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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MODELS FOR EVALUATION OF THERMAL HAZARD
IN MEDICAL DIAGNOSTIC ULTRASONIC FIELDS

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end _and in_addition to other_activities, IEC publishes International Standards, Technical Specifications,
Techpical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred te fas “IEC

govefnmental organizations liaising with the IEC also participate in this preparation. IEC collaborate$ closely
with |the International Organization for Standardization (ISO) in accordance with conditions determpined by

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intefnational
consensus of opinion on the relevant subjects since each technical committee.has’ representation |from all

IEC Publications have the form of recommendations for international use and are accepted by IEC |National
Comfmnittees in that sense. While all reasonable efforts are made to ensure-that the technical conter|t of IEC
Publications is accurate, IEC cannot be held responsible for the way in” which they are used or|for any

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
trangparently to the maximum extent possible in their national yand regional publications. Any diyergence
betwpen any IEC Publication and the corresponding national or/sregional publication shall be clearly indjcated in
the latter.

IEC |tself does not provide any attestation of conformity: thdependent certification bodies provide cqnformity
assepsment services and, in some areas, access to_|IEC marks of conformity. IEC is not responsiblg for any
servipes carried out by independent certification bodies:

All ugers should ensure that they have the latest-edition of this publication.

No lipbility shall attach to IEC or its directors, ‘employees, servants or agents including individual experts and
mempers of its technical committees and I[EC National Committees for any personal injury, property dgmage or
othel damage of any nature whatsoeven.whether direct or indirect, or for costs (including legal f¢es) and
expepses arising out of the publicatign, use of, or reliance upon, this IEC Publication or any ofher IEC
Publications.

Atterftion is drawn to the Normativé references cited in this publication. Use of the referenced publicptions is
indispensable for the correct @pplication of this publication.

Atterftion is drawn to the possibility that some of the elements of this IEC Publication may be the spibject of
patent rights. IEC shall(not’be held responsible for identifying any or all such patent rights.

The main task of{EC technical committees is to prepare International Standards. Howgver, a
technidal committee may propose the publication of a technical report when it has cqllected
data of| a different kind from that which is normally published as an International Standard, for

example ’state of the art".

IEC 62799, which is a technical report, has been prepared by IEC technical committee 87:
Ultrasonics.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
87/510/DTR 87/537/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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Terms appearing in bold print in the text are defined in Clause 3 of this technical report.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

* reconfirmed,

e withdrawn,

* replaced by a revised edition, or
+ amended.

+-
A
>

hlication-mave bhao djcciad o
oo troTTTay oCToouto—™

- | .
A bilingual-version—-o
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MODELS FOR EVALUATION OF THERMAL HAZARD
IN MEDICAL DIAGNOSTIC ULTRASONIC FIELDS

1 Scope

This technical report provides background information for users of IEC 62359 to understand
the relative merits of several of the potential replacements for the thermal index (TI) as
described in IEC 60601-2-37 and IEC 62359.

The report discusses:

— parpmeters related to thermal aspects of diagnostic ultrasonic fields;
— methods for the determination of an exposure parameter relating to-femperature|rise in
thepretical tissue-equivalent models, resulting from absorption of ultraseund.

The report is intended to be used by:

— thoge involved in the development and maintenance of IEC.62359;
— mahpufacturers of medical electrical equipment for risk assessment;

— hedlth care regulatory authorities, test houses and~6ther organizations responsiple for
implementing standards for medical electrical equipment.

2 Ngrmative references

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

IEC 60p01-2-37:2007, Medical electrical equipment — Part 2-37: Particular requiremgnts for
the basic safety and essential performance of ultrasonic medical diagnostic and mopitoring
equipment

IEC 62[127-1:2007, Ultrasonics — Hydrophones — Part 1: Measurement and characterizgtion of
medicdl ultrasonie, fields up to 40 MHz

IEC 62[127-2; Ultrasonics — Hydrophones — Part 2: Calibration for ultrasonic fields up to
40 MHZ

IEC 62359:2010, Ultrasonics — Field characterization — Test methods for the determination of
thermal and mechanical indices related to medical diagnostic ultrasonic fields

3 Terms and definitions

For the purposes of this technical report, the terms and definitions given in IEC 60601-2-37,
IEC 62127-1, |EC 62127-2 and I|EC 62359, some of which are repeated below for
convenience, and the following terms and definitions apply.

3.1
acoustic absorption coefficient

U
quantity intended to account for loss of ultrasonic energy to tissue at a specified point by
mechanisms other than scattering
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Note 1 to entry: Acoustic absorption coefficient is expressed in nepers per centimetre (Np cm™").

Note 2 to entry:

coefficient.

3.2

acoustic attenuation coefficient

a

The acoustic absorption coefficient must be less than or equal to the acoustic attenuation

quantity intended to account for reduction of energy of an acoustic wave by all mechanisms
involving interaction of the wave and all matter between the source and a specified point

Note 1 to entry: Acoustic attenuation coefficient is expressed in nepers per centimetre (Np cm™).

Note 2 t
coefficig

Note 3 t

3.3
acoust

fawf

b entry: The acoustic attenuation coefficient must be greater than or equar to the acoustic ab3

nt.

entry: The acoustic attenuation coefficient does not account for geometric attenuation

ic working frequency

borption

frequemmcy of an acoustic signal based on the observation of thecoUtput of a hydr

placed
acoust

Note 1 t
a spectr

Note 2 t
broadba
any freq

Note 3 t

SOUR

3.3.1

zero-c
numbe
betwes
Note 1t

Note 2 t
to the re

Note 3 t

Note 4 t

in an acoustic field at the position corresponding to the-spatial-peak tempor
C pressure

entry: The signal is analysed using either the zero-crossing acoustic-working frequency tech
im analysis technique. Acoustic working frequencies are defined in 3.3.1 and 3.3.2.

b entry: In a number of cases the present definition is, not very helpful or convenient, espe
hd transducers. In that case a full description of the frequency spectrum should be given in order t
lency-dependent correction to the signal.

entry: Acoustic working frequency is expressed in hertz (Hz).

CE: IEC 62127-1:2007, 3.3.

fossing acoustic working-frequency

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

entry: The measurement should be performed at terminals in the receiver that are as close as
Ceiving trangducer (hydrophone) and, in all cases, before rectification.

entry.This frequency is determined according to the procedure specified in IEC/TR 60854.

eqtry” This frequency is intended for continuous wave systems only.

phone
I-peak

nique or

ially for
b enable

[, n, of consecutive half-cycles (irrespective of polarity) divided by twice the time

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

possible

3.3.2

arithmetic-mean acoustic working frequency
arithmetic mean of the most widely separated frequencies f4 and f5, within the range of three
times f4, at which the magnitude of the acoustic pressure spectrum is 3 dB below the peak
magnitude

Note 1 to entry: This frequency is intended for pulse-wave systems only.

Note 2 to entry: It is assumed that f; < f,.

Note 3 to entry:

range at

which the spectrum magnitude is -3dB from the peak magnitude.

If £, is not found within the range < 3 f}, f, is to be understood as the lowest frequency above this
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3.4

non-scanning mode

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

SOURCE: IEC 62127-1:2007, 3.39.4.

3.5

peak-rarefactional acoustic pressure
P-; Pr o . . -
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 t¢ entry: Peak-rarefactional acoustic pressure is expressed as a positive value.
Note 2 t¢ entry: Peak-rarefactional acoustic pressure is expressed in pascal (Pa).

Note 3 tp entry: The definition of peak-rarefactional acoustic pressure also applies topeak-negative fcoustic
pressurg, which is also in use in literature.

SOURCE: IEC 62127-1:12007, 3.44.

3.6
safe use time
SUT
maximym duration of exposure in a region at a particular output level that would be np more
hazardpus than scanning at a specified threshold exposure

Note 1 tp entry: Safe use time is expressed in seconds (s).

3.7
scanning mode
mode gf operation of a system that involues a sequence of ultrasonic pulses which givel rise to
ultrasopic scan lines that do not follow.the same acoustic path

Note 1 tp entry: The sequence of pulses is not necessarily made up of identical pulses. For instance, the use of
sequentipl multiple focal-zones is considered a scanning mode.

SOURCE: IEC 62127-1:2007, 3.39.5.

3.8
temperature rise
AT
differemce between the instantaneous temperature and the normal physiological tempgrature
of the gubjeet

Note 1 to entry: Temperature rise is expressed in degrees Celsius ( °C).

Note 2 to entry: Temperature rise may be either positive or negative.
3.9

thermally equivalent time

t43
at a constant temperature of 43 °C, duration of exposure required to produce the same

magnitude of a thermally induced bio-effect, i.e., an "iso-effect", as is produced by an
exposure of duration ' at a different temperature T that may vary in time

The thermally equivalent time (#453) is defined mathematically as:

.
s = [rUO-ser g,
0

I


https://iecnorm.com/api/?name=1bae40eec9c15f479bcf11c7272a0c36

TR 62799 © IEC:2013(E) -9-

where:
CT =
T(¢)=

Note 1 t
dose”.

Note 2 tp entry: The general expression for thermally equivalent time is

thermal

tissues Within the same species, it must be determined empirically. For simplicity, the values forR afe usu

atR=2
function

Note 3 {

1 °C, a constant to render the exponent dimensionless;
temperature (which may vary in time) producing the bioeffect;
time;

time required to produce the bioeffect at temperature T;
thermal normalization constant, equal to 4,0 if T< 43 °C;

thermal normalization constant, equal to 2,0 if 7> 43 °C

o entry: In the scientific and medical literature, thermally equivalent time is commonly called

“thermal

— p(n-n)irc
t1/t2 =R , where
hormalization constant. Because R varies with both temperature and species, as well as"among

for T> 43 °C and R =4 for T <43 °C. More generally, T1 is a constant reference temperature, an
of time.

R is the
different
hily fixed
H T2 is a

o entry: When quantifying exposure to most forms of radiation, the general term 'dose' i usually
expressgd in units of absorbed energy (in joules) or specific energy (e.g., J/ kg)‘tather than in units
AlthougH there is a growing preference within IEC to use the more precise term.‘thermally equivalent ti
new ternp has not yet been carefully evaluated or widely accepted.

of time.
me’, this

Note 4 t¢ entry: The Sl unit of thermally equivalent time is second (s).

3.10

thermally equivalent time displayed

TETD

exposUyre duration required to obtain a thermally ‘equivalent time sufficient to induce fharm in
a specjfied fraction of exposed subjects at a specified point as estimated using a specified
model

Note 1 t¢ entry: Thermally equivalent time displayed is expressed in seconds (s).

3.1

thermglly equivalent time index
therm3l dose index

TETI
ratio o
R=4t
low.

The si
expres

where:
TI =
t =
N =

Note 1 t

the thermally equivalent time calculated assuming that 7(¢) = (77 + 37) x 1 fC and

b a thermally equivalent time below which the risk of an adverse thermal effect|is very
mplest form~of the thermally equivalent time index (TETI) is given by the fojlowing
sion:

71

TETI = (@) :

N
thermal index;
exposure duration;
a normalizing factor
o entry: The normalizing factor is the thermally equivalent time below which the risk of an adverse

thermal effect is very low.

Note 2 to entry: Thermally equivalent time index is non-dimensional.
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3.12

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 model by 1 °C

SOURCE: IEC 62359, 3.56.

3.13

thermal load
TL
Thermally equivalent time calculated assuming a constant temperature equal to the value
estimated at the safe use time, a duration equal to the safe use time, R = 4, minusithe safe
use time

Note 1 t¢ entry: Thermal load is expressed in seconds (s).

3.14
threshpld exposure
exposyre to ultrasound which produces a specified constant temperature rise, AT, |that is
mainta|ned for a specified duration, ¢

Note 1 tp entry: A threshold exposure has a thermally equivalent time. For example, if a subject having a
normal ghysiologic temperature of 37 °C experiences an increase in temperature to 41 °C for 4 min, then AT =4 °C
and dt =|4 min, and the thermally equivalent time is 4 min x 4% = 1,024, min = 61 440 s.

3.15
threshpld temperature rise
Alypy . o | . .
minimym temperature increase above normakphysiologic level required to induce harnm in the
exposdd tissue

Note 1 t¢ entry: Threshold temperature rise-is expressed in degrees Celsius ( °C).

3.16
time tq threshold
T
exposuyre duration requiredsto raise the temperature at a specified point by the thrgshold
temperature rise

Note 1 t¢ entry: Time'to threshold is expressed in seconds (s).

4 B4ckground

4.1 General

The safety of diagnostic ultrasound is currently assessed and communicated to the user
under international standards I|EC 62359 and IEC 60601-2-37, respectively. Although
originally adopted in 2005 and 2003, these standards are based on work first published in
1992 as the so-called Output Display Standard (ODS), a joint effort of the American Institute
of Ultrasound in Medicine and the (US) National Electrical Manufacturers Association [1]7).
Much has been learned in the intervening fifteen years, and several reviews of the relevant
literature, both general [2]-[4] and specific [5], [6] have appeared since that time. Therefore it
is considered prudent to report on such aspects of this information as relate directly to
IEC 60601-2-37.

1) Numbers in square brackets refer to the Bibliography.
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It is well known that there are two broad categories of mechanisms whereby ultrasound may
adversely affect biological material, nonthermal (or mechanical) and thermal. As it passes
through tissue, diagnostic ultrasound necessarily induces a mechanical strain. This strain is
highest in proximity to gas or vapour bubbles, and therefore mechanical damage is most likely
to be induced where they are located. Ultrasound is also absorbed as it propagates, and the
absorbed energy produces an increase in temperature of the tissue. Depending on the
magnitude and duration of the increase, thermal damage to the tissue (or organism) may
result. The goal of this report is to examine various means of quantifying the potential for
tissue heating to damage biological tissue, and to suggest approaches for enhancing the
safety of diagnostic ultrasound.

4.2 Limitations of the existing standard

Internaltional standard IEC 62359 quantifies the likelihood that any tissue heating prodiced by
diagnogtic ultrasound will harm a patient by requiring the calculation of a quantity) called the
therm3l index (7/) and the display of this calculated value on the video-~s¢cfeen|of the
equipment console. The calculation is based on one of several simplifiedothermal models
descrifed in the standard. The models currently defined include those for soft tissu¢ (71S),
bone af the focus (7IB) and bone near the tissue surface, as for cranial bohe, hence (7[IC), as
well ag encompassing both scanning and non-scanning imaging medes [7]. The calgulated
value will depend on factors such as transmitted energy, imaging mode, beam shapg, focal
depth, waveform and duty factor, but rather than displaying a specific physical parameier, the
TI indicates combinations of output settings that are more likely than others to prodpce an
adversg thermal effect [8].

The gefneral form of the 77 is simply the ratio of the instantaneous value of a power pargmeter
defined by the standard to the value of the same‘parameter required to produce a $teady-
state t¢mperature rise of 1 °C in the exposed tissue. Although it is tempting to consigler the
value of the 77 to be the actual in situ temperature rise, this is not the case. Becayse the
modelg underlying the 71 were made sufficiently simple to be implemented in real timme with
the lim|ted computational power available int1992, the TI provides only a relative indication of
the mgximum possible temperature risevat a specific point along the axis of the afoustic
beam. [Thus values of the TI obtained, for different imaging consoles, or even with djfferent
transdycers used with the same console, cannot be compared.

Several additional inaccuracies)or limitations of the T/ have been identified. Some of these
were Known or suspected at the time the ODS was developed [1], although their full
signifidance was not always completely appreciated. A number of factors directly affecfing the
computational and display algorithms for the 77 are discussed in the following subclauses.
Other factors, those\primarily affecting the measurement of the physical quantities re¢quired
for spegific calculations, are not addressed in this report.

4.21 Linear display

As curiiently defined, the 77 displayed onscreen is linearly proportional to the absorbed power
or equivalently, to the in situ intensity or temperature. In contrast, the thermally equivalent
time (also ‘thermal dose’, see Note 1 to entry of 3.9), a well known empirical relationship
between the temperature T of a biological system and the time ¢ needed for that temperature
to induce a deleterious effect, has an exponential form. Specifically, for any two temperatures,
T, and T,, and the corresponding exposure times ¢, and ¢,, required to produce the same

level of effect, this general relation holds: t1/t2=R(T2_T1)/1°C, where R is the thermal

normalization constant. Hence, it is experimentally determined that the rate of induction, or
risk, of a thermal effect increases exponentially with temperature. There is thus a fundamental
discrepancy between the displayed value of the 7T and its stated goal of quantifying thermal
risk from exposure to diagnostic ultrasound. A potential solution to this problem is suggested
in4.1.
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4.2.2 Equilibrium temperature

As currently defined, the TI-value displayed onscreen is based on the steady-state
temperature rise calculated for very long duration exposures from a stationary transducer.
There are two difficulties here. First, the time needed to reach the steady state depends
strongly on exposure parameters, e.g., the width of the acoustic beam, as well as various
physiological factors, e.g., the perfusion rate. Clinical users are generally ignorant of the
acoustic field they are using and can only guess at the relevant physiology. Second, in most
clinical situations the transducer is moved frequently, and a particular imaging mode may be
used for only a few tens of seconds before a different mode is selected. The AIUM suggests
considering such motion as an additional safety margin protecting the patient [9], with the size
of the margin depending on the time needed to reach the steady-state temperature rise. Most

HSEeFS—w rot-be—abte—to—estimate—the-magnitude—of-the—safetymargi—and—n—fact may
¢n be aware of its existence. Potential solutions to this problem are suggested in 5.3

4.2.3 Tissue parameters

The cHoice of the tissue acoustic attenuation and absorption coefficiénts are crifical to
accurafe modelling of the expected tissue temperature rise. The amount of heat deposited is
proporfional to the product of the local time-average intensity and the absorption coefficient,
and the¢ local intensity decreases exponentially with the product ef’the attenuation cogfficient
and the¢ distance from the source transducer. As currently implemented, the algorithms|for the
7I assyme homogeneous tissue with the slopes of both coefficients equal to 0,3 dB cm{! MHz
1. Of cpurse, real tissues are not homogeneous and usudlly have higher values for both their
acousiic attenuation and absorption coefficients [10]. This model, homogeneous| tissue
model H.3, was chosen as a reasonable worst case Wwith regard to patient safety because it
tends fo overestimate temperature rise in most,cases. However, by artificially |imiting
transdydcer output, this combination of factors nay reduce the clinical utility of diagnostic
ultrasound in many cases, particularly those inyelving hard-to-image patients.

4.2.4 | Transducer self-heating

Becauge the transducer elements somprising an imaging probe are not 100% effigient at
converfing electrical to acoustic\energy, heat is produced within the transducern itself.
Whenejver the energized probe\is in contact with the patient, a portion of this heat |will be
condudted into the adjacent tissues. As currently implemented, the 77 considers only heating
produced by absorption . of. the acoustic beam, i.e., it does not include a correctjon for
transddcer self-heating( This seems reasonable for transcutaneous applications becayse the
temperpature rise duelto surface heating will be small except within a depth of tissue|on the
order ¢f the perfusion length, 3 mm to 5 mm [2]. For some intra-cavity applications, and
especially in the‘presence of bone, however, the perfusion length may be significantly|larger,
and trgdnsducer_self-heating may heat deeper tissues [11] — [13]. At present, the problem is
dealt with by-restricting the maximum measured surface temperature of the transducpr to a
level cpnsidered safe for patient contact, 43 °C (IEC 60601-2-37).

4.2.5 Safety limits

As currently implemented, no limit is placed on the value of the 77 that may be employed in
diagnostic imaging. This may be reasonable given the nature of the computational algorithms
and the fact that almost any reasonably attainable temperature elevation can be sustained
without harm if the duration is short enough, but it leaves the clinical user without guidance as
to what should be considered “reasonable”. The options suggested in 5.3 and 5.4
automatically incorporate a solution to this problem.
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5 Options for improvement of the existing standard

5.1 General

Potential solutions to at least some of the limitations of the 77 discussed above are available
in the literature. For example, the nonlinear relation between temperature elevation and
potential risk was pointed out in [14], which suggested replacing the current linear display with
an exponential display based on the form of the thermally equivalent time. The fact that the
risk of a thermally induced adverse effect depends on both the magnitude and duration of the
increase in temperature was considered in [15], which proposed an improvement to the 71, the
thermally equivalent time index (TETI), to account for both factors. The reliance of the 77 on
equilibrium temperature rise has been investigated in greater detail [8]. It was proposed to
replaci the current 77 with a new parameter called the time to threshold (77), which.dlisplays
the estimated duration of imaging required for the temperature rise to reach the/threshold
temperature rise for an adverse biological effect. A similar approach was investigated fin [16],
which proposed a different parameter, the safe use time (SUT), to compare“a simplified
estimate of the thermally equivalent time to a threshold for an adversejeffect in tgrms of
thermglly equivalent time rather than temperature rise. These four options are dispussed
first, followed by a fifth that has not yet been published.

A notg on nomenclature: In this document, the widely accepted term “thermal d¢se” is
replacgd by the more descriptive term “thermally equivalent time”, except when refefring to
the published literature. The definition of “thermally equivalent time” is also more prgcise in
that the reference temperature is fixed at 43 °C.

5.2 Exponential display of the current 77
5.2.1 Theory

It is wgll known that there is a relationship between an elevation above normal physiglogical
temperature and the time needed to induceia deleterious effect in a biological system [2], [3],
[17], [18]. Simply put, the higher the temperature rise, the shorter the time needed to pfoduce
the eff¢ct. For any two exposures at_two different temperatures, the ratio of the minimum time
t; requfired for the lower temperature” T to produce an effect, to the time ¢, required [for the
higher temperature T, to producé_the same effect increased by a constant multiple fqr each
degree| of temperature difference [19], [20]. For example, if the temperature differenge T, -
T, =1[C, then t4/t, = R, while if T, — T; = 2 °C, then t,/t, = R2, etc., where R is the lhermal

normaljzation constant,~n general, t1/tZ=R(T2-T1) g this

/°C " and the time calculated usi

approach to quantify thermal exposures is termed the thermally equivalent time. Empirical
values [of R vary among species, tissues and biological endpoints. They are also tempgrature-
dependent, with<R-~ 2 for T > 43 °C, increasing by a factor of 2 to 3 for T < 43 9C. For
simplicjty, thewvalues for R are usually fixed at R =2 for T>43 °C and R = 4 for T < 43 qC [20],
[21].

The equationforthermatyequivatenttimeisbasedonmathermodymamicor—“Arrhenius-type”
analysis that has been empirically validated for a number of biological endpoints [20], [22].
The underlying principle is that the thermal damage to a biological system, 2, which occurs
regardless of the temperature of the system, may be modelled as a first-order chemical rate
equation. From the Eyring equation for reaction rates in condensed or mixed-phase materials
[23], [24], it is possible to show that [25]:

dQ

_E
B k=4 a
dt k eXp{ RgT(t)} )

where 4 is an arbitrary constant proportional to the change in entropy, £, is the activation
energy for the damage process, R, is the gas constant, and T is the absolute temperature
(i.e., temperature in units of kelvin) at time ¢. Equation (1) assumes that the rate, &, at which
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damage is produced in a biological system can be characterized by a single activation energy,
although this may be an oversimplification. It is further assumed that when the probability of
occurrence of an adverse event, i.e., the incidence rate, IR, for the event is small, IR is
proportional to the amount of damage that accumulates over the duration of heating #,. Thus:

th —E
IR = C| exp| —= |dt
! [RQT(r)}

where C is a constant with units of #! and , is the duration of heating.

(2)

For a tkmperature rise AT(¢) above the normal physiologic temperature T, the inciden
for an adverse event relative to the background rate for the same event IRy, is given by

t E
exps——r— o ¢dt
IR, :£ {RQ[To +AT(t)]} 1% { E,AT(¢) } "

R,T, [T+ AT(7)]

ce rate

(3)

The relative increase in the incidence rate above the normal background rate, AIR,, dug to the

tempe

For tw

in rates

rature rise AT, is given by:

AIR, IR, IR, 1% E,AT(¢
l=—T1_—b=_|exp AT() dr-1. (4)
IR, IR, IR, (o} R,T,[T, + AT(¢)]
p different temperature rises;” AT, and AT,, both functions of time, there will be two
different increases. Since AT(c)/[{+ AT(:)/T,]~ AT(tﬁ, the ratio of the corresponding indreases
AIR4 and AIR,, is:
_ AT
In %T h AT,
1 expl E""C; -1 1 R %Tdt_']
A]Rz N th o RgTO | ~ th 0 (5)
AIRy - AR © 4 A7 ’
1 1™ E.C %T in %Tdt—1
[ exp| —2—1 dt—1 iy
; 2 0
‘n 0 I(glo

where the constant C+ =1 °C and the thermal normalization constant R:exp[EaCT/(RgTOZ)J. If

AT, and AT, are constant and we let AT, = nATy, then:

nAT;
AIR, R %T—1

T AT
IR

(6)

Equation (6) provides a simple expression for the relative change in the rate of induction of an
effect due to a temperature rise AT, different from an arbitrarily chosen increase AT}.
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5.2.2 lllustrative results for the new thermal index display

Notice that in the numerator of Equation (6), the exponent is a linear function of AT,. As
currently defined, the 77 is the ratio of the output power (or estimated intensity in situ) for a
particular machine setting to the power (or intensity) required to produce an estimated
temperature rise of 1 °C, i.e., T is a linear function of the output power (or intensity). By
keeping the reference temperature rise as 1 °C, i.e., by setting AT, =1 °C, and using the
current definition of 77, as the relative temperature rise, i.e., n = Tl ,,, a new definition for
the thermal index is obtained:

TICUr —_
Il ez R T (7)
AR, R-1

The new index T1,,,, gives the ratio 4/B, where 4 is an estimate of the maximum rate af which
damagg is produced by an application of diagnostic ultrasound and B is the estimated damage
rate prpduced by imposing a temperature rise of 1 °C. This modificatiop provides ar] easily
undersfood display that more accurately quantifies the thermal risk,from expogure to
diagnostic ultrasound.

A comparison of T1,.,, Vs TI, is shown in Figure 1 for R = 4. Notice that the curves intersect
at the reference level, i.e., at AT, =1 °C and T/, = 1. When the& temperature rise is greater
than the reference level, i.e., when AT, > 1 °C, Tl o, > Tl (AS Tl increases, the difference
betwegn the two increases exponentially, as is consistentWwith experimental determinafions of
the tenmperature dependence of thermal events.

An expanded view of the low-T/,, region of Figure™ is shown in Figure 2. For values pf 77,
below |, T/, o\ < Tl indicating that the risk associated with such low-level exposures|is less
than implied by the current onscreen display, of ' T7. At TI,, = 0, TI,.,, = 0, indicating thgt when
the temperature rise is 0, there is no excess risk.
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F oo N T
0.01 0.01 rl ' ' '
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Tl Tleur
IEC 2266/13 IEC 2267/13
Figure 1 — Comparison of the values of Figure 2 —-Expanded view of the
thermal index that would be displayed comparison of Figure 1 for smaller values
under the proposed definition, 77, of TI.,,

with that displayed currently, 71 ,,

5.2.3 Advantages of the new display

The proposed modification to the definition of the 77 retains all of the previous work underlying
the current thermal index plus any improvements to the temperature-estimation algorithms
while offering several significant advantages:
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The temperature-dependence of 77, is equivalent to that of the thermally equivalent
time, which has been verified by numerous experimental results at all levels of biological
organization from individual cells to tissues to whole organisms [19]-[22], [26], [27].

The value displayed onscreen would be a true index of the probability of a thermally
induced adverse event. That is, T7,,,, incorporates the concept of the rate of induction of
an adverse event relative to an arbitrary reference. The reference chosen corresponds to
that of the current 71, although the numerical value of the reference is not known.

Significantly, T1,.,, =1 when TI , = 1. This provides a convenient reference point in the
display for sonographers to use when transitioning from the current index to 77

The dlsplayed value could be used to gmde the user of a dlagnostlc scanner in the

aging
at {the reference output level, 71, = Tl = 1, for a particular time t;. InJether wprds, if
the| user images at T/, =1 for a time t;, then imaging at a different outpu}, e.g.,
TI,L = X, for a time ¢,/X would present no greater risk to the patient than the o¢riginal
imgging session.
Thg displayed value of T1,., may sometimes become quite high. It is hoped this will
sudgest to users of diagnostic ultrasound machines that exaniinations are not ggnerally
completely free from risk of harm to the patient, and espécially that high outpuf levels
shquld be avoided when possible.

The standard governing the display of the safety ndices, IEC 60601-2-37, is cdrrently
under maintenance. Therefore, it may be possible to incorporate this proposal ipto the
revjsed document relatively quickly.

4 Shortcomings of the new display

The prpposed modification to the definition of the 77 is subject to some of the same limjtations

as the turrent version:

5.3

5.3.

Ndnlinear propagation may occur:when the acoustic path contains a significant amjunt of
fluyd or other low-attenuation'material. The effect increases with output, and bgcause
TI4,, assumes linear propagation, this can introduce significant error into the calqulation
fon intensity [3]. Technical specification IEC 61949 provides a method for minjmizing
thg¢se finite-amplitude\effects when they occur during the calibration procedufes for
diggnostic transducens and suggests a method for estimating in situ exposure. Hqwever,
usp of this methad)is not currently required when making measurements of the physical
qupntities needed to determine the T7-value.

Bgcause 7Ty, incorporates Tl it is based on the steady-state temperatufe rise
calculated:for long-duration exposures from a stationary transducer.

Bdcause T1,,.,, incorporates 71, it provides an estimate of risk at a location that may or
inci i i i i oncern

when the foetus is involved.

It is well known that different thermally equivalent times are required for induction of
different adverse events [21]. As is the case for the current version of the 717, TI,,, lacks
the ability to quantify risk in absolute terms. This is perhaps its most significant failure.

Replacement of the 77 with the thermally equivalent time index (TETI)

1 Theory

The thermally equivalent time index is based on the form of the thermally equivalent time

but

with several simplifying assumptions [15]. To better understand the nature and importance

of each of these, the simplest form of the proposed index is given here:
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TI
rer @)t (8)
N

where TI is the thermal index, ¢ is the exposure duration and N is a normalizing factor equal to
a thermally equivalent time below which the risk of an adverse thermal effect is very low. By
making this choice, exposures in which the TETI is 1 or less will pose very little, if any, risk to

the pat

ient of an adverse effect due to a thermal mechanism.

As mentioned in 5.2.1 above, the value of R is assumed to be 2 for T > 43 °C, and 4 for T <

43 °C.
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For the first simplifying assumption, the latter value is chosen for the thermally
i i i i i i if ever,
ve 43 °C during a diagnostic examination, this is not a significant problem. Seg¢ond, it
med that the maximum temperature rise is equal to 7T/-value. Because the.T/-jalue is
ult of a calculation based on anatomic models that incorporate average-vallies for
properties, when expressed in degrees Celsius it may differ considehably from the
in vivo temperature rise. However, it provides a convenient estimate’ of tempgrature
bn to use in the computation of the TETI. Third, it is assumed implicitly that the
rature rise estimated using the TI-value is relative to the normal,"human physiglogical
ature. Because a common indication for foetal scanning\ is maternal fevgr, this
ption is not always valid. However, in order to accommodate the difficulties inhgrent in
ond and third assumptions, a large safety factor is incérporated in the value ¢f N as
ed below. Finally, it is assumed that the temperature rise estimated using the 7j-value
bved immediately when the exposure begins. Since the tissue temperature take$ some
reach its final value, the assumption represents @asmall, additional safety factor|for the

lue of the parameter N can be selected“to suit the subject being examingd. For
e, the relationship between the temperature and time for producing a| foetal
hation was shown to be related to the product of time and the number 4 raiseq to the
iIde of the temperature elevation. [#8]. When data obtained from different specjes are
rmed into their thermal equivalents by normalizing them to a common denonpinator,
rganism’s normal physiologicaltemperature, the results may be compared and {ised to
ine a safe exposure level [28]. The result of normalization is shown in Figure 3. Each
was derived from an analysis of a heating-cooling profile of a pregnant labpratory
(rat, mouse, or guinea 'pig) which yielded foetuses with teratologic anomalies [2P]. The
“safe” boundary ling shown in [18], i.e., 143 =1 min, is now given by #7453 _ 37 ¥ 15 = 1
own by the dashed’line. About half of the data points in Figure 3 are below this line,
ng that tempenature exposures previously considered safe because they fell below the
ry in [18],_ke., below t,3 =1 min, are actually potentially harmful. A new| “safe”
ry might be drawn at ¢, = 1 min if it were not for a single point [26]. While thoge data

seemingly minor anomalies and also those with high natural background| rates,
ce suggests that the “safe” line be drawn at 73 =1 min in Figure 3, as shown|by the
linexJtnserting these values into Equation (8) gives the desired value of N for foetal

exposy

res:
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ned line is the equivalent lower boundary (t,; = 1 min) asdetermined by [18], and the dotted li
undary for the ‘transformed’ data. The open triangle”shows the lowest positive-result dat
°C. The open squares and arrows show the ‘movement’ “of a data point from Edwards [29, 30]

ocation in [18] at (60 min, 6 °C) based on maternal exposure time and temperature to its “final” |o|

,9 min, 3,5 °C) based on thermally equivalent exposures of the foetus. Adapted from [28].

Figure 3 — Thermal-equivalent core temperature elevations vs time
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tted line is the simplified lower boundary (¢,, = 1 min) suggested for the determination of N in Equ
-fpetal tissues. Adapted from [6].

n-foetal exposure durations, particularly for-exposure durations of less th

ation (8)

ndary
nd5s

s. The

n| of the line on the right-hand side (exteftding from 60 s to 1 000 s) is the thgrmally

lowest

data pgint in the figure. Therefore, it is suggested that a lower value, #4,, = 1 min, be Used to

calcul
curve
for no

E;ent time line for 743 = 1 min. This part.of the curve lies relatively close to the
e the value for N. For simplicity,.itdis also suggested that the right-hand portion

he extended to the left and used for all exposure durations. In this case, the val
n-foetal exposures becomes:

N=(4)"-1=(4) -1min =1024 min .

of the
le of N

(10)

Although this number(may seem much too large, it is actually consistent with not only the data

shown[in Figure 4, Which were generated using ultrasound-exposure systems, but al
data frpbm systems-using hot water or hot air, radiant heat, etc. Representative data
type ate given.in Table 1. Notice that even the most sensitive tissue shown, kidney

requir

¢ that-the TETI reach a value of 80 before significant damage occurred.

50 with
of that
would
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Table 1 — Thermally equivalent time thresholds for
chronic damage in various tissues, {,;; see [21].

Tissue Species Time (min) Lesion

Muscle and fat Pig 240 Necrosis, fibrosis

Skin Man, rat, mouse 210 Epidermal necrosis

Skin Man, rat, mouse 120 Epilation

Esophagus Pig 120 Fibrosis

Cartilage Rat, mouse 120 Necrosis

Bladder Dog, rabbit 80 Mucosal necrosis

Small Intestine Rat, mouse 40 Crypt loss

Colon Pig, rabbit 30 Fibrosis

Liver Dog 30 Hepatocyte loss, necrosis

Brain Cat, dog 25 Neural pyknosis

Kidney Mouse 20 Necrosis of glomeruli and tubules
In the pvent that the 77 varies during an examination, which is. certainly not uncommpn, the

TETI may be more generally defined as:

where

summg

where

5.3.2

t
I (4)" gy
TETI =9 o2
N

(11)

¢ is now the total duration of the examination and ¢ is the duration at any pafticular
value of TI. If the number of changes in“TI is small, Equation (11) can be evaluated by a

tion:
(4)" -,
TET] =2
N
1 is the totaknumber of values of 77 used during the examination.

Illustrative results for the TETI

(12)

The vajues’of thermal equivalent time index as a function of exposure duration to the foetus

are shown in Figure 5 for values of the thermal index equal to 1,0, 2,0, 3,0 and 4,0.
shows that the TETI increases exponentially with temperature, i.e., with TI, where each curve
for the next higher value of TI being displaced upward by a factor of 4 above the preceding
curve. The functional dependence on time is linear, although this may be difficult to
appreciate on this semi-logarithmic plot.

e plot
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Fetal Exposures, N = 64 min.

10

Thermal Equjvalent Time Index, TETI

Time (min.)
IEC 2270/13

The opep circle indicates that a 3 min exposure at 71 = 2,0 will result inca TETI of 0,75, while the openp square
shows that raising the 77 to 4,0 will produce a TETI of 12,0 for the same eXposure duration.

Figure 5 — Thermally equivalent time\index (solid curves)
vs foetal exposure duration for<7I =1, 2, 3 and 4

An exdmple of how the TETI might be used ds also shown in Figure 5. If an ultrasound
examirlation of the foetus were performed in*xwhich the 77 was held constant at 2 thrqughout
the expmination, and if the duration of the examination were 3 min, the TETI wduld be
computed as:

TETL = (4) -3min/64min =0,75 . (13)

This vdlue is plotted as thevopen circle on the curve labelled “T7 = 2,0” in Figure 5. Sin¢e 0,75
is less|than 1,0, this examination exposed the foetus to very little, if any, risk of a thermally
inducedl adverse effect.)However, if the 77 had been 4,0 rather than 2,0, and the duration had
been the same, i.e.,\8°min, then:

TETI =(4)* -3min/64min=12,0 . (14)

This value is plotied as the open square in Figure 5. Because 12,0 is considerably greater
than 1,0, there is the possibility of a thermally induced adverse effect.

It is also worth pointing out the conservative nature of the index in terms of the exposure
duration in foetal examinations required to produce an index value of 1. These times are
shown in Table 2. Of course the values in Table 2 are not meant to be interpreted as limiting
the duration of an ultrasound examination. In ultrasonic scanning, the motion of the
transducer would expose different tissues to varying shorter durations. In this situation, the
TETI would overestimate the true risk, and greater values of TETI would be acceptable.
However, because of the higher risk, it is advisable to limit a continuous stationary exposure
of the foetus at a given T7 value to the time specified in Table 2.

The corresponding durations to produce TETI =1 for non-foetal exposures are given in
Table 3. The durations are greater than those shown in Table 2 by a factor of 16, consistent
with the greater resistance to thermal insult of non-foetal tissue.
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Table 2 — Foetal exposure durations for a thermally equivalent time index value of 1

Thermal index 0,5 1,0 1,5 2,0 3,0 4,0 5,0

Duration (min.) 32,0 16,0 8,0 4,0 1,0 0,25 0,0625

Table 3 — Non-foetal exposure durations for a thermally equivalent
time index value of 1

Thermal index 0,5 1,0 1,5 2,0 3,0 4,0 5,0

Duration (min.) 512,0 256,0 128,0 64,0 16,0 4,0 1,0

5.3.3 Advantages of the TETI

Perhags the most significant feature of the thermally equivalent time index’is that it [follows
the same functional form as the thermally equivalent time itself but withéuf'requiring § major
increage in the computational overhead of a diagnostic scanner. The, FFTI retains all| of the
previoys work underlying the current thermal index plus any<improvements [to the

temperpature-estimation algorithms while offering several significapt advantages:

Both the thermal and temporal dependencies of the TETI ‘are equivalent to thosel of the
thermally equivalent time, which have been verified by(humerous experimental results at
all levels of biological organization from individual cells'to tissues to whole organisnps.

The value displayed onscreen would be directly proportional to the probability of a
thefmally induced adverse event. That is, TETL normalizes the rate of inductior] of an
adverse event to a specific reference rate, both in the form of the thermally equjvalent
time. The reference chosen depends on~the tissue being exposed to the diagnostic
ultrasonic field.

Sigpificantly, when TETI = 1, the expaosure is approaching a level for which the propability
of inducing an adverse thermal event is non-trivial. This provides a convenient reference
point in the display for sonographers to use during the course of a diagnostic examipation.

After a sonographer becomes familiar with the TETI, it could provide a convenignt and
intditive guide to the maximum duration of “safe” imaging of a given region of intergst at a
particular output level because the form of the expression for TETI is the same|as the
exfression for the thermally equivalent time. In this case, “safe” is used in a felative

rather than an abselute sense, and the term is interpreted as meaning “nq more
hazardous than™imaging at the reference output level.

Begause the ZETI requires only a modest increase in computations, the changes to purrent
soffware that'are required for its implementation are also quite modest. Therefore [it may
be |possible to introduce the TETI into both current and future diagnostic sdanners
relatively quickly.

5.3.4 Shortcomings of the TETI

Because the proposed formulation for the TETI incorporates the TI directly, it is subject to
some of the same limitations as the thermal index:

Nonlinear propagation may occur when the acoustic path contains a significant amount of
fluid or other low-attenuation material. The effect increases with output, and because TETI
assumes linear propagation, this can introduce significant error into the calculation for
intensity [3]. Technical specification IEC 61949 provides a method for minimizing these
finite-amplitude effects when they occur during the calibration procedures for diagnostic
transducers and suggests a method for estimating in situ exposure. However, use of this
method is not currently required when making measurements of the physical quantities
needed to determine the T/-value.

Because TETI incorporates the 71, the TETI is based on the steady-state temperature rise
calculated for long-duration exposures from a stationary transducer.
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e Because TETI incorporates the 71, the TETI provides an estimate of risk at a location that

may or may not coincide with the region of interest, an effect that may be of pa
concern when the foetus is involved.

rticular

o It is well known that different thermally equivalent times are required for induction of

different adverse events [21]. The TETI lacks the ability to quantify risk in absolute
This is perhaps its most significant failure.

5.4 Replacement of the 77 with the time to threshold (77)
5.41 Theory

As noted above in 4.2.2 and 5.2.4, the TI is proportional to the equilibrium temperatu

terms.

re rise

producfd In a region of liISSU€ by absorpiion of the acoustic beam. It Is stated in Anne
IEC 60p01-2-37, that the T7 “gives a relative indication of the potential for temperatur
at a spgcific point along the ultrasound beam” and therefore that the 77 provides “an ing
of the gonditions that are more likely than others to produce thermal... effects.”.'Howe
discusged in 3.2.1, the duration of exposure is a critical factor in determining’the likelil
inducing an adverse biological effect, and the 77 ignores the time course)of the temp
rise. T begin to overcome this shortcoming of the T/, a new safety parameter that qu

plementation of 7T requires a relatively accurate’estimation of the increase in
ture as a function of time AT(¢:) at the point of interest. This is accomplis
ing the point-source solution to the bioheaf transfer equation [2], [31], which gi
temperature rise produced at an arbitrary pointdxg, vg, Zp) by a volume element dv log]
a distapce r and heated at a rate ¢,

AT =2

{E[2 erfc(* —R)]+ E"erfc(t * +R)}

In thi$ equation, K is.the thermal conductivity, E =exp(-r/L), t*=./(t/z
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and

R=r 1/i4l<z‘i, where the) perfusion length L = 1/4/i1(ri, x is the thermal diffusivity, and zis

the pe¢rfusion time. constant. The mathematical operation indicated by “erfc”

is the

complgmentary_‘efror function, defined as erfc(x)=1- ZI exp py/\/_ The integration is

carried| out _over a series of spherical shells around a sphere of radius r., centered
point of interest. To a good approximation, the solution is:

on the

-1 "
AT(r) = [Znexp( 2020 )(xg, 0,20 Fire + J’ {52 erfc(t * —R)|+ Eerfc(t +R)}

Tcore

jrexp(—Zaz{zfl(xa%Z)dCDsz dr |,

0

-r

where u is the acoustic absorption coefficient, « is acoustic attenuation coeffici

(16)

ent for

pressure and [ is the temporal average intensity in water (which is implicitly assumed to be

linear and non-attenuating); the heating rate ¢, = 2ul.
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5.4.2 lllustrative results for the 7T

Although a complete set of calculations for even one type of transducer, e.g., a single circular
element or a linear phased array, is not yet available, representative calculations for two
tissue types, soft tissue and bone, and for both scanning and non-scanning imaging modes
have been presented [8]. To facilitate comparison with results for the models used with the 71,
the values of several parameters were taken to be the same as in model H.3: heat
capacity = 4,16 x 106 J m=3 K1, thermal conductivity=0,6 W m!' K1 thermal
diffusivity = 0,14 mm2 s-1, perfusion time constant = 720 s, and perfusion length = 1,02 cm.
The soft-tissue acoustic attenuation coefficient was taken as 1 dB cm!, or 0,115 Np cm™1,
corresponding to the attenuation coefficient that would be found in model H.3 assuming an
acoustic frequency of 3,3 MHz (0,3 dB cm™! MHz! x 3,3 MHz = 1 dB cm-1). The calculations
for bo i Q TTTPTTTgT i i ' t, with
the remaining 50% reflected back into the overlying soft tissue. The temperature rise was
calculated in the middle of the bone layer, and the heating of the surrounding soft‘tisspe was
ignored; the thermal and perfusion properties of the bone were set equal to those of the soft
tissue.

For thg non-scanning mode beam, a homogeneous cylindrical geometry was assumgd. The
intensify in the beam was assumed to be the power emitted by the transducer divided|by the
area of the beam; the intensity was zero outside the beam. Gaussian and Bessinc profiles
were also investigated, although their effects on TT were/generally small. Five] beam
diametgers were studied: 0,1 cm, 0,2 cm, 0,4 cm, 0,8 cm and d,6"cm. The exposure parameter
used Was the attenuated power P, = Pexp(-2azy), Where(¥ is the power emitted |py the

transducer.

For thg scanning mode beam, scanning was assumed to be in a direction perpendigular to
the beam axis over a distance of 8 cm. Further, it\was assumed that a rectangular volume of
length |8 cm and width equal to the beam .diameter was uniformly insonated. Fivgd beam
diametgers were studied: 0,1, 0,2, 0,4, 0,8 and*1,6 cm. The exposure parameter used was the
attenuated bounded output power P, = Pcexp(-2azo), where P, is the power emitted pef cm of

transdycer width. For both scanning and non-scanning mode beams, the transducgr face
was considered to be adiabatic, i.e.,*that no heat flow occurred at the face.

For eaph of the four combinatigns of tissue model (soft tissue and bone in soft tissue) and
exposyre geometries (scanning and non-scanning), AT(¢) was calculated for various dejpths of
the pdint of interest for.\the same value of attenuated power. It was found that the
temperature rise was.'smaller for locations closer to the transducer, but that beyond about
3 cm (4 > 3 cm), the maximum elevation was approximately constant. Calculations for AT(z) at
zg > 3 ¢m and power:parameters P = 100 mW and P4 = 100 mW cm-! are shown in Figufe 6.
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The five|curves in each graph indicate five beam widths: 0,1 cm, 0,2 cm, 0,4 cm, 0,8 cm and 1,6 cm. The curve
through the crosses indicates points, which are aty50% of the equilibrium temperature rise for that beam w{dth. The
non-scafning-mode graphs are for an attenvbated power of 100 mW; the scanning-mode graphs ar¢ for an
attenuated bounded power of 100 mW cm:'; see [8].

Figure 6 — Temperature rise for distance (z5 > 3 cm) for four models
as’a function of US exposure time

As wolld be expected; ‘AT initially increases linearly and reaches a plateau at long exposure
durations. The time_required to reach the plateau is approximately the time needed to
establish thermalk ‘equilibrium between the heat source and sink, i.e., between the heat
generated by absorption of the acoustic field and the heat carried away by diffusipn and
perfusipn; thisstime is on the order of the ratio of the square of the linear dimension| of the
source|(e.d.,sthe beam width) and the thermal diffusivity. The temperature elevations shown in
Figure |6nare greater for bone than for soft tissue, reflecting the greater absorption in bgne. AT
is also greater for narrower rather than wider beams, a consequence oi the higher local
intensity for the combination of parameters chosen. It was also found that AT increases by <
12 % for insonation times < 180 s. Thus the effect of perfusion is relatively small for
exposures less than about 3 min.

Because linear models were used to produce the graphs in Figure 6, the attenuated power at
which the threshold temperature rise is reached after a given time for a given configuration
may be easily calculated. For the non-scanning models P, =P, AT, /AT, while for the

aref thr
scanning models P, = P, (AT, /AT, where P =100 mW, Py =100 mW cm-! and ATy, is the

threshold temperature rise. The value of ATy, appropriate for normothermic patients has
been given as 4 °C in two reports [32], [33]. The results shown in Figure 7 have been
computed assuming this value for ATy,,.
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The relations were derived for five beam\diameters in four models. The power parameters are attenuatdd power
(P,) for the non-scanning models and attenuated bounded power (P,,) for the scanning models; see [8].
Figure 7 — Relation between 7T (time to threshold) and power parameters that gjve a
temperature rise of AT, =4 °C
The exposure durations of practical interest are generally about 10s to 1 000]s; this
corresponds to the-range of times required to establish thermal equilibrium in the models
studied. Consideration of the results in Figure 7 indicates that the permissible outpuff power
level depends=strongly on insonation time in many cases. For exposure durations of 10 s to
1 000 4, theJrange in the power parameter can be as much as a factor of 40 for a wide,

scannipg.béam in soft tissue, or as small as a factor of 1,2 for a narrow, non-scanning beam
impinging on bone.

To investigate the effect of non-local heating, the calculation of the heating of soft tissue by a
non-scanning beam for acoustic absorption coefficients of 3 dB cm™! and 5 dB cm™! was
investigated [8]. As expected from analytical theory, heating at short exposure times was
proportional to the absorption coefficient. Therefore, the results were plotted as the ratio of
temperature rise AT to the absorption coefficient in Figure 8. For exposure durations of up to
180 s, this relation is independent of absorption. For longer insonation times, the
temperature rise is higher for higher values of absorption because i) heat sources at greater
distance contribute and ii) at higher absorption rates, the effect of additional heat deposition
in front of the point of interest surpasses the effect of diminished heat deposition beyond the
observation point. A similar result was found for a scanning beam in soft tissue. Note that this
calculation does not consider the increased cooling due to the increase in tissue perfusion
expected at higher temperatures.
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For eacl) beam diameter, three values of the absorption coefficienfiwere studied: 1 dB cm™, 3 dB cm™ 4nd 5 dB

cm”

5.4.3 Advantages of the 7T

Replacement of the 77 with the TT.offers the following advantages:

1. Td distinguish the end points after 1 h, they have been pldtted once more in separate columns on |the right
side of the graph; see [8].

FigIre 8 — The ratio of temperature rise to@coustic absorption coefficient, AT/4, vs

xposure duration for the non-scanning soft tissue model with P, =100 mW

The value displayed onscreen would be dimensional, having units of time. It| would
thefefore be extremely_simple for the user to interpret and implement in real time. The
usgr would simply bestold that it is potentially dangerous to continuously scan thg¢ same
tisque for a time greater than 7T.

Thg use of TT permits the use of higher output levels, at least for short imaging dufations.
Higher powefrs-often improve image quality, particularly for deep tissues imajged in
harmonic mode and for Doppler techniques.

sh ;
possibly nonexistent.

The TT concentrates on shorter exposure durations, and thus is less susceptible to the
effects of cooling by blood perfusion than is the 71.

5.4.4 Shortcomings of the 7T

Replacement of the 77 with the 7T is subject to the following limitations:

The IT and TI share the same basic model for tissue heating. Thus both parameters have
the same problems in attempting to estimate in vivo temperature rise from average, or
worst-case, values for important physical factors such as acoustic absorption and
attenuation coefficients, insertion loss, thermal conductivity, heat capacity and perfusion
length.
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o Nonlinear propagation may occur when the acoustic path contains a significant amount of

fluid or other low-attenuation material. The effect increases with output, and because T/,
assumes linear propagation, this can introduce significant error into the calculation for
intensity [3]. Technical specification IEC 61949 provides a method for minimizing these
finite-amplitude effects when they occur during the calibration procedures for diagnostic
transducers and suggests a method for estimating in situ exposure. However, use of this
method is not currently required when making measurements of the physical quantities
needed to determine the TI-value.

e Depending on its method of implementation, the 7T may provide an estimate of risk at a
location that does not coincide with the region of interest, an effect that may be of particular
concern when the foetus is involved.

. Thimmmmwmmmmmrmlﬂicular
eff¢ct. In addition, the existence of a temperature threshold is not firmly established.

The TT is a relatively new concept. It will require considerable effort to demonstrgte that
its underlying principle is applicable to the ultrasonic fields generated bynactual kclinical
transducers. As part of the needed studies, it will be desirable to consider the pptimal
method for implementing the 7T as a real-time display.

5.5 Replacement of the 77 with the safe use time (SUT)

5.5.1 Theory

injury, lit will not necessarily actually exhibit damage unless the specified temperatufe rise
has pefsisted for a specified duration of time. If the source of heating is removed so that the
threshpld temperature rise is not maintained long.enough, then no thermal injury willf result.
The mathematical approach may be thought of as. 'a>combination of those described ih 5.2.1
and 5.3.1, plus a unique extension to encompass the required duration of heating. The
following is taken from [16].

AIthouTh tissue that attains a specified threshold temperature rise may be at risk for thermal
i

As noted in 5.2.1, for two different temperature rises, AT, and AT,, both functions qgf time,
there will be two different increasesin the incidence of a specified biological effec From
Equati¢n (5), the ratio of the corresponding increases in rates AIRy and AIR,, is:

RN PPN P

AIRy 'hp ) (17)
ARy 4 ™ AR iy AR ’

in %sz—1 [® %Tdt—1

"o 0

where the constant Ct = 1 °C and ¢, is the duration of heating.

The threshold temperature-time combination was chosen to be a temperature rise of 4 °C for
4 min, or 240 s [16], [34]. Assuming AT, < 6 °C allows R to be set equal to 4. For an
ultrasound examination that produces a temperature profile of AT,(¢), that also produces a
level of biological effect equal to this reference exposure, the following equation must hold:

240s th AT(t) SUT  ATy(t)
j44dz—2405=j4 %Tdt—th: j4 %Tdt—SUT, (18)
0 0 0

where 1, i.e., the safe use time, SUT, is now the duration of scanning that would be no more
hazardous than scanning at the reference output level. The left-hand side of Equation (18)
can be evaluated immediately, yielding:
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SUT
612005 = j4AT1(’)/Csz—SUT . (19)
0

Solution of Equation (19) gives the value of the safe use time for an exposure condition that
produces heating of AT,(z). However, the calculation given in Equation (19) requires an
integration that causes a computational burden. The calculation can be simplified by using the
temperature rise value at the end of SUT, i.e., AT,(SUT):

61200s = SUT x 42H0/Cr _syr | (20)

This is|illustrated in Figure 9, which shows a typical example of temperature rise ind{ced by
an ultrasonic wave at a representative point in the beam. Areas 2 and 3 under the’curje are,
respectively, the contributions to the integral in Equation (19) during the heating and fooling
periodg. The contributions of the temperature rise during both the heating and fooling
periodg have to be taken into account in the calculation of the relatiye increase|in the
inciderice rate. While Equation (19) considers the sum of the contributions of areas 2|and 3,
Equation (20) takes into account the sum of the contributions ,0fCareas 1 and 4. High
temperjatures are present for a longer time in area 1 than in area /3, Therefore, Equatidn (20),
results|in an additional safety margin because area 3 contributes-less to the total thgrmally
equivalent time than area 1 [16].

Insomaton tme (sec)
IEC 2274/13

The examination\is terminated when ¢ = SUT. The temperature rise in tissue at ¢ = SUT is AT{(SUT).

Fi _ . . . . 4

To provide a relatively simple method for producing the curves for temperature rise needed
to implement Equation (20), The axial temperature-rise profiles for a series of 96
combinations of acoustic frequency (,f=1, 3, 5, 7, 9 and 11 MHz), source diameter (D =1, 2,
3 and 4 cm) and focal length, F, such that transducer f~numbers of 1, 2, 3 and 4 were studied
[16] using the model described in [8], described in 5.3. In each case, the acoustic output
power, W, was chosen to obtain Igptpa 3 = 720 mW cm2. They then fit the resulting data at the
location of the temperature rise, AT, ,,, to an equation of the form:

AT(t)= AT, X(t)=AT,,, [1 - exp(— \/Z ﬂ , (21)
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where «a is the inverse of the rate constant describing the rate of change in the temperature,
see Figure 9. The data for AT, and « are normalized to Cy (= 1 °C) and 1 s, respectively,
and then fit to the following expressions:

AT, -
o= AW DYE], (22a)

T

} .
1= YDA, (22b)

where Y, E and b, ¢, d, f, g, h, i are constants to be determined by the fitting routine, W, F W/ 1
mW, f|=f/1MHz, D, =D/ 1cm, and F, = F/ 1 cm. The resulting expression is:

Wn1,029fn0,580 Dr:ll,127fn0,581t y
AT(t) = 78 52D0~497F0~614 1— eXp — W C . (23)

5.5.2 lllustrative results for the SUT

The vdlues of temperature rise as a function of insonation time predicted using Equations
(16) and (23), respectively, are shown in Figure 10 forthe case of a non-scanning ijnaging
mode.|Satisfactory agreement is obtained for thesenexposure conditions. It is not possible to
presenf the results for all exposure conditions, but'the same trends are exhibited im other
cases.

To evaluate the effects of accuracy of the prediction for temperature rise, i.e., Equatign (23),
and thg worst-case assumption on the calculations, the thermal load, 7L, is defined as|[16]:

TL = tx 48A0/CT _y (24)

Curved for TL under 12 exposure conditions as a function of r and f~number are shiown in
Figure[11. The insonationtime at which a TL curve for a given case intersects the “61/200 s”
line is the SUT value forthat case, see Equation (20). Satisfactory agreement between|the TL
curves|calculated for.the two equations for predicting temperature rise is obtained exgept for
short ¢xposure dimes (for example, below 1 000 s). These discrepancies are observed
becauge of the(worst-case assumption discussed in 5.3.1. Although there is a relativelyl higher
error in the-prediction of the lower AT,,,,, the SUT values predicted in the two cases [for the
corresponding exposure conditions are almost equal to each other (e.g., Figure 1f(a), f-
numbef =.1). However. the prediction error for the higher AT, values (e.g.. above 3 °C) is
more important compared to that of the lower AT, ,, during the calculation of the SUT (Figure
11(b), f~-number = 4, AT, .« = 3,414 °C). Therefore, the use of an additional safety margin is
required, because the prediction is not on the safe side for all cases to which it can be
applied. To examine the effect of the time dependency on the variability of the SUT, the
calculation above was repeated under the assumption that AT,,,,, is achieved instantaneously,
intentionally ignoring the contribution of temperatures lower than AT,,,,. Table 4 shows the
results from those calculations for four exposure conditions. These results suggest no
significant difference between corresponding SUT values when the maximum temperature
rise <3 °C. However, ignoring the contribution during the interval at lower temperature
substantially affects the SUT value when the maximum temperature rise is >3 °C.
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(a) f=5|MHz, W =2,31 mW, D=4 cm, and F =4 cm;%(b) /=9 MHz, W=0,61 mW, D=2 cm, and FF'=2 cm; (c)
=11 MHz, W=0,25mW, D=1cm, and F=1cm; and (d) f=3 MHz, W =222 mW, D =3cm, and F = 6/cm. The
solid anq dotted lines give the values calculated using Equations (16) and (23), respectively; see [16].

Figure 10 — Values of temperature rise as a function of insonation time

As for the TT, the SUT model makes it possible to operate a diagnostic ultrasound machine at
an output power, W,, much higher than the maximum power, W, currently permitted unper the
FDA condition Igpra 3 <.720°mW cm2 for a desired brief exposure time to provide| better
imaging quality while staying within safe limits. For example, assume that the usg¢r of a
diagnogtic scanner wanis to examine a region of interest for an exposure time of 500 s hence
SUT is|selected as\500 s. Incorporating that value of SUT into Equation (20) leads|to the
following expression:

61700 s = 427000S)/CT | 500 5 (25)

For four exposure conditions, Table 5 summarizes the corresponding power W, the observed
and predicted values of a maximum temperature rise due to these conditions, and W, values
for SUT = 500 s. These results suggest that the agreement between the values calculated for
W, using Equations (16) and (23) for a given exposure condition is generally satisfactory.
However, the TL value for a temperature rise calculated using Equation (23) is higher than
that for the same temperature rise calculated using Equation (16) for a case in which a deep
focus is present because of the approach used in the determination of AT, ,, and X(¢) makes
use of the result that the location of AT,,, moves toward the acoustic source as the f-number
increases [35]. Therefore, the proposed temperature rise model can conservatively calculate
W, for such a case (Table 5). The variability in the models at short exposure times has a
substantial effect on the calculation of 7, because it is necessary to focus on short exposure
times when the operator wants to use higher acoustic output power. Therefore, the present
SUT model can be applied for brief exposure times, even lower than the reference exposure
time (240 s), provided an accurate model of the temperature rise is available.
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solid and dotted lines give the.values calculated using Equations (16) and (23), respectively. The

®, B, anf A indicate f~number = 1, fanumber = 3, and f-number = 4, respectively; see [16].

Figure 11 —<The thermal load as a function of time and f-number

Table 4 -SUT values when including and ignoring the contribution of
temperatures lower than AT, ., for the four exposure conditions and
the corresponding values of AT,

IEC 24276/13

Exposure time (sec) Exposure ime (sec)
(a) (b)
rmal load Thermal load
o ;e
Exposure time (sec) Exposure ime (sec)
(c) (d)
MHz and D =4 cm, (b) f=5 MHz@and D =3 cm, (c) /=7 MHz and D =2 cm, and (d) f=9 MHz a

hd D =1
symbols

Hxposure condition SUT when including the SUT when ignoring the AT, .y
contribution at lower contribution at lower
temperatuare temperatare

(s) (s) (°C)

f=3MHz, D=4 cm, f~number = 4 4 750 4740 1,902
f=5MHz, D=3 cm, f~number = 4 1200 1150 2,869
f=9MHz, D=3 cm, f~number = 3 495 455 3,538
f=7MHz, D=4 cm, f~number = 3 200 109 4,570
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Table 5 — Values of W, W,, and AT, for the case of SUT = 500 s.

Exposure condition w quf/?g) qu/V(a16) EAqT.m(an) EAqTT%)é)
(mW) (mW) (mW) (°C) (°C)
f=3MHz, D=4 cm, f-number = 4 712 1792 1424 1,932 1,902
f=5MHz, D=3 cm, f~-number =3 115,9 738 647 0,682 0,642
f=7MHz, D=2 cm, f~number = 1 0,77 173 190 0,016 0,014
f=9MHz, D=1cm, f~number = 1 0,33 72 76 0,016 0,015
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trapsducers and suggests a method for estimating in situ exposure. However, use

me

Advantages of the SUT
ement of the T7 with the SUT offers the following advantages:

value displayed onscreen would be dimensional, having units ,6f)time. It
refore be extremely simple for the user to interpret and implement‘in real tim

use of SUT permits the use of higher output levels,(at least for short i

armonic mode and for Doppler techniques.

SUT offers a more direct indication of risk to the‘patient. If the duration of im4
5 than SUT, and assuming that the same tissue-flas not been scanned multiple t
hort period, then it may be concluded that the risk to the patient is at least very
sibly nonexistent.

Shortcomings of the SUT
ement of the 77 with the SUT is subject to the following limitations:

SUT, TT and TI share the samie basic model for tissue heating. Thus these par
have the same problems \in. attempting to estimate in vivo temperature ris
rage, or worst-case, values for important physical factors such as ag
porption and attenuation coefficients, insertion loss, thermal conductivity
acity and perfusiondength.

d or other low-attenuation material. The effect increases with output, and becaug

nsity [3}-Technical specification IEC 61949 provides a method for minimizing
e-amplitude effects when they occur during the calibration procedures for dia

hed,is not currently required when making measurements of the physical qu

would
e. The

r would simply be told that it is potentially dangerous to continuOusly scan the same
tisque for a time greater than SUT.
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ations. Higher powers often improve image quality, particdlarly for deep tissues imaged
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Depending on its method of implementation, the SUT may provide an estimate of risk at a
location that does not coincide with the region of interest, an effect that may be of

par

ticular concern when the foetus is involved.

There is no generally accepted threshold temperature rise for induction of any particular
effect. In addition, the existence of a temperature threshold is not firmly established.

The SUT is a relatively new concept. It will require considerable effort to demonstrate that
it is applicable to the ultrasonic fields generated by actual clinical transducers. As part of
the needed studies, it will be desirable to consider the optimal method for implementing

the

SUT as a real-time display.
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5.6 Replacement of the 77 with the thermally equivalent time displayed (TETD)
5.6.1 Theory

Because the value of the threshold temperature rise for any particular tissue in humans is
not known, and indeed because there is not agreement even as to the very existence of such
a threshold, an alternative, related method of analysis is outlined here. The same
mathematical approach described in Equations (15) and (16) may be used. However, rather
than employ a threshold for which either very limited or no data exist, the thermally
equivalent time will be calculated directly from the time-temperature profile obtained from
Equation (16), see [36].

As not 1 23 1 lired to
produce a given level of effect at one temperature 7(¢) to the time required to prodyce the
same level of effect, termed an ‘isoeffect’, at a reference temperature of 43 °C.(n th|s way,
the expression for 745 can relate a thermal exposure with any arbitrary time:tempprature
profile |T'(¢), to an equivalent exposure for a time ¢45 at a constant temperature)of 43 °C:

"
t43 = IR [T(1)-43°Cl/Cr 4 (26)
0

Note that the value chosen for the reference temperaturé’may vary with the endpoint of
interesf (56 °C is sometimes chosen in thermal ablation~Studies) as well as with the gpecies
being qtudied. In humans, for hyperthermia exposures(the reference temperature is 43 |C.

The thermally equivalent time concept provides arelatively simple means of quantifyjng the
thermal] damage produced by a heating-cooling’ cycle having an arbitrary time-tempgrature
profile.| For example, an exponential temperature rise provides a convenient, apprdximate
solutiop to the bio-heat transfer equatiofi*for ultrasound-exposed tissue. The equgtion is

T(t)=73+ATmaX(1—e_kT’), where T, is~the normal physiologic temperature, AT, .. |is the
maximym, or steady-state temperature increase, k1 is the rate constant for tempgrature

increage, and ¢ is the time elapsed;Since the beginning of the exposure. The time requ|red for
the tenpperature increase to regach half of its final value, 74,5, is 0,693/kt. Since the reference

temperature may be written as Tger =43 °C =T, + ATz =T, + 6 °C, Equation (26) may be
approxjmated as:

n |:AT 1 kT —6°C}/CT o n —kTt;
t43 — Z 'R max( ) Ati — R(ATmax_6 C)/CT Z<R—ATmaxe /CT >Ati , (27)
20 i=0

where < > indicates the time-average over the interval A7. This form of the thermally
equivalent time is well-suited to computation, requiring only the addition of a single term to
the summation for each successive time step. Note that the important parameter in the
expression is ATggg, and not Tgreg itself. Thus it is the temperature rise above a patient’s
normal core temperature that must be considered when estimating thermally equivalent
time.

In calculations of the thermally equivalent time, it is desirable to include the cool-down
portion of a typical heating curve which must inevitably follow the preceding heating phase.
Again assuming an exponential form, a second temperature rate constant, k,, quantifies the
decrease in temperature following exposure:

max

T(¢)=T, + AT, (1 - e*"T’), t<t, (28a)
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T(t) = Ty + ATy (1= 70 ptr2lom) ¢ g (28b)
where ¢, is the duration of heating. The final form of the thermally equivalent time is then:

f43 = i

KTt ) _pro(h—
d [ATmax(1*€7kT[i)*6°C:i/CT m |:ATmax[1—e Je kT2 ’h)_e OC}/CT
Z R At; + Z R A,

i=1 n+1

,(29)

n i m AT, 1_e kT *kTZ(li*fh),soc}/c \
D(ATmax*GOC)/CT Z/}.?*ATmaxe thl/CT \/\fl " Z/D[ max( ¢ )e T

i=1 n+1

~

where [; is the time at which the temperature has returned to T,; # may also ©e-an arbitrarily
selectgd maximum time.

Once the value for the thermally equivalent time has been determified from Equatign (29),
the prdbability that an adverse effect results from that thermal exposure is calculated. First,
the damage rate constant & is determined at T = Trgpr; K(TrEp) = krep USing the |Eyring
equatign with the activation energy for the effect of interest:

AS/ —AH, -AH _Ey
kg Tt
kre :%e /ege AQTREF = Ae AQTREF ~ Ae RgTREF, (30)

where [ig is Boltzmann’s constant, % is Plangk’s’constant, AG is the Gibbs free energy, and
AG = AH —TAS . Then the probability that an ‘organism is affected is calculated from:

A(e)= 1 rest o, (31)

where the extrapolation number/ng is the number of discrete and independent events required
to indyce the effect. Note that the use of tggr and kggg simplifies calculations |of the
probabjlity of damage for \cell types having similar responses to thermal injury, i.e.,[similar
values [of £, although'it’is not necessary.

5.6.2 lllustrative results for the TETD

Thermaplly jequivalent times corresponding to the temperature profiles shown in F
were cmputed to provide easy comparlson of the two approaches (TT VS TETD) Beca
profiles ) ) )
data points Were fit to logistic dose response curves; in all cases the correlat|on coeff|0|ent r>
0,996. The thermally equivalent times (z43) were calculated from the fits assuming R is 4 for
AT <6 °C and R is 2 for AT > 6 °C. For simplicity, the additional dose accumulated during the
cooling phase of the exposure was ignored, resulting in a multiplicative error factor of at most
2.

The results for thermally equivalent times are shown in Figure 12. As would be expected,
the values for bone are greater, and sometimes much greater, than for soft tissue. In fact,
although the calculated temperature increases shown in Figure 6 for soft tissue and bone may
differ by factors of 2 to 20, the corresponding thermally equivalent times differ by up to
100,000. This reflects the exponential nature of the physiological response to thermal
exposure.
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The relatjions were derived for five beam diameters in four models.

Figure 12 — A comparison“of thermally equivalent times (f43) for the temperatyre
profiles shown in Figure 6

To make use of the data_in Figure 12, it is necessary to calculate the probability of an gdverse
biologital effect for those thermally equivalent times. Limited data are available for this, but
two cages are shown*here. The first is for the most sensitive tissue shown in Table 1, ife., the
kidney| The threshold for necrosis of kidney glomeruli and tubules is approximately 20| min at
43 °C. [Assuming’a sigmoidal response, that the fraction of affected kidneys at the threghold is
5 %, a%vd an extrapolation number n, = 100, the calculated rate constant k = 0,175 s-1. For the

second example, the results for birth defects in mice [27] are re-analyzed, yielding p, = 77
and k 24451

The calculated fractions of affected tissues or organisms are shown in Figure 13. A few points
are worth mentioning. First, adult tissues show a range of responses to heat, see Table 1.
This is also true of ionizing radiation. As noted above, the kidney is relatively sensitive to
thermal exposures. Curves like that for kidney necrosis in Figure 13 would shift to the right for
other tissues. Second, the thermally equivalent time needed to induce a birth defect is only
about a tenth of that required to damage the soft tissue of the kidney [21], [27]. Third, the
result for birth defects is based on data obtained with whole-body maternal heating. The
relevance to the physically more confined exposures of diagnostic ultrasound is not clear.
Fourth, these effects are rather severe, resulting in death of the tissue involved or
malformation of the young organism. More subtle effects may need lesser doses than those
illustrated here. Fifth, for many effects in tissues or organs, the range of thermally
equivalent time over which the fraction affected increases from zero to >0,9 is about a factor
of only 3.
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