in 10.2
ang shownin Figure 14. Some steps are modified as indicated below (only modified steps gre shown;
se¢ 10:2'for other steps).

Tier 1, Step 1: The values of E-field in Table 6 are RMS values based on SAR and heating tests. For
functional test purposes, peak instantaneous values should be used. Peak values should be based on
commercially available scanner hardware capabilities. Therefore, the maximum E-field seen by the implanted
device for functional test purposes is many times higher than the values in Table 6. Also, there is no
distinguishing difference for normal and first level modes for functional testing.

Table 15 indicates the E-field value applicable to Tier 1 for functional testing (see Annex P). The value is
expressed in peak V/m for testing purposes.
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Table 15 — E-field level for Tier 1

Body part Normal and first level mode
E (peak) (V/Im)
Head 2700
Trunk 4 200
Extremities 5100

NOTE These E-fiefdstrengthsare based o using the RF Sequence of SEquenctes testwaveformT as described i .2.

Using otherlwaveforms might change the amplitude requirements.

Tiers 1 to|3, Step 2: This step refers to a uniform E-field that is tangential to the lead af every point.|One way
to accomplish this is by using a circular or semi-circular (where a straight section i

to lengthen the phantom in order to accommodate devices with longer leads) phanton i ench-fop

RF birdcage coil (see 10.5). In this set-up, the E-field induced by the B, field is ng
the circumf
The E-field 10.
The scalin
NOTE cal
Specificatiof. is|left
to the manu
Tiers 1 to ice
(i.e. at the not

define a siecific measurement technique. Howe en

to ensure gccurate data. The following\point

— measyrement cables may
voltage at the port of the de

— induced voltage mea
insertgd into the device {d

the dgvice.

The meas
Step 2. Th

5 ill be used for the injected voltage test level after applying the reson
length weighting factor{phase

factor) in Step 5.

NOTE 1 This method is applicable to AIMD leads with non-active elements. For this type of lead, the relationghip
between E-field¢and induced voltage is linear. Leads that contain active elements are not addressed in this Technijcal
Specificatiof.

NOTE 2  If the AIMD has non-linearly behaving ports, the voltage level cannot be scaled up without the usage of a very
well defined tissue equivalent network. Non-linear components at the lead port will have a different impedance level at
higher voltage levels and also with different operation modes of the AIMD.

Tiers 1 to 3, Step 5: The absolute voltage level from Step 3 shall be multiplied by the square root of the
resonant length weighting factor (phase factor). This new voltage level will be used for the maximum injected
voltage test level.

Tier 4, Step 3: Compute the induced voltage that would appear at the proximal end of the lead at the ports of
the device. This voltage level will be used for the maximum injected voltage test level.
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19.2.2 Test procedure

Using the RF voltage injection network (Annex E), inject the RF sequence of sequences test signals from 8.2
into the network. There is no use of a saline tank phantom in the performance of the actual injected test.

NOTE 1 The injection network in Annex D presents a 50 ohm impedance to the AIMD input ports; it should be shown
that the calculated injected voltage is conservative when the real source impedance of the device leads in tissue is taken

into account.

The injected voltage test level determined from Tiers 1 to 3, Step 5, or Tier 4, Step 3, is used as the maximum

test voltage. This voltage level corresponds to (represents) the maximum B; amplitude of 30 uT

Table 4. All other test voltages are scaled accordingly. For example, test voltages representing 1,12,

20|uT will be equivalent to 1/30, 2/30, 5/30, 10/30, and 20/30, respectively, of the maximum test vol

E2 The By peak amplitude level of 30 uT is for reference purposes. It is not actlg|ly used fogtesting.

19]2.3 Test equipment

19{2.3.1 Generating the E-field

Fof generating the required
Anhex J. Other methods ma

19]2.3.2 Phant@
Sek Annex M for ph

peak from
5,10 and
age.

srformmance and

of a static
b elements
ed by a By

hecked by

scribed in

n Annex E.
bse of the
gic signals
B very low
5. Resistor
mpedance
e time, the
m going to

monltorlng of therapeutlc output and also for observatlon of the p033|b|I|ty of RF rectlflcatlon

19.2.4 Uncertainty assessment

The requirements of R.6.1 shall apply.

19.2.5 Test report

The requirements of 9.5 apply.
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19.3 Radiated immunity test

19.3.1 Using the tiers

For radiated immunity testing, follow Step 1 and Step 2 of Tiers 1 to 3 as described in 10.2 and shown in
Figure 15. Some steps are modified as indicated below (only modified steps are shown; see 10.2 for other
steps).

NOTE 1 Tier 4 is not applicable.

Tier 1, St T " to
19.2.1 for more information.

Tiers 1 to| 3, Step 2: This step refers to a uniform E-field that is applied over the ice
enclosure,|without leads. One way to accomplish this is by using a GTEM or anech@i ihed
in IEC 610P0-4-3. The E-field cannot be scaled downwards for radiated immunity gest;

NOTE 2  [Although a clinical scanner may be used for the radiated method i i . If a
manufacturgr intends to use a clinical scanner method, development and ati 1 i the
manufacturer.

19.3.2 Test procedure

After immersing the device in the tissue simulatio i désy A , iated
immunity test using the RF sequence of sequen st si

The E-field level determined from Tier 1, Tier 2 or Her 3, ' ' i i el.
This level [corresponds to (represents) the maxjmu . her
radiated tegst levels are scaled accord . : 3 & i illl be
equivalent|to 1/30, 2/30, 5/30, 10/3Q ) ) f i i . imum
E-field test|level cannot be scaleg.

NOTE 1 The By peak ampli:de e

The mandfacturer shall nst s and
behaviour,| according to its MR ing, is not affected by simultaneous application of a static
magnetic fleld equivalent 0 By 2 way to do this is to demonstrate that there are no elements
(e.g. ferromagnetic compo 3 - ed in the construction of the AIMD that can be affected by g By
field. The manufacturé Y ationale and method used to meet this requirement.

This methgd is no i eyices with leads attached. Instead, use the injected immunity test.

NOTE 2 [A device that,dees not normally use leads but has conductive contacts on the surface may use either |the
radiated or |njected method.

Device pefformance and behaviour shall be monitored during the test. Compliance shall be checked|by
examinatigntef the manufacturer’s records in accordance with the requirements in 9.1.

19.3.3 Test equipment

19.3.3.1 Generating the E-field

A uniform E-field is necessary for this test. In general, the area of uniform field can be small because modern
AIMD device size (without leads attached) is small. A birdcage coil is not recommended in this case. An
anechoic chamber (see IEC 61000-4-3), GTEM (see IEC 61000-4-20), parallel plate TEM plane or other
suitable method for generating large fields may be used, if validated.
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19.3.3.2 Phantom and tissue simulation medium

A non-specific phantom may be used for this test. See Annex L for tissue medium.

19.3.3.3 AIMD monitoring equipment
These requirements apply, in addition to the requirements of 9.2.

If additional monitoring apparatus is located outside the AIMD, then an analysis shall be performed to account
for any changes in field dlstrlbutlon caused by the monitoring apparatus It should be expected that external
ct on field
disfribution. However, if the manufacturer can demonstrate and account for how induced voltage As affected,
thgn this method would be acceptable. Such circuitry could be placed inside the deyice, if there is sufficient
rogm. For example, the RF voltage monitoring signal could be communicated q tS|de the,device uging a non-
comducting transmission medium (e.g. fibre optic). Transmission of the ignal via inductive or
radiating means is not recommended unless it can be ensured that the NiSSIio ansmitting device
do|not interfere with the B, fields. This will also need to be accounted fqr i certaityhudget.

19{3.4 Uncertainty assessment

The requirements of R.6.2 shall apply.

19(4 Test report

The requirements of 9.5 apply.

20 iion

20{1 Introduction of tieret

The gradient field o Bs, but not

limjted to, a failure d settings.
The on internal
Cir monitoring
deyi gl labelling.
The diated and
inje all devices
(wi y shielded
fro is normally

ve patient
ctrodes,leads or other conductive elements such as external antennas or leadless electrode terminals.

pe
elg

NOTE 1\ " Although a clinical scanner may be used for the radiated method, its use is not recommgnded. If a
mapufacturer _intends to use a clinical scanner_method, development and validation of the method is| left to the
manufacturer.

NOTE 2  External antennas are treated the same as leads. Insulated antennas not able to pass low frequency gradient
current are excluded from conducted injected testing.

Tier 1 is based on worst-case values for the rate of change of the incident magnetic field, dB/dt, on the surface
of two different defined volumes of radius 20 cm and 25 cm, where the radius is defined as the distance from
the z-axis as defined by the isocentre (see Table 16). 20 cm is the "compliance volume" defined in
IEC 60601-2-33 and 25 cm is defined as the "implant volume". This method results in very conservative test
values without computational or modelling requirements.

NOTE 3  Implant volume is large enough to contain the chest and hips of the 95" percentile human male.
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Tier 2 requires either (Case 1) electromagnetic computational analysis of the maximum incident magnetic field
over the specific AIMD lead loop area or device area, or (Case 2) computational analysis of the maximum
specific AIMD lead loop area. Both cases have the potential to reduce test levels compared to Tier 1.

Tier 3 requires the most rigorous electromagnetic computational analysis, computing the induced tangential £-
field over the lead path, and has the potential to predict the lowest injected voltage test levels.

The choice of method will depend on consideration of device type, implant location, lead configuration and
orientation, and immunity to injected signal levels, among other factors.

Tier 1 Tier 2
Look-up tables Model & Look-up tables /\(\
v 1. Look-up Bg Case 1 OR /@e 2\
1. Look-up lead length 1. Model gradient 1,-Compu aximum
multiplier 1 Y exposure y (\Iéa\ loop area Y
2. Look-up dB/dt y 2. Look-up By \2 @up\d\B/c}t/ Y

NN

2. Look-up dB/dt A

3. Look-up lead leng
multiplier \ \ y 6

-

VAN %
Determine B test Q \g\)\/ Calculate induced
levels & i voltage (IVAMP)
O e,

Radiated immn@\is\ Injected immunity test

NI
R

Figure 16 —Jest flow alternatives for gradient-induced malfunction

20.2 Injerted immunity test

20.2.1 Tierd

This tier is intended for devices with leads as a first approximation of the maximum voltage induced in the lead
system from the gradient field. It also applies to any other conductive terminals on the device, including
leadless terminals and an external antenna. It presumes an induced E-field tangential to conductive elements
at every point. This tier will produce the highest induced voltage, and hence, the highest injected test voltages
of any method in this clause. It does not require any electromagnetic computational analysis.

Lead position and length within the patient and the bore will determine the amount of exposure to induced E-
fields caused by the gradients. This tier provides two sets of test levels based on lead length and location
within either the compliance volume or implant volume. Look-up tables provide corresponding lead length
factors and dB/dt values used to calculate injected voltage test levels.
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Lead length factors for AIMDs located completely within the compliance volume are determined from Table 18
and for AIMDs located within the larger implant volume, Table 19. If any portion of the system is outside the
compliance volume and still within the implant volume, Table 19 shall be used. For systems where any portion
is located outside the implant volume, Tier 3 shall be used.

Values in Table 18 and Table 19 are normalized to 1 T/s (see Annex B for the derivation of lead length
factors). Multiplying the lead length factor by a particular dB/dt will yield a maximum theoretical induced
voltage level. The values in Table 16 , which represent dB/dt values for the compliance and implant volumes,
are based on calculations of the maximum 3-D vector slew rate on the surface of the defined volume, when
the three gradlents (x+y+z) are slewed S|multaneously The compliance volume table is based ona maximum

by

mdtrix of IVAMP values, tabulated by the gradient-induced EMF pulse width, TBPw (Figure 4), are r

the

bly to the entire system:

Step 1: Look-up lead len
facto
(Table 18 ¢ T@PI

SR

Wamplltude matrix
16)
IVAMP values)

his$ factor represents the voltage that would be induced in a given
agnetic field of 1 T/s.

p 2: BasedteiNocatign in the bore, multiply every applicable dB/dt value in Table 16 [dB/dt = f (4
the lead fength facter determined in Step 1. All dB/dt values are used for the implant volume. Th

injected voltage test levels for the gradient sequence of sequences.

ased on a

stem shall

briate table
ead length

G, TSLEW)]
e resulting
bquired for
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Table 16 — dB/dt amplitude matrix

Bg (mT) shown for reference only
1 | 2 | s | 10 | 20 | 30 | a0
TBPW (ms) dB/dt values in T/s
Implant volume only
Compliance volume and implant volume
0,2 5 10 25 50 100 150 200
0,4 2,5 5 12,5 25 50 75 100
N
1,0 1 2 5 10 20 30/\ 40‘,\Q
2,0 0,5 1 2,5 5 10 \&.l’
NOTE Each column of dB/dt values corresponds to a particular value of Bg. TAPW (t Ie -Si d siew p
width of Figure 4) is 0,5x TBPW shown in this table. The right hand column applies onIy toim ant 0
EXAMPLE A 1 m lead located in the implant volume has a lead length factor m Ta qupIylng his
factor by all|dB/dt values in Table 16 yields the results for TAMP shown in Table 17
Table 17 — Example for 1 m lead Iocate twvolume
TBPW (ms) VAP (\(7 \/
0,2 0750 | 1,500 |~3,750 ﬁs\{ [ (1\é)ogo> 22,500 | 30,000
0,4 0375 | 0750 N18%s\| 3o\ 7.500 | 11.250 | 15000
1,0 0150 | 0300 | 0750 \ @0, | 3000 | 4500 | 6,000
2,0 0075 | 0150 [\ 0475\ J\ 0750 ) 1500 | 2250 | 3,000
The valuep of IVAMP shown in\Ta € applied as injected voltage test levels, with their
corresponding single and double i PwW and TBPW), using the test signal showr in
Figure 4. If this example had bek me, the last column on the right in Figure 16 woluld
not have applied.
Length fagtors may be scajed ate lengths. Devices with leadless terminals shall use the
distance bgtween them as
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Table 18— Lead length multiplication factor for calculating the injected voltage test level
for the compliance volume

vel

Lead length, / Length factor Lead length, / Length factor
(cm) (cm)
<5 0,008 80 0,096
10 0,016 85 0,105
15 0,023 90 0,113
20 07030 95 07122
25 0,036 100 0,131
30 0,041 110 0,149
35 0,046 120 N (oges
40 0,050 130\ [\ O\ ousx
45 0,054 140 19
50 0,057 {50\<\ \ \\\\szi
55 0,060 g0 o N\ V0,232
60 0,062 ( ()10 ) 0249
65 0,067 /\( N AR N 0,265
70 <0\07\7\& C. N1 ) 0,281
75 0,086 00 0,298
NOTE Length factors are norma(lzed to*‘l\/s >
Table 19 — Lead Iem r for xalculating the injected voltage test le
e implant volume
Lead.len th fac r Lead length, / Length factor
@9& (cm)
/§<5\ \/\Ms 80 0,102
NEN N_"0,016 85 0,114
NN D 00z 90 0,126
< \ w\ \ 0,030 95 0,138
AN 2%\ 0,036 100 0,150
\39 0,041 110 0,172
35 0,046 120 0,194
40 0,050 130 0,216
45 0,054 140 0,237
50 0,057 150 0,258
55 0,060 160 0,280
60 0,062 170 0,301
65 0,067 180 0,321
70 0,078 190 0,342
75 0,090 200 0,363

NOTE

Length factors are normalized to 1 T/s.
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NOTE

These injected voltage test levels are based on using the injected voltage test signal in Figure 4. Using other
waveforms might change the amplitude requirements.

20.2.2 Tier 2

This tier is intended for devices with leads as an alternative calculation of voltage induced in the lead system
from the gradient field. It requires electromagnetic computational analysis or spatial models and has the
potential to predict a lower induced voltage than Tier 1 and, hence, lower injected voltage test levels.

This tier uses a S|m|Iar procedure and tables from Tier 1 except that the manufacturer can determme either

basis for
voltages.

For Case 2

the injecte

NOTE
the surface

For Case 1,

62

Tier 1, it is then possible to perform the injected immunity test using” &

The basis for Tier 1 is 200 T/s for any point on the surface
pf the compliance volume.

1, the rate of change of the incident magnetic field is not specified as it jg in Tiexd, If i be

the
ted

be
m

=

on
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Step 1: Compute magnetic field strength
exposure, (TIER2Bg)

Step 2: Determine dB/dt values

corresponding to Bg < TIERZBG
(Table 16)

A&\ >

Step 3: Find TIER2DBD T4 c:

Ste B-D vector
grgdient field/strengti’ (mT) normal to an area bounded by a specific lead path based on pagsition and
origntation>within the bore. For the purposes of this subclause, call this computed value TIER2Bg. Field
stréngth, TIER2Bg shall be considered to be uniform throughout the bounded area and shall regresent the
maximum 3-D vector slew rate, anywhere within the defined volume, when the three gradients (k+y+z) are
slewed simultaneously.

—

Step 2: Compare TIER2Bg to the values of B¢ in Table 16. Select all dB/dt values corresponding to Bg less than
TIER2Bg.

Step 3: New values of dB/dt corresponding to TIER2Bg are found in Table 20. For the purposes of this
subclause, call these four dB/dt values TIER2DBDT,ux.

Step 4: Multiply all dB/dt values from Step 2 and Step 3 by the appropriate lead length factor from Table 18 or
Table 19 based on lead length and AIMD location in the bore. The largest volume-containing portions of a
system shall apply to the entire system. The resulting matrix of IvAMP values, tabulated by the gradient-
induced EMF pulse width, TBPw (Figure 4), are required for the injected voltage test levels for the gradient
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sequence of sequences. Some combinations may be reduced with appropriate rationale and documentation
by the manufacturer. For AIMDs with any portion located outside the implant volume, Tier 3 shall be used.

Table 20 — Look-up table for TIER2DBDTayx

tbpw tier2Bg (mT) (shaded rows)
(ms) tier2dbdtmax (T/s) (unshaded rows)
1 2 3 4 5 6 7 8 9 10
0.2 5 10 15 20 25 30 35 40 45 50
04 25 5 75 10 12,5 15 17,5 20 225 25
1,0 1 2 3 4 5 6 7 8 ([ >Na 10
20 05 1 15 2 25 3 35 (\\ 45 5
11 12 13 14 15 16 17 <1\§ l@\ \20
0.2 55 60 65 70 75 80 85 90\ 95\ 1 100
0.4 275 30 325 35 37,5 40 /42@\ \\}& g’ | 50
1,0 11 12 13 14 15 16 7 \%\) 19 20
20 55 6 65 7 75 ;a/ 1B 9\ 95 10
21 22 23 24 25 f\éq) / 28 29 30
0,2 105 110 115 120 125N po (3 7 140 145 150
0.4 52,5 55 575 60 62 85\, 70 72,5 75
1,0 21 22 23 24 (25 \@ 27 28 29 30
20 10,5 11 58| 12 1&\5 \'{ 13,5 14 14,5 15
31 2 | 35\ N\ (34 \%\i \\36’ 37 38 39 40
0,2 155 | 160 | [ a5, O\ 176 N w5 ~180 185 190 195 | 200
0.4 775 80"\ \§2,5 \Q \s(} 90 92,5 95 97,5 100
1,0 31 32 33/\ 34 > 35 36 37 38 39 40
20 15,5 16 \[\.16, 17 > 17,5 18 18,5 19 19,5 20
EXAMPLE Su i &e for TIER2B¢ of 25 mT for a 1 m lead located in the implant volume. The
resulting dBydt valdes, Table 20 would be 125 T/s, 62,5 T/s, 25 T/s and 12,5 T/s. From Table 16] all
other requirgd values orrgspond to Bg values less than 25 mT. All of these dB/dt values, when multiplied by
the lead length factor fa ,150, yield the complete list of IvAMP injected voltage test levels shown in Table|21,
applicable for this example.

Table 21 — Example for 1 m lead located in implant volume based on TIER2Bg

TBPW(ITTS) VAMP (V)
0,2 0,750 1,500 3,750 7,500 15,000 18,750
0,4 0,375 0,750 1,875 3,750 7,500 9,375
1,0 0,150 0,300 0,750 1,500 3,000 3,750
2,0 0,075 0,150 0,375 0,750 1,500 1,875

For Case 2, the injected voltage test levels are calculated as shown in Figure 19.
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Step 1: Compute the maximum speclfc
AIMD lead loop area (m )

Step 27 Muitiply by dB/atamplitude matrix

(Table 16)
(results are IvAMP values) (\((\

Figure 19 — Summary of steps to calculate injected volt er 2, cas¢ 2

—

Stgp 1: Using spatial models or computatlon of the systen?’ i ted, determine thg maximum
possible AIMD lead loop area (m?).

Step 2: Based on the location of the AIMD in the bore iply e applicable dB/dt value in Table 16 (dB/dt
= f|(Bg, TSLEW) by the AIMD lead loop area™d ‘ e largest volume-containing portions of a
sygtem shall apply to the entire system. A s fhe implant volume. The resulting matrix
of JvAMP values, tabulated by the gradient™i idth, TBPW (Figure 4), are requifed for the

inj¢cted voltage test levels for the gradieny’'sequence nces. Some combinations may be reduced with
appropriate ratlonale and documentation 3 JFor AIMDs with any portion located putside the

EXAMPLE Suppose $ i a foR ANSJ/AAMI PC69, Annex L, of 0,032 m? for the worst-case lead
loop area of a unlpolar lead. FragnSte € of the largest volume-containing portion of the sysfem was the
imglant volume. Thesesultihg applicgble dB dt vales would be all the values listed in Table 16. These dB/dt vplues, when
mulftiplied by the Iea of 0,03 o nplete list of IVAMP injected voltage test levels shown |n Table 22,
applicable for this exaimp,

Table 22 - ;{@\

ad with a maximum loop area of 0,0319m2 in the implant volume

TB \J (ms \/ IVAMP (V)
&\Q\& \ Noteo | 0319 | o798 | 1505 | 3190 | 4785 | 630
64" \ [ ooso | o160 | 0399 | o798 1595 | 2393 | 3190
1,0 0032 | 0064 | 0160 | 0319 | 0638 | 0957 | 1276
2,0 0016 | 0032 | 0080 | 0160 | 0319 | 0479 | 0638

20.2:3—Tier3
This tier is intended for devices with leads as a more accurate calculation of voltage induced in the lead
system from the gradient field. It requires electromagnetic computational analysis and has the potential to
predict the lowest in vivo E-field and, hence, the lowest injected voltage test levels.

Injected voltage test levels are calculated as shown in Figure 20.
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Step 1: Compute Eray over lead path
(IVAMP,,..x)

Step 1: Us
path. Com
test level.

Step 2: Frq
sequences
Table 23,

Step 2: Scale values for IVAMP 10 IVAMP,.
from tables
(Table 23 or Table 24 or Table 25)/\

implant volume use Table 25.

Table 23 — 'WMQ’G\S\

ically relevant lgad

ortion of the system is located outside

for compliance volume

ge

ent

the

ey

TBPW (ms) k \/\
0.2 09333 [<0.066% | fout66\7 03333 | 06667 | wawpuu
Q.4 0016% | 00333 \0:0838" | 01667 | 0,3333 | 05000
1.0 0,006 A\ \00%&3 . 00833 | 00667 | 0,1333 | 02000
2,0 00638 [<0.006 7| 00167 | 00333 | 00667 | 01000
X
NI% Ir}gcted voltage scaling factors for implant volume
TBPW (ms) 2 IVAMP (V)
4,2 0,02 0,050 0 0,1250 0,250 0 0,500 0 0,750 0 | ivampmax
q,4 0,0125 0,025 0 0,062 5 0,1250 0,250 0 0,3750 0,500 0
1,0 0,0050 0,0100 0,0250 0,050 0 0,100 0 0,150 0 0,200 0
2,0 0,002 5 0,005 0 0,0125 0,025 0 0,050 0 0,075 0 0,100 0
Table 25 — Injected voltage scaling factors for outside implant volume
TBPW (ms) IVAMP (V)
0,2 0,020 0,040 0,100 0,200 0,400 0,600 0,800 IVAMPyax
0,4 0,010 0,020 0,050 0,100 0,200 0,300 0,400 0,500
1,0 0,004 0,008 0,020 0,040 0,080 0,120 0,160 0,200
2,0 0,002 0,004 0,010 0,020 0,040 0,060 0,080 0,100
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20.2.4 Test procedure

Perform the injected immunity test using the gradient sequence of sequences as described in 8.1 with the
gradient test signal shown in Figure 4 with injected voltage test levels, IvamMP, determined from Tier 1, 2, or 3,
as appropriate. The injection network of Annex D may be used. Some sequences may be omitted with
appropriate rationale and documentation by the manufacturer. Sequences may not be omitted for Tier 1
testing.

NOTE Evidence should be provided that the gradient test signal level in combination with the tissue equivalent
network of Annex D provides a conservative test when the real source impedance of the device leads in tissue is taken
into_account. Procedure for selection of capacitor Cx according to Annex D may not apply.

nce shall -be ‘thecked by

Del/ice performance and behaviour shall be monitored during the test. Compli
ex@amination of the manufacturer’s records in accordance with the requirements i

20J2.5 Test equipment

20J2.5.1 Phantom and tissue simulation medium

Nof used for gradient injection test.

20J2.5.2 Gradient injection network

The gradient injection network is based Anne
Anpex D.

ANSI/AAMI PC69, reproduced in

20J2.6 Uncertainty assessment

The requirements of R.7.1 s appl

20J2.7 Test report

The requirement

20|13 Radiated i

20J3.1 Applicé

The radia
deyice enclesure
influenced. Thetest is

n that the
ality is not
ormally performed without patient leads.

NQTE The injected test is used for all devices with conductive leads or other conductive elements such|as external
antennas'or-leadless electrode terminals.

20.3:2TFiert
This tier is intended for devices as a first approximation of the effects of induced voltages on internal circuits
and components caused by exposure to a scanner's gradient field. It presumes orthogonality of circuits and
components to the gradient field. Because a typical device enclosure occupies a small area, another
presumption is made that the gradient field will be a maximum over the entire surface area.

This tier uses the highest gradient field strengths and hence will produce the highest induced voltages of any
method in this clause. It does not require any electromagnetic computational analysis.

Radiated field test levels are calculated as shown in Figure 21.
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Step 1: No computation required.

See Table 26

Figure 21 — Summary of steps to calculate radiated field test levels for Tier 1

Step 1: The device location within the patient and the bore will determine the amount of exposure to magnetic
fields caused by the gradients. This tier provides two sets of test levels based on location within the bore. For
devices located completely within the volume defined as the compliance volume, use Bg values of 30 mT and
less. For devices located within the larger volume defined as the implant volume, use Bg values of 40 mT, and
less. For devices where any portion is located outside the implant volume, Tier 2 shall be used.

Table 26 — Tier 1 radiated gradient field strength require% nts (\

Device location Bg test values (SqT)\
Completely within compliance volume 1,2, 5,10, 20, 30 < \
Inside implant volume 1,2,5,10,20, 30/ 40\ X0 \
Any portion outside implant volume Use Tier 2 \ \\/

20.3.3 Tier 2

This tier is|intended for devices as a more accura
requires electromagnetic computational analysis and has
hence, lower test levels than those used for Tie

Tier 1).

Radiated fleld test levels are calculw

C m netic field strength
e, TIER2Bg

$. It
nd,
for

A

@\“

te 2: Determine radiated test levels -
TIERZ2B¢ and all values of B; < TIERZ2Bg
(Table 2)

Figure 22 — Summary of steps to calculate radiated field test levels for Tier 2

Step 1: Using models of the gradient coils, compute the maximum peak-peak exposure to 3-D vector gradient
field strength (mT) normal to the largest surface of the device, based on position and orientation within the
bore. For the purposes of this subclause, call this computed value TIER2B¢. Field strength, TIER2Bg, shall be
considered to be uniform and orthogonal over the largest surface of the device, including leads, if applicable.

Step 2: The calculated value, TIER2Bg, and all Bg values from Table 2 that are less than TIER2Bg, shall be
applied as radiated field test levels (see Table 27).
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Table 27 — Tier 2 radiated gradient field strength requirements

Device location Test values (Bg mT)

Anywhere TIER2Bg and all values of Bg less than TIER2Bg
(see Table 2)

20.3.4 Test procedure

Perform the radiated immunity test using the gradient sequence of sequences as described in 8.1 with the
gradient test signal shown in Figure 3 with the gradient field strength, Bg, determined from Tier 1 or Tier 2, as
appropriate. Some sequences may be omitted with appropriate rationale and documentatipn by the
mgnufacturer. Sequences may not be omitted for Tier 1 testing.

This test is normally performed without patient leads. For leads, see 20.2. TheAis dium is not

reduired if tested without leads.

Delice performance and behaviour shall be monitored during the . o sh hecked by

ended. If a
left to the

NQTE Although a clinical scanner may be used for the rad
mahufacturer intends to use a clinical scanner method, deve
mahufacturer.

20)3.5 Test equipment

20)3.5.1 Generating the magnetic field

A

>

appropriate lab coil may be used.

NO this Technical Specification.

20

Se

20

Th

20

Th

21| Combined fields test

The purpose of the combined fields test is to provide an additional assurance of AIMD operation according to
its MR Conditional labelling (above and beyond the test results from Clause 10 to Clause 20) under
simultaneous exposure to static, gradient and RF field conditions representative of the clinical MR scanner
environment. A successful outcome of this test (combined fields) is a qualitative confirmation of some of the
test results (from Clause 10 to Clause 20) realizing the limitations of exposure to a minimal set of scanner
sequences.

NOTE 1 A combined fields test is not adequate, on its own, to fulfil the stated purposes in Clause 1 of this Technical
Specification.
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Combined fields testing is recommended when the results of the individual field tests in Clause 10 to
Clause 20 are uncertain as to the effects imposed by the simultaneous application of all three scanner fields
or when there is uncertainty over the use of bench-top tests. The following exceptions apply.

—  Bg-induced force (Clause 13).

—  Bg-induced torque (Clause 14).

— Bg-induced malfunction (Clause 18).

—  Heatinoevatuations—Evatuatiomr o e spatiatty-resotved—additive heatimgof gradie fetd ause 11 1)
and RF fields (Clause 10) is preferred above combined fields test approaches.

— Gradig¢nt-induced vibration if testing in accordance with Clause 12 was perfor RF

field i not needed for testing.

For all othér hazards from Table 1, combined fields testing is recommended. Additjonal Tt 3 ; Her
combined high-field conditions are recommended for different typical and defined to
demonstratte that none of the parameters are affected more than pred to
Clause 20| These tests are AIMD dependent and should be selected by se
Performane and behaviour should be monitored during and  a in

accordancg with the manufacturer's MR Conditional labelling.

NOTE 2 [MR Compatibility protocols provided by vendor be
helpful in dgsigning combined field tests.

22 MarkKings and accompanying documentatio

221 Markings on item(s) as apprapriate, j i ing, [ ion and
the patientlimplant card, shall ingludeMhe term C iti i ing i ol).
The icon ($ymbol) is specified inf A 3 ’ 3 . iti i MD
can be scgnned safely sh§ i \

Compliance shall be checked b

22.2 If the patient implakt ca tai iti . i ent
directing upers to up-tocdate\nfo to-

‘Al\ Condit 2 Jify
3tioR.t0. Eor ctly ocate the appropriate MR Conditional Iabelllng for all AIMD system

Compliance shall be checked by inspection.
22.3 Thelaccompanying documentation shall contain warning notices regarding the hazards that could|be
caused by| performing an MR procedure on a patient with an AIMD. This information shall also include the
patient risks—associated with not following the instructions for safe anning provided by the AIMD
manufacturer.

Compliance shall be checked by inspection.

22.4 The accompanying documentation shall consider the risks due to implant location, abandoned or
fractured leads, and to other AIMDs or passive implants.

Compliance shall be checked by inspection.

22.5 |If appropriate, the accompanying documentation shall give a method for determining that the AIMD is
working correctly following the MRI examination.
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Compliance shall be checked by inspection.

22.6 The accompanying documentation shall include instructions for safely performing the MR procedure on
the patient. This might include patient preparation, procedural instructions, special AIMD operating modes,
peripheral equipment needed, necessary patient monitoring during and after scanning, or other similar
instructions to ensure safety.

Compliance shall be checked by inspection.

22.7 The accompanying documentation shall describe all the conditions for safe scanning that apply to
an AMD _that islabelled “MR _Conditional”>—This mighf inr\lnrln, faor ovampln, AIMD coﬂ-ingc and Operating
mddes, device configuration (component parts), and MR scanner limitations related to spatia] encoding
grddients (dB/dt), static magnetic field, and RF fields and transmit RF coil type.

Compliance shall be checked by inspection.

2218 The accompanying documentation shall describe all intended and ey pe havi and performance
dufing an MRI scan that applies to an AIMD labelled "MR Conditigria ended and
expected behaviour and performance regarding the hazards listed

Compliance shall be checked by inspection

22)9 The accompanying documentation shall mclude adv ce that\the patig d to notify
medical personnel that they have an AIMD before e if patient ID
calld, if they have been given one.

Compliance shall be checked by inspection

22110 The AIMD may interfere with the acq uis romise MR
images. The accompanying/docume MR image
artffacts.

Compliance shall be che
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Annex A
(informative)

Gradient vibration patent declaration form

Patent Statement and Licensing Declaration Form for ITU-T/ITU-R Recommendati
ISO/IEC Deliverable

Patent Statement and Licensing Declaration
for ITU-T/ITU-R Recommendation | ISO/IEC Delixerable

Director Director
Telecommunication Radiocommunication

Standardization Bureau International Telecopfimumicitjon

International Telecommunication Union

Union Place des Nations

Place des Nations CH-1211 Geneva 20,

CH-1211 Geneva 20, Switzerland

Switzerland Fax: +41 22 730 5785 E
Fax: +41 22 730 5853 Email: brmail zlitu.int inmail@iec.ch
Email: sbdur@itu int e “

Patent Holder: \( N\

Legal Name Medixgnic, Ine.

Contact for license{applicatiom® ~—

Name & Charles I\ Daqnis,

Departm@ Open I v\a:i‘ogmqu Intellectual Pfoperty
Address 320).Coral Sea St. NE, MVIVA3
MQundsfyi:erw,M\ﬁ\hﬂ/

76988087/
Q367646

Charho: .l.deﬁﬁs@medtronic.oom

ITU-R Rec. (*) ISO Deliverable () || IEC Deliverable (*)

\ [:' /Common text or twin text (ITU-T Rec. | ISO/IEC Deliverable (*)) (for common text or twin text, please
{-return the form to each of the three Organizations: ITU-T, ISO, IEC)

[ ] 1SO/EC Deliverable (*) (for ISO/EC Deliverables, please return the form to both ISO and IEC)

(*)Number ISO/TS 10974

(*)Title Requirements for the safety and compatibility of magnetic resonance imaging for
patients with an active implantable medical device
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Licensing declaration:

The Patent Holder believes that it holds granted and/or pending applications for patents, the use of which would be
required to implement the above document and hereby declares, in accordance with the Common Patent Policy for
ITU-T/ITU-R/ASO/IEC, that (check one box only):

m 1. The Patent Holder is prepared to grant a free of charge license to an unrestricted number of
applicants on a worldwide, non-discriminatory basis and under other reasonable terms and conditions to
mabke, use, and sell implementations of the above document.

Negotiations are left to the parties concerned and are performed outside the ITU-

Also mark here X if the Patent Holder’s willingness to license is conditioned g
document.

conditions (but not free of charge).

D 2L The Patent Holder is prepared to grant a license to
worldwide, non-discriminatory basis and on reasonable
implementations of the above document.

Negotiations are left to the parties concerned and, ide th -T, ITU-R, ISO, or IEC.

Also mark here

document.
D 3. The Patent Hol
above

In this case, the following in
as part of this declaration:

nsing fee, etc.). However, while the Patent Holder in this situation is
mount, the Patent Holder is still entitled to require that the implementer
ement that contams other reasonable terms and conditions such as those

6rd “reciprocity” means that the Patent Holder shall only be required to license
if such prospective licensee will commit to license its essential patent(s) or essential patent
f the same above document free of charge or under reasonable terms and conditions.

Medtronic, Inc.
Charles L. Dennis, I1

Vice President;Innovation Portfolio & Intellectual Property,

Signature

Place, Date C"//\/-/M;; /er 0’20 / a
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Annex B
(informative)

Derivation of lead length factor for injected voltage test levels for
gradient-induced malfunction

B.1 General

Table 18 and Table 19 were created to provide, in conjunction with Table 16, a ase test signal
amplitude to simulate an induced electromagnetic force, EMF, generated by a time-dependent rmagnetic field.

Planning discussions regarding radiated tests were based on placing a lead i ull 8 bSe
configuratipn. The normal vector of the surface area enclosed by the lead was conside ’ the
external magnetic field of a gradient “coil” system. These configurations we i ¥ of
experimental set-up and reasonable approximation of pacemaker and neurostimulatonead plags

Maxwell’s [equation for free space that relates the E-field to a fi in
Equation (B.1). The EMF is the line integral of the E-field, Equatio
VxEE _%B 1)
ot
oB
EMF=§E-dl=jV><E-da=j—~da (8.2)
ot
To create Table 18 and Table 19, th
a) For leads shorter than 63 cn
1) tHe E-field is spatlfb\rﬁ 3o
b) Forledds longer than §3
1) tHe time-dep
2) tHe surface are - of
tHe surface tor

dfrection).

B.2 Leads shorter than 63 cm

Simulations were performed of a gradient field from a typical MRI with a maximum dB/dt of 100 T/s at a
cylinder radius of 20 cm (see Figure B.1). These simulations indicate that peak E-field values can reach 16
V/m and on average are approximately 10 V/m.

For short leads it is possible that the lead will be orientated in the same direction as the E-field from the dB/ot
of the gradient field. For leads measuring 10 cm or shorter, an E-field magnitude of 16 V/m was used to
determine induced EMF and then scaled to 1 T/s.

For leads longer than 10 cm, an E-field magnitude of 10 V/m for the equation E - / will be equal to dB/ot

-A(semi-circle) when the lead length is 63 cm. Therefore, for lead lengths greater than 10 cm and up to 60 cm,
an E-field magnitude of 10 V/m was used to determine induced EMF and then scaled to 1 T/s. To prevent a
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discontinuity between the values of 10 cm and 15 cm, the 10 V/m was scaled linearly to 16 V/m between the
lengths of 10 cm and 63 cm. In practice, 10 V/m is only used for 63 cm; shorter leads use an elevated E-field
magnitude until at 10 cm a value of 16 V/m is attained.

y-coil difdi = 100 T/s

y-roil dBfdt= 100 Tis
OF—T T T

= 16 0

Z{m}

12F
14pF

16
1.8 ! ! B

Calculated electric field intensity 1
the vertical center of the patient. Lands
maximal dB/dt on a cylinder of 20

Y cod dBE = 100}(\

an ode ' eradiegt coil in a coronal slice through
s(csater,sf RF ¢oil) are indicated by the arrows. The
: %J0Q T/S\ Color bar is in V/m.

¥ col dBME = 100 The

S | ‘
é&?\ 02 04 0 01 02 % TR E

Calculated electric field in a phantom in a y-gradient coil. Landmarks (center of RF coil) are
indicated by the arrows. The maximal dB/dt on a cylinder of 20 em radius is 100 T/s. Color bar
is in V/m.

Figure B.1 — Calculated E-field intensities in human model and phantom

B.3 Leads longer than 63 cm

For leads arranged along a circular path (see Figures B.2 and B.3) the area enclosed by the lead is calculated
by Equation (B.4) for angles less than = radians and Equation (B.5) for angles greater than = radians.
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Equation (B.3) constrains the radius of the circular path such that the lead length is constant for different
sweep angles. Since the radius is constrained by the lead length, the maximum surface area occurs when the
swept angle is © radians (refer to Figure B.4). Therefore, the tables are constructed using the area of a semi-

circle, Equ

Clause 20

ation (B.2).

includes calculations for different radii in the scanner bore, “compliance volume” » = 20 cm and

“implant volume” » = 25 cm. To accommodate lead lengths that will exceed the volume’s radii when placed in
a semi-circular configuration, a half-ellipse model was utilized such that the semi-minor axis is forced to be
either 20 cm or 25 cm. The lead length was calculated using Equation (B.6). The transition from a semi-circle
to half-ellipse occurs for leads greater than 65cm for the “compliance volume” and greater than 80 cm for the

“implant v

lume”

To calcula
was multig
value shol
instead of
even thoug

Figure

e the induced EMF for different lead lengths, the swept area for either the semi-sircle or half-ellipse
lied by a dB/dt of 1 T/s. Therefore, to calculate the actual worst-case EMF generated, |the table

{ ant volume”,
e tablles

ar path for an angle < n radians with

Figure|B.3 — Areasbo d by a lead arranged along a circular path for an angle > r radians with
a straight line return path.
/

r=— B.3
y: (§-3)
A:lrz(ﬁ—sinﬁ):l sz(ﬁ—sine) (B.4)

2 AN '
A:mz—lrz(e—sine)z;z AN 2(e—sine) (B.5)

2 o) 2.0 '
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0.18

i Area, swept angle <n
o164 | Area, swept angle >n

. One loop plus swept angle <n
0.14 1 ‘\ ffffffff One loop plus swept angle >n

0.12
0.10

0.08

Area (mz)

0.06
0.04

o0 t—r-+—7-77—"F—+—r+r—1+—1—
0 05Pi Pi 15Pi 2Pi 25Pi 3P 3

o(radians)

along a circular path

(B.6)
b isthe se i
Some comments on fy iQns ay be performed to improve the calculation of the induced EMF
arg as follows.
a) i he QB/o Qt spatially uniform. One may choose to include the spatial dependency in

ple; one may assume two different values for dB/dt; one for the “¢ompliance

b) § is non-zero, E is a non-conservative field and the line integral is path dependent. One
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Annex C
(informative)

Basic MR physics

C.1 Static magnetic field

The static
the area a
to the stat
are brought i

the hospita

The values
vertical (in
the SMF is
stray field
magnets,
resulting in
magnetic §
opening of

C.2 Gra

In addition|
range bety
gradient m
different s
patients, it
peripheral
scanners (

The streng
the slew rg
the gradie
400T/m/s

magnetic field (SMF) of the magnet does not just produce a SMF inside the b
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dient field

to the SMF, switched\gradie ¢ applied during MR scanning in the frequency
veen 0 Hz and 5. kHz, Wh AE-1S s present in and around the scanner, the switched
agnetic field i e ing \g &t the patient. The waveforms applied can have very
napes and are certgin ‘ 5oidal. The waveforms typically are also intermittent. fFor
is well accepted jHat the limi grddients applied during scanning are set at values to avoid
nerve stimulatiaqf, & K and scientifically understood and well controlled on the MR
via requiremg 60601-2-33).

th of thexgradient sld is typically expressed in T/m or in T/m/s; the latter is referred to as
te of the gradientosystem\ It gives the relevant information about amplitude and switching timeg of
Nt magnetic fig ently, the high performance systems can have gradient outputs up| to
br 200T/m. FO testln of the AIMD safety, it is important to realize that the maximum values of the

rst-

case position andsworst-case specification of the gradient performance is critical. The worst-case specification
can be mugh higher than clinically applied for patients because of the peripheral nerve stimulation limitation

5.

C.3 RF field

The third type of electromagnetic field is the pulsed radio frequency (RF) field. The RF waveform can be a
modulated sinusoidal waveform (e.g. pulsed) or a block pulse and is also only applied during scanning. The
frequency content of the RF pulse is specified around the Larmor frequency for the protons at the value of the
static magnetic field and has a range of a few hundred kHz around the Larmor frequency. The amount of RF
energy absorbed by the human body can be calculated. Much is known about the heating effect in human
tissue as a result of this type of EMF exposure. For patients, the maximum allowed values of the RF energy
are related to the maximum temperature rise accepted for the body of the patient. This limit is set at 1 °C for

the patient

78

(IEC 60601-2-33), which is a very conservative value.
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The strength of the applied RF field is typically expressed in microTeslas. Depending on the dimensions of the
transmit coil in the MR scanner, this transmit field can be as high 40 microTesla. The maximum allowed
values for the amount of RF energy are controlled on the MR scanner via the specific absorption rate (SAR)
value, a value which is calculated prior to each scan and which fulfils the requirements as specified
additionally in IEC 60601-2-33.

@%
S
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Annex D
(informative)

Gradient injection network

D.1 General

ey

K

C  Input (fest signal)
D Test point (test signa
E Input (Inhibition geRerato
K Monitofing poip
F,G,H,I,J| Device conQe

All resistors used.should be of film type with low inductance, tolerance +2 %, rated 0,5 watt. All capacitors pre
of the ceramic type, tolerance +5 %, unless otherwise stated.

Table D.1 — Component values for Figure D.1

Ri 68Q (2W) Ci 15nF

R» 82Q (1W) C» 180 pF

R; 120Q Cx RefertoD.2
R4+ 560 Q

Rs 56 kQ

Rs 1MQ
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D.2 Method for selecting capacitor Cx

The following procedure describes a method for selecting capacitor Cx that is used in the tissue interface
circuit of Figure D.1. Capacitor Cx is used to reduce any spuriously injected low-frequency signals from the
interference signal generator.

For the procedure, use oscilloscopes, input impedance of 1 MQ £ 10 %, < 30 pF, accurate to £ 10 % within a
bandwidth of at least 30 MHz. For frequencies above 9 kHz, the low-pass filter should conform to Figure D.2.
For frequencies below 9 kHz, low-pass filter may require proper scaling.

N

z component of test signa

e D.2

Figure D.2 — Low-pass filter used to atte 500
Table D. @;{Qalu s @F.

R1 47KQ

The test signal generato i Cireuit'to be used in the test procedure are connefted to the
os¢illoscopes and I ) Figure D.3. Adjust the test signal generator to providg the signal
specified in the aia i
If feasible, select a va 3 ing that is less than 0,05 mV, measured at test point B pf the low-
pass filter.
Oscilloscope Oscilloscope
®
L

Filter

Tissue equivalent
interface

Test signal
generator

Figure D.3 — Test to check for spurious low frequency noise and to determine the value of Cx

© 1SO 2012 — Al rights reserved 81


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISOITS 10974:2012(E)

Annex E
(informative)

RF injection network

E.1 General

Figure E.1[shows an RF injection network.

Directional

coupler @4
-20 dB

©

Key

C Input (fest signa

D Test point (test signa

E Input (;nhibition generator)

F  Outpuflto device

G Outputjto device

K Monitofing/point (device)

E’ Input or termination

K’ Monitoring point (device) or termination

Figure E.1 — RF injection network

All resistors used should be of film type with low inductance, tolerance + 2 %, rated 0,5 watt. All capacitors are
of the ceramic type, tolerance + 5 %, unless otherwise stated.
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Table E.1 — Component values for Figure E.1

R1 56 kQ R2 500 O
Bias Tee C=120pF, L=0,5mH

The two bias tees shown in Figure E.1 should provide a capacitor value of 120 pF + 5 % and a minimum filter
inductance of 0,5 mH.

NOTE This recommendation eliminates potential testing variability, which can occur with an unspecified bias tee

i his—capacitor-should-be-specified-so-th iabilityof network-source-impedance-is-eliminated-at lower test
w e capacitor effects accyirring under
deyice loads, since an unmodified bias tee and a device will have unequal impedances in 8 50 Ohm system:

The following procedure describes a method for calibrating the injection network of Eigurs(E 1. The|calibration
fagtor, m, is the link between test voltage Vpp (measured at point F) and measured\voltage of the oscilloscope
#1 |connected to test point D of the injection network, Vosc.

Vep =m x Vosc

If only high frequency components with specified low tolerance calibration facfor can be

calculated using the formula:
20 * log (m) = - [apc *+ apc * aat + asr] + cpc + 6 dB

where

E.R Calibrati

The configuration of Figure E.1 is used. Output G is terminated by a 50 Q terminator. Output F is cgnnected to
a dalibrated high frequency voltage meter with an input impedance of 50 Q, an accuracy of at least|+1 dB and
a Handwidth of at least 450 MHz.

E.3 Calibration signal
The output from the test signal generator should be an unmodulated carrier.
E.4 Calibration procedure

The calibration signal should be increased until the output voltage at the voltage meter reaches the peak-to-
peak value indicated in Table E.2. Read the peak-to-peak voltage on oscilloscope 1 connected to test point D
of the injection network, Vosc. The calibration factor, m, is equal to 10 V divided by Vosc.
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Table E.2 — Calibration signal amplitude scale

Frequency (MHz) Output F (test
voltage Vpp)
10 2,58
20 3,85
30 4,38
40 4,62
56 415
60 4,82
70 4,87
80 4,90
90 4,92
100 4,93 (
150 4,97 (\x
200 4798’\
300 .oy
QTENN
450 O N (ool ™)

nvexted to Virms). This is left to the discretion

Dependind on available test equipment, these values may
ni ould be documented in the test repart.

of the party performing the test. The calibration a pllt

W
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Annex F
(informative)

Estimation of the temperature rise in vivo
from determined energy deposition
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Outline of the five AT-Tier approach for assessment of in vivo temperatu
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e to more
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nple metal
sue growth
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ular AIMD
ay not be
e, cardiac

e rise

It is always possible to skip lower tier validations and immediately perform a higher tier validation. All reported
in vivo temperature rise estimates, regardless of the tier of analysis, require an accompanying uncertainty
analysis, as described in F.3. Tier 5 is less well defined and only the basic requirements are provided without
detail requirements regarding the uncertainty budget.

F.2.1 First AT-Tier

The most conservative estimation is:

Tincrmax = (Smax) % Texposure ! cmin
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where

Smax

is the maximum local RMS SAR;

fexposure IS the exposure time in the MR scanner;

Cmin

is the minimal heat capacity of any region in the heated area.

F.2.2 Second AT-Tier

Thermal s
deposition

transfer pgrameters for any of the tissues in which >10 % of the deposited energy is ab

For exam

estimation|i
each of the three tissues.

F.2.3 Th

Thermal s
around the

with respect to thermal flux. All relevant geometries and anatm| tar .
model par@gmeters are assigned with respect patient variatio

the implan
excluded f

F.2.4 Folrth AT-Tier

Thermal s

airflow; hojwever, worst -case co ectl

implant, al

tissue pargmeters (solid-

separately).
the implarn

homogenepous solid with p

F.2.5 Fifi

Temperaty
instrumen

the uncertai

independe

distributions for the appropriate AIMD configuration(s). The worst-case thermal capacity

le, if energy is absorbed in three different tissue types in the anatomical regj

is required only if significant energy isdeposited
om the model and replaced by an isofati

The implant c
t model is require

h AT-Tiek - Ti
re ris

tions. It i

nty budgetiis

ht. The following uncertainty bud,get should be provided, including strong support by validation:

— unce

distribution at location of the assessment;

ainty.budget with respect to the determined energy deposition in 10.7 in terms of magnitude and

Imulations are pertformed In homogeneous phantoms with the previously assessed enefgy

nd

orbed _should\be used.

AT
for

rd AT-Tier
mulation is performed on a volume of tissue encompassing.the Qg iti AR)
AIMD and extending to within 1 % of the peak SAR va ) ive

ing
be

(all
ith
the
all
led
of
$ a

nd
bre
red

3D

— uncertainty budget for the thermal properties (heat capacity, conductivity, perfusion) during the
measurements with respect to the worst-case human tissue.
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F.3 Uncertainty budget of AT-Tier 1 to Tier 4

A comprehensive uncertainty budget is to be performed and reported. The uncertainty budget should include
all of the following parameters:

energy deposition (see 10.7);
shape of tissues and implant at the energy deposition;

thermal conductivity;

Th
ind

density;

perfusion rate;

heat-induced changes of the metabolic heat generation rate;
specific heat capacity;

numerical uncertainties;

boundary conditions;
grid resolution;
convergence;

field interpolation.

treated as
e in tissue
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Annex G
(informative)

Methods of assessment of the temperature rise in vivo

G.1 Basijcs

The Penngs bioheat equation (PBE) may be used to transform energy deposition into erature cchanges
with given Jocal tissue parameters:

pc%-(fc,r) =V-(kFWVT(E,0)+ pO+ pS - pyc, o T~T,) ds
where

T igtemperature;

k  igthermal conductivity;

S ig energy desposition;

p igdensity;

w ig perfusion rate;

Q0 i i

c |

Ty i
The index om
configurati n a

spatial resplutio or

EM and thermal Si
The index,

— the Difichlet(F= T,,.,);

bals al

— the Neumann (k— =g);
on

— and the mixed (convective) boundary condition [kZ—T =nT,,,— T), where h is convection coefficient].
n

The boundary conditions can be expressed in a more general form as:

ag+bT=c
on (G.2)
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For moderate temperature increases, where the tissue parameters can be considered constant (e.g. no

perfusion changes in response to deposited energy), the substitution 7=7, . +T;.... Where T, . is temperature
in absence of deposited energy, and T, is induced temperature increase as a result of deposited energy,

can be performed and a new set of equations is obtained:

a 2 (3,0) = V- (KDY Ty (1)) + 5 = 9,60 0T,

(G.3)
and
aaTiﬂ"_ bTyer = 0
n
These equations describe the relevant temperature increase while avoiding the S 3 ametens such as
thg metabolic heat generation rate, blood temperature and environmeq ducing the

number of variables.

G.2 Temperature modelling

In the case of homogeneous media, a Green's function a
temperature distribution based on energy depositio
The (spherically symmetric) steady state \

to determine the sfeady state
en's function of Equation (G.3).
,3) in homogeneous material is:

G(R)= p exp(—vR) (G.4)
4rnk
where
_ | PpCp®@
(k-c)

Fof non-homogeneo that allow
sinulations of impl ~ ety margin.
Se s.are available to perform these simulations. For any of the temperature-
bas ncertainty budget is required, including all parameters of F.3
W i Qbtained when the following variables are minimal (at the lowest value ffeatured in
the o) 0y, , ¢, however, O is to be be maximal (for example, increased metabplic activity

un

G.B _In_vivo confirmation

The assessment of heating due to RF fields may be confirmed using direct tissue temperature measurements
in animals. Although particular approaches may vary due to specifics of AIMD design and anatomic target,
animal validation studies will be composed of the following elements.

Compute the AIMD-associated tissue temperature rise in a suitable large animal numerical body model (pig,
dog, sheep, etc.) that produces an E-field distribution over the AIMD that is nominally equivalent to the
computed distribution in human body models in terms of phase and amplitude distribution. It should be
demonstrated that the phase and amplitude diversity along the lead path are reasonably equivalent to the
human. In vivo temperature rise will be computed for both head first and tail first orientations of relevant axial
(landmarks) and radial (left, right) body positions with respect to the scanner patient table to account for the
influence of elliptical B, polarization. The computational method and RF coil configuration will be identical to
the one used for the human body E-field computations.
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Measure the AIMD-associated tissue temperature rise in animals using identical B RMS (or SAR), lead route
and body position used in the computational methods. The number of animals used should be sufficient to
capture the anatomical variability of the animal population with respect to the animal body model and the
variation of the AIMD placements with respect to placement in the model. In vivo temperature measurements
will be made using an AIMD instrumented with a fibre-optic (or equivalent) temperature probe with a well
characterized measurement uncertainty. Probes should be placed on the AIMD in locations that produce the
highest temperature rise.

Validate the AIMD model using appropriate statistical analysis. The total predicted temperature uncertainty
should include the variability of the differences between the predicted and measured in vivo temperatures.

If the distrjbution of the differences of all individual differences are Gaussian and within the bounds 6f the
combined |uncertainty, the validation can be considered validated and the combined tive uncertainfies
should be fonsidered as an additional bias in the evaluation.

@%
S
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Annex H
(informative)

Assessment of dielectric and thermal parameters

1 Dielectric measurements

H.

H.1.1 General

Th
pra
liqy
slo

s subclause describes the measurement of the dielectric propertie
viding sufficient details to enable users to perform accurate measure

id or solid materials including the corresponding uncertainties. Alt '
fted lines, etc.

The open-end coaxial transmission line method is well suited f&
liqyids and some gel-like materials, for frequencies above
should be carefully analysed.

Th
at

snS| iye to non-homogeneous d
gaJHis contribution intends to

-circuit end, using a network analyser or

of {his-method are given in H.3.2.

Y To use this technique, a probe and a software packa
or obtained from a commercial source. The methodold

haterial by
pperties of
bd such as

|s, such as
ion effects

stributions
provide an
m material.
ey of the
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H.1.4 Uncertainty budget of dielectric parameter measurements

Table H.1 — Example uncertainty template for dielectric constant (er') or conductivity (o)
measurement at a specific frequency band

HomoJ;eneity of the material

B

-

Tolerance/
uncertainty i Standard p
Uncertainty component value ;;(t)zgzltllgﬁ Divisor | c¢i | uncertainty ‘\//’e‘;;
+ 0,
(% %) (& %)

Repeatability (» repeats, mid-band) N 1 1 n-1
Refergnce material €r \3 1 ( P
Refergnce material o V3 1/\ Q\ )
Netwofk analyser drift, linearity, etc. R \3 (\ 1 \ \}o
Test-pprt cable variations U /<72\ 1\\ \ )
Dimengional accuracy of sensor N \ \) 0
systerrr / ’\7\

Tempgrature of the material

»

j (

Combjned standard uncertainty

NOTE

Separate tables are usu?@xxeed?@g{ % \

N/
\%

H.A

Repedtability: meas

intere$t. Re-calibrate the
of thel li
divide

Netwg
and p

.5 Ungertainty contributi

Test-gort cablewariations: influence of cable variations on amplitude and phase measurement.

Dimensional accuracy of the sensor system, e.g. in the case of the TEM line, the reference ling is

assuntedto beaprecisionm 50ohmmlime withra sectionmof air dietectricThe sectiomof this timefittedwith

he

sample material should be well known in length, the dimensions of the line should not change, and the
space should be filled without gaps at the inner or outer conductor.

material, caused by temperature.
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Temperature of the material: influence of changes in the dielectric properties of the sample, or reference
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H.2 Determination of thermal parameters

H.2.1 General

This subclause describes the measurement of the thermal properties (heat capacity, thermal conductivity) of

tissue-equivalent material by providing sufficient details to enable users to perform accurate measu
the thermal properties of liquid or solid materials, including the corresponding uncertainties.

rements of

The hot-wire method is well suited for the determination of the thermal conductivity of any homogeneous

materials such as liquids and gel-like materials. It can also be used for solids and powders. The adv
thg hot-wire method are the short measuring times (steady-state methods often result in long
times) and that only relatively small samples are required.

The differential scanning calorimetry method is well suited for the determinatiq
homogeneous materials such as liquids, solids and gel-like materials.

eat capa

The third parameter to be determined is the viscosity of the liquid.

H.2.2 Measurement of thermal conductivity
A
the
thg
inc
is
tak
ten
de

d a temperature sen
he temporal developn

ell as axial heat losses to th

H.2.3 Differential sca for liquids and gels
The most comm ¢ heat capacity is differential scanning calorimetry
us¢d to determine\speci a function of temperature as well as the locatior]

S During measurement, a sample and subsequently g
gmperature program with constant heating and cooling
difference between the probe (or reference materig
eir different heat capacities; the temperature difference is mea

trapsition temperatuggé
mdterial are subj
comstant heatipg

& function of temperature. The sensitivity with respect to deviation frd
d if the heat capacity is not measured for each batch. A comprehensive

budiget should)be provided as well.

H.2.4"Estimation of viscosity parameters

antages of
measuring

city of any

edded into
sor. During
nent of the
e increase

thermal conductivity is detgrmined by

e temporal
respect to
h batch. A

. It can be
of phase
reference
ates. At a
[) and its
sured as a
t flows can
cisely and
m recipes
Lincertainty

Reliable temperature measurements can only be conducted if the Grashof number is sufficiently large, i.e. the

viscosity of the medium or gel should be much larger than 1 Pa-s. An appropriate method for meas
the viscosity needs to be selected, e.g. rheometers. The viscosity should be determined for the enti

urement of
re range of

temperature, of which the lowest number should be used. The sensitivity with respect to deviation from
recipes should also be determined if the viscosity is not measured for each batch. A comprehensive

uncertainty budget should be provided as well.
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Annex |
(normative)

Measurement system validation

.1 Objective

The objeclive of this annex is to validate the exposure setup, the applied instrumentati
uncertainty budget.

procedures and

.2 Frequency

This validz
or instrumentation changes, etc.

fup

1.3 Vali
The systern

S-AIMD 1:
with a 0,5

oth

S-AIMD 2:

1.4 Pro

The proce to

1 V/m. For
.5 Con

e values provided in Table 1.3, Table 1.4, Table 1.7 and Table 1.8. If the
pncertainties of the computations and experimental assessment, the validation

The result
results arelwithin the_co
is successful.

1.6 Tar D1

1.6.1 General

The S-AIMD defined below is exposed to an incident E-field that has constant amplitude and phase. The
electric and the thermal parameters of the wire and surrounding media are given in Table 1.1 and

Table 1.2. All results are normalized to a tangential incident E-field of 1V/mgrys and valid neglecting thermal
convection. Variation of dielectric parameters with temperature properties can be neglected (measured SAR
and temperature increase shall be scaled to 1V/mgys assuming linear square dependency of the target values
to the incident electrical field).
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Table 1.1 — Dielectric and thermal parameters of the wire

1.6

Ele
SH

Ta
pla

1.6

Th
ho
theg
theg

Relative permittivity (insulation) 3

Electrical conductivity (insulation) 0 S/m
Electrical conductivity (wire) Infinity

Heat capacitance (insulation) 1000 J/kg/K
Thermal conductivity (insulation) 0,2 W/m/K
Density (insulation) 1 400 kg/m°
Heat capacitance (wire) 500 J/kg/K
Thermal conductivity (wire) 16 W/m/K
Density (wire) 8 000 kg/é\\

Table 1.2 — Dielectric and thermal properti/w the t| e simila

NN
-
Heat capacitance \)

Thermal oghdustivity @
N

Relative permittivity

Electrical conductivity

Density

2 Simulations

2.1

)ed with the FDTD method implemented in th
background with the characteristics of the liquid g

ctromagnetic
MCAD X. The S

b F-field obtaied after convergence of the simulation is used as a source for the thermal simu
ir of exposure)~JHe wire is modelled using a special scheme for the simulation of t
rmoconductive structures (see 1.8.2). It couples the 3D simulation of the full domain to a 1D si
wire \using knowledge about the local temperature behaviour in the wire vicinity. The thermal

usTd in the simulations are given in Table I.1 and

e software
ven in

nent of the
P mm), the

lation (one
hin, highly
mulation of
properties

Table 1.2. The same computational grid was used for both the EM and the thermal simulations.

1.6.

3 Resuults

The SAR and temperature values are extracted along the axis of the wire and radially across the wire along
lines at 2 mm and 5 mm from the tip end, as shown in Figure I.1. All extractions are done in the central plane
of the wire.
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e——fip-2mm
4 tip-5mm

axial

Figure 1.2 hows the normalized SAR in dB for the 3 extraction lines: radia
from tip and axial. The uncertainty of the numerical assessmentis 2 % (se

Figure 1.3 shows the temperature after 1 h for the 3 extraction ling
from tip and axial. The uncertainty of the numerical assessment ig

All results gre given for an incident E-field of 1V/mgys.

®
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Figure 1.2 — SAR distribution (0dB correspond to 1,6W/kg/(V/m)z (top), 1,1W/kg/(V/m)2 (centre)
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Figure 1.3 — Temperature distribution (see 1.8.3)
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1.6.3.1  Numerical target values

Tabular values are given in Table 1.3 and Table 1.4.

Table 1.3 — SAR distributions of S-AIMD1 axial and radial at 2 mm and 5 mm from the tip end (the

ISO/TS 10974:2012(E)

uncertainty of the numerical assessment is 2 %) (see 1.8.3)

Distance SAR tip-2mm SAR tip-5mm SAR axial
mm Wikg/(V/m)? W/kg/(V/m)? W/kg/(V/m)?
0,4 0,71 0,57 12
0,6 0,49 0,40 /\( 0,85
0,8 0,35 0,29 \ o,(go
1,0 0,26 0,22 \\Q<11
13 0,19 016\ INo2n
15 0,14 12 \§ o,\}s
18 0,11 /o \ 12
2,2 0,081 ) /0,9\73 0,082
2,5 /\o\,oesg/\\ k ( alosk Q 0,056
2,9 0,025 o043/ 0,039
3,4 (B,gagf \0,032 0,028
3, \ o,h%s\ 0,024 0,020
N ﬁ\\w g19 0,018 0,015
[ \»9/\ o,\g. 0,014 0,011
> 25,6 < 0046 0,010 0,008 4
"N\ AN L0078 0,007 5 0,006 4
\ 7,0 |/ 00058 0,005 5 0,005 0
\ \7\5\ \ 0,004 4 0,004 1 0,003 9
\\ \8\8 0,003 3 0,003 1 0,003 1
N 0,002 5 0,002 3 0,002 5
\) 10,9 0,002 0 0,001 8 0,002 1
12,1 0,0015 0,001 4 0,001 7
13,4 0,001 2 0,001 1 0,001 5
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Table 1.4 — Temperature distributions of S-AIMD1 axial and radial at 2 mm and 5 mm from the tip end
(the uncertainty of the numerical assessment is 2 %) (see 1.8.3)

.7 Target results

Distance Temp tip-2 mm Temp tip-5 mm Temp axial
mm mK/(V/m)? mK/(V/m)? mKJ/(V/m)?
0,2 6,4 6,0 6.7
0,4 6,3 6,0 6,5
0,6 6,3 5,9 6,3
o8 ot se 60
1,0 6,0 5,7 5,8
13 5,8 5,5 55 (
15 5,6 5.4 5L
18 5,3 5,2 N
2,2 5,1 5,0 C ™8 K
25 4,8 TN
2,9 4.6 45K NN
34 43 a3 38 )
3,8 4,1 O\ /N 38
4.4 3, Gl [ e
49 36 N\ 38, 3,1
5,6 33 33 D 2,9
IRIVENS O
70 N N 29 )29 2,5
78 [ MNN 280 2,6 2,3

o5 [
9.8 N 2,2 2,0
o\ 2o 2,0 18

RN N 19 18 17
NS 17 17 15

1.7.1 Geheral

The S-AIM

D defined below is m(lnnepd to an incident E-field that has constant ampli’rudn and Inh;mp alan

its

length. The electric and thermal parameters of the wire and surrounding media are given in Table 1.5 and
Table 1.6. Results are normalized to a tangential incident E-field of 1V/mgys. The calculations do not consider
thermal convection and variation of dielectric parameters with temperature.

Use of S-AIMD2 for determination of local SAR is described in ASTM F2182.

100
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Table 1.5 — Parameters for S-AIMD2

NOTE The implant is a rod made from grade 5 titanium (McMaster-Carr 89055K313") with a diameter of 3,175 mm
and a length of 10 cm.

Electrical conductivity (wire) infinity

Heat capacitance (wire) 560 J/kg/Kpwd

Thermal conductivity (wire) 7,2 W/im/K

Density-(wire) 4420 ke

Table 1.6 — Dielectric and thermal parameters of the tissue simulan he calculatign

of temperature rise and SAR for S-AIMD2
Relative permittivity 78 /\
Electrical conductivity 0,48 S/

Heat capacitance 3 ZOO&ykg/R\
Thermal conductivity QWK\
Density Nwm\

1712 Simulations U Q

1.7{2.1  Electromagnetic simulations

Elgctromagnetic simulations have been performed with i [ n program.
The S-AIMD is embedded in a lossy backgroup i S isti iquid gi i e 1.6 and it
is ¢xposed to two plane wave i . i i is i i irecti ich yields a
standing wave with rather 9 i i & lane wave
is aligned with the wire. mesh size
is 32M cells.

1.7{3 Thermal@ 5

The E-field obtained k ation i i i ix Iminutes of
exposure). A cyston 9 i i . es used in

thg simulatio S i .6. i i isg extends 3
cmlin all di \ S p

1.713.1

The SAR and)temperature values are extracted along the axis of the wire and radially across the [wire along
lings at 2. mm and 5 mm from the tip end, as shown in Figure 1.1. All extractions are done in the cgntral plane
of theire.

The plots in Figure 1.4 show the normalized SAR in dB for the three extraction lines: radial at 2 mm from tip
radial at 5 mm from tip and axial. The uncertainty of the numerical assessment is estimated to be better than
5 %. The plots in Figure 1.5 show the temperature after six minutes for the three extraction lines: radial at
2 mm from tip, radial at 5 mm from tip and axial. The uncertainty of the numerical assessment is estimated to
be better than 5 %. All results are given for an incident E-field of 1V/mgys.

1 McMaster-Carr 89055K313 (Cleveland, OH, USA) is an example of a suitable product available commercially. This
information is given for the convenience of users of this document and does not constitute an endorsement by ISO or IEC
of this product.

© 1SO 2012 — Al rights reserved 101


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISOITS 10974:2012(E)

The left plot in Figure 1.6 shows the temperature distribution around S-AIMD2 after 6 min with a background
SAR of 1 W/kg (Erus = 45,64 V/Im). The right plot in Figure 1.6 shows the SAR in dB relative to the background
SAR produced by the incident field with no implant.

Figure 1.7 shows the calculated current distributions for S-AIMD1 and S-AIMD2.

NOTE 1 In principle, MRI could be used to determine the current and hence the local E-field.
Table .7 and Table 1.8 tabulate values for Figure 1.4 and Figure 1.5, respectively.

NOTE 2  Values presented here for S-AIMD2 will depend on the properties of the phantom material. For example, the
temperaturei i i i

SAIMDZ: SAR axial, 0 =048 5/m 0dB =0.115 Wa’kgf(\ﬁm)z

SAR in dB

s 5 10 15
axis accross wire in mm

ial, 5 =048 Sim, 2 mm from tip 0dB =0.0783 Wikgf(\im)?

3
=l f
C 45} .
=X
py3 \

_20 L

_25 'l 'l

0 5 10 15

axis across wire in mm

Figure 1.4 — Calculated parameters for S-AIMD2 for Erys = 1V/m (the plot is SAR in dB relative to
maximum indicated in titles)
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ZAMDZ: Temperature rise exdal @ 6 min, o =0.43 5/m
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AT [mki(vim?)
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Kigure LS

5 10 15
wire axis in mm

SAMDZ: Temperature rise (AT radial @ 6 min, o =0.48 3/m, 5 mm from ti

1
0BT
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04r

AT [mki(vim?)

ner

N

a
0

axis acyosy e J
SAMDZ: Temperature rise @ B\min,

RN

1
tip

1

0BT

M
=D.4®1, 2 mmAfrom

O\ .

a\par

5 10 15
axis across wire in mm

6 min)

eters for S-AIMD2 for ERMS = 1V/m (the plot is temperature rjise after
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SAIMD2: AT @ 6 m for SAR =1 Wkg

The left imal
Vim).
The right im

Figure 1.7 —Cﬁurrent distributions in SAIMD1 (left) and SAIMD 2 (right) for an incident tangential E-fie

SAIMD2: SAR/SAR-back in dB

5
Z (cm)

o

of 1 V/im
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Table 1.7 — SAR distributions of S-AIMD2 axial and radial at 2 mm and 5 mm from the tip end
(RMS E-field is 1 V/im. The background SAR is then 0,48 mW/kg)

Distance | SAR tip-2mm | SAR tip-5mm SAR axial
MM | mWikg/(V/im)? | mWikg/(Vim)? | mWikg/(V/m)?
0,2 78,3 48,6 1152
0,4 69,8 435 10,0
0,6 59,7 37,6 99,3
n,Q Rn,A '2'),1 Q7,Q
1,0 42,5 27,5 75,8
13 33,1 22,1 594 (
15 28,3 19,3 504
18 22,5 15,9 38.%
2,2 17,1 12,5 208 X
2,5 14,1 106 /N \ 220"
2,9 111 B~ N D\ies
3,4 8,5 [ 60~ 12.0)
3,8 6,9 A\t D \ 95
TERC RTINS
49 , 8 6,0
5,6 (34~ 3N 4,8

Zo ST N w

NN el | e 33
& |\ 20 18 2,8

Q 88 Ko\, 15 2,3
Q\"\S AN\ 1.3 20

OO\ | ) 1.2 1,1 17
12 1,0 1,0 15
13) 0,9 0,9 13

14,9 0,8 0,8 12
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Table 1.8 — Calculated temperature rise after 6 min for S-AIMD2 (RMS E-field is 1 V/m)

Distance | Temp tip-2mm | Temp tip-5mm | Temp axial
mm mKJ/(V/m)? mK/(V/m)? mK/(V/m)?
0,2 0,822 0,731 0,878
0,4 0,823 0,729 0,892
0,6 0,818 0,723 0,895
0.8 0,807 0,714 0,889

7 0,793 0,703 0876
13 0,767 0,684 0,848
15 0,748 0,670 0,825
18 0,719 0,648 0,788
2,2 0,678 0,617 0736
2,5 0,647 0,593 0,698 x
2,9 0,608 0,562 {080, N
3,4 0,561 0524 /| \05595 " >
3,8 0,525 0,494 0,585
4.4 0,476 A4a52 o802
4,9 0439\ N\ \0418 0,462
5,6 0392~ \03Z 0414
6,3 0350 | [\ 0,389 0,373
NN EDS 0,337
N ooz 2PN 0270 0,301
sls ™ \\o238C X |\ 0233 0,264
9l | Nokes \ [V 0201 0,233
Q09 OH7R 0,172 0,204
RN es0” 0,146 0,179
N3 N 0,126 0,123 0,157
Neut#o \ | 7 0,105 0,102 0,136
%

106

© 1SO 2012 — All rights reserved


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISO/TS 10974:2012(E)

Annex J
(informative)

Example of coil systems

Table J.1 — Example of a test coil system meeting the minimal requirements for

he 1 5T-RF it coil

Number of rungs

16

Length

650 mm £5 %

Diameter

Al
700mm 5% AN\

Shield (diameter/length)

830/850 min £5\% \

Larmor frequency

N
64 MHz £& % \ O\

RF power (peak)

10kl \ \

Crest factor (peak to average power)

<10 \

Drift

(| ©p5a8X

Deviation from circular polarization at i

20log(B1max/B1min2)

centre<\< E\ < dB@ )\>

9,

W

&
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Annex K
(informative)

Current distribution on the AIMD as a function of the phase distribution
of the incident field

K.1 Background

In general{ the energy picked up by an antenna is maximum at resonance condition. Lhis condition result$ in

high electrjcal field strength at the tip. In a similar fashion this holds true for elonga ina
tissue simplant, and gives rise to a high SAR and temperature at its ends. T ' ) ally
evaluated pssuming a constant phase distribution of the tangential componenf of the iQcident E-fi the
AIMD. However, it has been shown that the local energy deposition near the ends 0 ner
increased |[if the phase distribution of the tangential component of the jrcid ' di rm
[see Equa on
the length
A change an
asymmetri sed
end of All nd
deposited is
maximized incident field along the AIMD while
keeping th ations (K.1) and (K.2)].
The follow|ng clauses discuss thes i i € imossy medium and theoretically demonstrate
the effect ¢f the phase on the tempe i it yfear the end of the AIMD.
K.2 Phase gradmnt@losy d
In a homggeneous lossy di L. phase gradient with constant amplitude of the tangential
componen} of the incide he fulfilled for inhomogeneous waves [see Equation (K.3)]. The
electric angl magnetic fi€ i
{é} { eijk;‘

" (H.1)
with k£ as the freesspace wave number of the dielectric and ¥ as the position vector. In order to satisfy the
scalar wave equation,

AD + kD =0 (K.2)

the complex vector 7 should fulfil the following conditions:
Refiif’ —Imfii}’ =1
Refii}- Im{7i}=0 (K3)

which require that the real and the imaginary part of % be orthogonal. For constant amplitude and constant
phase gradient of the E, component in the y-direction, “can be written as:
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coshp
Refii}=| 0
0
0
Im{n}z —sinh
0 (K.4)
uation and
significant
ength with
hment and
ine diameter,
pit rticular. At
ph posure with
co
Ph .|Due to the
d. In lossy

die eir amplitudes is g¢ven more

pra e phase distribution of the| tangential
inc jon that is
ap
The ristics and
ha

As blied when

testi

K.
The an E-field
ind

(K.5)

wh

A \I5"a constant;

£l
ID l.I 1T LL=TITIU STI1 IDII.IVII._Y IullbllUll UI lI < |cau,

th

Ein is the tangential component of the incident E-field;

z is the distance along the lead, which has a length, L, and z = 0 is at the electrode (see Reference
[29]).

In Equation (K.5), S(z) is a function of AIMD designs and electrical properties of surrounding tissues. S(z) and
Eian(2) are complex quantities and thus can be written as:

|S(z)e"“’¢s(2) and |Eqgn (z)e’? E(z)  respectively. Then, Equation (K.5) becomes:
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(o) 2t ? (K.6)

tan

AT = A‘J' ISG)E

From Equation (K.6), it is apparent the temperature rise at the electrode will depend on both magnitude and
phase distributions of the incident field. Therefore, depending on ¢S(z) and ¢E(z), they can constructively or

destructively add to each other. Furthermore, the worst case occurs when phase distributions of S(z) and

Eian(z) are cancelling each other, or in other words ¢S(Z):_¢E(Z). Then, the worst-case temperature rise
becomes:

L 4
AT, ), = A‘ jo ISC)E an (= ez 7)
In the worst case, if the condition ds (Z) - _¢E(Z) is achieved, there is no resonang gth
of AIMD system. Figure K.1 (accepted from K.4.1) shows several examples.
As shown jin Figure K.1, 80 cm capped wire in the worst-case phase dlstrl i of

the resongnt length in the uniform phase distribution. Thus, in vitro heati i MD system that
consists ofl a long lead should properly account for this phase effect.

Bare Wire

20 40 60 80
Length of Wire (cm)

Capped Wire
GU a TWCII‘SI
o
5 AT
20 1Whg
Q
0 20 40 60 80

Length of Wire (cm)

NOTE Reproduced from Reference [29].

Figure K.1 — Temperature rises versus wire length for E,, with intensity producing a SAR of 1 W/kg
for uniform phase distribution (AT1wug) and worst-case phase distribution (AZwerst) (material
conductivity is 0,46 S/m and frequency is 64 MHz)
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Annex L
(informative)

Recipe and rationale for tissue simulating materials

Rationale

Th

Se

Sin
prg

comstant amplitude™and phase.

b primary requirement for tissue simulating material is:

provision of the means to quantify the worst-case energy deposited b A uch tha
accurately transformed into the worst-case temperature increase in viy

condary requirements, but important nonetheless, are:

wide availability as a liquid or gel;

ease of use;

stability over time and temperature;

e tissue simulant insid

loading of th@ i

ce the’tength of the AIMDs is usually relatively short with respect to the wavelength, the test sq
vide maximum coupling for short AIMDs. As a result, the testing times will be significantly reducse

it can be

fields at a

tup should
d.

For temperature measurements, an increased S/N ratio can be achieved for a given amplitude of the incident
field by increasing the conductivity of the tissue simulant. As the induced fields per input power only depend
on the conductivity to a minor degree, tissue-simulating material with high permittivity and high conductivity is
the most obvious choice.

Based on experience with saline solutions, which meet the above specifications, the material in Table L.1 is
suggested. However, alternative materials may also be used.

© 1SO 2012 - All rights reserved
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L.2 Recipes
Table L.1 — Examples of recipes for 64Mhz
Wet-tissue (HCM) Fat-tissue (LCM)
Gel Liquid Gel
Recipe 97,812 % water 99,71 % water 55% Triton
2 % HEC 0,20 % NaCl 30% Castor Oil
97488-%Natt +3-5% water
1,5% NaCl
Relative dielectric permittivity 78 78 11,5
Conductivity [S/m] 0,47 0,47 00458
Dendity [kg/m3] 993 1000 To be déteminet \
Thermal capacity [J/kg/K] 4200 4200 To be.deteltined >
Theral conductivity k [W/m/k] | 0,62 n.a. N ro bedetermined
Viscosity n.a. T&e év\@miréd

N

5
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Annex M
(informative)

Generation of incident fields

M.1 _General

The fields induced in the phantom are considerably different from the fields ind
thg phantoms are well suited to generate a well-controlled test environment tha

sityations. The objective is to obtain a uniform tangential E-field for E-field
inductive coupling.

ced in the human| However,
be correlated to human
g«uniform| B-field for

M.2 ASTM Phantom

The ASTM phantoms are defined in M.4.1. The most unif above the

rotation of
thg excitation. Figure M.1 and Figure M.2 |Ilustrate the (E, eI fo)) i . [The points
PdL1, PTL1, PLL1 are marked correspondipg to +1d{B i .

ERMS i dB

-300 -200 -100 0 100 200 300
z axis in mm

Figure M.1 — E, field induced in the ASTM phantom along line L1 (0 dB = 71V/uT)
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0
Z-axis in mm

Figure M.2 — E, -field induced in the brick phantom along line L1 (0 dB = 68V/uT)

M.3 Circular and elliptical phantoms

The cylindrical field in any thin cylindrical phantom that is small with respect to the wavelength is uniform with
a constant phase. Similar conditions are obtained in moderately elliptical phantoms. Examples are shown in

Figure M.3, M.4 and M.5.

114
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0.9

200 0.8

0.7
100

E-field

Zin mm

Normalized

-100

-200

=300 =200 =100

80% E-Field
70% E-Field
Phantom

| | |
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
X—axis in m

Figure M.4 — Elliptical phantom: lines of constant amplitude of the tangential E-field
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20

Phase in degrees

| | | | <°\‘-&
@ 300”7 350

of constant tangential E-field amplitude

Figure M.5 — Elliptical phantom: phase change at

116 © 1SO 2012 — Al rights reserved


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISO/TS 10974:2012(E)

Annex N
(informative)

Dielectric parameters

Table N.1 — Dielectric parameters of body tissue (see Reference [19])

Density | Specific r{
heat hermal Perfusion
64 MHz 128 MHz capacity @tivity rate
gin oin kg/m3 Jlkg/<A
& S/m & S/m O\ %\(K mi/rhin/kg

Bladder 686 | 029 | 219 | 030 | 1040 |~390 056 8
Blood g64 | 121 | 732 | 125 | 1080 \ 3820\ b5y’ 10{000
Bone cortical 167 | 006 | 147 | 007 | 1690 K2 \ 0,40 Do
Brain grey matter o74 | 051 | 735 | 059/ 1039 @675\ | 113 471
Brain white matter 678 | 020 | 525 | 034 | (1haalN\ 3620 050 437
Cartilage 620 | 045 529 Nodg'| fado’)| 3ses 0,47 50
Cerebellum 1164 | 072N 797\ 0,88 . JRo40 |) 3640 0,53 460
Cerebrospinal fluid | 97,3 | 2,07 1840 Y 24°N1007 | 4191 0,60 0
Colon 047 | 064 \| 766NN ros4 | 3653 0,56 152
Cornea €4\ 1,00\ \71.5D 106 ) 1076 | 3793 0,52 38
EyeSclera 753 | ogs. | <680 | 0b2 | 1032 | 3000 0,40 38
Fat 65\ N0.03s [N\59% [ 0037 | ot6 | 2524 0,25 b7
Gall bladder N~ L4054\ % 880 | 158 | 1026 | 3496 0,47 8
Heart AN e s} 843 | 077 | 1060 | 3720 0,54 4oo
Kidney NS 89,6 | 0,85 | 1044 | 3745 0,52 4161
Lens 60) 059 | 531 | 0,61 | 1090 | 3664 0,40 B8
Live’ <\ \\\ \,Z\ 045 | 643 | 051 | 1050 | 3600 0,51 1007
Lung AN\ N3 | 053 | 637 [ 058 | 655 3625 0,44 400
Mucousmémbrare /| 76,7 | 049 | 61,6 | 054 | 1050 | 1006 0,03 0
Muscle 722 | 069 | 635 | 072 | 1041 | 3546 0,53 bs
Nerve 551 | 031 | 441 | 035 | 1038 | 3664 0,46 449
Oesophagus 858 [ 088 | 740 | 097 [ 7040 | 3500 053 383
Ovary 106,8 | 069 | 792 | 079 | 1048 | 3600 0,53 3059
Pancreas 739 | 078 | 668 | 080 | 1045 | 3452 0,49 625
Prostate 845 | 088 | 721 | 093 | 1045 | 3761 0,53 1697
Skin dry 922 | 044 | 654 | 052 | 1100 | 3437 0,35 97
Small intestine 1184 | 159 | 880 | 1,69 | 1044 | 3653 0,56 1000

NOTE  The uncertainty is estimated to be +/-20 %. The properties of scar tissues are provided in Annex O.
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Table N.1 — Dielectric parameters of body tissue according to the Italian National Research Council,

Institute for Applied Physics (continued)

Density | Specific

heat Thermal Perfusion
64 MHz 128 MHz capacity | conductivity rate
oin oin kg/m® Jikg/K
& S/m & S/m W/m/K ml/min/kg
Spinal chord 551 | 031 | 441 | 035 | 1038 | 3664 0,46 549
Spleen 1106 | 074 | 829 | 084 | 1054 | 3603 0.54 1142
Stomdch 858 | 088 | 749 | 091 | 1050 | 3553 0,53 374
Tenddn 595 | 047 | 519 | 050 | 1110 | 3500 050 50
Testis 845 | 088 | 721 | 093 | 1044 | 3746 | 055 [ No3
Thymiis 739 | 078 | e68 | 080 | 1026 | 3960 |< “ob2 1697
Tongle 753 | 065 | 650 | 069 | 1041 | 3546 N N0SEN |\ B
Tooth 16,7 | 006 | 147 [ 007 | 2160 | r3a0\| \OMO\ 0
Uterud 921 | 091 | 754 | 096 | 1052 |-3580 N0 ) 38

Vitreopis humor

691 | 150 | 691 | 151 | 1000 | 393 OR_ opo 0
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Annex O
(informative)

Thermal and electrical properties of scar tissues

It can be shown that RF power density, which directly corresponds to heating of the tissues, falls off
relationship where r is the distance away from the implant (see Reference [37]). Because of the po

with a 1//*
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implant and endocardium, implant material, texty
ation was found between the duration of chronic

Ele
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pration freqiensy. Examples of alternative tissues with known properties are the cartilage, tendg
he eye diglectric properties at 64 MHz (see Reference [52]) and connective tissue thermal pn
°C (see'Reference [53]).
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It i$ reeommended that a sensitivity analysis be performed to indicate how much the induced heatin

g depends

on the tissue properties and thickness.
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Annex P
(informative)

Estimation of conservative B4 and 10g averaged E-field values for Tier 1

P.1 Objective

The objec
maximum
applied in

for RF-induced heating and malfunction

ive of this annex is to describe the methods used to determine consepati i the
nduced Erys field and the maximum incident Bqrys for human exposurelin 1,57 V be
[ier 1 (see Table 6 and Table 15).

P.2 Methods
The maximum 10 g averaged Erys field (induced in the body) and the~Npa the
isocentre) for the patient population have been determined by fions involving four hligh

resolution

exposed tg the RF fields of the birdcage defined i e ily 'godels are described in degtail

human models (DUKE, ELLA and LOUIS of the Vi , the obese adult man)

in P.5.1, and the FATS model is described in P.

NOTE SAR (W/kg) = (0|ERM3|2)/,0, where o is condye kg/m3), and Erus is V/m.

The mode Bodies and the birdcage coil is moved in
different I gference point (i.e. z = 0) for all the models
has been faken to be the centre . g y&en obtained at 10 different positions for each
model, rep 8 i inieal procedures.

The peak éd for each model and position in the head, trunk and
limbs. Cal » is determined in accordance with IEEE C95.3 (see
Reference a 10 g averaging volume in the shape of a cube is found| by
expanding re voxel until the mass is equal to 10 g. The densities of fhe
different ti igation of the size of the 10 g cube. For parts of the body with|air
boundarieg . yods/in R 5.3 are used to determine the appropriate 10 g volume. All of the 1D g
volumes a 3

The peak Erys fields a
coil, in units of (V/m)/u:

limit for th
chosen.

120

d in two ways. They are normalized to B1rus incident in the isocentre of the
hey gre also normalized to the whole-body-average SAR limit or head-average SAR
e operating’' mode of the scanner, in units of V/m. From all the models, the maximum has bgen
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z=-250mm Z=-TZomm z=U Z=TZomm z=z5Umm z=5romm  z=50Umm Z=o0zomm Zz=/Jumm ZF875mm

Figure P.1 — Positions of the FATS (obese adult male model) in
translated along the bore axis

birdecage,

Table P.1 — Maximum incident B; and 10 g averaged induced ERMS value B\Vi amily models
s ingide
the birdcage

FATS S\ \ 3
E RMSmax, in vivo / Wvo E RMSmay, in vivo
Position B1 RMSmax B RMSmax~ £7 First level mode

A\
-
N al \_level
Head Body Limbs | mo X"Q ad ea Body | Limbs | Head | Body | Limbs
VImT | VimiuT | Vim/iuT { pT\\\yT Vim | Vim | Vim | Vim | Vi | V/m
z=]250 81 82 51 4,\7\ ) \@\/ 378 | 384 | 241 | 378 | 384 | 241
z=l125 91 % SN 4}6\ 26 N46 | 421 | 444 | 232 | 421 | 444 | 232

z=h 84 o3 Q| Cag S\ me— 41 | 344 | 379 | 287 | 344 | 519 | 303
z=h2s5 62 \0dy | 120 \[ 56 0 | 36 | 219 | 370 | 428 | 219 | 523 | 605
z=b50 30 AN 34 >| 48 | 34 | 102 | 443 | 555 | 102 | 624 | 784

2=$75 10 J/\39 N\AB2 | 36 | 51 | 36 | 36 | 496 | 508 | 36 | 70{ | 846

z=p00 3 [\12¢ U126 T 740 | 56 | 40 | 15 | 405 [ 505 | 15 | 70f | 714
zsb2s [ 3 | NX| e | 47 | e | 47 | 14 | 380 [ 302 [ 14 | 531 | 555
zeps0 f 2B\ Je3 | 72 54 | 77 | 54 | 15 | 344 | 393 | 15 | 484 | 556
Z=p75 20T % 75 65 | 92 | 65 | 18 | 200 | 488 | 18 | 41] | 690

NQTE The.bold nu r provides the overall maximum values.
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Table P.1 — Maximum incident B, and 10 g averaged induced E rys values for the Virtual Family
models (DUKE, ELLA, LOUIS) and the obese male model (FATS) in the different landmarks inside the
birdcage (continued)

LOUIS
E RMSmax, in vivo / E RMSmax, in vivo E RMSmax, in vivo
Position B1 RMSmax B1 rRMSmax Normal mode First level mode
First

Normal | level
Head Body Cimbs mode | mode | Head | Head | Body | Limbs | Head | Body | Limbs

VIm/pT | Vim/uT | Vim/uT uT uT uT V/im Vim Vim )um\ Vim Vim
=250 |[ 385 | s32 | 527 | 63 | 63 | 63 | 243 | 336 | 334 J(243 \\336 | 33§
z=125 || 349 | 65 | 660 | 57 | 69 | 57 | 190 | a0 | 356N 1d9 \s 462 | 450
7=0 286 | 684 | 624 | 46 | 66 | 46 | 133 | 317 | 280 \ M35\ 449 1 40
7=125 279 | 764 | 989 | 41 58 | 41 | 115 | 31| doe\J s\ 444 | 575
=250 182 | e73 | 778 | 40 | 57 | 40 | 73 |[Coin\3 73 | 383 | 443

2=375 51 764 | 989 43 61 | 43 | 227 \3@7\\26 466 | 60B

=500 43 | 673 | 778 | 48 | 68 | 48 [ (21() 333 f 21 | 459 | 53

7=625 33 | 490 | 609 | 55 | 78 | sa( [\ fop? [“g38 | 19 | 385 | arp
7=750 2.8 344 | 643 | 65 |91 N5 |(18\ 228 V416 | 18 | 315 | s58p

7=875 27 345 | 582 7,7 19,% 3\( h\ 264 | 445 | 20 | 373 | 63
(N
NS
N

E rmsmax, in vivo | E Rvsmax, in vivo E RMSmax, in vivo
Position B RMSmgx, \ g@\ax Normal mode First level mode
First
ormal ve
Head Body \ imb \qnede \9 de | Head | Head | Body | Limbs | Head | Body | Limbs
Vim/uT V/%l}\ %7}1{ uT L/ uT uT V/im Vim Vim Vim Vim Vim
z=-250 43,9 7,5 37, 5 5,9 5,9 260 281 221 260 281 22
Z=-125 486, QN \\20\5 5>; 6,4 5,6 259 304 227 259 349 260
7=0 418 57| \e6w | 45 | 64 | 45 | 188 | 251 | 208 | 188 | 355 | 42
Z=125 27,9 59,5 N 4,0 5,6 4,0 111 237 350 111 335 496
Z=250 12,2 61,8 97,4 3,9 55 3,9 47 241 380 47 341 537
z=375 4.4 76 85 4,2 5,9 42 18 320 355 18 452 509
Z=500 3,8 41,0 60,7 47 6,6 47 18 192 285 18 272 403
Z=625 3,9 21,6 58,1 5,4 7,6 5,4 21 116 312 21 164 441
Z=750 4,0 10,3 60,6 6,3 8,9 6,3 25 65 382 25 92 540
Z=875 4.1 7.1 54 7,5 10,7 7,5 31 54 410 31 76 579

122 © 1SO 2012 — Al rights reserved



https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISO/TS 10974:2012(E)

Table P.1 — Maximum incident B, and 10 g averaged induced Egys values for the Virtual Family
models (DUKE, ELLA, LOUIS) and the obese male model (FATS) in the different landmarks inside the
birdcage (continued)

DUKE
. ERMS, max, in vivo / ERMS, max, in vivo ERMS, max, in vivo
Position B1rMS,max .
B1rmS,max Normal mode First level mode
First

Normal | level
Head Body Cimbs | mode | mode | Head | Head | Body | Limbs | Head | Body | Limbs

VIm/uT | Vim/uT | Vim/pT uT uT uT Vim V/im wm\ V/im V/m Vim
z=l250 462 | 625 | 369 6.1 61 | 61 | 281 | 379 \(224 Mgt | 379 | 224
z=1125 369 | 733 | 392 47 66 | 47 | 173 | 3440 18(4\ 17\3\ 487 | 260

z=p 232 | 744 | 56,1 40 | 56 | 40 | 92 | 2w \ w2 % 1 414 | 314
z=2s5 124 | 761 | 775 | 36 | 51 | 36 | 45| 2m0\(<270\| 25 | 387 | 395

Z7=p50 62 | 904 | 952 | 36 | 51 | 36 [{a2 ]\ 348 | 22 | 460 | 485
2=$75 42 | 958 | 93,1 38 | 54 | 38 [e~[ue8\ 367 | 16 | 520 | s05
7=h00 40 | 931 | 708 | 42 | 60 | (a2(]) 122303 f 208 | 17 | 554 | 422
z=p25 39 | 756 | s69 | 48 | ea( |\*& fop® |83 | 274 | 19 | 514 | 387
z=f50 39 | 493 | 599 | 57 N8 |57\ 23 |7283 | 343 | 23 | 409 | 486

7=p75 3.9 382 | 558 7, 1\}{ 7\2\ g | 276 | 403 | 28 | 391 | 570

P.B Results

e body models. The first set of data is the maxjmum 10 g
and limbs normalized to incident By rus in the isocentre

re reached
the loaded
ident B, field
component
at is of no
contribute
component

2 W/kg), or
the body-
level than
is true for

the other B1 max values In other words, the B max values are defined as follows:

B1 max (head) = min [B1 nax (head), B1 max (NOrmal mode)]
B1 max (normal mode) = min [B1 max (head), By max (Normal mode)]
B1 max (first level mode) = min [B1 max (head), B1 max (first level mode)]
The third and fourth sets of data in Table P.1 are the peak 10 g averaged E Rrys fields normalized to the

appropriate SAR levels. These values are calculated by multiplying £ rusmax, in vivo! B1 max (first set of data) by B,
max (Second set of data).
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The highest values of the £ and B fields in Table P.1 are then chosen for Tier 1 (Table 6 and Table 7). As
expected, the highest induced E-fields per B; are induced in the FATS model, since his body occupies the
largest volume inside the cage.

The theoretical maximum incident B rus for the two modes values will significantly increase for even smaller
persons than LOUIS before the averaged SAR limits are reached. These maximum values will be far beyond
what is achievable in commercial scanners. Therefore, it is recommended to test By rus coupling for the
maximum achievable B; grus Of 7 uT in commercial scanners (see Table 7). Different values will be obtained
for different birdcages and different sets of anatomies. However, the values given here are considered to be
sufficiently conservative.

Tiable P.2 — Conservative induced incident E rys values for testing according to Tier 1

Maximum induced field Normal mode First level mo}a\
normalized to B4 rus

Body part E RMsin vivo ! E RwSin vivo in vivd >
B1 RMSmax /

Head 90 V/im/uT 420 Vi \| (480 Wm
Trunk 140 VIm/uT 50 x \7 v/
Extremities 170 VIm/uT 8}0 Vim

NOTE 1 his table are conservative 10 g
averaged E erage SAR values of 3,2 W/kg| for
both norma § normalized to whole body avergage
SAR values node, represent the highest values calculated uging
four differen i i i Dk l» g and\a height ranging from 1,60 mto 1,78 m |n a
large numbs ic 1,

/\ x > N >lvo B1 Rusin vivo
\/é/zml(\ggq X No\yal mode First level mode
/\\Qee}t\ \J§ 74T 7uT

\ \K\K 7uT 7uT
< \ég \w’ues 7uT 7uT

NOTE 2 [As the maxi Mt limited by the SAR limits but by the limitations of the commercial scanners, the
B1 rus to beused for magnetic coupling is set to 7 uT.

P.4 Scaling of results for Tier 1 of RF-induced malfunction

For RF-induced malfunction in Clause 19, conservative values for the peak E-field in tissue are needed. For
Tier 1, the worst-case values of E rusin vivo are calculated by scaling E rusmax, in vivo/ B1 rRMsmax Of Table 6 by the
maximum By field. The highest B, field currently reported for commercial 1,5 T scanners is 30 pT (this is B¢+,
the circularly polarized component in the same direction as the proton spin precession). Therefore, the values
in Table 15 are calculated as follows.

For head:
E (peakK)in vivo = B1 (peak) x max (£ rmsmax, in vivo/ B1rus)(head)

=30 uT x max (90 V/Im/uT) =2 700 V/m

124 © 1SO 2012 — Al rights reserved


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

For trunk:

ISO/TS 10974:2012(E)

E (peak)in vivo = B‘l (peak) X max (E RMSmax, in vivo/B'I RMS)(trunk)

=30 pT x max (140 V/m/uT) =4 200 V/m

For extremities:

E (peak)in vivo = B1 (peak) x max (E rmsmax, in vivo/ B1rus)(€Xtremities)

=30 !IT X _max (170 \//m/!IT) =5100V/m

The tests of RF-induced malfunction use test signals according to the RF sequen f sequences d

8.2. These signals are pulsed sinusoids.

Table P.4 — E-field level for Tier 1

Body part Normal and |rst e\mode
k (V/Qw\
Head ORTNAN
Trunk / ) \4\2&)\ >
Extremities ( \\) / N6 1b@\

N\

&

i

escribed in
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Annex Q
(informative)

AIMD configurations

This includes combinations of the following configurations.

— If a sy

combination of system components constitutes an "AIMD configuration”.

— If sys

patterps, each such disposition is an "AIMD configuration". Specific examples

|
Q.

o

— ahatomical locations;

— shape, polarization or orientation of constituent co

|
< ®w

— If a sy
"AIMD

— nprmal operating mode

—
-

— device on/off;

ppth of implantation;

oping or bunching of components (e.g. strain-relief loops in |

irrounding tissue characteristics (e.qg.
prsus the circulatory system).

stem can include one or more mechanically or electrically connected components, each poss

em components can exist within the patient in distinct geometrical e

stem can have multiple operating i state or combination of settings is

rsu

erapy enablele

put filtering egabledidisabled;

ixed versus+variable rate;

lemetry enabled/disabled.

dipose tissue versus lean tisg

ble

pue

an

NOTE

126

Because there is a potentially infinite set of AIMD configurations for even the simplest device, it is neither
expected nor intended that testing be done for all possible AIMD configurations. Rather, it is incumbent upon the
manufacturer to clearly define and describe those AIMD configurations which represent potential for malfunction or patient
harm based on device-specific design and performance considerations. Rationale regarding equivalency or supersedence
of AIMD configurations under given test conditions should be used to reduce the set of required tests.
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Annex R
(normative)

Uncertainty evaluation

R.1_General

This annex presents requirements for estimating the uncertainty of measurepents or simulatipns of the

prdcedures referred to in this Technical Specification. Each clause describes th¢ dominant compon

ents of the

un ertalnty that shall be accounted for. A detailed uncertalnty estimation s e' edy} order to obtain a

(G
theg

Th

¢; i$ the sensitivity coefficient of each uncertainty component «;, and

i$ based on

r complex
edge. The
ented with

inty of each

nents, the
a normal
bending on

are (RSS)

(R.1)

m ie_the number of influence quantities

The interval around the assessed value providing a 95" percentile confidence corresponds to the assessed

value plus the uncertainty for k=2 (2 x standard uncertainty).

R.2 Uncertainty budget of energy deposition using SAR or temperature probes

This clause describes the uncertainty budget to be applied for Clause 10.

© 1SO 2012 - All rights reserved

127


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISOITS 10974:2012(E)

Table R.1 — Measurement uncertainty evaluation template for experimental SAR and temperature
evaluation in vitro

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+/- %

Measurement system

Probe and data acquisition uncertainty N 1

RF transmit coil and phantom

Incident figld £ and B
Medium parameters N 1 /\
DUT relatdd N

DUT position N (N \

DUT holdgr uncertainty N 1\

Data assessment evaluation \ \ \/
Point meagurement R \ \ w*g\ >
n,

3D-energy| deposition reconstruction / R
Combined standard uncertainty /\K I}&?# N

Expanded uncertainty (95 % confidence \
interval)

a) The pfrobe uncertainty includes at least the followi etexs for SAR measurements:

— probe|calibration for the specifict
— linearity; :
— isotropy;

— integ;lation volume;

— disto
— noise |evel.
b) The pfobe uncertaintyrincludes at least the following parameters for temperature measurements:

— probe|calibration for the specific temperature range;

— linearity:

— integration volume;
— EM field sensitivity;
— noise level;

— response time;

— distortion of the field and temperature distribution by the probe and probe fixture.
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c)
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The incident field uncertainty includes at least the following parameters:
uncertainty of target magnitude;

uncertainty of targeted phase;

deviation from target amplitude distribution;

deviation from target phase distribution;

drift of amplitude;,
drift of phase;
distortion of DUT holder and probe fixture.

The uncertainty related to the phantom medium should include a

dug’to\measurement time.
The uncertainty refated to the 3D extrapolation should take the following into consideration:

it'is.recommended to use numerical data for the extrapolation such that only the uncertainty w

of‘the numerical distribution shall be determined;

ith respect

the uncertainty with respect to determining the amplitude of the distribution that is different compared to

that of the single point assessment.
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R.3 Uncertainty budget for gradient-induced device heating

This clause describes the uncertainty budget to be applied for Clause 11.

The following uncertainty budgets are applied:

by computation).

Table R.2: uncertainty budget for Tier 2 (determine the magnetic field RMS dB/dt exposure requirement

Table R.3: uncertainty budget for Tier 2 (determine the magnetic field RMS dB/dt exposure requirement

by mepsurement using clintcar MR scanner).

Table
measyrement).

Table
measyirements).

Table R.2 — Uncertainty budget for Tier 2 (determine the magne@h&sﬁmh by computation)

R.4: uncertainty budget for in vitro temperature rise testing (DUT

R.5: uncertainty budget for in vitro temperature rise testing (D

dB/dt ~exposlre

Description Uncertainty %or Standard
value uncertainty
+-% /\

Simulatioh uncertainty < < C K U ‘\/
Numerical|reflections > R V3
Absorbing|boundaries ( ~ 1
Simulation| features /\ \ \ \\1( 1
Discretizatjon A w 3\/ N 1
Post-procgssing (e.g. averaging) [ \ -~ N 1
Gradient ¢oil design < > 2 < \/
Field polarisation A(\\/\ \/\\) R V3
Field unifofmity <\ ) R \3
Body anatomy /\ \ \
Body geometry \ \\\ \ N 1
Dielectric paramc%f\s\\ \ > N 1
Thermal pgrameters \ N 1
AIMD paths in body N 1
Body posifion,ii ¢oil R \3
Combined standard uncertainty RSS
Expanded uncertainty (95% confidence
interval)
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Table R.3 — Uncertainty budget for Tier 2 (determine the magnetic field RMS dB/dt exposure
requirement by measurement using a clinical MR scanner)

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+- %

Magnetic field probe uncertainty
Spherical isotropy R V3
Noise N 1
Sénsor displacement R V3
System detection limits R /\#3\
Readout electronics N /\\ (\1
Response time R (\ \@
Integration time RN \ V3
Dijrectivity I%\ . \ \ \73\/
Spatial resolution \N \ \ >‘I
Chalibration uncertainty / N ) 1
Pfobe position A & S R \3
Pfobe orientation /\\ > ( UR V\) \3
Cpmbined standard uncertainty \ R
Expanded uncertainty (95% confidence
interval) (‘\
Table R.: fqr in vitro temperature rise testing
[\ t exposure measurement)
Description \U>ertainty Probability Divisor Standard
G value distribution ung¢ertainty
AR
Mpgnetic field pro{e\u{n rt;hw/\ )
Spherical isotropy~ \ R V3
Nbise NS N 1
Sensor c}sp@mn\ > R \3
System detecti}m@its \ R V3
Readout elestronics N 1
Respanse time R V3
Integration time R \3
Directivity R \3
Spatial resolution N 1
Calibration uncertainty N 1
Probe position R V3
Probe orientation R V3
Combined standard uncertainty RSS
Expanded uncertainty (95% confidence
interval)
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Table R.5 — Uncertainty budget for in vitro temperature rise testing

(DUT in vitro temperature rise measurements)

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+-%

Temperature probe uncertainty

Noise N 1

Sensor displacement R V3

System ddtection limits R V3

Readout ejectronics N 1 /\
Response|time R 243\\ ~
Integration| time R (\zé\ \
Directivity R \/?\

Spatial redolution N \N\ \ \/
Calibratior] uncertainty N \ \ \ >
Probe pos|tion / R ) ?8\

Combined standard uncertainty /\K I}&? N
Expanded uncertainty (95% confidence \ U
interval)

R.4 Uncertainty budget for gradient-induc v\@

This claus¢ describes the uncertain

The follow

— Table
requir

— Table
requir

— Table

— Table

132

ng uncertainty budge

R.6: uncertain@i €
bment by computatjo

5

ineg’the vector product gradient field dB/dt x B, exposjre

R.7: uncertainty\bud détermine the vector product gradient field dB/dt x By expospre
bment by inical MR scanner).
R.8: dget far measurement of DUT vector product gradient field dB/dt x By exposurg
R.9: uncertainrty budget for measurement of DUT vibration.
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Table R.6 — Uncertainty budget for Tier 2 (determine the vector product gradient field dB/dt x B,

exposure requirement by computation)

Description

Uncertainty
value

+-%

Probability
distribution

Standard
uncertainty

Divisor

Simulation uncertainty

Numerical reflections

Absorbing boundaries

Simulation features

Discretization

\3

1

1
N

Post-processing (e.g. averaging)

Gradient coil design

A

Field vector error in region of interest (ROI)

24
w

Field magnitude error in ROI

2 zzzzm
4N
24712

<

atic (Bo)coil design

SO\

/

Field vector error in ROI

4\/

Field magnitude error in ROI

b/

Bpdy anatomy

Body geometry

>
"

TI|1ermaI parameters

A'MD position in body

EEnNDZAY

N

‘MD orientation in body

(

N

bdy position in coil

Dlzlz|z N

A
B
C

nc%stalnty>

bmbined stand

NN
)

RSS

nce

N
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Table R.7 — Uncertainty budget for Tier 2 (determine the vector product gradient field dB/dt x B,
exposure requirement by measurement using clinical MR scanner)

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+-%

Gradient magnetic field dB/dt probe

uncertainty

Spherical isotropy R V3

Noise N T

Sensor digplacement R V3

System dgtection limits R \N

Readout eectronics N /\<‘1\ &
Response|time R \ \73\ \)
Integration| time R 3

Directivity R < N\ QQ\\ 2

)

Spatial redolution

—

Calibratior] uncertainty

Probe posltion

L
A
&%
/]

Probe orientation \ \ ) & \3
Static magnetic field probe uncertainty } \

Spherical isotropy & N\ R> V3
Noise ( \ \) N > N 1
Sensor digplacement [\ N aN ) R V3
System ddtection limits k \/\ \ \ R \3
Readout eectronics &) < & N 1
Directivity /\< \/\\/ R V3
Spatial regolution & \ \/ N 1
Calibratior] uncertainty( \ \ x N 1
Probe position /\\ x\ \ R V3
Probe orieptation X \\/ R V3

Pl
()]
(@]

Combined standard unéﬁa{nt}

Expanded uncertainty (95% confidence
interval)
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Table R.8 — Uncertainty budget for measurement of DUT vector product gradient field

dB/dt x By exposure
Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+- %
Gradient magnetic field dB/dt probe
uncertainty
Spherical isotropy R V3
Npise N T
Sensor displacement R V3
SYstem detection limits R \3
Readout electronics N &1
Response time R \ Jﬁ\
Infegration time
Dfrectivity <\§\\\ \:\\\:Z\ >
Spatial resolution \N\\ 1
Chlibration uncertainty ( (7 1
P{Obe position uncertainty /\( \\/ / R \§ V3
Plobe orientation uncertainty \ \ ) & \ \JR)\/ V3
Static magnetic field probe uncertainty /l \
Spherical isotropy & N\ > R V3
Npise ( f\ \) . > N 1
Sénsor displacement [\ N aN ) R \3
System detection limits k \/\ \ \ R V3
Readout electroniés\) < & N 1
Dlrectivity A \/\ R V3
Spatial resolution \ \/ N 1
Calibration unérm \ x N 1
Pfobe pge’fﬁbn\bq\ce@% \ R \3
Pfobe oriMn C&\W R V3
Cpmbined stanﬁ’rd\un rtainty RSS
Expanded-uncertainty (95% confidence
interval)
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Table R.9 — Uncertainty budget for measurement of DUT vibration

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+- %

Acceleration uncertainty

Noise N 1

Sensor displacement R \3

System detection limits R A3

Readout ejectronics N 1

Responsel[time R V3 (

Directivity R K
Calibratior| uncertainty N < \1\ >
DUT position R WO\ N
DUT orientation R /\ REY

Combined standard uncertainty

’
4
{

Expanded uncertainty (95% confidence
interval)

D
O
\@)

(&

R.5 Undertainty budget for By-induceduma cti

This claus¢ describes the uncertainty budget to beg applied use18.
Table R. certa o static field test
Descrlptlon Uncert E\J Probability Divisor Standard
value distribution uncertainty
R %
B, sourcejrelated uncertaln \/\\/
Amplitude |[deviation from 1 N’ \ \/ N 1
Deviation from spatial nlfm \ \ > R V3
Drift over measu@n\er\\(u \ \ e.g. 5% R V3 2,9%
Magnetic field pro%\u\ a\{y\/
Noise N N 1
Directivity R \3
Spatial redolution N 1
Calibration uncertainty N T
DUT related
DUT position R V3
Combined standard uncertainty RSS Sqrt of sum of
sqrs
Expanded uncertainty (95% confidence 2xRSS 2X standard
interval) number
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R.6 Uncertainty budget for RF-induced malfunction

R.6.1 Injected immunity

This clause describes the uncertainty budget to be applied for 19.2.

The following uncertainty budgets are applied:

— Table R.11 for the determination of the incident £-field;

ISO/TS 10974:2012(E)

—| Table R.12 for the exposure to the field with HCM/LCM,;

—| Table R.13 for the measurement of induced voltage;

—| Table R.14 for the injected immunity test.

Table R.11 — Uncertainty budget for Tier 2 and Tier 3, Step{(ﬁb&i ine incident test E-

field)

Description

Uncertainty
value

+/- % /

jvisor

Standard

ung

tertainty

imulation uncertainty

a\y

imerical reflections <

C

bsorbing boundaries

scretization

bst-processing (e.g. averrggi}g)\ w

( A\
(S

Nl

F coil design

S
N
A
Simulation features (
D
P
R

~—"

I
Field polarisation ( \ > 2

N

V3

Field uniformity

V3

ONA A
AN D)

electric /pa@}r\eter\s\\ \ \/

B
Body geometr)/\\ \
D
T

[MD paths in B

femaiomcanee K>
N

nlzz2z2|z2

V3

A
Body position_in coil
C

bmbined standard uncertainty

RSS

Expanded uncertainty (95% confidence

interval)
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Table R.12 — Uncertainty budget for Tier 1 to Tier 3, Step 2 (expose to field with HCM/LCM)

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+- %

Source uncertainty

RF amplifier stability N 1

X
2
w

Deviation from spatial uniformity

E-field prahe uncertainty

Spherical isotropy

Noise

Sensor digplacement

System dgtection limits

Readout ejectronics

o|lz|n|n|lz|D
N
@2{
v
N

Response|time

Integration| time

;
i
L

Directivity / % 73
Spatial redolution /\\/RI/ N 1
Calibratior| uncertainty < < 6 U ‘\/ 1

Permittivity measurement

£ 21 4z

Phantom felated >
(
\

BN
Conductivity measurement /\ \ \ 1
Permittivity agreement with target Y\alués\ \[ ~ 3\/ R V3
Conductivity agreement with targei va \ -~ R V3
Phantom ghape < B } { \/ R \3
DUT relatéd N\ N
DUT position (\ ) R V3

Combined standard wf&e@\qﬂ& RSS

Expanded uncertainty (95 % coufidence
interval) C\
\\\>
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Table R.13 — Uncertainty budget for Tier 1 to Tier 3, Step 3 (measure induced voltage)

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+-%

Voltage monitor
Influence of monitor on field distribution 1
Influence of communication on field 1
distribution
Sfability over time R V3
Npise N /\1\
Cpmponent values N /\\ ~
Cpmbined standard uncertainty RSS /\ \
Expanded uncertainty (95 % confidence
interval) <\
AN

Table R.14 — Uncertainty budget for nity\sst

Description Uncertaint a Divisor Standard
value (1 utio unc¢ertainty
+/-@\

Injection network & & (

Cpmponent values 1

L¢ad lengths ( (N V3

Source uncertainty (\ /\ \) \>

RF amplifier stabilty |\ N ) N 1

Dyift over measuren}qlt tilhe \ V3

Vopltage monitor Q > < Q

Influence of monitor o eld\dis/thb@o}\/\ 1

Influence nisatjo \\/e( 1

digtribution /\

Sfabilty oer tive NN\ V3

Npise 1
NN

Cpmponent v%e{ \ 1

Cpmbined standarMertainty RSS

Expanded-uncertainty (95 % confidence

ir1terval)

R.6.2 Radiated immunity

This subclause describes the uncertainty budget to be applied for 19.3.

The following uncertainty budgets are applied:

— Table R.15 for the determination of the incident test E-field;

— Table R.16 for the radiated immunity test.

© 1SO 2012 - All rights reserved
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Table R.15 — Uncertainty budget for Tier 2 and Tier 3, Step 1 (determine incident test E-field)

Combined standard uncertainty

BN

Z

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+-%
Simulation uncertainty
Numerical reflections R \3
Absorbing boundaries N 1
Simulation features N 1
Discretizatjon N 1
Post-procgssing (e.g. averaging) N 1 (
RF coil dqsign /\< h <\
Field polarisation R < \Q >
Field unifofmity R NRON] N\
Body anatomy /\ \\ \
Body geometry /N\ \ w
Dielectric parameters / % 1>
Thermal pprameters /\\/RI/ /\ 1
AIMD paths in body < < C r\(\ N\ ‘\/ 1
Body posifion in coil > R \3

(

Expanded
interval)

uncertainty (95 % confidg&\

®

€
3

9,

N
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Table R.16 — Uncertainty budget for radiated immunity test

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+-%

Source uncertainty

RF amplifier stability N 1

Deviation from spatial uniformity R V3

field probe uncertainty

bherical isotropy

bise

|0 Z2|A0

stem detection limits

b

padout electronics

<
Y

E
S
N
Sénsor displacement
S
R
R

bsponse time

E
A
%

Inegration time R\ 3
Dlrectivity / \Q > \3
Spatial resolution (\\/ / INN 1
Calibration uncertainty < < N 6 k UN ‘\/ 1
Phantom related N \_/

Pérmittivity measurement ~ N 1
Copnductivity measurement /\ /\ \ \ N 1
Permittivity agreement W|tp\tabe{ va ~ 3\/ R V3
Cpnductivity agreement wﬁth\bapg&\uqluex —~ R \3
Phantom shape < B ? { \/ R V3
DT related NN

DPTpositon "\ ) R \3
Cpmbined st ch{n&\rtém\ty RSS

Expanded~unc rta'nNS co}ﬁﬂ/ence
irlterval&\ \%\

\
R.F Uncertainty budget for gradient-induced malfunction

R.7.1.dnjected immunity

ThisTlause describes the uncertainty budgetto be apptiedfor 20-2:
The following uncertainty budgets are applied:
— Table R.17 for the determination of the incident magnetic field strength;

— Table R.18 for the injected immunity test.
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Table R.17 — Uncertainty budget for Tier 2 and Tier 3, Step 1 (determine magnetic field strength)

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+-%

Simulation uncertainty

Numerical reflections R \3

Absorbing boundaries N 1

Simulation features N 1

Discretizatjon N 1

Post-procgssing (e.g. averaging) N 1 (
N

Gradient ¢oil design A <\

Field polafisation

|
LN
P
P
v

Field unifofmity

Body anatomy /\ \\ \
Body geometry /N\

Dielectric parameters /

al

Thermal pgrameters /\\/R'/ /\
Y
R

AIMD patHs in body ( ¢
Body position in coil >
Combined standard uncertainty ( ~ Rég

Expanded uncertainty (95 % confide Q
interval)

Table R.Mﬂ@%}d@ﬁeﬁnjected immunity test
Descripti@ Un rw Probability Divisor Standard
valye distribution uncertainty

/\<\ AL

Injection Tetwork \ ~

Componerlt values \ \ \ )
Lead lengths < \ \ \ R i
N\

Source uncertainty A

RF amplifier stability. \/ N 1

Drift over measurement time R V3

pd

Voltage monitor

Influence of monitor on field distribution N 1
Influence of communication on field N 1
distribution

Stability over time R V3
Noise N 1
Component values N 1
Combined standard uncertainty RSS

Expanded uncertainty (95 % confidence
interval)
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R.7.2 Radiated immunity

This subclause describes the uncertainty budget to be applied for 20.3.
The following uncertainty budgets are applied:

— Table R.19 for the determination of the incident magnetic field strength;

— Table R.20 for the radiated immunity test.

Table R.19 — Uncertainty budget for Tier 2, Step 1 (determine magnetic field strength)

Description Uncertainty Probability Divisor Standard

value distribution ung¢ertainty
% ANENY

Simulation uncertainty \

Numerical reflections & \ \\ﬁ&)

Absorbing boundaries <\N\\ \\‘ \1

Simulation features / \N\\ 1

D{scretization PR ( _ N\ 1

Post-processing (e.g. averaging) /\& X (\\N ‘ \> 1

Gradient coil design

R \3
R V3

Field polarisation

()
&0
NN _)
Field uniformity )

.
Bpdy anatomy < /\
D

AN
(N
RO

Body geometry [\ N N\ \) N 1

electric paramete/rs\ K \ \ x N 1
TI|1ermaI paramete%\) & \ N 1
AMD paths in body AN S N 1
Body position in coﬁ\ \ \/ R \3
C

bmbined st nndéQal RSS

Expandgd uncertai %5 % confldence
interval)
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Table R.20 — Uncertainty budget for radiated immunity test

Description Uncertainty Probability Divisor Standard
value distribution uncertainty
+- %

Source uncertainty

RF amplifier stability N 1

Deviation from spatial uniformity R \3

Magnetic field probe uncertainty

Spherical isotropy R V3

Noise N 1 (

Sensor digplacement R /\\/3‘ <\

System dgtection limits R < \Q >
Readout eectronics N \1 \ \
Response|time R /\ \% \

Integration| time

;
i
L

Directivity / % 73
Spatial redolution /\\/RI/ N 1
Calibratior| uncertainty < < 6 U ‘\/ 1

Permittivity measurement

£ 21 4z

Phantom felated >
(
\

BN
Conductivity measurement /\ \ \ 1
Permittivity agreement with target Y\alués\ \[ ~ 3\/ R V3
Conductivity agreement with targei va \ -~ R V3
Phantom ghape < B } { \/ R \3
DUT relatéd N\ N
DUT position (\ ) R V3

Combined standard wf&e@\qﬂ& RSS

Expanded uncertainty (95 % coufidence
interval) C\
\\\>
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Annex S
(informative)

Guidance on gradient field interactions and test methods for pacemakers

radient hazards

induction in the pulse generator case and mternal conductive components P ffects, the

The second column in Table S.1 lists the effects of gradient-induced Y i rds varies.
For example, gradient-induced noise might result in the failure to se di igna hich could
calise temporary inhibition of pacing. More severe is grad|ent- 4 i hight result
in inappropriate high-rate pacing and/or induced arrhythmia P
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Table S.1 — Pacemaker gradient effects and test methods

Mechanism

Effect

Evaluation method

Requirement

Unintended cardiac
stimulation

(without rectification)

1. Measure in vivo lead
capture threshold: Omin,

1 rheobase-

2. Measure pulse
generator charge and
current injection due to
gradient-induced EMF:

Lead capture threshold >
gradient-induced PG lead
interface pulse current or
pulse charge:

Omin > OprG_EMF

Po_Cvr,

IpG_EMF

I I
Theobase -~ 1PG_EMF

Unintended cardiac
stimulation

(with rectification)

1. Measure in vivo lead
capture threshold: Omin,

Irheobase-

2. Measure pulse
generator charge &
current injection due to
max gradient-induged
EMF: Opc_ewmF,

Irc_EMF

Failure to sense bio-

electric signals Q

Meaéépplicable

nufacturer sensing
ecifications during MRI
gradient field exposure

Gradiept-induced  lead
voltage Inhibition of pacing Deliver specified pacing
therapy therapy during exposure to
MRI gradient field exposure
Dis ort| cep Is &canner Deliver specified pacing
. . therapy during exposure to
ench simulation of : 4
< MRI gradient field MRI gradient fields
environment
vicg ma unc n 1. Bench test, exposure Meets operating
during MRI of device to maximum requirements per device
gradient field-induced labelling during and after
\ lead voltages exposure to actual or
2. Expose device and simulated MRI gradient fields
leads to MR scanner
gradient magnetic fields
Device overstress 1. Exposure to MR Meets manufacturer
damage scanner gradient specifications following
magnetic fields exposure
2. Bench stress test by
injecting signal
equivalent to gradient-
induced lead voltage
146 © 1S0 2012 — All rights reserved
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Table S.1 — Pacemaker gradient effects and test methods (continued)

temperature rise during damage or discomfort
exposure to worst-case
gradient field amplitude
and pulse sequence

2. Device meets

following exposure

Mechanism Effect Evaluation method Requirement
Device heating Measure pulse generator | 1. Case heating does not
case surface result in pocket tissue

manufacturer specifications

Eddy currents induced in

o L P =, | Vibration MR scanner Vibration does not result in
UtTVvILT Uy VITN HIGUICIIL . .
T . patient tissue damgge or
magnetic fields (patient) discomfort
Vibration 1. MR scanner gswce eets'manufagturer
(device) 2. Shaker table prof‘<
validated to at Igas
equal in vivo clinical
conditions
Force MR scann NG ASIM=\Fokce < (ASTM)
F2052 or equivale
rl manufacturer >peC|f|c
meth
safe pressure limit (kg{cm )
Static field Torque M i Torque < product of |G and
IPG longest torqu¢ arm
<\ (ASTM).
Or IPG manufacturer ppecific
safe torque limit
The most serious pacema &as ogfated with MRI-gradient magnetic fields| are those
requlting in unintended cg kere are two types of unintended cardiac stimulation.
The first type is c ' ienty dNead voltage waveforms being mistaken for sensed cardiac EGM
sighals. If the pac S ingy feature that is enabled, the gradient noise may calise pacing
to pe inhibited. In thig . emaker is

pe

fatal if therarrhythmia is not corrected promptly.

iod associated with the relative refractory portion of the cardiac cycle. Either of these outcome

Th

maximum

lation. The
sequence
ventricular
ation rates,
vulnerable
s could be

b MR gr:\rlinnf ms\gnnﬁn field could also cause the ps\r\nmal{nr device to malfunction due to col

ducted or

radiated EMI. The outcome of malfunctions could also be a patient safety risk.

S.2 Determining pacemaker-specific MR gradient magnetic field requirements

S.2.1 General

This clause describes the general considerations associated with pacemaker hazards during MRI scans and
methods for estimating key parameters such as induced EMF along leads, lead stimulation threshold, device
input impedance (Qprc_emr), and patient vibration limits.
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147


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISOITS 10974:2012(E)

S$.2.2 Gradient-induced voltage along patient leads

In the typical pacemaker implant, the pulse generator (PG) is implanted subcutaneously in the pectoral region
and pacing/sensing leads are routed transvenously to the heart. This configuration results in an effective loop
in which voltage induction may occur when time-varying MR gradient fields are present. Significant common
mode EMF may develop between the distal end of the lead and the pacemaker can. In addition, smaller
differential voltages may appear between the tip of one lead (e.g. right atrium) and another (e.g. right
ventricle) due to dissimilarities in lead trajectory and loop area such as might occur when excess lead is coiled
in the pocket.

NOTE This decision-tree provides-auidance-when-selectina-a-method for calculating aradient-induced-lead voltag
g ) 4 I I

ient leads. The miost
exand numerical

Figure S.1[shows several methods for determining gradient-induced voltage along the pa
appropriat¢ method will depend on design margin, knowledge of lead path and dB/dt exp
modeling qapability.

®
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Estimating Gradient Induced Lead Voltage

Is PG design
Is Iegd path safety margin
effective area substantial?
& dB/dt
exposure
known? NO

Y

YES
L 4 (\ v

Faraday’s Law Approximation: Computer Numeric IEC 60601-2-33
Analysis of E-M Field i M | Fijld
de- - Human Bo alculation
EMF =—— [B-a4 N

\ EMF=§E-di
N

NO

A 4 \ 4

1. Lead path effective loop area oils 1. IEC 60601-2-33
from PC69 2™ Ed. max PNS |B| field
2. Use maximum dB/dt at surface ver to 2. 2xmargin
of r = 20cm compliance cylinder ient i E- 3. 2x]E|xlead
3. Assume the dB/dt through the grasien induced length
lead path effective logp is Note that max RNS |E|
uniform and orthog¢nal with'the _ rical integration of is a function gf slew
magnitude from[{em ab e.(\ ) ]along lead path duration.
. alidate process and
result
NQTE i i guidance when selecting a method for calculating gradient-induced leadl voltage.

S.2.3 Unintended cardiac stimulation

S.2.31 General considerations

If the pacemaker and lead system allows charge flow during MRI gradient field exposure, there may be
unintentional stimulation. If unintended cardiac stimulation occurs, there is a risk the patient will experience
haemodynamic collapse due to ventricular high-rate asynchronous stimulation or an induced arrhythmia.

A process for evaluating the risk of gradient-induced cardiac stimulation is shown in Figure S.2.
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MR Gradient Induced Tisswe Stmulation
Risk Assessment Flow Diagram

LEGEND
Process: Data:
(Testng and ! ar Results fram
Analyais) testing ar analysis,

Define lewd paths

MR Gradient
Induced Lead

ME Gradient Induced woltage
Mponetic Field VENEE
Chlarscterization Evaluation

S$.2.3.2 Cardiac stimulation threshold
There is ajminimum charge in which cardiac captyre

Figure S.3|describes the process of\d isNea

Qmin-

Pulse sequeance
timing paramets

(s.ﬂf_ead And Lead
dBidt expeaUre _f |-F Egquivalent Pulze shape

Clircuit Modeding
And Analyais

@& alectrode

NGriadignt Pyless

cardiac stimulation

icular lead electrode.

minimum cardiac stimulation threshold,

S
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Gradient Induced Tissue Stimulation Threshold

Does the Brady Is historical
PG and Lead tissue
System increase stimulation
local (near pacing data
electrode) available?
gradient induced
eurrent-densiy?
YES
g NO
NO YES >
A 4 A 4
Analysis of induced Published or storic n cllnlcal study
current density stimulation threghold dat animal testing | of
apture threshold

\\J

\ 4

significant increase (in
induced curr nsity

m clinical studies

Provide analytical Conduct human in-vivo
evidence that e clinical study (or| if
presence of the Al necessary, in-\ivo
does not result [Iln a animal testing with| a

of pulse width.

suitable animal modgel)
to evaluate stimulation
thresholds as a function

conducted by the AIMD
manufacturer

NQTE  The\capture thteshold is a function of the effective width of the gradient-induced current pulse. The gradient-
indliced current waveform may differ from that of the EMF and is to be considered.

_ - - . . . eshold

S$.2.3.3 Gradient-induced PG charge injection, internal circuit impedance

The pacemaker’s finite input impedance permits charge flow during MRI gradient field exposure. An EMI filter
is used to suppress external RF interference from sources such as cell phones, keyless entry systems, and
theft prevention monitors. The EMI filter provides a low impedance path between lead terminals and the PG
CAN for RF inference. In the presence of gradient-induced voltage, these capacitors charge rapidly (<10uS) to
the external EMF potential. This charge flows through the pacing lead electrode(s) into the cardiac tissue as it
returns to the PG CAN and the proximal end lead terminals. The pacemaker patient lead interface circuit may
also contribute to charge injection. Depending on the magnitude of the total charge injection, Opg emr, and the
stimulation threshold of the lead, Omin, cardiac stimulation may occur.
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The potential circuit paths for currents flowing as a result of MR gradient-induced lead voltage are illustrated in
Figure S.4 for a dual chamber pacemaker with unipolar (single electrode) pacing leads. For each path the
current is required to flow through the pulse generator in order to complete the circuit.

o ———

-

\

<)

:

e

The behav
easily und
pacing lea

ost
He)

Tissue Impedance

Device Impedance

Figure S.5 — Simplified equivalent circuit for gradient-induced current flowing through the pacing

electrode in a single chamber IPG with unipolar lead

The equivalent circuit for a dual chamber pacing system with bipolar leads is more complex. However, the
basic principles are the same, and behaviour in the presence of gradient-induced lead voltage is similar. Once

152

© 1SO 2012 — All rights reserved


https://standardsiso.com/api/?name=6822a973cd58a3d3afb19056e1f8ecf3

ISO/TS 10974:2012(E)

the behaviour of the simpler single chamber unipolar lead configuration is understood, it can be extended to

mo

re complex systems.

Diode is a general representation 1t Gradient Voltage (VL)
of non-linear V-l characteristics 4 "

P

V

NO
righ

Figd
tisg
pa
lea
res

Th
ind
Oy
ele

Th
theg

To

-34.3.4 O, qpc_EMF COMPparison

|
| i ,
_ L | P t
Pacing | Foh | i ;
Electrode | ik A Capacitor (C,,.) Curre
[ 4 1 ’
< < — |
> | > —1 ¥ ] | .
o | o vl Ti onstant<"10
Riissue | R Gl | P
(200 - 2000) | PG AN - |
| >
|
Cpro = 1-10 nF S N —— L esistor(R e rrent
Reg =0.1- 1 MegOhm

S
Device/Case xv\\ >

TE Electrode current will be the sum of the resistive
t.

electrode current resulting fn
ead voltage

Figure S.6 — lllustration of a simplifiedequivale
gradiént field-ing

allel R-C combinatio

d voltage. The cyrre
istive compon@

pacing etectrode’needtto’be known in order to evaluate the risk of gradient-induced cardiac stim

determine patient safety, the minimum lead charge stimulation threshold, O, is compa

nt

us

tively to the

om MR

applied to
circuit is a
nt-induced
ent and the

b gradient-
bn circuits.
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S.2.3.5 Brheobases IPG_EM com

To determ|ne patient safety for long current pulses, the minimum lead current stimulation threshold, Iineopasds iS
compared | to{thle pacemaker’s gradient-induced current injection, Ipc gmr. Figure S.8 illustrates the
determinatfon Of Iheobase aNd Ipg_emr @s well as the associated risk evaluation.

NOTE Imeobase is @ conservative limit. Higher IPG gradient-induced current injection might be acceptable for short and
moderate pulse durations, depending on lead capture characteristics.
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Characterization repetition pattern
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S.2.4 Failure.te sense cardiac signals
Intgrference generated by MRI clinical scan gradient pulse sequences may be sensed by the cardipc sensing
cirg¢uitry of the device. Over-sensing may cause pace inhibition (no pacing therapy) or improper atrjal tracking
andl imappropriate high rate ventricular pacing in a dual chamber pacemaker. Cardiac sensing may be turned
off 1o mitigate this hazard. It pacemaker sensing 1s enabled during MRI, EMC testing should be performed to
evaluate this hazard for a wide variety of pulse sequence types and settings.

S$.2.5 Therapeutic output pace pulse distortion

Gradient-induced lead voltages along long leads can distort delivered pace pulses. Pulse distortion might
result in ineffective pace therapy delivery. Unipolar pacing along the common mode induction path between tip
and CAN are particularly vulnerable to distortion. Bipolar pacing vectors involve a much smaller loop area and
are much less susceptible to distortion. Longer pulse widths and/or higher pacing output voltages may be
used to mitigate this hazard. Figure S.9 illustrates pulse distortion for a typical implant exposed to a moderate
gradient system.
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Indueed Distortion for 0.1V Unipolar Pace Pulse

Pacing ouf 9 ath
should be |placed in an ASTM phantom. The device, lead path land( phantom_should’be positioned such that
the inducef voltage amplitude is = the maximum expected i pathe red
while the scanner is operating and compared to tHe et’s spedi

Pacing ou Dens Qg injeetéd signals that simulate gradient-
induced lgad voltage and a resistor network th \ he patient’'s body tissues. The gradignt-
induced legd voltage is primarily a common mode\sign

S.2.6 Deyice malfunction during

A variety of device malfunetion ¢an ocsu in t ey presence of MRI fields. Potential issues resulting from the
exposure ¢f the device to i N

— false magnet detectiorn);

— suspepsion gf inte
— progrgm mode and/Qf memory state retention;

— devicq reset;

— false battery status or end of life indicator.

An MR Conditional labelled pacemaker should be designed to avoid these and similar operating faults.
Comprehensive EMC testing should be performed to verify that the PG operates as specified and labelled
during and after MRI exposure. The gradient-induced EMI signal injected into the lead interface can be
defined (amplitude, pulse width, and pulse sequence) using some of the methods described above. The
conducted EMI test requirements should be coordinated with the requirements for gradient-induced cardiac
stimulation.
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S.2.7 Device damage due to electrical overstress (EMC)

Pacemakers may be permanently damaged by exposure of MR gradient and B, fields. Potential damage may

include:
— EMI filter damage (high currents);
— lead interface component stress;

— By residual magnetization effects (reed switch, magnet sensors, etc.);

—| internal circuitry (EMF developed along long loops and sensitive circuits, e.g. inductive telemetr

electrical and magnetic field intensity exposure. Refer to Clauses 16,
Specification for additional information regarding EMC testing.

S.2.8 MR gradient-induced heating

Gradient-induced eddy current will flow in the pacemaker gan, b y circuitry. This eq
floyv will result in the heating of conductive surfaces. Pacery i iald be evaluated to
temperature rise due to eddy current heating does notexceed ;

The induced eddy current magnitude is r

—| PG case radius, r, ( proportional o pQsition will occur along the outer perim
IPG Can);

The maximum dB

thg dB/dt needed fro
driying amplifiers)
terms of slewing

S.2.9 MR

give rise to a_net™s
pagemaker.design shotlld be evaluated for potential device and patient tissue damage. Figure S.1(
thg gradient-induced vibration risk assessment.
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Technical

ldy current
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Gradient Induced Device Vibration

Tissue Damage Risk

Device Damage Risk

A 4

Is thg§ device IS the device
w.C. gradient w.C. gradient
vibration margin i
large?
YES NO
A 4 A 4
Evajuate risk of Evaluate risk o Demonstrate risk
device damage device damage mitigation via
using a shaker using tissue calculation of
table simulation of simulating fixture force, torque, and
worst case MR in MR scanner i vibration  based
conglitions undek _worst cas on labeled dB/dt
CO@Q\(\ i and BO field
N \/

S
Gmled vibration evaluation method

If a shaker ation when a pacemaker patient is MR scanned, the shaker
table poweér spectral densi > the PSD measured in an MR scanner under worst-case
conditions S \ e PG should be determined. The resonance frequencies should|be

the focus d

S.3 Ope ts and operating mode during MR scanning

In order tq aveid~the MRI gradient field or other EMC hazards, the pacemaker manufacturer may provide

special de

the patient s —Fhse = erma !
during MR scanning. Normal condition MRI safety risk testing should be conducted with PG modes and

settings per MR Conditional label instructions. The PG should be evaluated against the requirements
applicable during MRI. Safety risk testing should also be done with the AIMD programmed to typical/default

modes and settings.

S.3.1 Operating specification during MR imaging

The pacemaker manufacturer should specify the MR Conditional modes of the device and perform adequate
testing to verify intent, effectiveness and safety.
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S.3.2 Pacemaker programmed as specified by the MR Conditional labelling instructions

Gradient MR field testing of the pacemaker should be performed in the MRI Conditionally safe mode(s) of the
device.

S.3.3 Pacemaker in normal operating mode

The pacemaker manufacturer should consider the effect(s) of MRI gradient exposure as part of the formal
hazard analysis. Additional gradient field testing of the pacemaker outside of the conditionally safe mode to
quantify effects and patient hazards is recommended.

S.4 Pacemaker-specific MR gradient magnetic field safety tes

S.4.1 Unintended cardiac tissue stimulation

The purpose of this testing is to verify that gradient-induced vo e unintenfled tissue

sinulation.
S$.4.1.1  Minimum stimulation charge threshold, 0.,

S.4.1.1.1 General

The purpose of this test is to determine the

S.41.1.2 Test environment

In vivo, preclinical and clinicz

S.4.1.1.3 Test condition

Lead capture th@ from MR
gr{dient-induced Y g nnected in
sellies with a source i impedance,

su¢h that the resufting\les \ influence of
thg MRI gradiep

S4.1.1.4

MR Conditiona i ini i i statistically

To|conduet the Onin study, a voltage generator should be connected to the proximal side of the lepd through
soliree |mpedance S|mulat|ng the IPG mput |mpedance and the return side to the patient through an

the capture threshold of the lead. QOmin Ccan then be Calculated from the minimum capturing pulse amplitude
and source impedance.

NOTE Compare Omin 1o Oprc emrF to determine the safety margin (see S.4.1.2). The voltage difference between the
minimum capturing pulse amplitude and the maximum induced PG lead system EMF may also serve as an adjunct
measure of safety margin.
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