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Foreword

The text of document 87/445/FDIS, future edition 2 of |EC 62359, prepared by IEC TC 87, Ultrasonics,
was submitted to the IEC-CENELEC parallel vote and was approved by CENELEC as EN 62359 on
2011-02-01.

This European Standard supersedes EN 62359:2005.
Major changes with respect to EN 62359:2004 include the following:

— The methods of determination set out in were based on those contained in the
American standard for Real-Time Display of Thermal and Mechanical Acoustic Output Indices on
Diagnostic Ultrasound Equipment (ODS) and were intended to vyield identical results. While
EN 62359:2010 also follows the ODS in principal and uses the same basic formulae and assumptions
(see Annex A), it contains a few significant modifications which deviate from the ODS.

— One of the primary issues dealt with in preparing EN 62359:2010 was “missing” 7/ equations. In
there were not enough equations to make complete “at-surface” and “below-surface”
summations for 7IS and TIB in combined-operating modes. Thus major changes with respect to
are related to the introduction of new calculations of thermal indices to take into account
both "at-surface" and "below-surface" thermal effects.

For the specific technical changes involved please see Annex E.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CEN and CENELEC shall not be held responsible for identifying any or all such patent
rights.

The following dates were fixed:

— latest date by which the EN has to be implemented
at national level by publication of an identical
national standard or by endorsement (dop) 2011-11-01

— latest date by which the national standards conflicting
with the EN have to be withdrawn (dow) 2014-02-01

Annex ZA has been added by CENELEC.

Endorsement notice

The text of the International Standard IEC 62359:2010 was approved by CENELEC as a European
Standard without any modification.

In the official version, for Bibliography, the following note has to be added for the standard indicated:

EC 61689 NOTE Harmonized as EN 61689.
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The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

NOTE When an international publication has been modified by common modifications, indicated by (mod), the relevant EN/HD

applies.

Publication Year

EC 60601-2-3 -

EC 6115 2007

EC 61161 2006

EC 61828 2001

EC 62127-1 2007

EC 62127-2 2007

EC 62127-3 2007

Title EN/HD

Medical electrical equipment - N 60601-2-3
Part 2-37: Particular requirements for the

basic safety and essential performance of

ultrasonic medical diagnostic and monitoring

equipment

Standard means for the reporting of the N 6115
acoustic output of medical diagnostic
ultrasonic equipment

Ultrasonics - Power measurement - Radiation EN 61161
force balances and performance requirements

Ultrasonics - Focusing transducers - N 61828
Definitions and measurement methods for the
transmitted fields

Ultrasonics - Hydrophones - N 62127-1
Part 1: Measurement and characterization of
medical ultrasonic fields up to 40 MHz

Ultrasonics - Hydrophones - N 62127-2
Part 2: Calibration of hydrophones to be used
in ultrasonic fields up to 40 MHz

Ultrasonics - Hydrophones - N 62127-3
Part 3: Properties of hydrophones for
ultrasonic fields up to 40 MHz
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2001
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INTRODUCTION

Medical diagnostic ultrasonic equipment is widely used in clinical practice for imaging and
monitoring purposes. Equipment normally operates at frequencies in the low megahertz
frequency range and comprises an ultrasonic transducer acoustically coupled to the patient
and associated electronics. There is an extremely wide range of different types of systems in
current clinical practice.

The ultrasound entering the patient interacts with the patient's tissue, and this interaction can
be considered in terms of both thermal and non-thermal effects. The purpose of this
International standard is to specify methods of determining thermal and non-thermal exposure
indices that can be used to help in assessing the hazard caused by exposure to a particular
ultrasonic field used for medical diagnosis or monitoring. It is recognised that these indices
have limitations, and knowledge of the indices at the time of an examination is not sufficient in
itself to make an informed clinical risk assessment. It is intended that these limitations will be
addressed in future revisions of this standard and as scientific understanding increases. While
such increases remain pending, several organizations have published prudent-use
statements.

Under certain conditions specified in |EC 60601-2-37, these indices are displayed on medical
ultrasonic equipment intended for these purposes.
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ULTRASONICS -
FIELD CHARACTERIZATION -
TEST METHODS FOR THE DETERMINATION OF THERMAL
AND MECHANICAL INDICES RELATED TO
MEDICAL DIAGNOSTIC ULTRASONIC FIELDS

1 Scope
This International standard is applicable to medical diagnostic ultrasound fields.

This standard establishes

— parameters related to thermal and non-thermal exposure aspects of diagnostic ultrasonic
fields;

— methods for the determination of an exposure parameter relating to temperature rise in
theoretical tissue-equivalent models, resulting from absorption of ultrasound;

— methods for the determination of an exposure parameter appropriate to certain non-
thermal effects.

NOTE 1 In Clause 3 of this standard, Sl units are used (per ISO/IEC Directives, Part 2, ed. 5, Annex | b) in the
Notes below definitions of certain parameters, such as beam areas and intensities; it may be convenient to use
decimal multiples or submultiples in practice. Users must take care of decimal prefixes used in combination with
the units when using and calculating numerical data. For example, beam area may be specified in cm? and
intensities in W/cm? or mW/cm?.

NOTE 2 Underlying calculations have been done from 0,25 MHz to 15 MHz for Ml and 0,5 MHz to 15 MHz for T1.

NOTE 3 The thermal indices are steady state estimates based on the acoustic output power required to produce

a 1°C temperature rise in tissue conforming to the “homogeneous tissue 0,3 dBem 'MHz " attenuation model” [1 ] 1)
and may not be appropriate for radiation force imaging, or similar techniques that employ pulses or pulse bursts of
sufficient duration to create a significant transient temperature rise. [2]

2 Normative references

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

IEC 60601-2-37, Medical electrical equipment — Part 2-37: Particular requirements for the
basic safety and essential performance of ultrasonic medical diagnostic and monitoring
equipment

IEC 61157:2007, Standard means for the reporting of the acoustic output of medical
diagnostic ultrasonic equipment

|IEC 61161:2006, Ultrasonics — Power measurement — Radiation force balances and
performance requirements

IEC 61828:2001|, Ultrasonics — Focusing transducers — Definitions and measurement methods
for the transmitted fields

IEC 62127-1:2007, Ultrasonics — Hydrophones — Part 1: Measurement and characterization of
medical ultrasonic fields up to 40 MHz

1) Figures in square brackets refer to Bibliography.
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IEC 62127-2:2007, Ultrasonics — Hydrophones — Part 2: Calibration for ultrasonic fields up to
40 MHz

IEC 62127-3:2007, Ultrasonics — Hydrophones — Part 3: Properties of hydrophones for
ultrasonic fields up to 40 MHz

3 Terms and definitions

For the purposes of this document, the terms and definitions given in JEC 62127-1:2007,
IEC 62127-2:2007, |[EC 62127-3:2007, |[EC 61157:2007 and |JEC 61161 :200§ (several of which

are repeated below for convenience) apply.

NOTE Units below definitions are given is Sl units as per ISO/IEC Directives, Part 2, ed. 5, Annex | b). Users
must be alert to possible need to convert units when using this standard in situations where data are received in
units that are different from those used in the S| system.

3.1

acoustic attenuation coefficient

a

coefficient intended to account for ultrasonic attenuation of tissue between the external
transducer aperture and a specified point

NOTE 1 A linear dependence on frequency is assumed.

NOTE 2 Acoustic attenuation coefficient is expressed in neper per metre per hertz (Np m-1 Hz-1).

3.2
acoustic absorption coefficient

Ho
coefficient intended to account for ultrasonic absorption of tissue in the region of interest

NOTE 1 A linear dependence on frequency is assumed.

NOTE 2 Acoustic absorption coefficient is expressed in decibels per metre per hertz (dB m-1 Hz_1).

3.3

acoustic repetition period

arp

time interval between corresponding points of consecutive cycles for continuous wave
systems

NOTE 1 The acoustic repetition period is equal to the pulse repetition period for non-automatic scanning
systems and to the scan repetition period for automatic scanning systems.

NOTE 2 The acoustic repetition period is expressed in seconds (s).

[IEC 62127-1:2007, definition 3.2, modified]

3.4

acoustic working frequency

frequency of an acoustic signal based on the observation of the output of a hydrophone
placed in an acoustic field at the position corresponding to the spatial-peak temporal-peak
acoustic pressure

NOTE 1 The signal is analysed using either the zero-crossing acoustic-working frequency technique or a
spectrum analysis method. Specific acoustic-working frequencies are defined in 3.4.1 and 3.4.2.

NOTE 2 For pulsed waveforms the acoustic-working frequency shall be measured at the position of maximum
pulse-pressure-squared integral.

NOTE 3 Acoustic frequency is expressed in hertz (Hz).

[IEC 62127-1:2007, definition 3.3, modified]
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3.41
zero-crossing acoustic-working frequency

Sfawf
number of consecutive half-cycles (irrespective of polarity) divided by twice the time between

the commencement of the first half-cycle and the end of the n-th half-cycle

NOTE 1 Any half-cycle in which the waveform shows evidence of phase change shall not be counted.

NOTE 2 The measurement should be performed at terminals in the receiver, that are as close as possible to the
receiving transducer (hydrophone) and, in all cases, before rectification.

NOTE 3 This frequency is determined according to the procedure specified in IEC/TR 60854 [3].

NOTE 4 This frequency is intended for continuous-wave systems only.

3.4.2
arithmetic-mean acoustic-working frequency

Sfawf
arithmetic mean of the most widely separated frequencies f4 and f5, within the range of three

times fq, at which the magnitude of the acoustic pressure spectrum is 3 dB below the peak
magnitude

NOTE 1 This frequency is intended for pulse-wave systems only.

NOTE 2 It is assumed that /1 < /5.

3.5
attenuated bounded-square output power

Pix1,a(2)
Thxe amaximum value of the attenuated output power passing through any one square
centimeter of the plane perpendicular to the beam axis at depth z

NOTE 1 At z = 0 (the transducer surface) P41y o(z) becomes the bounded-square output power, that is, at z = 0,
Pix1,a= P1x1-

NOTE 2 Attenuated bounded-square output power is expressed in watts (W).
3.6

attenuated output power

P ()

value of the acoustic output power after attenuation, at a specified distance from the
external transducer aperture, and given by

P, (z)= P100e e/ 1088) §

where

o is the acoustic attenuation coefficient;

z is the distance from the external transducer aperture to the point of interest;
fawfis the acoustic working frequency;

P is the output power measured in water.

NOTE 1 Attenuated output power is expressed in watts (W).

NOTE 2 In the case of stand-offs the P should represent the output power emanating from the stand-off.

3.7

attenuated peak-rarefactional acoustic pressure

Pr,ol?)

value of the peak-rarefactional acoustic pressure after attenuation, at a specified distance
from the external transducer aperture, and given by
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_ ( )10(-az.f;wf/20dB)
pr,a(z)_prz (2)
where
o is the acoustic attenuation coefficient;
z is the distance from the external transducer aperture to the point of interest;

Jfawf s the acoustic working frequency;
pr(z) is the peak-rarefactional acoustic pressure measured in water.

NOTE Attenuated peak-rarefactional acoustic pressure is expressed in pascals (Pa).

3.8

attenuated pulse-intensity integral

pii g (2)

value of the pulse-intensity integral after attenuation, at a specified distance from the
external transducer aperture, and given by

pii, (z) = pii 107 /w100 (3)
where
o is the acoustic attenuation coefficient;
z is the distance from the external transducer aperture to the point of interest;

fawf is the acoustic working frequency;
pii is the pulse-intensity integral measured in water.

NOTE Attenuated pulse-intensity integral is expressed in joules per metre squared, (J m_2).
3.9

attenuated spatial-average temporal-average intensity

Isata, A7)

value of the spatial-average temporal-average intensity after attenuation, at a specified
distance from the external transducer aperture, and given by

Ly, (2) = Ly 1007/ 1008 (4)
where
o is the acoustic attenuation coefficient;
z is the distance from the external transducer aperture to the point of interest;

fawf is the acoustic working frequency;

Isata s the spatial-average temporal-average intensity, at a specified distance =
measured in water.

NOTE Attenuated spatial-average temporal-average intensity is expressed in watts per metre squared, (W m=2).

3.10
attenuated spatial-peak temporal-average intensity

I,
G

ue of the spatial-peak temporal-average intensity after attenuation, at a specified
distance from the external transducer aperture, and given by

Lo o (2) = 1, 10007 /1090 (5)

spta,a

where
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o is the acoustic attenuation coefficient;
z is the distance from the external transducer aperture to the point of interest;

fawf is the acoustic working frequency;

15pta is the spatial-peak temporal-average intensity, at a specified distance z measured in
water.

NOTE Attenuated spatial-peak temporal-average intensity is expressed in watts per metre squared, (W m_z).

3.1

attenuated temporal-average intensity

Ita,l?)

value of the temporal-average intensity after attenuation, at a specified distance from the

external transducer aperture, and given by

L ((2)=1,(2)10°7 /=10 (6)
where
o is the acoustic attenuation coefficient;
z is the distance from the external transducer aperture to the point of interest;
Sawf is the acoustic working frequency;

Iia(2) is the temporal-average intensity measured in water.

NOTE Attenuated temporal-average intensity is expressed in watts per metre squared, (W m‘z).

3.12
beam area

Ap(2)

area in a specified plane perpendicular to the beam axis consisting of all points at which the
pulse-pressure-squared integral is greater than a specified fraction of the maximum value
of the pulse-pressure-squared integral in that plane

NOTE 1 |If the position of the plane is not specified, it is the plane passing through the point corresponding to the
spatial-peak temporal-peak acoustic pressure in the whole acoustic field.

NOTE 2 In a number of cases, the term pulse-pressure-squared integral is replaced everywhere in the above
definition by any linearly related quantity, e.g.:

a) in the case of a continuous wave signal the term pulse-pressure-squared integral is replaced by mean square
acoustic pressure as defined in [EC 61689 [4];

b) in cases where signal synchronisation with the scanframe is not available, the term pulse-pressure-squared
integral may be replaced by temporal average intensity.

NOTE 3 Some specified levels are 0,25 and 0,01 for the -6 dB and -20 dB beam areas, respectively.

NOTE 4 Beam area is expressed in metres squared (mz).

[IEC 62127-1:2007, definition 3.7, modified]

3.13

beam-axis

straight line that passes through the beam centrepoints of two planes perpendicular to the line
which connects the point of maximal pulse-pressure-squared integral with the centre of the
external transducer aperture

NOTE 1 See Figure 1.

NOTE 2 The location of the first plane is the location of the plane containing the maximum pulse-pressure-
squared integral or, alternatively, is one containing a single main lobe which is in the focal Fraunhofer zone. The
location of the second plane is as far as is practicable from the first plane and parallel to the first with the same two
orthogonal scan lines (x and y axes) used for the first plane.
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NOTE 3 In a number of cases, the term pulse-pressure-squared integral is replaced in the above definition by
any linearly related quantity, e.qg.:

a) in the case of a continuous wave signal the term pulse-pressure-squared integral is replaced by mean square
acoustic pressure as defined in |EC 61684,

b) in cases where signal synchronisation with the scan frame is not available the term pulse-pressure-squared
integral may be replaced by temporal average intensity.

[IEC 62127-1:2007, definition 3.8]

External transducer

aperture plane (xy) “‘.ﬁ‘/’ Elevation axis ()

B s i e b b

Ky
K

Azimuth axis (x) *

.
o

. Beam area plane (xy)

. /V

|

1
- b

Azimuth plane  g—" | ,l/ f

scan plane (x2) A/ . Elevation direction (y)

Elevation plane (yz) 7 1
Azimuth direction (x) |\A Beam axis (z)

Beamwidth axis

1 IFC 2143/10

Figure 1 — Schematic diagram of the different planes and lines in an ultrasonic field

(modified from JEC 61828 and |JEC 62127-1))

3.14
beam centrepoint

position determined by the 2D centroid of a set of pulse-pressure-squared integrals
measured over the -6dB beam-area in a specified plane

NOTE Methods for determining 2D centroids are described in Annex B and C of |[EC 6182§.

3.15

beamwidth midpoint

linear average of the coordinates of the locations midway between each pair of points
determining a beamwidth in a specified plane

NOTE The average is taken over as many beamwidth levels given in B.2 of |[EC 61828 as signal level permits.

[IEC 62127-1:2007, definition 3.10, modified]

3.16

beamwidth

Wes W12, W20

greatest distance between two points on a specified axis perpendicular to the beam axis
where the pulse-pressure-squared integral falls below its maximum on the specified axis by
a specified amount

NOTE 1 In a number of cases, the term pulse-pressure-squared integral is replaced in the above definition by
any linearly related quantity, e.g.:
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a) in the case of a continuous wave signal the term pulse-pressure-squared integral is replaced by mean square
acoustic pressure as defined in |EC 61684 [4],

b) in cases where signal synchronisation with the scan frame is not available the term pulse-pressure-squared
integral may be replaced by temporal average intensity.

NOTE 2 Commonly used beamwidths are specified at -6 dB, —12 dB and —20 dB levels below the maximum. The
decibel calculation implies taking 10 times the logarithm to the base of 10 of the ratios of the integrals.

NOTE 3 Beamwidth is expressed in metres (m).

[IEC 62127-1:2007, definition 3.11]

3.17

bone thermal index

TIB

thermal index for applications, such as foetal (second and third trimester) or neonatal
cephalic (through the fontanelle), in which the ultrasound beam passes through soft tissue
and a focal region is in the immediate vicinity of bone

NOTE 1 See 5.4.2 and 5.5.2 for methods of determining the bone thermal index.

NOTE 2 See Annex A for rationale and derivation notes.

3.18

bounded-square output power

Plxl

maximum value of the time average acoustic output power emitted from any one-centimetre
square region of the active area of the transducer, the one-centimetre square region having
1 cm dimensions in the x- and y-directions

NOTE 1 The side of the 1 cm x 1 cm square should be aligned with the azimuth axis in accordance with Figure
1. See A.4.1.4 and Annex B for more detail.

NOTE 2 Bounded-square output power is expressed in watts (W).

3.19
break-point depth

Zpp
closest distance, to the solid surface of the transducer or the enclosure of any stand-off path,
used during a search to determine below-surface TIS and TIB

z,, =1,5x D, (7)

where Dgq is the equivalent aperture diameter.

NOTE 1 Specifically, for the mechanical index: the search should continue till the depth zy;. Reasonable care
should be taken not to go so close to the transducer face as to risk the integrity of the hydrophone or the validity of
the measurement.

NOTE 2 For scanning modes, D4 is calculated using the output beam area of one ultrasonic scan line; the
central scan line, corresponding to the beam axis (i.e. the line where pii, M, and f,.+are measured).

NOTE 3 See Annex A for rationale and derivation notes.

NOTE 4 Breakpoint depth is expressed in metres (m).

3.20
combined-operating mode
mode of operation of an equipment that combines more than one discrete-operating mode

[IEC 61157:2007, definition 3.17.1]

3.21
cranial-bone thermal index
TIC
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thermal index for applications, such as paediatric and adult cranial applications, in which the
ultrasound beam passes through bone near the beam entrance into the body

NOTE 1 See 5.4.2.1 and 5.5.2.1 for methods of determining the cranial bone thermal index.

NOTE 2 See Annex A for rationale and derivation notes.

3.22

default setting

specific state of control that the ultrasonic diagnostic equipment will enter upon power-up,
new patient selection or change from non-foetal to foetal applications

3.23

depth for mechanical index

mr

depth on the beam axis from the external transducer aperture to the plane of maximum
attenuated pulse-intensity integral (pii,)

NOTE Depth for mechanical index is expressed in metres (m).

3.24

depth for peak pulse-intensity integral

Spii

depth on the beam axis from the external transducer aperture to the plane of maximum
pulse-intensity integral (pii) as approximated by the pulse-pressure-squared integral

(ppsi)
NOTE Depth for peak pulse-intensity integral is expressed in metres (m).

3.25

depth for TIB

Zp.ns fOr Non-scanning modes

for non-scanning modes, the distance along the beam axis from the external transducer
aperture to the plane where the product of attenuated output power and attenuated
spatial-peak temporal-average intensity is a maximum over the distance range equal to, or
greater than, the break-point depth, z,,

NOTE 1 Depth for TIB is expressed in metres (m).

NOTE 2 See Annex A for rationale and derivation notes.

3.26

depth for TIS

Zs ns fOr Non-scanning modes

for non-scanning modes, the distance along the beam axis from the external transducer
aperture to the plane at which the lower value of the attenuated output power and the
product of the attenuated spatial-peak temporal-average intensity and 1 cm? is maximized
over the distance range equal to, or greater than, the break-point depth, z,,

NOTE 1 In this standard, the restricted definition of spatial-peak temporal-average intensity from |EC 62127-1],
relating to a specified plane, is used where spatial-peak temporal-average intensity is replaced by attenuated
spatial-peak temporal-average intensity.

NOTE 2 Depth for T1S is expressed in metres (m).

NOTE 3 See Annex A for rationale and derivation notes.

3.27

Discrete-perating mode

mode of operation of ultrasonic diagnostic equipment in which the purpose of the excitation
of the ultrasonic transducer or ultrasonic transducer element group is to utilize only one
diagnostic methodology

[IEC 61157:2007, definition 3.17.2, modified]
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3.28

equivalent aperture diameter

D,

diameter of a circle whose area is the output beam area and given by

D, =.|~4, (8)
T
where A4, is the output beam area.

NOTE 1 This formula gives the diameter of a circle whose area is the —12 dB output beam area. It is used in the
calculation of the cranial-bone thermal index and the soft tissue thermal index.

NOTE 2 Equivalent aperture diameter is expressed in metres (m).

3.29
equivalent beam area
Agq(2)
area of the acoustic beam at the distance z in terms of power and intensity and given by
Pz P
4,lz)= ( () N ©)
]spta,a Z ]spta

where
P (z) is the attenuated output power, at the distance z;
Ispta, A2) is the attenuated spatial-peak temporal-average intensity, at the distance z;

P is the output power,;
Ispta is the spatial-peak temporal-average intensity, at the distance z; and
z is the distance from the external transducer aperture to the specified point.

NOTE Equivalent beam area is expressed in metres squared (mz).

3.30
equivalent beam diameter

doq(2)
q

diameter of the acoustic beam at the distance z in terms of the equivalent beam area and
given by

do(e)=|24,(2) (10)

where
Agq(2) is the equivalent beam area;
z is the distance from the external transducer aperture to the specified point.

NOTE Equivalent beam diameter is expressed in metres (m).

3.31

external transducer aperture

part of the surface of the ultrasonic transducer or ultrasonic transducer element group
assembly that emits ultrasonic radiation into the propagation medium

NOTE 1 This surface is assumed to be either directly in contact with the patient or in contact with a water or liquid
path to the patient. See Figure 1.

NOTE 2 The ultrasonic transducer element group is usually offset from this surface by a lens, matching layers
and possibly fluid.
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[IEC 62127-1:2007, definition 3.27, modified]
3.32
mechanical index
MI
mechanical index is given by

—-12

z
M[:pr,a( Ml)fawf (11)
CM]

where

Cyr= 1 MPa-MHz "

Pra(zyy) is the attenuated peak-rarefactional acoustic pressure at the depth z,
Sawt is the acoustic-working frequency.

NOTE 1 See Annex A for rationale and derivation notes.

3.33

medical diagnostic ultrasonic equipment (or system)

combination of the ultrasound instrument console and the transducer assembly making up
a complete diagnostic system

[IEC 61157:2007, definition 3.15]

NOTE For the purpose of this standard, medical diagnostic ultrasonic equipment (or system) means
electrical equipment that is intended for in vivo ultrasonic examination and monitoring for obtaining a medical
diagnosis.

3.34

non-scanning mode

mode of operation of ultrasonic diagnostic equipment that involves a sequence of
ultrasonic pulses which give rise to ultrasonic scan lines that follow the same acoustic path

[IEC 62127-1:2007, definition 3.39.4, modified]

3.35

output beam area

Aob

area of the ultrasonic beam derived from the -12 dB beam area at the external transducer
aperture

NOTE 1 For reasons of measurement accuracy, the —-12 dB output beam area may be derived from
measurements at a distance chosen to be as close as possible to the face of the transducer, and, if possible, no
more than 1 mm from the face.

NOTE 2 For contact transducers, this area can be taken as the geometrical area of the ultrasonic transducer or
ultrasonic transducer element group.

NOTE 3 The output beam area is expressed in metres squared (mz).

NOTE 4 Methodology for finding the beam area using the pulse-pressure-squared integral for focused fields is

described in clauses 6.2 and 6.3 of |EC 61824.

[IEC 62127-1:2007, definition 3.40]

3.36

output beam dimensions

Xob ’ Yob

dimensions of the ultrasonic beam (—12 dB beamwidth) in specified directions perpendicular
to each other and in a direction normal to the beam axis and at the external transducer
aperture
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NOTE 1 For reasons of measurement accuracy, the —12 dB output beam dimensions may be derived from
measurements at a distance chosen to be as close as possible to the face of the transducer and, if possible, no
more than 1 mm from the face.

NOTE 2 For contact transducers, these dimensions can be taken as the geometrical dimensions of the ultrasonic
transducer or ultrasonic transducer element group.
NOTE 3 Output beam dimensions are expressed in metres (m).

NOTE 4 Methodology for finding the beam area using the pulse-pressure-squared integral for focused fields is
described in 6.2 and 6.3 of |[EC 6182§.

[IEC 62127-1:2007, definition 3.41, modified]

3.37

output power

P

time-average ultrasonic power emitted by an ultrasonic transducer into an approximately
free field under specified conditions in a specified medium, preferably water

[IEC 61161:2008, definition 3.3]

NOTE 1 "time-average" means averaged over an integral multiple of the temporal periodicity.

NOTE 2 Output power is expressed in watts (W).

3.38
peak-rarefactional acoustic pressure

Pr
maximum of the modulus of the negative instantaneous acoustic pressure in an acoustic

field or in a specified plane during an acoustic repetition period
NOTE 1 Peak-rarefactional acoustic pressure is expressed as a positive number.

NOTE 2 Peak-rarefactional acoustic pressure is expressed in pascals (Pa).

NOTE 3 The definition of peak-rarefactional acoustic pressure also applies to peak-negative acoustic pressure
which is also in use in literature.

[IEC 62127-1:2007, definition 3.44]

3.39

power parameter
Py
beam-related power quantity used in the numerator of the general thermal index relationship

NOTE 1 See Equation A.4

NOTE 2 The meaning of this quantity depends on the 77 to be evaluated, see A.5.1 and A.5.2. In general terms, it
will be the measured quantity responsible for the estimation of the specific temperature rise.

NOTE 3 Power parameter is expressed in watts (W).

3.40

prudent-use statements

affirmations of the principle advising avoidance of primarily high exposure levels and
secondarily long exposure times while acquiring necessary clinical information

NOTE See Bibliography [5,6,7,8].

3.41

pulse duration
Iq

1,25 times the interval between the time when the time integral of the square of the
instantaneous acoustic pressure reaches 10 % and 90 % of its final value
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NOTE 1 The final value of the time integral of the square of the instantaneous acoustic pressure is the
pulse-pressure-squared integral.

NOTE 2 Pulse duration is expressed in seconds (s).

NOTE 3 See Figure 2 of [EC 62127-1.
[IEC 62127-1:2007, definition 3.48]

3.42

pulse-intensity integral

pii

time integral of the instantaneous intensity at a particular point in an acoustic field
integrated over the acoustic pulse waveform

NOTE 1 For measurement purposes referred to in this International Standard, pulse-intensity integral is
proportional to pulse-pressure-squared integral.

NOTE 2 The pulse-intensity integral is expressed in joules per metre squared (Jm™).

[IEC 62127-1:2007, definition 3.49]

3.43
pulse-pressure-squared integral

ppsi
time integral of the square of the instantaneous acoustic pressure at a particular point in an

acoustic field integrated over the acoustic pulse waveform

NOTE The pulse-pressure-squared integral is expressed in pascal squared seconds (Pazs).

[IEC 62127-1:2007, definition 3.50]

3.44

pulse repetition period

prp

time interval between equivalent points on successive pulses or tone-bursts

NOTE The pulse repetition period is expressed in seconds (s).

[IEC 62127-1:2007, definition 3.51]

3.45
pulse repetition rate

prr
reciprocal of the pulse repetition period

NOTE The pulse repetition rate is expressed in hertz (Hz).

[IEC 62127-1:2007, definition 3.52]

3.46

scanned aperture area

Asa

area at the external transducer aperture consisting of all points at which the
pulse-pressure-squared integral is greater than -12 dB of the maximum value of the
pulse-pressure-squared integral in that plane

NOTE 1 For reasons of measurement accuracy, the —12 dB scanned aperture area may be derived from
measurements at a distance chosen to be as close as possible to the face of the transducer, and, if possible, no
more than 1 mm from the face.

NOTE 2 For contact transducers, this area can be taken as the geometrical area of the active elements during
one frame scan of the ultrasonic transducer or ultrasonic transducer element group.
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NOTE 3 In a number of cases, the term pulse-pressure-squared integral is replaced everywhere in the above
definition by any linearly related quantity, e.g.:

a) in the case of a continuous wave signal the term pulse-pressure-squared integral is replaced by mean square
acoustic pressure as defined in |EC 61684,

b) in cases where signal synchronisation with the scanframe is not available the term pulse-pressure-squared
integral may be replaced by temporal average intensity.

NOTE 4 Scanned aperture area is expressed in metres squared (mz).

3.47

scan direction

for systems with scanning modes, the direction in the scan plane and perpendicular to a
specified ultrasonic scan line

NOTE During one acquisition frame the scan direction may be azimuthal (x) and/or elevational (y) and may
include combinations, e.g., polar.

[IEC 61157: 2007, definition 3.27]

3.48
scan plane
for automatic scanning systems, a plane containing all the ultrasonic scan lines

NOTE 1 See Figure 1.

NOTE 2 Some scanning systems have the ability to steer the ultrasound beam in two directions. In this case,
there is no scan plane that meets this definition. However, it might be useful to consider a plane through the
major-axis of symmetry of the ultrasound transducer and perpendicular to the transducer face (or another
suitable plane) as being equivalent to the scan plane.

[IEC 62127-1:2007, definition 3.56]

3.49

scanning mode

mode of operation of an ultrasonic diagnostic equipment that involves a sequence of
ultrasonic pulses which give rise to scan lines that do not follow the same acoustic path

[IEC 61157:2007, definition 3.17.5]

3.50

scan repetition period

srp

time interval between identical points on two successive frames, sectors or scans, applying to
automatic scanning systems with a periodic scan sequence only

NOTE 1 In general, this International Standard assumes that an individual ultrasonic scan line repeats exactly
after a number of acoustic pulses.

NOTE 2 The scan repetition period is expressed in seconds (s).

3.51

scanwidth

Ws

greatest distance between two points on the axis in the scan plane perpendicular to the
central ultrasonic scan line where the temporal average intensity falls below its maximum
in the scan plane by 12 dB at the distance of interest from the transducer surface

NOTE 1 This dimension may be determined by hydrophone measurements or by calculation using knowledge of
the dimensions of the transducer aperture and scanning geometry.

NOTE 2 Scanwidth is expressed in metres (m).
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3.52

soft tissue thermal index

TIS

thermal index related to soft tissues

NOTE 1 See 5.4.1 and the following sub-clauses and 5.5.1 for methods of determining the soft tissue thermal
index.

NOTE 2 For the purposes of this document, soft tissue includes all body tissues and fluids except skeletal
tissues.

NOTE 3 See Annex A for rationale and derivation notes.

3.53
spatial-average temporal-average intensity

Isata
equal to the temporal-average intensity averaged over the scan-area, beam area or other

defined area as appropriate

NOTE Spatial-average temporal-average intensity is expressed in watts per metre squared (Wm-2).

[IEC 62127-1:2007, definition 3.59 slightly modified]

3.54
spatial-peak temporal-average intensity

Ispta
maximum value of the temporal-average intensity in an acoustic field or in a specified plane

NOTE 1 For systems in combined-operating mode, the time interval over which the temporal average is taken is
sufficient to include any period during which scanning may not be taking place.

NOTE 2 Spatial-peak temporal-average intensity is expressed in watts per metre squared (Wm-2).

[IEC 62127-1:2007, definition 3.62]

3.55

temporal-average intensity

Ita

time-average of the instantaneous intensity at a particular point in an acoustic field

NOTE 1 The time-average is taken normally over an integral number of acoustic repetition periods; if not, the
period for averaging should be specified.

NOTE 2 Temporal-average intensity is expressed in watts per metre squared (Wm).

[IEC 62127-1:2007, definition 3.65]

3.56

thermal index

TI

ratio of attenuated acoustic power at a specified point to the attenuated acoustic power
required to raise the temperature at that point in a specific tissue model by 1 °C

NOTE See Annex A for rationale and derivation notes.

3.57

transducer assembly

those parts of medical diagnostic ultrasonic equipment comprising the ultrasonic
transducer and/or ultrasonic transducer element group, together with any integral
components, such as an acoustic lens or integral stand-off

NOTE The transducer assembly is usually separable from the ultrasound instrument console.

[IEC 62127-1:2007, definition 3.69]
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3.58

transmit pattern

combination of a specific set of transducer beam-forming characteristics (determined by the
transmit aperture size, apodization shape and relative timing/phase delay pattern across the
aperture, resulting in a specific focal length and direction) and an electrical drive waveform of
a specific fixed shape but variable amplitude

3.59

ultrasonic scan line

for scanning systems, the beam axis for a particular ultrasonic transducer element group,
or for a particular excitation of an ultrasonic transducer or ultrasonic transducer element

group

NOTE 1 Here an ultrasonic scan line refers to the path of acoustic pulses and not to a line on an image on the
display screen of a system.

NOTE 2 The case where a single excitation produces ultrasonic beams propagating along more than one beam
axis is not considered.

[IEC 62127-1:2007, definition 3.71, modified]

3.60

ultrasonic transducer

device capable of converting electrical energy to mechanical energy within the ultrasonic
frequency range and/or reciprocally of converting mechanical energy to electrical energy

[IEC 62127-1:2007, definition 3.73]

4 List of symbols

o acoustic attenuation coefficient
Ap(2) beam area

Aegqg(2) equivalent beam area

Aob output beam area

Asa scanned aperture area

arp acoustic repetition period

Cymr normalizing coefficient

CTIS,1 normalizing coefficient

CT[S,2 normalizing coefficient

CTIB,1 normalizing coefficient

CTIB,2 normalizing coefficient

Cric normalizing coefficient

CK normalizing coefficient

Csb normalizing coefficient

de —6 dB beam diameter

Deq equivalent aperture diameter
deq(2) equivalent beam diameter

Jawf acoustic working frequency

Ita temporal-average intensity

lta, oA2) attenuated temporal-average intensity
Isata spatial-average temporal-average intensity

Isata,a(z) attenuated spatial-average temporal-average intensity
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MI

Ho

P

P [2)
P1x1
P1x1.a(2)
pii

Pii gfz)
Pp
ppsi(z)
Pr
Pr,ol?)
prp

prr

Srp

TI

TIB
TIBgas,sc
TIBas,ns

Tles,sc

TIBbs,ns
TIC

TIS
TiSgs,sc
TiSgs ns

T]Sbs,sc
T]Sbs,ns

d

We> W12, W20

Xob ’ Yob

z
Zb,ns
pr
Zpii
MI
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spatial-peak temporal-average intensity
attenuated spatial-peak temporal-average intensity
thermal conductivity

mechanical index

acoustic absorption coefficient

output power

attenuated output power

bounded-square output power

attenuated bounded-square output power
pulse-intensity integral

attenuated pulse-intensity integral

power parameter

pulse-pressure-squared integral
peak-rarefactional acoustic pressure

attenuated peak-rarefactional acoustic pressure
pulse repetition period

pulse repetition rate

scan repetition period

thermal index

bone thermal index

bone thermal index at-surface, scanning

bone thermal index at surface, non-scanning

bone thermal index below surface, scanning

bone thermal index below surface, non-scanning
cranial-bone thermal index

soft tissue thermal index

soft tissue thermal index at-surface, scanning

soft tissue thermal index at surface, non-scanning
soft tissue thermal index below surface, scanning
soft tissue thermal index below surface, non-scanning
pulse duration

beamwidth

output beam dimensions

distance from the external transducer aperture to a specified point
depth for TIB below surface for non- scanned modes
break-point depth

depth for peak pulse-intensity integral

depth for M1

depth for TIS below surface for non- scanned modes



BS EN 62359:2011
62359 © IEC:2010 - 23 -

5 Test methods for determining the mechanical index and the thermal index

5.1 General

This clause defines methods for determining an exposure parameter relating to temperature
rise in theoretical tissue-equivalent models, and also an exposure parameter for non-thermal
effects. These exposure parameters, referred to as indices, are related to the safe use of
ultrasonic diagnostic equipment. The indices are intended to be used in [EC 60601-2-37.

These indices shall be determined in accordance with 5.2 to 5.5 for a particular ultrasonic
field configuration generated by a discrete-operating mode of specific ultrasonic
diagnostic equipment. For combined-operating modes, the procedures specified in 5.6
shall be used. Background material is given in Annex A. “Rationale and derivation”.

Acoustic output measurements shall be undertaken using test methods based on the use of
hydrophones in accordance with |EC 62127-1 or the use of radiation force balances for power
measurements in accordance with |[EC 61161. All such measurements shall be made in water
(see also Annex B). The measurement uncertainty is to be determined by following [9].

In all cases where bounded-square output power is determined, the location of the
bounding mask or equivalent means (see Annex B) shall be such as to determine the largest
value.

The value of the acoustic attenuation coefficient shall be 0,3 dB cm=! MHz=!. This value is
selected as an appropriate attenuating coefficient for a homogeneous model intended to be
equivalent to the attenuation in reasonable worst-case conditions of clinical use.

The output beam area may be determined by using a line scanning or a raster-scanning hydrophone.
If the output beam area is expected to be circular it may be sufficient to measure the w,q, beamwidth
along the x and y axes. If the beamwidths are equal within 5 %, then also measure the diagonal
widths of the aperture at +45° to the x axis. If the diagonal widths are also within 5 %, then the
symmetry is circular for present purposes. If the diagonal widths differ by more than 5 % compared to
the x or y widths, the symmetry is_not circular and measurements may be performed by raster
scanning, but not line scanning. See for more.

NOTE 1 Temperature rise in tissue due to transducer surface self-heating has not been taken into account in the
determination of the thermal index [10]. See Annex C.

NOTE 2 The attenuation model used is not always applicable. Recent literature suggests that sometimes other
models should be used [11]. See Annex D for more discussion.

NOTE 3 See Annex D for more discussion of ‘reasonable worst case’.

NOTE 4 Basic Sl units have been specified in Clause 3. The expressions in the following clauses and annexes
were formulated using, e.g. centimetres (cm), milliwatts (mW), and megahertz (MHz)

5.2 Determination of mechanical index
5.21 Determination of attenuated peak-rarefactional acoustic pressure

The calculation of mechanical index requires determination of the value of the attenuated
peak-rarefactional acoustic pressure at the location of the maximum attenuated pulse-

intensity integral (z,;,). This location should be determined according to the procedures set
out in for the location of peak pulse-pressure-squared integral, with the
addition that for all measurement locations an acoustic attenuation coefficient shall be
applied to the pulse-pressure-squared integral.

5.2.2 Calculation of mechanical index

The mechanical index shall be calculated, at depth zy,, from the expression as defined under
3.32:
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— pr,a ’ f;iwf
CM]

MI (11)
where

Cyr= 1 MPa MHZz "2

Pra(zm) is the attenuated peak-rarefactional acoustic pressure at the depth z,;,

Sawt is the acoustic-working frequency.

5.3 Determination of thermal index — general

The method of determination of the thermal index depends on the tissue model being
assumed (7IS, TIB or TIC tissue model) and, for the 7IS and TIB models, it requires the
calculation of ‘at surface’ and ‘below surface’ values and taking the larger. For combined-
operating modes, ‘at surface’ and ‘below surface’ contributions from scanning modes and
non-scanning modes are calculated and summed, the displayed 77 being the larger sum.

The determination methods for these ‘at surface’, ‘below surface’, ‘scanning’ and ‘non-
scanning’ components are described in the following sections.

NOTE 1 The thermal indices are steady state estimates based on the acoustic output power required to produce
a 1 °C temperature rise in tissue conforming to the “homogeneous tissue 0,3 dBem™'MHz" attenuation model” [1]
and may not be appropriate for radiation force imaging, or similar techniques that employ pulses or pulse bursts of
sufficient duration to create a significant transient temperature rise. [2].

NOTE 2 At present the heat conduction from transducer surface is not evaluated nor included in the methods for
determining the exposure parameters. See Annex C.

5.4 Determination of thermal index in non-scanning mode
5.4.1 Determination of soft tissue thermal index for non-scanning modes

5.4.1.1 Determination of soft tissue thermal index at-surface for non-scanning
modes, TIS;s ns

For each transmit pattern in a non-scanning mode the soft tissue thermal index at-
surface for a non-scanning mode, 7IS, s, Shall be calculated from:

TIS, = LiF /ey (12)
TIS 1
where
Crisqi = 210 mW MHz;
P4y is the bounded-square output power;
faws is the acoustic working frequency.

5.4.1.2 Determination of soft tissue thermal index 7IS below-surface for non-
scanning modes, T1Syq s

For each transmit pattern in a non-scanning mode, the depth for TIS, z.s, shall be
determined by the range along the beam axis to the plane at which the lower value of the
attenuated output power and the product of the attenuated spatial-peak temporal-average
intensity multiplied by 1 cm? is maximized. The position of the maximum value of this
parameter, for z 2 z,p, shall be zg .

z,,,=depthof max| min(l (z)x1cnt, P (z)) ] (13)

spta, a

NOTE See Annex A for discussion of the zg g 2 7z, convention.
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For each transmit pattern in a non-scanning mode the soft tissue thermal index below
surface for a non-scanning mode, TISys s, shall be calculated from:

_ P(x (Zs,ns ) f;wf

bs,ns

TIS (14)

7IS,1

or

_ ]spta, a (Zs,ns ) f;le

bs,ns —

TIS

(15)

7IS,2

whichever yields the smaller value,

where

Cris,1 = 210 mW MHz;

Crs2 = 210 mW cm™ MHz;

P, (Zgns) is the attenuated output power at z, ., the depth for TIS

Sawt is the acoustic working frequency;

Ispta.aZs,ns) 1S the attenuated spatial-peak temporal-average intensity at zg ¢, the depth for
TIS

NOTE As TISps s is to be determined on the beam axis, Ispta(z), may be approximated by taking the /i,(z) value
on the beam axis.

Thus, TIS,g s is determined at depth zg ¢ from:

Pa (Zs,ns )f;lwf Ispta,a (Zs,ns )f;iwf

TIS,, ., =min , (16)
TIS,1 CT[S,Z
[see Table A.2 “B”]
5.4.2 Determination of bone thermal index, 7/B, for non-scanning modes
5.4.21 Determination of bone thermal index at surface for non-scanning modes,

TICpg (= TIBgg ns)

For each transmit pattern in a non-scanning mode, the (cranial) bone thermal index at-
surface shall be calculated from:

P/D,
TIC =TIB, = d

as,ns ( 1 7)
CTIC

where
Cre = 40 mW cm™;
P is the output power;

Dgq  is the equivalent aperture diameter.

NOTE TIBgs ns is also known as the cranial bone thermal index, TICys.
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5.4.2.2 Determination of bone thermal index below-surface for non-scanning modes,
TIBbs ns

For each transmit pattern in a non-scanning mode, the depth for 7TIB shall be determined
from the dependence, on distance, of the product of the attenuated output power and the
attenuated spatial-peak temporal-average intensity, or equivalently the square root of this
product. The position of the maximum value of this product, for depths >= Zpps shall determine

Zb,ns*

2, =depthof max (BI (z)x1 (z)) (18)

spta,a

NOTE 1 See Annex A for discussion of the z, 5 2 z,,, convention.

The bone thermal index below-surface for non-scanning mode, 7783y s, shall be calculated
from:

TIB.. = \/P"‘ (Zb’ns )1 spta,cx (Zb,ns )

bs,ns
CTIB,I

(19)

or

Pa(zb,ns)

TIB2

TIB (20)

bs,ns —

whichever yields the smallest value;

where

Cripy =50 mW cm™;

Crign, =4,4mW,;

P,(zp ng) is the attenuated output power at the depth for TIB;

Ispta, o (Zp ns)is the attenuated spatial-peak temporal-average intensity at the depth for
TIB.

NOTE As TiByg s is to be determined on the beam axis, I5pa(z), may be approximated by taking the /5(z) value
on the beam axis.

Thus, TIBys s is determined at depth z, . from:

T]B — min \/Pa (Zb,ns )Ispta,a (Zb,ns ) ’ Pa (Zb,ns ) (21 )

bs,ns C
TIB|1 TIB,2

[see Table A.2 “D17]

5.5 Determination of thermal index in scanning modes
5.5.1 Determination of soft tissue thermal index for scanning modes

5.5.1.1 Determination of soft tissue thermal index at-surface for scanning modes,
TIS

as,sc

For each transmit pattern in a scanning mode, the soft tissue thermal index at-surface
shall be calculated from:
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TIS, .= —P1XC1 St (22)
TIS1
where
Crisq4 =210 mW MHz;
P41 is the bounded-square-output-power (z = 0);
faws is the acoustic working frequency.

5.5.1.2 Determination of soft tissue thermal index below-surface for scanning modes,
TISbs,sc

For each transmit pattern in a scanning mode the soft tissue thermal index below-surface
for a scanning mode, TISy ., shall be calculated from:

— TIS — P]X'l fe‘iwf (23)

as,sc
CT[S,I

118,

bs,sc

[see Table A.2 “B2”]

5.5.2 Determination of bone thermal index for scanning modes

5.5.2.1 Determination of bone thermal index at surface for scanning modes,
TICg, (=TIBas,sc)

The determination of the bone thermal index at-surface for scanning modes shall be

identical to that for bone thermal index at-surface for non-scanning modes, as specified in

5.4.2.1, except that Deq is calculated by using the scanned aperture area.

P/D,
TIC,=TIB, .= d

as,sc
CTI C

(24)

where

Crc =40 mW cm™;
P is the output power;

Dgq  is the equivalent aperture diameter.

NOTE TIB, is also known as the cranial bone thermal index, TIC,
5.5.2.2 Determination of bone thermal index below-surface for scanning mode, TIBy ¢

The bone thermal index below-surface, 7IByg o, shall be calculated from:

— T[S _ P1x1 fawf (25)

as,sc
C TiS1

T1B

bs,sc

where

Cris.1 = 210 mW MHz;

Pix1 is the bounded-square-output-power (z = 0);
Sawf is the acoustic working frequency.

[see Table A.2 “D.2"]
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5.6 Calculations for combined-operating mode
5.6.1 Acoustic working frequency

In a combined-operating mode with more than one type of transmit pattern employed
during the scan period, the acoustic working frequency shall be considered separately
for each different transmit pattern as appropriate in calculating the thermal index or the
mechanical index.

5.6.2 Thermal index

For combined-operating modes, the at-surface and the below-surface thermal index
contributions for each discrete-operating mode shall be calculated separately and the
individual values summed appropriately, as shown in Table 1. For TIC the location of the
maximum temperature increase is near the surface of the transducer assembly. For 7/B the
location of the maximum temperature increase depends on whether (as shown in Table 1) the at-
surface TIS-summation or the below-surface T/B-summation is larger. In the latter case, choose z,
as the depth corresponding to the non-scanning mode, 7By s , since the scanning mode
contribution to 7T/B, is estimated from the at-surface value. For 7IS the location of the maximum
temperature increase depends on the combination process. TIS shall be the summation of at-
surface TIS ¢ contributions for all modes, or the summation of below-surface TIS,¢ contributions for
all modes, whichever is the larger. If the at-surface TIS-summation is larger, zg is equal to O. If the
below-surface TIS-summation is larger choose zg as the depth corresponding to the non-scanning
mode, 7IS,s s, since the scanning mode contribution to 7ISy is estimated from the at-surface
value. Table 1 summarizes the combination formulae for each of the thermal index
categories.

Table 1 - Summary of combination formulae for each of the THERMAL INDEX categories

Thermal Combinations of discrete mode values of thermal index
index . . .
. ions for h discrete m re shown in Tables A.2
categories [equations for each discrete mode are sho ables ]
TIC _
T[Cas - TICas,ns T[ as,sc
Discrete non—scanned _TPs scanned _TPs
Modes
TIB
Max E TIS, ., E TIB,,
Discrete Discrete
Modes Modes
E TIS . + Max E TIS s » E TIB,
scanned _TPs non—scanned _TPs non—scanned _TPs
TIS
Max E TIS,, E TIS,,
Discrete Discrete
Modes Modes
E TIS,, . + Max E TIS, .. E TIS,, ..
scanned _TPs non—scanned _TPs non—scanned _TPs
NOTE ‘scanned_TPs’ means Scanned Transmit Patterns e.g. B mode, Color Mode
‘non-scanned_TPs’ means Non-Scanned Transmit Patterns e.g. Pulsed Doppler, CW, M
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5.6.3 Mechanical index

For combined-operating modes, the mechanical index shall be that for the discrete-
operating mode with the largest mechanical index.

5.7 Summary of measured quantities for index determination

Table 2 gives a summary of the acoustic quantities required for the determination of each of
the defined safety-related indices. Since attenuated quantities are derived by calculation from
associated measured free-field quantities, both attenuated and free-field quantities are
included.

Table 2 - Summary of the acoustic quantities required
for the determination of the indices

Index | MI TISas TISps TIBps TIC (TIB,s)
(at surface) (below surface) (below surface) (at surface)
Scanning Scanning Scanning Scanning
Mode and . sc:::i-ng scgg:i-ng and .
non-scanning | (=71S,¢ sc) (= T1S;5s sc) non-scanning
Jawf at Zp;i | X X X X X X
P X
Pyyq X X X
P, X X
Ispta«a X X
pii X X X
pii, X X X
Pr.a X
deq X
Dggq X
Zbp X X X
Zs.ns X
Zb.ns X
Zyr X
Zpii X X X
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Annex A
(informative)

Rationale and derivation of index models

A.1 Overview

This annex provides in summary a rationale and derivation guidance for the formulas
presented in the body of this standard for mechanical index and thermal index. Numerous
references are made to the root publications from which the formulas were derived. As will be
discussed in the derivation notes that follow, key parts of the M/ and 77 models rely on
experimental data. This annex does not attempt to do more than describe relevant results of
the experiments. A thorough reading of the referenced papers is strongly recommended in
order to obtain a full understanding of the model derivation notes presented herein.

The relationship of various acoustic output parameters (for example, acoustic intensity,
pressure, power, etc.) to biological endpoints is not well understood at the present time.
Evidence to date has identified two fundamental mechanisms, thermal and mechanical, by
which ultrasound may induce bio-effects [12,13]. This standard provides a uniform means for
the calculation of acoustic output parameters relevant to these potential biological effects.
The rationale behind these calculation methods is twofold:

a) that information be provided that is representative of what is occurring in vivo with regard
to mechanical and thermal bio-effects. It is for this reason that indices were chosen as
opposed to absolute quantities not shown to have a direct correlation to bio-effects;

b) that ultrasonically induced heating and acoustic pressure levels should be maintained at a
level as low as practical while still providing acceptable diagnostic information (the
"ALARA Principle").

A.2 General rationale

A.21 Rationale for attenuation coefficient of the tissue path used

The absorption coefficient of typical soft tissue is 0,87 dB cm™" MHz™'. Since the
attenuation coefficient includes scattering and diffusion as well as absorption, the
attenuation coefficient is always greater than the absorption coefficient for the same
tissue and conditions. However, the attenuation coefficient of 0,3 dB cm™ MHz' is
frequently used to provide a conservative safety margin when modelling the attenuation of
the sound path reaching a target tissue.

The choice of a homogeneous tissue path to the region of interest and an acoustic
attenuation coefficient of 0,3 dB cm™ MHz™' is a compromise. Other attenuation models
were evaluated and rejected, such as fixed distance models [14] and the use of a
homogeneous tissue model with an attenuation coefficient of 0,5 dB cm™' MHz™', a value more
representative of many radiological and cardiac imaging applications. However, use of more
than one attenuation model would entail an increase in equipment complexity and could
create a further need for user input to select appropriate attenuation schemes. With the
selected compromise in the attenuation model, the mechanical index and thermal index are
simple to implement and use and, most importantly, are sufficient to allow users to minimize
acoustic output and any corresponding potential mechanical or thermal bio-effects.

A.2.2 Thermal properties of tissue used in calculation of the thermal index

The rationale related to tissue properties used in the determination of the thermal index (77)
is given in [14,22,25,27].

A.2.3 Mechanical properties of tissue used in calculation of the mechanical index
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The rationale related to tissue properties used in the determination of the mechanical index
(MI) is given in [21,22,24,27].

A.3 Mechanical index (MI)

A.3.1 Rationale

A mechanical index is selected as a value to be calculated as an indicator related to
mechanical effects. The index is intended to estimate the potential for mechanical bio-effects.
Examples of mechanical effects include motion (or streaming) around compressible gas
bubbles as ultrasound pressure waves pass through tissues, and energy released in the
inertial collapse, i.e., cavitation, of micrometer-sized gas bubbles.

While no adverse mechanical bio-effects in humans have been reported to date from
exposure to ultrasound output levels typical of ultrasonic diagnostic equipment, several
observations have contributed to the development of the mechanical index.

— In lithotripsy, mechanical bio-effects are induced by ultrasound with peak pressures in the
same range as those that are sometimes used in diagnostic imaging, albeit at significantly
lower frequencies.

— In vitro experiments and observations with lower organisms have demonstrated the
possibility of cavitation at ultrasound peak pressures and frequencies in ranges utilized by
some ultrasonic diagnostic equipment [15].

— Lung haemorrhage has been demonstrated in several laboratory animal models exposed
to levels of pulsed ultrasound similar to those used in ultrasonic diagnostic equipment.
Although this effect has been demonstrated in juvenile and adult animals, similar effects
have not been found in foetuses [16,17].

A.3.2 Derivation notes

The conditions that affect the likelihood of mechanical effects are not yet well understood;
however, it is generally agreed that the likelihood increases as peak-rarefactional acoustic
pressure increases, and decreases as the ultrasound frequency increases. Further, it is
generally believed to be a threshold effect, such that no effect occurs unless a certain output
level is exceeded [18,19,20].

While the existing limited experimental data [21] suggest a linear frequency relationship, a
more conservative root-frequency relationship was selected. The mechanical index is
defined as in 3.32 as

— pr,a (ZM[)>< awf o

CM]

MI

(A1)

where

Cy; =1 MPa MHz "2

Pro(zyp) is the attenuated peak-rarefactional acoustic pressure at the depth z,,
Zyg1 is the depth for MT

Sawt is the acoustic-working frequency.

The convention adopted in [22] and continued here is to use the p, , value determined at the
position on the beam axis of maximum attenuated pulse-intensity integral, z,,,. The intent is
to reduce measurement burden, as the position and value of p, (z,,,) is assumed to be close
to the position and value of the maximum p. (z). This assumption is more accurate when
pressure wave propagation is more nearly linear. While, the position and value of the
maximum p, , (z) diverges (typically becoming shallower and larger) from that of p, , (z),) as
the effects of nonlinear propagation become more pronounced.
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A.4 Thermal index (77)

A.4.1 Rationales
A.4.1.1 General

The relationship between temperature rise and thermal bio-effects in tissues is well
established (numerous studies,[1,5,7,8,14,23,24]). While present acoustic output
measurement parameters, such as

P output power,
Itz temporal-average intensity, and
Ispta spatial-peak temporal-average intensity

are not suitable individually as indicators or estimators of ultrasound-induced temperature
rise, combinations of these parameters (together with specific geometric information) can be
used to calculate indices that provide an estimate of risk of hazard from temperature rise in
soft tissue or bone.

Because of the difficulties of anticipating and thermally modelling the many possible
ultrasound scan planes of the human body, simplified models based on average conditions
are used. Three user-selectable thermal index categories corresponding to different
anatomical combinations of soft tissue and bone that are encountered in imaging applications
are defined (see Table A.1). Each category uses one or more TI-models. Values for each
model listed in Table A.1 are calculated and the larger or largest value is displayed.

A.4.1.2 Rationale for the location of the maximum temperature increase

The location of the maximum temperature increase depends on the ultrasound propagation
conditions in the human body. The maximum temperature increase is assumed to be near the
surface if the ultrasound beam passes through bone near the surface (TIC). For TIB, the
assumption is that the maximum temperature rise is either below the surface at the
tissue/bone interface, or at the soft tissue surface, thus the at-surface soft tissue equation
(Equation A in Table A.2) and the below-surface bone equation (Equation D in Table A.2)) are
both calculated and the maximum displayed. Likewise, for the homogeneous soft tissue
model, the maximum temperature rise may be at the surface or below the surface, so TIS is
the maximum value of the results of evaluating Equations A and B in Table A.2.

A.4.1.3 Rationale for choosing a break-point depth (sz)

Searching the beam axis methodically up to but no closer than the break-point depth, Zhps is
imposed on the measurement of all below-surface 77 parameters.

The intent of the z,, as originally stated [22] was to prevent measurements from being made
in the acoustic fielcftoo close to the transducer. One reason for this is to reduce violation of
the assumption that acoustic particle velocity and pressure are in phase when estimating the
pulse-intensity integral, (pii), from the pulse-pressure-squared integral, (ppsi).

NOTE 1 As discussed in section A.4.1.6 and A.4.1.7, below-surface thermal index values are basically functions
of acoustic power, and the mechanical index is a function of acoustic pressure. Therefore the phase between
particle velocity and acoustic pressure may not seem so important. However due to the approximations and
conventions used in this standard, the measurement of intensity, by way of the pulse-pressure-squared integral
is required.

NOTE 2 In AIUM / NEMA measurement standards prior to UD-3 ([22] and all previous editions thereof), a break-
point value of z_min = min(X_Dim, Y_Dim), i.e. the minimum dimension of the active transmit aperture, was used.
This value proved to be inside the acoustic field close to the transducer of some transducer/system combinations.
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A4.1.4 Rationale for the bounded-square output power and attenuated bounded-
square output power

As discussed in A.4.1.2, A.4.3.1 and A.4.3.2, for the soft tissue case, the interaction between
acoustic beam dimensions and the cooling effect of perfusion determines the position of
maximum temperature increase. A perfusion rate characterized by a perfusion Iength of 1 cm
is assumed. This translates to a situation where, for beam areas less than 1 cm? ; output
power is the relevant power parameter, and for beam areas greater than 1 cm? , Spatial
average acoustic intensity multiplied by 1 cm? is the relevant power parameter. This Ieads to
the concept of the bounded-square output power, P4, as the power parameter "at-
surface", and the “attenuated bounded-square output power, P,,,, (z), as the power
parameter "below-surface".

Interpretation of [25] and the information in [22] have led previously, in [22], to using

§ ='output power per unit scan length’ as the power parameter of interest for ‘at-surface’

TIS estimates for scanning modes. In Edition 1 of this standard ; was symbolized as P,

and titled the ‘bounded output power’. Edition 1 of this standard also used an approximation
of the, presently used, bounded-square output power, P,,4, for the at-surface TIS for non-
scanning modes, calculated only when the output beam area, 4., is <= 1,0 cm?, and an
approximation of attenuated bounded square output power, P, , (2), for below surface
non-scanning modes).

In the present 2" edition of the |[EC 62359 standard the at-surface TIS-equations for all
modes (scanning and non-scanning) use P;,4. And the at-surface TIS is calculated for all
aperture sizes. This is rationalized as follows:

A) Clearly P44 should be used for non-scanning modes for the at-surface TIS and P4,4 , (2)
for the below surface TIS.

B) There is an expectation that scanned mode and non-scanned mode 7I/S values should
converge smoothly as the number of scan lines narrows to 1 (from the scanned mode
case to the non-scanned mode case). This occurs when P, is used for both cases.

C) A maijority of the 70 probes/cases simulated in [25] had Y aperture dimensions (‘transducer

width’) < 1,0 cm, in which case ;(P1) and P44 yield the same numerical magnitude.

D) Many modern diagnostic ultrasound scanners and probes are capable of scanning in

multiple scan planes (e.g. 3D / 4D scanning). The previously used ;( Py) parameter

(‘power per unit length in the scan direction’) is ill-defined and/or inadequate for these
cases.

An approximation of the attenuated bounded-square output power is used in equation B in
Table A.2, for the below-surface TIS.

A.4.1.5 Rationale for at surface 77 in non-scanning mode and scanning mode

Implementation of the soft tissue thermal index (77S) assumes a homogenous tissue-path
model. One basic equation covers all cases for the at-surface case, scanning modes (such
as colour-flow mapping and B-mode) and non-scanning modes (such as Doppler and M-
mode).

Interpretation of [25] and the information in A.4.3 have led previously to using

; = 'output power per unit scan length’ as the power parameter of interest for ‘at-surface’

TIS estimates for scanning modes. In Edition 1 of this standard § was symbolized as Py

and titled the ‘bounded output power’. Edition 1 of this standard also used an approximation
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of the, presently used, bounded-square output power, P,,4, for the at-surface TIS for non-
scanning modes, calculated only when the output beam area, 4,,, is < 1,0 cm?, and an
approximation of attenuated bounded-square output power, P4, (2), for below-surface
non-scanning modes.

In the present second edition of the |[EC 62359 standard the at-surface TIS-equations for all
modes (scanning and non-scanning) use P;,4. And the at-surface TIS is calculated for all
aperture sizes. This is rationalized as follows:

a) There is an expectation that scanning mode and non-scanning mode 7IS values should
converge smoothly as the number of scan lines narrows to 1 (non-scanned), and as the depth of
interest moves from ‘below the surface’ (z > 0) to the surface (z = 0).

b) A majority of the 70 probes/cases simulated in [25] and mentioned in A.4.3 had Y aperture

dimensions (‘transducer width’) less than or equal to 1,0 cm, in which case § and P44 yield the

same numerical magnitude.

c) The derivation note presented in A.4.3.2, and in previous editions of this standard, for non-
scanning modes states that, for both the below-surface and the at-surface case, when beam
areas are < 1cm® the power controls the heating of tissue and for beam areas > 1cm?, the spatial-
average intensity controls the heating of tissue. This rationale is extended here to apply to
scanning as well as non-scanning modes.

d) Many modern diagnostic ultrasound scanners and probes are capable of scanning in multiple scan
planes (e.g. 3D / 4D scanning). The previously used ; parameter (‘power per unit length in the

scan direction’) is ill-defined and/or inadequate for these cases.

If the dimensions of the active aperture are larger than 1 cm x 1 cm, then the thermal
perfusion length of one centimetre [1 cm] is assumed to be exceeded. In this case the
bounded-square output power is measured by a force balance using an intermediate
absorbing mask with a one-square centimetre window (the mask is 1 cm x 1cm square), or by
other masking means (e.g., electronic), or the bounded-square output power may be
measured via hydrophone planar scanning.

For the at-surface TIS equation, tha(z)is the bounded-square output power, F,,, and

x1

equation A results. (See Table A.2)

The TIB (bone below-surface) and TIC (bone at surface) equations are fundamentally the
same. For TIC the non-attenuated power is used, since it is an at-surface estimate. These
approximations are discussed in A.4.1.4. (See Table A.2)

NOTE Temperature rise in tissue due to transducer surface self-heating has not been taken into account in the
determination of the thermal index [10]. See Annex C.

A.4.1.6 Rationale for below surface 77 in non-scanning mode

In applying the basic TIS equation to the below-surface case, the parameterP1X1,a(z) is

approximated by using min([gpta’a(z)xlcnf,lfl(z)) as described in A.4.3.2, leading to equation
B.1in Table A.2.

For the bone-at-focus model, a different formulation is required for the power (Pyq,)
necessary to raise the bone temperature 1°C at an axial distance of zj, . This different
formulation is due to the observation that bone absorbs and dissipates acoustic power
differently than soft tissue. The theory of this Py.,-formulation has been extensively
developed in numerous published documents [1,12,14, %3]. The discussion in A.4.3.4 refers
to key conclusions from these reports.
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A.4.1.7 Rationale for below surface 77 in scanning mode

Edition 1 of this standard, and [22], did not specify equations for below- surface 7IS or TIB for
scanning modes. This omission was intentional.

In Edition 1, and in [22], the claim is made that for most scanning mode cases the
below surface temperature in soft tissue and in bone is less than the at-surface temperature
in soft tissue. Specifically (from [22] ): ‘the (at-surface, scanning) soft tissue model is used
because the temperature increase at the surface is usually greater than or about the same as
with the bone at the focus.

This assumption may be true in most cases.

e The paper [25] is referenced as proof for the soft tissue below-surface case.

e Nothing is offered as proof for the bone below-surface case.

However, if there are non-scanning mode cases where the below-surface heating is greater
than at-surface soft tissue heating, then it seems reasonable that there are a significant
number of scanning mode operating conditions where the below-surface heating is larger
than at-surface soft tissue heating.

e This seems particularly reasonable for the bone below-surface case.

e An ultrasound system operating condition with a narrow scan width should have heating
characteristics approaching the non-scanned case. See [26].

Note that whether or not for scanning modes the at-surface soft tissue temperature rise
exceeds the temperature rise in soft tissue or bone below-surface; in calculating the 77 for
combined modes, the below-surface contribution from scanning modes should not be
neglected, and the below-surface sum (see Table 1) may be higher than the at-surface sum.
So in Edition 2 equations for below-surface TIB and TIS for scanning modes are provided
and are to be included in the below-surface sums.

An equation for the below surface TIS for scanning modes could be arrived at using the
same principles applied in Edition 1 and [22] for deriving the below-surface TIS for non-
scanning modes and the at-surface TIS for scanning modes. However, this Edition (Ed. 2)
of the standard is not following that approach. Similarly, an equation for the below surface TIB
for scanning modes could be arrived at using the same principals applied in Edition 1 and
[22] for deriving the below-surface TIB for non-scanning modes and the at-surface TIB.
However, again, Edition 2 is not following that approach.

There is considerably increased complexity and time associated with the measurement and

estimation of Pm,a(z) and dgq4(z) in scanning modes, and this is even more difficult in 3D

and 4D scanning modes. It is preferable to choose formulas which give both reasonable
results and which can be reasonably implemented in industrial measurement labs, where the
constraints on measurement time and complexity must be considered. For the below-surface

non-scanning mode case, suitable approximations for P, a(z) and deq(z) were made in

Edition 1 and [22]. But for scanning modes the complexity of approximations for Pm’a(z) and
deq(z) is significantly increased or their suitability are not well understood.

Therefore, use is made in Edition 2 of the claim in 62359 Edition 1 and in [22] that for most
scanning mode cases the below surface temperature in soft tissue and in bone is less than
the at-surface temperature in soft tissue. Though limited support for the claim is given in
Edition 1 and in[22] particularly for the bone below-surface case, and though it seems
reasonable that the claim is not true for some number of scanning mode operating

conditions, this claim remains in Edition 2 and is made use of by setting the TIS, . and

the TIB, .. equal to the TIS

S,sC as,sc
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This compromise solution generally meets the requirement of satisfying the boundary
conditions:

a) smooth convergence to the value of the TIB (or TIS) for non-scanning modes as the
number of ultrasonic scan lines goes to one,

b) convergence to the at-surface TIB (or TIS) value as the region of interest moves from
below-surface to the surface (z = 0).

NOTE Convergence does not happen, strictly speaking, when different approximations are used below-surface
and at-surface. For instance, for non-scanning mode TIB, TIB,s, Deq (at-surface) and dgqy (below-surface) are
approximated using different formulas. For non-scanning mode T1IS, TISs, P4 is estimated differently at-surface
and below-surface. In the case of scanning modes, the below-surface TIB won’t converge with the at-surface TIB
(TIC), due to setting TIByg s €qual to TS5 o¢

Table A.1 — Thermal index categories and models

Thermal Index category Thermal Index models
Non-scanning mode Scanning mode
TIS (soft tissue) A)  Soft tissue at-surface: A)  Soft tissue at-surface:
non-scanning and scanning. non-scanning and scanning.
B.1) Soft tissue below-surface: non- B.2) Soft tissue below-surface:
scanning scanning. (= Equation A)
TIC=TIB, (bone at-surface) C) Bone at-surface: non-scanning C) Bone at-surface: non-scanning
and scanning and scanning
TIBy, (bone below-surface) A)  Soft tissue at-surface: A)  Soft tissue at-surface:
non-scanning and scanning. non-scanning and scanning.
D.1) Bone below-surface: non- D.2) Bone below-surface:
scanning -scanning. (=Equation A)

A.4.2 Derivation notes - General
A.4.21 Derivation of break-point depth
The expression for break-point depth in this edition is

Zp  =15% Deg (A.2)

Deq is defined as the ‘circular-equivalent’ geometric mean diameter (the equivalent aperture

diameter) of the transmit aperture for a single pulse of the transmit pattern being measured.

4
D, =.|—A, =1,13,/4, (A.3)

b
where 4, is the output beam area.
Thus, for scanning modes or non-scanning modes, the same value of z,, will be obtained if

the ultrasonic scan lines (or at least the ‘central scan line’ of the lines making up the scan)
use the same aperture and nominal focal point.

Figure A.1 shows a typical case. Here the focal point of the transducer and the position of
maximum attenuated spatial-peak temporal-average intensity are shown to occur deeper than
1,5 X Dy

b q




BS EN 62359:2011
62359 © IEC:2010 - 37 -

60

50

40

30

20

Pg or Ispta o X 1 cm2 (mW)

Zbp Zs,ns IEC 2144/10

Key

1: graph of Ispta, x 1 cm?,
2: graph of P,,

3: point where Pp= P (zs ns)=Ispta. X 1 cM*

Figure A.1 — Focusing transducer with a f-number of about 7
For low f-number transmit conditions the ‘legitimate’ depth of maximum pii (including the
focal point) might validly be shallower than 1,5 x D,. As pressure levels may be high in this

region the definition of Zpp in this standard is only used for the determination of 71. Figure A.2
gives an example of such a situation.

NOTE The f-number denotes the ratio of the geometric focal length to the transducer aperture width in a
specified longitudinal plane as defined in |EC 61828.
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IEC 2145/10
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1: graph of Igpa.q % 1 cm?,
2: graph of P,

3: point where Py= P,(zs ns)

zy1 is closer to the transducer surface than 1,5 x Deq

Figure A.2 — Strongly focusing transducer with a low f-number of about 1

Close to the transducer acoustic field undulations and side lobe levels can vary from
transducer to transducer of the same model type as sensitive functions of production
tolerances. In most cases, adherence to the z,, definition should serve to keep hydrophones
not too close to the transducer, helping to obtain consistent intra-model measurement results
and ‘tighter’ statistics. However, as shown in Figure A.3, if the undulations are extensive the
determined value of z,, may be close to the transducer.
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Figure A.3 — Focusing transducer (f-number = 10) with severe
undulations close to the transducer

Another effect of employing the break-point-depth is that some separation between the at-
surface and below-surface thermal indices positions is created. Thus, instead of finding the 77
as the maximum value over all z values, including z = 0, (as discussed in A.4), we have two
regions, z = 0 and z > z,,, for 77.

Of course, one of the negative consequences of employing the break-point-depth, is the
creation of a non-interrogated region which may contain the location of maximum 77.

To prevent collisions of expensive hydrophones into transducers being tested, care must be
exercised when performing scans closer to the transducer than the break-point depth as
required, if necessary, to find the depth for mechanical index (z,,;). This would happen with
greater frequency if searching the beam axis all the way to the transducer surface were
required. This could happen for probes with shallow focusing and/or high amplitude
undulations close to the transducer.

Another effect of using Zpps though not its intended purpose, is to obscure the fact that the
below-surface 7/ values do not converge continuously to the at-surface 77 values as z
approaches 0. This is because different approximations for Py, and dgq (Dgq) are used at-
surface and below-surface. See A.4.1 and A.4.1.5 Note a.

A.4.2.2 Thermal index

In this annex the thermal index, 77, is defined by the relationship

P
Tl = P" (A.4)

deg

where

Py is the power parameter as defined in this annex, and

Pyeg is the estimated power necessary to raise the target tissue 1 °C, based on the thermal
models discussed in this annex.

The derivation of the temperature rise estimation models requires the understanding of four
key concepts/parameters.
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A.4.2.3 Attenuated output power and attenuated intensity

The attenuated output power and attenuated intensity are functions of the non-attenuated
values, depth and the acoustic attenuation coefficient. Attenuated output power and
attenuated intensity are denoted by the subscript «. Parameters without the subscript refer
to non-attenuated values measured in water. Thus the attenuated output power P, at a
distance z is defined as

P,(z)=P10" /w0 (A.5)
where
P is the output power,
o is the acoustic attenuation coefficient,
faws is the acoustic working frequency, and
z is the distance from the external transducer aperture to the point of interest

The attenuated spatial-peak temporal-average intensity is denoted:

Lo (2) =1, (2)10077 T 1000) (A.6)

spta,a

where
Ispta(z) is the spatial-peak temporal-average intensity at distance z,

a is the acoustic attenuation coefficient,
Saws is the acoustic-working frequency, and
z is the distance from the external transducer aperture to the point of interest.

A.4.24 Derivation of the equivalent beam area

The equivalent beam area, 4., is defined as

Pz P
Aqle)=- d () e (A7)
spta, a Z spta z
where
P (z2) is the attenuated output power at distance z,
Ispta.a(2) is the attenuated spatial-peak temporal-average intensity at distance z,
P is the output power,
Ispta(z) is the spatial-peak temporal-average intensity at distance z, and
z is the distance from the external transducer aperture to the specified point.
A.4.2.5 Derivation of the equivalent beam diameter
The equivalent beam diameter, d.q, is defined as
4 Pz
d,6)= 2 ) = 2L a9
n Tc[spta,a(z)

where

Aeq(Z) is the equivalent beam area at distance z,
P (z2) is the attenuated output power at distance z, and
1

spta.a(?) is the attenuated spatial-peak temporal-average intensity at distance -.
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A minimum beamwidth of one millimetre (0,1 cm) is assumed because of the practical
difficulty of holding a small beam steady on one target location. Therefore, for these
derivations

4 P(z)
d = —A4 ,0.1 = 2 |————,0l A9
e (z) max [ = e (z) cmj max . (z) cm (A.9)

This minimum beamwidth assumption is referred to in context in later sections of this annex.

A.4.3 Derivation notes for the thermal models used

As discussed in A.4.1 and in Table A.1, three thermal indices are defined, the TIS, the TIB
and the TIC. Four temperature-rise estimation equations are used in calculating the 77’s, as
defined in Clause 5 of this standard. For the purposes of discussion and derivation, these four
models are identified in Table A.2.

The soft tissue equations (A and B of Table A.2) are based on one model, derived primarily
from a theoretical and experimental analysis [25,27]. According to [25], the mediating factor
for temperature rise at the surface is the absorbed power per unit scan length, u, f[P/X], that
normalizes the effect of frequency on the temperature rise (where uq is the acoustic
absorption coefficient in Np cm’™” MHz'1). A series of calculations on 70 transducers of the
absorbed power per unit scan length that caused a 1 °C rise at the skin surface produced
results centred about:

Ho fowi[Preg / X1=21Np mW /cm® (A10)

This is a key concept in the development of the 77S models. A careful study of [25] is strongly
recommended to ensure a thorough understanding of this important concept.

NOTE In [25] a study of typical linear array transducers available in 1991 is presented. Validation of the concept
for more sophisticated modern transducers (e.g. 1,5 and 2D arrays) and 3D scanning formats has not yet been
published.

For this study, the acoustic absorption coefficient intensity was selected as yy = 0,1 NP
cm-1 MHz—1, a value typical of soft tissue. The average perfusion rate for soft tissue has
been estimated as the cardiac output divided by the body mass, resulting in a corresponding
typical perfusion length of 1,0 cm. Selecting the unit scan length, X, as the perfusion length
and combining these experimental approximations with equation A.10 results in the power
required to cause a 1 °C temperature rise at the surface as

p - (21 mW -cm™) (1,0 cm) . 210 mW MHz A1)
“€ " (0,8686dB-cm™ -MHz") (f..,) fie '

This Py, formula is shared by both the at-surface soft tissue equation (Equation A of Table
A.2) and the below-surface soft tissue equation (eq. B.2 of Table A.2). In this standard, the
value of 210 mW MHz is incorporated in constants Cy;5 1 and Cyyg ».
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Table A.2 — Consolidated thermal index formulae

Name

Formula

A Soft tissue at-surface
non-scanning and scanning

(see 5.4.1.1 and 5.5.1.1)

T[S — P]X1 awf

TIS |1

B.1 Soft tissue below-surface
non-scanning

(see 5.4.1.2)

B.2 Soft tissue below-surface
scanning

Pa (Zs,ns )fawf [spta,tz (Zs,ns )fawf

=min ,
TIS,1 CTIS,Z

TIS

bs,ns

NOTE 1

Zs.ns = Zbp
NOTE 2 Where min[Pu (z),ISpta’a(z)} is an approximation of

Pra(2)

NOTE 3 Ispta, «(z) may be approximated by taking the Ii,, . (2)
value on the beam axis.

P,
T[Sbssc :TISassc: M
’ ’ CT]S 1
(see 5.4.1.2 and 5.5.1.2) ’
C Bone at surface

non-scanning and scanning P/D

TIC =TIB, = =
TIC

(see 5.4.2.1 and 5.5.2.1)

D.1 Bone below-surface

non-scanning

(see 5.4.2.2)

D.2 Bone below-surface

scanning

(see 5.5.2.2)

_ min \/Pa (Zb,ns )Ispta,a (Zb,ns ) ’ Pa (Zb,ns )

bs,ns C
TIB,1 TIB2

TIB

NOTE 1

Zb.ns = Zbp

NOTE 2 I5pia.4(z) may be approximated by taking the /iy, . (2)
value on the beam axis.

— PIX1 fawf
CTIS,I
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A.4.3.1 Derivation notes for soft tissue thermal index at-surface for non-scanning

and scanning modes (7T1S,q ns » TIS ¢ sc)

As noted in A.4.1.4, temperature increase in soft tissue is determined by the bounded-
square output power.

Power from the one square-centimetre of the radiating- or active-aperture emitting the
maximum value of the time average acoustic output power is measured (see Figure B.3). For
active apertures having a scan dimension less than one centimetre in each dimension, no
mask is necessary. The result of these power measurements, the bounded-square output
power, P44, is the power parameter used in the 7T/-formula for soft tissue at-surface.

Combining the bounded-square output power with the power required to cause a 1 °C temperature
rise, Pyegs (equation A.11) into the general T/-formula (equation A.4) yields the soft tissue at-surface
model for scanning modes and non-scanning modes.

TIS, = P Jowr (A12)

TIS,1

where
Crisq1 = 210 mW MHz

A.4.3.2 Derivation notes for soft tissue thermal index below-surface for non-
scanning mode (T1S\g ,s)

As discussed in A.4.2 and A.4.3 the perfusion assumption (1 cm thermal perfusion length) is
critical to determining the location of the maximum temperature mcrease Theory derived for a
heated cylinder suggests that if the beam area is less than 1 cm?, the Eower in the beam
controls the temperature rise [14]. If the beam area is greater than 1 cm?®, intensity controls
the temperature rise. Therefore, the power parameter Py used in the numerator of the
general formula (equation A.4) for narrow beams [beam area < 1 cm?] is the attenuated
output power, P,(z) and for broad beams [beam area > 1 cm ] the power parameter is the
attenuated spatial- average temporal-average intensity, / ;. (2), muIt|pI|ed by an area of
1 ¢m? (Isataq X 1 €M), where the spatial averaging is carried out over a 1 cm? area.

Attenuated bounded -square output power’, P 4, (2) is deflned as P,(z) when the beam
area is < 1 cm” and Isataa X 1 cm® when the beam area is > 1 cm?, where Isata.q 1S the spatial
average over the 1 cm x 1 cm area yielding the highest value.

Thus, for any location z on the beam axis, the local power parameter is P;,q . (z) and the
power parameter P, used in the numerator of the general formula (equation A.4) is then:

P max I:Plxl a(Z):I

>z bp

(A.13)

Approximation Used:

Considering the measurement complexity and time associated with precise measurement of
Pi41.0 (z), Edition 2 of the standard chooses an approximation of the local power parameter,
using the equivalent beam area and using the attenuated spatial-peak temporal-average
intensity, assumed to occur on the beam axis, rather than the spatial-average intensity.
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P \z
Thus when the equivalent beam area, (Aeq(z)= ﬁ()—)) is < 1.cm? the attenuated output
spta,

power, P,(z), is the local power parameter and when Agqy(2) is > 1 cm?, Ispta,a(z) x 1 cm?is the
local power parameter.

That is, the local power parameter at a particular depth z is min(P,(z), Lspia,a(z) X 1 sz) and:

P = maxlmm(P (2), 1y o (z)x1cm’ )J (A14)

Z>Z

This is a conservative approximation. The conservative nature of the approximation is further
described in the following three notes:

NOTE 1 Equatlons such as A.17, A.18 and A.19 indicate that it is the -6 dB area which should be compared
against the 1 cm? threshold, and equation A.29 shows that the -6 dB area is larger than 4.

NOTE 2 Because Ispta.a(2) 18 > Igataq(2) (averaged over 1x1 cm? and multiplied by 1 cm?, = P1y1.4(2)), then when

afe)= 28

Ispta a[Z)
power in the numerator can be larger than the power |n a 1 cm? beam area (larger than Pq44,,(2)). So for Agqg(2) <
1 cm? s P1x1,0(2) € Py(2) < Ispta.q(2), and for Aeq(z) > 1 cm? s P1x1.a(2)< Ispta, a(2) < Py(2).

= 1 c¢cm? the actual -6dB beam area, per equation A.29, is larger than 1 cm?, and therefore the

NOTE 3 Because Aeq is smaller than the -6 dB area (AG), then it is obviously < 1 cm? when Agis < 1 cm?, and
acoustic power is the power parameter (controls heating), in this case.

For the region 1 O cm? < AG < 1,28 cm? , Aeq remains < 1,0, and the attenuated output power, P,, is used instead
of Isptaq X 1 cm? as the ‘power parameter Thls is conservative (an over-estimate) for this region, because
obviously the power passing through a 1,28 cm? area is > than the power through a 1 cm? area (P1x1.¢), and both

are smaller than 7 x 1cm?. So Py <P<I, x 1 .cm?

spta.a spta.a

Lastly, for 46 > 1,28 cm? the intensity (x 1 cm?) is belng used as the power parameter as it should be Ispta.q X
1 cm? is being used, which is always > I aa, X 1 cm? (P41, When the spatial average is over 1 cm?); so this is
conservative (Ispia, X 1CM? > Pyyyq ).

Combining the power parameter expressed in equation A.14 with the power required to
cause a 1 °C temperature rise, Py, (Equation A.11) into the general T/-formula (equation
A.4) yields the soft tissue thermal index below-surface for non-scanning modes

PtZ (Zs ns )fawf ]spta,(x (Zs,ns )ﬁwf

= max | min : ,
2>z, CT]S,I CT]S,Z

T1S,

(A.15)

bs,ns

where

Cris.4 = 210 mW MHz;
Crisp =210 mW cm™ MHz.

Figures A.4, A.5, A.6, and A.7 illustrate examples of possible locations and values of the
power parameter (Equation A.14). These figures demonstrate examples of possible
relationships between the intensity (Ig,,4(2z) X 1 cm ) and power (P,(z)) curves. Values within
the region less than the break-point cf)epth (z < sz) are not considered.

It is helpful to consider what these curves indicate about beam focusing. Because the
equivalent beam area, 4., is the ratio of P,(z) to Igp5.4(2), in regions where the mtensrgl
curve is below (less than) the power curve, the equrvai) nt beam area is greater than 1 cm
Similarly, where the intensity curve is above (greater than) the power curve the equrvalent
beam area is less than 1cm? The equivalent beam area is 1 cm? where the curves
intersect.

Frgure A.4 shows a focused beam for which the equivalent beam area first decreases to
1 cm?, that is, the curves intersect at a depth greater than the break-point depth. The
maximum value of the local power parameter is found at this intersection, and the location is
denoted zg .
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Figure A.5 might represent a focused transducer with somewhat smaller aperture. At the
break-point depth, the equivalent beam area is already less than 1 cm?. The maximum
value of the local power parameter, P,(z), is the attenuated output power at the break-
point depth, and Zg ns is at the break-point depth.

Figure A.6 might represent a focusing transducer with a relatively weak focus just beyond the
break-point depth. This local intensity maximum may result from the elevation focus of a
rectangular aperture transducer or, perhaps, a close to the transducer effect beyond the
break-point depth. In this example, the location, zg .5, of the local power parameter
maximum is at the weak focus. The value of the power parameter is Ispta,a(z) x 1 cm?.

Figure A.7 represents a weakly focused transducer. The equivalent beam diameter always
exceeds 1 cm? While such an example is unlikely in diagnostic ultrasound applications, the
example is provided for the sake of a complete understanding of the model. The distribution of
the local power parameter with depth is the intensity curve. The power parameter is the

maximum value of the gy, .(2) x 1 cm?®. zg s is at the location on the beam axis of this
maximum.
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Figure A.7 — Weakly focusing transducer

A.4.3.3 Derivation notes for soft tissue thermal index below-surface for scanning
modes, (TISyg ¢ )

An equation for the below surface TIS for scanning modes could be arrived at using the
same principals applied in Edition 1 and [22] for deriving the below-surface TIS for non-
scanning modes and the at-surface 7IS for scanning modes. However, this Edition (Ed. 2)
of the standard is not following that approach.

There is considerably increased complexity and time associated with the measurement and
estimation of P4,4, (z) in scanning modes, and this is even more difficult in 3D and 4D
scanning modes. It is preferable to choose formulas which give both reasonable results and
which can be reasonably implemented in industrial measurement labs, where the constraints
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on measurement time and complexity must be considered. For the below-surface non-
scanning mode case, suitable approximations for P,,4 , (z) were made in Edition 1 and [22].
But for scanning modes the complexity of approximations for Pq,q, () is significantly
increased or their suitability are not well understood.

Therefore, use is made in Edition 2 of the claim In J[EC 62359 Edition 1 and in [22] that for
most scanning mode cases the below surface temperature in soft tissue is less than the at-
surface temperature in soft tissue. Though limited support for the claim is given in Edition 1

and in [22], this claim remains in Edition 2 and made use of by setting the T1S, . equal to the

T ISaS,SC .
So:
TISbs,sc = TISas,sc = E)d f;in (A1 6)
CT[S,I
where

Crs1 =210 mW MHz

Justification for this simplification can be found in [25] and [26] which show calculations of at-
surface soft tissue temperature rise for scanned modes to be higher than below-surface soft
tissue temperature rise in a large majority of cases.

A.4.3.4 Derivation notes for bone at-focus for non-scanning modes (71Bg ps)

For the bone-at-focus model for non-scanning modes, the location of the maximum
temperature increase is at the proximal surface of the bone, located at the depth for TIB
where the depth for TIB is the depth at which the TIB-expression is a maximum. The power
parameter for the beam is the attenuated output power, P at z;, ..

NOTE The conservative assumption here is that the bone resides at the location where the T/B expression is a
maximum.

The following derivation refers to key conclusions from the literature [1,12,14,23].

To determine the estimated power necessary to raise bone 1°C at an axial distance, z, o, we
begin with the point-source solution to the steady-state bio-heat equation [12,14], which gives
the temperature rise on axis of a totally absorbing, very thin disc surrounded by a material of
thermal conductivity, K,

]sata a dé
AT =22 2 (A17)
4K
where
5,1 s spatial-average temporal-average intensity,

dg is the —6 dB beam diameter and

K is the thermal conductivity of the surrounding medium

Since output power can be approximated as,

P _nd,

o 4 sata , a

(A.18)

temperature rise can be expressed by combining A.17 and A.18:


http://dx.doi.org/10.3403/30115956U
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AT=tu (A19)

_EK%

Using data adapted from [28] and selecting water at 37 °C as the surrounding medium gives a
thermal conductivity, K, of 6,3 mW cm™ °C™. Substituting this value for K into equation A.19
yields a temperature rise of approximately:

AT ~—Le (A.20)
CKd6

where
Cyx=20mW cm™ °C™".

While difficulties are obviously encountered in making accurate predictions of temperature
rise that occur when bone is exposed to ultrasound in vivo, reasonable estimates can be
made of upper limits to the temperature rise. Equation A.19, for a disc-like intensity
distribution, yields a simple expression of temperature rise, AT, when the beam diameter is in
the order of one-quarter of the perfusion length, a reasonable assumption for this model.
Similar derivations are found for Gaussian or Bessinc beams and rectangular beams (within
10 % for Gaussian & Bessinc and within 30 % for rectangular).

Experimental data [29] suggest that a correction factor is required to formula A.17 (and results
in changes to formulas A.19 and A.20). This correction factor is explained as being due, in
part, to the effects of perfusion in relatively small volumes. The data available indicate that a
factor of approximately 0,5 in temperature rise is needed to obtain correspondence between
in vivo measurements and theory. Applying this correction factor yields

AT =(0,5)P,/Cyd, =P, /2C,d, (A.21)
Therefore, the power required to cause a 1 °C temperature rise, Pdeg, becomes:

P

deg = 2C, d,x1°C (A.22)

The minimum beamwidth assumption noted in clause A.4.2.5 is made here insofar as the
smallest beam diameter that can be maintained in a clinical exam is 0,1 cm, due to both
operator- and patient-motion; then Py, = 4 mW. This value yields the power required to
cause a 1 °C temperature rise, Pyeq in terms of dg

P,

deg

=max (2C, d,x1°C,4mW) (A.23)

It is now necessary to express the beam diameter for typical beams, such as Gaussian or Bessinc, in
terms of the equivalent beam diameter, d . The equations for a uniform “disk” beam (A.18) and the
equivalent beam diameter (A.8) are similar and result in

d,~d =2 |— (A.24)

For a Gaussian beam, see [1],

— ﬂ-lspta,a (dﬁ )2

~ A.25
o 55 (A.25)
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yielding a beam diameter of

d =234 A =117d (A.26)
6 rl o
spta, a

where dg is the -6 dB beam diameter as discussed above. Similarly, for a Bessinc beam, see [1],

P ~ ﬂ-lspta,a(dﬁ)z

A.27
‘ 4,8 #2n)

yielding a beam diameter of

d, =219 /L =1,10d,, (A.28)
ﬂ-lspta,a

Upon dividing equations A.26 and A.28 by A.24 and geometrically averaging the respective
coefficients, the following correction is selected:

dg = 1,13 dgg (A.29)

This expression is substituted for dg into Equation A.23, yielding the power required to cause
a 1 °C temperature rise, Pyqq

P

deg

= max (2,26 Cy d, x1°C , 4,52mW) (A.30)

Expressing dgq in terms of P, and /g, . and using equations A.7, A.8 and A.9 yields

P, =max| 2,26 C, | 2 L x1°C, 4,52mW (A.31)
ﬂ-lspta,a
which yields the approximation
R 0
Py, =max| 2,55 Cy —x1°C, 4,52mW (A.32)
spta, o

NOTE 2 The actual computed values of 2,26 Cy and 4,52 in Equation A.31 (shown rounded in equation A.32) can
be rounded further to 2,5Cx and 4,4, respectively, for compatibility with earlier editions of this standard.

Combining the attenuated output power, P,, with the power required to cause a 1°C temperature
rise, Pyegs (Equation A.32) into the general TI-formula A.4 yields the result for the bone-at-focus model
for non-scanning modes:

TIBbS‘nS =min \/Pa (Zb,ns )Ispta,a (Zb,ns ) ’ Pa (Zb,ns ) (A33)
CTIB,I TIB 2
where
CTIB,‘] =50 mW Cm-1
CTIB,2 = 4,4 mwW

As described in section 5.4.2.2 and A.4.2.1, in Equation A.33 the depth at which the 7B ¢
is calculated, zy, o is the depth, for z > z,, where the product of the attenuated spatial-peak
temporal-average intensity and the attenuated output power maximizes.
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2, »s =depth of max (Pa (z)x I sptacr (z)) (A.34)

A.4.3.5 Derivation notes for bone at focus for scanning modes (71B,¢ ¢.)

An equation for the below-surface T7IB for scanning modes could be arrived at using the
same principals applied in Edition 1 and [22] for deriving the below-surface TIB for non-
scanning modes and the at-surface T/B. However, again, Edition 2 is not following that
approach.

There is considerably increased complexity and time associated with the measurement and
estimation of deq(z) in scanning modes, and this is even more difficult in 3D and 4D
scanning modes. It is preferable to choose formulas which give both reasonable results and
which can be reasonably implemented in industrial measurement labs, where the constraints
on measurement time and complexity must be considered. For the below-surface non-
scanning mode case, suitable approximations for d ,(z) were made in Edition 1 and [22]. But
for scanning modes the complexity of approximations for deq(z) is significantly increased or
their suitability are not well understood.

Therefore, use is made in Edition 2 of the claim in 62359 Edition 1 and in [22] that for most
scanning mode cases the below surface temperature in bone is less than the at-surface
temperature in soft tissue. Though limited support for the claim is given in Edition 1 and in
[22] and though it seems reasonable that the claim is not true for some number of scanning
mode operating conditions, some support is offered [25,26] that it may be true in many cases.

This claim remains in Edition 2 and made use of by setting the T7B, . equal to the TIS, ..

=TIS,, .= B Jour (A.35)

as,sc
CTIS,I

118

bs,sc

where
CTIS,‘] =210 mW MHz

A.4.3.6 Derivation notes for bone at-surface [7TIC] for non-scanning modes (71B

. as,ns)
and for scanning modes (7IB

as,sc )

Like the bone-at-focus model (clauses A.4.3.4 and A.4.3.5), the location of the maximum
temperature increase for the bone-at-surface (cranial) case is at the proximal surface of the
bone. Since the bone is located at the surface, or beam entrance, there is no attenuation and
there is no compensation for scanning modes vs., non-scanning modes. The power
parameter is output power, P.

The thermal model for bone-at-surface for non-scanning modes and scanning modes is
conceptually the same as for the bone-at-focus models, with the equivalent aperture
diameter at the surface, Dgq, replacing the equivalent beam diameter, deq. Therefore, the
power required to cause a 1 °C temperature rise, Pdeg, is

Pgeg = Csp Deq ¥ 1°C (A. 36)
where
Csp =40 mW cm-1 °C-1

NOTE 1 There is no beam correction factor applied to Dgq as it is a fixed aperture dimension.

NOTE 2 Dgqis calculated as described in 3.28 and A.4.2.1 for non-scanning modes.

Combining the output power, P, with the power required to cause a 1 °C temperature rise,
Pyeg: (equation A.36) into the general TI-formula (equation A.4) yields the bone-at-surface
expression for non-scanning modes and scanning modes:
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P/D
TIC,, = /Ds (A. 37)

TIC

TIC

ns?

where
Crec =40 mW cm’’
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Annex B
(informative)

Guidance notes for measurement of output power in combined modes,
scanning modes and in1 cm x 1 cm windows

B.1 General

This standard requires, for non-scanning modes and scanning modes the measurement of
the output power transmitted from the 1 cm x 1 cm area of the active array which transmits
the most power. This is termed the bounded-square output power. This standard also
requires, for non-scanning modes and scanning modes, the determination of the total (non-
bounded) output power.

This annex deals primarily with the exceptions that must be made from the standard acoustic
output power measurement procedures and requirements set out in IEC 62127 and
. The following clauses provide guidance and describe techniques for the
measurement of output power in scanning modes, describe windowing techniques using a
1cm x 1 cm absorbing mask, a 1 cm x 1 cm radiation-force-balance target or electronic
masking techniques.

Acoustic output power is often measured using a radiation force balance with an absorbing
target large enough to intercept all of the propagating energy. Hydrophone raster scan
measurement methods may also be used, if accurate enough (see note 2).

It is important to always distinguish between output power and radiation force. Ultrasonic
output power is a scalar and does not depend on the local angle of incidence. Radiation
force is a vector that depends on the local angle of incidence (with respect to the direction of
the force-measuring device). For a plane-progressive wave the relation is simply P = cF
(Equation (B.1) in ). In real fields deviations from this relation occur, mainly due to
(a) diffraction, (b) focussing and (c) scanning (steering of ultrasonic scan lines, variable and
non-parallel angles of incidence relative to the force measurement equipment detection axis).
Deviations from Equation (B.1) due to diffraction are dealt with in B.4.2 in , those
due to focussing are dealt with in B.5 of and those due to scanning are dealt with
here. Focused beams and/or steered beams are dealt with in the same way.

If the summation of deviations is low enough when compared to the uncertainties desired,
then the above effects may not need to be taken into account.

Output power and bounded-square output power measurements should have an
uncertainty of 20 % or less (95 % confidence level).

NOTE 1 Reflecting targets are not recommended for the radiation force measurements discussed here,
particularly for scanning modes.

NOTE 2 |JEC 62127-1 recommends that usually it is more accurate to measure total output power by means of
EC 61161

the radiation force method, and refers to Edition 2.
B.2 Measurements for combined operating modes

In a combined-operating mode with more than one type of transmit pattern employed
during the scan period, the output power may be considered separately for different transmit
patterns. Such separation is allowed when necessary to permit accurate measurement of
output power and determination of the thermal index by combining values appropriately as
shown in Table 1. Such an approach may, for example, enable the appropriate acoustic
working frequency to be used for each calculation. Caution is needed to ensure that each
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selected single transmit pattern is identical to those used during (by) the combined-
operating mode.

B.3 Measurement of output power, P, in scanning modes
B.3.1 Measurement when scanning beam is arrested

The beam scan is arrested in the forward direction normal to the absorbing target and the
radiation force Fy is measured and converted into the output power P, taking into account
the effects of diffraction and focusing (per ) in so far as these effects cannot be
ignored when compared to the uncertainties to be desired .

When performing measurements with the beam scan arrested, the measured output power
should be corrected to compensate for any beam-former related output variability, dependent
on beam scan angle and/or linear position, and should be corrected to the scanning mode
pulse repetition rate. When the beam and pulse characteristics of each ultrasonic scan line
are equal (e.g. aperture size, pulse amplitude, centre frequency, pulse shape, pulse
duration, beamwidth, focus angle, and so on) then it is appropriate to measure one
ultrasonic scan line (the one most parallel with the radiation force detection axis), adjust for
pulse repetition rate and assume that P, (scanning mode output power)=P,. If the
characteristics of each ultrasonic scan line are not the same, adequate correction or
weighting should be applied.

NOTE 1 Examples of non-constant beam or pulse characteristics:

a) In phased array sector scanning, output power is sometimes increased for non-normal scan angles because of
decreased element (reception) sensitivity off axis.

b) Different aperture sizes may be used for different ultrasonic scan lines.

Hydrophone measurements of output power may also be performed with the beam scan
arrested, and should also include appropriate compensations for beam-former related
variations between ultrasonic scan lines, as described above.

B.3.2 Measurements with beams scanning

Hydrophone measurements of output power with the beams scanning may be made by
making use of a synchronizing system to synchronize the transmitted acoustic signal with the
measurement system, such that one ultrasonic scan line at a time is measured via raster
scan. Hydrophone element directional response corrections, taking into account the angle
between (the beam axis of) each ultrasonic scan line and the hydrophone active element
should be considered and applied as necessary. An alternative hydrophone method, such as
described in IEC 62127, which employs hydrophones and RF power meters, may allow
measurement without synchronizing on individual ultrasonic scan lines; however angular
corrections or scan-line-specific compensations may be more difficult.

When performing these measurements in scanning mode with radiation-force-balances, the
(absorbing) target and external transducer aperture should be such that the effective beam
area is intercepted by the target over the entire extent of the beam.

The radiation force F, in a scanning mode is measured, taking into account the effect of
diffraction and focusing (per |[EC 61161 and [30]), and a correction based on the cosine

formula is applied in so far as these effects cannot be ignored when compared to the
uncertainties to be desired.

Ideally, the alignment of the (beam axis of each) ultrasonic scan lines and the direction of
sensing of the radiation-force balance should be co-linear to within £10°. As this is often not
possible in sector scan modes (with non-parallel ultrasonic scan lines and therefore larger
scanning angles), then compensation should be applied to the measured values.
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If the pulse repetition rate and the beam and pulse characteristics of each ultrasonic scan
line are equal (e.g. aperture size, pulse amplitude, center frequency, pulse shape, pulse
duration, beamwidth, focus angle, and so on) then it is appropriate to assume that the
measured (and adjusted for focusing and diffraction) output power F,c multiplied by a
correction factor (such as given in B.3.3 below, see also [Error! Bookmark not defined.] )
represents the output power in the scanning mode P,. If the characteristics of the ultrasonic
scan lines are not the same, adequate correction or weighting should be applied (for instance
using a summation instead of Equation B.1 below and weighting each ultrasonic scan line
appropriately).

The associated error in measurement will depend upon the specific geometry of the trans-
ducer and radiation-force-balance target. A simple example for a correction is given in B.3.3.

B.3.3 Example of a radiation-force to acoustic output power correction based on
cosine formula

When using an absorbing target, any deviation of any portion of the field from the forward
propagation direction (i.e. from the direction parallel to the detection direction of the force-
measuring device) leads to a reduction of the radiation force as approximately cos(6). In this
example @ is considered the angle between the propagation direction (or ultrasonic scan
line beam axis) and the sense direction of the radiation force detector.

Considering here a curved linear array (CLA) with total scanning angle ©. It is possible to
make corrections for the beam that is at a representative angle of 6. It is assumed that the
power is distributed equally over the transducer in the scan direction.

Scanning angle: © / \

Absorbing target AN / Absorbing target
~ e IEC 2151/10

——————

Figure B.1 — Example of curved linear array in scanning mode
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Now assume that each ultrasonic scan line from —-©/2 to ©/2 is equal in average output
power (although not in force directed parallel to the radiation-force detector sense direction).
The force on the absorbing target that is actually measured is expressed as a vector A in
Figure B.1, while vector B expresses what it should be. The radiation force measured by a
large enough absorbing target for each scan line is expressed as (P/c)cosé. The total
measured radiation force F, can be obtained by integrating each force from —0/2 to /2. F,
can be calculated using the following equation:

0/2

1 chost@ 2sin(®j
Felbn B \2) (®.1)
2 /2 c @ )
Jde
-0/2

where

F, is the total radiation force from all scanning beams acting on the absorbing target;

P, is the true scanning mode output power;

¢ is the speed of sound in water;

6 is the angle between the propagation direction of incident beam and the direction of the
force measuring device; and

© is the angle between the most widely separated ultrasonic scanlines of the active
scan plane, in radians.

Therefore F, is converted to P, by multiplying F, by the reciprocal factor of above equation.

C

2 sin(GJ
2

If the total scanning angle is 60°, ® = /3 radian, the correction factor is calculated as 1,047
using equation B.2. If it is 90°, ©® = /2, the correction factor would be 1,11.

P, = . cF, (B.2)

NOTE 1 It has to be noted that to obtain the final power value, if not already taken care of in the determination of
F,, it may be needed to correct P, for diffraction and focusing.

B.4 Creatinga1 cm x 1 cm window using a mask of absorbing material or a
1 cm x 1 cm radiation force balance target

B.4.1 General

When a radiation force balance target is used to limit the aperture, its geometry and
composition should be such as to detect all forward emissions from a 1 cm x 1 cm square
area immediately in front of the ultrasonic transducer and not to detect emissions from
outside that area.

The two techniques in this clause have somewhat different sources of error. Agreement of the
two methods of defining the apertures should give reasonable confidence that the aperture is
defined accurately. Use of an absorbing mask or limited area radiation force balance absorber
to limit detection to a 1 cm x 1 cm area at the front surface of the active scan aperture is
recommended for mechanical sector probes, or third-party testing of all ultrasonic
transducers.

B.4.2 1 cm x 1 cm aperture in a mask

When a mask is used, its geometry and composition should be such as to eliminate output
power except that emitted by the designated 1 cm x 1 cm area of the active area of the
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transducer, to allow passage of all forward emissions from the unmasked area and to agree
with the accuracy and other requirements of this standard.

The front surface of the ultrasonic transducer should be coplanar with the mask surfaces as
illustrated in Figure B.3. This recommendation maintains consistency with B.3.2. The
ultrasonic attenuation of the mask should be at least 30 dB and its window’s inside walls
should be lined with a reflective material to minimize loss in the walls.

Bounded-square output power measurements demonstrating that the mask meets the
attenuation criteria should be made; otherwise bounded-square output power
measurements should be made with two mask thicknesses, thereby demonstrating no (or
marginal) influence of the mask thickness. Figure B.2 presents a sketch of a suggested
geometry. A material with a maximum attenuation coefficient and minimum impedance
mismatch with water is recommended. Materials are available commercially that are well
matched to water (reflection coefficient: =30 dB) and have a loss in the range of 45 dB/cm at
3,5 MHz. Additional attenuation can be provided by sandwiching a stainless-steel, closed-
pore foam or other high- or low-impedance reflector between two layers of the ultrasonic
attenuating material.

For measurement of the bounded-square output power, the mask x- and y-dimensions
should be aligned with respect to the transducer assembly under test and its x and y axis, as
illustrated in Figure B.3. For instance, for 2D-scanning modes with simple 1D-transducer
assemblies, the imaging plane axis can be set equal to x and the elevation dimension can be
set equal to y. Lateral positioning is critical, ultrasonic transducer probe holders and jigs will
be helpful in this regard. It is anticipated that an alignment of the beam alignment axis within
+5° of the normal to the mask plane and target plane and the x- and y-axes of the transducer
assembly under test alignment within +5° of the x- and y-axes of the mask are sufficient for
the purposes of this test (see Figure B.3).

NOTE For a number of beams the mask requirements can be relaxed:

e For contact transducers, if an output beam dimension (X, or Y, ) is less than 1 cm in any direction, then the
mask’s aperture may be greater than 1 cm wide in that direction.

e For transducers used with a standoff path, the mask’s aperture may be larger than 1 cm in any direction in
which hydrophone scanning has demonstrated that the —20 dB beam-width at the entrance plane is less than
1cm.

B.4.3 1 cm x 1 cm area radiation-force-balance target

As an alternative to the use of an aperture-limiting mask, the measurement of the bounded-
square output power may be made using a 1 cm x 1 cm area - radiation-force target. When
the 1 cm x 1 cm area radiation-force-balance (RFB) target is used, it should be placed
immediately in front of the ultrasonic transducer and its geometry and composition should
be such that it detects all of, and only, the acoustic emissions from a 1 cm x 1 cm area of the
ultrasonic transducer.

The accuracy and linearity of the measurement of bounded-square output power should
conform to |EC 61161

To minimize measurement errors due to reverberations, caution should be used to ensure that
reflected acoustic energy does not reflect back onto the target. Further, the orientation of the
target’'s x- and y-axes should remain co-linear with the chosen x- and y- axes of the
transducer assembly under test, as illustrated in Figure B.4.
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Key IEC 2152/10

1: Lining

2: Absorber

3: Sandwich layer

4: Ultrasonic transducer
5:1cm x 1 cm window

Figure B.2 — Suggested 1 cm x 1 cm square-aperture mask

1 Mask x or y axis
Proberl pre2eed] i

Scan axis

Normal to RFB target

IEC 2153/10
Key

1: RFB Target
2: Mask

3: Ultrasonic transducer

Figure B.3 — Suggested orientation of transducer, mask aperture and RFB target
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Mask x or y axis

Scan axis

Normal to RFB target
IEC 2154/10

Key

1: Ultrasonic transducer

2: 1 cm-square RFB target

Figure B.4 — Suggested orientation of transducer and 1 cm-square RFB target

B.5 Creatinga1 cm x 1 cm window using electronic control

Where the equipment control scheme and transducer geometry allow, maskinga 1 cm x 1 cm
square-area aperture may be accomplished electronically by de-energizing the aperture
outside this-area, provided that the output power emitted within the 1 cm x 1 cm square area
aperture is not-affected by the electronic masking.

Electronic means for masking the active aperture for a 1 cm x 1 cm square-area aperture are
recommended where feasible with electronically controllable arrays (sequenced, phased, or
combination).

In cases where arrays are electronically controllable in one dimension (e.g. scan-dimension,
x) but not the other (e.g. transducer element lengths, y > 1 cm), the measurement of
bounded-square output power can be achieved by electronically masking the elements
outside 1 cm in the x dimension, making the power measurement and then mathematically
adjusting the power value to a y-dimension of 1 cm.

Where transducer geometry and ultrasound radiation allows, mathematically windowing, or a
combination of acoustic windowing and mathematically windowing, is allowed. For example, in
a case of linear scanning the ratio of scan width to 1 cm could be used in the calculation,
although in a number of cases it is not simply the ratio of the two.

B.6 Measurement of bounded-square output power

While using the methods of B.4.2 or B.4.3 to mask all the output power except that
originating through a 1 cm x 1 cm square window within the output beam area in scanning
mode, the remaining bounded-square output power should be measured according to the
procedures in .

In locating the mask used in either B.4.2 or B.4.3, the 1 cm x 1 cm square aperture emitting
the largest bounded output power, should be exposed.

The uncertainty of the measurement of bounded-square power should be 20% or less.
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Annex C
(informative)

The contribution of transducer self-heating
to the temperature rise occurring during ultrasound exposure

The issue of temperature increase occurring during clinical exposure to diagnostic ultrasound
is relevant to several current and future national and international standards. The present
standard is particularly important in this regard as it specifies formulae for calculating a
number of thermal indices (77) which are used to provide safety-related real-time feedback to
clinical users. The majority of manufacturers of ultrasound imaging equipment now comply
with the |EC 60601-2-37] standard which refers to the present standard for the method of
determining 77 values to fulfil international regulations. Consequently, most modern scanners
calculate and display 77 values which are used by clinicians and sonographers in making their
clinical risk assessments.

TI values are calculated from measurements of acoustic quantities made with hydrophones
and radiation force balances. Essentially, the formulae used are a simplified method of
estimating the temperature rise produced by the absorption of ultrasound. However, there is a
second major cause of tissue heating which is ignored by the present standard and that is
self-heating of the ultrasound transducer. This self-heating is caused by electrical inefficiency
of the transducer; efficiencies are typically around 30% meaning that more than twice as
much energy is liberated as heat in the transducer than is absorbed and converted to heat in
the exposed tissue. For most transducers, most of the heat produced by the transducer is
generated in the thin piezoelectric layer adjacent to the contact surface with the tissue.

Studies [32,33,34,35,36] with Thermal Test Objects (TTO) and a range of clinical pulsed
Doppler transducers have shown that over three minutes exposure, self-heating accounts for
approximately half of the temperature rise in the TTO at a distance of 7 mm from the
transducer. At smaller distances or for longer exposure times, self-heating will be an even
larger contribution. It is clear, therefore, that any proper evaluation of the thermal hazard must
include transducer self-heating. One approach would be to model the transducer itself
mathematically by consideration of the electrical and thermal properties of the piezoelectric
element and the transducer case. This would certainly be feasible as an academic study (see
Saunders [37]). However, in general, the properties and construction of the transducer will not
be known (except, possibly, by the transducer manufacturer) so a simpler, more practicable
method which could be implemented in future national and international standards should be
proposed.

Studies are on-going which suggest that, subject to certain simplifying assumptions, the
temperature profile (due to self-heating) as a function of distance from the transducer can be
approximated from a single measurement of the temperature at or close to the
transducer/tissue interface. The total temperature can then be given by the summation of the
self-heating contribution and the contribution due to local ultrasound absorption within the
medium. The need to take this approach in the present standard could not reach consensus
and introduction of such methods is postponed to a third edition of this standard.
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Annex D
(informative)

Guidance on the interpretation of 77 and MI

D.1 General

It is beyond the scope of this standard to go into detail on the relation of the thermal index
(TI) and mechanical index (MI) to safety. In addition to the short notice below, interested
users are invited to consult the references in the Bibliography [5,7,8,11].

The relationship of various acoustic output parameters (for example, acoustic intensity,
acoustic pressure, output power, etc...) to biological effects is not presently fully
understood. Evidence to date has identified two fundamental mechanisms, thermal and
mechanical, by which ultrasound may induce bioeffects [12,13,14,21,38,39], and in certain
cases alteration or damage to tissue. The thermal mechanism is temperature rise due to
energy absorption and the mechanical bioeffects may be caused by various kinds of
cavitation, due to reduced instantaneous pressure.

The temperature rise and the possibility of cavitation seem to depend on such factors as the
total energy output, the mode, the shape of the ultrasound beam, the position of the focus, the
centre frequency, the shape of the waveform, the frame rate, and the duty factor. The MI and
TI are designed to take the most important of these factors into account and give the user
information in real time about the potential for thermal or mechanical bioeffects. Because the
MI and TI reflect instantaneous output conditions, they do not take into account the
cumulative effects of the total examination time, especially with regard to heating. It is
relevant to emphasize that shortening insonation times can give a large safety margin under
some conditions (wide, scanning beams in soft tissue) but no significant margin under other
conditions (narrow , non-scanning beams on bone) [26]. It is the responsibility of the operator
to understand the risk of the output of the equipment, and to act appropriately in order to
obtain the needed diagnostic information with the minimum risk to the patient. To be able to
do so, the manufacturer of the device will provide information to the user on how to interpret
the displayed ultrasonic exposure parameters, thermal index and mechanical index (see
IEC 60601-2-37). Further guidance on of the rationale and derivation of M/ and 77 are given in
[27,40].

D.2 Limitations of the indices

e Although Table 1 gives a method to add the contributions of different discrete modes the
method has some disadvantages. For example, the below-surface TI/-formulation would
ideally be a maximum of the summation, at each depth z, of the scanning and non-
scanning—contributions. However, Table 1 specifies a summation of the individual
maximum, and assumes (as per A.5.3.3 and A.5.3.5) that the maximum below surface 77
value in scanned modes is less than or equal to the at-surface, soft tissue 77 (7154 gc)-

e Originally the formulations for 7T/ were not intended for use in ophthalmic applications.
Recently T/ has been used for ophthalmic applications [41], However special caution is
advised. This issue is further addressed in the following.

e Finite amplitude effects are known to alter intensities and pressures measured in water in a
non-linear way. As the models used in this standard are linear, the in situ exposures may
be 1,5 or 2,0 times the values indicated by 77 or MI [42]. If a correction method for this
effect has not been applied, this should be made known to the operator.

e The TI values predict heating in tissue next to the transducer surface due only to the
energy absorbed from the beam. No correction is made for the heating of superficial
tissues by the transducer itself, which may be significant (see Annex C).
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e As noted in Annex A, imposition of the break-point depth (z,,) requirement, while useful
for separating ‘at-surface’ and ‘below-surface’ 7T values, and for preventing hydrophone-to-
transducer contact, creates an unexamined region which, particularly for f-numbers below
1,5, may contain the highest below-surface temperature.

e The TI represents average values calculated according to a model and should NOT be
interpreted as the numerical value of the actual temperature rise in °C in the insonated
tissues. Nevertheless, relationships between these quantities have been studied and
resulting cautions are given in this annex. As has been explained, there are limitations on
the models underlying both the MI and TI. These models contain practical simplifications to
complex and incompletely understood bio-effects interactions. Because of this fact, their
use is to be limited to relative indication of bio-effect risk. The operator should be aware
that, in a limited number of cases, the actual worst-case temperature rise may be up to
three times higher than the displayed 77 value, if it were interpreted in °C [29]. The TIS
values are based on a model of linear array scanners, focussing energy on a line. For
circular transducers with a point-focus, a theoretical calculation [11] for ratios between
numerical value of temperature rise and the TIS value for the non-scanning mode yielded
results that ranged from 0,24 to 109. The ratio 109 was calculated for a hypothetical 4-cm
diameter transducer, f-number 0,7 at 12 MHz [11]. This is an (extreme) atypical case of
medical diagnostic ultrasound and it should be noted the calculated temperature rise was
less than 0,01°C, while the TIS value was less than 0,0001. As mentioned earlier and as
indicated in [11], the ratio of 109 results primarily from limiting the axial search for the TIS
to depths > the break-point depth, 6 cm in this case, while the nominal focus of the
transducer, and the position of maximum calculated temperature rise, is at 2,8 cm.

e The model for calculating 77 assumes some cooling by blood perfusion. For applications
where poorly perfused tissues are insonated, the 77 may underestimate the numerical
value of the worst-case temperature rise, and the T/ displayed during such a clinical exam
should accordingly be maintained at a lower value than is usually employed. Conversely,
when scanning well-perfused organs, such as hepatic, cardiac or vascular structures, the
value of TI displayed may overestimate the numerical value of the actual temperature rise.

e The models use a fixed attenuation coefficient and as such do not take long, low-
attenuation fluid paths into account. In such cases, the ultrasound energy will not be
absorbed as much as the model assumes with the result that the tissue distal to the fluid
path may be exposed to higher energy levels than the models predict. For example,
scanning through a full bladder or amniotic fluid may result in displayed 77 values that
underestimate numerical value of the actual temperature rises. On the other hand, the
fixed attenuation coefficient used (0,3 dB cm'1MHz'1) is considerably smaller than average
values for human tissue. Therefore, in many cases, tissues may be exposed to lower levels
of energy than the models predict.

e The meaning of “reasonable worst case” is taken as that given by the World Federation for
Ultrasound in Medicine and Biology [43], namely “that set of tissue properties and
dimensions such that less than 2,5% of patients have a higher calculated temperature
increase or other thermal endpoint if their actual tissue properties or thicknesses differ
from those employed in the calculations”.
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Annex E
(informative)

Differences from |[EC 62359 Edition 1

E.1 General

The methods of determination set out in Edition 1 of this standard are based on those
contained in the standard for Real-Time Display of Thermal and Mechanical Acoustic Output
Indices on Diagnostic Ultrasound Equipment [22] and were intended to yield identical results.

The models on which these determinations are based and the measurement and calculation
rationale are contained in [22] and in its secondary references. Edition 1 of this standard has
followed [22]. While Edition 2 also follows [22] in principal and uses the same basic formulae
and assumptions (see Annex A), it contains a few significant modifications which deviate from
[22].

One of the primary issues dealt with in preparing the Edition 2 of this standard is ‘missing’ T/

equations. In Edition 1 there were not enough equations to make complete ‘at-surface’ and
‘below-surface’ summations for 71S and TI/B in combined-operating modes.

E.2 Differences from |JEC 62359 Edition 1

While there have been numerous editorial changes and clarifications, the technical changes
and major editorial clarifications in Edition 2 come down to a relative few.

Some of the major changes from Edition 1 are related to the introduction of new calculations
of thermal indices to take into account both "at-surface" and "below-surface" thermal effects:

TI in single modes of operation

TIS

as

e The substitution of P44 for P4 in TIS
(See Annex A.4.1.4 and A.4.1.5)
e The calculation of TIS for all aperture sizes.

as,sc-

as,ns
¢ Using the same TIS,4 equation for both non-scanning modes and scanning
modes.
TISyg

e For non-scanning modes the 7IS,¢ s equation now applies (is calculated) for all
aperture sizes.

e For scanning modes a 775y ¢; equation has been added.

TIBy

e For scanning modes a 7/Bq ;; equation has been added.

TI in combined modes of operation

e The TIis simply the maximum of the ‘At-Surface Summation’ or the ‘Below-Surface
Summation’. New in Edition 2 of the standard, there is an at-surface term (as) and
a below-surface term (bs) for each active Transmit Pattern regardless of whether
scanning or non-scanning or of aperture size. These at-surface and below-surface
terms are calculated at all times.
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e From Table 1 of section 5.6:
TIS=Max| Y TIS,, D TIS, TIB=Max| Y TIS,, > .TIB,
Discrete Discrete Discrete Discrete
Modes Modes Modes Modes

Zbp

» Edition 2 makes clearer that z;,, is to be applied to 71Sy, s, 7By s @nd not to M1.
e In Edition 2 a depth for MI (zM,) is specifically defined.

PSC

¢ Explanation and equations have been added to Annex B describing the additional
complexity and sources of error in the determination of acoustic output power in
scanning modes (Psc). Recommended corrections are described for non-normal
incidence (i.e. if measuring in scanning modes without arresting the beam
scanning).

Beam-axis
o Edition 2 makes clearer that measurements are to be made on the beam-axis.

NOTE Transverse scans which, at depths of interest, re-affirm that the beam-axis remains found are
recommended.

Table E.1 summarizes some of the major changes.
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Table E.1 — Summary of differences

Parameter Edition 1 Edition 2
Zpp e No change to formula
Zpp = 1,5 X Degq
Zbp is only used in determining below-
surface TI for non-scanned modes.
-12 e No change to formula
MI MI _ pm (ZMI ) f;iwf 9
Cu e Measure at z = z;,;is now stated.
TIS e TIS, is calculated at-surface onl e Calculate for all 4., sizes.
as,ns only ob
when output beam area (4,p) is
<1 cm? P.f
Pf TISas,ns — Zlxl Jawf
TIS  =—>=t 7151
TIS,1
T[Sas‘sc TISas,sc — Plfawf TISas,sc — Plxl awf
CT[S,I TIS,1
e TIS, is calculated only when e Calculate for all 4., sizes
TISps ns output beam area (4,p) is > 1cm”
e No change to formula
P 1
TISnS —=max min |: (X(Zs,ns )f;lwf , spta,or (Zs,ns )f‘awf}
22y 78,1 Crs»
TISps sc e No formula specified. o Same formula as TS, ¢
P
T[Bbs,sc = TISas,sc = 1 f;in
CTIS,I
Pz ... (z.) Pz e No change to formula
e | 118 ] e ) Ple)
Crip m2 || e Measure at z >z, is now stated.
TIBpg s e No formula specified. o Same formula as T1S,q ¢
P
T[Bbs,sc = TISas,sc = 1 f;in
TiS,1
T1Cqs ns P/D e No change to formula
TIC TIC = —

as,sc

TIC
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