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Evaluation of the Unscanned Soft-Tissue
Thermal Index

William D. O’Brien, Jr., Fellow, IEEE, and D. Scott Ellis

Abstract—The monopole-source solution was used to cal-
culate the three-dimensional complex acoustic pressure field
for focused circular apertures in a medium having homoge-
neous acoustic and thermal properties. The three source
diameters were 1, 2, and 4 cm and the eight transmit f-
numbers (ratio of the radius of curvature/source diameter)
were 0.7, 1.0, 1.3, 1.6, 2.0, 3.0, 4.0, and 5.0. For these focused
field geometries, eight ultrasonic frequencies were evaluated
(1, 2, 3, 4, 5, 7, 9, and 12 MHz) from which the three-
dimensional temperature distribution was calculated using
the bio-heat transfer equation in homogeneous, perfused
media (attenuation = absorption = 0:3 dB/cm-MHz; per-
fusion length: 1.0 cm). For each of the 192 cases, the acoustic
field was normalized to the derated spatial peak, temporal
average intensity (ISPTA:3) of 720 mW/cm2, the maximum
value allowed by the FDA 510(k) diagnostic ultrasound
equipment approval process. Using the normalized acoustic
field, the axial temperature increase profiles and the max-
imum temperature increases (∆Tmax) were determined for
each case. Also, from the normalized acoustic field, the un-
scanned soft-tissue thermal index (TIS) was determined.
In general, ∆Tmax, TIS, and source power increase with in-
creasing transmit f-number, source diameter, or frequency.
The TIS generally underestimates (is less than) ∆Tmax for
f-numbers � 2, conditions for which ∆Tmax � 0:30�C and
TIS � 0:40. This suggests that, for transmit f-numbers � 2,
TIS would not need to be displayed according to the ODS
display requirements. With the exception of the longer-
focus, larger-diameter, higher-frequency sources, TIS gen-
erally tracks ∆Tmax for f-numbers � 3. These exceptions
suggest a breakdown of the ODS procedures for calculating
TIS.

I. Introduction

When the U.S. Food and Drug Administration (FDA)
initiated the regulation of diagnostic ultrasound

equipment in the mid-1980s [1], [2], the FDA set
application-specific intensity limits that could not be ex-
ceeded (Table I). These limits were not based on safety
considerations. Rather, they were based on the output
of diagnostic ultrasound systems that had been entered
into interstate commerce prior to May 28, 1976, the date
on which the Medical Devices Amendments were enacted.
Diagnostic ultrasound manufacturers can still have their
equipment approved using the application-specific limits
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process (Table I) for most indicated equipment uses. Alter-
nately, manufacturers can have their equipment approved
under the provisions of the Standard for Real-Time Display
of Thermal and Mechanical Indices on Diagnostic Ultra-
sound Equipment (commonly called the Output Display
Standard, ODS) [3]–[6]. Although the ODS does not spec-
ify upper limits, the FDA’s implementation of the ODS
stipulates regulatory upper limits to be 720 mW/cm2 for
the spatial peak, temporal average intensity, ISPTA.3, and
1.9 for the Mechanical Index for all but ophthalmologic
applications [6]. The purpose of the ODS is to provide
the capability for users of diagnostic ultrasound equipment
to operate their systems at levels much higher than pre-
viously had been possible (see Table I) in order to have
greater diagnostic capabilities. In doing so, the possibility
was hypothesized for harm to the patient because of the
potential for higher output levels. Therefore, the ODS re-
quires that two biophysical indices be provided so that the
equipment operator has displayed information available to
make appropriate clinical decisions, viz., benefit vs. risk,
and to implement the ALARA (As Low As Reasonable
Achievable) principle [7]. The two biophysical indices are
the Thermal Index and the Mechanical Index. The Ther-
mal Index provides information about tissue temperature
increase, and the Mechanical Index provides information
about the potential for cavitation. This contribution does
not address the Mechanical Index.

The basic Thermal Index definition is [3]:

TI =
W0

WDEG
(1)

where W0 is the source power of the diagnostic ultrasound
system, andWDEG is the source power required to increase
the tissue temperature 1◦C under very specific and con-
servative conditions. Three different Thermal Indices were
developed to address three different tissue models and two
different scan modes, that is, the soft-tissue thermal index
(TIS), the bone thermal index TIB, and the cranial-bone
thermal index TIC (Table II). The unscanned-mode typi-
cally is used clinically for spectral Doppler and M-Mode in
which the ultrasound beam remains stationary for a period
of time. Also, the unscanned-mode soft-tissue thermal in-
dex, as well as the TIB, are the only TI quantities that at-
tempt to estimate temperature increase at locations other
than at or near the source surface. The others estimate
temperature increase at or near the source surface. This
contribution is an evaluation only for the unscanned-mode
soft-tissue thermal index.
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TABLE I
FDA pre-amendments levels of diagnostic ultrasound devices [2]

Derated Intensity Values

Sites ISPTA ISPPA Im

(mW/cm2) (W/cm2) (W/cm2)

Cardiac 430 190 310
Peripheral vessel 720 190 310
Ophthalmic 17 28 50
Fetal imaging and other∗ 94 190 310
∗ Abdominal, intraoperative, small organ (breast, thyroid, testes),
neonatal cephalic, adult cephalic.

TABLE II
Outline of the Thermal Indices

Scanned Unscanned
mode mode

Soft tissue TIS at surface TIS small aperture and large aperture
Bone at focus TIS at surface TIB
Bone at surface TIC TIC

II. Methodology and Definitions

The monopole-source solution for estimating tissue tem-
perature increase of a focused ultrasound field was used [8].
The monopole-source solution does not restrict itself to a
specific beam geometry, and thus has applicability to any
arbitrarily shaped source aperture. Its solution consists of
two steps. The first step determines the three-dimensional
distribution of the complex acoustic pressure field p gener-
ated by an ultrasonic source from the solution to the lossy
Helmholtz equation given by:

∇2p+ k2p = 0 (2)

where k is the complex wave number k = k0 − jα, and
where k0 and α are the wave number (k0 = ω/c, ω is
the angular frequency, and c is the medium’s propagation
speed) and amplitude absorption coefficient, respectively.
For a very small and spherically symmetric acoustic source
(a monopole source) with angular frequency, ω, ω, in an
unbounded fluid, the monopole-source solution of (2) is:

p =
G

R
e−jkR =

G

R
e−αRe−jk0R (3)

where the constant G is called the monopole-pressure am-
plitude and R is the outgoing radial distance (spherical
coordinates for the monopole source). The acoustic pres-
sure spatial distribution is determined by summing the
individual fields at each field location from the N acoustic
monopoles that conform to the source aperture geometry.
The absorption coefficient α in (3) is replaced by the at-
tenuation coefficient A because the loss of amplitude as
the wave propagates is quantified by the attenuation coef-
ficient.

The second step uses the computed three-dimensional
acoustic pressure field to determine the temperature in-
crease at any point in the medium. The bio-heat transfer
equation is used to combine the processes of ultrasonic
absorption, tissue perfusion, and heat conduction, that is,

∂T

∂t
= κ∇2T − ∆T

τ
+
qv

cv
(4)

where T is the ambient temperature level, t is time, κ is
the thermal diffusivity, ∆T is the temperature increase, τ
is the perfusion time constant, cv is the heat capacity per
unit volume of the medium, qv = αp2

0
ρc is the heat gener-

ated locally at a temporal-average rate per unit volume,
p2
0 = pp∗ is the squared magnitude of the complex acous-
tic pressure amplitude at a specific field location, and ρc
is the medium’s characteristic acoustic impedance (prod-
uct of density, ρ, and propagation speed, c). A solution to
(4) is used as the basis for the monopole-source solution
to yield the temporal-dependent temperature increase at
a distance r from a monopole (infinitesimal) heat source
of volume dv, which is generating heat at a rate qvdv for
a time t [9], that is,

∆T (t, r) =
C

r

{
e−r/L [2 − erfc (t∗ −R∗)] + er/L erfc (t∗ +R∗)

}
(5)
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where

C =
qvdv

8πK
=

αp2
0dv

8πρcK
(5a)

K = cvκ (5b)

L =
√
κτ (5c)

t∗ =

√
t

τ
(5d)

R∗ =
r√
4κτ

=
r

2L
(5e)

and where K is the thermal conductivity coefficient, L is
the perfusion length, and erfc is the complementary error
function. The steady-state solution of (5) is:

∆T (r) =
2C
r
e−rL. (6)

Using the point-source solution to the bio-heat transfer
equation, (5) for the temporally dependent solution and
(6) for the steady-state solution, the temperature increase
at an observation point Pobs (xobs, yobs, zobs) due to an in-
finitesimal heat source located at Phs (xhs, yhs, zhs) is given
by [9]:

∆T (Pobs, Phs) =
2C
s
e−s/L (7)

where s is the distance between Pobs (xobs, yobs, zobs)
and Phs (xhs, yhs, zhs). The temperature increase is cal-
culated, using the superposition principle, by sum-
ming the infinitesimal heat source temperature increases,
∆T (Pobs, Phs), from every infinitesimal heat source loca-
tion (Phs) to the observation locations (Pobs). For this
contribution, the temperature increase profile is calculated
along the z-axis (zobs locations).

The majority of axial temperature increases is reported
for the steady-state solution. The maximum value of the
axial steady-state temperature increase is denoted ∆Tmax.
In addition, the temporal dependency of axial tempera-
ture increase is reported and expressed in terms of time
required for the temperature to reach 80% of its steady-
state temperature increase, where the time and tempera-
ture at a specified axial location are denoted by t80% and
∆T80%, respectively.

For the unscanned soft-tissue thermal index, it was as-
sumed that the tissue is homogeneous (in terms of both
acoustic and thermal properties). The attenuation coeffi-
cient A (also referred to as a derating factor) and absorp-
tion coefficient α are both 0.3 dB/cm-MHz, density ρ is
1000 kg/m3, propagation speed c is 1540 m/s, tissue per-
fusion L is 1 cm, and tissue thermal conductivity K is
0.006 W/cm2. These are the values used in the ODS [3]
and the values used herein.

The basis for the development of the unscanned TIS
computations for the small and large aperture cases is dis-
cussed in detail elsewhere [3], [10], [11]. The two expres-
sions for the TIS computations are based on the source
aperture size. For a large aperture as shown in (8) (top

Fig. 1. Three examples of how the numerator of (8) is deter-
mined under the condition that the derated spatial-peak, temporal-
average intensity ISPTA.3 is 720 mW/cm2. The derated acous-
tic power W.3(z) is the smooth exponentially decaying line, and
the derated temporal-average intensity times an area of 1 cm2

ITA.3(z) × 1 cm2 is the oscillatory line. The bold line in these ex-
amples denotes the minimum of either W.3(z) or ITA.3(z) × 1 cm2,
that is, min

{
W.3(z); ITA.3(z) × 1 cm2

}
, as a function of axial dis-

tance. The solid vertical line for each example is the location of zbp.
(a) Frequency = 2 MHz, source diameter = 2 cm, ROC = 10 cm,
zbp = 3.00 cm, and z1 = 3.00 cm, for which the maximum values of
ITA.3(z)×1 cm2 are greater than W.3(z) in the region less than zbp.
(b) Frequency = 3 MHz, source diameter = 4 cm, ROC = 16 cm,
zbp = 6.00 cm, and z1 = 6.40 cm, for which the maximum values
ITA.3(z) × 1 cm2 are less than W.3(z) in the region less than zbp.
(c) Frequency = 7 MHz, source diameter = 2 cm, ROC = 10 cm,
zbp = 3.00 cm, and z1 = 3.00 cm, for which the maximum values of
ITA.3(z)× 1 cm2 are greater than W.3(z) in the region less than zbp
and for which the magnitude of ITA.3(z)× 1 cm2 is greater near the
transducer than in the focal region.
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TIS =
max

z1>zbp

{
min

{
W.3 (z1) ; ITA.3 (z1) × 1 cm2

}}
(

210
fc

) for Aaprt > 1 cm2 (8)

of this page), where W.3 (z1) is the derated power at z1,
ITA.3 (z1) is the derated temporal-average intensity at z1,
fc is the ultrasound center frequency, Aaprt is the aperture
(source) surface area, and z1 is the axial distance greater
than the axial break-point distance zbp. The break-point
distance was introduced into the TIS determination in or-
der to avoid measurement inaccuracies introduced by at-
tempting to measure intensities too close to the source
surface, and for a circular source is 1.5 times the source
diameter,

zbp = 1.5

√
4
π
Aaprt = 1.69

√
Aaprt. (9)

Three examples (Fig. 1) demonstrate how the numer-
ator of (8) is determined, that is, where the maximum
values of ITA.3(z) × 1 cm2 are greater than W.3(z) in the
region less than zbp [Fig. 1(a)], where the maximum val-
ues of ITA.3(z) × 1 cm2 are less than W.3(z) in the region
less than zbp [Fig. 1(b)] and where the maximum values of
ITA.3(z)×1 cm2 are greater than W.3(z) in the region less
than zbp and also where the magnitude of ITA.3(z)×1 cm2

is greater near the skin surface than in the focal region
[Fig. 1(c)]. The solid line in these three examples de-
notes the minimum of either W.3(z) or ITA.3(z) × 1 cm2,
that is, min

{
W.3 (z) ; ITA.3 × 1 cm2

}
, and z1 is the loca-

tion greater than zbp (denoted by the short, solid vertical
line) where the solid line is at its maximum value, that is,
max

z1>zbp

{
min

{
W.3 (z) ; ITA.3 × 1 cm2

}}
. The basis for why

W.3(z) or ITA.3 (z) × 1 cm2 control maximum tempera-
ture increases for different situations can be found else-
where [3], [10].

For a small aperture:

TIS =
W0(
210
fc

) for Aaprt ≤ 1 cm2. (10)

All computations were made on either a SUN Sparc-
Station 2, SUN SparcStation 20 or SUN UltraSparc 1. A
monopole-source spacing on the transducer surface of λ/4
and a field spacing of 0.01 cm were used for the monopole-
source solution. These were verified previously [8] to yield
convergent asymptotic temperature increase values.

III. Results and Discussion

One hundred ninety-two cases have been investigated
at eight frequencies (1, 2, 3, 4, 5, 7, 9, and 12 MHz), three
source diameters D (1, 2, and 4 cm), and appropriate radii
of curvature (ROC) to yield f -numbers (= ROC/D) of

0.7, 1.0, 1.3, 1.6, 2.0, 3.0, 4.0, and 5.0. This selection of
frequencies, diameters, and transmit f -numbers was cho-
sen to provide sufficient detail to evaluate TIS, ∆Tmax,
and other exposure trends over the diagnostic ultrasound
frequency range.

All results reported herein are based on the der-
ated spatial-peak, temporal-average intensity ISPTA.3 of
720 mW/cm2. This value provides a common reference as
well as a worst-case exposure condition based on the FDA
limit for most diagnostic ultrasound equipment approved
under the ODS procedures [6].

Fig. 2, 3, and 4 show, respectively, the maximum steady-
state temperature increase ∆Tmax; the unscanned soft-
tissue thermal index TIS; and the source power W0 as a
function of f -number, source diameter D, and frequency.
In general, ∆Tmax, TIS, and W0 increase as a function of
increasing f -number, source diameter, or frequency. These
trends follow the source power. As the f -number increases,
and hence the ROC increases, the source power must in-
crease in order to satisfy the 720 mW/cm2 requirement
because ISPTA.3’s distance from the source increases.

Direct comparison of the 192 ∆Tmax-TIS pairs provides
an understanding of how the maximum steady-state tem-
perature increase ∆Tmax tracks its matched TIS value from
the same computed acoustic pressure field. The paired
∆Tmax and TIS (Fig. 5) are grouped by f -number and
shown as a function of frequency where the frequency axis
is grouped by the three source diameters. A comparison
of these 192 ∆Tmax-TIS pairs against the TIS = ∆Tmax
straight line is shown in Fig. 6(a). The minimum and max-
imum values of ∆Tmax, TIS and ∆Tmax

TIS are grouped by f -
number and listed in Table III. At the lower f -numbers
and at constant source diameters, both ∆Tmax and TIS
decrease as a function of increasing frequency with ∆Tmax
generally greater than TIS, that is, TIS underestimates
∆Tmax [Fig. 5(a–d)], and there is a general reversal of this
trend for the higher f -numbers [Fig. 5(e–h)]. Both ∆Tmax
and TIS tend to increase as a function of increasing f -
number (Fig. 6a) where it is interesting to observe that
the ∆Tmax-TIS pairs roughly follow TIS = ∆Tmax, sug-
gesting that the TIS calculation reasonably estimates the
computed ∆Tmax. However, these cases need to be exam-
ined in greater detail as there are numerous ∆Tmax

TIS val-
ues greater than 1 (Table III), that is, TIS underestimates
∆Tmax [under the straight line in Fig. (6)].

The four lowest f -number groups (f/0.7, f/1.0, f/1.3,
f/1.6) include 96 ∆Tmax-TIS pairs in which the maxi-
mum ∆Tmax value does not exceed 0.25◦C (Table III) even
though TIS generally underestimates (is less than) ∆Tmax
[Fig. 5(a–d)]. The maximum ∆Tmax

TIS value is 109 among
these four f -number groups (Table III). The maximum
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Fig. 2. Maximum steady-state temperature increase ∆Tmax as a function of f -number and source diameter D for each of the eight frequencies
under the condition that the derated spatial-peak, temporal-average intensity ISPTA.3 is 720 mW/cm2.
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Fig. 3. Unscanned soft-tissue thermal index TIS as a function of f -number and source diameter D for each of the eight frequencies under
the condition that the derated spatial-peak, temporal-average intensity ISPTA.3 is 720 mW/cm2.
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Fig. 4. Source power W0 as a function of f -number and source diameter D for each of the eight frequencies under the condition that the
derated spatial-peak, temporal-average intensity ISPTA.3 is 720 mW/cm2.
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Fig. 5. Paired maximum steady-state temperature increase ∆Tmax (white columns) and unscanned soft-tissue thermal index TIS (black
columns) as a function of frequency grouped by f -number under the condition that the derated spatial-peak, temporal-average intensity
ISPTA.3 is 720 mW/cm2. The frequency axis is grouped by the three source diameters.
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Fig. 6. Unscanned soft-tissue thermal index TIS as a function of max-
imum steady-state temperature increase ∆Tmax under the condition
that the derated spatial-peak, temporal-average intensity ISPTA.3
is 720 mW/cm2. The straight line denotes TIS = ∆Tmax. (a) For
all 192 cases. (b) Ten selected ∆Tmax-TIS pairs omitted from (a):
f/2.0 for 12-MHz, 4-cm-diameter; f/3.0, f/4.0, and f/5.0 for 9- and
12-MHz, 4-cm-diameter, and 12-MHz, 2-cm-diameter.

TIS value of these 96 cases is 0.24, which suggests that
the TIS would not need to be displayed according to the
ODS display requirements [3].

The maximum∆Tmax value in the f/2.0 group is 1.38◦C
(TIS is 0.18), which occurs for the 12-MHz, 4-cm-diameter
case [shown clearly in Fig. 5(e)]. The next highest ∆Tmax
value is 0.30◦C (TIS is 0.16) for the 9-MHz, 2-cm-diameter
case. If the 12-MHz, 4-cm-diameter case is omitted from
the f/2.0 group, a nonclinical case, then the five low-
est f -number groups (f/0.7, f/1.0, f/1.3, f/1.6, and
f/2.0) have a maximum ∆Tmax value that does not ex-
ceed 0.30◦C, and a maximum TIS value that does not ex-
ceed 0.40. This suggests that TIS would not need to be
displayed for these 119 ∆Tmax-TIS pairs according to the
ODS display requirements [3].

The maximum ∆Tmax values in the three highest f -
number groups of f/3.0, f/4.0, and f/5.0 are 12.2, 11.7,
and 11.5◦C. These cases represent a potential for serious
concern because their respective displayed TIS values are
1.61, 1.14, and 0.92, which do not inform the system op-
erator of the potentially damaging temperature increases.
These three ∆Tmax-TIS pairs occur for the 12-MHz, 4-
cm-diameter case [Fig. 5(f–h)] which suggests that the

Fig. 7. ∆Tmax
TIS as a function of f -number under the condition

that the derated spatial-peak, temporal-average intensity ISPTA.3
is 720 mW/cm2. (a) D = 1 cm, (b) D = 2 cm, and (c) D = 4 cm.
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TABLE III
Minimum and maximum values of ∆Tmax, TIS, and their ratio

grouped by f-number. Each f-number set includes 24 cases.

f -number ∆Tmax(◦C) TIS ∆Tmax
TIS

0.7 0.006-0.049 0.0001-0.025 1.87-109
1.0 0.014-0.095 0.0014-0.082 1.10-11.0
1.3 0.025-0.15 0.0073-0.15 0.65-8.64
1.6 0.038-0.25 0.026-0.24 0.49-8.04
2.0 0.058-1.38 0.078-0.40 0.35-7.57
3.0 0.18-12.2 0.25-3.60 0.30-7.54
4.0 0.23-11.7 0.33-5.79 0.24-10.3
5.0 0.25-11.5 0.36-7.83 0.29-12.5

longer-focus, higher-frequency, larger-diameter cases that
yield high ∆Tmax values are not being properly tracked
by the ODSs TIS-calculation procedures. The same lack
of proper tracking occurs for many of the shorter-focus
cases, as discussed above; but is not a safety concern be-
cause ∆Tmax does not exceed 0.3◦C. To gain a better
understanding of how well ∆Tmax tracks TIS, the ratio
quantity ∆Tmax

TIS is compared as a function of f -number
(Fig. 7). For the 12-MHz, 4-cm-diameter cases, ∆Tmax

TIS val-
ues are significantly greater than those of the other 4-cm-
diameter cases [Fig. 7(c)]; note that ∆Tmax is significantly
greater than TIS for all of the 12-MHz, 4-cm-diameter
cases (Fig. 5). Also, TIS underestimates ∆Tmax for all
of the 12-MHz, 2-cm-diameter cases [Fig. 7(b)] but not
to the extent of the 12-MHz, 4-cm-diameter cases. These
longer-focus, ∆Tmax

TIS > 1 cases are shown in the upper right
portion of Fig. 6(a) under the slope = 1 curve where the
∆Tmax values are at levels of concern.

Consider the situation in which 10 selected ∆Tmax-
TIS pairs are omitted from Fig. 6(a), that is, the longer-
focus, ∆Tmax

TIS > 1 cases. In addition to the 12-MHz, 4-cm-
diameter, f/2.0 case discussed above, the following nine
longer-focus, larger-diameter, higher-frequency cases are
omitted: f/3.0, f/4.0, and f/5.0 for 9- and 12-MHz, 4-cm-
diameter and 12-MHz, 2-cm-diameter. The resultant figure
[Fig. 6(b)] demonstrates better agreement between ∆Tmax
and TIS at the higher ∆Tmax values, that is, TIS generally
tracks and slightly overestimates ∆Tmax for the majority
of cases. These observations suggest that the ODS proce-
dures may not be applicable for the longer-focus, larger-
diameter, higher-frequency sources.

The ODS does not require user information about the
location of ∆Tmax. To gain this understanding, the axial
distance locations of ∆Tmax (denoted as d∆Tmax) are shown
in Fig. 8 in terms of the normalized distance d∆Tmax

ROC as
a function of f -number and source diameter for each of
the eight frequencies. For all 192 cases, d∆Tmax < ROC,
the geometric focus location. For the lower f -number
cases, d∆Tmax is approximately near the geometric fo-
cus. As the frequency increases for these lower f -number
cases, d∆Tmax moves closer to the geometric focus. How-
ever, for the higher f -number cases in each frequency set
for f ≥ 3 MHz, d∆Tmax appears to behave anomalously

wherein d∆Tmax abruptly jumps to near the transducer sur-
face. This anomalous behavior becomes more prevalent at
higher frequencies and larger source diameters.

This anomalous behavior also is demonstrated, but to
a lesser extent, for ISPTA.3 locations where the axial dis-
tance locations of ISPTA.3 (denoted as dISPTA.3) are shown
in terms of the normalized distance dISPTA.3

ROC as a function
of f -number and source diameter for each of the eight fre-
quencies (Fig. 9). For all 192 cases, dISPTA.3 < ROC, and
has the same general trends as for d∆Tmax . However, the
dISPTA.3 anomalous behavior does not occur until 4 MHz,
and does not appear to affect as many cases at the higher
frequencies.

To gain an understanding of this anomalous behav-
ior, axial distributions of the steady-state temperature in-
crease ∆Tss(z) and the derated temporal-average intensity
ITA.3(z) for the 2-MHz and 7-MHz cases are evaluated.
The anomalous behavior for d∆Tmax and dISPTA.3 does not
occur for the 2-MHz cases, but occurs for the 7-MHz cases.
Fig. 10 shows ∆Tss(z) for the 2- and 7-MHz cases. The
7-MHz cases [Fig. 10(d–f)] demonstrate clearly the behav-
ior of the ∆Tmax location. For the lower f -number cases,
d∆Tmax is dominated by the peak near the focal region for
which the distance to the geometric focus is not very long
and thus not strongly dominated by the derating (atten-
uation) factor. However, for the higher f -number cases,
where the distance to the geometric focus is greater, the
∆Tss(z) peak near the geometric focus is observable, al-
though its magnitude is less than that of ∆Tmax. Thus, the
attenuation has a greater affect on ∆Tss(z) for the longer
path lengths. The maximum ∆Tss(z) value, the ∆Tmax
value, can be thought of as “skipping” from the peak near
the focal region to near the transducer surface as the f -
number, and thus the attenuation to the focal region, both
increase. The 2-MHz cases [Fig. 10(a–c)] do not exhibit
this anomalous behavior because the attenuation is less,
and thus does not have a dominating effect on the axial
distributions of ∆Tss(z).

Fig. 11 shows the derated temporal-average intensity
axial profile ITA.3(z) for the 2- and 7-MHz cases. Note
that for the 7-MHz, 1-cm-diameter cases [Fig. 11(d)], the
absolute ITA.3(z) peak locations, dISPTA.3, occur at or
near their respective focal regions. However, for the larger-
diameter cases [Fig. 11(e–f)], dISPTA.3 occurs either at or
near their respective focal regions, or at the transducer sur-
face. For these larger-diameter cases where dISPTA.3 occurs
at the transducer surface, the local ITA.3(z) peaks are ob-
served near the focal regions, but the magnitudes of these
peaks are less than the absolute ITA.3(z) peaks. These are
observed for 2 cm, f/5 [Fig. 11(e)] and for 4 cm, f/4 and
f/5 [Fig. 11(f)], and result in the anomalous behavior ob-
served in Fig. 9(f). The cause of this is principally due to
the combination of the greater attenuation at the higher
frequencies and the relatively long ROC (distance to the
focal region). The 2-MHz cases [Fig. 11(a–c)] do not ex-
hibit this anomalous behavior because the attenuation is
less and thus does not have a dominating effect on the
axial distributions of ∆Tss(z).
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Fig. 8. Normalized location of the maximum steady-state temperature increase
d∆Tmax

ROC as a function of f -number and source diameter D
under the condition that the derated spatial-peak, temporal-average intensity ISPTA.3 is 720 mW/cm2. d∆Tmax is the axial distance location
of ∆Tmax.
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Fig. 9. Normalized location of the derated spatial-peak temporal-average intensity dISPTA.3
ROC as a function of f -number and source diameter

D under the condition that the derated spatial-peak, temporal-average intensity ISPTA.3 is 720 mW/cm2. dISPTA.3 is the axial distance
location of ISPTA.3.
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Fig. 10. Steady-state temperature increase ∆Tss(z) as a function of axial distance for 2 and 7 MHz under the condition that the derated
spatial-peak, temporal-average intensity ISPTA.3 is 720 mW/cm2. Each panel shows ITA.3(z) as a function of f -number.
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Fig. 11. Derated temporal-average intensity ITA.3(z) as a function of axial distance for 2 and 7 MHz under the condition that the derated
spatial-peak, temporal-average intensity ISPTA.3 is 720 mW/cm2. Each panel shows ITA.3(z) as a function of f -number.
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Fig. 12. (a) Steady-state temperature increase ∆Tss(z) as a function
of axial distance for the 7-MHz, 2-cm-diameter, f/1 case under the
condition that the derated spatial-peak, temporal-average intensity
ISPTA.3 is 720 mW/cm2. The three crosses on the ∆Tss(z) profile,
one at ∆Tmax, denote the axial distances at which the transient tem-
perature increases are evaluated. (b) Transient temperature increase
∆T (t) as a function of exposure time for the three axial locations
marked in (a) for which both t80% and ∆T80% are denoted by the
crosses. t80% is the time at which the temperature increase ∆T80%
reaches 80% of its steady-state value at that axial distance.

The estimation of TIS is based on the maximum value
of the steady-state temperature increases under the con-
dition in which the beam remains stationary [3]. Although
not included within the ODSs TIS calculation, the time
rate of change of temperature is an important exposure
quantity. The axial distribution of the steady-state tem-
perature increase ∆Tss(z) is shown in Fig. 12(a) for the 7-
MHz, 2-cm-diameter, f/1 case. Three crosses are denoted
at three different axial distances at which three different
steady-state temperature increases are noted. Tempera-
ture increases as a function of exposure time for the three
denoted axial distances are shown in Fig. 12(b). One of the
crosses [Fig. 12(a)] is located at the axial distance of max-
imum ∆Tss(z), which is at z = 2.00 cm and d∆Tmax . The
upper curve in Fig. 12(b) shows the temporal dependency
of temperature increase that is quantified in terms of time
(t80%) at which the temperature increase (∆T80%) reaches
80% of its steady-state value at that axial distance. At

d∆Tmax , t80% = 78.2 sec and ∆T80% = 0.0190◦C. However,
at the other two axial locations, the temporal dependencies
of temperature increase are different.

A more complete evaluation of the temporal depen-
dency of temperature increase was conducted for all three
source diameters (1, 2, and 4 cm) at two frequencies (2 and
7 MHz) for five f -numbers (f/1, f/2, f/3, f/4, and f/5)
(Fig. 13). Each t80% profile follows the same general pat-
tern as a function of axial distance. For each of the 7-MHz
cases, the axial distances of the minimum t80% values are,
in general, near the respective focal regions. However, for
the 2-MHz cases, the axial distances of the minimum t80%
values tend not to be near the respective focal regions but
rather closer to the transducer. Also, the minimum t80%
values increase as a function of increasing f -number, and
decrease as a function of increasing frequency. The global
minimum t80% values are 97.2 and 59.7 sec for the 15 2-
MHz and 15 7-MHz cases, respectively, both of which are
for the 1-cm-diameter, f/1 cases.

The axial distances at which the minimum t80% values
occur for each of the cases evaluated (Fig. 13) are either
at the focal region or between the source and focal re-
gion. Fig. 14(a) compares the axial distances of the mini-
mum t80% values to the axial distances of dISPTA.3, d∆Tmax ,
and minimum beamwidth for each of the 30 2-and 7-MHz
cases examined in Fig. 13. The axial distances for these
four quantities are essentially the same under f/1 condi-
tions. However, as the f -number increases, there is a clear
separation of axial distances at which these quantities oc-
cur. This is markedly shown for the cases that behave in
an anomalous manner, particularly for the 7-MHz, 4-cm-
diameter cases. Even for the anomalous cases, as with all
other cases, the minimum beamwidth location is consis-
tently closest to that of the minimum t80% values. Exclud-
ing the anomalous cases, the next closest to the minimum
t80% values is dISPTA.3, and the furthest is d∆Tmax .

Fig. 14(b) compares the time to reach 80% of the
maximum (steady-state) temperature increase for each of
four quantities at their respective axial distances: ∆Tmax,
ISPTA.3, minimum beamwidth, and minimum t80%. The
minimum t80% time is the shortest time required for the
temperature increase to reach 80% of the maximum tem-
perature increase (the minimums in Fig. 13). The t80%
values for these four quantities are essentially the same un-
der f/1 conditions. However, as the f -number increases,
there is a clear separation of t80% values for these quan-
tities. This is markedly shown for the cases that behave
in an anomalous manner, particularly for the 7-MHz, 2-
and 4-cm-diameter cases. Even for these anomalous cases,
as with all other cases, the t80% values of the minimum
beamwidth are consistently closest to those of the min-
imum t80%. Also, note that the t80% values at the axial
distances for ∆Tmax are on the order of one to three min-
utes, and in some cases are often much greater.



o’brien and ellis: unscanned soft-tissue thermal index 1475

Fig. 13. t80% profiles as a function of axial distance for the 2-
and 7-MHz cases under the condition that the derated spatial-peak,
temporal-average intensity ISPTA.3 is 720 mW/cm2.

Fig. 14. (a) Axial distance as a function of f -number for the 2-
and 7-MHz cases where the minimum t80% values occur for ∆Tmax,
ISPTA.3, minimum beamwidth and minimum t80%. (b) t80% as a
function of f -number for the 2- and 7-MHz cases for ∆Tmax, ISPTA.3,
minimum beamwidth and minimum t80% at their respective axial dis-
tances. For both graphs, the f -number axis is grouped by frequency
and subgrouped by source diameter. All cases are under the condition
that the derated spatial-peak, temporal-average intensity ISPTA.3 is
720 mW/cm2.

IV. Summary

The ODSs unscanned soft-tissue thermal index TIS gen-
erally underestimates ∆Tmax for f -numbers ≤ 2. For these
lower f -number cases, and because of the FDAs ISPTA.3
limit of 720 mW/cm2, ∆Tmax ≤ 0.30◦C and TIS ≤ 0.40.
This suggests that TIS would not need to be displayed ac-
cording to the ODS display requirements. However, for
the longer-focus cases (f/3, f/4, and f/5), TIS gener-
ally tracks or slightly overestimates ∆Tmax. Also, for these
longer-focus, higher-frequency cases evaluated, the proce-
dure for calculating TIS appears to break down. Even
though the ODS does not address either the location of
∆Tmax or the temporal dependency of temperature in-
crease, both were evaluated. For the shorter-focus cases,
the location of ∆Tmax is near to the geometric focus. How-
ever, as the f -number increases for each frequency, the lo-
cation of ∆Tmax moves toward the source. For the longer-
focus cases, and for f ≥ 3 MHz, the location of ∆Tmax is
very close to the source. Thus, the system operator has no
way to even estimate the axial distance where the steady-
state temperature increase is a maximum. Also, in order
for the ultrasound beam to achieve 80% of the steady-state
∆Tmax value, at least 1 minute is required for the beam to
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remain stationary during an exam. This suggests that the
TIS procedure is very conservative at estimating temper-
ature increase.
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