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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 non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The first edition (2012) of this document came about following a joint meeting between 1SO/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 related further development of IEC 60601-2-33.

This second ed1t10n represents experlence galned from the first edition of its use in practlce and the
current u i
The Joint Worklng Group (]WG) respon51ble for thls document (ISO/TC 150/SC 6/]WG 2 and | C/
SC 62B/JWG 1) releases this edition to promote further developments in this area. The JWG anticipafes
the possiljility that an International Standard might result from this work.

IEC 60601-2-33 provides supporting information. By mutual agreement between the JWG and MT {0,
any and g1l MR scanner-related requirements will be considered by IEC/SC 62B/MT-40 and will|be
released through future amendments and editions of IEC 60601-2-33.

No requirements contained within this document, including the use of clinicalyscanners, construe| or
imply any] obligation for compliance on the part of MR scanner manufacturers. Any statement to the
contrary is strictly unintentional.

The relatjonship between product committees is shown in Figure®l. Straight lines represent the
relationship and not necessarily a physical connection. Ellipses represent scope, i.e. the effects betwgen
patient and scanner, patient and AIMD, and AIMD and scanner.

The JWG is concerned with effects on the AIMD caused by the scanner. ISO/TC 150/SC 6 is concerned
with resufting potential hazards to the patient caused by‘the AIMD. [EC 62B/MT40 is concerned wjith
potential hazards to the patient caused by the MR scanner.

— scet

s‘ \
“ / \
\| AIMD Patient |
| |
\ ]
\
\\\ \ /
S~ \ -
\\ - ,,,,,X\——r—'”
> \ Q
&> \ &
\ $

Scanner

Figure 1 — Responsibilities of product committees illustrating the extent of the scope of this
document in terms of the effects between AIMDs and MR scanners

The test methods contained in this document for evaluating device operation against several hazards
are applicable to a broad class of AIMDs. Tests for particular device types are not included. Specific

viii © ISO 2018 - All rights reserved
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compliance criteria and the determination of risk resulting from device behavioural responses during
these tests are outside the scope of this document.

NO

TE The device manufacturer, regulatory agencies and particular product committees, are responsible for
setting specific compliance criteria and the determination of risk. For example, ISO/TC 150/SC 6 might turn the
general provisions of this document into product-specific requirements.

The test methods in this document were derived from six known or foreseeable potential hazards to
patients with an AIMD undergoing an MR scan. These general hazards give rise to specific test methods

as

shown in Table 1.

Table 1 — Potential patient hazards and corresponding test methods

General hazard Test method Clause
Hqat RF field-induced heating of the AIMD 8
Gradient field-induced device heating 9
Vipration Gradient field-induced vibration 10
Force Bp-induced force 11
Torque Bop-induced torque 12
Gradient field-induced lead voltage
Udintended stimulation (extrinsic electric potential) 13
RF field-induced rectified leadyoltage 15
Malfunction By field-induced device malfunction 14
RF field-induced deviéesmalfunction 15
Gradient field-induegd device malfunction 16
Combined fields\test 17
Figure 2 depicts the relationship between-the three output fields of an MR scanner (RF| gradient,
anfl Bg) and the hazards considered by this document. In the figure, extrinsic electric potgential and
RF| rectification are represented as Unintended Stimulation and heat is shown as occurring|from two
solirces, Electrode Heating and Dewvice Heating. Numbers in parentheses indicate clause numbers. For
example, RF field-induced heating of’electrodes is evaluated according to the test method in (lause 8.

© ISO 2018 - All rights reserved
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Evaluatio]
in Claused
approachsg
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appropriate test signal voltage leyelsior to estimate tissue heating, for example. Within this docum

device im

In additiqg
accompan

RF-inducd
componer

(10)  (10)

(15) (16) (14)

Device
heating

Malfunction

— Relationship between MR scanner outpuit fields (RF, gradient, Bp) and hazards (te
method clause numbeérs in parentheses)

1 of the AIMD for these hazards involves some combination of testing and modelling. Te
| 8 through 16 may use bench-top testing, modelling, MR scanners, or a combination of th
s. The test in Clause 17 uses an MR scanner. Devices are subjected to radiated fields
pltages in order to witnessbehavioural responses. Modelling may be employed to determ

munity to the Bg, RF, and-gradient fields is evaluated separately, except for Clause 17.

n to the tests listéd in Table 1, this document contains requirements for markings 3
ying documentation (Clause 18).

d heating oftissues surrounding an AIMD is caused by elevated local SAR and associaf
t heating that arises from induced currents.

Gradient-z[:duced device heating is caused by eddy currents.

Device vi i

Force and

Sts
pSse
or
ne
PNt

nd

ed

torque is caused by By (static) interaction with magnetic materials.

Extrinsic electric potential is meant to imply that the induced voltage comes from outside the device as
in the case of gradient-induced stimulation or modification of output pulses due to superposition. The
result involves voltages not caused by a device malfunction.

Rectification of induced voltages can occur if the induced voltage is high enough to cause nonlinear
circuit elements to conduct, for example, an input protection diode. Rectification might result in voltage
pulses occurring at a distal electrode. The resulting rectified voltage is an unintended consequence of
the reaction of the AIMD and is not considered a device failure or malfunction, per se.

© ISO 2018 - All rights reserved
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Malfunction is meantto 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 document.

This document applies to AIMDs that are intended to be introduced into certain MR environments. It
applies only to AIMDs that do not use sensing functions or to AIMDs that are programmed not to use
sensing functions to affect therapy delivery during an MR scan.

The Combmed Fields Test establlshes an in vitro evaluatlon ofthe AIMD functlomng under simultaneous

reulred mthe tests for Clauses 8 through 16 theCombmedFlelds Test exposes the AIMI

an

Fie
considered as one part of the overall assessment process.

Te
us

these generated by MR 1,5 T scanners. The exception being Clause 17. Although, in a few cas
SC3

an
Sp

req

op
Th

] temporal patterns of all three MR scanner magnetic field outputs simultaneouslycThe
Id Test alone does not constitute a comprehensive assessment of device performance and

5t methods described in this document are primarily designed and intended as bench
ng equipment and techniques producing effects (Bp static, gradient,cand RF) represe

nner tests are implied, in all others, the AIMD manufacturer assuries the burden for dej
1 validation of clinical scanner-based test methods. Furthermore,-the test signals and p
ecifically described within this document for bench-top testing are not being encod
ommended for use on clinical scanners and to do so might/result in scanner damage. N
bration beyond commercially released clinical performan<e is required from the MR Manu

e International Organization for Standardization, (ISO) and the International Electr

eXposures
D to levels
Combined
should be

-top tests
ntative of
s, clinical
Felopment
hrameters
iraged or
0 scanner
facturer.

btechnical

Commission (IEC) draw attention to the fact that it is.claimed that compliance with this document may
inyolve the use of a patent concerning gradient vibtation given in Clause 10.

IS and [EC 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
unfer reasonable and non-discriminatery terms and conditions with applicants throughout fhe world.
In this respect, the statement of the holder of this patent right is registered with ISO and [EC (ah example
of the patent declaration is shown in/Annex G). Further information may be obtained from:

Mgddtronic, Inc.

Oplen Innovation and Intellécttal Property

82pP0 Coral Sea St. NE, MV N43

Mdqunds View, MN 551312

USA

Attention is drawn to the possibility that some of the elements of this document may be the[subject of
patent rights, other than those identified above. ISO and IEC shall not be held responsible for ifentifying
any or all.such patent rights.
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Assessment of the safety of magnetic resonance imaging
for patients with an active implantable medical device

Th
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NO|

committees, are responsible for setting specific compliance criteria and determining risk.

NO

NO

to yise sensing functions to affect therapy delivery during an MR scan.

2

Th|
ing

references, the latest editionrofithe referenced document (including any amendments) applieq.

IE
an

AS
Me

AS
in

ptical cross-section) bore, whole body MR scanners operating at approximately 64 MHz w
ly coil excitation.

TE1 Requirements for non-implantable parts are outside the scope of this documént.

e tests that are specified in this document are type tests that characterize interact

magnetic and electromagnetic fields associated with an MR scanmer.”The tests can b
monstrate device operation according to its MR Conditional labellirig.)The tests are not ix
used for the routine testing of manufactured products.

TE3  Other interested parties, such as device manufacturé€ps,fegulatory agencies, and particu

TE4  Safety requirements for MR scanners can be fopnd in [EC 60601-2-33.

TE5  The scopeislimited to AIMDs that do not use sensing functions or to AIMDs that are progr

Normative references

ispensable for its application. ‘For dated references, only the edition cited applies. Fo

L 60601-2-33, Medicql-electrical equipment — Part 2-33: Particular requirements for the b
] essential performdnce of magnetic resonance equipment for medical diagnosis

TM F2052, Stdndard Test Method for Measurement of Magnetically Induced Displacemen
dical Devicesin-the Magnetic Resonance Environment

TM F2243/Standard Test Method for Measurement of Magnetically Induced Torque on Medic
the Magnetic Resonance Environment

s (AIMDs)
rfircular or
'ith whole

ions with
e used to
tended to

TE 2  Modification of these tests for particular device types is left te particular product commitfees.

ar product

hmmed not

e following documents, in whole br in part, are normatively referenced in this document and are

I undated

sic safety

t Force on

al Devices

AS

TM/F2503, Standard Practice for Marking Medical Devices and Other Items for Safety in thd

Magnetic

Resonance Environment

3

Terms and definitions

For the purposes of this document, the following terms and definitions apply.
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31

active implantable medical device

AIMD

active medical device which is intended to be totally or partially introduced, surgically or medically,
into the human body or by medical intervention into a natural orifice, and which is intended to remain
after the procedure

Note 1 to entry: For the purposes of this document, an AIMD is a system consisting of a set of one or more
implantable components (e.g. device and leads).

[SOURCE: 1SO 14708-1:2014, 3.2]

3.2
Bo
static magnetic field of the MR scanner, taken as 1,5 T in this document, unless otherwise stated
3.3
B1+rms
root mear] square (rms) of B1+
t 2
JOX (B, ()] de
B =
1+rmfs t

where t i time, and ty is the integration time, which shall be any*10 s period over the duration of the
entire sequence

Note 1 to fntry: Bis+ is derived from the flip angle averagedwover an adjustment volume, which is typically
represented by the axial central slab wherein MR signal is generated.

[SOURCE:|IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.201]

34
Bl+
component of the RF field in the rotating frame that is effective for tilting of the nuclear magnetizatipn

[SOURCE:|IEC 60601-2-33:2010+AMD%:2013+AMD2:2015, 201.3.244]

3.5

Bl+peak
peak amplitude of B1+

[SOURCE:|IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.245]

3.6
birdcage [coil
radiator which generates the RF portion of the magnetic field

Note 1 to emtry— Thisusually Teferstoa bench-top toit used to simutate the operation of ascamnmer's votumme RF
transmit coil.

3.7
compliance volume
patient-accessible space in which compliance of gradient output is inspected

Note 1 to entry: In MR equipment with a cylindrical whole body magnet, the compliance volume is a cylinder
with its axis coinciding with the magnet axis and with a radius of 0,20 m and with a length equal to the gradient
coil. In all other MR equipment the compliance volume is the volume where any part of a patient body can be
properly located according to the intended use of the MR equipment.

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.202]
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3.8
|dB/dt| rms

root mean square (rms) of the magnitude of the time rate of change of the gradient magnetic field

where t is time, and ¢ty is the integration time.

first level controlled operating mode
mqde of operation of the MR equipment in which one or more outputs reach a value that
physiological stress to patients which needs to be controlled by medical supervisien

Can cause

Nofe 1 to entry: Definition and validation of physiological stress is defined in the absence of additiopal sources

thdt can cause or enhance stress factors (like AIMDs).

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.208, modified — the term
Nojte 1 to entry has been replaced to “can”.]

3.10
fixed parameter option
F

may” in

He), which
 specified

introduces

dient ountnut
gru“l\'llt Uutll“l'

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 condition
specified position

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.209]

3.14
gradient unit

s and at a

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

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.210]
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3.15

intended use

intended purpose

use for which a product, process or service is intended according to the specifications, instructions and
information provided by the manufacturer

[SOURCE: ISO 14971:2007, 2.5]

3.16
isocentre

<MR equipment= null point ofthe cpahn”y nnr‘nr]lng grnr‘]lnnfc

Note 1 to eptry: Typically, this also corresponds to the region of highest magnet homogeneity.
Note 2 to eptry: Typically, this corresponds to the position in the system targeted for imaging.
[SOURCE:|IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.214, modified.]

3.17
lead
flexible tube enclosing one or more insulated electrical conductors, intended to transfer electrical
energy algng its length

[SOURCE:|ISO 14708-1:2014, 3.13]

3.18

lead port|
insulated |JAIMD receptacle or port providing electrical and mechanical connection between an AIMD
and a lead

3.19
MR equipment

magnetigresonance 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

[SOURCE:|IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.218]

3.20
MR scanner

magnetigresonance scannér
see 3.19

Note 1 to eptry: In this decument, the term “MR scanner” is often used instead of “MR equipment”.

3.21
maximurh gradient slew rate
rate of change of the gradient obtained by switching the gradient unit between its maximum specifjed
gradient strehgths Gepaxand G inthe shortest possible ramp time obtainable under normal sdan
conditions

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.222, modified.]

3.22

MR Conditional

item with demonstrated safety in the MR environment within defined conditions, including conditions
for the static magnetic field, the switched gradient magnetic field and the radiofrequency fields

Note 1 to entry: Additional conditions, including specific configurations of the item, may be required.

[SOURCE: ASTM F2503, 3.1.11, modified — The first and second sentences have been merged.]
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3.23

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

Note 1 to entry: Definition and validation of physiological stress is defined in the absence of additional sources
that can cause or enhance stress factors (like AIMDs).

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.224, modified — The term “may” in
Note 1 to entry has been replaced to “can”.]

3.24
search coil
small diameter coil used in a compliance test to measure gradient output

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.230]

3.25

S

spgecific absorption rate

radlio frequency power absorbed per unit of mass (W/kg)

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.233]

3.26

dBydt

time rate of change of the magnetic field

rafe of change of the magnetic flux density with time{T/s)

Note 1 to entry: The time rate of change of the magnetic field dB/dt is assumed to be evaluated in a shitably low
freguency range (e.g. <5 kHz) to disregard effects gf switching amplifier ripple.

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.234]

3.27

volume RF transmit coil
RH transmit coil suitable for use-in MR equipment that produces a homogeneous RF field over an
extended volume encompassed:by the coil

Nofe 1 to entry: The volume RF transmit coil can be a whole body RF transmit coil, a head RF transmit coil or an
RF|[transmit coil designed-for homogeneous exposure of a specific part of the body. A single-loop cofl enclosing
thg body or a part of the body is considered to be a volume RF transmit coil (e.g. single-loop wrist coil).

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.236]

3.28
whole body gradient system
gradient'system suitable for use in whole body MR equipment

[SOURCETEC 60601-2-33:2010+AMDT: Z013+AMDZ:Z015, 201.3.237]

3.29

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

[SOURCE: IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.239]
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3.30

whole body SAR
SAR averaged over the total mass of the body and over a specified time

[SOURCE:
3.31

IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.241]

partial body SAR
SAR averaged over the mass of the body that is exposed by the volume RF transmit coil and over a
specified time

[SOURCE:

3.32
local SAR
SAR averdg

[SOURCE:

3.33
head SAR
SAR averdg

[SOURCE:

4 Syml]

Bg

DUT
MR ]
RF ]
rms

TEM 1

5 Gene

Requirem
be specifi

IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.225]

ged over any 10 g of tissue of the body and over a specified time

IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.216]

ged over the mass of the head and over a specified time

IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.3.212]

pols and abbreviated terms

pradient magnetic field magnitude
levice under test

magnetic resonance

radio frequency

‘oot-mean-square

ransverse electromagnetic

'ral requirements for non-implantable parts

ents for non‘itnplantable parts of an AIMD are outside the scope of this document. They mi
bd in a future edition.

6 Reqlrirements for particular AIMDs

bht

Requirements for particular AIMDs are not specified in this document. They might be specified in a

future edi

tion or in particular product standards.

7 General considerations for application of the tests of this document

7.1 Compliance criteria

Compliance criteria and the determination of risk resulting from device behavioural responses, when

subjected

NOTE 1

to the tests listed in Table 1, are outside the scope of this document.

This subclause does not apply to Clause 18.
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NOTE 2 The DUT is expected to operate in accordance with its intended use (see 3.15) and no
unacceptable risk to the patient.

NOTE 3

setting specific compliance criteria and the determination of risk.

7.2 Use of tiers

Several clauses include the concept of Tiers (e.g. Tier 1, Tier 2, .

2018(E)

t create an

The device manufacturer, regulatory agencies and particular product committees, are responsible for

., Tier n) where each Tier represents an

alternative test method. The lowest numbered Tier (Tler 1) represents the least complex test method,

require con51derable margm to be able to accommodate the conservatlve assumptlons

As
bu

mg

Se
tie
on

7.

7.3
Ev

ad

7.3

rgin because the test result is closer to clinical reality.

[ for each test and different tiers may be used for different tests. It is ot Tequired to use
e tier for each test.

3 Testreports

.1 General

bry test requires a report of the results. Each reportshall include the information in 7.3.2
ingle test report may include the results from thultiple tests. See individual test claus
litional requirements.

.2 Description of the AIMD under test
- the AIMD under test, provide at leastthe following information:

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

photograph or drawing efthe AIMD.

3.3 Test methodsand results

" the test methiod and results, provide at least the following information:

of testing;

pwer tiers

the tier number increases, the test method becomes more complex and is more diffi¢ultto ilmplement,
[ provides a more accurate result. The use of the higher tiers reduces the need’for exc¢ss design

reral clauses (8,9,10,13, 15 and 16) use the Tier concept. The manufacturermay select an appropriate

more than

and 7.3.3.
bs for any

hll system

complete déscription of all tests performed, including name and location of test facility ajnd date(s)

descrlptlon and photographs or dlagrams of each test set-up, including all test and

g)

within coils or MR scanner relatlve to isocentre;

when used, the phantom dimensions and composition of tissue simulating material and
properties;

AIMD settings and mode(s) of operation;

detailed description of each pulse sequence or waveform used in these tests;

neasuring

electrical

if the test system is an MR scanner (e.g. combined fields test) the manufacturer, model number, and

software version of the MR scanner;

test results and test method deviations.
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8 Protection from harm to the patient caused by RF-induced heating

8.1 Introduction

This RF-induced heating assessment is applicable to the implantable parts of AIMDs.

NOTE

For information on RF heating near passive implants, see ASTM F2182[1].

Patient harm due to RF-induced heating is a function of absolute temperature, duration of the
temperature, and individual implant considerations. RF-induced heating of tissues surrounding an AIMD

can resulf
implanted
of an AIM
scanner tq
and orien
the defini

A compre
performe

Stage 1

Stage 2

Only Stagg
of this doq

8.2 Out

Four appr]
are illustr

— Tier
electr

— Tier 2

— Tier 3
pathv

T tocat tissue temperature Tises,; tfeading to tissue darnrage or a reduction i the abitity of
device to deliver therapy. Determining the rise in local tissue temperature due to interact
D with the RF field of an MR scanner is a complex process that depends on AIMD deSign,

chnology (RF coil and pulse sequence design), patient size, anatomy, position, AIMD“locat
Fation, and tissue properties. When specifying SAR limits in AIMD MR Conditional labell
fions listed in Table 201.105 of IEC 60601-2-33:2010+AMD1:2013+AMD2:2015;apply.

hensive assessment of the safety of RF-induced heating requires two,stages that are to
| in a progressive manner:

Determine an estimate of the RF power deposition around the’AIMD using one of four]
tiered approaches described in 8.2. The four tiers are arranged in order of increasing
complexity of evaluation method as well as increased-accuracy of estimation. This
tiered approach is designed to accommodate the diversity of AIMD applications;

Assess tissue changes or damage due to the in vive RF power deposition or resulting
temperature rise. The thermogenic tissue datftage threshold values and risk factors
for the determined temperature rise and dtration are application-specific and shall b
assessed on an individual AIMD basis.

ument. Requirements for Stage 2 areoutside the scope of this document.

line of the Stage 1 four-tier approach

oaches for determining RF\power deposition around an AIMD exposed to incident RF fie
dted in Figure 3 and described below in order of increasing complexity:

| is the most conservative approach to determine power deposition and requires
omagnetic modelling;

involyes electromagnetic modelling to determine the tangential electric field along a dev]
Fay and the development and validation of an AIMD model;

relies on eléetromagnetic modelling of human RF exposures to determine the electric field i
the implant volume of interest;

he
on
MR
on

ng

be

e 1, an assessment of the AIMD generated-RF-induced power deposition, is included in Clause 8

Ids

no

ice

— Tier 4 provides the least overestimation and requires the most extensive electromagnetic
computational modelling by assessing the AIMD model within anatomical models, for relevant RF
exposure conditions.
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Tier 1
No modelling
Global Emax

Tier 2
Human modelling
Emax in implantation volume

Tier 3
Human modelling
E'an along device pathway
AIMD modelling

Tier 4
Concurrent human and AIMD
modelling

Figure 3 — Four tier approach for determining RF power deposition around an AIMD pxposed
to MR scanner incident RF fields

There are some restrictions to using the four tiered approaches for determining RF power ¢leposition
argund an AIMD exposed to incident MR scanner; RF fields. Tiers 1 and 2 can only be used for ellectrically
short AIMDs due to phase effects that are deseribed in Annex K. Due to highly conservative assumptions
used for Tiers 1 and 2, longer structures will result in impractically high power estimation. Examples of
small AIMDs that may be appropriate forievaluation using these tiers include cochlear implantg, pressure
sensors, implantable monitors and Jeadless pacemakers. Tiers 3 and 4 are applicable for any A|MD.

An| AIMD is considered to be eléctrically short if it can be demonstrated to be much less than resonant
lerigth in terms of both the/power dissipated at hotspots and the induced voltage at points of entry
to pctive device electronids when exposed to a uniform Ey,p, excitation. This shall be demonsgtrated by
appropriate means, e.g(simulations, monotonic decline of power deposition with reduced lerigth of the
AIMD (see Figure 4),lacal response model (see Tier 3).
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YA 1

X
Key
1 firstrgsonance
2 second resonance
3  below|resonance
X  AIMD |ength
Y depos]ted power at hotspot

Figure 4[— The AIMD is electrically short if the length is.]ess than that which produces the figst
resonance

8.3 Measurement system prerequisites for all tiers

8.3.1 RF field source

Testing conditions can be generated with various RF field sources (see Table 2 for 1,5 T minimpm
requiremg¢nts). Typical characteristics:of MR scanner RF birdcage coil systems are given in Annex |.

Table 2 — Minimal requirements for the incident electrical field for 1,5 T-test setups

Parameter Requirement
Incident RfF field frequency. 64 MHz +5 %
Incident figld variation frelative to targeted field) over entire AIMD pathway <+1 dB in magnitude or

<+20 degrees in phase

Drift of in¢idefit field magnitude during assessment <0,25dB

If the incrdentfield Tmagnitude as determined by the selected tier {described tater) s beyomd the
capability of the test system, a lower amplitude incident field can be used, provided the AIMD
measurement signal to noise ratio is 10:1 and linearity within the range of instrumentation is
demonstrated. If lower magnitudes are used, the measurements shall be scaled (AT« SAR or Erpms?) to a
value that corresponds to the required amplitude.

An evaluation of the radiated electromagnetic field test environment uncertainty is required.

8.3.2 Tissue simulating phantom

The power deposition due to an implant for a given incident field distribution is a function of the
physical properties of the implant, the wavelength inside the surrounding media (which is a function of
permittivity and conductivity) and the losses per unit length (dominated by conductivity). Therefore,
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the implant is tested in an appropriate phantom filled with media that simulates the tissues that
dominate the immediate surroundings of the implant. These include low loss tissues (such as fat and
bone), lossy solid tissues (such as liver and kidney) and ion loaded tissue fluids such as blood and
cerebrospinal fluid.

Dielectric properties of the phantoms are chosen to be generally representative of in vivo tissue
properties listed in Table N.1. The dielectric properties of representative tissue simulating media are
provided in Table 3. The maximum acceptable tolerance for high permittivity medium (HPM) relative
permittivity and conductivity is 10 %. The maximum acceptable tolerance for low permittivity
medium (LPM) relative permittivity and conductivity is #20 %. Example tissue simulating media

(T"I‘VII) fUl lllu}dtiullb dl' T lJl UViC‘lCC‘l ill AllllCA L dlld C}Cl,tl ibdl dlld t}lcl llld} TSI\VII IIICTAdSUI CIIITII methOdS
ar¢ provided in Annex H. Phantom examples are provided in Annex M.
Table 3 — Electrical properties of phantom liquid and gel materials at,64 MH?z
Tissue simulating medium Relative permittivity, ¢, Electrts (;(;?nductn ity, 0

High permittivity medium (HPM) 0,47

appropriate for all tissues except for 78 0,65

bane and fat

1,2
Low permittivity medium (LP_M) 11,5 or 15,1 0,045
appropriate for bone and fat tissues

N(
fu
to
or

N(

TE 1 The dielectric and thermal properties of the media change as'water evaporates. The dielectric prop
iction of temperature. Therefore, it is recommended to check the dielectric properties of the phantom materi
ensure they remain within tolerance, particularly if the phantém.is stored for an extended period of time (e.
more).

TE 2 The rationale for HPM conductivities is:
ASTM F2182: 0 = 0,47 S/m (global average of biological'tissues, A (wavelength) = 0,44 m);
High-conductivity: o = 0,65 S/m (average of conductivities of muscle, liver, kidney, brain; A = 0,40 m);

Very high conductivity: 0 = 1,2 S/m (average conductivity of blood, A = 0,32 m).

erties are a
hl regularly
. one week

If 1
sh

If 4
pe

If

conductivities (conductivity of tissues as shown in Table N.1 varies by at least 50 %), the AIM

ev
im
If

pe
ev

he AIMD pathway is predomindntly in high permittivity tissues such as muscle and bloo
1l be conducted in a HPM with'tissue-appropriate conductivity.

he AIMD pathway is predominantly in low permittivity tissues such as bone and fat, the te
-formed in a LPM.

the AIMD pathwayZspans more than 10 % of its cumulative physical length in differ

hluated in HPMvusing several tissue-appropriate conductivities. This also applies to AIMD
planted at the interface between two or more tissue types (e.g. tunnelled subcutaneously).

the AIMD pathway spans more than 10 % of its cumulative physical length in differ
Fmittivity's (permittivity of tissues as shown in Table N.1 varies by at least 5x), the AIM

d, the test

st shall be

ent tissue
D shall be
s that are

ent tissue
D shall be
IMDs that

hluated in both HPM (with tissue-appropriate conductivity) and LPM. This also applies to A

are implanted at the interface between two or more tissue types (e.g. tunnelled subcutaneously).
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8.3.3 Definition of power deposition

Power deposition can be quantified by measuring temperature rise or SAR. The measured SARota] Or
ATiotal with the AIMD includes the background rise AThackgnd Or SARbackgnd Without the AIMD. SAR
or AT are defined as the net temperature increase or power deposition, above background, due to the
presence of AIMD.

2 2
b JVASARtotal_backgnddV _ J~v o |:E total ~ £ backgndi| 4V = J~v i cAT, . i CATbackgn d v 0
P t—o At t—o At
where
P is the power deposition at the AIMD hotspot;
E is the local rms value of the induced electric field;
o is the local electric conductivity;
p is the local tissue density;
c is the local heat capacity;
AT is the local temperature rise;
% is the volume that includes the deposited power atithe hotspot by the AIMD;
t is time;

backgnd is the fields or temperature induced at the'location of the measurement without the
AIMD present;

total is the fields or temperature induced at the location of the measurement with the AIMI
present.

The SAR, temperature, or incident fields on the AIMD shall be monitored by calibrated probe(s). This
allows thg monitoring of the incidentsfield strength. For AT measurements, it is recommended to use a
reference [probe to monitor the ingcident fields at a location that provides equivalent or consistent SAR.

8.3.4 Measurement system,validation

The measfirement system'shall be validated for accurate measurement of SAR or temperature. This ¢an
be accomplished by usitig calorimetry or one of the standard implants as described in Annex I.

8.4 Determination of RF-induced power deposition in a tissue simulating medium

8.4.1 General

The in vivo effect of RF-induced heating requires the assessment of the AIMD generated RF-induced
power deposition. The goal of this subclause is to determine the power deposition, due to the AIMD. The
power deposition is conserved between the in vitro and in vivo environments if the in vitro termination
impedance matches the termination impedance of the target tissue. Therefore, the power deposition
determined here is also the in vivo power deposition due to the AIMD. Power deposition has a spatial
distribution and magnitude. The spatial distribution can be a function of the local geometric properties
of the AIMD and surrounding tissues. The magnitude is a function of the capability of the AIMD to
collect RF energy. Therefore, the spatial distribution of the power deposition and the magnitude of the
deposition may be determined separately. When spatial distribution is established in a given medium,
power deposition induced by the AIMD can be obtained via magnitude measurements of one or only a
few points at or around the locations with highest AT or SAR.
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One of the following two methods shall be used to determine power deposition.
— Option 1:

Three elements are required to determine power deposition:

— Find the points of high power deposition (hot spots);

— Find the spatial distribution for each hot spot;

— Find the final power deposition by measuring the magnitude of power deposition and then
scatingthrespatiadistributionr by the mreasured mmagmitude—Thespatiatimtegratof the final

power deposition is total power deposited by the AIMD and is defined by Formula (1};

—| Option 2:
— Find the points of high power deposition (hot spots);

— Use the direct calibration procedure of 8.4.4.4.

8.4.2 Determine location of hot spots around the AIMD

The following procedure shall be used to determine the location ofhot spots around the AIMD.

Stgp 1 Select the test conditions as defined by the appliedtier.

Stgp 2 Scan the entire length of the AIMD for any high\power deposition. Hot spots are defined as
any location that is within 6 dB of the highest measured SAR or greater than 0,25x [of the
highest AT across a diversity of pathways{ Electrodes, conductive material, and lumped
elements have a greater probability of tneeting the hotspot definition. Justification [shall be
provided for the pathways included.itvthe analysis. Hot spots can be excluded from| further
analysis if justification is provided:

Stgp3  The positional accuracy of thethot spot shall be within 10 mm.

Stdgp4  Justify that you have identified and tested all hotspots in relevant configurations of the
AIMD according to the.guidance provided in Annex Q.

8.4.3 Determination of'spatial (3D) distribution of power deposition for each hot spot

8.4.3.1 General

Th spatial power distribution for each hot spot can be determined from numerical simulatiion or full
3D| experimental measurement. One of the four following procedures for determining the 3D relative
didtributien of local power deposition shall be used. However, this 8.4.3 and associated profedures is
nof required if using Procedure 3 in 8.4.4.
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8.4.3.2

Step 1

Step 2

Step 3

Step 4

Step 5

8.4.3.3

Step 1

Step 2

Step 3
Step 4

8.4.3.4

Step 1
Step 2

8.4.3.5

Step 1

Step 2

Procedure 1: Numerical assessment with thermal validation

Conduct quasi-static or full-wave electromagnetic SAR (EM) modelling of the AIMD local
geometry to generate spatial distribution of hot spot for the tissue simulating medium.

NOTE Quasi static modelling might not be appropriate for all AIMDs.

Conduct thermal modelling of the power deposition of Step 1 to derive a temperature distri-

bution in the tissue simulating medium.

Based on the distribution, determine the most suitable points for validating the distributi

n,

i.e. the points resulting in the largest signal.
Measure AT at the selected points to verify the distribution pattern.

Compare measured and predicted temperature rise. If the deviation is less than the com-
bined thermal modelling and measurement uncertainty, the thermal model has'been suc-
cessfully validated. Validation of the thermal model also validates the SAR (EM) model in
Step 1, the final output of this procedure.

Procedure 2: Numerical assessment with SAR validation

Conduct quasi-static or full-wave electromagnetic SAR (EM}¥nodelling of the AIMD local
geometry to generate spatial distribution of hot spot forthe’tissue simulating medium.

NOTE Quasi static modelling might not be appropriatefor all AIMDs.

Based on the spatial distribution from Step 1, detefmine the most suitable points for valid
ing the distribution, i.e. the points resulting inthe largest signal.

Measure SAR (e.g. using a SAR probe) at the'selected points to verify the distribution.

and measurement uncertainty, theimodel has been successfully validated.
Procedure 3: Full 3D SAR nieaSurements

Position the AIMD in the fest setup to maximize the power deposition.

Conduct the full 3D:SAR measurements to determine the spatial distribution by interpola-
tion and extrapgolation. At minimum, positioning accuracy of 0,25 mm with respect to the
spot is recomiménded to minimize uncertainty.

Procedure 4: Full 3D AT measurements

Compare measured and predicted SAR."If the deviation is less than the combined modelling

not

Position the AIMD in the test setup to maximize the power deposition.

Measure 3D AT using temperature probes. A minimal positioning accuracy of 0,5 mm with

respect to the hot spot is recommended to minimize uncertainty.

8.4.4 Determine the final power deposition

8.4.4.1

General

The final power deposition is found by scaling the spatial distribution by the measured hot spot
magnitude. Measure the magnitude of power deposition for each hot spot generated by the test
configuration(s) (AIMD positioning within test phantom) specified in each tier, which also defines the
appropriate tissue simulating media. The final power deposition shall be determined by using one of the
following three procedures. The RF power dissipated by the AIMD shall be determined by numerically

14
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integrating the scaled power distribution using Procedure 1 or Procedure 2 or by using the direct

calibration method described in Procedure 3 below.
8.4.4.2 Procedure 1: Temperature increase AT (if using Procedure 4 from 8.4.3)

Step1  Select the test conditions as defined by the applied tier.

Step 2 Determine the magnitude by measuring the temperature rise AT as a function of time at
one or several points near the hot spot, which correspond to measurement locations from
8.4.3.5. A minimal positioning accuracy of 0,5 mm with respect to the hot spot is recom-

mended to minimize sources of error. However, less accuracy may be usable as long
accounted for in the analysis.

asitis

Stgp 3 Scale the temperature distribution determined in 8.4.3.5 by the temperatuye valuef meas-
ured in Step 2.

Stgp4  Transform the scaled spatial distribution of temperature increase-from Step 3 to a ppatial
distribution of the power deposition, by calculating the initial slope of the temperature rise
multiplied by the specific heat capacity to arrive at the final power deposition.

8.4.4.3 Procedure 2: SAR (if using Procedure 1, Procedure 2,0r Procedure 3 from 8.4.3)

Stgp 1 Select the test conditions as defined by the applied tier.

Stgp 2 Determine the magnitude by measuring the SAR at one or several points near the h
which correspond to measurement locations from 8.4.3. A minimal positioning acc

er, less accuracy may be usable as longwas it is accounted for in the analysis.

Stdp 3 Scale the spatial distribution determined from 8.4.3 to the magnitude measured in
arrive at the final power deposition.

0,25 mm with respect to the hot spot is recommended to minimize sources of erroi.

ot spot,
iracy of
Howev-

Step 2 to

8.4.4.4 Procedure 3: Calibration of point temperature or SAR measurements to total dissipated

RF power

Th local temperature rise-(AT) or SAR at a point location in a hot spot produced by the Al]
relpted to the total power deposition using a calibrated RF power injection method. The objec

at pr near the AIMD hot spot. For example, the AT or SAR at a specified location with resped
eldctrode can bedrelated to the total dissipated RF power. The AIMD may be modified to fa

VID can be
ive of this
Hissipated
t to a lead
rilitate RF
pduced by
er, Pinject,

H power is

Atro (using

the same tlssue 51mu1at1ng medla and test flxtures as would be used for radlated in v1tr0 testlng) and

measuring AT or SAR at the hot spot for multiple values of Pipject.
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Step 1

Step 2

Verify that injected RF power produces an equivalent normalized spatial SAR or AT distribu-
tion as the radiated case. SAR or AT measurements shall be made at several locations in the
axial and radial directions. The measurement locations for each direction shall be chosen

to include the maximum and to encompass the 50 % of maximum and 25 % of maximum
locations. The injected and radiated spatial distributions are considered equivalent if the
measured differences are within the previously established measurement uncertainty.

Inject an appropriate range of power levels, Pinject, in vitro into the AIMD or specialized
version of the AIMD. Measure AT or SAR at one specified location near the hot spot. The
location and time duration shall be the same as that used for the measurement of AT or SAR

Step 3

Step 4

8.5 Pro

A proxim

for radiated in vitro testing (see 8.4.3, Procedure 3 and Procedure 4) of the actual AIMDsT'he
amplitude range of AT or SAR shall be determined based on intended use of the AIMD.while
ensuring the thermal response of the tissue-simulating medium is linear.

Plot AT or SAR vs Pjpject and fit to a linear model. Determine the conversion fagtor, m (slop¢),
and associated uncertainty from the fitted model.

The conversion factor from Step 3 can be used to convert any measured A7 or SAR values (at
the same location as Step 1) to Pinject, provided AT or SAR is within the\amplitude range for
which the conversion factor was determined.

ximity effect of electrodes from multiple leads

ty enhancement due to coupling can occur if multipl€ electrodes from leads traversjng

different pathways are in close proximity (see Figure 5). An assessment of this enhancement factor shall

be perfor
shall be d

NOTE

med when the electrodes are separated by less than 20 mm. The results of the assessment
pcumented in the test report.

A specific method for evaluating this enhancement effect has not been developed for this edition.

4
«—

1
2
3 AIMD case
4

electrodes, <20 mm apart

16

Figure 5 — Proximity enhancement factor
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8.6 Modelling prerequisites for Tier 2, Tier 3, and Tier 4

This subclause is not applicable to Tier 1. For Tier 2, Tier 3 and Tier 4, electromagnetic simulations
will be performed to quantify the electromagnetic fields that the AIMD will be exposed to in vivo.
The incident fields shall be determined by the following procedure using validated electromagnetic
simulation packages and human models.

Step 1 Identify the intended patient population with respect to anatomical properties such as
length, body mass index (BMI), age, and tissue properties.
Stgp 2~ Theetectromagnetic simutation toots and tie RF Source stratt be vatidated by comparing
measurements and simulations, in a tissue simulating phantom.
Stgp 3 Simulate the electric and magnetic field as a function of the following:
— MR scanner technology (transmit RF coil and both clockwise and-¢counter-clockwise B1+
polarization);
— SAR or B1+rms excitation amplitude according to labelling and consistent with the SAR
and B1+rms definitions defined in IEC 60601-2-33;
— Patient population;
— Position in RF coil, including posture if applicable;
— AIMD location, orientation and lead pathway (including lead length, if applicablle).
8.7 Tier selection for RF-induced power deposition
8.7.1 General
Select one of the four tiers for determining in vivo RF power deposition around an AIMD exposed to
indident RF fields. The tiers are ordefed by increasing complexity. RF fields expressed as rms levels
ar¢ required for RF-induced powér deposition assessment. Peak field levels and rms field |levels are
required as an input to RF-induced malfunction and RF rectification, which are described in (lause 15.
Tigr 1 and Tier 2 produce asingle RF power deposition level, and Tier 3 and Tier 4 produce a distribution
of RF power deposition levels, which will be used to assess the probability of tissue damage apd patient

cument.

ety. However, tissue damage and patient safety assessment are outside the scope of this dg

averaging
t case, the
val, while

ihg the RF

irst Level

iers, the 2x

S he actual
1mp1ementat10n to be ]ustlfled by the manufacturer The 2x SAR multlpher only apphes for AIMDs that
are labelled using SAR. AIMDs that are labelled to B1+rms or FPO:B do not need to account for the 2x
multiplier.

8.7.2 Tier1l

The user can assess RF-induced power deposition without requiring electromagnetic modelling of
the RF-human interactions. The user shall determine the AIMD power deposition at the hot spots in
phantom media using the predetermined electric field values in Table 4. Phase enhancement can occur
for AIMDs that are not electrically short and at present there is no defined method for determining the
enhancement factor. Therefore, Tier 1 can only be used for AIMDs that are electrically short.
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Determine the incident rms electric field for AIMD in vitro testing. Select the Ermsmax electric
field value from Table 4 consistent with the product labelling and the body region occupied
by the AIMD. If the AIMD spans multiple body regions (head, trunk, extremities) the highest
regional electric field shall be used. The Ermsmax electric field value is also used in Clause 15
for RF-induced malfunction testing.

Step 1a

Step 1b  Determine the incident peak field for Clause 15 in vitro testing. The Peak electric field col-
umn in Table 4 provides the peak electric field value for use in Clause 15 in vitro testing. If
the AIMD spans multiple body regions (head, trunk, extremities) the highest regional elec-
tric field shall be used.

Table 4 — Overall worst-case electric field values

Body re¢gion Maximum in- Peak electric | Normal Operat- | First Level Con- EPO:B
duced field field ing Mode trolled Operat- | Fixed Parame-
(normalized | (scaled to 30 pT ing Mode terOption:Basic
to B1 averaged peak B14)
over the adjust-
ment volume)
E B B
rmsm;:;/x Lrms Epeak Ermsmax Ermsmax Ermsmax
V/m/uT V/m V/m V/m V/m
Head 90 3860 450 470 419
Trunk 140 6000 500 710 667
Extremities 170 7 285 600 840 802
NOTE 1 E}msmax values are simulated. Ermsmax values for the head arénormalized to whole head average SAR valueq of
3,2 W/kg fpr both Normal Mode and First Level Mode. Ermsmax values for the trunk and extremities are normalized|to
whole body average SAR values of 2 W/kg for normal mode and 4 W/kg for First Level Mode.
NOTE 2 The values in the table have been computed using hiiman body models with RF exposure levels consistent wjith
Normal Opgrating Mode, First Level Controlled Operating Mode, and Fixed Parameter Option:Basic (FPO:B) as defined in
IEC 60601-P-33. Details of the analysis and rationale are;provided for reference in Annex P.

Step2  |Determine the RF-induced-pewer deposition by immersing the AIMD in the appropriate
tissue simulating medium-The tissue simulating medium shall be selected from Table 3.
The AIMD shall be exposeéd to a tangential uniform electric field (magnitude and phase) in
accordance with the-conditions specified in Table 2 and Table 4. Measure the RF-induced

power depositiofi-along the entire AIMD system in accordance with 8.4.

Step3  |Assess the enhancement from differential mode coupling. For an AIMD with multiple leadsg,
power depdsition can change when leads follow pathways as described in 8.5 and shall be

evaluated:

Step4  |Assess the maximum power deposition from the electric field in alternate tissue simulati

both

na-ad oo I an ad a AIND Iy a-hbo

LPM and HPM as defined in 8.3.2. Step 2 through Step 4 shall be repeated with the other
material properties. The final power deposition shall be the higher of the two results from
the LPM and HPM tests.

8.7.3 Tier2

The RF-induced power deposited by the AIMD is determined from electromagnetic simulations of
human body models. The user shall determine the fields over the area of the human body in which
the AIMD system is to be implanted (implant region). For AIMDs labelled using SAR-based limits and
considering the short-term SAR increase of 2x permitted by IEC 60601-2-33, the field values determined
shall include the effects of short-term SAR.
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The user shall measure the AIMD power deposition in tissue simulating media using the fields
determined by the electromagnetic model. Phase enhancement can occur for AIMDs that are not
electrically short, and at present there is no defined method for determining the enhancement factor.
Therefore, Tier 2 can only be used for AIMDs that are electrically short.

Step 1a  Determine the incident rms electric field for AIMD in vitro testing. Perform the electromag-
netic simulations using all relevant parameters in 8.6. For each simulation, identify the max-
imum 10 g average Erms electric field magnitude in the AIMD implant regionl2]. In addition,
for each simulation, identify the B1+rms magnitude averaged over the adjustment volume.

Constructtha dictribution of I’ forall cimulatione Conctructtha dictribhution of he nor-
ORHStHH ettt e-aiSttHBHtoh

O TS ToO T o o It o tr oo o ot e et et ot o e e ot ot

malized electric field, defined as Erms/B1+rms-

The in vitro electric field test level, Ermsmax, is the 95th percentile value of Egyns-computed in
the human body electromagnetic simulations. This test level is also used for the RFrinduced
malfunction testing described in Clause 15.

Stgp 1b  Determine the incident peak field for Clause 15 in vitro testing. A conservative incident
Bi+peak field value is 30 uT averaged over the adjustment volumé, Fhe final peak ingident
field amplitude, Epeak, is determined by the 95th percentile of Bims/B1+rms scaled t¢ 30 uT.

Stdp2  Assess the maximum power deposition from the electricfield in a homogeneous tigsue sim-
ulating medium. Same as Step 2 in Tier 1, except the finalincident electric field amplitude is
from Step 1a of Tier 2.

Step 3 Assess the enhancement from differential mode\coupling. Same as Step 3 in Tier 1.

Stgp4  Assess the maximum power deposition from the electric field in alternate tissue simulating
medium if necessary. Same as Step 4 in Tier 1.

8.7.4 Tier3

in vivo power deposition around “the implant shall be determined by applying incident
elgctromagnetic field distributions (inagnitude and phase) to a validated electromagnetic m¢del of the

D. The incident fields are obtained from electromagnetic modelling of the RF-human inferactions
unfer appropriate exposure from-MR scanner RF transmit coil. The AIMD model is an apprpximation
of the electromagnetic physics and its departure from the true answer is quantified by the upredict

describes many different types of AIMD configurations, some of which could significantly
impact RF heating,@id others that have minimal or no effect. A model shall be developed and validated
fo] the highest leating AIMD configuration. It is necessary to develop and validate modelg for more
than one configtration if the worst case configuration cannot be justified. Rationale shall b¢ provided
to justify theconfiguration(s) that have been modelled.

Thee development, validation, and utilization of a Tier 3-compliant AIMD model to estimate the in vivo
popver, deposition of the AIMD is specified in the following procedure.

Step 1 Develop an equivalent electromagnetic model(s) of the AIMD and the associated confidence
interval (uncertainty budget). Analytical, numerical or experimental methods may be used
to develop the model. The input to the AIMD model is a series of piece-wise incident field
components (amplitude and phase of the incident tangential electric field averaged over an
incremental length). The output of the model is an estimate of the local in vivo power deposi-
tion at each hotspot along the AIMD with a known uncertainty(3].

2
1

P=4 jshotspot (2)E () dz 2)
0
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where
P is the power deposition at hotspot of AIMD;
A is a constant;
l is the length of the AIMD;
z is the position along the AIMD;
hotspot—is-the complex validated model of the AIMD;
Etan is the local in vivo electric field determined in Step 3.

NOTE 1 For an AIMD with multiple leads, power deposition can change when leads‘follow
pathways as described in 8.5.

Step 2 The electromagnetic model of the AIMD is validated for prediction of power deposition in
homogeneous media/tissue by satisfying the requirements defined in8.8-For non-homoge-
neous tissue distribution, additional validation steps might be needéd) the methodology of
which is not part of this edition.

Step3  [The expected in vivo incident tangential electric fields (magnitude and phase) along all
clinically relevant AIMD pathways are determined in accofdance with 8.6. The tangential
electric field shall be averaged at intervals of 5 mm or less over the defined AIMD pathway

©n

NOTE 2 Averaging intervals of 5 mm or less are defined for regions of AIMD that are ap-
proximately one-dimensional (e.g. over thin elongated wires or leads).

Wherever the AIMD can represent a two- or three- dimensional structure, with respect to
the in vivo incident field, e.g. over device housing or over multiple adjacent leads, the user
shall determine, justify, apply, and document their averaging scheme and results.

Step4  [The distribution of in vivo local powef-deposition is computed at each hotspot (see definitipn
in 8.4.2) along the AIMD (e.g. around conductive electrodes, device housing) by exciting thie
validated model of Step 1 with, the incident fields of Step 3. The in vivo local power depositjon
is computed according to Foftmula (2) of Step 1 or its equivalence (e.g. the integration may
be approximated by discrete summation). The resulting distribution is a prediction of the jn
vivo power deposition.

NOTE 3 Clause 15 defines test methods for evaluating the RF-induced malfunction and
RF rectificationchaZzards. Modelling similar to this subclause is required and as described
in 15.5.3.

8.7.5 Tler4

The in vipo power deposition around the implant shall be determined by performing compulter
simulatiops-of human bodies with an electromagnetic AIMD model placed within the human bddy
models. Ell;amples of suitable models are full-wave RF models, lumped element models, and mixed
full-wave and lumped element models. The human simulations shall be performed under appropriate
exposure from an MR scanner RF transmit coil using a validated electromagnetic model of the AIMD.
The AIMD model is an approximation of the electromagnetic physics and its departure from the true
answer is quantified by the upredict component described in 8.8, in vitro model validation.

Annex Q describes many different types of AIMD configurations, some of which could significantly
impact RF heating, and others that have minimal or no effect. A model shall be developed and validated
for the highest heating AIMD configuration. It is necessary to develop and validate models for more
than one configuration if the worst case configuration cannot be justified. Rationale shall be provided
to justify the configuration(s) that have been modelled.
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The development, validation, and utilization of a Tier 4-compliant AIMD model to estimate the in vivo

power deposition of the AIMD is specified in the following procedure.

Step 1 Develop an equivalent electromagnetic model(s) of the AIMD and the associated confidence
interval (uncertainty budget). Methods of developing the model are the responsibility of the
implant manufacturer. The output of the model is an estimate of the local spatial integral
of the local in vivo power deposition at each hotspot, Photspot, along the AIMD with a known

uncertainty.

Step2  The electromagnetic model of the AIMD is validated for prediction of power deposition in

homogeneous media/tissue by satistying the requirements defined 1n 8.8. For non-
neous tissue distribution, additional validation steps might be needed, the method
which is not part of this edition.

Stdp 3 Create the simulation set, which consists of all combinations of clinically rélevant g
ters in 8.6. Therefore the size of the simulation set is equal to the nunibet of human
multiplied by the number of clinically relevant AIMD pathways, multiplied by the n
positions in the coil, multiplied by the number of transmit coil types and polarizati

Stdgp4  The distribution of in vivo local power deposition is computed-at each hotspot (see
in 8.4.2) along the AIMD (e.g. around conductive electrodes;device housing) by exc
simulation set defined in Step 3 with the MR Scanner fiéld conditions defined in 8.4
resulting distribution is a prediction of the in vivo pewer deposition.

tification hazards. Modelling similar to this subc¢lause is required and as described i

8.8 Invitro model validation

The AIMD model for homogeneous tissue/media shall be validated in vitro by compar
pre¢dictions to measurements of power deposition around the AIMD when exposed to a wq
anfl repeatable radiated electromagnetic field test environment described in 8.3. The model
procedure shall include the following:

—| A radiated electromagnetic field test environment producing known and repeatable va
electric field magnitude and phase tangent to the AIMD;

— | An evaluation of the radiated electromagnetic field test environment uncertainty;
—| An evaluation of.the AIMD model uncertainty;

—| A quantification of the AIMD model error.

omoge-
blogy of

arame-
bodies
umber of
bn.

Hefinition
iting the
. The

NOTE C(Clause 15 defines test methods for evaluating the RF-induced malfunction and RF rec-

n15.5.2.

ng model
11-defined
validation

Fiations in
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Step 1

Step 2

22

The AIMD shall be immersed in a phantom containing tissue simulating media with char-
acteristics defined in 8.3.2 and exposed to a set of tangential electric fields that are unique
relative to the excitation fields used to generate the model. Depending on the application,
more than one formulation of tissue simulating media might be required. The spatial
locations (pathways) in the phantom containing tissue simulating medium that produce

the desired validation electric fields, phantom characteristics (size and shape), and tissue
simulating media properties (such as permittivity, conductivity, and depth), are referred to
as the model validation set. A justification shall be provided as to the appropriateness of the
model validation set relative to the AIMD. The selected incident fields for the validation shall
be sufficiently different than the incident field(s) used for generating the AIMD model, an

the difference shall be justified.

The tangential electric field exposures used for AIMD model validation shall be defjed
using one of the following two methods.

—  Option 1: Incident electric field exposures based on clinically relevant exposure chart
acteristics.

Electric fields tangentially incident to the AIMD shall be extracted from simulations pf
clinically relevant human exposures. An analysis of these extracted electric fields shall
be used to define in vitro test conditions that span the range‘of anticipated in vivo elef-
tric field exposure characteristics. As it is generally not feasible to replicate complex
in vivo electric field distributions in vitro, the in vitro tést environment shall produce
incident fields with characteristics representative of the clinically relevant in vivo

exposures. Example characteristics can include the following: regions of high and loy
incident electric field magnitude, regions of rapidly changing electric field magnitude
and phase, and regions where the incident eléctric field phase changes along the AIMD
at an approximately uniform rate. Justification shall be provided for the applicability|of
the selected exposure conditions to thes¢linically relevant human exposures.

<

—  Option 2: Incident electric field exposures based on model response characteristics.

A set of tangential electric field exposures shall be used for AIMD model validation (s¢e
Annex M for examples). The set shall include changes in magnitude, phase or combing
tions of magnitude and,phase, at different locations spanning the length of the AIMD.
The exposures shall ensure that both high and low power depositions are generated.
For example, the amplitude ramps, linear phase and phase reversal fields in Annex M
provide sufficient variation of power deposition and incident field to validate the model.

The uncertainty,of.the AIMD local deposited power determined using the radiated electrof
magnetic testapparatus shall be quantified. The in vitro test uncertainty, uexp, represents
the total unéertainty in the AIMD local deposited power due to variations in the test and

measurement system including but not limited to the uncertainty of the incident tangentia
electricfi€ld, tissue simulating medium properties, AIMD placement, and deposited power
measurement method (e.g. SAR or temperature).

—

NQOTE 1 The level of uncertainty is specified according to the desired confidence level. The

radiated test uncertainty, uexp, represents the root-sum-square (rss) combination of all
significant and appropriately normalized sources of uncertainty associated with the test
environment and power deposition measurement. 8.9 provides additional information on
uncertainty.
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Determine the AIMD model uncertainty, upredict. This represents the uncertainty and varia-
bility associated with the numerical, analytical, and/or experimental methods used to derive

and implement the AIMD model.

NOTE 2 The level of uncertainty is specified according to the desired confidence level. The
AIMD model prediction uncertainty, upredict, represents the root-sum-square (rss) combina-

tion of all significant and appropriately normalized sources of uncertainty associat

ed with

the derivation and implementation of the AIMD model. 8.9 provides additional information

on uncertainty.
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model validation set developed in Step 1.

Compute the RF power deposited or corresponding temperature rise using the AIM
for the model validation set developed in Step 1.

Compute the error between the deposited RF power measured in Step-4 and the de
RF power computed in Step 5.

The total error, etotal, is computed from the difference between'the predicted and 1
deposited power values from the model validation data set@sing appropriate statig
methods. When replicate measurements corresponding to a single model predictio
included, the total error can be composed into two components, emodel and erandom

D model

posited

heasured
tical

n are
The

€random €rror term represents random measurementerror relative to the mean valpe of all

replicate measurements. The epode] error term rélates the mean value of replicate
ments to the model predicted value and therefote provides an estimate of the modg¢
fit or prediction error. Since the total error, efptal, includes both random error (eran
prediction error (emodel) contributions, itmfdy be used as a conservative estimation]
prediction error, emodel-

Evaluate validation criteria and compute the combined in vitro prediction uncertai

The AIMD model is validated if the total error, etotal, is less than the root-sum-squa
combination of the radiated ¢€st uncertainty, uexp, and the AIMD model prediction

tainty, upredict, as shown(inFformula (3).

2 2
€total < \/upredict + uexp

where
€total is the total error;
tpfedict 1S the model prediction uncertainty;

Uexp is the radiated test uncertainty.

measure-

] lack of

lom) and
of model

nty.

re (rss)
incer-

(3

8.9—Overatiuncertainmty anmalysis

The output of Clause 8 is an expected power deposition that will have a tolerance that reflects
the uncertainty of the final answer. A thorough uncertainty analysis is required for the following
(see Reference [4] for additional detail relative to uncertainty topics):

— All tiers produce either SAR or temperature measurements of the AIMD hotspots in a phantom.
Uncertainty of the measurement system, as defined in 8.3.1, shall be evaluated;

a)

b)

© ISO 2018 - All rights reserved

Tier 1 and Tier 2 require an analysis of the absolute accuracy of the radiated test and its
variability, uexp, because absolute error directly impacts the power deposition;

Tier 3 and Tier 4 derive an AIMD model that is validated in a measurement system. Both require
an uncertainty assessment by determination of upredict and uexp, respectively;
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— Tier 2, Tier3, and Tier 4 all rely on human body simulations to determine the electric field that
the AIMD is exposed to in subsequent steps of the analysis. The simulations should include the
patient population, transmit RF coils, polarizations and positions in RF coil, as described in 8.6. If a
reduced set of simulations is done with limited variation of a particular parameter(s), an additional
uncertainty analysis may be used to include those variations of that particular parameter(s) not
considered in the simulations;

— Tier3

and Tier 4 require AIMD location, orientation, and lead pathways that shall include the clinical

use cases. Uncertainty analysis does not apply for these parameters.

8.10 In
The AIMI

1vo analysis of power deposition

hotspots are analysed using one of the tiers described in 8.7 using SAR or temperatyire

measurements and some level of human body RF simulations. Independent of the measurement'method

and tier,
directly ty

The analy

complex and beyond the scope of this document (see 7.1).

8.11 RF-

Figure 6 g

induced heating assessment flow chart

he final result is always expressed in deposited power because deposited-poewer can|be
ansferred to the in vivo environment.

sis of the impact of the deposited power on the tissue, local to the hafspot, is extremely

rovides an overview of the RF-induced heating assessmentprocess described in Clause 8.
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Figure 6 — RF-induced heating assessment process
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9 Protection from harm to the patient caused by gradient-induced device heating

9.1

Introduction

The imaging gradient dB/dt field induces eddy currents on conductive AIMD enclosures and other
conductive internal surfaces such as battery components and circuit traces resulting in device heating.
For AIMDs with extended leads (e.g. cardiac leads or neuromodulation leads) that do not contain planar
conductive surfaces, there is no mechanism for MR-induced eddy current heating to occur in the leads.
These leads do not require an evaluation of MR-induced eddy current heating.

Th instantaneous power deposited by eddy currents induced in a cylindrical conductive disK
'ying magnetic field can partially be represented by Formula (4) and shown in Figure 7:

4 2
P= GTnR— d—BcosB
8 | dt

va

wh

ere

o

B

is instantaneous deposited power;
is the radius;

is the material thickness;

is the conductivity;

is the angle of the dB/dt vector with respect to the normal to the disk plane;

dB/dt is the time rate of change of the magnetic field.

L by a time

(4)
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Key

1  AIMD pnclosure with conductivity, o, and material thickness, T

2 radius} R, of the AIMD enclosure

3 vectorjnormal to the plane of the AIMD

4  dB/dtector of the time rate of change of the magnetic field

5 angle, |3, of the dB/dt vector with respect to the normal to the plane.of the device

Figure 7(— Illustration of a cylindrical conductive disK'and the relevant parameters that affect
gradient-induced‘heating

When determining the average power deposited dn the device and associated surrounding tissue, the
mean valye of the square of dB/dt for the particular MR pulse sequence(s), as well as the time integra| of
the expospire and incident angle across all conducting material of the device should be considered. The
heating will be greatest for implants with'alarge surface area and high electrical conductivity.

NOTE Device heating caused by gradient field induced eddy currents is proportional to the squarg of
|dB/dt| rms.

9.2 Testing considerations

9.2.1 General

The magnitude and) orientation of the pulsed gradient magnetic field vectors vary throughout the
scanner bpre. Device heating is greatest when the device is located where the gradient field |dB/dt| rjms
is maximymfn'addition, heating is typically greatest when the device is oriented so that the gradient
field vectaris orthogonal to the AIMD surface(s) with the largest conductive area. However there might
be exceptions where maximum heating occurs at a different orientation. For example, devices with
unusual case designs or devices where substantial power is deposited in internal components might
heat maximally at a non-obvious orientation with respect to the dB/dt vector. Evaluation of gradient-
induced device heating shall be conducted under test conditions sufficient to represent all gradient
system exposures allowed by the AIMD MR Conditional labelling.

Device heating could also depend on the gradient waveform characteristics. The gradient-induced
device heating test may be conducted using one of two tiers for the gradient waveform shape. Tier 1 is
a conservative waveform shape, and Tier 2 allows the characterization and use of a clinically relevant
waveform.
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9.2.2 Determination of |dB/dt| rms exposure limits

The maximum Normal Operating Mode |dB/dt| rms as a function of radial position within the scanner
bore is shown in Table 5. Determine the |dB/dt| rms test value using Table 5 and the radius that contains
the AIMD for the relevant patient population.

Table 5 — AIMD |dB/dt| rms exposure values as a function of radial distance from z-axis
Maximum AIMD radial position Exposure value
cm |dB/dt| rms [T/s]
) 27,1
10 29,8
15 34,4
20 42,0
25 54,1
302 73,3
NQTE Based on scaling 42 T/s rms at a radius of 20 cm using ratios derived from the'dB/dt peak in Table A.2)The 42 T/s
rns at a radius of 20 cm was derived based on scanner survey data collected by multiple AIMD manufacturer$ where the
MR scanner sequences were optimised to produce the largest measureable |dB/df] rms while complying with gradient
hafdware limitations. See Annex D for additional information.
a | 30 cm radius is only applicable for 70 cm bore systems.
9.2.3 Determination of test duration
Thee device under test shall be evaluated with a gradient field |dB/dt| rms duration corresgonding to
copservative clinical use conditions. The duration miay be based on the maximum allowed scap duration

as

9.1

b
J
9.3

Ev
va
in

specified by the AIMD MR Conditional labelling, or 30 min.
B Testrequirements

.1 General

ue and vector orientation) and measuring the resulting temperature rise. Testing shall be
hn environment that minimizes thermal convection and is dominated by thermal conducti

solution or insulated container).

Us
ex
pu
to

Alf
be

posure is preferred. This type of equipment has the benefit of being able to easily generate
se sequences-that can be consistently reproduced. The use of this type of apparatus may
[ier 1 axd to Tier 2 test waveforms (see 9.3.6).

ernatively, testing may be conducted using a clinical MR scanner. If a scanner is used, cz

hluation of device heating involves exposing the AIMD device to the specified gradient field ¢B/dt (rms

ronducted
bn (e.g. gel

e of a laboratory-coil, amplifier and function generator that can simulate clinical gradlient field

arbitrary
be applied

ire should
. This is a

taken that the device location, device orientation and scanner set-up are well controlled

dif

ficult task and specialized kKnowledge 1s required in order to operate the MR scanner. In addition, use
of the clinical MR scanner might not be possible for the Tier 1 test waveform (see 9.3.6.2).

It is not necessary to expose the device to the clinical exposure limits of 9.2.2 during temperature
testing to determine device heating. If the applied field generates a temperature rise large enough
to achieve a signal to noise ratio of at least 10:1, and linearity within the range of instrumentation is
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demonstrated, it is permitted to evaluate the device using temperature scaling and the rms value of
dB/dt [see Formula (5)].

2
— requirement
AT = AT 9 s ( ) (5)
clinical exposure ~— measured dB
—|  (test)
dt
rms
where
ATclincal exposure is the calculated temperature rise at the time averaged dB/dt required for
evaluation;
ATmedsured is the measured temperature rise from the test;
dB .
— ( requlrement) is the time averaged dB/dt required for evaluation;
dt rms
dB
; (test) is the time averaged dB/dt used for the test.
rms

9.3.2 Invitro test phantom or other suitable container

Position the DUT at the radial centre of a phantom filled with gelled solution or other appropriate test
container]Position and orient the phantom or containerwith device as required for exposure to the test
condition |gradient field magnitude and vector direction in either laboratory test equipment capablg of
producing a simulated MR gradient field or a clinieal MR scanner.

When usipg a phantom within a laboratorycgradient field coil, there are often practical limitatigns
to the phantom container size, and the houndary conditions of the phantom can affect temperatyire
measurenpents. It is preferable to hold-the phantom container boundary temperature constant [for
the test duration. If the boundary temiperatures cannot be held constant, then thermal loss to the
environmgnt shall be accounted for\in the final temperature rise.

9.3.3 Gelled solution

For a devjce heating test'uSing a phantom, refer to the gelled high permittivity material, defined| in
Annex L, for an appropriate test media.

9.3.4 Té¢mperature survey to determine orientation and hot spots

deposition will occur when the dB/dt vector is perpendlcular to the largest conductlve plane For
devices without a major conductive plane or devices with internal components that might contribute to
heating in other orientations, a survey shall be conducted to determine the orientation relative to the
applied dB/dt vector that produces the largest heating.

The device will have localized hot spots due to the case shape or heating contributed by power dissipated
in internal components. The device shall also be surveyed for hot spots due to gradient-induced heating.
The hot spot survey shall be conducted using the device orientation that produced maximum heating.
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9.3.5 Minimum temperature instrumentation

An appropriate temperature probe shall be used to measure device temperature by placing the probe
at the highest temperature spot determined from the survey. Additional probes may be used as needed
for repeatability. At least one additional probe shall be placed such that it can monitor the ambient
temperature of the test media. Measured device temperature data may be corrected if the ambient
temperature changes more than the error of the probe measurements. The ambient probe shall be
placed in the test media near the edge of the container to isolate it from device heating.

9.3.6 Definition of dB/dt test waveform

9.3.6.1 General

Th test waveform to be applied to the AIMD shall be determined by one of the following|two tiers.
Tigr 1 applies a conservative dB/dt waveform that has been configured with the understanding that
thgre is a frequency dependent variable for device heating that is due to the self-inductapce of the
AIMD conductive planes or surfaces (see Annex D for additional informatien). However this waveform
is pot clinically representative of actual dB/dt waveforms experienced/during MR pulse Jequences.
Alfernatively, Tier 2 may be utilized where the AIMD manufacturer i§ pesponsible for charpcterizing
anfl determining a conservative clinically representative wavefornt.)Whichever tier is utjlized, the
heating shall be evaluated at the |dB/dt| rms level determined in 9:2.2.

9.3.6.2 Tier1l
The radiated B field waveform is defined as shown in Formula (6).

dB 2
Bg(t)=| =] x £ sin (2t (6)
dt 2nf
rms
where
Bg(t) is the time varying magnetic field magnitude;
t is time;
f is the frequency set to 270 Hz;
dB,;
I is the'rms value of the time varying gradient field (determined in 9.2.2).
t rms
dB
NOTE 1 _SThe Tier 1 test waveform was defined with a |Bg|peak value of 35 mT and a d_ value of
t

rms
42|T/s,rms. These selected values resulted in a nominal frequency of 270 Hz. A sine wave is used fof the Tier 1
test waveform to limit the spectral power to the specified frequency to reduce the potential for gradient field
energy to be stored in self-inductance of the AIMD enclosure and components, rather than dissipated in eddy
current heating.

NOTE 2  The useifa Tier 1 test waveform is only applicable to a single axis laboratory coil and not to a clinical
MR scanner.

9.3.6.3 Tier2

Use ofthe Tier 1 radiated B field waveformis notclinically realistic. Consequently, the AIMD manufacturer
may determine a clinically relevant test waveform with specific properties such as waveform shape and
spectral content that produces the required rms value of dB/dt and can be demonstrated to be clinically
representative. If the Tier 1 test waveform is not used, the AIMD manufacturer shall provide a rationale
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for the dB/dt test waveform and conditions used to evaluate eddy current heating. The rationale shall
indicate the source of gradient field dB/dt waveform information. For example, gradient field dB/dt
waveform information may come from measurement and characterization of clinical sequences.

If measurement is the method used to determine the clinically relevant test waveform shape, the 3-axis
search coil and methods described in IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.12.4.105.2.2,
method b) may be used to monitor the MR pulse sequence. Another method if possible may include
direct monitoring of the gradient amplifier outputs to determine waveform shape using a gradient
amplifier sample port.

Whatever-measurement method is chosen for r‘hnrar‘fnri'ﬂ'ng r‘]inir‘n”y relevant test waveforms care
should be|taken to ensure that the test system used to conduct the characterization is not advérsgely
affecting the results due to limitations of the test system; for example, one such limitation might be the
bandwidth of the test system.

9.3.7 Characterization of applied dB/dt

Place a sgarch coil in the region of the homogeneous field. The AIMD shall be ‘eriented with major
conductive planes parallel to the scanner z axis. The dB/dt vector orthogonal to the major conductjive
planes of the AIMD shall be measured. Record the applied dB/dt waveform used for the heating test at
the locatign corresponding to the minimum dB/dt exposure applied to the*ATMD. The waveform shall
be samplad at a rate sufficient to capture the details of the dB/dt wavefofim and prevent aliasing of the
signal. Th¢ recorded waveform shall have sufficient length to allow determination of mean values. If mgan
square or|dB/dt| rms is not directly recorded, the gradient field exposure recording shall be such that it
can be pogt-processed to calculate mean square or |dB/dt| rms. ThedB/dt measurement may be performed
independdntly of the heating test, provided the applied waveforms will be identical for each test.

If utilizing a clinical MR scanner the vector direction of the applied dB/dt can vary with time. To prevent
under-estjmation of the AIMD heating, only the dB/dt-component that is perpendicular to the plajpar
conductive surface of the AIMD should be used in determination of the applied |dB/dt| rms.

9.4 Lab testing using simulated MR gradient field

Case heating in the bench-top test is measured using the following procedure:

Step 1 Place the device in the gelled phantom or other suitable container with temperature probgs
attached as defined in 9.3.5 and placed in a laboratory coil that applies the time-varying
magnetic field.

Step 2 |Apply the required'|dB/dt| rms determined in accordance with 9.2.2 with a selected waveH
form from ejther Tier 1 or Tier 2 as specified in 9.3.6 and measured in 9.3.7. If the laboratory
test systemsis not capable of producing the specified |dB/dt| rms with the associated wave}
form, thén)testing may be conducted at a lower |dB/dt| rms and then scaled to the specified
|dB/dt\rms using the formula shown in 9.3.1.

Step3  |Measure the gradient-induced device heating with the temperature probes for the duratiop
of the test as determined In 9.2.5.

9.5 MR scanner testing

Most of the discussion regarding laboratory testing could be adapted to testing conducted using a
clinical scanner. If a clinical scanner is used, accurate and repeatable fixtures will be needed to locate
and orient the phantom and device under test. Selecting, controlling, and repeating the scanner clinical
pulse sequence used for testing is also important. Measurement in a clinical MR scanner is accomplished
using the procedure in 9.4 by utilizing a clinical MR scanner in place of the laboratory coil.

The gradient output used for this test shall be consistent with intended AIMD labelling, taking into
consideration variables between scanners and sequences. Pulse sequence characteristics and the
magnitude of dB/dt are both important parameters to be considered because device heating will be
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proportional to the mean square (averaged over time) of gradient field dB/dt. It might not be practical
to apply the gradient field exposure requirements defined in 9.2.2 when testing is conducted using a
clinical MR scanner.

At a minimum, gradient heating should be tested and evaluated using gradient intense compatibility
protocol information provided by MR scanner manufacturers (see IEC 60601-2-33 :2010+AMD1:
2013+AMD2:2015, 201.7.9.3.101).

9.6 Analysis of gradient heating test
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|dB/dt| rms is the root mean square of dB/dt;
tx is a suitable averaging time for the dB/dt pulse sequence.

e heating result may be scaled according to Formula (5

- compliance criteria see 7.1.

Protection from harm to the patient caused by gradient-induced vibrat

.1 Introduction

[sed magnetic field gradients from’an MR scanner induce eddy currents on the conductive 3
AIMD. These eddy currents produce a time varying magnetic moment that interacts with|
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Determine MR Environment
Highest clinical dB/dt x Bo
Test frequencies, duration,
and temperature
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General test procedure
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scanner
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Determine shaker input

Conductshaker test

Evaluate AIMD performance

Figure 8 — General test flow for MR-induced vibration

For AIMD$ with extended leads(e:g. cardiac leads or neuromodulation leads) that do not contain plapar
conductive surfaces, there istho mechanism for MR-induced vibration to occur in the leads. These leads
do not require an evaluation of MR-induced vibration.

This clauge provides.admethod for evaluating AIMD malfunction due to MR-induced vibration. It afso
provides p methodfor measuring the extent of vibration generated within the AIMD, which may
subsequently besused to assess tissue damage if applicable; such assessment is outside the scopq of
this document.\In addition, the potential for MR-induced vibration resulting in patient discomfort is
acknowleglged, but not considered a hazard; no assessment is required.

10.2 Overview of tiers

When an MR scanner is used (Method 1), the vector product of gradient field dB/dt and By to which
the AIMD is exposed shall be greater than or equal to the maximum exposure allowed by the AIMD
manufacturer’s MR Conditional labelling.

If a shaker table is used (Method 2), the AIMD manufacturer shall demonstrate that the mechanical
stresses on affected components and their interconnections, and relative motion between components,
are equal to or greater than those experienced during an MR scan at the maximum dB/dt allowed in
accordance with the AIMD MR Conditional labelling. The AIMD manufacturer shall also demonstrate
that the shaker table appropriately replicates the frequencies of vibration experienced by the AIMD
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during an MR scan at the maximum dB/dt allowed in accordance with the AIMD MR Conditional
labelling.

For AIMD characterization in a scanner (Method 2) it is not necessary to use the maximum vector
product of gradient field dB/dt and static field By as the test environment. The test conditions shall be
determined by characterizing the vibration response at a less-than-maximum gradient field dB/dt and
static field By vector product and scaling the result to the maximum dB/dt x By vector product allowed
in accordance with the AIMD MR Conditional labelling.

10.3 MR environmental conditions

10{3.1 General

MR-induced AIMD vibration shall be evaluated at the maximum acceleration that the AIMD or its
coinponents would experience in MR scanners, with gradient output set in accerdance with its MR
Conditional labelling. Pulse sequence waveform characteristics and the magnitude of dB/d} are both
important parameters to be considered. The following subclauses define, use conditiong that are
relevant for scanners.

10{3.2 Determination of maximum clinical dB/dt

The dB/dt magnitude shall be determined from Annex A, based.on the maximum value for the gradient
slew rate (T/m/s) and applicable patient positions and postures specified in the AIMD MR Cpnditional
lahelling.

For AIMDs labelled for Fixed Parameter Option (FPO:B),the dB/dt magnitude shall be 100 T/q peak.

For AIMDs not using Fixed Parameter Option:B (FPO:B), dBy/dt or dBx/dt magnitude shall befused. Use
the dB/dt magnitude that represents the primary orthogonal vector to the AIMD’s major dqonductive
pldnes during this test.

103.3 Determination of clinical By

Thee Bg vector used to determine the'product of dB/dt and Bg shall be 1,5 T with a direction parallel to
the¢ magnet bore axis (z) (see Eigure 10).

10,3.4 Determination of‘elinical dB/dt x By

The dB/dt vector shall’be assumed to be perpendicular to the By vector. Therefore, the dB/dt x By
veqtor product is~defined as the scalar product of the dB/dt and By magnitudes respectively. This is
th¢ maximum dc¢hievable cross product of the clinical dB/dt and By, and thus provides a compservative
condition for ATIMD evaluation.

NOTE For some types of AIMDs, the orthogonal orientation of By and dB/dt might not be clinically relevant.
Refer to, Annex F to determine the result of dB/dt x By based on the clinically relevant orientation off the AIMD
relptive to dB/dt and By.

10.3.5 Test frequencies

10.3.5.1 General

For MR scanning sequences using a trapezoidal gradient waveform (via clinical sequence or driving
signal), the driving frequency shall range from <300 Hz to at least 1 150 Hz. Frequency steps shall be
no greater than 300 Hz, and specific frequency ranges may be excluded if they would damage the MR
scanner due to mechanical resonances of the MR gradient coils. This driving frequency range will result
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in vibration frequency content up to at least 3 000 Hz, which shall be used for Method 2 (shaker table).
See Annex F for further rationale.

NOTE Driving the gradient amplifier directly can void the manufacturer’s warranty and can cause
scanner damage.

The following subclauses describe methods and examples for achieving exposure at multiple frequencies
within this range. Only one method is required; it is not necessary to use both.

10.3.5.2 Using a clinical MR scan sequence

Clinical imaging sequences such as Echo Planar Imaging (EPI) may be used for mechanical vibratjon
testing. If|this method is used, the AIMD manufacturer shall measure, by means of a pickupccoil, the
frequencig¢s, amplitudes, and number of pulses of dB/dt that are generated.

Devices shall be tested in the frequency range and frequency steps as given in 10.3.5(h using an EPI
sequence that results in at least 16 sequential gradient pulses (32 phase encode steps).

NOTE By changing MR imaging parameters, such as bandwidth and field of view/it-is possible to indjice
gradient pyilse trains at specific frequencies. Due to the variations in design between scanner manufacturers the
AIMD manIAfacturer is responsible for determining the appropriate imaging sequeheeand parameters that yvill
generate the desired field.

10.3.5.3 [Using an arbitrary gradient waveform

The gradigents of an MR scanner may also be driven using a trapézoidal waveform as shown in Figur¢ 9.
Devices shall be tested in the frequency range and frequency steps given in 10.3.5.1.

1 Period

NONANSTNN o=
INLINCESRIAT Y

Figure 9 — Example trapezoidal waveform at a specific frequency

10.3.6 Te¢st duration

Table 6 provides the,test duration that represents the cumulative scan time over the lifetime of a
typical AIMD for d.given percentile of the patient population. This is the total duration for the entjire
test, including allfrequencies to be tested. The manufacturer may select an appropriate test duratfon
based on the/risk profile of the AIMD. Test durations are based on a 50 % duty cycle (e.g. using a 104 %
duty cycld daring test reduces the test duration by half).

Table 6 — Test duration based on population percentile

Population percentile Test duration
% h
99,2 2,5
99,9 4,5
99,99 7,5
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Test duration is not required to be continuous. Periods of cool down for the scanner or other breaks in
continuity are allowed, provided the test setup is not changed and the total exposure time requirements
are met.

NOTE Further elaboration can be found in Annex F.

10.3.7 Test temperature

10.3.7.1 General
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4 General test procedure

4.1 Measurement of gradient field and determination of AIMD location
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dt perpendicular to the major conductive planes of the AIMD. The following procedure m:
Hetermine the optimal testlocation in the scanner.
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4.2 AIMD/test unit setup

4.2.1 Orientation of AIMD in scanner

The AIMD shall be oriented with major conductive planes parallel to the scanner z axis. The dB/dt vector
orthogonal to the major conductive planes of the AIMD shall be measured.

If the two outer AIMD dimensions, which comprise the major conductive plane (e.g. the device metal
enclosure), are each at least two times greater than the shortest outer dimension, only one orientation
is required for test.
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For example, an AIMD that is intended to be parallel to the patient table in the clinical scenario may
be oriented such that the major conductive planes are perpendicular to the gradient y-coil (dBy/dt), as
shown in Figure 10.

For AIMDs in which major conductive components are not planar and parallel to one another, the AIMD
manufacturer shall determine the orientation that results in maximum stress on internal components.

X

Figure 10 — AIMD orientation in MR scanner

Multiple devices may be tested simultaneously, provided the exposure for each meets the minimpim
exposure fequirement.

The manuffacturer shall assess whether the AIMD needs tg'\be tested in multiple orientations about the
AIMD y-axis, in order to test internal component rocking. If the assessment is negative, only one test
orientation is required. If the assessment determinesthat multiple orientations are required, the devjice
shall be tg¢sted in two different orientations about.the AIMD y-axis, the second of which is rotated $0°
from the flirst.

10.4.2.2 Mounting

The AIMD shall be mounted such thathon restricted movement of at least 0,5 mm in each direction is
allowed. The following are examples-for mounting methods:

— Polynper ballistic gel;
— Closefl-cell foam;
— Double-sided tape.

Other typps of ntounting are allowed if the above requirement is met. Tissue-simulating medium dges
not alwayp ensure a conservative environment and is not required.

10.5 Method 1 — MR scanner

The general test procedure described in 10.4 shall be applied. The vector product of gradient field dB/dt
and Bg used to conduct AIMD functional testing shall be greater than or equal to the maximum vector
product the AIMD might be exposed to during clinical MRI examinations (from 10.3.4) when the MR
Conditional labelling conditions of use are observed.

NOTE A scanner with a field strength greater than 1,5 T can be used to achieve the dB/dt x By from 10.3.4.

Across the frequency range in 10.3.5, the manufacturer shall either allocate the same number of
excitations (cycles) to each frequency step such that the total required test duration is achieved, or
allocate the same amount of time to each frequency step such that the total required test duration is
achieved.
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If a clinical scan sequence is used, the manufacturer shall determine that the sequences used cover the
range of gradient-intensive clinically relevant sequences such that the dB/dt requirement is met.

Apply test conditions from 10.3. For compliance criteria see 7.1.
10.6 Method 2 — Shaker table

10.6.1 General

This procedure describes the functional testing of the AIMD using a shaker table or other vibration test
eqhipment capable of simulating vibration caused by MR gradient and static magnetic fields.|Figure 11
sh¢ws the steps in this procedure.

Determine scanner input

Y

Measure AIMD vibration
response

Determine shakerinput

conduct shaker test

Assess AIMD performance

Eigure 11 — Flow diagram of shaker table test procedure

10{6.2 Determine scanner input

The mafmufacturer shall select the scanner excitation from 10.3.5 and an appropriate AIMD ofrientation
to |generate a dB/dt that results in a vector product that is at least 20 % of the maximum clinical
dBVdt= Bg B he AIMD labelling is
not requlred 1f the measured v1brat10n response is scaled to the requlred dB/dt as 1nput to the shaker
table excitation.

10.6.3 AIMD vibration response

10.6.3.1 Measurement equipment

Sensors shall be used to measure the AIMD vibration response (displacement, velocity, or acceleration).
The selected displacement, velocity, or acceleration sensor shall have a minimum bandwidth of
20 Hz to 3 000 Hz. Examples include non-contact light measurements (e.g. laser Doppler vibrometry,
interferometry, digital image correlation) and some accelerometers.
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10.6.3.2 Measure the AIMD vibration response

Using the requirements given in 10.3, the manufacturer shall excite the AIMD in the scanner and measure
the dB/dt field and the vibration response of the AIMD. The vibration response shall be measured at the
locations of the AIMD known to produce the highest magnitude. The recorded waveform shall have
a sampling rate sufficient to capture the details of the motion waveform and prevent aliasing of the
signal. The recorded waveform shall also have sufficient length to fully characterize the pulse sequence.

10.6.4 Determine shaker table amplitude (dB/dt scaling)

dm 1063 Shatt be scate cTatio of the
10.3.2) to the actual dB/dt measured in1026.3

Ude O 1€ AIIVMID VIDI'AQtlOIl I'eSpPoI ed [ C
dt (derived from AIMD labelling as described in

[see Formula (8)].
[dB ]
dt
labelled (8)

dt measured

Scale factor is the scalar applied to the amplitude response of-the AIMD in the scanner;

Scale |factor =

where

daB is the target dB/dt derived from the maximuin'slew rate specified in the AIMD
dt labelling;

labelled
dB is the dB/dt measured when chardcterizing the AIMD vibration response in the
dt scanner.

measured

10.6.5 Perform vibration exposure usinga shaker table

10.6.5.1 [General

The scaldd shaker table amplitude determined in 10.6.4 shall be used as the input to drive a
programmable shaker table, using only one of the waveforms described below.

The shakgr table shall he.able to generate vibrations at the magnitude and frequency characteristics
specified [in its driviag-input. Single or multi-point control strategies may be used to control the
vibration pf the shaker-table.

The AIMD| shall-be mounted rigidly on the shaker table to allow vibration along the relevant axes.

For compliidgrice criteria see 7.1.

10.6.5.2 Random vibration

The AIMD shall be subjected to a random vibration profile using the appropriate scaled amplitude from
10.6.4. The frequency range shall be 20 Hz to 3 000 Hz for the total test duration from 10.3.6.

10.6.5.3 Profile-driven vibration

Obtain a real-time recorded vibration profile from the AIMD during scanner exposure in 10.6.3.2. Scale
the amplitude of vibration in accordance with 10.6.4 and use this as direct input to a shaker table. The
appropriate frequency range is embedded in the profile. The total test duration shall be from 10.3.6.
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11 Protection from harm to the patient caused by Bp-induced force

Displacement force produced by the static magnetic field (Bg) has the potential to cause unwanted
movement of a device containing magnetic materials. AIMDs generally contain paramagnetic,
diamagnetic, and ferromagnetic materials. For a paramagnetic, diamagnetic, or ferromagnetic material
below saturation, the location of maximum displacement force is at the point where the product of
the magnitudes of the magnetic field (Bp) and the spatial gradient of the magnetic field (VBy) is at a
maximum. The same is true for paramagnetic material above saturation. For ferromagnetic material
above the magnetic saturation point, the maximum displacement force will occur at the location where
VBg is a maximum. These locations are off the central axis of the bore of an MR scanner.

Te
cri

5t the device in accordance with ASTM F2052. The manufacturer shall establish and justifya
[eria for the magnetically induced deflection force.

cceptance

Objserve all reporting requirements in ASTM F2052.

12

M3
un
af

(e.

Tegt the device in accordance with ASTM F2213. The manufacturer shall establish and justify 4
criteria for the magnetically induced torque.

Protection from harm to the patient caused by Byp-induced.-torque

gnetically induced torque produced by the static magnetic field (Bp) has the potential to cause
wanted movement of a device containing magnetic materials. The)magnetically induced torque is
inction of By and should be measured at a location where the static magnetic field is honmogeneous
b. the isocentre of an MR scanner).

cceptance
Obkserve all reporting requirements in ASTM F2213,

13 Protection from harm to the patient caused by gradient-induced extrinfsic

electric potential

13.1 Introduction

Exfrinsic electric potential is gitadient field induced voltage that develops between spatially

separated
D (inter-
dient field
of change
ports and
onductive
o low, the
in contact

modify AIMD output therapy 51gn1f1cantly due to superposition.

While these effects might not otherwise cause device failure or malfunction, the results of these
electromagnetic interactions between the MR scanner pulsed gradient fields and the AIMD can cause
patient harm of varying severity depending on AIMD type. The tests of this clause measure the amount
of unintended charge, current flow, or therapy output distortion due to the pulsed gradient field.

Gradient-induced current flow through the AIMD lead interface is measured using injected test
methods.

NOTE1 Using a radiated field to test extrinsic potential effects might not be practical due to the large uniform
field area required for a device with leads attached, difficulty in controlling electrode voltage, and the possibility of
induced noise in the measurement system. Using a radiated field is not recommended for the testing in this clause.
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NOTE 2 The sealing system for AIMDs containing lead port connectors can contribute significantly to
gradient-induced lead electrode conduction. Test methods for sealing system evaluation can be found in other
more specific specifications such as ISO 5841-3 (IS-1 connector)[5] and ISO 27186 (IS-4 connector)[€l.

Key
tissue [contacting electrode
gradiept-induced AIMD current, I1
tangernjtial electric field (Etan)

AIMD pxtended lead body (insulated)
lead pprt connector seals

AIMD pnclosure

gradiept-induced current return path
gradient magnetic field

O© 00 N O U1 »H» W N -

conduftive AIMD enclésure tissue contact impedance

[uy
o

gradiept-induced veltage, V1

—_
—_

lead electrode tissue contact impedance and current, /1

[uy
N

AIMD |ntepnal-circuits containing linear and nonlinear components and associated current I4
AIMD EME filter capacitor, C1, and current, I3
Lead connector seal leakage impedance and current, I

[uy
w

=
S

Figure 12 — Example AIMD circuit and gradient-induced voltage and current

13.2 General requirements

The tests of this clause apply to AIMDs with two or more tissue contacting electrodes. Leads with
electrical contacts to tissue (electrodes), conductive AIMD enclosure surfaces in contact with tissue,
and externally mounted electrodes on the AIMD enclosure are examples of tissue contacting electrodes.

Testing shall be performed with the AIMD programmed according to its intended use.
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The AIMD is tested using standard bench equipment and connection to the AIMD through a tissue
interface network (see Figure 34). The injected methods use voltage levels, Vems, as determined by
Annex A.

AIMDs with detachable leads are tested with leads removed and the AIMD lead port connected to the
tissue interface network using a suitable connector(s).

NOTE1 AIMDs with non-detachable leads or enclosure mounted electrodes might require a custom fixture or
leads to complete connections between AIMD electrical contacts and the tissue interface network.

Three tests are performed to evaluate gradient-induced effects:

— | The first test, defined by two alternative tiered methods, measures gradient-induced‘¢harge and
current associated with individual gradient pulses;

— | The second test measures the average rectified current when the AIMD is expoSedto a lonjg gradient
pulse train;

— | The third test evaluates gradient pulse distortion of AIMD output therapy for devices wijith output
therapy enabled during scanning.

Gradient-induced charge and current tests and the rectified current/test are required regardless of
whether AIMD device output therapy is turned on or off during the MR scan.

Fol AIMDs with electrode interface circuits that changed{iimpedance as a function of tfime, each
impedance state shall be evaluated.

Figure 13 depicts an example AIMD output voltage stimulation sequence with associated dynamic
elgctrode circuit impedance state changes. Gradienttest signal application and measurement times for
eath of the AIMD output impedance state are shown.

1 le 2 e 3

Key

1 | AIMD therapy<oltage or current stimulation pulse

2 | AIMD tissue.charge balance pulse

3 | toff (timebetween therapy pulses)

4 | gradient test signal application and induced current measurement times

Figure 13 — Gradient test pulse timing relative to AIMD dynamic electrode circuit impedance

If AIMD output therapy is enabled during scanning, according to the manufacturer’s MR Conditional
labelling, the manufacturer should consider the relevance of gradient pulse test application within and
outside therapy delivery window and provide justification for excluding either.

If defined as part of the AIMD MR Conditional operation, turning electrical output off shall be considered
part of the AIMD operating range and be tested.

For multi-lead AIMDs, testing of the AIMD shall be repeated with a sufficient set of injected voltages to
subject the device to the maximum common mode (e.g. with respect to the AIMD conductive enclosure)
and differential mode voltages expected during clinical use. These should consider induced voltage
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amplitude and polarity variations due to lead path and patient electrode location. Both intra-lead and
inter-lead electrode voltages shall be tested, unless justification for not doing so is provided.

The gradient pulse distortion test is not required for devices that do not provide output therapy during
the MR scan according to their MR Conditional labelling. The gradient pulse distortion test may be
omitted by the manufacturer, if it can be shown that the amount of distortion possible is insignificant or
the gradient-induced voltages will not prevent the AIMD from meetings its intended use.

Insulated antennas are not able to pass gradient current and are excluded from injected testing.

Where use of an oscilloscope is specified, a multichannel digital data acquisition system may be used.

For complliance criteria see 7.1.

NOTE 2  |Absolute tissue stimulation charge and current thresholds and associated AIMD limits’dépend|on
AIMD elecfrode design and the specific tissue characteristics which are beyond the scope of thiS 'documegnt.
These can pe found in literature, more specific standards if they exist, or manufacturer’s specifications. Annex R
contains ap introductory summary on electrically excitable tissue charge and current stimulation threshdlds
and associgted unintended stimulation hazard assessment.
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Key
1 | gradient tissue interface network (see Figure 34)
2 | differential amplifier
3 | oscilloscope
4 | EMF testsignal 1
5 | EMF test signal 2
6 | EMF test signal 3
7 | EMF testsignal 4
8 | EMFtest signal 5
9 | EMF test signal 6

[EnN
o

EMF test signal 7
EMF test signal 8
EMF test signal 9

SR
N

Figure 14 — Test setup to measure gradient-induced AIMD charge, current injection, and
rectification
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13.3 Gradient pulse leakage test

13.3.1 General

This test measures gradient-induced current flow through the AIMD electrodes for individual positive
and negative gradient pulses. A two tiered test method is provided for gradient pulse leakage:

— Tier 1 requires measurement of the total integrated charge conducted through the AIMD electrodes.
It is the simpler and more conservative of the two methods.

NOTE

ke | Tl

he

minimn

— Tier 2
AIMD
The s
voltag

NOTE
from 2
tissue

13.3.2 T

Use thete
and connd

13.3.3 T

Use the g
The AIMI
tslew = 0,2
1,0 ms pu
Vemf, dete
PortC1, P

bcond measures the steady-state current flow through the AIMD electrode wHile'the indu
e is applied after the initial charge transient has subsided.

st equipment

bt setup in Figure 14 and tissue interface network shown inlFigure 34. AIMD test configurati

st signal

o d 2 3 L. e N ool L. 4 1 di
T TIICIITC IO 15 COTTSTT v atTv e O TTauST—UIC— tUtaT CITaT gC HTCaSUT CITCTTC Cat OC—CoOTITpadr Tt tO

um tissue charge stimulation threshold.

requires two measurements. The first measures the initial transient charge associated w

ith

internal electrical circuit component charging at the onset of the gradient voltage chanjge.

2 The first measurement, charge, can be compared to the minimum threshold (e.g. Qmin) tal
tissue charge-duration simulation curve. The second measurement, currént,,can be compared to
current strength duration curve.

ctions are defined in 16.5.5.

radient test signal shown in Figure 15 with the timing and voltages specified in Tablg

is tested using two test cases. The first test case corresponds to a minimum gradi
ms, at the maximum MR scanner slew.rate and dB/dt exposure. The second test case use
se width at a reduced MR scanner glew rate and dB/dt exposure. Use the injected test lev
rmined from Annex A. Individual Vet levels are referred to as V1, Vo, etc., when applied
brt C2, etc., respectively.

ed
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Key

1 | pulse width (in ms)

2 | toff (time between pulses)

3 | Vc1, amplitude (Volts peak) of the injected'test signal to Port C1
4 | Vi, amplitude (Volts peak) of the injected test signal to Port C2

Figure 15 —Simulated gradient-induced voltage pulse waveform

Table 7 — Gradient pulse test signal parameters

Test ease Pulse widthd Injected electrode vgltage
msa Vpeake
Test 1 0,2 Vemf (tslew = 0,2 mg)b
Test 2 1,0 Vemf (tslew = 1,0 m§)¢

NQTEAVéms (tslew = 1,0 ms) scaling is based on IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.12.4.102.8.3b), dB/dt
PNS¢eymula. Scale = L12 (1,0 ms)/L12 (0,1 ms) = 0,296, where L12 is the First Level Controlled Operating Mofle in whole

bo Y8t adtents:

a  The tolerance for pulse width is +5 %.

b Vems for pulse width = 0,2 ms is the maximum electrode voltage with respect to the AIMD conductive enclosure. It is
determined from the maximum scanner slew rate specified in the AIMD MR Conditional labelling and the injection voltage
determination methods defined in Annex A.

¢ Vemf (tslew = 1,0 ms) is 0,296 x Vet (tslew = 0,1 ms).
d  Rise and fall time of the pulses shall be <7 ps.

e Pulse amplitude 2Vepf.

Vc1 represents the gradient-induced voltage between an AIMD electrode, such as an electrode on an
AIMD lead, and its conductive enclosure. V1 is applied to Port C1 of the tissue interface network shown

in Figure 34.
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Vco represents the gradient-induced voltage at a second AIMD electrode, such as an electrode on another
lead of a multi-lead AIMD and its conductive enclosure. V¢ is applied to Port C2 of the tissue interface

network s

hown in Figure 34.

Vc1, Ve, ...Ven transition times are coincident. At MR gradient frequencies phase delays due to
propagation are negligible, but, depending on AIMD type and deployment in the body, it is possible for
electrode voltages to be of opposite polarity.

Voltage pulse width of 0,2 ms represents the minimum slew time for the MR scanner gradient output to
change from maximum gradient output to the maximum gradient output of the opposite polarity.

Electrode|voltages for Test 1, 0,2 ms pulse width are determined from the maximum scannercs]

|

rate specified in the AIMD MR Conditional labelling and the injection voltage determination methg

defined in
electrode

The inter-

if charginjg effects from the previous applied pulse(s) have not dissipated before the next pulse

applied.

13.34 T
The follow

Step 1

Step 2

Step 3

Step 4

If Cxisno
charge us
resistor, R

If Cx is u
input cha

Annex A. Electrode voltages for Test 2, 1,0 ms pulse width are determined from the Tes
voltages, as shown in Table 7.

pulse delay; toff, as shown in Figure 15 is at least 2 s. The inter-pulse delay should be increas

er 1 — Combined gradient-induced charge measurement test\procedure

ing procedure shall be used for Tier 1 measurements.

Connect the test signal generator(s) to the appropriate.input port C (C1 — Cn) of the tissue
interface network, Figure 34, as shown in Figure 14«

Connect the AIMD to the tissue interface network'in accordance with 16.5.5. (AIMD test
configurations and tissue interface network connections for Clause 13 are the same as for
Clause 16.)

Apply the test voltage waveform of Figure 15 and measure the test signal at Port D2 using
oscilloscope. Adjust the test injectiontvoltage amplitude as necessary to achieve the prope
level as determined from AnnexA;

Measure the total positive and negative charge passing through the AIMD lead electrode

ports (see Figure 16) usingan oscilloscope and differential amplifier. Select the voltage m
itoring points and compute charge appropriately as defined below depending on whether 1
optional Cx capacitot is used for the measurement.

f used, measure the'voltage between test Port D2 and test Port E and compute the AIMD inj
ng Formula f9}.and Formula (10). RRrx is the value of the AIMD lead port series input coupl
X. (Rx corresponds to R3 for Port C1, R4 for Port C2, etc., as shown in Figure 34.)

sed measure the voltage between test Port D1 and test Port D2 and compute the All
r'ge/as(the product of the voltage change and the Cx capacitor value using Formula (11) 3

ew

ds
t1

ed
is

n_
he

but
ng

vID
nd

Formula (

12}

Integration intervals and measurement times, t1, t2, t3, and t4, are shown in Figure 16.

ty

. 1
Positive charge = . J‘VDZ (t) -V (t)dt

. 1
Negative charge = N JVDZ (t) -V

48

Rx C3
ty

E
Rx tl

(9)

(t) dt (10)
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where

RRrx is the value of the series input coupling resistor, Rx;
Vp2(t) isthe measured voltage on test Port D2 as a function of time;
VE(t) is the measured voltage on test Port E as a function of time;

t1, t2 is the integration time interval for the negative charge measurement;

t2 ta isthe integration time interval for the nositive charge measurement
(o2 Enge ¢ (@] Ir O

Positive charge = C, X [ch (t4 ) —Vex (t3 )}

Negative charge = C ., X[VCX (tz ) —Vix (tl )}
whHere

Ccx isthe value of the charge integration capacitor, Cx;

Vcx is the measured voltage across capacitor Cx at times ¢4, £z, t3, and t4, respectively.
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a) Applied test voltage (simulated gradient EMF)
A . i 4
Vbog| ! /
| |
| |

A
Vb2-p1

I//|.-.-------------5T' Vex (tl) 'T'" Vix (t4)

K 6 X
} VCx (t3)

“ Ve (t2)

b) Voltage measurement for AIMD current
(Tier 1 AIMD charge measurement integration intervals)

pulse yidth corresponding‘to)gradient slew time duration (¢sjew)
toff (time between pulses)

Tier 1|(-) AIMD inje¢ted charge measurement, using oscilloscope integration function

Tier 1|(-) AIMB ihjected charge measurement, using integration capacitor, Cx
Tier 1|(+) AIMD injected charge measurement, using integration capacitor, Cx

1
2
3
4  Tier 1|(+) AIMDdnjected charge measurement, using oscilloscope integration function
5
6
X

time
t1 negative going test voltage transition
tz  end of first biphasic test pulse
t3 positive going test voltage transition
ts4 end of second biphasic test pulse

NOTE Actual AIMD voltage response waveforms can differ from the example waveforms shown in the figure.
For example, AIMD response might exhibit polarity asymmetry.

Figure 16 — Combined gradient-induced AIMD charge measurement
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13.3.5 Tier 2 — Separate transient gradient-induced charge and steady-state current
measurement test procedure

13.3.5.1 Gradient-induced charge measurement test procedure

The following procedure shall be used for Tier 2 charge measurements.

Apply the procedure from 13.3.4, Step 1 through Step 4 with the following modifications for Step 4:
— Use Figure 17 instead of Figure 16;

—| Inthe case where Cx is not used the charge measurement integration interval begins at-the leading
edge of the applied voltage pulse and ends when the measured waveform settles to within 5 % of its
final asymptotic step response value.

13{3.5.2 Gradient-induced current measurement test procedure

T

=

[)following procedure shall be used for Tier 2 current measurements.

Apply the procedure from 13.3.4, Step 1 through Step 3. Step 4 is replaced, as follows:

Stgp4  Using an oscilloscope connected to a differential amplifieér measure the voltage between test
Port D2 and test Port E during the two time intervalg’shown in Figure 17 (following t; and
following t4). Compute the AIMD lead electrode poft'current as the average differential volt-
age measurement divided by the lead port series‘input coupling resistance (e.g. R3 for Port
C1, and R4 for Port C2, etc., as shown in Figure'34).

The start of the averaging time interval begins after any leading edge pulse transient of the measured
AIMD input current waveform has settled to within 5 % of its asymptotic step response valug. The end
of the averaging time interval occurs at the trailing edge of the gradient test voltage pulse.
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b) Voltage measurement for AIMD current
(Tier 2 AIMD charge measurement integration intervals)

Key

1 pulse width corresponding to gradient slew time duration (tsjew)

2 toff (tilne betweenypulses)

3 Tier 2|(-) AIMDinjected charge measurement, using oscilloscope integration function
4  Tier 2|(-)/AIMD injected current measurement

5 Tier2 AIMD injected charge measureme

6  Tier 2 (+) AIMD injected current measurement

7  Tier 2 (-) AIMD injected charge measurement, using integration capacitor, Cx
8  Tier 2 (+) AIMD injected charge measurement, using integration capacitor, Cx
X time

t1 negative going test voltage transition

tp negative current waveform is within 5 % of asymptotic value

t3 positive going test voltage transition

52 © IS0 2018 - All rights reserved


https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

ISO/TS 10974:2018(E)

ts4 positive current waveform is within 5 % of asymptotic value

NOTE Actual AIMD voltage response waveforms can differ from the example waveforms shown in the figure.

Figure 17 — Separate gradient-induced AIMD charge and current measurement

13.4 Gradient rectification test

13.4.1 _General

If present, nonlinearity in AIMD input impedance can rectify the gradient pulse train~extdgnding the
effective pulse width of unintended tissue stimulation beyond the individual gradient pullse onutput slew
time. AIMD nonlinearity can be temperature dependent.

Thiis test measures the average rectified current generated by the AIMD ,at’the tissue g¢ontacting
elgctrode interface when exposed to long gradient pulse trains.

13{4.2 Test equipment

Usg the testsetup in Figure 14 and tissue interface network shown intFigure 34. AIMD test conf]gurations
anfl connections to the test setup are defined in 16.5.5.

13}4.3 Test signal
Usg the gradient test signal shown in Figure 18.

Usg the injected test levels, Vemf, determined fromAnnex A. Individual Ve rlevels are referred to as V1,
Vcp, etc., when applied to Port C1, Port C2, etc.,Fespectively.

1 1
VCI f_% f_)%
. _._| - e
|
3 |
L2
|<—>
>
| |
| |
| |
| |
| |
gt UL Iy
| | |
o | L
4T 2

Key

1 testsignal burstlength (n =128, f= 2,5 kHz)

2 burstdelay (2 s)

3 Vc1, amplitude (Volts peak) of the injected test signal to Port C1
4 V¢, amplitude (Volts peak) of the injected test signal to Port C2

Figure 18 — Example simulated gradient-induced voltage pulse train for rectification test
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Vc1 represents the gradient-induced voltage between an AIMD electrode, such as an electrode on an
AIMD lead, and its conductive enclosure. V1 is applied to Port C1 of the tissue interface network shown

in Figure 34.

Vco represents the gradient-induced voltage at a second AIMD electrode, such as an electrode on another
lead of a multi-lead AIMD and its conductive enclosure. V¢ is applied to Port C2 of the tissue interface
network shown in Figure 34.

Vc1, Ve2, ...Ven transition times are coincident. At MR gradient frequencies phase delays due to
propagation are negligible, but depending on AIMD type and deployment in the body, it is possible for

electrode

The pulse

The inter-

of AIMD i

rectificati
between hurst applications.

13.44 G

The following procedure shall be used for rectification measurements:

Step 1

Step 2

Step 3

Step 4

The integ

trailing ed

Test the 4

voltagestao be of opnnosite nolarity,
O rr r J

on the burst delay should be lengthened, as needed, to ensure storage-elements discha

radient-induced rectification measurement test procedure

Connect the test signal generator(s) to input Port C of thetissue interface network,
Figure 34, as shown in Figure 14.

Connect the AIMD to the tissue interface network'in accordance with 16.5.5. (AIMD test
configurations and tissue interface network connections for Clause 13 are the same as for
Clause 16.) If optional Cx capacitors have be€n included in the tissue interface network
(Figure 34), close the switches across all Cx capacitors to remove them from the circuit.

NOTE 1 Short circuiting Cx prevents.the capacitors from blocking the flow of rectified cu
rent components from the AIMD,

Apply the test voltage waveferm of Figure 18 and measure the test signal at Port D2 using
oscilloscope. Adjust the testinjection voltage amplitude as necessary to achieve the prope
level as determined from Ahnex A.

Using an oscilloscape-connected to a differential amplifier measure the voltage between t¢
Port D2 and testPort E (see Figure 14) and compute the rectified current through the AIM
lead electrodepprt using Formula (13). Rry is the value of the lead port series input coupli
resistor, Rx.(Rx corresponds to R3 for Port C1, R4 for Port C2, etc., as shown in Figure 34.)

ration interval begins at the leading edge of the applied voltage pulse train, tg, and ends at
ge ofithe applied voltage pulse train, tg + tpw.

width of individual pulses is 0,2 ms, the minimum slew time for a maximum dB/dt expesiire
for long byirsts, e.g. n = 128. The time duration of the n = 128 burst is 51,2 ms.

burst delay is nominally 2,0 s but longer delay might be required depending on, the presence
hternal storage elements that can be charged by circuit rectification. To prévent masking of

ge

st
D

ng

he

A [MD while applving injected voltages Veq Veo Ve set at the maximum common md
ppiang 1nj & ) i

de

voltage with respect to the conductive AIMD enclosure.

Repeat the test as required to apply the clinically relevant voltage combinations maximizing the voltage
differences between electrodes located on separate leads.
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Repeat the test as required applying the clinically relevant voltage combinations maximizing the intra-
electrode voltage differences on the same lead or AIMD case mounted electrodes.

NOTE2 An AIMD can rectify gradient-induced differential voltages that develop between electrodes of
patient leads, or between electrodes and the AIMD conductive enclosure. It is important to test the AIMD with
test voltage cases covering the clinically relevant maximum gradient-induced electrode voltage differences. For
example, for a multi-lead AIMD, test cases covering maximum induced voltage on a first lead with a second lead
in a routing that might have very little induced voltage or opposite voltage polarity. Testing at intermediate pulse
voltage amplitudes can aid in determining and characterizing AIMD nonlinearity.

The applied gradient burst length, tpw, is long compared to the chronaxie time of electrically excitable
tispues. If the AIMD rectified current response level varies significantly over the pulse.tfain burst
lerjgth, the AIMD rectified current response should be evaluated over narrower time lnt¢rval(s) to
avpid underestimating transient “peak” rectification level(s).

to+

Rectified current = .t j Vha (t) -V (t) dt (13)

X R
bw

where

Rrx  isthe value of the series input coupling resistor, Rx;

Vp2(t) is the measured voltage on test Port D2 as a functiorn of time;
VE(t) isthe measured voltage on test Port E as a function of time;
to is the leading edge of the applied voltage pulse train;

tow  isthe applied voltage pulse train burstlength.
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Key

test signal burst length (n = 128, tpw = 51,2 ms, f= 2,5 kHz)

burst delay =2 s

peak amplitude (Volts) of the injected test signal to Port C1, Port C2, ...Port Cn, etc.
averaged rectified voltage across the AIMD lead port series coupling resistor (Rx)

BOwW N R

Figure 19 — AIMD gradient pulse train rectified current measurement
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13.5 Gradient pulse distortion of AIMD output test

13.5.1 General

The gradient pulse distortion test is not required for devices that do not provide output therapy during
the MR scan according to its MR Conditional labelling. The distortion test may also be omitted if the
manufacture provides as rationale an analysis showing that the intended use will be met when MR
gradient field induced lead voltage(s) are superimposed. The analysis shall consider the effects of
common mode, intra-lead differential, and inter-lead differential voltage induced between the AIMD
lead electrodes and AIMD enclosure.

13.5.2 Test equipment

Use the test setup in Figure 14 and tissue interface network shown in Figure 34. AIMD test configuratigns
and conngdctions to the test setup are defined in 16.5.5.

13.5.3 Test signal
Use the grjadient test signal shown in Figure 15.

Use the injected test levels, Vemf, determined from Annex A. Individual Vemflevels are referred to as Yc1,
Vco, etc., when applied to Port C1, Port C2, etc., respectively.

13.5.4 Gradient-induced AIMD output distortion test procedure

The following procedure shall be used for observations of therapy output distortion.

Step1 |Connect the test signal generator(s) to input Pert C of the tissue interface network,
Figure 34, as shown in Figure 14.

Step 2 |Connect the AIMD to the tissue interface'network in accordance with 16.5.5. (AIMD test
configurations and tissue interfacemetwork connections for Clause 13 are the same as for
Clause 16.)

Step 3  |Apply the test voltage waveform of Figure 15 and measure the test signal at Port D2 usingjan
oscilloscope. Adjust the tést injection voltage amplitude as necessary to achieve the proper
level as determined from/Annex A.

Step4  |Observe AIMD therapy output waveforms by connecting an oscilloscope and differential
amplifier between test Port D2 and test Port E. With the gradient test signal off, perform
baseline obsérvations of the AIMD output therapy waveforms. Repeat for all relevant AIMD
lead port.conhections.

Synchroenously apply the gradient test signal so that the first of the two square wave pulsels
coincides with the AIMD therapy output. Repeat so that the second of the two square wavg
pulses coincides with the AIMD therapy output. Repeat for all relevant AIMD lead port con
nections.

If the AIMD electrical output is not continuous but pulsatile, gradient test signal pulse appli-
cation shall be synchronised so that the gradient test signal overlaps the AIMD output time.

Test the AIMD while applying injected voltages V¢1, Vca, ...Ven set at the maximum common mode
voltage with respect to the conductive AIMD enclosure.

Repeat the test as required to apply the clinically relevant voltage combinations maximizing the voltage
differences between electrodes located on separate leads.

Repeat the test as required applying the clinically relevant voltage combinations maximizing the intra-
electrode voltage differences on the same lead or AIMD case mounted electrodes.
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The exact synchronization timing used to apply the test waveform can depend on the AIMD therapy
output signal waveform, duration, and consideration of the AIMD output circuit susceptibility to
induced gradient voltage. The rationale for the synchronization timing selected shall be documented by
the AIMD manufacturer.

Example test signal synchronization timing with respect to AIMD output are shown in Figure 20.
Synchronization timing for the case where AIMD output duration is shorter than the gradient test signal
is shown in the top two traces of the figure and for the case where AIMD output duration is longer than
the gradient test signal is shown in the bottom two traces.

3 4 5 6
1

R {4 {f i {
2 + +

~ | — 1 = —

9 10 11 12 13 14
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| ff S

— , —

.y
—
peny

A
[¢’]
=

AIMD therapy«utput duration less than gradient test signal duration

gradient injection voltage test signal

positivelgoing gradient test signal synchronised to leading edge of AIMD output

negative going double-sided gradient test signal slew synchronised to middle of AIMD output

negative going gradient test signal synchronised to leading edge of AIMD outpu

positive going double-sided gradient test sigmal stew symnchronised to middte of AIMDoutput
AIMD therapy output duration greater than gradient test signal duration
gradient injection voltage test signal

O© 0 N O U1 A W N -

negative going double-sided gradient test signal slew synchronised to beginning of AIMD output

[EnN
o

positive going gradient test signal synchronised to middle of AIMD output

Juny
[u=N

positive going gradient test signal synchronised to end of AIMD output

[En
N

positive going double-sided gradient test signal slew synchronised to beginning of AIMD output

[En
w

negative going gradient test signal synchronised to middle of AIMD output

=N
S

negative going gradient test signal synchronised to end of AIMD output

Figure 20 — Example test signal synchronization timing with respect to AIMD output
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14 Protection from harm to the patient caused by Bp-induced malfunction

14.1 Introduction

Exposure to the By field of the MR scanner could produce effects on the function of the AIMD including
device reset, re-programming, magnetic remanence, battery drain, and permanent damage. This clause
focuses on assessing these potential effects through appropriate testing based on the classification of
the potential vulnerabilities of the AIMD to the large static magnetic fields associated with 1,5 T MR
scanners. The device is tested for malfunction following exposure.

The electrical performance of semiconductor integrated circuits, transistors, diodes, resistqrs,
capacitorg, and interconnect components is not impacted by the MR static field. Some of\these
componerjts contain ferromagnetic nickel plating for solderability, but the quantity is insignificant qnd
the impadt of any ferromagnetic content is evaluated by the force test (Clause 11). A voltage will|be
induced oh coils from movement through the static magnetic field, however, a much higher voltage will
be induced on a coil by the time-varying gradient magnetic fields. Therefore, the impact of induged
voltage islevaluated during gradient malfunction testing.

The tablel below describes AIMD components that will be impacted by the,\static magnetic figld.
Additiona| testing will not be required if the component is not used during-an MR scan. This can|be
achieved by disabling or bypassing the portion of the AIMD circuit containing these components.

The apprdpriate test is based on the class of device. The following tableidentifies three classes of devites
based on expected component behaviour. All devices should be tested soon afterward to establish gny
potential gffect of remanence. The manufacturer shall declare inthe test report the appropriate AIMD
device clapsification.
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Class Applicable devices Concern Test approach

Class 0 |Components thatrely on ferrite |Remanence in surrounding com- |Combined fields test, Clause 17
materials for functionality, but |ponents can affect a magnetic is sufficient to meet the test
are deactivated for the scan. sensor for a temporary period requirement with no specific
Devices with a magnetic sensor |after the scan. By susceptibility orientations
are included if the sensor required. Monitoring in ac-

1) cannot impact AIMD opera- cordz.ance with combined field
: . : requirement.

tion during MR scanning and

2) IS amor-mechantcat Sensor

(e.g. not areed switch).

Class 1 |Components thatrely on ferrite |Either magnetic sensor activa- | Test the AIMD inthe By magnetic
materials for functionality, but |tion or lack of activation can field in at least one ori¢ntation
are deactivated for the scan, and |occur. Either or both states of the [that result$ in activatign of the

. sensor could result in unintend- |magneticsensor, and ohe orien-
— has a magnetic sensor that . o ; .
. . i ed behaviour of the device in the |tation that does not caiise activa-
impacts AIMD operation during By field tion-of the magnetic sepsor.
MR scanning (e.g. a static-field 0 ’ & '
auto-detect sensor), or Magnetic sensors using a me- The device shall be tesfed for at
. . chanical switch might be suscep~|least one minute in each orienta-
— has a mechanical magnetic bl If . . 1 bihed field
sensor (e.g, a reed switch) tible to permanent malfunction | tion. Canrely on com ined fields
d ) (for example deformation of.a test methods for monitoring
NOTE 1 A sensor with only one |mechanical switch such&sreed |duringscan.
pos:?‘lble state re_garfiless of the sw1tch). Th'lS permaygnt mal- NOTE 2 AIMDs using hon-me-
By field orientationis a Class 0  |function might occur'in only the : .
. . . \ chanical magnetic sengors (e.g.
device for purposes of this test. |activated or de<activated state :
i . Hall Effect sensors) might have
(e.g. areed switch wherein the i
only narrow angular wlindows of
contacts aré closed or open), so . . .
both statés Shall be tested orientation wherein the sensor
' is not activated by the By field,
such that testing in thi§ orien-
tation is not practical. These de-
vices can be tested by ¢mulating
the logical off-state of the sensor
(e.g. by setting device Joftware
or hardware state before enter-
ing the By field).

Class 2 |Components that relyon ferro- |Intended functionality could be |Class 2 test procedureg are not
magnetic materials-for func- affected, and unintended func-  |within the scope of thi§ edition.
tionality and willremain active, |tionality could be triggered that |Itis incumbent on the fnanufac-
or that will.be-dnintentionally |results in potential harm. turer to define appropriate tests
rendered-active (including to address By safety.
any device with a permanent
magiet).

14.2 Static field testing

14.2T By general requirements 1or static 1ield testing

Testing shall be performed with the AIMD programmed according to its intended use.

Evaluation of potential transient malfunction conditions of the AIMD should be completed in a
sufficiently short time after testing such that malfunctions can be detected. Times of AIMD exposure
and post-test assessment of performance should be included in the test report.

For compliance criteria see 7.1.
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14.2.2 By field generation

The AIMD manufacturer may use either a single MR scanner or a custom magnet. If a custom magnet is
used it shall have a known Bg orientation over at least the AIMD volume with a static field strength of
at least 1,5 T. If an MR scanner is used it shall be labelled to at least 1,5 T and the active portion of the
AIMD under test shall be located within the range of isocentre +10 cm.

This test may be performed with or without a phantom.

14.2.3 Test conditions

The AIMD
contain e
magnetic

14.3 Tes

14.3.1 G

The manulfacturer shall follow the test procedure for the defined class of the-device under test.

14.3.2 (I

The follow
Fields tes
all the req

Step 1

Step 2

Assess the

14.3.3 (I
The follow
Magnetic

Ifthe devi
or the dd

shall be exposed to a static magnetic field as defined in 14.2.2. All parts of the devicelt
ements susceptible to magnetic fields shall be exposed. Exposure duration to the, st3

t procedures

bneral

ass 0 test procedure

ing test procedure shall be used for Class 0 devices. Testing performed during the Combir
(Clause 17) is sufficient to demonstrate static field malfunction conditional safety provid
uirements of this subclause are met during that Combined Fields test.

Program the DUT according to its intended MR .Conditional mode and set of parameters ag
specified by the device labelling.

Expose the DUT to the required By vector field in at least one clinically relevant orientatio
Exposure shall be at least one minute:

DUT for malfunction in accordance with 14.2.1.

ass 1 test procedure

hing test procedure-shall be used for Class 1 devices.

Ce operation is affected by the state of the reed switch during exposure to the MR environmse
vice incorporates a mechanical magnetic sensor that might potentially be damaged

exposure

switch is ¢p€n and one in which it is closed.

to the By field, then the device shall be tested in at least two orientations: one in which

field shall be sufficient to assess device functionality and the effects of residual magnetisn).

hat
tic

ed
ed

sensors and mechanical reed switches will be either open or closed depending on the angle
between Bo and the sensitive axis of the sensor or reed switch.

nt,
by
he
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Select at least two orientations in the Bg such that at least one orientation results in acti-

vation of the magnetic sensor and at least one orientation does not cause activation of the

magnetic sensor.

NOTE AIMDs using non-mechanical magnetic sensors (e.g. Hall effect sensors) might have
only narrow angular windows of orientation wherein the sensor is not activated by the By
field, such that testing in this orientation is not practical. These devices can be tested by em-
ulating the logical off-state of the sensor during the test, e.g. by setting the device software

or hardware state before entering the By field.
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Thiis clause provides EMC evaluation of potential AIMD malfunction due to effects of the MR
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Thiis clause uses RF level determination methods defined in Clause 8.
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specified by the device labelling.

p3 For each orientation verify the sensor state and expose the AIMD to the required B
field for at least one minute.

ess the DUT for malfunction in accordance with 14.2.1.

3.4 Class 2 test procedure

ss 2 test procedures are not within the scope of this edition. See Table 8.

Protection from harm to the patient caused by RF-induced malfunction|
ctification

.1 Introduction

Field on the AIMD. Exposure to the RF field (B1) of an MR scanner could have certain
AIMD such as, but not limited to, a failuse to deliver the intended therapy, re-programmi
et, permanent damage, and tissue stimtilation due to RF rectification. These effects can bg
permanent and might create a safety’hazard that impacts the AIMD patient.

.2 General requirements

bting shall be perfofaied with the AIMD programmed according to its intended use.
ficiently short-time after testing such that malfunctions can be detected. Times of AIMD|
 post-testidssessment of performance should be included in the test report.

" coniplance criteria see 7.1.

parameters as

h vector

and RF

scanner’s
effects on
ng, device
transient

hluation of pgtential transient malfunction conditions of the AIMD should be completed in a

exposure

1

-3 Mechamnisms for RF imteraction witham ATMD

Figure 21 illustrates an MR scanner-induced RF field impinging on a generic AIMD. The RF field might
interact directly with active electronics within an unshielded enclosure as well as interacting with
external conductors such as leads, resulting in RF energy entering into the enclosure via conductive
paths. The enclosure might or might not include a shield that attenuates the RF field. The RF field
interacts with the AIMD through two primary mechanisms:

©lI

Interaction with internal circuits of the AIMD when RF field penetrates device enclosures containing
active electronic circuits. The levels of induced voltages and currents in the interior circuits are

dependent on the amplitude of the incident RF field, shielding effectiveness of the device

enclosure,

and physical and electronic configuration of the interior circuits. Shielding effectiveness might be
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reduced by openings in the enclosure, such as an opening for a drug delivery catheter or optical
transmission opening;

— Interaction with external components such as leads for therapy delivery or biological signal sensing,
or with external antennas.

I S

Key
radiated RF interactions

inducgd conducted RF sources

insulated lead containing one or more unshielded elongated.eofiductors and tissue contacting electrodes
unshiglded elongated conductors (e.g. wires)

tissue [contacting conducting electrodes

lead conductor physical length

unshidlded insulating enclosure

active electronic components (e.g. inductiye or RF telemetry antenna, charging coil)

O© 0O N O U1 B W N -

shieldgd (conductive) or unshielded (insulating) enclosure (could contain tissue contacting electrodes)

[N
o

radiat¢d RF interacts directly with acgive electronics with unshielded enclosures

—_
—_

enclosjure RF conducted entry pdints

—_
N

active felectronic circuits

[uy
w

lead containing one or mere-nshielded elongated conductors and insulated sensor(s)
Figuire 21 — RF interaction mechanisms with example AIMD

For RF erlergy‘eoupling to external conductors and entering through a device enclosure, RF energy

can appedrcwith both common mode and differential mode components. Radiated and injected test
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as common mode RF components.

Common mode RF energy components are equal in amplitude and phase for all conductive paths into
the enclosure. For an AIMD with a shielded enclosure and similar RF input impedances at all RF entry
points into the enclosure, and with elongated conductors of similar construction and length following
a common trajectory in the body, and similar tissue impedances, the RF field entering the device
enclosure is expected to be primarily common mode with respect to the shielded enclosure.

Differential RF energy components vary in amplitude and phase between conductive paths into the
enclosure. If the external conductors include structures of different construction or trajectory in the
body, orif device RF inputimpedances at the RF entry points or electrode impedances vary substantially,
then significant differential mode components are expected to be present between the RF entry points.
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For some AIMDs there might be insufficient shielding to prevent RF energy from interacting with active
electronics within the enclosure. In this case, RF energy entering from external conductors as well as
RF voltages and currents induced within the enclosure can contribute to total RF levels present in the
interior electronic circuits. These total RF levels will be affected by the magnitudes and relative phase
between RF energy conducted into the enclosure and the radiated field impinging on the enclosure.

15.4 Selecting radiated vs injected test methods

15

4.1 General

The testing approach for RF-induced malfunction will include radiated or injected RFE

de

15

Tal
%

bending on the type of the AIMD system under test.

4.2 AIMD type designation for test method selection

ble 9 designates which methods are applicable for various AIMD system t¥pes. To select
tem type, use the following designations:

Shielding of active electronics: For the purposes of Table 9 EMC test method determinati
for which the active electronics are contained within a metallic cenductive enclosure are g
to be effectively shielded such that MR RF radiation incident on the enclosure does n
interact with electronic circuits within the enclosure. For ekample, titanium casings used
AIMDs such as pacemakers, defibrillators, or neurostimulators are considered to bg
enclosures with respect to impinging incident RF fields¥rom the MR environment for thq
of Table 9. For AIMDs not constructed in a metallic-€nclosure, to be treated as a shieldec
Table 9, the manufacturer shall show that the activeelectronics are shielded sufficiently
RF interaction with the internal electronics with respect to RF EMC malfunctions. Encl
meeting this shielding criterion shall be treated as “unshielded.” The shielding evalue
include both shielding materials properties and the effects of any apertures in the shig
allow connection to external conductors);

Tissue contacting electrodes: If. theAIMD includes electrodes which contact tissue th
electrically stimulated, the effects of current flow in these electrodes due to RF rectific
be considered in determining the AIMD test condition. At the present time, measuremen|
have not been demonstrated that are capable of monitoring for tissue stimulation curt
within an RF radiated-énvironment representative of the MR scanner. Because of this
injected testing is required for evaluation of RF rectification currents when the AIMI
electrodes which eould potentially stimulate tissue;

AIMD electriealdength: defined in 8.2.

a) AIMDs-with short electrical length: These AIMDs can be evaluated with unifo
radiated exposure, as phase variation will be limited to less than 90° in the in vivo eny
such that additive phase effects cannot occur. However, if the AIMD includes tissue
electrodes which could result in hazardous stimulation of electrically excitable tissy

©lI

injected test shall be performed to evaluate stimulation current levels.

exposure,

the AIMD

bn, AIMDs
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b) AIMDs exceeding short electrical length: A computational or empirical RF model of

(using computational techniques or physical measurements) in combination with a

the AIMD
n injected

test is required to account for the effects of in vivo RF phase and amplitude variation on AIMD
conductors that exceed the short electrical length as set forth in 8.2. In general, a radiated test
alone is insufficient to correctly represent the effects of in vivo RF amplitude and phase variation
along conductors with length exceeding the short electrical length, as large numbers of cases

should be considered to make a complete assessment, and arbitrary RF field phase and

amplitude

profiles have generally been very difficult to obtain. Because of this limitation, an injected test is

required to evaluate RF EMC effects for AIMDs exceeding the short electrical length;

Limitation for testing unshielded AIMDs with electrodes capable of electrically stimulat

ing tissue:

From the preceding discussion, unshielded AIMDs require a radiated test. If the AIMD also includes
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electrodes that can potentially stimulate tissue, then injected testing is required since measurement
techniques for tissue stimulation current have not yet been demonstrated in a radiated RF
environment representative of the MR scanner. Therefore, this clause does not designate an RF EMC
test method for AIMDs of this type.

Table 9 — RF EMC test method selection

Active ele¢tronics
are shield¢d.

AIMD elorlgated
conductor|length
exceeds short elec-
trical lengfth.

shielded cochlear
implants.

Required .
AIMD type Example AIMDs test method Test rationale
Has tissue contact- |Pacemakers, Injected test |MR induced malfunctions can include intermittent
ing electrgdes. defibrillators, degradations of the device under test (DUT) as-wll
neurostimulators, as RF rectification that could potentially resuit

in tissue stimulation. The injected test method
provides measurement of RF rectificatign voltage
current levels in tissue contacting eleCtrodes as
well as assessment of the EMC effeetsentering th
AIMD enclosure via conductive paths. Radiated MR
RF EMC testing for this AIMD €ype is not an optio
at the present time as radiated test methods have
not been demonstrated that:

~

1%

=)

— Allow adequate RF'yectification current meas
urements to be performed;

— Correctly represent phase shifts on elongated
conductors €xc€eding short electrical length.

Has tissue| contact-
ing electrades.

Loop recorders and
leadless pacemak-

Injected test
is required if

If electrodes are implanted such that excitable tis
sue might be stimulated, then RF rectification shgll

. I . ers with metallic unintended |beassessed using an injected test. Radiated testing
Active ele¢tronics : . . : .
: enclosures. stimulation |is\applicable for short electrical length.

are shield¢d.

presents a
Any elongfted con- potentially
ductors hgve short hazardous
electrical length. condition;

othetwise

test'may

be either

radiated or

injected.
No tissue ¢ontacting |Pressure sensors, Radiated test |Radiated test method is used for AIMDs having
electroded. pill cameras short electrical length; no rectification current
AIMD with short measurement needed for an AIMD w1th9ut tissue

. contacting electrodes that could potentially stimyi-
electrical length. .
late tissue.

Active ele¢tronics
are unshiglded
Has tissueglcontact- |Retinal stimulators, |No RF EMC Radiated test is required for unshielded AIMD.
ing electrqdes. unshielded pace- test method |However, an adequate test method is not availabl¢

atthistime to measure RFE rectification levels on

Active electronics
are unshielded.

AIMD could be any
length.

makers unshielded

neurostimulators

dpcignafpd in
this edition

tissue contacting electrodes in MR radiated RF
environment.
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4.3 RF antenna type designation for test method selection

2018(E)

RF telemetry/communication antennas that are part of the AIMD under test shall be evaluated. This
subclause applies to evaluation of RF telemetry/communication antennas not located within a shielded
enclosure.

EXAMPLE

Close-range magnetically coupled telemetry loop antennas placed within a shielded enclosure do

not require any MR RF testing as they are shielded. Magnetically coupled antennas placed external to a shielded
enclosure will require evaluation.

The manufacturer shall select one method from the following three options for evaluating RF antennas

no

15

Sul
RF
RF
bu
tie

15

teq

e following pulse-amplitude and timing test conditions are applicable to both radiated an|

F located within a shielded enclosure:

Option 1, Radiated test: Use a test with the AIMD including leads, if applicable, that)con
lead trajectory while also placing the antenna in a high RF field location. Expose:AIMD to
field according to 15.6;

Option 2, Injected test: Direct connection can be made to inject RF into the'communicatiq
For this option treat the RF antenna port as another input port and.€xocite simultaneot
other ports. This might require a custom device different from the AIMD where access
port is facilitated. If the antenna is insulated the device under test'can be modified to
direct galvanic connection to the antenna. Perform injected testing according to 15.5. Th
level can be determined by analysis or by measurement of tlié RF level injected from th
into the AIMD enclosure during a radiated test;

Option 3, Analysis: Perform analysis to demonstrate_that the device performs as inte
the RF level induced into the device by the antenna. The RF field levels (B and E) surroy
antenna shall be scaled to the MR scanner peakyB1+ level of 30 uT averaged over the a
volume (see 3.3, Note 1 to entry).

4.4 RF EMC tier selection

bclauses 8.2 and 8.7 provide definitions of tiers to determine exposure conditions for ev3
-induced AIMD malfunction. Each.tier provides an increasing level of refinement for deterr
exposure level to the AIMD. Higher tiers require greater effort to determine the RF expo
F could provide lower RF expesure values. A manufacturer will typically complete tests usi
; however it is allowable to.use different tiers for different tests.

4.5 REF test conditions

ting:

RF testing shall be performed using rectangular function or sinc function [(sin x) / x] n
waveforins as shown in Figure 22 and Figure 23 respectively;

siders the
a radiated

n circuits.
sly to the
to the RF
provide a
b injection
e antenna

nded with
nding the
djustment

luation of
nining the
sure level,
g a single

d injected

odulation

REmaxpeak is defined as the maximum instantaneous RF test level;

©lI

RFmaxrms is defined as the maximum rms RF test level, wherein the rms averaging interval includes

the pulse period, see example RFmaxrms level shown in Figures 22;
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\ 8]

rectangular pulse modulation
pulse idth

RFmaxpeak

1
2
3  period
4
5 RFmaxfms (example shown level; will be dependent on period)

Figure 22 — RF rectangular modulation pulse-waveform

| 3

2
Key
1  Sinc pplse modulation,siné(x) = sin(x)/x
2 main Ipbe pulse width
3  period
4 RFmaxpeak
5  RFmaxfms(example shown level; will be dependent on period)

Figure 23 — RF sinc modulation pulse waveform

— RF frequency for RF EMC radiated and injected tests are defined in Table 2;

— Maximum peak (RFmaxpeak) and maximum rms (RFmaxrms) RF test levels are determined using the
selected Tier from 8.7 for Tier 1 and Tier 2 and from 15.5.3 for Tier 3 and Tier 4. For radiated testing,
these RF testlevels are specified as electric field levels (V/m). For injected testing, these are specified
as an RF injection level that can be expressed as either voltage, current, or square root of power.

As defined in IEC 60601-2-33, head SAR and whole body SAR are calculated over a six minute
averaging interval. Over a shorter 10 s averaging interval the SAR level can increase by a factor
of two. In the worst case the SAR level can double for a 3 min interval, if preceded and followed by
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a 3 min RF off interval, while meeting the 6 min average definition. The 2x SAR multipl
the maximum rms (RFmaxrms) RF test level, but not the maximum peak (RFmaxpeak) RF
This 2x SAR level shall be taken into account for Test Condition 2 evaluation. There a
methods to do this, with the actual implementation to be justified by the manufacturer. T

ier affects
test level.
re several
he 2x SAR

multiplier only applies for AIMDs that are labelled using SAR. AIMDs that are labelled to B1+rms or

FPO:B do not need to account for the 2x multiplier;

Both Test Condition 1 and Test Condition 2 are required to be performed.

Test Condition 1: (This test condition defines a pulse width and pulse period that is sufficient for an

RF xrectification evaluation.-Rationale and additional pn]cn widths and pn]cn pprindc mighf eed to be
evaluated if RF rectification is observed during the test.)
a) | Use the maximum peak RF test level, RFmaxpeak;
b) | Use a rectangular modulation RF pulse [see Formula (14)] or sinc modulation RF pulse [see
Formula (15)] with 1 ms (main lobe) pulse width;
c) | Select pulse period to achieve a duty cycle yielding an rms level of 25 % of RFmaxrms;
d)| Testthe AIMD for a period of time sufficient to observe device malfurction and (if applicabple) tissue
stimulation current due to RF rectification in order to assess, device response to peak|RF levels.
Monitoring of AIMD performance and behaviour shall continue after the termination |of the RF
injection or radiated exposure for a period of time sufficient to observe device malfunctipn.
Reptangular Modulation Pulse:
0,707 X RF ’ RF ’
Pulse period = 1 ms X : maxpeak | 8'ms x —_maxpeak (14)
0,25% RF, maxrms RF, maxrms
where
Pulse period is the test pulse period as shown in Figure 22;
RFmaxpeak is the applied RF test level for Test Condition 1;
RFmaxrms is the makimum rms RF test level.
Sirfc Modulation Pulse:
0,344 6 X RF ’ RF ’
Pulse perio@’="2 ms X : maxpeak | _ 3,8 msXx —_maxpeak (15)
0,25% RF, maxrms maxrms
where
Pulse period _is the test pulse period as shown in Figure 23;
RFmaxpeak is the applied RF test level for Test Condition 1;
RFmaxrms is the maximum rms RF test level.
NOTE 1 ms rectangular pulse or sinc pulse width at full amplitude is sufficient to activate EMC responses
(catastrophic breakdown or rectification); these are not pulse width dependent.
Test Condition 2:
a) Use the maximum rms RF test level, RFihaxrms;
b) Use arectangular modulation RF pulse [Formula (16)] with 10 ms pulse width;
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c) Usea 50 ms pulse period (20 % duty cycle);

d) Selectapeak RF level (RFpeak) to achieve the maximum rms RF test level, RFnaxrms, given the pulse
duty cycle of 20 %;

e) Test the AIMD for 30 min in order to assess potential device damage, for example, due to internal
component heating.

RF
=1,414x —22 = 3162XRF,

RF (16)
k - .,
pea dug/ cycle maxrms
where
RFpeak is the applied RF test level for Test Condition 2;

RFmasrms  is the maximum rms RF test level;

duty dycle is the duty cycle of the test pulse.

15.4.6 By considerations

If the By field is not applied during the test, the manufacturer shall deflionstrate, through testing| or
design anplysis, that device performance and behaviour, according-tolits MR Conditional labelling| is
not affecte¢d by simultaneous application of a static magnetic field equivalent to B field strength durijng
RF EMC tgsting. One way to do this is to demonstrate that there are no ferromagnetic components uged
in the conptruction of AIMD RF rejection circuits or filters.

15.5 Inj¢cted immunity test

15.5.1 General

The test fllow alternatives for the injected . RF-immunity test are determined by the selection of RF
Tier. Prior to performing the test the RF injection level shall be determined for the Tier that has bgen
selected. Tier 1 and Tier 2 test flows use an empirical approach for determining the induced RF leyel.
Tier 3 and Tier 4 test flows require calculation of the induced RF level rather than measurement.
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Clause 8 Subclause 8.7

Tiers 1 and 2 (AIMD with short \

Tiers 3 and 4

electrical length)

Step 1: Determine incident RF electric Obtain injected RF
field in the volume of the AIMD in vivo. level for injected test.

Step 2: Measure induced RF level into
AIMD active electronic portion.

Step 3: Compute RF Levels for injected
test.

Perform injected immunity test

Figure 24 — Flow alternatives for RF immunity test

15{5.2 Determination of peak and rms injected levels for Tier 1 and Tier 2 — AIMD with short
electrical length

The following procedure shall be used'to determine injected test levels for Tier 1 and Tier 2.

Stap 1

Stgp 2

Stap3

Use Table 4 (for Tiefs1) or anatomical modelling results from 8.7.3, Steps 1a and 1b
Tier 2) to determine the incident peak and rms electric field in the anatomical volu
taining the AIMD:

Expose RF level measuring device and leads to an RF electric field with spatially u
magnitude and phase. The phantom media (conductivity and permittivity) shall be,
accofding to 8.3.2. A lower RF electric field level than the Step 1 incident field may

Measure the RF levels on all conductive paths into the active electronics. See 15.7.4
tails on the RF level measuring device. See 15.8 for details on the measurement prd

Compute maximum RF peak, RFmaxpeak, and maximum rms, RFmaxrms, levels for in

(for
me con-

iform
selected
be used.
for de-
cedure.

ected test

at Al RPE antryy Aath e wihich PE annrgyy

he active

Step 4

olntc on coandii otz thranagh 1c A can antar into

C Al INT -\.rlll'lj l.l\.llll\—:.) Ul CUITUUCTLIVO yu\.xxo \2 ey Uusll VVll.l\—lA INT CIICT 6] CUAIT CIILUT 1T1TILY

electronics. Computing RFmaxpeak can be done by scaling the measured RF level fro
to the required electric field from Step 1 to determine level for injected test.

Perform injected immunity test using RF test waveforms as defined in 15.4.5.

15.5.3 Determination of peak and rms injected levels for Tier 3 and Tier 4

m Step 2

For the purposes of this subclause, RF level distribution refers to the probability distribution of the RF
level at the proximal end of the lead.

Tier 3 (8.7.4) and Tier 4 (8.7.5) describe two modelling techniques that can be used to estimate RF
AIMD heating. These modelling methods predict the RF power at the hotspots that typically occur
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at the distal end for leaded systems. Using a lead model for the proximal end of the lead the same
modelling framework can be used to determine the induced rms and peak RF levels at RF entry points
on all conductive paths into an enclosure containing active electronics. These rms and peak RF levels
may be expressed in units of power, voltage, or current. The optimum test method depends on the
characteristic impedance of the lead, the device input impedance, test fixture design, and the choice
is left to the user’s discretion. The descriptions in this subclause are described in terms of voltage, but
current or power are also acceptable.

Annex Q provides examples of many different types of AIMD configurations, some of which could
significantly impact RF level impinging on the AIMD active electronics portion, and others that

have mini
validated
might be

configura
have been

Step 1a

Step 1b

for the AIMD configuration resulting in the highest RF level for that conductive path
hecessary to develop and validate models for more than one configuration if the worst c
fion cannot be defined a priori. Rationale shall be provided to justify the configuration(s) t
modelled.

(For using Tier 3.) Develop an electromagnetic model(s) of the AIMD for in vivo prediction
the RF level on all conductive paths into the active electronics. Analytical,numerical, or ex
perimental methods may be used to develop the model. The input to,the AIMD model is a s
ries of piece-wise incident field components (amplitude and phasecofthe incident tangenti
electric field averaged over an incremental length). The output of the model is an estimate
the in vivo RF level at the RF entry points into the active electrénics with a known uncer-

tainty. Formula (17) determines the RF voltage into an RF.entry point into the AIMD active
electronics portion; this could also be formulated as an RF'eurrent at the user’s discretion

% is the incident RF voltage onran RF entry point into the active electronics;
A is a constant;

| is the length of thesAIMD elongated portion or lead;

S is the complex validated model of the AIMD;

Eran  is the logakin vivo electric field;

z is tHeposition along the AIMD lead.

(For using'Tier 4.) Develop an electromagnetic model of the AIMD for in vivo prediction. Th
in vivo-RF level at all RF entry points into the active electronics shall be determined by per
forming computer simulations of human bodies with an integrated electromagnetic mode

nd

It
hse
nat

17)

&

ofthe AIMD _The AIMD p]pr-h"nm:\gnpfir‘ mnr‘]n](c) prnr‘]iri‘c the RF level at the entry pninfc

o

Step 2

70

the active electronics. Examples of suitable models are full-wave RF models, lumped element
models, mixed full-wave and lumped element models. Methods of developing the model are
left up to the user. The output of the model is an estimate of the in vivo RF level at RF entry

points into the AIMD device with a known uncertainty.

The model(s) developed in Step 1 shall be validated. Use the methodology defined in 8.8,

with the following modifications. The model validation described in 8.8 evaluates the differ-
ence between measurements of RF deposited power and AIMD model computed RF deposit-

ed power. The model validation for this step shall compare the measurements of the induc

ed

RF level at a device entry point and AIMD model computed RF levels at the same entry point.
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(For using Tier 3.) Determine the clinically relevant fields incident on the AIMD. The expect-
ed in vivo incident tangential electric fields (magnitude and phase) along all clinically rele-
vant AIMD pathways are determined in accordance with 8.6. The incident tangential electric
fields are obtained from electromagnetic modelling of the RF-human interactions under
appropriate exposure from an MR scanner RF transmit coil. The tangential electric field will
be averaged at intervals of 5 mm or less over the defined AIMD pathways.

NOTE 1 The tangential electric fields used in this step are the same as those determined in

Step 3 of 8.7.4.

2k (Eorucing Tiney 4 Nataraainn b ol
T AL "2 © 3 o 3

ate the

wvralauant fialdc 1t dant A o ATMID) Co
T T T o CeCTr i O e C= e ¥y T CrCvare IcTars Cro e ot Crrrvr oGt

simulation set, which consists of all combinations of clinically relevant parametérs

NOTE 2 The number of incident fields on the AIMD in Step 3a or 3b is equalto-the

human body models utilized, multiplied by the number of clinically relevaht AIMD

multiplied by the number of positions in the coil, multiplied by the numbeér of trans
types and polarization.

Stgp4  Determine the in vivo RF level at the device entry points by applying the simulation
tions defined in Step 3 to the validated electromagnetic modelof the AIMD from St
peak voltage (Vpeak) is derived by scaling the simulation results to a Bi+peak level o

averaged over the adjustment volume. The rms voltage (¥m;s) shall be derived by p

Normal Operating Mode, First Level Controlled Opérating Mode, FPO:B, etc.) as def
IEC 60601-2-33. The resulting distributions are a\prediction of the in vivo RF level (|
rms) impinging on the AIMD device entry point;

Values for the maximum RF peak (RFmaxpe4k) and maximum rms (RFmaxrms) levels
selected from the RF level distributions based on a risk assessment for this hazard

15{5.4 Injected immunity test procedure

Us
Al

e an RF injection network in accordance with 15.7.5 to inject RF signals at RF entry poin
MD enclosure containing active eléctronic elements.

NOTE
thg AIMD.

This is a bench test in air that does not use a phantom or any tissue simulating medium in c

The manufacturer shall verify the RF level injected at all RF entry points into the AIMD enclo

The RF level measuringdevice described in 15.7.4 could be used to verify the RF level injecte]
enfry points into th@)AIMD enclosure. Alternative methods are also acceptable with rational
mgnufacturer.

Perform separate RF injection tests using Test Condition 1 and Test Condition 2 in 15.4.5.

15{5.5" RF phase test conditions

in 8.6.

humber of
bathways,
mit coil

condi-
bp 2. The
30 uT
erform-

ing the simulations at a B1+rms level consistent with the AIMD MR Conditional labelling (e.g.

ned by
peak and

shall be

s into the
ntact with
sure.

d at all RF
b from the

For AIMDs with lead systems including multiple leads or multiple conductors within a lead,

RF phase

differences can occur at the device RF entry points. Test conditions shall be included to assess the
effects of RF phase differences among all AIMD RF entry points. Using Test Condition 1 in 15.4.5 test
with a set of phase conditions between RF entry points using one of the following two options:

Option 1: Worst case phase conditions determined by the manufacturer with acco

mpanying

rationale. The modelling methods defined in Clause 8, Tier 3 and Tier 4 provide peak and rms RF
magnitude distributions for the testing described in this clause. These modelling methods are also

capable of evaluating the phase difference between the RF entry points for the range o

clinical use conditions provided the model is validated for determining phase differences.

f different
For many

AIMDs the phase difference between RF entry points can be quite small, e.g. single lead multiple
electrode DBS systems based on co-radial or parallel conductor lead designs. For other AIMDs the
phase difference between RF entry points might be larger but the range of phase difference could
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still be quite small. The use of modelling allows the AIMD manufacturer to limit the phase difference
analysis to values consistent with clinical use conditions;

— Option 2: If the manufacturer does not provide worst case conditions with rationale, test using the
following conditions: 0, 90, 180, and 270 degree phase shift to each RF entry point, one conductor at
a time, while injecting RF energy into the remaining conductors at zero degrees phase shift.

15.5.6 AIMD monitoring during the test

Performance and behaviour of the AIMD shall be monitored during the RF injection test. AIMD

monitori ~7-3;

If the AIMP has electrodes that are in contact with and could potentially stimulate tissue, the AIMDsHall
be monitored for the presence of rectification products during Test Condition 1 in 15.4.5. Monitoring ¢an
be accomplished at the RF entry points to the active electronic portion. These are definedas'the points
of the AINID that are connected to the electrodes via the external conductors. Use of-an RF injectjon
network to monitor for rectification products at RF entry points to the active electronic portion of the
AIMD is described in 15.7. The allowed magnitude of the rectification products is‘beyond the scopg of
this document and is application specific.

15.6 Radiated immunity test

15.6.1 General

The purpgse of this test is evaluation of device malfunction dueto the MR scanner RF field only. This
test is pefformed using RF test equipment as defined in 15.7. The test is intended to represent worst
case RF figld exposure achievable during an MR scan. It is ot specified to be performed using a clinical
MR scannler because it is not generally possible to control a given clinical MR scanner to achieve the
specified fest conditions.

15.6.2 Dptermining the RF radiated field leyel

Radiated jmmunity testing uses the peak and rms RF electric field level as determined using Tief 1,
Tier 2, or Tier 3 from Clause 8.

For Tier 1f use Table 4 to determiné the maximum RF peak (RFmaxpeak) and maximum rms (RFmaxrins)
electric fi¢ld levels for the anatomical area containing the AIMD. If the AIMD spans multiple anatomilcal
areas use [the highest values from the areas spanned.

For Tier 2| use 8.7.3, Step la’and Step 1b to determine the maximum RF peak (RFmaxpeak) and maximpm
rms (RFmixrms) electriofield levels within the volume containing the AIMD.

For Tier B, use 84Z3; Step 3 to determine the maximum RF peak (RFmaxpeak) and maximum rjms
(RFmaxrm{) electricfield levels along the AIMD.

15.6.3 Radiated test procedure

Radiated RF EMC testing shall be performed using an RF field generator as described in 15.7.1 and
phantom and tissue simulating medium as described in 8.3.2. For external conductors, the AIMD shall
be tested when oriented so that the conductors are aligned with the tangential electric field in the
phantom. This might require radiated testing in multiple orientations if the AIMD is constructed with
long axes of external conductors that are oriented in multiple directions and cannot be simultaneously
aligned with the electric field.

After immersing the AIMD in the tissue simulating medium perform radiated immunity testing as
separate tests in accordance with Test Condition 1 and Test Condition 2 as specified in 15.4.5.
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.6.4 AIMD monitoring during the test

s not possible, with presently available test capabilities, to monitor for RF rectification products at

tissue-contacting electrodes during the radiated test. Instead, an injected test as described in 15.5 shall

be

performed for this purpose.

AIMD monitoring apparatus are described in 15.7.3.

15.7 Test equipment

15

The following methods may be used for generating the electric field for radiated testing:

15
Us

15|

To
ap

mgnufacturer’s discretion in accordance with the following:

7.1 Generating the RF electric field for radiated testing (AIMD with short electrical length)

Radiated RF EMC testing for AIMDs with short electrical length: for an AIMB\configurgd without
external conductors or with external conductors with short electrical length; the area ¢f uniform
field can be small because modern AIMD device size (without external conductors atfached) is
small. For these devices, a parallel plate TEM plane or other suitable¢method for generdting large
fields may be used in combination with a suitable phantom. See Annex C;

Radiated RF EMC testing for AIMDs with length exceeding the short electrical length: Methods have
not yet been demonstrated that control spatial distributions of RF field magnitude and phase to
achieve worst case conditions in general for AIMDs with elofigated external conductors that exceed
the short electrical length. This clause does not designate a’'test method for RF EMC radiated testing
for these AIMDs; injected RF EMC methods are provided instead as described in 15.5;

Radiated RF testing to determine RF injection leyels: use methods described in 8.3.1 to generate a
uniform magnitude and phase electric field.

7.2 Phantom and tissue simulating medium for radiated testing

e phantom and tissue simulating medium as described in 8.3.2.

7.3 AIMD monitoring apparatus

accomplish the required-monitoring of device behavioural responses during testing, nmponitoring
paratus may be placed/within the AIMD enclosure, or external to the enclosure, or bpth at the

Internal monitoring apparatus: Apparatus, including circuitry or other means for monitoring
purposes, mdy)be placed inside the AIMD enclosure. The manufacturer shall provide evigence that
the inclusionof monitoring apparatus does notinvalidate the test outcome. For example, anponitoring
signal eould be communicated outside the device using a non-conducting transmission medium (e.g.
fibresoptic). Alternatively, data can be stored within the device or other monitoring cifcuitry for
retrieval following the exposure. Transmission of the monitoring signal via inductive o1 radiating

©lI

means is not recommended unless it can be ensured that the transmission and transmitting device
do not Interfere witihr the radiated fields and that the transmitted data are not corrupted by the
radiated fields. A preferred method of monitoring AIMD internal signals is to convert these to
optical signals and use fibre optic cable;

External monitoring apparatus: If monitoring apparatus are located outside the AIMD an analysis
shall be performed to account for any changes in field distribution caused by the monitoring
apparatus. It should be expected that external monitoring equipment, or a shielded twisted pair
cable, or bud light in a metal can might have an effect on the local field distribution. However, if
the manufacturer can demonstrate and account for how induced RF levels are affected then this
method is acceptable.
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15.7.4 RF level measuring device

When the incident RF field to the AIMD is determined from Tier 1 or Tier 2 and an injected test is to be
performed, an RF level measuring device shall be used to determine the RF level to be injected into all
RF entry points into the AIMD enclosure containing active electronic circuits. Additionally, an RF level
measuring device may be used to validate the Tier 3 or Tier 4 model in 15.5.2, Step 2.

As an example, this can be accomplished using an RF level measuring device constructed within an
enclosure with similar RF electrical characteristics to the AIMD enclosure.

ich
VD
30

Where idgntical materials or components of the AIMD under test are used in the measurement device,
the RF levlel measurement uncertainty due to these factors could be reduced~This strategy can in tyrn
reduce th¢ required RF injection level. Factors that could affect test uncertainty include:

— Differjences between external dimensions and conductive surfacés of the RF level measurement
device and the AIMD enclosure. Minimizing these differencés helps ensure that the interfacjng
impedance from the enclosures to the surrounding media is:similar;

— Resolpition, accuracy, monotonicity, and stability of data@onversion processes;

— The dffects of data storage or transmission means: Ordinary cables can pick up RF energy gqnd
distoft the applied field; hence they should not béZused. The measurement system shall be chogen
to minimize the impact of both effects. Recommended techniques for handling measurement data
include:

a) Opptically coupled data transmission;
b) Dpta storage for subsequent rétrieval.

— Diffenjences in electrical connéctions made to the measurement device versus the AIMD enclosurg in
its clihical usage.

15.7.5 RF injection network

The RF injection netwark is used to simultaneously apply RF energy to the RF entry points, defined as
conductive paths.@r ports through an AIMD enclosure containing active electronics, for the purpose of
performirg injected RF EMC testing. The RF injection network shall be constructed to provide knojvn
RF amplifudé.and phase at each injection point to achieve amplitude and phase test conditions|as
defined in| 15)5.3 (Tier 3 and Tier 4).

For all test conditions, the required injection levels shall be present at the device under test.

If the AIMD enclosure includes a shield, the RF injection network may use the shielding enclosure as a
ground or reference node.

The RF injection network along with its RF source or sources shall be capable of delivering at least the
maximum peak injected RF levels simultaneously to all RF entry points into the AIMD enclosure of the
device under test as required in 15.5.2 (Tier 1 and Tier 2).

If the AIMD has electrodes that are capable of stimulating tissue then the RF injection network shall
provide ports for monitoring for rectification products at the RF entry points corresponding to these
electrodes.
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An example multiport RF injection network is shown in Annex E. Other injection networks meeting the

above requirements are also acceptable for use for testing according to Clause 15.

15.8 Determining the peak RF injected level using a radiated test

In this subclause, RF levels can be expressed in units of power, voltage, or current.

Tier 1 and Tier 2 provide a maximum electric field level that can impinge on the AIMD system. To
determine the RF level to be injected for each RF entry point into the AIMD enclosure containing active
electronics using Tier 1 or Tier 2, measure the induced RF level at the RF entry point during radiated

RF Lpvel
Measurement #1

RF ILlevel
Measur¢ment #2

Observed EMC
effects

exPOSUre to an electric field of uniform magnitude and pnase (See 1abie 2).
Thﬁ's clause provides the following method of determining the RF injection levels using@radiiated test.
Thiis method is applicable when all external conductors provide an RF source impedance/of greater than
50|ohms as seen from the RF level measuring device (see 15.7.4). The overall testflow for defermining
the¢ RF injection levels is illustrated in Figure 25.
Tier 1 or 2: measure injected level during radiated exposure
Known RF E-field
Steps
1.3 RF LEVEL
) - IFAD MEASURING
DEVICE
RADIATED FIELD GENERATOR
AND PHANTOM
Measure injected level from-RF injection test setup
RF LEVEL
Jeep RE ILI‘ES‘E:EED MEASURING
4 DEVICE
RF INJECTTON
TEST-SETUP
Perform injected EMC test
RF INJECTED LEVEL ;
Step Scaled for | AIMD Active
5 MRI E-field level portion
RF INJECTION
TEST SETUP

Figure 25 — Determining the peak RF injection levels using a radiated test for Tier 1 and Tier 2
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Step 1 Connect all external conductors to an RF measurement device as described in 15.7.4.

Step 2 Place the assembly from Step 1 into a phantom and medium as described in 8.3.2. The as-
sembly is within the phantom so as to provide a uniform magnitude and phase exposure of
the electric field.

Step 3 Expose the assembly in the phantom from Step 2 to an RF electric field of uniform magni-
tude and phase using an RF field generator as described in 15.7.1. During the exposure, use
the RF level measuring device to determine the induced RF level at all RF entry points into
the AIMD enclosure. The RF field level may be adjusted so that the measured induced RF lev-

e[s are within the dynamic range of the measurement device. Record the RF field Tevels uspd

to obtain the induced RF levels.

Step4  |Remove the assembly from the phantom. Connect the RF level measuring device to an RF
injection network as described in 15.7.5. This network interfaces the device under test to gn
RF power source. Increase the RF input level from the power source until thé RF level meals-
ured at all RF entry points into the AIMD enclosure is greater than or equal to the induced
RF levels measured in Step 3. Record the RF input level to the RF injection-hetwork at whi¢h
this condition is met.

Step5  [To determine the RF injection level for the injected testing of the AIMD, scale the RF input
level recorded in Step 4 to represent the required peak electridfield level as determined

using 15.5.2. For example, if the radiated test was performed.using a 420 V/m peak electrif
field and the required test level is 4 200 V/m, then the REinput level to the RF injection ne}-
work is increased by a factor of 10. The resulting scaled\RF input level will be used as the RF
injection level to the RF injection network when testing according to 15.5. For example, for
RF voltage or current levels, the scaling formula.js$hown in Formula (18).

REE-field

(18)
Test'RF E -field level

Scaled RF input level = RF input level X

where

Scaled RF input level is therequired RF injection level;
RF input level is the value determined from Step 4;
RF E-field is the electric field level determined from 15.5.2, Step 1;

Test RF E-fieldHevel is the electric field level applied in Step 3.

16 Protection from harm to the patient caused by gradient-induced malfunction

16.1 Introduction

The MR scanner gradient magnetic field could induce adverse effects on AIMD operation or performance,
such as failure to deliver intended therapy, memory corruption, or temporary or permanent loss of
device programmed settings. These unwanted effects can be caused by voltage induced in AIMD
internal circuitry as the gradient magnetic field penetrates the device enclosure or external voltage
induced in patient leads for AIMDs having leads. These effects can be transient or permanent and might
create a safety hazard that impacts the AIMD patient.

16.2 General requirements
The AIMD shall be tested for MR gradient field induced transient or permanent malfunction and damage.

Testing shall be performed with the AIMD programmed according to its intended use.
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If output therapy is enabled during the MR scan the AIMD shall be tested over its programmable
therapy output operating range or at representative therapy settings consistent with its MR Conditional
labelling. This applies especially to output current, voltage, and polarity settings. If disabling output
therapy during scanning is an option, then radiated field and injected voltage malfunction and damage
testing shall also be conducted with output therapy disabled.

Where use of an oscilloscope is specified, a multichannel digital data acquisition system may be used.

Evaluation of potential transient malfunction conditions of the AIMD should be completed in a
sufficiently short time after testing such that malfunctions can be detected. Times of AIMD exposure

an

Fo

d pncf-fncf assessment of pnrfnrmanr‘n should be included.in the test rnpnri’

- compliance criteria see 7.1.

14.3 Selecting radiated and injected test methods

Separate radiated and injected malfunction tests are defined to verify absence-of device m

an
de

Th
ap

1 interference of intended device output. The AIMD is tested by radiated field expd
pending on AIMD type, by additional injected voltage testing.

e radiated test is required for all AIMD device types and shall be performed with patien
bropriate lead simulators) attached, if leads are part of the AIMB;

The injected test shall be performed for AIMDs having extendéd'lead electrodes or containin

ex

ernally mounted electrodes on the AIMD enclosure uhless the radiated test can be sh

hlfunction
sure, and

[ leads (or

r multiple,
wn to be

coinplete.

Th injected test may be omitted if the radiated test¢an be shown to be complete. Generally

it will be

diffficult to test multi-lead and multi-electrode AIMDs sufficiently using just the radiated test because of
diffficulty in controlling electrode voltages or.observing AIMD output in the radiated field. The radiated
teqtis complete only if it imparts conservative,'common and differential voltage amplitude, anld polarity
combinations covering the range of in viv6 MR exposure and output behaviour can be monjtored and

verified.

Table 10 defines which test methods. are applicable for various AIMD types.

Table 10— Gradient malfunction test method selection

AIMD type Example AIMDs t(i‘:?::t‘lelg d Testrationale

Nq tissue contacting” | Pressure sensors, Radiated test At MR scanner gradient operating fre-

el¢ctrodes pill cameras quencies, the AIMD enclosure dpes not
shield or protect internal electronics
from the gradient field.

Hgs no elongated Implantable loop Radiated test Radiated only testing is feasiblg¢ for

cophductors and enclo- |recorders, leadless AIMDs without leads, if the test can repli-

supemounted tissue |pacemakers, retinal cate the gradient-induced DUT glectrode

contacting electrodes [stimulators voltage(s) experienced in vivo by the
implanted device.

Has elongated Pacemakers, defibril- |Radiated test and Radiated test required to assess mal-

conductors and has  |lators, neurostim- injected test function due to magnetic field coupling

tissue contacting ulators, cochlear to internal circuits of the device under

electrodes implants test (DUT).
Injected test will usually be needed to
complete malfunction assessment of gra-
dient-induced voltage/current conducted
through tissue contacting electrodes.
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16.4 Radiated immunity test

16.4.1 General

The AIMD enclosure does not shield or protect internal electronics from the MR gradient magnetic
field. The radiated test is required for all devices to assess the influence of gradient-induced voltages on
internal circuits and components caused by exposure to the MR scanner gradient fields.

For AIMDs that have external tissue contacting electrodes, the test shall be performed with leads (in
conductive media), or with lead or electrode simulators (in air) to provide the same external circuit

pathways

The test 5
condition
simulator

The selec
voltages
inter-elec
methods i

NOTE 1

simultaned
through A
electrode

as when the AIMD 1s 1mplanted.

hall be performed with electrode and enclosure impedances representative of the“\in v
If lead or electrode simulators in air are used, the manufacturer shall justify (that
5 represent the in vivo condition.

fed lead path, or alternative lead or electrode simulator, shall result in’gradient-indug
etween electrodes and AIMD enclosure typically encountered in vivo. Fhorough testing
rode gradient-induced voltage differences for multi electrode AIMDs*using radiated t|
s beyond the scope of the TS.

The rationale for testing with leads is that certain AIMD malfunctionsusceptibilities might depend
us radiated magnetic field coupling to internal circuitry and gradient-induced voltage or current fI
MD external patient connections. The inclusion of leads deployed to evoke typical gradient-indu
oltages and currents are presumed to make it more likely thatthe radiated test will reveal such Al

susceptibillity than to mask it.

NOTE 2
occur to as

16.4.2 T

Use a sing
gradient f

For AIMD

For AIMDs containing internal or external magnetic lo@p antennas the potential exists for damagg
sociated telemetry circuits from radiated field exposure during test.

st equipment

le axis laboratory bench magnetic test system, Figure 26 capable of generating the radiaf
eld test exposure (dB/dt, tslew) definéd in Annex A.

5 that do not have leads or enclosure mounted patient electrodes the test may be performed

air and without additional test connegtions.

For AIMD
conductivi
in air as sl

e saline as shown in-the top pane of Figure 26, or alternatively with lead/electrode simulat
hown in the bottem pane of Figure 26.

s with leads or enclostire mounted electrodes the test shall be performed with leads| i

ivo
he

ed
of
est

on
ow
fed
MD

to

ed

78

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

ISO/TS 10974:2018(E)

8\ 6
7 [ o N\
VRO e | 9
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3
12

Key
1 | arbitrary waveform generator:
2 | transconductance amplifier
3 | custom electromagnet
4 | AIMD lead
5 | AIMD lead electrode(s)
6 | lead/electrode simulator
7 | simulatedelectrode impedance
8 | testmeéasurement port (optional)
9 | AIMD enclosure mounted electrode
10 —ATMD
11 AIMD conductive enclosure

[UnN
\S]

direction of magnetic field

[EnN
w

conductive saline solution

Figure 26 — Radiated magnetic field test setup for gradient-induced malfunction

16.4.3 Radiated test signal

For AIMDs with leads or tissue contacting electrodes use Annex A to determine typical in vivo Vems
electrode voltages with respect to the AIMD enclosure. Select AIMD test lead path(s) or lead/electrode
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simulator(s) to achieve these typical voltages at the AIMD patient electrode interface for the dB/dt
radiated test level.

AIMDs with enclosure mounted electrodes shall be tested in air using electrode simulator(s) if typical
electrode voltage with respect to AIMD enclosure cannot be achieved using the conductive saline

phantom.

NOTE 1

in Formula

When testing an AIMD with enclosure mounted electrodes in a conductive phantom, typical electrode
voltages with respect to AIMD enclosure cannot be achieved without exposing the AIMD enclosure to typical in
vivo electric fields. The electric field that can be achieved is limited by the radius of a circular phantom as shown

(19).

F=1
2

where

dB/dt
r

NOTE 2
might be n

The trape
three vari
time (tqwe
followed

length an

The comp
dB/dt are
tested usi
manufact

B
X —Xr (
dt

is the time rate of change of the magnetic flux density;
is the radius of the electromagnet coil.

When testing an AIMD with lead(s) in a conductive saline phantom, a*custom lead (e.g. longer leng
beded if typical in vivo Vet cannot be achieved using a standard patient lead.

zoidal waveform used to simulate the gradient field is&Shown in Figure 27. It is defined
able parameters: peak-to-peak amplitude (Bg), peak-tespeak rise/fall time (tslew), and dw
11). Figure 27 presents an example of a test signal consisting of a burst of two waveform cyd

19)

th)

by
JIE
les

y the “off-time” before the next burst. The combifiation of waveform parameters plus bulrst

off-time defines a single sequence.

lete test sequence consists of all combinations of parameters shown in Table 11. (tsjew 3
paired dependent parameters that areynot independently permuted.) The AIMD shall
hg all combinations unless appropriate rationale and documentation is provided by the All
irer.

nd
be
VD
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—>

/

5 !
6

Key
1 | tslew (min to max rise/fall time in ms)
2 | tdwell
3 | toff (time between bursts)
4 | Bg(magnetic field strength produced by gradient, min to max amplitude in mT)
5 | one cycle
6 | burstlength (two cycles in this example)

Figure 27 — Radiated gradient test signal

Table 11 — Radiated gradient test signal parameters

Sequences
Parametera Values
tsibw (MS) 0,2b 1,0¢ — —
tawell (Ms) 0,0 1,0 5,0 20
Nymber of cycles (burst length) 128 — — —
tofff (ms) 0,0 5,0 100 500
Bg|(mT) Determined from tgew and dB/dt

NQTE 1 Scalingdor'dB/dt (tsiew = 1,0 ms) is based on IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.12.4.102.3.3b),
dBydt PNS formujar Scale = L12 (1,0 ms)/L12 (0,1 ms) = 0,296, where L12 is the First Level Controlled Operating Mode in
whole body gradients.

NQTE 2 <Ehe single axis bench test coil is capable of producing a magnetic field strength of Bg 2 0,5 x tsjew x dB/Ht.

N(QTE3 “Gradient amplifiers have a limited bandwidth and therefore gradient profiles are not strictly trapezoidal of triangular
depending on the particular selection of parameters An amplifier 3 dB handwidth > 10 kHz is sufficient for the tedt.

NOTE 4 CAUTION: Sequences with small tqwel and toff could exceed clinically relevant MR scanner |dB/dt| rms levels, e.g.
42 T/s rms. These have the potential to cause excessive AIMD heating if applied for longer than the 15 s minimum. Carefully
consider |dB/dt| rms level, duration, and sequence application order during test development to avoid overheating.

a  The tolerance for time value entries is 5 %.

b dB/dt (tsiew = 0,2 ms) is determined from the maximum slew rate (SR-max) identified in the AIMD MR Conditional
labelling using the method defined in Annex A.

¢ dB/dt (tslew = 1,0 ms) is 0,296 x dB/dt (tsjew = 0,1 ms).

16.4.4 Test procedure

The following procedure shall be used for gradient radiated immunity tests.
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If tested in saline, select the saline conductivity so that AIMD electrode impedances are
approximately equal to those of the AIMD when implanted (see Annex N). If tested using
lead/electrode simulators, select the electrode simulator resistances to match those of the
implanted AIMD.

Place and mount the AIMD in the test coil such that the AIMD internal circuit planes, com-
ponents, and any lead(s) or lead simulator(s) are orthogonal to the test coil magnetic field.

[f the AIMD internal electrical components and circuit layout design is oriented in multiple

planes then the AIMD shall be tested with gradient magnetic field exposure orthogonal to
each of the AIMD component or circuit layout planes.

Step 3

If the injg
shall be r¢
and diffen
voltage af
considere

16.5 Inj¢cted immunity test

16.5.1 G

Injected t

tissue contacting electrodes.

NOTE
immunity {

16.5.2 T¢

Use the te

If internal component orientation cannot be determined, then the AIMD shall be tested in
three orthogonal axes using a dB/dt test level greater than or equal to 1,73 times detérmin
from Annex A.

NOTE A multiplier of 1,73 is required to achieve the target dB/dt along the maximum sus-
ceptibility axis of the component or circuit if angularly misaligned by 45 degrees in both
azimuth angle () and polar angle (@) to the test axes.

Independent of AIMD enclosure orientation, lead or lead simulator orientation should be
maintained orthogonal to the test coil magnetic field. Single and multi-lead AIMDs shall be
tested with lead (or lead simulator) circuit loop closure such that induced gradient voltage
are typical of those experienced by the device during clinical uSe:

Apply each gradient test signal sequence for a minimum,of\I’5 s, or longer if necessary to
observe potential device effects.

cted malfunction test is to be omitted, the radiated test for the single or multi-lead All
peated with a sufficient set of lead path cases te subject the device to the maximum comnj
ential mode voltages expected to be experienced during clinical use. For multi-lead AIM
hplitude and polarity differences betweenleads due to lead length and lead path should
.

bneral

esting is performed by(applying simulated MR gradient-induced EMF voltage to the All

Insulated antenn@as,not able to pass low frequency gradient current are excluded from injec
esting.

st equipment

5t sétup in Figure 29 including the tissue interface network defined by Figure 34.

%)

on
Ds
be

ted

16.5.3 Injected test signal

For injected testing, the time derivative of Figure 27 is required as shown in Figure 28. Table 12 lists
the resulting injected voltage test signal parameters. Use the Vet voltage test levels determined from

Annex A.
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3
Key
1 | tedge (maximum 10 % to 90 % rise or fall time in us)
2 | tspw (Pulse A — single sided slew pulse width)
3 | tdpw (Pulse B — double sided slew pulse width)
4 | equal to tgwell
5 | Vemf (Pulse A and B amplitude in volts)
6 | toff
Figure 28 — Injected gradient test signal
Table 12 — Injected gradient test signal parameters
Sequences
Parametera Values
Vet (volts) See Annex A
tapwAms) 0,2b 1,0¢ — —
tspwtms) 01 05 —
tedge (1) 7 (maximum)

NOTE 1 Scaling for Vemf (tdpw = 1,0 ms) is based on IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.12.4.102.3.3b),
dB/dt PNS formula. Scale = L12 (1,0 ms)/L12 (0,1 ms) = 0,296, where L12 is the First Level Controlled Operating Mode in
whole body gradients.

NOTE 2 Vems 10 % to 90 % rise time, teqge approximately 2,2 7. For a maximum gradient amplifier -3 dB bandwidth cutoff
frequency fco = 50 kHz; therefore 7= 1/(2mfco) = 3,2 us and tedge = 7 Us.

a  The tolerance for time value entries is 5 %.

b Vemf (tdpw = 0,2 ms) is determined from the maximum slew rate (SR-max) identified in the AIMD MR Conditional
labelling using any of the three tiered methods defined in Annex A.

¢ Vemf (tdpw = 1,0 ms) is 0,296 x Vems (tdpw = 0,1 ms).
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Table 12 (continued)

Sequences
Parameter2 Values
tdwell (Ms) 0,0 1,0 5,0 20
Number of cycles (burst length) 128 — — —
tofr (Ms) 0,0 5,0 100 500

whole body

NOTE 1 Scaling for Vemf (tdpw = 1,0 ms) is based on IEC 60601-2-33:2010+AMD1:2013+AMD2:2015, 201.12.4.102.3.3b),
dB/dt PNS formula. Scale = L12 (1,0 ms)/L12 (0,1 ms) = 0,296, where L12 is the First Level Controlled Operating Mode in

gradients
5

NOTE 2 V4
frequency

a  The tol

b Vemf (¢
labelling ug

¢ Vems (t

mf 10 % to 90 % rise time, tedge approximately 2,2 7. For a maximum gradient amplifier -3 dB bandwidth cufj
ko = 50 kHz; therefore T = 1/(2mfco) = 3,2 pus and tedge = 7 us.

erance for time value entries is 5 %.

ipw = 0,2 ms) is determined from the maximum slew rate (SR-max) identified in the AIMDOMR Conditio
ing any of the three tiered methods defined in Annex A.

pw=1,0ms) is 0,296 x Vems (tdpw = 0,1 ms).

off

hal

16.5.4 Té
The follow

Step 1

Step 2

Step 3

Step 4

For AIMD
with a su
differenti
and polar

st procedure

fing procedure shall be used for gradient injected immunity tests:

Connect the test signal generator(s) to input Port C of the tissue interface network,
Figure 34, as shown in Figure 29. All AIMD ports and electrodes shall be simultaneously
driven unless appropriate justification for limited tésting is provided.

Connect the AIMD to the tissue interface network in accordance with 16.5.5. Close the
switches across all Cx capacitors to remove thiem from the circuit.

Apply the test voltage waveform of Figure 28 and measure the test signal at Port D2 using
oscilloscope. Adjust the test injection voltage amplitude as necessary to achieve the prope
level as determined from Annex A.

If AIMD output therapy is enabled during MRI, observe AIMD therapy output waveforms b
connecting an oscilloscopetand differential amplifier between test Port D2 and test Port E
Apply the test signal for-each gradient sequence for a minimum of 15 s, or longer if necess3
to observe potential device effects.

b having multiple leads or leads with multiple electrodes, testing of the AIMD shall be repea
ficient set of injéeted voltage test cases to subject the device to the maximum common 3
] mode voltdges expected to be experienced during clinical use. Electrode voltage amplitu
ty differences due to electrode spatial separation and lead paths should be considered.

ed
nd
de
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gradient tissue interface network (see Figure 34)
differential amplifier

oscilloscope

EMF voltage testssignal 1

EMF voltage téstisignal 2

EMF voltage-test signal 3

EMF voltage test signal 4

EMF ¥oltage test signal 5
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EMF voltage test signal 6
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EMF voltage test signal 7
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EMF voltage test signal 8
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EMEF voltage test signal 9

Figure 29 — Test setup for gradient-induced malfunction
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16.5.5 AIMD test configuration

16.5.5.1 General
The AIMD shall be categorised into one, or both of two groups, as appropriate:

— Single-lead devices or devices having tissue contacting electrodes mounted exclusively on its
enclosure shall be Group a);

— Multi-lead devices shall be Group b).

Single leadl AIMDs shall be tested in the common mode test configuration.
Multi lead) AIMDs shall be tested in common and differential mode test configurations.

AIMDs that can be implanted in either a single, or in a multiple lead configurations, shall\be tested in
both single and multi-lead AIMD configurations unless the manufacturer can show &hat one cas¢ is
always worse than the other. In this case, only testing in the worst case is required.

Additional differential testing is required for single or multi lead AIMDs having leads that contain
spatially 4eparated electrodes such that gradient-induced electrode voltage différences within the l¢ad
are significant.

16.5.5.2 [Group a)

The tissug interface network connections for a single lead AIMD:writh negligible gradient-induced intjra-
lead electfode voltage differences are shown in Figure 30. Connect Port F to the AIMD lead port, gnd
Port] to the AIMD conductive enclosure. For AIMDs containifig a multi-electrode lead port, connect the
electrode$ individually to Port F1, Port F2, through Port Fr:

The AIMI) shall be tested by applying a common test signal voltage, Vems, at Port C greater than|or
equal to the maximum gradient-induced in vivo voeltage expected to develop between the AIMD l¢ad
electrode$ and enclosure.
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gradient tissue interface network (see Figure 34)
differential amplifier

oscilloscope

AIMD

AIMD lead port or enclosuré'mounted electrodes
EMF test signal

spare inputs terminated to ground

N O U W

Figure 30 — Test.setup, single lead AIMD with negligible gradient-induced intra-electrode voltage

tissueniriterface network connections for a single lead AIMD with significant gradient-induced
intfra-lead-electrode voltage differences are shown in Figure 31. Connect Port F to the AIMD|lead port,
anfl®ert] to the AIMD conductive enclosure. For AIMDs containing a multi-electrode lead port, connect
th i i i ) )

Connect separate Port C voltage generators as required to apply the Ve test voltage at each AIMD lead
port. Lead electrode voltages are driven independently as shown in Figure 31 and the AIMD tested
using electrode voltage combinations that maximize electrode to enclosure voltages (common mode)
and electrode to electrode difference voltages (differential mode).

Common Mode: The AIMD shall be tested by applying test signal voltages greater than or equal to the
maximum in vivo gradient-induced common mode voltage expected to develop between the AIMD lead
or case mounted electrodes and enclosure during maximum gradient dB/dt exposure at each lead port.
For example Port C1 through Port C3 (see Figure 30).

Differential Mode: The AIMD shall be tested by applying the maximum gradient-induced differential
voltage expected to develop between lead or enclosure mounted electrodes during maximum gradient
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dB/dt exposure. Identify the maximum electrode voltage differences between each electrode pairing
during maximum dB/dt exposure considering patient anatomical and AIMD implant variation. Test the
AIMD by applying the combinations of maximum electrode voltage differences (see Figure 31).

\\}4

NOTE Spatially separated electrodes within the same lead can result in significantly different gradient-
induced electrode voltages.
3
.
2
N
1 O)
\ o o —®

SEIC=Ck

®)C4

Key

gradiept tissue interface network (see Figure34)
differgntial amplifier

oscillgscope

AIMD

AIMD |ead port or enclosure mounted electrodes
EMF tgst signal 1
EMF t¢st signal 2
EMF tg¢st signal 3

spare |nputs teriminated to ground

O© 0 N O U1 b W N =

Figure|31.— Test setup, single lead AIMD with significant gradient-induced intra-electrode

vaoliaga
v Ul\-(ls\'

16.5.5.3 Group b)

The tissue interface network connections for a multi-lead AIMD with negligible gradient-induced intra-
lead electrode voltage differences within each lead port are shown in Figure 32. Connect Port F to AIMD
lead Port 1, Port G to AIMD lead Port 2, etc., and Port ] to the AIMD conductive enclosure. For AIMDs
containing a multi-electrode lead port, connect the electrodes individually to the corresponding tissue
interface network port, for example AIMD lead Port 1 to Port F1, Port F2, through Port Fn.

Connect separate voltage generators at Port C as required to apply the Ve test voltage at each AIMD
lead portindependently as shown in Figure 32. The AIMD is tested using electrode voltage combinations
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that maximize electrode to enclosure voltages (common mode) and electrode to electrode difference
voltages (differential mode).

Common Mode: The AIMD shall be tested by applying test signal voltages greater than, or equal
to the maximum in vivo gradient-induced common mode voltage expected to develop between the
AIMD lead electrodes and enclosure during maximum gradient dB/dt exposure at each lead port. For
example Port C1 through Port C3 (AIMD lead Port 1), and Port C4 through Port C6 (AIMD lead Port 2)

(see Figure 32).

Differential Mode: The AIMD shall be tested by applying the maximum gradient-induced differential

Vo

tage expected to develop between AIMD lead ports during maximum gradient dB/dt exposure.
(=] r r r (=] (=] 7

Ide
dB
all

Fo
thi

ntify maximum and minimum induced voltage for each lead port or electrode during
dt exposure considering patient anatomical and AIMD implant variation. Test the AIMD b
possible combinations of maximum and minimum voltages for the AIMD lead ports (see Fi

Table 13 — Example multi-lead AIMD malfunction voltage test cases

maximum
y applying
gure 32).

" the two lead port AIMD example illustrated in Figure 32 the AIMD is tested\by applying at least
ee test voltage cases as shown in Table 13.

Test cases Test voltage applied to Test voltage applied-to Mode
AIMD lead port 12 (Port C1, | AIMD lead port 22 (Port C4,
Port C2, Port C3) Port C5, Port C6)
Tept 1 Max Maxy Common mode
Teft 2 Max Min Differential mode
Teft 3 Min Max Differential mode
a | Min canrepresent either negative voltage, small positiveyoltage, or zero voltage.
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Key
1 gradiept tissue interface network (see Figure 84)
2 differgntial amplifier
3 oscilloscope
4  AIMD
5 AIMD |ead port 1
6  AIMD |ead port 2
7  EMF t¢st signal 1
8 EMF t¢stsignal 2
9  spare Inputs terminated to ground

Figure 32 —Test setup, multi-lead AIMD with negligible gradient-induced intra-electrode voltdge

The tissue interface network connections for a multi-lead AIMD with significant gradient-induced
intra-lead electrode voltage differences within the same lead port, e.g. Port 1, are shown in Figure 33.
Connect Port F to AIMD lead Port 1, Port G to AIMD lead Port 2, etc., and Port ] to the AIMD conductive
enclosure. For AIMDs containing a multi-electrode lead port, connect the electrodes individually to the
corresponding tissue interface network port. For example, connect AIMD lead Port 1, electrode 1 to test
box Port F1, AIMD lead Port 1 electrode 2 to test box Port F2, AIMD lead Port 2 electrodes to Port G, etc.,
and Port ] to the AIMD conductive enclosure.

Connect separate Port C voltage generators as required to apply the Ve ftest voltage at each AIMD lead
port. Lead electrode voltages are driven independently as shown in Figure 33 and the AIMD tested
using electrode voltage combinations that maximize electrode to enclosure voltages (common mode)
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and electrode to electrode difference voltages (differential mode) as shown in Table 13. Additional
differential mode test cases might be needed to cover intra-electrode voltage difference combinations.

NOTE Spatially separated electrodes within the same lead might result in significantly different gradient-
induced electrode voltages.
3
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gradient tissue interface network (see Figure 34)
differential amplifier

oscilloscope

AIMD

AIMD lead pert1

AIMD leadport 2

EME-test signal 1

EMF test signal 2

ERAL & ool 12
TIVIT CCSTSTEITAT I

10 EMEF test signal 4
11 spare inputs terminated to ground

O© 0 N O U1 o W N =

Figure 33 — Test setup, multi-lead AIMD with significant intra-lead electrode voltage

16.5.5.4 Tissue interface network

Figure 34 is a tissue interface network for observing the AIMD while the simulated gradient-induced
pulse voltage is applied during the injected voltage tests of Clause 13 and Clause 16.

© ISO 2018 - All rights reserved 91


https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

ISO/TS 10974:2018(E)

D1 D2 E

1
[uy

5]
N

]
W

9]
[auy

[op)]
w

an
[

| B
i
Ll

N
8 (O . @T & —{ Ri0 | . H2
N
‘——o/'oﬁ‘
c9 (O} PR i A 3
Cpm
7|
Key
1 multi-pol& multi-throw switch, e.g. 3P9T, or equivalent electrical function

C1-C9 injected test voltage input ports
F1-F3 AIMD'lead port 1

G1-G3 LAIMDleadport2

H1-H3  AIMD lead port 3

] AIMD enclosure port contact

D1,D2,E measurement points

R1 signal generator impedance matching resistor

R2 AIMD enclosure port impedance matching resistor

R2 -R11 lead port series coupling resistor
Cx charge integration capacitor

NOTE1 PortF, PortG, and Port H connect to individual lead ports of a multi-lead AIMD. Port F1 is connected to
the first electrode, Port F2 to the second electrode, etc. The AIMD conductive enclosure is terminated to Port]J.

92 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

ISO/TS 10974:2018(E)

NOTE 2  Dashed lines in the figure indicate expansion to accommodate AIMDs with more lead ports or
additional lead electrodes.

NOTE 3  Test voltages representing the gradient-induced voltages that develop between the lead electrodes
and AIMD enclosure or between other lead electrodes are applied at the Port C inputs. Port C inputs can be
driven in parallel in order to minimize the number of EMF test signal generators required if the electrode voltage
differences on a multi-electrode lead port are negligible. In this case, a single R1 resistor is sufficient to terminate
Port C inputs driven in common.

NOTE4 D2 is a test point for monitoring the injected signal.

attorro : ved—tsing—amosciloscope—conmected-—to—a—d gl amplifier
connected to Port D2 and Port E. The multi-pole multi-throw switch shown selects one of n resistors, i.e. R3 -
R1][, to enable observation at Port D2 and Port E.

NOTE 6  Cx charge integration capacitor and switch are optional components for Clause 8; and afe not used
for|Clause 16 malfunction testing. When used in Clause 13, the voltage across Cx is monitered using Hort D1 and
Port D2. If Cx is present, the associated switches are closed for Clause 16 malfunction,testing.

Figure 34 — Tissue interface network, injected immunity tests

Anjnex O or an alternate measurement method may be used to.determine AIMD electrgde tissue

interface impedance.

Table 14 component values are for an example multi-chamber pacemaker; other AIMD types might
require alternate value selection.

An[ analysis should be performed to show that the.gradient test signal level in combination with the
tispue interface network provides a conservative test when the real source impedance of|the AIMD
eldctrode tissue interface is taken into account.

Table 14 — Example component values for Figure 34

Component Value Component Value
ohms ohms
R1 50 (2W) R7 250
R2 20 R8 250
R3 250 R9 250
R4 250 R10 250
R5 250 R11 250
R6 250 Cx (see note) Not applicpble
NQTE Experience has shown that Cx greater than 10x the AIMD electrode port input capacitance (to conductive AIMD
enflosure)dis:appropriate.

17_Combined fields test

17.1 Introduction

The Combined Fields Test establishes an in vitro evaluation of the AIMD functioning under simultaneous
exposure to the static, gradient and RF magnetic field conditions.

Unlike the maximal exposures required in the individual tests in accordance with Clause 8 through
Clause 16, the Combined Fields Test exposes the AIMD to representative levels and temporal patterns of
all three MR magnetic fields simultaneously.
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The Combined Fields Test is performed using an AIMD positioned in a tissue-simulating media phantom
and placed inside an MR scanner. The AIMD is exposed to a series of MR imaging sequences performed
at different positions relative to the MR scanner’s isocentre.

For compl

NOTE

iance criteria see 7.1.

Failure of the AIMD to meet the compliance criteria according to 7.1, as a result of the Combined Fields
Test, indicates that the AIMD has a temporal sensitivity to the combined MR fields.

17.2 Test setup

An ASTM
within thg
in Table 1i
landmark
considere

For AIMD
the legs o
torso pha

NOTE 1
specific st3

The Combh
Guidance
clinical pr

NOTE 2
MR centre

NOTE 3

Combined
AIMD usin
is beyond f

The follov

Table 16 gn a particular MR scanner:

— Setup
exam

— Incor
uncha

— Allow

— Imagg
AIMD

phantom[1] with AIMD inside shall be placed on the MR scanner patient table and positior
b scanner bore as indicated in Figure 35 and Table 15 for each specified scan protocol lisf
6. Alternatively, the manufacturer can determine and provide rationale for the selection
5 and sequences used for the test. In this case, the general guidelines described below shall
.

5 generally implanted in anatomic regions not represented by the ASTM torso phantom (.
" arms) more representative limb phantoms can be developed and maybe used or the AS]
htom may be used.

ndards.

for the selection of protocols is provided in Annex S based on a literature survey of curr
actice. Additional imaging protocols may be added to.extend test coverage.

Expect variation in design parameters between MR ¥éndors and system types, e.g. with respect to
frequency, filter characteristics of the gradient sighal, and RF peak power.

IEC 60601-2-33 requires MR Vendors to provide compatibility protocols for a purpose similar to

Fields Test, i.e. type tests of the combination-of auxiliary equipment near the MR scanner. A test of
b these compatibility protocols might be'considered. The justification of using compatibility protod
he scope of this document and is therefore up to the manufacturer.

ving steps shall be followe& when implementing the MR imaging protocols described

each protocol to image the clinical planes typical for the anatomic target region specified (:
bles provided in Ann€ex S);

borate a localiZeyscan before each imaging protocol (unless the targeted Field of View rema
nged from theprevious protocol);

the scanner to perform all regular clinical calibration and pre-scan operations;

with'the whole body coil (other volume transmit coils shall be considered only if allowed

ed
ed
of
be

.8,
'M

Landmarks and sequences applicable to specific categories of devicesthight also be defined in prodjuct

ined Fields Test provides field exposures typically encotntéred in clinical MR examinatiopns.

ent

the

the
the
ols

pee

Ins

in
le

MR Conditional labelling and if the RF coupling would exceed the coupling from the w

body coil);

— Cardiac protocols should be ECG triggered at 60 bpm, either through MR scanner software or
external hardware (pulse generator, cardiac waveform generator, etc.);

— Positi

on the Field of View such that:

1) x-axisis centred at the phantom centre;

2) y-axisis centred at the phantom centre;

3) z-axis is centred at the current landmark position according to the protocol to run.
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Landmarks may be excluded if not relevant for the AIMD under evaluation (e.g. in the case of implanted
location according to MR Conditional labelling). In this case, the protocols associated with the excluded
landmarks shall be run with the nearest landmark that is consistent with the implant location.

Care should be taken to properly load the MR scanner, particularly for landmarks where the majority
of the phantom is outside the MR scanner bore. Proper loading can be achieved by placing additional
saline bottles on the patient table within the MR scanner bore as necessary.
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(b)
Ke
dofted lines esent the locations of the scanner isocentre (landmark location) with respect to|] the ASTM
é hantom [1]. The corresponding distance values are shown in Table 15
- @v represent different landmark positions; see Table 15
(a) % simulated electric field pattern (arbitrary units) in the phantom centred at the scanner isocentre
iudut,cd by d VU1 ti\.d} (y ) GAiD sl qdicut LU;}
(19)] simulated RF-induced electric field pattern (arbitrary units) in the phantom centred at the scanner
isocentre
a.u. colour bar arbitrary units

low field intensity
high field intensity

Figure 35 — Locations of isocentre landmarks
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Table 15 — Locations of the MR scanner isocentre (landmark position)

Landmark Positiona
cm
1 -19
2 3
3 14
4 34
5 62
6 106
a  See Figure 35.
Table 16 — Scan protocols, with corresponding landmark position
Priotocol target region Landmark Minimurl:lliguration
Neurological examinations
Brain 1a 6
Lumbar spine 5 4
Thoracic examinations
Liver 4 4
Kidney 4 2
MRCP 4 2
Enterography 4 2
Breast 3 2
Cardiac 3 5
Upper limbexaminations
Hand 5 3
Shoulder 2 3
Hip examinations
Prostate 5
Vulva and vagina 5
Lower limb examinations
Knee 6 2
Thigh 6 5
NOTE Minfimum duratipn for each MR scan protocol is based on literature data presented in Annex S. Such durations gre
representafive andwcanvary.
a  Incasejthe'rectangular ASTM phantom is used, Landmark 1 testing shall be completed at Landmark 2.

17.3 AIMD fixation
The AIMD system including all implanted components shall be placed in the phantom before testing.

To avoid MR scanner RF polarization dependence the AIMD system shall be placed with its largest
dimensions, generally within a coronal imaging plane, at the central depth in the phantom tissue
simulating media.

The AIMD should be located within the coronal plane in such a way as to maximize RF and Gradient
field interaction (see Annex S for an example). In order to achieve that, more than one AIMD position

might be necessary.
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Fixtures may be used to facilitate the positioning of the AIMD inside the phantom provided they are
made of nonconductive material.

17.4 Test procedure

17.4.1 General

Repeat the procedures in 17.4.2 to 17.4.4 for all the AIMD configurations selected for testing (See
Annex S for an example of AIMD configurations).

17
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17

Ste

Std
Std
Ste

Ste

17

Ste

Std

Ste

17

17

4.2 Before MR exposure

pl

p2

Set the AIMD to its intended MR Conditional mode or operating parameters as speq
the device MR Conditional labelling.

Place the AIMD in the phantom along with any required monitoring'apparatus.

4.3 During MR exposure

pl

p2
p3
p4

p5

Prior to each imaging protocol specified in Table 16 moyé.the phantom to the landy
tion defined in Table 15.

Position the MR Field of View according to guidelines in 17.2.
Run the MR protocol.
If relevant, monitor the AIMD outputs during exposure. For monitoring system see

Repeat Step 1 to Step 4 for all imagihg protocols selected for this test.

4.4 After MR exposure

pl

p2

p3

Remove the phantom from the MR scanner bore. The AIMD may be removed from 4
tom for further testing.

Verify that the AIMD functions in accordance with its intended use within 30 min g
exposure.

A full evatoation of the AIMD for permanent damage, malfunction, and intended us
performed within 14 days following the date of the test.

.5 Testequipment

ified by

nark posi-

he phan-

fthe MR

b shall be

54 Field generation

Use a 1,5 T, cylindrical bore, whole body clinical scanner.

17.5.2 Phantom and tissue simulating medium

Use either one of the two ASTM phantoms as defined in Reference [1].

The tissue simulating media shall be chosen according to Annex L and based on the conductivity and
permittivity that surrounds the majority of the AIMD.
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17.5.3 AIMD monitoring apparatus

In case AIMD monitoring during the Combined Fields Test is required, the AIMD monitoring system
shall have the following characteristics:

— The monitoring system shall allow for continuous monitoring of AIMD activity during the test;

— The monitoring system shall not perturb the AIMD activity to a degree that prevents the qualitative
observation of the AIMD;

— The MR fields shall not perturb the monitoring system itself to a degree that prevents the qualitative
obserfvation of the AIMD;

— The ifpact of the monitoring system on the incident fields along the AIMD should be minimized

18 Markings and accompanying documentation

18.1 Defiinitions

This clauge applies to the AIMD accompanying documentation as defined below. The terms below are
used for the purpose of this document, and may be referred to by other nafes by a given manufacturer:

— Patient Card: Issued to the patient by the AIMD manufacturer thatdidentifies the implanted system;
— PatieptManual: Instructional/informative documentissued tothe patientby the AIMD manufacturler;
— Implant Manual: Instructions for use issued by the AIMD manufacturer for implantation of the AIMID;

— MR Procedure Manual: Instructions for MR scanning issued by the AIMD manufacturer.

18.2 Applicability of labelling requirements

Table 17 fesignates the subclauses (requirements) that apply to each accompanying document. [All
devices d¢ not have all of these pieces of/documentation. Some of this information may be combirjed
into a single document.

Table 17 — Cross-reference of subclause requirements and document type

gcco panying Audience Applicable subclause requirements
ocument type
/ Patient
Patient Card Radiologist/MR Technologist 18.3.1a 18.3.4 18.3.5 —
Patiept Manual Patient 18.3.1 18.3.2 18.3.3 —
Implant Manual Implanting physician 18.3.1 18.3.2 18.3.4 18.3.6
Referring physician 18.3.1 18.3.2 18.3.3 18.3.4
MR Proceéednte Manual [prr—\q(‘rihp< MR q(‘;m)
Radiologist/MR Technologist 18.3.6 18.3.7 18.3.8 18.3.9
NOTE It is recommended that the Patient Manual and the MR Procedure Manual be made as accessible as practical (e.g.
manufacturer’s website or upon request).
a  Applicable only to Patient Cards containing patient information issued directly to the patient by the manufacturer.

18.3 Labelling requirements

18.3.1 The term “MR Conditional” together with the corresponding icon shall be used as specified in
ASTM F2503.

Compliance is checked by inspection.
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18.3.2 The accompanying documentation shall contain general warnings regarding the hazards that
could be caused by performing an MR procedure on a patient with an AIMD.

Compliance is checked by inspection.

18.3.3 The accompanying documentation shall direct the patient to consult with the AIMD treating
physician prior to an MR scan.

Compliance is checked by inspection.

18
Co

EX
for

Co

18
Co

NO|

Co

18
Co

18

mpliance is checked by inspection.

3.6 The conditions under which a patient with an AIMD can be scanned safely shall be pro

mpliance is checked by inspection.

3.4 The accompanying documentation shall contain a statement directing users to the,chrrent MR
hditional labelling (e.g. URL and phone number).

AMPLE “Refer to [insert URL and phone number] for current MR Conditional labelling“and ifstructions
this device in the MR environment.”

mpliance is checked by inspection.

3.5 The accompanying documentation shall unambiguously identify;\the AIMD and all pf the MR
hditional AIMD system components (e.g. leads, pulse generator).

TE This information is needed in order for the clinician to obtain the proper MR Conditional Igbelling.

vided.

3.7 The accompanying documentation shall include instructions for safely performinlg the MR

procedure on the patient. This might include patient preparation, procedural instructions, special AIMD

op
an

Co

18
du

Co

18
MHE
im

 after scanning, or other similar instfuctions to ensure safety.

mpliance is checked by inspection.

3.8 The accompanying documentation shall describe all intended and expected AIMD
ring an MR scan.

mpliance is checked by inspection.

3.9 The AIMD can interfere with the acquisition of MR data, resulting in artefacts that can co

hge artefacts.

NO|

TE ASTM F2119[7] specifies a test method for evaluating MR image distortion artefacts fr

brating modes, peripheral equipment.needed, necessary patient monitoring or intervention during

operation

[mpromise

. images."The accompanying documentation shall contain a statement concerning AIMD-induced MR

bm passive

implants and could be used to evaluate the MR image distortion artefacts from an AIMD.

Compliance is checked by inspection.

18

3.10 Positive System Identification (PSID)

PSID may be achieved through multiple means. Radiopaque markers are ineffective for PSID purposes,
and therefore are not required.
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Annex A
(normative)

Pulsed gradient exposure for Clause 10, Clause 13, and Clause 16

This normative annex defines the methods to determine the radiated dB/dt and injected voltage leviels
required fo perform Clause 10 (Vibration), Clause 13 (Extrinsic Potential), and Clause 16 (Malfunctign).
(The dB/dit exposure level for gradient heating is defined separately within Clause?9.) Table A.1
summarizes the gradient field exposures that shall be determined.

Table A.1 — Gradient field exposure types determined

. o Exposure tolbedetermined
Clausg Gradient field induced hazard -
Type Units
10 Vibration Radiated field dB/dt (peak)
13 Extrinsic lead voltage Injected¥oltage Vemt (peak)
) ) Radiated field dB/dt (peak)
16 Device malfunction -
Injected voltage Vemf (peak)

A single method is provided for determining AIMD radiated gradient dB/dt peak exposure levels for
Clause 10fand Clause 16.

Three tier|s are provided to determine the gradientiinduced AIMD electrode voltage levels for Clause|13
and Clausg 16 bench injection tests.

Tier 1 thrpugh Tier 3 are applicable methdds to determine the gradient induced lead electrode voltages
for AIMDY with leads. Tierl and Tier3«are applicable gradient induced voltage determination methqds
for AIMD enclosure mounted tissuecontacting electrodes, e.g. leadless pacemaker.

Tier 1 requires the least amount-of analysis and computation but results in the most conservatjve
injected voltage level. Tier 2-and Tier 3 require additional analysis but result in more accurate gnd
lower injected test levels:

— Tier 1}, Lead Length/Edctor Method: Injection voltage is determined by multiplying AIMD lead length
by a cponservative’voltage conversion factor (V/cm);

— Tier 2, Specific AIMD Lead Loop Area Method: Injection voltage is determined using Faraday’s Law
of Induction, multiplying the radiated dB/dt (T/s) exposure level by AIMD specific implant lead 1qop
area(s);

— Tier 3, Electromagnetic Simulation Method: Injected voltage is determined through electromagnetic
modelling and simulation of the gradient magnetic fields, the electric fields induced in the conductive
tissues of the body, and the resulting potential developed along the AIMD and leads.

A.2 Determination of dB/dt for AIMD electronics module, electrodes, and
extended leads

A.2.1 AIMD labelled for Fixed Parameter Option
AIMDs labelled for Fixed Parameter Option (FPO:B) shall use dB/dt = 100 T/s peak.
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A.2.2 AIMD labelled for maximum gradient slew rate

The patient positions, postures and max gradient slew rate (T/m/s) specified in the AIMD MR
Conditional labelling, as well as AIMD implant location and lead routing(s) determine the AIMD gradient
dB/dt exposure.

Table A.2 contains AIMD system dB/dt exposure factors for cylindrical bore 1,5 T MR scanners.
Figure A.2 shows the direction of the various dB/dt factors in relation to the MR scanner bore (green)
and the gradient coil volume (grey). By, By, B; are in the X, y, z directions respectively which can be
generated from any single gradient coil. By, is the magnitude of the vector sum, and is of arbitrary

i +
direetion-

The tables contain the maximum calculated dB/dt factors from the 3-D vector sum of simultaneously
energised Gy, Gy, G, gradient outputs on the cylindrical surface at a radial distance, ¥, from fhe z-axis.
Table entries (units T/s) are for whole body gradient systems with gradient slew/rate spé¢cification

<2P0 T/m/s per axis; 346 T/m/s effective. See Annex T.

Thee dB/dt determination steps that follow are illustrated in Figure A.1.

Stgp 1

Stgp 2

From the patient positions (e.g. landmarks) and postures (e.g. prone, supine) specifiied in the
AIMD MR Conditional labelling, determine the AIMD location’and orientation within the MR
scanner bore. Variations in AIMD implant location, patient anatomy, position, and gostures
on the scanner bed shall be considered. Determine the radius r (cm) from the MR s¢anner
z-axis of the cylindrical volume containing the entire’ AIMD.

NOTE 1 The patient’s body axis might be laterally offset from centreline of the MR|scanner
bed, especially for wider bore machines.

If the radius of the cylindrical volume containing the AIMD electronic module(s) is $maller
than the radius of the cylinder containihg the AIMD and leads, the smaller radius njay be
used to determine the radiated expesure of the AIMD electronics module for gradig¢nt-in-
duced vibration (Clause 10) and malfunction (Clause 16).

NOTE 2 When performing Clause 16 radiated malfunction test of an AIMD with leads, ad-
justment of the lead paths'or-lead simulators might be required to obtain a proper yalue of
induced Vemf.

Identify the dB/dt exposure factor(s) that apply.

For Clause 10 (Vibration), gradient magnetic field components orthogonal to the A|MD’s
major conductive surfaces and internal components, e.g. metal enclosure and battelry, are of
primary importance.

For Clause 13 (Extrinsic lead voltage) and Clause 16 (Malfunction) injected voltage|tests, the
gradient magnetic field components orthogonal to the plane(s) containing AIMD enfclosure
mounted electrodes and leads are of primary importance.

For Clause 16 (Malfunction) radiated test, the gradient magnetic field components prthogo-
nal to the AIMD’s conductive surfaces, internal electronic components, modules, and circuit

1oz £ o o f i ey e ek o

Step 3

Tayoucarc T priTdr y irpuoT tarrcty

For example, the dBy/dt factor applies for AIMDs with internal circuitry parallel to the
patient coronal plane, e.g. pacemakers, transvenous implantable cardioverter defibrillators
(ICD), and many neuromodulator devices if the AIMD MR Conditional labelling restricts the
patient posture on the scanner patient bed prone or supine. Use the appropriate alternative
dB/dt factor for other AIMD types or implant orientations. For example, use the By or B,
dB/dt factors for AIMDs implanted when major conductive surfaces are in the sagittal and
axial planes, respectively, or use By, for AIMD implant orientations not aligned with the
anatomical planes of the body.

Using the radius, r, determined in Step 1, look up the dB/dt factor for the AIMD from
Table A.2.
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102

Determine AIMD location and
orientation within MR bore

A

A

Identify the dB/dt exposure
factors that apply

\

A

Determine AIMD radial
distance, r, from the Z-axis

\

/

Lookup dB/dt (r) factor
value(s) from Table A.2

AIMD dB/dt exposure (T/s)

dB/dt for radiated tests
(Clause 10, 16)

Figure A.1 — dB/dt determination

Y

dB/dt for Tier 2 injected
voltage determination
(Clause 13, 16)
(Figure A.5)
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Key

By gradient magnetic field in the X direction ®$
By|  gradient magnetic field in the Y direction X\

B,| gradient magnetic field in the Z directi O

Bm| magnitude of the vector sum of t dient magnetic field

@)

Figure A.Qc dB/dt exposure factor directional components
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Table A.2 — AIMD dB/dt exposure factor as a function of radial distance from z-axis

xyz dB/dt factorsa.b.c
Radial distance dBy/dt, dBy,/dtd dB,/dt dBp,/dt
cm T/s T/s T/s
5 58,0 65,7 101,6
6 59,0 68,5 102,9
7 59,7 70,1 103,7
8 61,0 73,4 105,3
9 62,4 75,6 106,7
10 63,7 79,3 108,7
11 65,2 81,7 110,5
12 66,9 84,2 H2,4
13 69,3 88,7 115,8
14 71,3 91,9 118,5
15 73,5 96,7 122,3
16 76,0 100,1 125,3
17 78,8 105,9 130,2
18 81,9 109,6 133,5
19 86,2 114,0 137,7
20 89,8 120,4 143,4
21 93,8 125,2 148,1
22 98,3 132,7 155,2
23 103,0 1379 160,4
24 108,2 144,1 166,8
25 115,7 153,3 176,0
26 122,4 159,2 182,3
27 1294 169,3 192,8
28 1372 176,7 200,9
29 146,0 188,7 214,1
30 156,8 196,8 223,5
a  dBy/dt|dB,/dt, dB,/dt are in thex, y, z directions respectively. See Figure A.2.
Key table:
Bx ip the gradientafagnetic field in the X direction
By ip the gradient magnetic field in the Y direction
B, i$ the gradient magnetic field in the Z direction
Bm ip the magnitude of the vector sum of the gradient magnetic field
dBy,/dt is the rate of change of the magnitude of the vector sum and is of unspecified direction.
b Table entries are for a gradient slew rate of 200 T/m/s per axis; 346 T/m/s effective. If the AIMD MR Conditional
labelling specifies a slew rate other than 200 T/m/s per axis, dB/dt factor table entries may be scaled:
dB Labelled SR-per axis dB
scaled — factor = x Table A.2 — factor
dt 200 dt
¢ ThedB/dt directional factors tabulated in each row (radius) are generally from different x, y, and z coil models and occur
at different z locations. Therefore, these are not paired data. For example, the vector sum of x, y, and z component is not B,.
d  For areas less than 16 cm?2, values up to 15 % higher have been reported. This increase is not applicable to the Tier 2
lead loop area induced voltage method.

104 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

A.

ISO/TS 10974:

3 Injected voltage determination

A.3.1 General

2018(E)

The injected voltage tests of Clause 13 and Clause 16 require the gradient-induced voltages between
patient lead electrodes and the AIMD conductive enclosure be determined. In addition, inter-lead
electrode difference voltages (between electrodes on different leads), or intra-electrode difference
voltages (between electrodes on the same lead) need to be determined and tested if significant.

Care should be taken in determlnlng gradlent 1nduced electrode Voltages Intra electrode voltage

NO|

to
int

applicable assumptions can be made by AIMD type.

A.

Thi

en

Sté

jected test voltages of any method in this annex. [t does notrequire any electromagnetic com

tages between leads for multi lead systems should be determmed espec1ally AIMDs i
ith divergent routings in the body as these can produce induced voltages of opposité po
ferential voltage analysis is not practical, a conservative test condition for the differéntial
eptable.

termining common and differential mode electrode voltage using the Tiers:

Determining common mode voltage for each lead to the AIMD enclosure can be accomplis
the conservative lead-length factor (Tier 1), the lead loop area method (Tier 2), or gradie
human body model electromagnetic simulation (Tier 3);

Determining intra-electrode voltage can be accomplished<sing Tier 1 or Tier 3. Tier 1
may also be used to determine injection voltage for enclgsure mounted electrodes;

Determining voltage differences between electrodes on separate leads (inter-lead)
accurately be determined using Tier 3. Estimates using Tier 1 or Tier 2 methods, esp
divergent lead routings, can result in significant error requiring the test voltage(s)
conservatively to compensate.

TE More precise Tier 1 or Tier 2 inter- and intra-lead differential voltage methods that appl

h1l AIMDs are beyond the scope of this doctiment. Improvement to Tier 1 or Tier 2 methods for d
br- or intra-lead differential voltage might be accomplished in the vertical standards where more s

8.2 Tier 1, Lead length multiplication factor method

is method may be applied“to determine the voltage that develops between the AIMD d
Closure and other tissue contacting electrodes on extended leads or on other portions of the

hssumes the gradient-induced E-field is tangential to conductive elements at every po
ended lead or(electrode. This tier will produce the highest induced voltage, and hence, t

hlysis.
e Tiefrlvinjected voltage determination steps follow and are illustrated in Figure A.3.

oyt 4 adlangth

ncing

Piifferential
vith leads
larity. If a
voltage is
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hnd Tier 3
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y generally
etermining
pecific and
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enclosure.
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Step 2
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electrode or extended lead.

P

Calculate the injected test voltage (gradient-induced Vepf) by multiplying the lead 1
factor from Step 1.
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dB/dt for Tier 1 injected
voltage determination
(Figure A.1)

Y

Lookup lead length
multiplication factor f(r, I)
(Table A.3)

Y

Veme = lead length factor f (r, [) x
lead length

\

Vem for Clause 13
(Extrinsic potential)

Veme for Clause 16 <&
(Malfunction) O

Figure A.3 — Tier 1 injected voltage determination method

Table A.3 — Lead length factor Ly=f (r, [)ab

=12/2m x 1 B+2
else

=0,5%m xaxrx 1E+2

Length Ly=f(r, D4
8 x=11) Basis of calculation
cm volts
<10 =16,0 E-2 x| Ly computed as E x [

EM simulation of human at 100 T/s, Emax = 16 V/m
(see Annex B)

10<1<|63 =8,87E-2x[+713E-1 Ly computed as E x |
EM simulation of human at 100 T/s, interpolated between
Emax =16 V/m at 10 cm and Eaye = 10 V/m at 63 cm (see
Annex B)

63 <1<300c |Ifl<mrcmthen Lead path assumed to follow the perimeter of a semi-circlelor

semi-ellipse

Ly computed as area of a semi-circle

Ly computed as area of a semi-ellipse

a  Units fpr [ a, b lengths are in cm.

b risthelradial\distance from the MR z-axis defining the cylindrical surface containing the AIMD and extended lead(s).

¢ For lead lengths, I 2 63 cm, a semi-circular or semi-elliptical lead path is assumed with both proximal and distal enjds

Major axis a is determined by solving;
j%

Lead length = 2a .

(see Annex B for computation method).

of the lead [ocated on the z-axis. Lx IS COMpUted as the area of the Semi-circie for { < 1t X 7. Lead [engths [ = T X 7, can t follow a
circular path without the circle’s radius exceeding r and therefore Ly is computed as the area of a semi-ellipse.

The area of an ellipse is  x a x b, where a is the major axis and b (= r) is the minor axis.

d  Lyiscontinuous at 10 cm and again at 63 cm (corresponding to a circle radius 20 cm, E x I = dB/dt x area).

106

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

ISO/TS 10974:2018(E)

A.3.3 Tier 2, Specific AIMD lead loop area method

This method may be used to determine the voltage that develops along AIMD extended leads 235 cm
utilizing knowledge of the maximum specific AIMD lead loop area (m2). If it can be demonstrated that
the maximum lead loop area is less than the basis for Tier 1, it is then possible to perform the injected
immunity test using smaller values of injected voltages.

The Tier 2 injected voltage determination steps follow and are illustrated in Figure A.5.

Step 1 Determine the dB/dt exposure for the AIMD and extended lead using the method defined in

fa
.4,

Stgp 2 Determine the maximum AIMD specific implant lead loop area by anthropométric analysis,
fluoroscopy, or X-ray of human implanted AIMD systems. The analysis should.consider var-
iation in anatomy, AIMD implant location, and lead deployment resulting'from the implant

procedure.

Stdp 3 For the largest loop area lead path(s) from Step 2, measure the lead)path rise height
(H = short axis) and run length (K = long axis) as shown in Figure*A.4 and compute the aspect
ratio as H/K. If H/K < 0,30 replace the measured loop area from Step 2 with that of i semicir-
cle, area = lead-length2/(2m).

H * L (lead length)

(path
short
axis)

Agl\ﬁ) K (path long axis)

Module

Figure A.4 — Tier 2 lead path aspect ratio measurement

Stdp 4¢ \7Calculate the injected test voltage (gradient-induced Vep¢) by multiplying the dB/df exposure
in Step 1 by the AIMD specific lead loop area from Step 2 or Step 3.

NOTE This method utilizes Faraday’s Law of Induction to calculate the voltage induced on a closed loop of
wire in a changing magnetic field. Loop area calculated Vet for lead paths approximated by a semi-ellipse with
H/K= 0,30, is conservative compared to the E - dl method for r < 20 cm from z-axis in an ASTM phantom. The more
a lead path departs from a closed loop (such as a long, straight, spinal stimulator lead path), the more inaccurate
this estimate becomes. Using Faraday’s Law of Induction for AIMD systems that use straight lead routings with
minimal effective loop areas can result in a significant underestimation of the actual induced voltage. For these
types of AIMDs, a minimum loop area of [2/(2m) (the loop area of a lead of length [ when formed into a perfect
semi-circle) is used to ensure a conservative estimate of induced voltage.
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dB/dt for Tier 2 injected
voltage determination
(Figure A.1)

Lead length >

Use Tier 1 or Tier 3 method
35cm

Path H/L
aspectratio =
0.30

Yes No

Y Y

Determine AIMD specific max Use semi-circle logparea =
loop area 12/21

Vemt = loop area x dB/dt\(r)

Y Y
Veme for Clause 13 Veme for Clause 16
(Extrinsic potential) (Malfunction)

Figure A.5.= Tier 2 injected voltage determination method

A.3.4 Tier 3, Electromagnetic simulation method

Tier 3 is [intended\to be the most accurate method to determine the gradient-induced voltage
extended fissue-contacting electrodes such as leads. It requires electromagnetic computational analy
and has thepotential to predict the in vivo E-field most accurately and produce the lowest injec

for
sis
ed

voltage tegtlevels.

The Tier 3 injected voltage determination steps follow and are illustrated in Figure A.6.

Step1  Use an appropriate low frequency electromagnetic simulation tool suitable for modelling the
changing magnetic fields produced by the MR gradient coil(s) and the resulting electric fields

induced in the conductive tissues of the human body.

Step 2 Develop or select an MR gradient coil model that produces a gradient magnetic field distribu-

tion representative of the clinical MR scanner that will be used for model validation.

Step3  Validate the electromagnetic simulation tool and the gradient coil design. Perform an appro-

priate uncertainty analysis based on the model validation results (see A.3.5).
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Step 4

Step 5

Step 6

ISO/TS 10974:2018(E)

Develop or select human body models suitably annotated with conductivity and permittivity
electrical properties by tissue and organ type.

Define AIMD implant site and associated lead trajectories considering variation in AIMD
implant location and lead deployment.

Simulate the gradient-induced electric fields in the human body models for various expo-
sure conditions including various gradient coil designs, excitations (including the x, y, and z
gradient coils) and various landmark locations throughout the MR scanner bore as defined
in device labelling.

Stegp 7

NOTE Analysis of various gradient coil designs and excitations via modelling can 5I>e limited
if it can be demonstrated through sensitivity analysis that a particular gradient coil design
and excitation provides conservative or worst case induced voltages.

Compute the gradient-induced lead voltage as the integral of the tangeftial electridfield
along the lead trajectory. Apply an appropriate error factor derived frem model validation
that bounds the error between measurement and simulation.
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Select low-frequency
electromagnetic simulator

Y
Develop or select gradient coil
model representing scanner
used in model validation
data collection

Y

Validate EM simulator tool,
simulated gradient dB/dt field,
and induced voltage
predictions vs measurements

Y

Develop or select human body
models

Y

Define anatomical AIMD
implant location and lead
trajectories

Y
Simulate gradientsinduced
E-fields in humdn/body for

variety of expoSure conditions

(landmark,'gradient coil, etc.)

Y

Gompute gradient-induced lead
voltage(s)as V=[E-dl

Y \
Veme for Clause 13 Veme for Clause 16
(Extrinsic potential) (Malfunction)

Figure A.6 — Tier 3 injected voltage determination method

A.3.5 Model validation for Tier 3

Prior to acceptance of results, a thorough model validation shall be executed that validates the low
frequency electromagnetic simulation tool and the gradient coil design used in the simulations for Tier 3.

For validation of the injected voltage determined by Tier 3 the following shall be demonstrated:

— The selected gradient coil design and simulation tool, model a gradient magnetic field distribution
that represents the field distribution measured in a clinical MR scanner;

— The absolute amplitudes of the measured gradient-induced voltage and the simulated gradient-
induced voltage are correlated, providing confidence that the tool is appropriately simulating the
electric field distribution that results from the gradient magnetic field.
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Validation steps follow.

Step 1

Step 2

Use a dB/dt search coil similar to that specified in IEC 60601-2-33 to map the 3D gradient

magnetic field distribution throughout the bore of the clinical MR scanner. Demons

trate that

the simulated gradient magnetic field distribution throughout the scanner bore appropriate-

ly represents the measured dB/dt distribution in the clinical MR scanner.

Setup a phantom with an appropriate tissue simulating media (TSM) in the MR sca

nner

system. A set of in vitro incident electric field test conditions shall be defined that exercises
the model through a range a phantom positions and lead trajectories. A custom device with

Std

p3

connections between the lead terminals and the device case shall be used to measy
gradient-induced voltage developed along a lead trajectory when the gradients are
Coax or twisted pair cabling can be used to bring the lead terminal connections ou
MR scanner bore and control room to an oscilloscope with low pass filtersito filter

re the
slewing.
of the
put the

RF energy and gradient switching amplifier noise picked up by the leads and cablinig. Meas-

ure the gradient-induced voltage for an identifiable gradient pulse such ds the slice
gradient for all test conditions. Also, measure the dB/dt using the search coil used i

select
h Step 1

to provide the dB/dt amplitude of the identifiable gradient pulse‘that was used for induced

voltage measurements.

Model the phantom with the appropriate TSM in the gradient coil scaled to provide
measured dB/dt used during induced voltage measurements. Integrate the simulat
gential electric field along the tested lead trajectories‘to calculate the voltage. Verif
measurements and the simulation results are cofrelated.

the
bd tan-
y that the
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Annex B
(informative)

Derivation of lead length factor for injected voltage test levels for

Clause 13 and Clause 16

This annek provides rationale for the equations found in the Tier 1 method of Annex A.

Time dep
conductivj
dependen

EMF 5

VXE

where

E s

For simpl
following

endent magnetic fields are known to induce electromagnetic forces, EMF, in electricg
e materials. The calculation of the EMF, Formula (B.1), is performed by considering the ti
I magnetic field or the associated electric field given by Maxwell’s Formula (B.2),

=_I§-da:fﬁx5-da=cﬁﬁ-di (8

=_a%t (B

i the magnetic field vector;

the duration;
the electric field vector.

icity and to ensure a reasonably conservative value for the EMF from Formula (B.1)
pssumptions were made to calculatethe lead length factor (Table A.3):

— The npagnitudes of the magnetic and electric vector fields are spatially uniform;

— When
path 4

— When
by thd

NOTE
would not

considering the electric fieldvector, the electric field is in the same direction as the integrat
ind hence the lead path;

considering the magnetic field vector, the magnetic field is normal to the surface area defir
integrand’s area and hence the area defined by the lead path.

be typically Yealized in an MR environment.

From Forinula (B:1), one can consider either the magnetic field or the electric field when calculating

EMF. In o

'der\t6 better understand the relationship between the magnetic and the electric fields ¢

Iy
me

1)

2)

he

on

ed

When makinglthlese assumptions the authors recognize and acknowledge that these constraints

he
lue

to gradier

tfields of an MR scanner simulations were performed for a gradient field from a typical

MR

scan, Figure B.1 and Figure B.2. The simulations were performed with a maximum dB/dt of 100 T/s at
a cylinder radius of 20 cm. These simulations demonstrate that for a dB/dt of 100 T/s the electric field
values have a peak of 16 V/m, and 10 V/m is a conservative average for lead lengths of 10 cm and greater.
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Figure B.1 — Calculated electric field inteﬁg{ty in human model in a y-gradient coil in a coronal
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mula (B.1) demonstrates that'the integration methods of the magnetic field and the elect
quivalent, the assumptjons’used for simplification result in different EMF values for the t

metic field or the electric field is more conservative.

Fation of the electric field is a line integral. When a constant electric field magnitude in
bf the integration path is assumed, the EMF is a linear function of the length of the integrat
re B.3). Fhe'previous simulations from Figure B.1 and Figure B.2 demonstrated that the pg
ld is significantly larger than the average value, further they show that the peak could e
ns spanning a linear dimension of up to 0,10 m. Therefore, it is prudent to assume that
b could be applied to structures up to 0,10 m and that for larger structures the average va
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EMF (V)

Key
integration result of electric field of 16 V/m
integration result of electric field of 10 V/m

Figure B.3 — Electric field integration results for EMF

0.8 1.0 1.2

When considering the integrand for the magnetic field it is most convenient to use a gimplified
circular lead path geometry. When considering a circular lead path with a fixed lead length, such as
an|implantable lead, the radius of the circular path is constrained by Formula (B.3). The drea of the
circular path, when its end'points are connected by a straight line, is calculated using Formula|(B.5). The
lead length constraint of Formula (B.4) results in circular paths with swept angles that arq inversely
proportional to thetadius of the path (Figure B.4). Figure B.5 is the plot of the area of the paths from

Figure B.4 that demonstrates that a swept angle of m (a semi-circle) maximizes the area df the loop

when the path {ength is constant.

I=rf (B.3)
|
8= (B.4)
r
A—l L 2(e—sine) (B.5)
2\ 0 '
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where

| is the path length;

r is the radius of the circular path;

0 is the angle the path sweeps in cylindrical coordinates;

A is the area the circular path sweeps when the end points of the path are connected by a
straight line.

| 4P Pi 3/2 Pi 2 Pi

Figure B}4 — Circular paths, with a constrained path length of 1 m, for different swept angles, 6
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Figure B.5 — Area a circular path sweeps, from Figure B.4, when the ‘end points of the
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path are
connected by a straight line, for a constrained pathlength of 1 m

ults of the
rure B.6 is

ure B.6 compares the EMF integration results of the magnetic field and the integration res

ctric field as shown in Formula (B.1), where the mentioned simplifications are applied. Fig
basis for the lead length factor (Table A.3). In Figure B.6, the 16 V/m electric field line iﬂ:tegration
s greater

in 0,10 m the conservative, average 10 V/m electric fi€ld line integration is shown. For path lengths
bater than 0,10 m, the 10 V/m electric field EMF-eXceeds the integration results of maghetic field
F for lengths up to 0,63 m, where they intersect. Therefore, for path lengths between 0,10 m and
3 m it is more applicable to consider the electric field integration results of the 10 V/m electric
d line integration. To prevent a discontinuity in the EMF solution at 0,10 m Table A.3 us¢s a linear
erpolation between the 16 V/m solution:at 0,10 m and the 10 V/m solution at 0,63 m which{results in

ne with a slope of 8,86 V/m.

ure B.7 is the scaled EMF for Table A.3 by combining the EMF results of the 16 V/m electri
egral from 0,0 m to 0,1 m, the linear interpolation between the electric field integration
V/m to 0,1 m and 10 V/nito 0,63 m, and the magnetic field area integration for 0,63 m
'h lengths.

- field line
results of
and larger
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EMF (V)

Key
1 integrjtion result of electric field of 16 V/m
2 integration result of electric field of 10 V/m
3 integration result of dB/dt =100 T/s

Figure B.6 — Comparison of EMF integration results using the magnetic field and electric fie|ld
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Key
1  integrjtion result of electric field of 16 V/m

2 integration result of electric field of 10 V/m
3 integration result of dB/dt =100 T/s

Figure B.7 — Scaled results of the combination of the 16 V/m electric field line integral from
0,00 m to 0,1 m, linear interpolation between the electric field integration results of 16 V/m
to 0,1 mand 10 V/m to 0,63 m, and magnetic field area integration for 0,63 m and larger path
lengths for lead length factor Table A.3
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Figure B.8 — Semi-ellipse path with radii labelled

For certain lead lengths the radius of the semi-circle path, with a swept angle of m radians, from

For

to
in

Formula (B.6) is calculated. This can be performed numerically or using the Ramanujan Appr

sh
sh

wlHere

©lI

accommodate lead lengths that would exceed these conditions a semi-ellipse pathyi
Figure B.8 and Table A.3. To calculate the path length, [, of a semi-ellipse, the elliptical

wn in Formula (B.7). The use of Formula (B.7) requires an iterative method; an example
whn in Figure B.9. The area of a semi-ellipse is given in Formula (B.8).

I= 2aj0% \/1 —[az _zbz ][sin(e)]z d6

a

l~£(a+b) 1+L
2 10++/4-3A7

1 is the path length;

a is the semi-major axis length;

b is the semi-minor axis length;

0 is the angle the path Sweeps in cylindrical coordinates, 8 = © for semi-ellipse;

A is equal to (a - b)/(a + b);

A is the area the circular path sweeps when the end points of the path are connected

straight line.

by a

SO 2018 - All rights reserved

rmula (B.3) might exceed either the MR bore diameter or the contour of the patient’s body. Therefore,
included
tegral in
pximation
method is

(B.6)

(B.7)

(B.8)
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Determine the maximum radius, “b”,
which contains either (i) the MRI
bore diameter or (ii) the contour of
the patient's body.

« . n

Create a table of “a” values for a
range of “I” value (s) which
correspond to the lead path length(s)

Figure B.9 — Example flow chart for the iterative calculation of / using Ramanujan
Approximation, Formula (B.6)

4

“« n

Determine “a” which corresponds to
the path length, “I”, required
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Annex C
(informative)

Tier 1 high tangential E-field trough line resonator

2018(E)

C.
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C.]

Onfe solution for the generation of high field strengths is using a resonator structure. For

trd
wi
ex

capacitor has very low Q and a capacitance value that can be approximated by C = €A/d. The ¢

cin
10
at
Fig
po

Backgroumd

r 1 of the technical specification makes conservative worst case rms E-field estifnateg
nk and extremities to which an AIMD should be exposed to. The requirement for-using
it the implant is electrically short such that phase enhancement factors are unimportant.
hk B1. field the resulting peak E-fields required in Table 4 are; 3 860 V/m, 6 000 V/m and

head, trunk and extremities, respectively. It is not practical to generate these high field
thin a birdcage coil, therefore a different approach is necessary.

" Tier 1 to be applicable for an implant, its overall dimensions are-necessarily short com
velength. It is suggested that 100 mm is a reasonable upper bound on these dimensions,

size of the exposure phantom should exceed 120 mm such that the discontinuity at the e
ignificant factor. Furthermore, the phantom should have sufficient cross sectional area sud
sue simulating media extends around the implant.

P

Design Example

ugh line resonator with direct coupling where the line is resonated using a parallel plate
th tissue simulating media as the dielectric:-'The parallel plate capacitor forms the phantom
posure and is therefore chosen to have” dimensions appropriate to implant exposure.

cuit for the resonator is given ifi Figure C.1. Where C1 is the exposure phantom or cell
D mm x 100 mm cross sectional area and a length chosen such that the trough line is bot}
b4 MHz and can be impedance'matched. The resonator is a copper strip 20 mm wide and 2
ure C.2. The trough sheuld be made from a good conductor (e.g. Al, Cu). Material for th
yethylene.

| | | |

e | |

for head,
v Tier 1 is
For 30 uT
/ 285 V/m
strengths

pbared to a
therefore
nds is not
h that the

64 MHz a
capacitor
for device
[his lossy
pquivalent
which has
| resonant
mm thick,
e walls is

TL1 TL2 C1
L =370 mm L=15mm
Port_1 C2 TL3

%

Figure C.1 — Resonator equivalent circuit

Caution — The example equipment described in this annex has surface potentials exceeding
1 000 V and high power RF fields. RF burns from the high power fields and arcing at locations of
high voltages are some of the associated hazardous situations that an operator should be aware
of and which should be mitigated during use. This prototype equipment description does not

© ISO 2018 - All rights reserved

121


https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

ISO/TS 10974:2018(E)

include safety interlocks, access covers, operating procedures, operator training or other safety
mechanisms that should be included in a practical exposure system to avoid serious injury.

The phanfom has
the earthed end
the strip |

'i?g;sions 300 mm x 100 mm x 100 mm, where the end wall of the trough forms
e capacitor and a 100 mm x 100 mm electrode forms the hot end connected| to

though the short implant requlrement mlght be exceeded The resulting resonator length is 385 mm
for operation at 64 MHz, resulting in a total internal length of 685 mm. The trough line around the
strip line has internal cross section 150 mm x 150 mm but around the phantom it is increased to
250 mm x 250 mm which results in an improved homogeneity of the field along the length, if a constant
cross section is used then the field lines tend to bend towards the closest ground rather than running
along the length of the phantom. The resonator should be directly coupled as close as possible to the
hot end of capacitor C1 using a broad conductive strip. The input impedance is inductive, therefore a
series capacitance C2 should be incorporated (see Figure Figure C.3). To make the impedance purely
real, 68 pF has been found to be a suitable value. The capacitor should be a high quality, high power
porcelain capacitor of size 4040 and 3 600 VDC or higher rating”.
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Resondtor and capacitor plate (100 mm x 100 mm)

b
O

Troughlline shield - inner dimension 150 mm x (ép\mm

-

Insulated phantom walls

Phantom shield 250 mm x 250 mm
cross subclause - end wall removed

End view with end wall removed
(phantom)

End view with end wall removed
(trough line)

Figure C.4 — Tier 1 high tangential E-field trough line resonator, build up and construction detail
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With tissue simulating media of 0 = 0,47 S/m and & = 78 the following performance was measured:

Some comments on further calculations that can be performed to improve the calculation of the induced
EMF are as follows:

S11~-13 dB into 50 ohms;

— Zin =32 -j5 ohms @64 MHz;

wHere the E-field Tor T W is 23,9 V/m rms, 33,9 V/m peak.

A tlypical configuration with 18 kW peak power produces the electric field values shown in Tqble C.1.

Table C.1 — Measured field strengths

Peak field Approximate peak power
V/m w dBm
1000 885 59,47
2200 4284 66,32
4500 17 923 72,53

Figure C.5 and Figure C.6 show the measured performancéin’terms of amplitude and phasg variation

regpectively along the centre line of the phantom. Figure:C.7 shows the expected performa
implant of given length placed at the centre position of'the phantom, therefore, for a short

10Pp mm the amplitude and phase will be within £0,142dB and +1,5° respectively.
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Figure C.5 — E-field magnitude variation along the length of the phantom
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Figure C.7 — Total variation as a function of implant length
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In the human body, different conductivity tissues have different induced E-field strengths for a given
incident B+ field. In a similar way, filling the trough line resonator phantom with different conductivity
liquids will also result in different field strengths for a given input power level (see Table C.2).

Table C.2 — Peak E-fields for different conductivity liquids

. Epeak Emax
Sigma
V/mfor 1 W V/m for 18 KW peak power
0,47 65,3 4500
0,65 55,2 3805
0,78 50,4 3473
1,2 40,4 2784

Th
ing
thd
ind

NO
raf
ris
tol

e higher conductivity required by some AIMD applications will result in theneed to in

match to 50 () degrades as the conductivity is increased and an impedance transformer
luded; quarter wavelength of 35 () coax would be appropriate.

id solution heating. The conductivity of the saline solution will change approximately 2 %/°C of te
b, therefore it is important to monitor and control the allowed temperature increase. 8.3.2 specifi
brance on the saline solution conductivity; therefore the maximunytallowed temperature increase i

'rease the

ut power in order to achieve the required peak E-field levels. In addition, it should be poted that

should be

TE The majority of the input power is dissipated heating the salide“solution, which can restlt in fairly

mperature
es a +10 %
55 °C.
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Annex D
(informative)

Supporting information and rationale for gradient-induced
device heating

D.1 Rationale for gradient heating |dB/dt| rms

D.1.1 General

This annek contains the rationale and supporting data for the dB/dt exposure and testwaveform thag is
found in 9.2.2.

D.1.2 Data survey of clinical MR scanners

AIMD mapufacturers conducted a survey of clinical MR scanners to eollect data of the maximyim
|dB/dt| rms that could be achieved on several MR scanners utilizing a variety of pulse sequendes.
These pulse sequences were typically modified to try to achieve-the maximum |dB/dt| rms that the
system wpuld permit before exceeding the First Level Control.PNS thresholds or gradient hardware
limitations that would prevent the sequence from executing.{Fhe |dB/dt| rms is the root mean square
of the megsured dB/dt during the test sequence for a single TR period. The collected data are showr] in
Table D.1.

Table D.1 — Survey of measured\[dB/dt| rms exposure values

Scanner details Pulse sequence details Search coil position and dB/dt
Scannej Max. Max. Pulse Slice | Read X Y Z Radial |dB/dt
make/| |slewrate| gradient | sequencé | plane | out cm cm cm | distance rms
model per axis | amplitude type direc- cm (T/srmp
T/m/s mT/m tion per TR
period
GE Sign: 120 33 FIESTA | Gy 16 | 16 | 30 | 226 34,5
(Twinspedd)
GESigng 1 459 93 FIESTA | Gz 16 | 16 | 30 | 226 32,4
(Twinspedd)
Siemens
Avanto (SR) 200 45 True FISP | Gz 23 0 30 23,0 38,8
Siemens ep2d-diff_
Avanto (SR) 200 45 orth Gy Gx 25 0 35 25,0 3795
Siemens ep2d=diff-
Avanto (SQ) 200 45 orth Gy Gx 24 0 35 24,0 35,21
Siemens ep2d-diff_
Avanto (SQ) 200 45 orth Gx Gy 0 25 35 25,0 37,31
Siemens ep2d-diff_
Avanto (SQ) 200 45 orth Gx Gy 0 24 35 24,0 34,65
Siemens ep2d-diff_ | Gx Gy | Gx Gy
Avanto (SQ) 200 45 oblique | (45°) | (45°) 18 18 35 25,5 33,19
Siemens ep2d_dif-
200 45 f_3scan_ Gz Gx 0 20 35 20,0 21,4
Avanto (SQ)
trace_p2
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Scanner details

Pulse sequence details

Search coil position and dB/dt

Scanner Max. Max. Pulse Slice | Read X Y Z Radial |dB/dt|
make/ |[slewrate| gradient | sequence | plane | out cm cm cm | distance rms
model per axis | amplitude type direc- cm (T/s rms)

T/m/s mT/m tion per TR
period

Siemens ep2d_dif-

Avanto (SQ) 200 45 ffic‘af}; Gz Gx 20 0 35 20,0 32,3
LLLLL —p2

Biemens ep2d_dif-

Atanto (SQ) 200 45 f 3scan_ Gz Gy 0 20 35 20,0 25,8
trace_p2

Siemens ep2d_dif-

Atanto (5Q) 200 45 f 3scan_ Gz Gy 20 0 35 20,0 16,5
trace_p2

Siemens ep2d_perf_

Atanto (SQ) 200 45 p2_basic Gz Gx 0 20 35 20,0 26,3

Siemens ep2d_perf_

Atanto (SQ) 200 45 p2_basic Gz Gx 20 0 35 20,0 38,6

Siemens ep2d_perf_

Ayanto (SQ) 200 45 p2_basic Gz Gy 0 20 | 35 20,0 34

Siemens ep2d_perf_

Ayanto (SQ) 200 45 p2_basic Gz Gy 20 0 35 20,0 21,8
t2_psif_

Siemens sag_dif-

Adanto (sQ)| 290 45 freo | G| Gz | 0 |20 |35 | 200 9,4
lumbar
t2_psif)

Siemens sagLdif-

Ayanto (SQ) 200 45 £9'69_ Gx Gy 20 0 35 20,0 8,8
lumbar

Siemens IV_ep2d_

200 45 diff_tho- Gz Gx 0 20 35 20,0 21,5
Avanto (SQ)
rax_free_b

Siemens IV_ep2d_

200 45 diff_tho- Gz Gx 20 0 35 20,0 31,4
Ayanto (SQ)
rax_free_b

Siemens IV_ep2d_

Atanto (SQ) 200 45 diff_tho- Gz Gy 0 20 35 20,0 28,1
rax_free_b

Biendelis IV_ep2d_

Alato (SQ) 200 45 diff_tho- Gz Gy 20 0 35 20,0 18,1

rax_free b

Siemens ep2d-diff_ | Gx Gy | Gx Gy

Avanto (SQ) 200 5 oblique | (45°) | (45°) 171 17 | 35 24,0 31,42
Siemens

Avanto (SQ) 200 45 True FISP | Gx 23 0 40 23,0 32,2

Siemensbs-| 33 True FISP | Gz 20 | 20 | 20 | 283 274
pree (DZ)
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Table D.1 (continued)

Scanner details Pulse sequence details Search coil position and dB/dt
Scanner Max. Max. Pulse Slice | Read X Y Z Radial |dB/dt|
make/ |slewrate| gradient | sequence | plane | out cm cm cm | distance rms

model per axis | amplitude type direc- cm (T/s rms)
T/m/s mT/m tion per TR
period
Stemens Bs-| -, 33 | TrueFISP | Gx 20 | 20 | 40 | 283 25,6
pree (DZ)
Philips
Achieva 150 30 Perfusion | Gy 12 16 30 20,0 23,6
(Master
Philips
Achieva 150 30 EPI Gz 12 16 40 20,0 20,9
(Master

D.1.3 Determination of clinical dB/dt exposure limits

From the [collected data in Table D.1, the maximum value within the compliance volume with a radjus
of 20 cm Was taken and conservatively scaled up approximately 10 %. This resulted in a |dB/dt| rmg of
42 T/s at the radius of 20 cm. The 42 T/s rms was then scaled to appropriate values for a variety of radii
given the ratio between the dB/dt at the new radius versus the value-at\a radius of 20 cm from the dBy/
dt compoment in Table A.2. The results of scaling the |dB/dt| rms<o Various specified radial locatigns
within the scanner bore is shown within Table D.2.

Table D.2 — AIMD |dB/dt| rms exposure values as afunction of radial distance from z-axis

Radius |dBm/dt| rms

cm T/s

5 271

10 29,8

15 34,4

20 42,0

25 54,1
30a 73,3

a 30 cm radius is only applicablefor 70 cm bore systems

D.2 Gradient heating Tier 1 waveform rationale

D.2.1 General

This subclaurise contains the rationale and derivation of the Tier 1 waveform found in 9.3.6.2, using the
|dB/dt| rmsof 42 T/Sat a radius of 20 cm.

D.2.2 Waveform type

A wide range of gradient waveforms are utilized for MR imaging. Most common waveforms include
trapezoidal, triangular, and sinusoidal. MR gradient heating depends on the time derivative of the
gradient waveform and on device shape, size, and conductivity of its conductive elements and applied
gradient frequency content. Experiments have been performed using simple structures, e.g. cylindrical
disk, showing that a critical frequency can be identified over which heating becomes less due to
inductive effects. In order to maximize the amount of power deposited, a low frequency sine waveform
is proposed to evaluate device heating when exposed to gradient fields present in an MR scanner. A
sine waveform does not contain higher order harmonics present in triangle or trapezoidal waveforms.
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Because of this all of the power induced on a test article will be focused at the frequencies not attenuated

by

device inductive effects.

D.2.3 Magnitude of |dB/dt| rms

A gradient field rms value of at least 42 T/s rms is applied to the test article for the duration of the
test. From scanner survey data collected by multiple AIMD manufacturers using MR scan sequences
intended to produce the largest measurable |dB/dt| rms value, it was determined that 42 T/s rms is
appropriate for the waveform definition. It should be noted that because the amount of device heating
is proportional to the square of the |dB/dt| rms value, testing can be done at lower |dB/dt| rms values

an

D.

To
md
grd
to

An

cah be determined from the information provided in some of the MR s¢anner manufacturer’s |

2-3

ap
vid

if meeded. For the purposes of this discussion, the maximum Bg value is set fairly consery

35
un
us

D.

It i
de
de
SCd
de

wh

SCaled appropriately.

2.4 Magnitude of Bg

determine a clinically relevant low frequency at which to drive the gradient cdil during t¢
gnitude of the AIMD gradient exposure, B, is considered. Since the time rate ¢f,change of a
idient is proportional to frequency x Bg, considering higher Bg allows the 42 T/s rms target
be achieved at lower frequency minimizing potential inductive effects.

estimate of the maximum clinically relevant Bg exposure at the compliance volume radius
3 compliance data sheets. For scanners that this data are not available Bg might be
w (FOV) capability is known as Bg = V3:G-FOV then scalingthe result back to the complia

mT; higher Bg might be considered in order to lower sinusoidal drive frequency furthe
desired to needlessly increase Bg to the point where it becomes too difficult or expensive
ng the single axis bench gradient test coil.

2.5 Waveform frequency

s known that frequency dependence.exists related to gradient-induced device heating. As
Creases below a certain critical fréquency, device heating might be maximized. Thus, it is
ermine the lowest possible clinically relevant frequency which a device might experiencs
nner assuming a sine wave gradient signal. Using a sine wave test signal, the Bg(t) funct
scribed as follows:

Bg(t) = Bg % sin(2m x+.x%)

psting, the
sinusoidal
exposure

r=20cm)
EC 60601-
ralculated

broximately from the scanner’s gradient strength G mT/m-pef-axis if the scanner’s maximyim field of

hce radius
ratively to
r, but it is
to achieve

frequency
desired to
in an MR
on can be

ere
Bg isthe magnitude of the gradient field in the MR scanner and bench test coil, in T;
f is the frequency, in Hz;
t is time, in s.
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By differentiating the formula above with respect to time, the following formula is produced:

dB, (t
c(I;t( ) =27X fXBg xcos (21X fxt)
From this formula, the dB/dt_rms value can be determined as:

dB;(t) |  2mxfxBg
de |

J2

From the

421:
S

yalues previously discussed, we have:

21X fx(35mT)

V2

Solving fof frequency produces the following result:

2L 2
S =270 Hz

/ ~21%(0,035T)
The sine wave frequency for alternative values are shown in Table D3,
Table D.3 — Sine wave frequency for alternative B values
Bg Frequency
mT Hz
60 158
50 189
40 236
35 270
30 315
20 473
AN . . dBg (t)
Due to test system Bg limitations, it might not be possible to test at the required —dt value| In
rms
this case] it is acceptable~to apply a Bg waveform of the same frequency with lower peak gnd
dBg (t) . _ dBg; (t)
i value-and scale the results proportional to the square of the applied i .
rms rms
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Annex E
(informative)

Example RF injection network

is annex provides an example multiport RF injection network as shown in Figure E.1. Other injection
FWOTrKs meeting the requirements of 15.7.5 are also acceptable. RF power 1s delivered into the
fwork at point C. Point D provides the forward output of a directional coupler for the‘-fjurpose of
nitoring RF forward level. Points F1 through Fn are RF outputs to RF entry points)of the device
der test. Points K1 through Kn are provided for the purpose of monitoring for rectification products
'he RF entry points.

an example, RF phase differences between RF entry points can be gbtained by subgtituting a

connection cable of sufficiently increased length between the RF power splitter and the isolator with

the
lod

NO
of |
iso
the

injection network. Other techniques can be used to obtain the required phase shifts, e.g. with phase
ked multiple RF sources.

TE The isolator is used to stabilize the impedance loading for the1:N splitter to achieve equal distribution
RF power between channels, as well as to absorb reflected power from the device under test. As examples, the
ator might be comprised of an attenuator (e.g. -6 dB), an RF iselator, or an RF circulator. The RF pgth through
high pass filter preserves 50 ohm impedance in this example.
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2
6
1
C
[ ) [ ]
: : 7
D R
Kn
4
3 5
Fn
N\
8
Key
Components Connections
1 directipnal coupler C RF power'delivery point
2 1:N splitter D forwadrd output of directional coupler monitoring pgint
3 isolatdr K1 to Kn rettification monitoring point
4  low-pdss filter F1to Fn RF output to RF entry points of device under test
5 high-ppss filter
6  deviceJunder test
7  case
8 controlled impedance; equal length for
phase mmatching
R resistgr
FigureE.1 — Example multiport RF injection network
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Annex F
(informative)

Supporting information and rationale for MR-induced vibration

F.T—Expmmm-vmmn—.
Thiis annex provides supporting information and rationale for Clause 10. The time-varying forces and

toriques exerted on the AIMD and its components are proportional to the cross productof thg transient

Al

MD-induced magnetic moment and the By field. These forces and torques are therefore mhaximized

when the AIMD conductive planes are oriented parallel to the By field vector and-perpendicyilar to the

strjongest dB/dt vector. Figure F.1 illustrates this for a simple conductive disk.

Formula (F.1) isthe torque due to dB/dt and By fields:

- -

Static field.
Gradient field.

Figure F.1 = Torque due to MR-induced eddy current and static By field

dB
Torquez%oﬂtr4 By d—tgsin(a)cos(ﬂ) (F.1)

wh

ere

r is the radius (m);
t is the thickness of the conductive plane (m);
o is the material conductivity of the conductive plane (S/m);

Bg  istheincident pulsed gradient field;

B is the angle between the normal to conductive plane and the incident pulsed
gradient field;
a is the angle between the eddy current-induced magnetic moment Bgy, and the static By field.
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For a typical AIMD implanted such that the major conductive plane is parallel to the patient table during
an MR scan, the clinically maximum exposure occurs when By is parallel to the AIMD major conductive
plane, and dB/dt is orthogonal to the major conductive plane (and therefore orthogonal to By).

In some AIMDs, this situation might not be clinically relevant. In those cases, Formula (F.1) can be used
to determine the appropriate dB/dt x By.

F.2 Tiers: MR scanner vs shaker table

dB/dt x Bolis achieved for the entire duration of the test. This is extremely difficult to achieve in a clini
scanner, and is better achieved in a research scanner. MR scanners are capable of exciting differenti
modes thdt might result in more relative motion between various components than would be catsed|by
a shaker tpble.

The use df a shaker table can offer advantages for MR vibration AIMD functional testing. Note that
the use of{a shaker table for MR vibration testing still requires some use of an MR-scanner in order| to
character]ze the AIMD’s vibration response.

F.3 Clinical scanner vs research scanner

A clinical MR scanner (i.e. a scanner used in clinical practice for imagifig the human body) can be uged
for vibratjon testing. Clinical scanners might be more readily availablé than research scanners.

The reseach MR scanner as defined here refers to non-clinical‘MR scanners used for research purpogdes.
It does not refer to a clinical scanner operated in research orisecond level controlled operating mode|

When a cljnical scanner is used for Clause 10, Tier 1 testinhg, it might be possible to achieve the requirted
clinical exposure vector product of dB/dt x By by usingione or more of the following techniques:

— Condtct the test using By greater than cliniecal worst case. For example, if the MR Conditiohal
labelljng restricts MR scanning to 1,5 T.seanners, testing in a 3 T scanner using clinical worst-case
dB/dtlwill give a higher dB/dt x By;

— Testip alocation that is not clinically relevant for the AIMD but produces a larger vector product of
dB/dt|x Bp (and consequently larger vibration forces). For example, testing the AIMD at a locatjon
very ¢lose to the inner wall of the scanner bore in a region of very high dB/dt that the AIMD wonld
not b¢ exposed to clinicallf;, might provide a useful test margin;

— Testusing an AIMD orientation that is not clinically relevant but produces a larger vector producf of
dB/dt|x By (and consequently larger vibration forces). AIMD vibration will typically be at a maximpim
when|dB/dt is orthogonal to the largest conductive AIMD surfaces. This orientation might not|be
clinically relevant for some AIMDs.

F.4 Poqential for AIMD resonance

This document does not require identification of, nor testing at, the mechanical resonant frequencies of
an AIMD for the following reasons:

— Q values for mechanical resonance frequencies measured in AIMDs have generally been low. Given
that this document includes a requirement for testing across a full range of relevant gradient
frequencies, it is very likely that the defined testing will overlap the AIMD mechanical resonance
frequencies that are relevant to the MR gradient fields;

— Given the great difficulty in measuring vibration in various parts of the AIMDs, particularly when
installed in a scanner, it would be very difficult to ensure that all frequencies of possible interest are
identified;
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Scanners generally have one or more exclusion zones to prevent operation at frequencies

:2018(E)

that could

damage the scanner. So, there is potential that frequencies could be identified that are not able to be

tested within the MR scanner.

Considering these factors, the burden of requiring testing at mechanical resonance frequencies is not
warranted.

F.5 Supporting rationales
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itch mode gradient ripple will not be included in requirements because it is much higher
1 much lower amplitude than the fundamental gradient frequencies. Therefore, the
quencies identified in Clause 10 represent the dominant frequencies at which any* potent
pht exist.

.2 Discussion of location for max dB/dt x B

e magnitude and orientation of gradient field dB/dt varies as a function of location in and a
 scanner. For the 1,5 T cylindrical bore class of scanner, using whole body gradient coils,
els of dB/dt are found near the inner wall of the bore and approximately 0,35 m along the
her side of isocentre. Note that the typical implant locatiofi of any AIMD prevents it fro
thin 5 cm of the bore wall.

.3 Rationale for test frequencies

" MR-induced vibration of an AIMD caused by clinical imaging sequences, the relevan

nufacturers. Achieving this frequency contént requires the gradient to be driven at maxi
e, which is only achieved in the approximate frequency range of 300 Hz to 1 150 Hz for
nners evaluated.

hdient dB/dt spectral power decreases rapidly below ~300 Hz, below which the maxin
bctral power can no longer be achieved. Gradient switching frequencies above ~1 150 Hz t
outside the usable range forimaging, and therefore the maximum slew rate is often limited
tware. Whereas other clauses might need to account for a few pulses in the PNS range (e.g
uced extrinsic electric ‘potential), the potential harm from MR-induced vibration is dep
ger durations of pulses, in which the scanner is incapable or prohibited from maintaining d
ses in the PNS range? At higher frequencies (near 1 150 Hz to 1 300 Hz), while Bg is less, the
w rate and thefefore torque is still maximized and results in more pulses.

.4 Ratienale for scan duration

mulative scan duration is based on statistical analysis of observed cumulative lifetime MR
tdurations in Table F.1 were derived based on a Kaplan-Meier analysis of a manufacturer’s
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scans per

patient and was used to identify the cumulative scan time that could occur over the lifetime of a typical
AIMD. Determination of the test duration assumes a conservative 30-min active scan time. For example,
99,99 % of patients will have 15 or fewer MR scans, and these scans typically last 30 min or less, or an
equivalent of 7,5 h of scan time.

Table F.1 — Cumulative scan duration based on population percentile

Population percentile Number of scans Test duration
99,2 % 5 2,5h
99,9 % 4,5h
99,99 % 15 75h
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F.5.5 Rationale for test temperature

AIMDs can have elastic moduli that are temperature dependent. It is known that some materials used
in AIMDs have elastic moduli that decrease by 12 % to 86 % between 25 °C and 37 °C. Reduction in
modulus can allow larger displacement of components, leading to larger stress on some components.
Reduction in modulus can also lower the resonant frequency of assemblies, which could change the
failure mode(s), depending on test temperature.

F.6 Vibration measurement equipment consideration

The sensadrs used to measure the AIMD vibration response (displacement, velocity, or acceleratipn)
should idgally have the following characteristics:

— Low donductivity material;

— Attachable sensors should be relatively small in size for better spatial resolution dndto not imppact
MR induced torque or AIMD mechanical response;

— Relatjvely insensitive to currents generated by gradient and RF fields;
— Able o accurately measure frequency range of interest.

The selected displacement, velocity, or acceleration sensor should havéa minimum bandwidth of 16(Hz
to 3 000 Hz. Systems which typically meet these requirements include/non-contact light measurements
(laser Dogpler vibrometry, interferometry, digital image correlation, etc.) and some accelerometers.
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Annex G
(informative)

Gradient vibration patent declaration form
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Patent Statement and Licensing Declaration Form for ITU-T/ITU-R Recommendation | .(19
ISO/IEC Deliverable /\ .
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Patent Statement and Licensing Declaration ,@
for ITU-T/ITU-R Recommendation | ISO/IEC Deliverable

This declaration does not represent an actual grant of a license %

N\

Please return to the relevant organization(s) as instructed below per d type:
Director Darector Secretary-General General Secretary
Telecommumcation Radiocommunication Bureau International Electrotechnical
Standardization Bureau International Tel Commission
International Telecommunication Union 3 rue de Varembé
Union Place des Nations CH-1211 Geneva 20
Place des Nations CH-1211 Geneva 20, Switzerland
CH-1211 Geneva 20, Switzerland Fax: +41 22 919 0300
Switzerland Fax: +41 22 730 5785 Email:
Fax: +41 22 730 5853 Email: brmail it int t statementsi@iso org inmailigc.ch
Emuil: tshdw@ity int
Patent Holder: QY
Legal Name Medtronic, Inc. ’\\Q
Contact for license application: R
Name & Charles L. Dam?s@
Department Open Innovatim and Intellectual Property
Address 8200 COrdNSEa St. NE, MVN43
MourhsView, MN 55112
Tel. $163)526-0237
Fax (>V¥§ 1)367-0646
E-mail charles.|.dennis@medtronic.com
URL (opti
Docu 2
TRee.(*) [_JITU-RRec. (%) < 150 Detiverable (*)  [] IEC Deliverable (*)
4 return the form to the relevant Organization)
Q‘ 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)
SQ [[]150AEC Deliverable (+) (for ISO/TEC Deliverables, please retumn 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-RASO/IEC, that (check one box only):

E 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
make, use, and sell implementations of the above document.

Ncgohatlon.s are leﬁ to the pames concemed and are performed outside the ITU-T, ITU-R, ISO or IEC.

he ahove

Also mark here X if the Patent Holder reserves the right to license on reasonable terms and

conditions (but not free of charge) to applicants who are only willing to license their patent claims, Q

whose use would be required to implement the above document, on reasonable terms and .

conditions (but not free of charge). /\b( ‘
D % The Patent Holder is prepared to grant a license to an unrestricted number of applicants ona _(O)

worldwide, non-discriminatory basis and on reasonable terms and conditions to make, use and sell Q"
implementations of the above document. '\

Negotiations are left to the parties concerned and are performed outside the ITU-T, ITU-R, I %EC

Also mark here __if the Patent Holder's willingness to license is conditioned on recipr the above
document. CR

D 3. The Patent Holder is unwilling to grant licenses in accordance with provx\s of either 1 or 2
above.

In this case, the following information must be provided to ITU, and is Qy desired by 1SO and IEC,
as part of this declaration: %

- granted patent number or patent application number (if pendi
- an indication of which portions of the above document are -
- adescription of the patent claims covering the above dowm.

Free of charge: The words “free of charge” do not mean that the Patént Holder is waiving all of its rights with
respect to the essential patent. Rather, “free of charge™ mfw issue of monetary compensation; ie., that the

Patent Holder will not seek any monetary compensation as the licensing arrangement (whether such
compensation is called a royalty, a one-time licensing fee . However, while the Patent Holder in this situation is
committing to not charging any monetary amount, the Patenit Holder is still entitled to require that the implementer
of the above document sign a license agreement ma:@m other reasonable terms and conditions such as those
relating to governing law, field of use, recipmciryg&y.anamim, etc.

Reciprocity: As used herein, the word “reciprocity” means that the Patent Holder shall only be required to license

any prospective licensee if such prospecti ee will commit to license its essential patent(s) or essential patent
claim(s) for implementation of the same-above document free of charge or under reasonable terms and conditions.
Signature: @

Patent Holder tronic, Inc.

Name of authorized perso ~~Charles L. Dennis, 11

Title of authorized nnovation Portfolio & Intellectual Property,

. 2

Signature Q 5

Place, Dat waber 20/0
X :

%V_

N\
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(informative)

Assessment of dielectric and thermal parameters
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H.t—Imtroduction

H.1.1 General

Annex L describes the formulations for HPM (high permittivity medium) and LPM (low permittivity
mgdium). This annex describes suitable measurement methods for determining the‘dielectric properties
(ed = & - jo/wegp) that are also a function of temperature. The parameter values for the [operating
terpperature range should be validated. In addition, evaluations based on{temperature meagurements
in hon-aqueous medium require well-characterized thermal propertiesto enable the deternjination of
the¢ bounds of the confidence interval of the measurement.

H.l1.2 HPM Considerations

The HPM formulations are water based and contain salt (salinie), salt and hydroxyethyl celly
gelled solution), and salt and polyacrylic acid (PAA gelled:selution). The water content of HPM

ra
the

HPM solutions are relatively stable over time provided steps are taken to minimize the evap

Wa
tit
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thg

Aft
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H.
LP

th¢rmal\conductivity. The electrical and thermal properties of the solution are a combinat
elgctrical and thermal properties of the individual components and their relative percent

ges from 97 % to 99 % of the total solution. Therefore; the relative permittivity &, heat caj
rmal conductivity of the solution are that of water‘dand need not be measured.

ter. The conductivity of an HPM solution isvery sensitive to the amount of salt, making it ne
‘ate the solution by adding small amounts of salt while actively monitoring with a conductiy
e HPM solution conductivity has a‘temperature coefficient of approximately 2 %/°C an
Fmittivity () temperature coefficient of approximately 0,5 %/°C [see Formula (H.2)]. The
ictitioner should maintain the HPM solution within a small temperature range to minin
rmal effects.

er temperature control;"evaporation has the next most profound effect on the solution p

increase in conductivity (at a constant temperature) is a strong indication that evapo
furred and should-pe remedied by adding water or mixing a new batch of HPM.

.3 LPM €onsiderations

contains several liquids that have different evaporation rates, different ¢, heat cap|

lose (HEC
solutions
acity, and

oration of
cessary to
rity meter.
d relative
refore, the
hize these

roperties.

e phantom should becovered when practical, in order to minimize the evaporation rate. I addition,

fation has

acity, and
ion of the
hge of the

solution. Differing evaporation rates can cause the solution electrical and thermal properties to change
in unpredictable ways. Therefore, periodic measurement of the LPM solution is recommended in order

to

H.

establish reasonable working practices relative to the expected solution longevity.

2 Dielectric parameters

H.2.1 General

This subclause describes three methods to determine the frequency dependent dielectric parameters
of tissue simulating media used for implant testing. Methods 1 and 2 (open coaxial probe and slotted
line) are applicable to all media and Method 3 (static conductivity meter) is limited to HPM solutions.
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H.2.2 M

ethod 1

The open coaxial probe method is a general method that is well suited for lossy liquid and gel
materialsl8l. It is based on a S11 measurement of an open end of the coaxial line in contact with the
liquid using a Vector Network Analyser (VNA) or equivalent commercially available instrumentation.

The open

H23 M

coaxial probe is calibrated for its specified frequency and dielectric parameter range.

ethod 2

The slotted TEM transmission line method[8] is another suitable method based on measuring the

complex t
under tesf
or gel fill
reflection

dllblllibbiUll LUt!ffiLiCllL (321) ill d TEIV’i'lllULiU LUd)&idl LI dllblllibbiull 1ill€ fl‘lled Wil,h Llle lllUdi
. The magnitude and phase as a function of distance are measured inside the slot in the.liq

H.2.4 Method 3

For HPM
paramete

and (H.2)

mixed usi

A modifie
e (f

where the

All param
can be fit

p(c T)
where

p

m
hid

can be any of the four{parameters (€, €5, T, 0i);
is the concentratioen of NaCl (mol/1);
is the temperature in °C;

is the frequency in Hz;

A, B, aresummarized in Table H.1.

bd slotted TEM line using a VNA. The parameters are most accurately assessed sien the
5 can be neglected (i.e. when the transmission line is sufficiently long).
solutions, the permittivity is dominated by water and the frequency dependent dielectric
s can be determined by the combined use of static conductivity meters and Formulae (H.1)
The saline solutions with different conductivities specified in €lause 8 can be accurately
hg the recipes as described in Reference [9].
 Debye model can be used to calculate the complex dielectri¢ parameters:
e,—€ o;
=g +—=+—1 (H1)
1+i-2nf-t i-2nf-g

parameters are defined in Table H.1.
eters exhibit linear dependence on concentration and temperature in the relevant range gnd
wvith simple Formula (H.2).

=A+BxT+C(Cxc (H.2)

Iable 0.1 — Farameters 1or constructing dieleciric curves using viethod >

Parameter (p) A B C
£oo 10,367 -0,218 3,533
Es 86,887 -0,348 -15,973
T(*10-125) 13,973 -0,227 -1,013
c;i (S/m) -0,217 0,010 10,336

coefficient

NOTE Evaluating these parameters in combination with Method 1 and Method 2 results in a conductivity temperature

of approximately 2 %/°C and relative permittivity (e;) temperature coefficient of approximately 0,5 %/°C.
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H.2.5 Good measurement practices to achieve precise dielectric measurements

H.2.5.1 General

:2018(E)

Several factors influence the quality and reliability of dielectric measurements. The influencing factors
are listed and shortly commented for each of the three measurement methods. The factors can vary for
probe type, material parameters, and frequency. Calibration documents associated with the dielectric
measurement equipment usually provide figures for the measurement precision.

H.2.5.2 Method 1 (open coaxial probe)

ThL following influencing factors should be considered for Method 1:

Sp

H.]

The probe’s geometry (diameters) and bead material dielectric properties can,déviate

in the data processing algorithm influence the measurement results;

The probe is connected to a VNA and the complex reflection coefficient,)S11, is measure
measurement itself has a certain accuracy, which is related to the VMNA. This accuracy d
influences the amplitude and the phase of the measured S11;

System (probe + VNA) calibration should be performed with@reat care. At this stage th
can influence the measurement results. Open coaxial probé<€alibration is based on three
Open - Short - Load. Each of the calibration standards)should be measured with high ¢
and repeatability;

The applied numerical algorithms can influence the measurement results. Errors or inst
the algorithms can lead to questionable dielectric measurements;

The probe is positioned in the material urider test in such a way that the boundaries do
extrareflections. With finite sample size volumes, there can be reflections from the conta
The probe position can influence the feflections. If the container is larger than 1 000 cm3
of the reflection can be neglected forboth HPM and LPM;

A good contact between the prebe flange and the material under test should be establ
presence of air bubbles or.surface roughness in planar solids or surface contamination

the contact quality. If thé mentioned items are removed prior to the measurement, this fag
neglected;

Temperature dependency of the dielectric parameters should be properly assessed. Ery
measured temperature of the material under test can lead to less precise dielectric meg
results.

bcific details are described in References [9] and [10].

.53, ' Method 2 (slotted line)

from the

specifications. Large deviations of the actual probe parameters from specifications that are applied

d. The S11
f the VNA

b operator
tandards:
onfidence

hbilities in

not cause
ner walls.
the effect

shed. The
nfluences
tor can be

ors in the
surement

Th

e following influencing factors should be considered for Method 2:

Deviations in the slotted line geometry (impedance of the line) from specifications can result in

false input data for the transmission coefficient calculations;

The slotted line is connected to a VNA and the complex transmission coefficient, S21, is measured.

The accuracy of the VNA influences the amplitude and the phase of the measured S21;

System (line + VNA) calibration (2-port calibration with the empty line) should be performed. Each
of the calibration standards should be measured and the repeatability of the measurements should

be checked;

Temperature dependency of the dielectric parameters should be assessed. Impedance
introduced by the presence of the media in the line (deviation from calibrated condition,
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line) can lead to reflections. If not considered, the extra reflections caused by the impedance
mismatch of the finite line can lead to inaccurate measurements. Broader frequency sweep and
averaging of the dielectric parameter curves can minimize this influence;

— Homogeneity of the material in the line should be maintained and potential air bubbles or separation
of emulsion should be avoided. Wrong assumptions regarding homogeneity can lead to erroneous
measurement results.

H.2.5.4 Method 3 (static conductivity meter)

. - £l - £ 1 111 L | 1_C DA 1 10
The fOllO HIg HITTUCIICIIIZ T4aClOIS STTOUIA DE COIISIUCTEd 101N MICLIIOU O.

— A staflic conductivity meter works at a very low but finite frequency (in the kHz range), which is a
good hpproximation of the static conductivity;

— Devidtions in the geometry of the electrodes from the specifications (mechanicaDaccuracy, ¢ell
consthnt, electrode polarization) can result in false input data for the calculations;

— Resisfance measurement and resolution of the static conductivity meter: Tlie method is based|on
resistivity measurement; the electronics has its own accuracy (residual fégsistivity and linearity)
which affects the conductivity results;

— The dtatic conductivity meter is calibrated with a known referenée liquid. The concentratjon
accurpcy of the reference solution and the precision of its temperature influence the calibration

— Tempprature of the material under test should be measured to calculate frequency dependent
dieledtric parameters based on Formula (H.1) and Formula¢H.2);

— Homdgeneity of the material in the measuring cell shotild be established for accurate measurements.
Shaking of the sample container (e.g. in ultrasonic bath) can remove the inhomogeneity.

In general, for all types of measurements further notes of good measurement practices can be found in
documents published by Reference [11].

H.3 Thermal parameters

H.3.1 General considerations

In generall, for suitable tissue_simulating materials, thermal properties are not a function of the
dielectric|parameters. However, for a given recipe set, the parameters and the validity of the abgve
assumptign should be assessed and demonstrated at least once.

Reliable t¢mperaturé&mnieasurements can only be conducted if the Grashof number is sufficiently larfge,
i.e. the vigcosity ef.the medium or gel should be much larger than 1 Pa's. An appropriate method [for
measuring the wiscosity should be selected, e.g. rheometers. The viscosity should be determined for the
entire tenjperature range, of which the lowest number should be used.

H.3.2 Methods

H.3.2.1 Introduction

The direct assessment of SAR with temperature probes requires the value of the heat capacity. This
subclause describes two methods to determine the heat capacity of tissue simulating media used for
implant testing. Furthermore, it is necessary to demonstrate either by simulation or by experiment that
the effect of heat conduction and convection are negligible in the assessment of SAR for the maximum
spatial gradient, temperature difference and duration of heating. The simulation approach can be used
when the thermal conductivity and the Grashof number are known. It can also be demonstrated by
experiment for the conditions of maximum spatial temperature gradient V7, temperature difference
(AT) and duration of assessment (At). The demonstration of negligible effects related to conduction
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and convection is not required for HPM formulations that contain greater than 95 % water and the

properties of water can be used.

H.3.2.2 Method to determine heat capacity

The most common way of determining the specific heat capacity is differential scanning ca

lorimetry.

It can be used to determine specific heat capacity as a function of temperature as well as the location
of phase transition temperatures (relevant for gels). The temperature of the unknown sample and of a
reference material is changed on the same way according to a predefined curve with constant cooling

and heating rates. At a constant rate the temperature difference observed between the

reference

mdterial and its surroundings 1s the result of the different heat capacities of the referenc

b material

anfl the surrounding material. The time dependence of the temperature difference is meagured. The
diffferential scanning calorimeter is calibrated with the known reference material, any temperature
difference can be directly converted into heat flow. In such a way the heat capacitylis-detertphined as a

function of the temperature.

H.3.2.3 Method to determine thermal conductivity

Th hot wire method is appropriate for determining thermal conductivity.'A thin wire is embsg
the¢ sample to be investigated, simultaneously serving as a heating €l€ment and a temperaty
During the experiment, the wire is heated with a constant electrical power source. The
deyelopment of the increase in temperature at the hot wire i§ calculated from the resista
wife. This temperature increase is primarily dependent on thethermal conductivity of the sg
thermal conductivity is determined by considering both the thermal contact resistance be
sample and the wire and the axial heat losses to the temporal temperature development.

bdded into
re sensor.
temporal
nce of the
mple. The
fween the
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Annex I
(informative)

RF exposure system validation method

I.1 Objective

An RF exposure system as described in Clause 8 consists of a tissue simulating media filled-phant
and an RF field source. There are a variety of techniques which can be used for validating the

bm
RF

exposure pystem and its associated measurement equipment. The objective of this annexis to provide a

detailed ejxplanation of one possible general validation method which provides a basic(vérification t

all comp

comparin
placed in
in arepre

As there
demonstr
exposure
field incid
realizable
locations

the target| values for the example exposure configuration‘provided in this annex can be replaced wj
more appropriate values obtained from simulation of an"RF exposure configuration better represent
the physi¢al RF exposure environment being validated (e.g. by including the physical models of the

field sour

alternative test objects or at different measurement locations around test objects by generating n

target val
at differe
distributi

1.2 Valjdation procedure

Perform t

Step 1

Step 2

146

ents of the RF exposure system are functioning properly. The validation method invol
b measurements of temperature rise, electric field, or SAR around a well-defined test obj
the RF exposure system to target values derived from numerical simulation of the test obj
bentative electromagnetic model of the RF exposure system.

htes how to apply the validation method using target values-dérived from an example ideal
configuration. This ideal exposure configuration provides wearly uniform tangential elect
ent along the test object. The example RF source configiiration does not represent a physica
RF exposure system as it incorporates ideal mathematical RF source models with pred
hind orientations. To reduce differences between measurement results and simulation resu

e and media filled phantom). The validation method provided can be adapted for use w

lies from simulation of the test objeet’s RF exposure. The validation method can be repea
t locations within a tissue simulating media filled phantom to verify the expected fi
bn within the phantom from the RF field source is as expected.

he following steps-to'validate an RF exposure system using a test object:

Either use oneof the pre-defined test objects (called “standard AIMD test objects” or
SAIMDs)Wwith the example exposure temperature rise, electric field or SAR target values
provided in this annex or complete electromagnetic (and thermal if using temperature
medsurement) numerical simulations to derive alternative target values specific to an RF

nat
yes
ect
ect

are many possible RF exposure systems which meet the, needs of Clause 8, this annex

RF
ric
Iy
ise
ts,
ith
ng
RF
ith
ew
ed
eld

exposure configuration of a test object in the RF exposure system to be validated by:

— Simulating a given test object at a given position in a representative model of the RF

exposure test system to get temperature rise during RF exposure time, |Electric Field|2

or SAR results at each desired validation location around the test object;

— Repeating the simulation without the test object present to determine the Incident Field.

The incident field is the average electric field component tangential to the test object;

—  Calculate normalized target values by dividing the temperature rise during RF expo-
sure time, |Electric Field|2 or SAR for each location around the test object by the square

of the incident field.

Execute the RF exposure measurement procedure for specific locations around the test object.
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sired validation locations around the test object;

Determine the measurement incident field on the test object. The measureme

:2018(E)

Measure the temperature rise during RF exposure time, |Electric Field|2 or SAR at de-

nt inci-

dent field is the average electric field component tangential to the test object during RF

exposure;

Normalized measurement values are obtained by dividing the temperature ri

se during

RF exposure time, |Electric Field|2 or SAR for each measurement location around the

test object, by the square of the incident field.

Ste

1.3

An
SA

p3

Calculate the difference between the normalized measurement results and si
target values relative to the target value at each validation location'nieasured
the test object;

If the difference is within the combined uncertainties of the‘target value simu
the RF field source, the tissue simulating phantom and the measurements the|
exposure system is considered validated.

Standard test object definitions

RF exposure system can be validated using either.of{two standard test objects (SAI
[MD-2):

SAIMD-1: A straight AISI 316L Stainless Steel (GoodFellow 502-716-12, McMaster-Carr
or equivalent) wire of 1,6 mm diameter and\200 mm length with a 0,5 mm thick polyc
shrink tubing insulation (Alpha Wire FIT<221-3/32, 3M VFP-876-3/32 or equivalent) as
Figure 1.1[3][12]. At both ends of the rod 10 mm are left un-insulated.

Dimensions in
200

Compare the normalized measurement results to the target values from simulatioy.

mulation
around

lations,
n the RF

MD-1 and

02705K17
lefin heat
shown in

millimetre

10

16

0,5

Figure''t — SAIMD-1 Polyolefin insulated stainless steel wire (not to scale)[31[1

SAIMD-2: An ASTM B348-5 Grade 5 Titanium alloy rod (GoodFellow 030-337-40, I
Carr 89055K313 or equivalent) of 3,175 mm diameter and 100 mm length with 1 mm

2]

MicMaster-
diameter

holes drilled through the rod such that the centre of the holes is 1 mm from each end

as shown

in Figure 1.2[13][14][15]. The 1 mm diameter holes are included to allow placement of temperature
measurement probes inside them during use. The use of SAIMD-2 for determination of local SAR is

described in ASTM F2182-11alll.
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Dimensions in millimetre

100
1 1
— la—
) 2,
N
~
sl
Figure 1.2 SAIMD-2 Uninsulated-titaniumrodwith tembperature mnnifnring holes-nearends

(not to scale)[131(14] [LE]

1.4 Example SAIMD exposure simulation target values

I.4.1 General

Numerica] electromagnetic simulations of an example ideal SAIMD RF exposuféywere performed us
multiple Joftware tools based on different Merlot solution methods such-as finite-difference tin
domain (HDTD) and finite element (FEM). Each SAIMD was simulated in 0,47 S/m HPM lossy backgroy
dielectric|material as defined in Annex L. The electric and thermal miaterial properties of the SAII
and surrqunding background dielectric used for the simulations @re' given in Table I.1. Differen
between the properties of actual SAIMD materials used for measurements from the properties used
simulation to generate target values might increase error in thevalidation assessment.

To genergte the example ideal uniform RF exposure (defined as <*1 dB variation in magnity
and <+20|% variation in phase at 64 MHz +5 % by Table 2"in Clause 8) along the SAIMD in simulati
each SAIMD was placed in the centre of opposing counter-propagating ideal plane-wave sources wj
its long axis aligned with the electric field of the sources as illustrated in Figure 1.3. The source size W

ng
he-
nd
VID
Ces

in

ide
on,
ith
ras

[Sx, Sy, Sz| as given in Table 1.2. Using this simple ideal source configuration, the magnetic fields canicel

and the incident tangential electric field along-the SAIMD has nearly constant amplitude and phase.

To reduce|the overall simulation processing/time, the spatial resolution of the numerical computati
away from the SAIMD was coarser than the resolution within the SAIMD and its nearby high elect
field spatjial gradient regions. Theyspatial resolution was adequate when further reductions
simulatiof resolution had negligible effect on the simulation results. Perfectly matched layer absorb
boundary|conditions were used at the electromagnetic simulation boundary extents [Bx, By, Bz] giy
in Table L.P for each simulatiom

ns
ric

ng
ren
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Table I.1 — Simulation dielectric and thermal material properties

copstituent water.

b [ Properties of typical wire/cable grade cross-linked polyolefin from wiyw'matweb.com, www.efunda,
.plhstics.ulprospector.com accessed 11/3/2014.

¢ | HPM gel properties match HEC defined in Annex L with the thermal‘conductivity approximated as that

Simulation Relative Electrical Specific Thermal Density
material permittivity | conductivity heat conductivity
&r (0) (Cp) (k) ()
S/m J/kg/K W/m/K kg/m3
SAIMD-1 o0
AISI 316L Stain- n/a (Perfect Electri- 500 16 8000
less Steela cal Conductor)
SAIMD-1 Q
Polyolefin 4 (Perfect Electri- 1000 0,2 1350
Insulationb cal Insulator)
SAIMD-2 0
Grade 5 n/a (Perfect Electri- 526,3 6,7 4 430
Titaniuma cal Conductor)
HPMc¢ 78 0,47 4181 0,6 1001
a | Metal properties from www.matweb.com, www.goodfellowusa.com or www.mcmaster.com accessed 11/3f2014.

com, Www

bf the main

aligned along the Z-direction

Table I.2 — Simulation sizes in Cartesian X-, Y- and Z-directions when the SAIMD long

F axis is

Counter-propagating plane-waye sources

Simulation boundary ext¢nts

SAIMD S B
Sx Sy Sz Bx By Bz
mm nm mm mm mm mm
100 100 300 160 160 360
100 100 200 160 160 260
© ISO 2018 - All rights reserved 149


http://www.matweb.com
http://www.goodfellowusa.com
http://www.mcmaster.com
http://www.matweb.com
http://www.efunda.com
http://www.plastics.ulprospector.com
http://www.plastics.ulprospector.com
https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

ISO/TS 10974:2018(E)

By

Figure I.
sources

The rms |
results at
SAIMD as

The elect

simulatiop was used as a constant in time input source for thermal simulation. The thermal simulat

computat
negligible
in Table I
field expd
11alll res
extending

4
3
Z
y |
Y |
/ |
[
/H |
7 |
/ J/E |
4 |
4 |
(mmm o
I /
| //I
y ,
| /2
Sy: V7 i
| // /JL—PX
_________ S ;________
Bx

B — Simulation boundary extents [Bx, By, Bz] (4) showing the two counter-propagati
(2) of size [Sx, Sy, Sz] in homogenous/'dielectric material (3) with a centred SAIMD (1
(not to scale)

Fotal electric field| and pointSAR values were extracted from the electromagnetic simulat
specific locations on lines-extending along the axis of the SAIMD and radially away from
shown in Figure 1.4. All yalues were from the approximate central plane of the SAIMD long a3

[ic field distributioniaround the SAIMD obtained after convergence of the electromagne

on spatial resolition was adequate when further reductions in simulation resolution
effect on the simulation results. The thermal properties used in the simulations are giy
1. The thefmal exposure was calculated for 6 min and 15 min constant electromagns
sure durdtions consistent with durations specified in IEC 60601-2-33 and ASTM F21

aleng the axis of each SAIMD, radially away from each SAIMD, and in the centre of the 1 1

A

on
the
kis.

tic
on
ad
ren
tic
B2-

bectively. The temperature rise values from the simulation results were calculated on lines

1M

diameter

150

Tole Trear theend of SATMD=-2 asshowminm Figure T4
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&— — — v

Figure 1.4 — Illustration of the 5 mm radial (1), 2 mm radial (2) and axial (3) locationg around
the two SAIMDs (4) for the simulation electric field, SAR and temperature target results (not to
cale). Temperature results are also calculated at the centre of the 1 mm hole in SAIMD-2 (5)

n

ThE electromagnetic simulations were repeated without the SAIMD present to get the inciden{ field. The
indident field represents the’average electric field component tangential to the long axis of the SAIMD.
Th incident field was-calculated as the average of tangential rms electric field values at all §imulation
pojnts along the SAIMDP’location.

The normalized)target values were calculated at each specific location around the SAIMD by dividing
the¢ temperatlire rise, rms |total electric field|2 and point SAR, by the square of the incident fi¢ld.

The simulation results neglect thermal convection, practical disturbances due to fixfures and
mdasurtement probes[14] and variation of dielectric parameters with temperature. The temperature
risg Values depend on the properties of the material (e.g. the temperature rise will be less fqr a higher
HPM specific heat.)

1.4.2 Example SAIMD-1 target values

The temperature rise, rms [total electric field|2 and point SAR results normalized to the square of the
incident exposure from SAIMD-1 simulations are given in Table [.3. These quantities are the median
values for the ideal uniform incident electric field along the length of the SAMD reported by four or
more independent simulation groups during development of this annex. The individual target values
from each of the independent simulations deviated a minimum of -22 % to a maximum of 34 % in
electric field and SAR and -5 % to 15 % in temperature rise from the median values in Table 1.3. The
variation among independent simulation groups does not represent the expected uncertainty for any
one particular simulation but rather provides an example of the differences that can occur between
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even well-defined simulations and illustrates the need for simulation convergence verification and
validation.

Simulated and measured values for temperature rise, electric field, and SAR for real RF exposure
systems with actual phantom tanks where there is non-uniform incident tangential electric field and
scattering from the phantom boundaries will differ from these target values. The values in the table
will be most closely reproduced in a phantom by placing the SAIMD 5 cm or more from all boundaries
and in a location that maximizes uniformity of electric field along its length.

Table 1.3 — Normalized target values for SAIMD-1 induced rms [total electric field|2, point SAR,
6 min dnd I5 min temperature rise at locations along the Z-direction for axial and along the
Y-direction for 2 mm, 5 mm radial lines from the SAIMD

. . . . - i s Lﬁ p. i 3

|Total electric field|2 Point SAR 6 min. temp. rise 15 min. temp. rise

Dist. | lincident electric field|2 ||Incident electric field|2| |Incident electric |Inc1dfeiglt (fllzectrlc

sf;IOBIAHD field|2
[V/m,/(V/m)]2 [mW/kg/(V/m)2] [mK/(V/m)2] (K /(V/m)2]
mm

[ ] Axial 2mm | 5mm Axial 2mm | 5mm Axial 2 mm | 5 mm Axial 2mm | 5mm
radial | radial radial | radial radial | radial radial | radipl

0,5 [2051,71|1053,12|832,00| 968,4 | 492,65 | 390,65 | 3,25 | 3,19 ~296 | 3,75 | 3,70 3,47
1 D33,22 | 536,12 |442,63|438,18 | 251,96 | 204,84 | 2,86 | 2,93 | 2,77 | 3,35 | 3,45 3,28

1,5 129,62 | 309,11 | 266,52 |201,72 | 147,30 | 125,26 | 2,47 2,66 | 2,55 | 296 | 3,17 3,06
2 p22,51 | 194,81 | 174,75 |104,48| 93,03 | 83,03 | 2,14 2,40 | 2,33 | 2,62 | 291 2,84

2,5 127,37 | 12592 | 117,55 | 59,80 | 58,75 | 54,08 |,86 | 2,13 | 2,10 | 2,34 | 2,64 2,60
!

J

3 83,54 87,51 84,03 | 39,23 | 41,28 | 3891} 1,63 | 1,92 | 191 | 2,10 | 2,42 2,4
3,5 57,09 63,87 | 62,08 | 27,02 | 30,02 | 2815 | 1,44 | 1,73 | 1,73 | 190 | 2,23 2,2
4 41,34 48,38 | 4748 | 1941 | 22,74 |~22,32 | 1,28 | 1,57 | 1,57 | 1,73 | 2,06 2,06
4,5 30,77 3746 | 3694 | 14,48 | 17,36 1716 | 1,14 | 1,42 | 1,43 | 1,59 | 190 1,91
5 23,96 28,33 | 28,20 | 11,27 | ~3343 | 1296 | 1,03 | 1,28 | 1,29 | 1,47 | 1,76 1,77
55 19,00 22,55 | 22,39 | 892 10,68 | 10,28 | 092 | 1,15 | 1,16 | 1,35 | 1,62 1,63
6 15,48 18,24 | 18,02 | %33 8,64 8,27 082 | 1,05 | 1,06 | 1,25 | 1,51 1,52
6,5 12,83 14,98 14,707 ;6,02 7,08 6,74 0,75 095 | 096 | 1,17 | 1,40 1,41
7 10,95 12,46 | 1214 5,16 5,88 556 | 068|086 | 0,87 | 1,08 | 1,30 1,31
7,5 9,44 10,48 10714 | 4,34 4,89 464 | 061 | 0,79 | 0,79 | 1,01 | 1,22 1,23
8 8,17 8,92 8,57 3,84 4,21 3,92 0,56 | 0,71 | 0,72 | 095 | 1,14 1,14
8,5 7,25 %67 7,31 3,40 3,61 3,35 0,51 | 0,64 | 0,65 | 0,89 | 1,06 1,06
9 6,47 6,66 6,31 3,00 3,10 2,88 | 046 | 0,59 | 0,59 | 0,83 | 1,00 1,0
9,5 573 5,83 5,49 2,70 2,74 2,51 043 | 053 | 054 | 0,79 | 093 0,93
10 5,25 515 4,82 2,46 2,42 2,21 1039|049 | 0,49 | 0,74 | 0,87 0,87
10,5 4,80 4,59 4,27 2,25 2,15 196 | 035 | 045 | 045 | 0,69 | 0,82 0,82
11 4,41 4,11 3,82 2,05 1,93 1,75 033 | 040 | 0,40 | 0,66 | 0,77 0,77
11,5 4,03 3,72 3,41 1,90 1,74 1,57 | 0,30 0,37 | 0,37 | 0,62 | 0,72 0,72
12 3,79 3,38 3,11 1,77 1,58 1,43 0,27 | 0,34 | 0,34 | 0,58 | 0,69 0,69
12,5 3,54 3,09 2,83 1,66 1,45 1,30 | 0,25 | 0,31 | 0,30 | 0,56 | 0,64 0,64
13 3,32 2,84 2,61 1,55 1,33 1,20 | 0,23 | 0,28 | 0,28 | 0,52 | 0,60 0,60
13,5 3,13 2,63 2,42 1,46 1,23 1,11 0,22 | 0,26 | 0,26 | 0,50 | 0,58 0,57
14 2,94 2,45 2,24 1,38 1,14 1,03 | 0,20 | 0,24 | 0,23 | 0,48 | 0,54 0,54
14,5 2,81 2,29 2,10 1,32 1,07 0,96 0,19 | 0,22 | 0,21 | 045 | 0,51 0,51
15 2,67 2,15 1,97 1,25 1,00 091 0,17 | 0,20 | 0,20 | 0,43 | 0,49 0,48
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1.4.3 Example SAIMD-2 target values

The temperature rise, rms |total electric field|2 and point SAR results normalized to the square of the
incident exposure from SAIMD-2 simulations are given in Table 1.4 and Table 1.5 for an SAIMD oriented
with the 1 mm diameter hole axis along the X-direction. These quantities are the median values
for the ideal uniform incident electric field along the length of the SAIMD reported by four or more
independent simulation groups during development of this annex. The individual target values from
each of the independent simulations deviated a minimum of =14 % to a maximum of 14 % in electric
field and SAR and -7 % to 19 % in temperature rise from the median values in Table 1.4 and Table L.5.
The variation among independent simulation groups does not represent the expected uncertainty for
anyone particutar simutation but rather provides an exampie of the differences that canm occulr between
even well-defined simulations and illustrates the need for simulation convergence verifidation and
validation.

Sirhulated and measured values for temperature rise, electric field, and SAR for‘real RF|exposure
systems with actual phantom tanks where there is non-uniform incident tangential electri¢ field and
scdttering from the phantom boundaries will differ from these target values:The values in the table
wi|l be most closely reproduced in a phantom by placing the SAIMD 5 cmcot“more from all bpundaries
anl in a location that maximizes uniformity of electric field along its length:

Table 1.4 — Normalized target values for SAIMD-2 induced temperature rise at the centre of the
1 mm holes near each SAIMD end

Time Temp. rise
min [Incident field|?2
[mK/(V/m)?]
6 0,621
15 0,809

Tqble 1.5 — Normalized target values for SAIMD-2 induced rms |total electric field|2, ppint SAR,
b min and 15 min temperature riseat locations along the Z-direction for axial and alpng the
Y-direction for'2 mm, 5 mm radial lines from the SAIMD

|Total electric field|2 Point SAR 6 min. temp. rise 15 min. temp. rise
[1i5t' |Incident electric |Incident electric |Incident electric |Incident eflectric
from field|2 field|2 field|2 field|?
SAIMD [V/m/(V/)2 [mW/kg/(V/m)2] [mK/(V/m)?] [mK/(V/)?]
mm
[ ] Axial 2Gnm | 5 mm Axial 2mm | 5mm Axial 2mm | 5mm Axial 2mm | 5mm

radial | radial radial | radial radial | radial
D,5 |212,44126,83 | 79,55 | 101,19 | 58,19 | 36,27 | 0,660 | 0,594 | 0,524 | 0,841 | 0,780 | 0,709
1 149,96 | 81,26 | 5298 | 72,31 | 38,24 | 24,83 | 0,637 | 0,569 | 0,503 | 0,820 | 0,751| | 0,689
1,5 ¢« (100,22 | 53,65 | 36,93 | 47,70 | 25,15 | 17,29 | 0,596 | 0,531 | 0,480 | 0,780 | 0,714( | 0,660
2 66,29 | 37,52 | 27,24 | 31,50 | 1745 | 12,69 | 0,547 | 0,493 | 0,451 | 0,731 | 0,678| | 0,631
2,5 45,20 | 27,28 | 20,79 | 21,37 | 12,66 | 9,68 | 0,504 | 0,459 | 0,422 | 0,687 | 0,640 | 0,601
3 31,99 | 20,54 | 16,33 | 15,10 | 9,54 7,61 |0457| 0422 | 0,393 | 0,640 | 0,603 | 0,577
3,5 23,71 | 1592 | 13,10 | 11,17 | 743 6,13 | 0,420 | 0,391 | 0,370 | 0,600 | 0,570 | 0,548
4 18,27 | 12,41 | 10,55 | 8,60 5,64 4,78 10,385| 0,360 | 0,341 | 0,566 | 0,540 | 0,519
4,5 14,72 | 10,18 | 8,83 7,07 4,61 398 |0,355| 0,333 | 0,320 | 0,530 | 0,511 | 0,498
5 11,93 8,38 7,41 5,73 3,84 3,37 |0,325| 0,308 | 0,297 | 0,500 | 0,483 | 0,470
5,5 10,05 7,17 6,41 4,86 3,25 2,90 |0,303| 0,287 | 0,277 | 0,478 | 0,460 | 0,449
6 8,46 6,09 5,52 4,06 2,80 2,52 10,279 | 0,265 | 0,256 | 0,449 | 0,439 | 0,429
6,5 7,22 5,36 4,89 3,45 2,44 2,22 10,258 | 0,249 | 0,241 | 0,428 | 0,418 | 0,409
7 6,43 4,71 4,33 3,09 2,16 197 10,242 | 0,229 | 0,226 | 0,409 | 0,399 | 0,389

radial | radial
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Table 1.5 (continued)

[Total el ic field|2 PoInt SAR ™ - (5 mi -
Dist. |Incident electric |Incident electric |Incident electric |Incident electric
sf:;’n‘a"]) field|2 field|2 field|2 field|2
[V/m/(V/m)]2 [mW/kg/(V/m)?] [mK/(V/m)?] [mK/(V/m)?]
mml | i | 2mm | Smm |, | Zmm | Smm ) e, | 2mm | Smm |, | 2Zmm | 5 mn
radial | radial radial | radial radial | radial radial | radial
7,5 5,60 4,19 3,87 2,68 1,92 1,76 |0,228| 0,210 | 0,207 {0,389 | 0,379 | 0,371
8 5,00 379 | 351 237 | 173 | 160 [0209] 0200 | 0198 103701 0361 | 035
8,5 4,61 3,43 3,19 2,21 1,57 1,45 |0,200| 0,187 | 0,180 | 0,358 | 0,344 | 0,34p
9 4,15 3,13 2,92 1,98 1,44 1,33 |0,187 | 0,171 | 0,168 | 0,340 | 0,331{\.0,328
9,5 3,79 2,90 2,71 1,79 1,32 1,23 (0171 | 0,162 | 0,160 | 0,328 | 0,318 °| 0,311t
10 3,57 2,68 2,51 1,70 1,23 1,14 | 0,163 | 0,150 | 0,149 | 0,313 [~6,302 | 0,29P
10,5 3,30 2,49 2,33 1,56 1,14 1,07 | 0,153 | 0,141 | 0,139 | 0,301 | 0,291 | 0,28P
11 3,04 2,34 2,19 1,44 1,07 1,00 | 0,147 | 0,134 | 0,131 |0;290 | 0,280 | 0,27p
11,5 2,91 2,21 2,07 1,39 1,01 095 |0,140| 0,128 | 0,122/ 0,281 | 0,269 | 0,263
12 2,74 2,08 1,96 1,29 0,96 090 |0,130| 0,119 | 04177| 0,270 | 0,259 | 0,258
12,5 2,59 1,97 1,85 1,21 091 0,85 |0,122| 0,112 4 0110 | 0,260 | 0,250 | 0,24p
13 2,48 1,88 1,77 1,18 0,87 0,81 |0,119| 0,108 ) 0,103 | 0,253 | 0,240 | 0,23p
13,5 2,36 1,80 1,70 1,12 0,83 0,78 |0,112 | 6,160 | 0,098 | 0,244 | 0,231 | 0,22P
14 2,26 1,74 1,63 1,06 0,81 0,75 | 0,108%:0,095 | 0,093 | 0,238 | 0,224 | 0,22p
14,5 2,19 1,67 1,57 1,04 0,77 0,72 | 0;462°| 0,090 | 0,089 | 0,231 | 0,215 | 0,21
15 2,10 1,61 1,51 0,99 0,74 0,70 [0,099| 0,088 | 0,083 | 0,223 | 0,208 | 0,20¢
I.5 Tedt object measurement
Operation of the RF exposure system can be\quantified using measured 6 min or 15 min temperatiire
rise, electfic field, or SAR around the test-ebject. Validation measurement locations should be chogen
to be reproducible, provide significantumeasured signal above the incident fields and have minimpm
measured signal spatial gradient to yeduce position sensitivity. Example locations for measuremepts
along lings extending from the SAIMD as shown in Figure 1.4 are given in Table 1.3, Table 1.4 gnd
Table L.5. |Although multiple tdrget value examples are provided at a number of locations around the
SAIMD, the RF exposure system validation can be completed using measured results of as few as gne

of these pprameter values-at a single location. Completing the validation assessment at both ends gf a
symmetrical test objeebis’recommended to add confidence in the results.

The measpired incident field is the nominal rms electric field component tangential to the long axig of
the test obpject during RF exposure and can be determined by:

— Aver

ing electric field probe measurements taken along the test object mounting location durjng

the equivalent RF exposure without test object present,

— Extrapolation from measurements at other locations during the test object exposure;

— Measurements of the total vector electric field if the vector field orientation is known (e.g. the
tangential field component is approximately equal to the total field component in a region where

the incident field is predominantly oriented along the test object long axis);

— Thermal measurement calculations.

The conductivity of HPM phantom tissue simulating media surrounding the test object during
measurements should be verified to be within specification.
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For each validation measurement location around the test object, the normalized measured values are
calculated by dividing the temperature rise, total rms |electric field|2 or point SAR when the test object
is present by the square of the measured incident field.

1.6 Compare simulation target values to measured results

The difference between simulated and measured values at a specific validation location, Diffpyint,
around the SAIMD is defined relative to the simulated value as:

wh

Fo
lin

Di

=

wh

Th|
wi
sin

! Measurement —Ta rgpf!

Diffp. . —
ﬂrPomt Target
ere
Target is the normalized simulation target value;

Measurement is the normalized measured value.

" multiple measurements along a given axial or radial line, a similap-difference metric, Diffy
e of measurements can be computed for all measurement locations:along the line as:

N 2
2 nzl(Measurementn —Target,,)

7‘ .=
Line N 2
Z _,(Target )
ere
n is the measurement locatien index for N distinct locations;
Targety is the normalized target value at each location n along the radial or axial

Measurement, isthe normalizedmeasured value at each location n along the radial or 3

e RF exposure system is considered validated if the calculated validation difference me
thin the combined uncertainties of the target value simulations, the RF field source,
ulating phantom and thesmeasurements.

Alternatively, the difference can be assessed using a statistical analysis of the calculated DiffH

for
dig

multiple measurement locations. In this case, the RF exposure system is considered valid
tribution of the-Diff pyint values is within the combined uncertainties. For example, if the stand

combined uncertainty of the target value simulations, RF field source, tissue simulating phanto

me
at

asurements’is £30 % and 100 measurements were collected, then the system is considered v

east 68 efithe calculated Diffpyins values are within £30 % of the corresponding target values,.

ine, for the

line;
xial line.

tric(s) are
the tissue

bint Values
hted if the
ard (k=1)
m, and the
alidated if
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Annex ]
(informative)

MR scanner RF transmit coil

The ideal MR scanner transmit (TX) coil generates a uniform circularly polarized RF magnetic field

(B1+) at tife Tarmor frequency perpendicular to the static f1eld over the desired Imaging volume.
s are generally based on the fact that an ideal longitudinal current density in an infinit

coil

long cylin
radial ma

When dej
RF power
idealised
particulaf
tuned to a
should us

MR
[EC

example d
in 1,5 T clinical MR scanners. This example RF TX coil:information is useful for development of RF
coil simul

desig

scann
60601

Table

rical surface having a sinusoidal dependence around the surface perimeter createsauhifo

bing volume of a birdcage-style resonator TX coill1Z]. The number of current-caryying eleme
to produce magnetic field uniformity sufficient for imaging is typically 8to 32.

eloping models to be used in numerical simulations, additional-cgnsiderations such
source location and connection to the birdcage structure (e.g. tWwo-quadrature sources
current distributions from sources in each element) can affect the'resulting RF TX coil fiel
ly for partially implanted AIMDs[18]. TX Coils in MR scanners.with quadrature sources
representative clinical load (~80 kg male). Such TX coil modéls used in numerical simulatic
e this (single) tuned value for all evaluations.

ers adhere to well defined patient exposure temperature and SAR limits as described
-2-33 however the design of the RF TX coils used@n MR scanners varies. Table ].1 descril
esign parameters for the common birdcage-style resonator used as a whole-body RF TX ¢

pnetic field inside the cylinder(16l. This ideal current density is approximated using @ numl
of discret¢ RF current-carrying elements (rungs) to produce a transverse RF magnetic field\distribut
in theima
necessary

htion models and radiated RF exposure test'systems as described in Clause 8 and Clause 1%.

X
ely
rm
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nts
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ds,
hre
ns
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TX

J.1 — Clinical 1,5 T MR scanner wliele-body RF TX birdcage-style resonator design
parameters

param

Desi

Typical value Information

RF Frequ

ency 64 MHz Typical value for 1,5 T MR scanner.

Cylinddegt elliptical patient accessible apertures.

Typical for horizontal bore 1,5 T MR scanner, including scanners with

60 ci'to’70 cm Typical MR scanner patient accessible apertures have been nomina
60 to 70 cm for the smallest cross section width with the RF birdca
resonator inner surface immediately inside the MR scanner bore w
Wider aperture birdcage resonators are being introduced to accom
modate larger patients with patient aperture width dimensions as
large as 74 cm for the major axis of an elliptical coil.

Patiéent accessible
aperture diameter

ly
;e
L.

size

T H H | 3 ££ 4 RS PN PP | s RLED:.. ]
1TU NI LZC TIIu™1 1116 CIITUCLS Aat UIIT Ull ULGSC CCIILT G, INT DI ULQSC LU

typically have a physical length to minimum diameter aspect ratio

Resonator closeto 1to 1.

55 em to 70 cm Longer RF birdcage coils can provide larger regions of uniform RF

ed by the whole body SAR exposure levels of [IEC 60601-2-33.

Shorter RF birdcage coils can be used at higher RF field levels
because less of the patient is exposed however their RF field levels
become limited by partial body SAR rather than whole body SAR

have been used in clinical MR scanners.

magnetic fields for imaging however they expose a greater amount of
Birdcage length the patient to the RF fields and thus their field level is generally limit-

exposure levels from IEC 60601-2-33. Birdcage coils as short as 38 cm

Is
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Table J.1 (continued)

Design

parameter Typical value Information
Resonator Birdcage resonators can be designed as low-pass (capacitors in the
tvpe High-pass rungs), high-pass (capacitors in the end rings) or band-pass (capaci-
yP tors in both locations.)
The birdcage resonator is surrounded by a conductive RF shield to
Diameter reduce RF coupling to other parts of the MR scanner. The shield diam-
hield d eter will be slightly larger than the birdcage resonator diameter. The
RE shie T an n shield-will-tyrpicalyrbe-within2-em-oftheresonater—Theshield length
engt extends beyond the resonator length and can be approx1maled by the
length of the patient accessible MR scanner bore.
To reduce patient RF exposure, clinical MR scanners ate degigned to
operate birdcage resonators with clockwise or €ounter-clogkwise
] circular polarization of the transverse magnetiofield (B1+) yvhen
Magnetic loaded and linear polarization operation isleonsidered a serfious fault
fi.eld - Circular condition.
bolarization

For non-clinical use, linear polarization operation of a birddage reso-
nator can be useful in providing known and repeatable AIMD RF field
exposures.
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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 Bac¢kground

In general, the energy picked up by an antenna is maximum at resonance condition. This: condit
results in high electrical field strength at the tip. In a similar fashion this holds true for elongated AIM
(i.e.leads)embedded in a tissue simulant, and gives rise to a high SAR and temperature.atits ends. Th
condition$ are generally evaluated assuming a constant phase distribution of the tangential compon
of the incident E-field along the AIMD. However, it has been shown that the local €énergy deposition n
the ends qf the AIMD can be further increased if the phase distribution of the(tangential component
the incident electrical field is not uniform [see Formula (K.1)]. Therefore, the/worst-case conditions
the tangential incident E-field depend not only on the length of the AIMD but also the phase distribut
along the AIMD.

A change ¢f the phase of the tangential component of the incident.electrical field along the AIMD lead
an asymnletrical current distribution, which causes a comparatively steep gradient of the current at

exposed end of AIMD. This entails a concentration of charges at the end and, consequently, the elect
flux and deposited power near the end will be increased{The conditions under which the deposi
power is thaximized can be approximated by a constant.gradient of the phase of the incident field ald
the AIMD|while keeping the amplitude of its tangential component constant [see Formula (K.1) 3
Formula ].

The following subclauses discuss these incident E-field conditions in lossy medium and theoreticg
demonstrhte the effect of the phase on the témmperature rise/deposited energy near the end of the AIN

K.2 Phase gradients in lossy-dielectrics
In a homopgeneous lossy dielectric, a constant phase gradient with constant amplitude of the tangenf

componenjt of the incident field can only be fulfilled for inhomogeneous waves [see Formula (K.3)]. T
electric anid magnetic fieldvectors of the inhomogeneous waves can be written as:

on
Ds
bse
bnt
bar

of

of
on

to
he
ric
ed
ng
nd

Iy
1D.

ial
he

1)

E .
Tl e—]kn~r (K
H
where
k is the wave number of the dielectric;
r is the position vector.
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In order to satisfy the scalar wave Formula (K.2),

AD + kK20 =0

the complex vector n should fulfil the following conditions:

Refn] ~Im{a}” =1
Re{n}-Im{n}=0

:2018(E)

(K.2)

(K.3)

which require that the real and the imaginary part of n be orthogonal. For constant amp

constant phase gradient of the E,, component in the y-direction, n can be written as:

B

cosh

Re{n}=| 0

0

0

Im{ﬁ}: —sinh 8

0

s an arbitrary real number, which determines the angle between the direction of

attlenuation and the direction of the phase gradient. The phase gradient is a function of .

E_
ph

itude and

(K.4)

maximum

Thfr exposure of a lead to a field with constant phasé’gradient can cause a significant incregase of the
ield at one of its tips in comparison to, for example, exposure at its resonance length with constant
hse. The worst-case phase gradient dependson the dielectric properties of the environmeént and on

the electrical characteristics of the wire. Among these are, for example, insulation properities, wire
digmeter, and pitch. Therefore, the worstcase phase gradient needs to be determined for edch lead in

pa
ex

Ph

pbosure with constant phase.

ticular. At phase gradients other than the worst case, the E-fields at the tips can be lowdr than for

hse characteristics as thosetdescribed above usually occur in the reactive near field gf sources.

Dule to the nature of inhomegeneous waves, they decay rapidly when the distance from thg source is
indreased. In lossy dielectifics, such as body tissue or tissue simulant, the attenuation of their a|

is
of

even more pronouncéd, ‘In the high field regions of homogeneous phantoms, the phase di
the tangential incident E-field is rather constant. It appears therefore difficult to gener

didtribution that js‘appropriate to account for the effects described above.

Th
an

K

e phase gradients which lead to worst-case heating are a function of the electric lead char
1 have to(be determined for each lead.

.BcTransfer function to determine induced heating

mplitudes
stribution
hte a field

hcteristics

The temperature rise of the tissue surrounding the electrode at the end of an AIMD arises from an
E-field induced by an MR RF magnetic field and can be expressed as:

©lI

(z)dz

tan

AT:AUOLS(Z)E

SO 2018 - All rights reserved
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where

A is a constant;
S is the E-field sensitivity function of the lead;
Etan 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 [3]).

In Formula (K.5), S(z) is a function of AIMD designs and electrical properties of surrounding tissyes.
S(2) and HKian(z) are complex quantities and thus can be written as |S(z)|ei@$s(?) and |Eian(2)fe!®®4(2),
respectivgly.

Then, Formula (K.5) becomes:

(K.6)

, 2
AT =4 jOL|S(z)||Etan (z)|e’“’[¢s(2)+¢s(2)]dz

From Forinula (K.6), it is apparent the temperature rise at the electrode willdépend on both magnityde
and phasg distributions of the incident field. Therefore, depending on* ¢s(z) and ¢g(z), they ¢an
constructjvely or destructively add to each other. Furthermore, thé<dwvorst case occurs when phase
distributipns of S(z) and Ean(z) are cancelling each other, or in other'words, ¢s(z) = -¢g(2). Then, the
worst-casp temperature rise becomes:

2
(K.7)

ATworst ZA‘J.:‘S(Z)HEtan (Z)‘dZ

In the worst case, if the condition ¢s(z) = —¢g(z) is-achieved, there is no resonance associated with a
length of AIMD system.

As shown[in Figure 6 of Reference [3], 80 cni:¢apped wire in the worst-case phase distribution can heat
more tham twice that of the resonant length heating in the uniform phase distribution. Thus, in vifro
heating testing of an AIMD system that.consists of a long lead should properly account for this effect
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Annex L
(informative)

Tissue simulating medium formulations

:2018(E)

L.1

Rationmale

The following simulated tissue formulations approximate the electrical properties (condudtivity and
pefmittivity) of tissues commonly associated with AIMDs. Suggested formulations.aré pro
simulate high permittivity lossy tissues such as muscle, high permittivity and high‘conduct
flufids such as blood, and low loss, low permittivity fatty tissue. Practical considerations for

of

NO|
by
the

L.’
Tal
Al
ele
lot]

co

high permittivity medium (HPM) and low permittivity medium (LPM) formulations includ
Easily available as a liquid or gel;
Easy to use;
Stable over time and with temperature;
Easy to adjust target conductivity and permittivity values;

Non-toxic.

rmal and electrical properties of tissue simulating media are summarized in Annex H.

2 HPM and LPM Recipes

ble L.1 through Table L.4 provide-examples of HPM and LPM formulations suitable for char
MDs labelled for use on 1,5.T\MR scanners. The recipes are chosen to produce media wi
ctrical and thermal propérties at 25 °C however there can be small differences between
5 so verification of conductivity after preparation is required. To avoid evaporation of

coItamination that can(ledad to changes in media properties, the media should be sealed in ¢

tainer when not inise and covered during use whenever possible.

Table-Il.1 — Hydroxyethyl Cellulose gel recipes for HPM at 64 Mhz and 25 °C

Vided that
vity body
the choice
Ee:

TE The medium formulations and physical properties listed in the following tables have been evaluated
a limited number of laboratories. It is importantito verify critical parameters. Methods for megsuring the

acterizing
h reliable
ngredient
vater and
n airtight

High permittivity medium (HPM)
Physical parameters
Hydroxyethyl Cellulose (HEC) Gel
96,85 % water 97,71 % water 97,37 % [water
Contents by % weight 3 % HEC 2 % HEC 2 % HEC
0,15 % NaCl 0,294 % NacCl 0,632 % NaCl
Relative dielectric permittivity 78 78 78
Conductivity [S/m] 0,47 0,65 1,2
Density [kg/m3] 1001 993 993
Specific Heat [J/kg/K] 4181 4181 4181
Thermal conductivity [W/m/K] NA NA NA
Viscosity [Pa:s] 41 NA NA
NOTE 0,47 S/m gel is from ASTM F2182-11a,a 2 % 0,47 S/m HEC-based recipe has also been demonstrated. HEC is Sigma-
Aldrich product number 09368 (Fluka), CAS no. 9004-62-0.
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Table L.2 — Polyacrylic Acid gel recipes for HPM at 64 Mhz and 25 °C

Physical parameters

High permittivity medium (HPM)
Polyacrylic Acid (PAA) Gel

98,9 % water

98,629 % water

Contents by % weight 0,99 % PAA 0,838 % PAA
0,13 % NaCl 0,533 % NaCl
Relative dielectric permittivity 78 78
Conductivity5/#] 047 +2
Density [k|g/m3] NA NA
Specific Heat [J/kg/K] 4159 NA
Thermal cponductivity [W/m/K] NA NA
Viscosity [|Pa-s] NA NA

product number 436364, CAS no. 76774-25-9.

NOTE Higlh salt concentrations can affect viscosity of PAA gels. 0,47 S/m gel is from ASTM F2182-11a. PAA is Sigma-Aldrjch

Table L.3 — Saline recipes for HPM at 64 Mhz and.25)°C

Rhysical parameters

High permittivity medium (HPM)

Saline

Contents By % weight

99,75 % water

99,636 % water 99,315 % water

0,25 % NaCl 0,364 % NaCl 0,685 % NaCl
Relative djelectric permittivity 78 78 78
Conductivjity [S/m] 0,47 0,65 1,2

Table L.4 — Emulsion recipes for LPM at 64 Mhz and 25 °C

Physical parameters

Low permittivity medium

Emulsion

55 % Triton
30 9% Castor 0il

55 % Triton
30 % Canola 0Oil

Contents By % weight
13,5 % water 13,5 % water
1,5 % NaCl 1,5 % NacCl

Relative d|electric permjttivity 15,1 11,5
Conductivjity [S/m] 0,054 0,045
Density [Kg/m3] 1033 NA
Specific Heat [J/kg/K] 2290 NA
Thermal cpaductivity [W/m/K] 0,189 NA
Viscosity [Pa-s] 0,51 NA

results.

NOTE Castor Oil emulsion is from Annex L of ISO/TS 10974 edition 1. Triton® X-100 is Sigma-Aldrich product number
x100, CAS no. 9002-93-1. This information is given for the convenience of users of this document and does not constitute an
endorsement by ISO or IEC of the product named. Equivalent products may be used if they can be shown to lead to the same

L.3 Example preparation methods

L.3.1 General

This subclause provides example detailed steps in preparing 0,054 S/m LPM and 0,47 S/m PAA HPM. All
steps are done at typical room temperature (20 °C to 25 °C) unless otherwise noted.

162
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L.3.2 LPM formulation

Ingredients [percentage by weight] of Triton®-based low-permittivity medium (LPM) from
ISO/TS 10974:2012, Annex L:

— Water [13,5 %] — deionised or distilled water, conductivity less than 1 mS/m;
— NaCl [1,5 %] — reagent grade, >99 % pure;
— Castor 0il [30 %];

— [ Triton® X-100 [55 %] — Sigma-Aldrich product number X100.
Syhonym: p-tertiary-Octylphenoxy polyethyl alcohol, CAS no. 9002-93-1.
Chpmical formula: (C2H40)nC14H220.

The steps to follow for the preparation of Triton®-based low-permittivity medium (LPM) are:

Stgp1  Add NaCl to water and stir to dissolve completely. Optional: water can be warmed fo facili-
tate dissolving.

Stgp2  Add water/NaCl solution to Triton® (be sure Triton® is-well-mixed/shaken).
Stdp 3 Blend vigorously with pail mixer or immersion blender for approximately 5 min.
Stgp4  Add Castor Oil to Triton®/water/NaCl solution;

Step 5 Continue to blend vigorously for approximately 20 min.

Stgp 6  The resulting emulsion is ready to use-within 8 h or after bubbles, due to mixing, dissipate.
The appearance is semi-transparernit:

Stgp 7  Verify dielectric properties match those given in Table L.4 before use.

NOTE Triton® X-100 is a known ifritant.

L.3.3 PAA HPM formulation

Ingredients [percentage by-weight] of PAA gelled saline medium (HPM) with conductivity of 0,47 S/m
baged on ASTM F2182-1alll:

—| Water [98,9 %] =* deionised or distilled water, conductivity less than 1 mS/m;
—| NaCl [0,13:%] — reagent grade, >99 % pure;
—| Polyacrylic Acid [0,99 %] — Sigma-Aldrich product number 436364.

Syhenym: Polyacrylic acid partial sodium salt, CAS no. 76774-25-9.6

NOTE Different PAA can have different gelling properties and the conductivity can vary slightly between
PAA lots.

The steps to follow for the preparation of PAA gelled saline high-permittivity medium (HPM) are:

Step1  Add NaCl to water and stir to dissolve completely. Optional: water can be warmed to facili-
tate dissolving.

Step 2 Verify the water/NaCl solution conductivity is 0,26 S/m at 25 °C.

Step3  Add PAA to water/NaCl solution, stir to suspend completely.

© ISO 2018 - All rights reserved 163


https://standardsiso.com/api/?name=e2609cd6f68db40271e6b92a09d8d74c

ISO/TS 10974:2018(E)

Step4  After one hour, blend the suspension into a slurry. A commercial grade immersion blender
with a blade has been found to be satisfactory. The blender is used intermittently for at least
20 min in order to remove all lumps of discernible size.

Step5  The slurry is ready to use after 24 h. Stir, but do not shake, occasionally. The appearance of
the slurry should be semi-transparent, free of bubbles, and free of lumps of discernible size.

Step 6  Verify conductivity matches Table L.2 before use.
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Annex M
(informative)

Generation of incident fields

:2018(E)

M1 Generat

The first objective of this annex is to show example coil-phantom configurations and. path|
geherate a relatively uniform tangential E-field for E-field coupling and relatively uniform

inductive coupling. The second objective is to show example coil-phantom configurations and
that generate practically achievable non-uniform in vitro incident tangential E-fields which cz
fo] AIMD model validation.

NOTE 1
Hojvever, the phantoms are well suited to generate a well-controlled test enpvironment that can be cg

hu

NO|

The fields induced in the phantom are considerably different from. the fields induced in {
an situations.

TE2 Since the E-field can vary with excitation source, phafitom, polarization, and pathwd

ways that
B-field for
pathways
n be used

he human.
rrelated to

y, the coil

conjfigurations and pathways shown are simulation examples only ‘and are not meant to be used directly. The

E-f]
NO

use
mo

M
Tig
de
Tie
the
Sin
in

de

M

Re
or

elds generated with a particular system can be determined through characterization.
TE3  The polarization of the coil (linear or quadrature}influences the E-fields generated. Severd

linear polarization which is typically not achievable.juclinical scannersl[22] but can be useful in
del validation excitations.

2 Background

r 1 and Tier 2 of Clause 8 and Clause15 rely on uniform tangential E-fields to estimate t
position of the AIMD.

AIMD. The general requirement of AIMD model validation is covered in 8.8.

ce most models and most in vivo exposures will both have non-trivial phase behaviour, no

monstrate appli¢ability of a model for in vivo exposure conditions.

3 Uniform incident field distributions

atively uniform incident field distributions can be achieved using the ASTM F2182-11al]

1 examples
generating

he energy

r 3 and Tier 4 of Clause 8 and\Clause 15 rely on an AIMD model to estimate the energy dejposition of

h-uniform

vitro pathways thatvary both phase and magnitude are needed to validate the AIMD model and

], circular

of7al phantoms in a birdcage coil. Example phantom placement with respect to the coil,

pathways,

E-

eid magnitude maps, and tangentiat E-fietds are SHowT i Figure v.2 Througit Figure M.5 f

r circular

polarization (CP) and linear polarization (LP). The relative fields are plotted according to the scale bar
in Figure M.1, where yellow is maximum.

Scaling

Figure M.1 — Scale bar for relative E-field magnitude plots
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Figure M.3 — Coil and oval phantom (phantom placement), E-field magnitude for cifcular
polarization (CP), E-field magnitude for linear polarization (LP)
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Figure M.5 — Tangential E-fi gii magnitude (V/m/uT) and phase (degree) extracted from the
ASTM F2182-11a, and circular phantoms for circular polarization (CP) and
Q@\ linear polarization (LP)
Key for Figure M.@VTQ(:ugh Figure M.5
w,h,d exten&&phantoms in three dimensions
hpe  lergthefbedy-coil
dgc diameter of body coil
| iso-electric pathway
I magnitude of Etypn along [
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a average Etan #1 dB
Pq spatial location of 0-mm reference
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