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Review of the Low-Temperature Acoustic
Properties of Water, Aqueous Solutions, Lipids,

and Soft Biological Tissues
Suzi Liang , Bradley E. Treeby , and Eleanor Martin

Abstract—Existing data on the acoustic properties of
low-temperature biological materials is limited and widely
dispersed across fields. This makes it difficult to employ
this information in the development of ultrasound appli-
cations in the medical field, such as cryosurgery and
rewarming of cryopreserved tissues. In this review, the
low-temperature acoustic properties of biological mate-
rials, and the measurement methods used to acquire
them were collected from a range of scientific fields. The
measurements were reviewed from the acoustic setup to
thermal methodologies for samples preparation, temper-
ature monitoring, and system insulation. The collected
data contain the longitudinal and shear velocity, and
attenuation coefficient of biological soft tissues and bio-
logically relevant substances—water, aqueous solutions,
and lipids—in the temperature range down to −50 ◦C
and in the frequency range from 108 kHz to 25 MHz.
The multiple reflection method (MRM) was found to be
the preferred method for low-temperature samples, with
a buffer rod inserted between the transducer and sample
to avoid direct contact. Longitudinal velocity changes are
observed through the phase transition zone, which is
sharp in pure water, and occurs more slowly and at lower
temperatures with added solutes. Lipids show longer tran-
sition zones with smaller sound velocity changes; with the longitudinal velocity changes observed during phase
transition in tissues lying between these two extremes. More general conclusions on the shear velocity and
attenuation coefficient at low-temperatures are restricted by the limited data. This review enhance knowledge guiding
for further development of ultrasound applications in low-temperature biomedical fields, and may help to increase
the precision and standardization of low-temperature acoustic property measurements.

Index Terms— Acoustic properties, attenuation coefficient, low-temperature, measurement methods, sound velocity,
ultrasonic material characterization.

I. INTRODUCTION

THE way ultrasonic waves propagate through materials is
determined by their acoustic properties, specifically the

sound velocity and attenuation coefficient. These properties
are determined by the materials themselves [1], [2]. By track-
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ing changes in acoustic properties, variations in materials
due to changing environmental factors can be quantified [3].
This principle is applied in many different fields, including
nondestructive testing (NDT) [4], subharmonic-aided pressure
estimation (SHAPE) [5], [6], [7], [8], medical ultrasound
diagnosis [9], and underwater acoustic detection [10].

Much of the current research on the characterization of the
acoustic properties of materials and acoustic characterization
of the materials themselves has been conducted at tempera-
tures above 0 ◦C [11], [12], [13], [14], with less emphasis on
temperatures below 0 ◦C [15]. Additionally, existing studies of
properties at low-temperature are spread across various fields,
including seismology [16], [17], [18], glaciology [19], [20],
and the food industry [15], [19], [20]. In the field of seismol-
ogy, acoustic properties of water-ice have been measured in
order to monitor the structure, length, and temperature of ice
sheets [16], [17], [18]. Similarly, in glaciology, variations in
acoustic properties of ice have been investigated as a function
of salinity for monitoring sea ice sheets [19], [20]. In the food
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Highlights
• Low-temperature acoustic properties of biological materials and measurement methods are collected from a range

of scientific fields and reviewed as a foundation for development of new applications of medical ultrasound.

• Longitudinal velocity changes correspond to phase transition, which is sharp in pure water, moving to lower
temperatures with added solutes. Lipids show longer transition zones with smaller velocity change, with tissues in
between.

• This review provides a useful resource, collecting knowledge crucial to the development of medical applications
of ultrasound such as rewarming of cryopreserved tissue and cryosurgery and may aid in standardization of
measurements.

industry, the acoustic properties of food [15], [19], [20] as
a function of temperature below 0 ◦C have been measured
to monitor ice crystallization in food during freezing and
thawing.

The spread of measured data across fields constrains our
understanding of the acoustic properties of materials in the
low-temperature range. However, application of the knowledge
to other fields may aid the development of new technologies,
for example, in medical applications such as cryosurgery and
cryopreservation.

Cryosurgery is a procedure in which malignant tumor
tissue is destroyed by freezing [21]. During cryosurgery,
ultrasonic imaging can be used to provide real-time monitoring
of location and extent of frozen tissue [22]. In practice,
bulk variations of acoustic properties are often used to con-
firm tissue freezing has occurred [23], rather than using
temperature-dependent acoustic properties to perform contin-
uous monitoring during freezing.

Cryopreservation is a technique used to maintain the viabil-
ity of cells, tissues, and organs by freezing with the addition
of cryoprotective agents [22]. In future, this technology could
be used to bank organs: that is to preserve cells, tissues, and
organs at low-temperature for extended periods, and rewarm
them when needed [24]. One of the biggest challenges in
achieving this is that only small volumes of tissue can be
rewarmed without damage [25]. For larger volumes of tissue,
rewarming methods that provide uniform and rapid heating
are necessary. Ultrasound has demonstrated potential in this
case [26], [27].

For the development of both cryosurgery and cryopreserva-
tion applications, it is important to understand the acoustic
properties of biological tissues and their dependence on
temperature during freezing and thawing. For cryosurgery,
this knowledge could improve the accuracy of ultrasound
monitoring during cryosurgery. For rewarming tissues after
cryopreservation, this knowledge is required for planning the
delivery of energy for effective rewarming of large volumes
of tissues using ultrasound.

The acoustic properties of tissues during freezing are related
to the composition and ratio of their constituent components,
such as water, lipids [28], and proteins [29]. Furthermore, the
water present in tissues is mixed with organic and inorganic
compounds [30], [31]. Changes in the acoustic properties of
water as a function of solute concentrations during freezing,
are therefore also significant.

In this review, we aim to gather information on the
low-temperature acoustic properties of biological tissues and
their main components, including water, aqueous solutions,
and lipids. Specifically, the longitudinal and shear velocity,
and attenuation coefficients measured at temperatures below
0 ◦C, and in the 100 kHz to MHz frequency range. A literature
search was performed using these search terms with a variety
of search engines. These data are currently spread across a
diverse range of fields and have not previously been collected
and presented together. There is also a lack of systematic
investigation of the dependence of the properties of materials
with temperature across frequencies, and a limited range
of sample materials. The methods used for those measure-
ments, including system setup and calculation methods, are
also reviewed. Additionally, the challenges and considerations
involved in designing measurements when the sample is
below 0 ◦C, including sample preparation (freezing protocol),
temperature monitoring, and thermal insulation, are discussed.
Collating information about measurement methods employed
across fields will help to improve understanding of variations
and uncertainties in measured results. This may serve as a
reference for the design of future methods and systems for
measurement of low-temperature acoustic properties.

II. METHODS FOR MEASURING LOW-
TEMPERATURE SAMPLES

In this section, we first define the relevant acoustic proper-
ties and introduce the general setup and calculation methods
used to acquire the data presented in this review. The methods
used for low-temperature acoustic property measurement are
discussed in terms of both from the acoustic and thermal
considerations.

A. Definition of Acoustic Properties
1) Sound Velocity and Speed: Sound velocity, a vector

quantity, combines the scalar speed of wave propagation with
its direction of propagation [32]. Here, we present data on
both longitudinal velocity (velocity of compressional waves
and propagating in the direction of particle motion), and
shear velocity (transverse waves propagating perpendicular to
direction of particle motion) [33].

2) Group Velocity: The frequency-independent velocity,
group velocity, is an estimate of the overall traveling velocity
of a waveform packet (or pulse). The group velocity is usually
calculated by a time-of-flight (TOF) method, whose principle
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is to calculate the velocity in the time-domain based on time
delay between waveforms traveling a known distance [34].
The time delay can be derived using a range of time-picking
criteria, for example, using the mid points or center of mass of
the wave packet [35], the location of the waveform peak [36],
or the start point of the waveform (waveform onset) [37],
which may also be described as the signal velocity [38], [39].

3) Phase Velocity: The frequency-dependent velocity, phase
velocity, or dispersion, is an estimate of the velocity at which
individual frequency components travel. The phase velocity is
calculated in the frequency domain by comparing unwrapped
phase differences between the components of two waveform
spectra, one acquired in reference medium only and one
acquired after propagation through a sample [40].

4) Attenuation Coefficient: During waveform propagation in
material, the energy of the waveform decreases, through either
intrinsic or extrinsic factors [1]. Intrinsic attenuation arises
from scattering and absorption (i.e., conversion of energy
to heat), which is a property of the material itself, and is
frequency dependent [9]. On the other hand, the extrinsic
attenuation arises from factors related to the propagation of the
wave, for example, beam divergence, edge effects, or surface
losses. In order to measure the intrinsic attenuation coefficient,
the effects of extrinsic factors must be excluded.

B. Measurement Methods
When it comes to measuring the acoustic properties, the

essential components are: a pulser/receiver (to drive the trans-
ducer), an oscilloscope (to sample the waveform), and acoustic
devices (to transmit and receive signals). The setup can be
categorized based on the number of acoustic devices used,
as either a pulse-echo setup (PES) or through-transmission
setup (TTS). PES uses a single transducer to transmit pulses
and receive waveforms [41] while TTS uses separate trans-
ducers either side of the sample to transmit pulses and receive
waveforms. Both PES and TTS are acoustically equivalent for
the measurement of group velocity and attenuation coefficient.
For phase velocity, however, TTS is used rather than PES [40],
[42], as phase changes during reflection and scattering com-
plicate the measurement.

Acoustic properties can be calculated using two methods,
respectively, with or without the use of a reference medium.
The sample-insertion method (SIM) [4], involves comparing
waveforms acquired in a reference medium to those acquired
with the sample in place. The most commonly used reference
medium when making measurements at ambient temperatures
is distilled or deionized water, for which the acoustic proper-
ties are well characterized as a function of frequency, pressure,
and temperature [43], [44], [45], [46]. However, water is
unsuitable as a reference medium for the measurement of
acoustic properties below 0 ◦C due to freezing. Alternative
liquids with lower freezing points are viable substitutes for
such low-temperature acoustic properties measurements.

Another measurement method is the multiple reflection
method (MRM) [47], [48], [49], [50], [51], in which the
physical relationship of echoes reflected by the samples are
analyzed to calculate sound velocities and attenuation coef-
ficients. Rather than a reference medium, the MRM setup
compromises a solid buffer rod inserted between the transducer

Fig. 1. Acoustic properties measurement system using different
combinations of two system setups: PES and TTS, and two calcula-
tion methods: SIM and MRM. The diagrams show the combination of
(a) PES and SIM, (b) TTS and SIM, (c) PES and MRM, and (d) TTS
and MRM. The abbreviations of Tx and Rx in the figures denote the
transmission and receive, respectively.

and sample with the addition of a coupling agent, such
as ultrasonic gel. Polymethyl methacrylate (PMMA), quartz
glass, aluminum, and stainless steel are common buffer rod
materials, due to their relatively low attenuation, temperature
stability, and chemical resistance [47]. The diagram in Fig. 1
shows the four combinations of system setups and calculation
methods commonly used for measuring acoustic properties [4].

C. Measurement Methods for Sample Below 0 ◦C
In this section, we review the methods employed in the

studies collected here in terms of the acoustic and thermal con-
siderations. The measurement conditions during these studies
are listed in Table I. The samples characterized include water,
aqueous solutions (mainly NaCl), animal fat and vegetable oil,
and biological tissues. The measurement frequencies ranged
from 108 kHz to 25 MHz, and measurements were made at
temperatures down to −50 ◦C. Note that the longitudinal and
shear velocity of the Greenland and Antarctic ice samples were
sourced from a review paper [17], which did not give details
of the specific measurement conditions, and is therefore not
listed in Table I.

1) Acoustic System Setup and Calculation Method: Different
combination of PES or TTS measurement methods with SIM
or MRM calculation methods can be used to obtain the
acoustic properties (Fig. 1). Both PES and TTS methods
were employed in the studies collected here, as listed in
Table II. Normally, two transducers are used in TTS, one to
transmit a pulse and the other to receive a signal. However,
in one particular study characterizing the bubbly and bubble-
free ice [53] [study index (2)], six receivers were employed
to simultaneously record the propagated waveforms. These
receivers were positioned at the same distance, in a line
perpendicular to the direction of propagation of the transmitted
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TABLE I
MEASURED CONDITIONS FOR LOW-TEMPERATURE ACOUSTIC PROPERTIES

TABLE II
ACOUSTIC SETUP AND CALCULATION METHOD USED FOR TABLE I

wave. In this case, the measured sample size was significantly
larger than those in other studies reviewed, with a diameter
of 1.85 m and a depth of 1 m, in contrast to the sample
sizes in other studies, which were on the scale of centimeters
or millimeters. The substantial size of the sample leads to
increased measurement uncertainty and complexity, mainly
due to greater temperature variations and diminished sample
homogeneity caused by the presence of bubbles and cracks.
Furthermore, the larger sample size tends to decrease the
signal-noise-ratio (SNR) owing to a longer propagation path.
Nonetheless, these challenges mirror real-world conditions,
making the findings more applicable to real-world scenarios.

Multiple receivers may have been used to acquire several
measurements over different paths to help reduce uncertainty
in the measurements.

TOF was used to obtain sound velocity by all studies by
picking either the start point [53], [56] or the peak value [55],
[57], [61] of the waveform as the reference for time-delay
calculation. Since all the studies used TOF, the velocities mea-
sured are group velocities, rather than the frequency dependent
phase velocity. Therefore, where longitudinal velocity is used
in this article, it is referring to group velocity. Both the system
setup and the calculation methods employed are consistent
across the measurements of both longitudinal and shear waves.
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TABLE III
FREEZING PROTOCOL, THERMAL MONITORING, AND MAINTENANCE USED FOR TABLE I

For calculation of attenuation coefficient, three among four
studies used MRM, while only one chose SIM. The reference
medium used in SIM by Shore et al. [19] was ethyl alcohol
rather than distilled water, which has a freezing point of
−114 ◦C, below the sample temperatures of −20 ◦C [64].
The studies which used MRM, employed solid buffer rod
materials ranging from aluminum plate [61], glass and per-
spex [19], fused-quartz, and a commercial delay line for
which the material is not specified [63]. One function of
the buffer rods used in low-temperature measurements is to
prevent direct contact between the transducer and the frozen
sample for protection. This precaution is necessary because
unlike the widely studied performance of transducers at high-
temperature [65], [66], their performance at low-temperatures
is not well characterized.

In addition, the buffer rod acts as a delay line to prevent
waveform mixing from the transmitted signal and returning
echoes, and to ensure that the sample is positioned within the
far-field of the transducer. The waveform in the far-field is
regarded as more stable and can be approximated as a plane
wave [67]. For a plane piston transducer, when transducer
size is far larger than the wavelength, the transition distance
between the near and far-field can be calculated as [68]

z ≈
a2

λ
= a2 f

c
(1)

where a represents the transducer radius, λ is the wavelength,
c is the sound velocity in the medium, and f is the fre-
quency used in the measurements. The center frequency of
the transducer reported by the original papers is used for the
near-field distance calculation. For the studies listed in Table I,
the positioning of the sample varies between the near and far
fields. In some studies, either no buffer medium was inserted
or a thin film was used only to separate transducer and sample
[studies (2, 3, 5, 6, 7, 8, 9, 12)], so the sample lies within the
near field. A thin film is defined as a material layer of a few
micrometers [69]. For studies [7, 12], which use a thin window
made of glass or fused quartz, we regard them as a thin film as
well, where the exact thickness is not given. In studies [1, 4,

Fig. 2. Thermal conditions employed by the low-temperature acoustic
property measurements in this study. (a) Freezing methods. (b) Tem-
perature monitoring by different placements of the thermocouples.
(c) Temperature maintenance.

10, 11, 13], media thicker than a few millimeters were chosen.
However, it is unclear whether the samples were in the near
or far field [study index (1, 11)]. For instance, in study index
(1), the last axial maximum is calculated to be at 3.62 cm
using the frequency of 2.5 MHz and transducer diameter of
1.25 cm, and a longitudinal velocity in the plexiglas medium
of 2700 m/s [70]. However, the thickness of the plexiglas was
not provided. Some other key information is missing in other
studies, such as the transducer diameter [study index (10, 13)].

2) Freezing Protocol, Temperature Monitoring, and Main-
tenance: To obtain high-quality measurements, the sample
state and the environmental conditions must be well con-
trolled. For low-temperature samples, the freezing protocol,
temperature monitoring, and thermal maintenance are critical
factors. Table III details and Fig. 2 illustrates the preparation,
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monitoring, and maintenance methods employed by the studies
listed in Table I.

Heat transfer between materials primarily occurs by three
mechanisms: conduction, convection, and radiation [71]. The
freezing methods utilized in the studies listed in Table I
can be categorized into two groups based on these transfer
mechanisms, including the one-sided contacting and cooling-
air surrounding freeze [Fig. 2(a)]. In some studies [1, 2, 11],
samples are frozen by direct contact with a cold surface. In this
case, heat is transferred from the samples to the colder material
by conduction. This process leads to one side of the sample
being colder than the other, as heat is conducted away from the
contact surface. Conversely, in other studies [4, 5, 7, 8, 13], the
samples were frozen in a commercial refrigerator [55], [72] or
freezer [58], [63]. Here, heat is transferred from the samples to
the surrounding cooling-air by conduction and convection [73].
This method leads to a different temperature distribution across
the samples compared to one-sided cooling, with the outer
surface of the sample cooling faster than the center.

The rationale behind the selected cooling method for each
study varies, encompassing practical considerations, and the
specific objectives of the experiment. The cool-air surrounding
method is readily accessible, due to the common use of the
commercial freezer and refrigerators in laboratories. Stirling
engine-type freezers which work by conducting heat away
from a plate on which the sample is placed are another
practical option since they can be relatively compact and
cryogen free. While both cooling methods allow for the
dynamical monitoring of velocity changes during freezing or
thawing cycles, the one-side cooling method may be chosen
when directional freezing is desired [74], [75], [76].

To establish the temperature dependence of the acoustic
properties, the temperature of the sample must be measured
during measurement. Several types of temperature sensors
have been used to monitor the temperature of samples during
freezing [77], including the semiconductor-based sensors [53],
T-types thermocouples [52], [57], and K-type thermocou-
ples [16], [62]. The studies mentioned all used a single
temperature sensor, and the recorded temperature was con-
sidered the core temperature of the sample. Temperature
sensor accuracy was reported only in the study of 2% (w/w)
NaCl solution [56], where it was within ±0.1 ◦C. The
positions of the temperature sensors in these studies varied
[Fig. 2(b)], being placed on the sample surface closest to
the transducer [16], [52], attached near the transducer [53],
or inserted inside the sample [19], [55], [56], [57], [58], [62],
[63]. Thermocouples placed inside the sample were embedded
before freezing.

The temperature recorded by the thermocouples is influ-
enced by the cooling method and the sensor location,
as discussed by Sigfusson [52]. If the sample is frozen via
contacting to a freezing plate, and the thermocouples was
positioned on the sample surface in contact with the freezing
plate, the lowest temperature of the sample is recorded. In this
case, the temperature gradient between the top and bottom
surface should be considered, and may depend on freezer
performance, sample volume, and material properties, such
as effective heat capacity [78]. Alternatively, when freezing

is facilitated through cooling-air, such as in the commercial
freezer, the temperature gradients between the outer and inner
parts of the sample should instead be considered.

Maintenance of sample temperature during measurement is
also critical to ensure the precision of the results, with three
methods used by the reviewed studies [Fig. 2(c)]. Completing
the measurement process in a short period of time is one
method used to prevent heat gain during experiments. For
example, in two studies, the frozen samples were removed
from the freezer for 2 s [52] and 1 min [16], respectively,
to complete the measurement, during which time no tem-
perature change was observed. Completing the measurement
within the cryostatic path without moving the sample is
another method used to maintain temperature, which has been
widely adopted [20], [53], [55], [56], [57], [58], [59], [60].
Additionally, thermally insulated setups have been used to
store the sample during measurement. Shore et al. [19] placed
sample outside the freezer in a container wrapped with a jacket
of circulating fluid, maintaining the sample temperature error
within a margin of ±0.5 ◦C during measurements.

III. ACOUSTIC PROPERTIES AT LOW TEMPERATURES

The acoustic properties of frozen samples measured in
different studies are collected here. They are classified by
materials type: pure water, aqueous solutions, lipids, and soft
biological tissues, and by acoustic quantity: longitudinal and
shear velocity, and attenuation coefficient. All figures in this
review were generated by replotting data from the original
studies, and plotting trends described by equations given in
the original articles. When the data had not previously been
described mathematically, curves were fit here using piecewise
cubic Hermite interpolation to illustrate the trend [79], with
“pchip” and “ppval” functions in MATLAB (The Mathworks
Inc., Natick, USA).

A. Longitudinal Velocity of Pure Water
Water, serving as a fundamental component for all biolog-

ical life forms, plays a crucial role in various physiological
processes. Measurements of the longitudinal velocity of water-
to-ice during freezing and thawing are presented in Fig. 3.
The phase transition from water to ice is marked by a
notable increase in longitudinal velocity, with a dramatic 189%
increase in velocity during the transition in distilled water.
The longitudinal velocity of distilled water increases from
1417 m/s for liquid water at 0 ◦C to 4095 m/s for solid ice at
−3 ◦C [43], [52].

The trends in sound velocities with temperature in water
and ice appear to diverge: the velocity of water is known
to increase with temperature [80], [81], and here a positive
slope of approximately 5.0 m/(s·◦C) was observed in the
distilled water measurements [study index (1)] [43], [52].
However, the trend in ice velocities within the same study is
not clearly defined. In a contrasting observation, measurements
from bubble-free ice [study index (2)] [53] indicated a negative
slope of 2.8 m/(s·◦C). Due to the constraints of the available
data, a conclusive comparison between the velocity trends of
ice and water cannot be made.
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Fig. 3. Longitudinal velocity versus temperature of water and ice. The
sample materials and their measured frequencies are described in the
legend; the number in brackets is the study index used in Tables I–III
Markers in the figure represent data sourced from original studies. Fit
curves for study index above 0 ◦C (1) and study index (2) were based
on equations from the original studies. For study index (1) below 0 ◦C,
the curve was derived using piecewise cubic Hermite interpolation [79].

Comparison of longitudinal velocity of water-ice across
different water types and measurement conditions reveals
variations as high as 7.7% in measurements taken at the same
temperature. The longitudinal velocity of water-ice, including
bubbly and bubble-free water, distilled water and pure water,
spans from 3595 to 4095 m/s measured in the temperature
range of −26 ◦C to 0 ◦C. The maximum observed difference
between measurements of different samples acquired at the
same temperature at −18 ◦C, was between bubbly ice at
5 MHz and distilled water at 2.25 MHz with velocities of
3780 and 4083 m/s. To rationalize these differences, we should
consider that several factors can influence the measurements.

1) Impurities:
Prior research indicates that a 1.5 p.p.m. increase in
density results in a 1 p.p.m. increase in velocity [82].
The purity levels of distilled water and pure water,
where distilled water is a type of pure water [83], may
differ based on the purification process used in the
studies. Differences arising between different types of
nonsalt-water samples due to impurities are likely to be
small.

2) Bubbles Quantity and Size:
Regardless of water purity level, variations in bubble
quantity and size within ice samples should not be
ignored. As noted by Thuraisingham [84], the volume
concentrations and radius of bubbles are two key factors
contributing to differences in velocity between samples
of bubbly and bubble-free water. As depicted in Fig. 3,
the velocity in bubble-free ice was found to be 4.5%
higher than in bubbly ice, when measured by the same
group at a frequency of 5 MHz and temperature of
−18 ◦C. This disparity is likely attributed to an increase
in path length due to scattering from the bubbles in
bubbly samples.

3) Dispersion:
Sound velocity may vary with frequency, described as
dispersion [40], [85]. Although dispersion is negligible
in water above 0 ◦C [86], it is known to be important
in ice at subzero temperatures [87]. Therefore, given
the frequencies used for measurements ranged from
108 kHz to 10 MHz in Table I, the effect on sound
velocity cannot be ignored. Accordingly, it is noted
that the sound velocity in ice measured at 108 kHz is
lower than measured at 2.25 MHz over all temperature
between −20 ◦C and 0 ◦C.

4) Crystal Orientation:
Predominantly, the ice present in the biosphere, includ-
ing ice used in these studies produced by air cryostat
cooling and one-sided plate cooling, is ice 1h with a
hexagonal crystal structure [88]. The sound velocity in
ice 1h is contingent upon the angle between the direction
of sound propagation and the crystallization orientation:
the sound velocity varied from 3680 to 3780 m/s for
angles between 0◦ and 90◦ in the studies of pure-water
ice measurements (refer to study index (12) in Fig. 3)
[62].

5) Measurement Method:
Different methodologies were employed across the stud-
ies displayed in Fig. 3, leading to potential systematic
and experimental variations. These differences extend
to the acoustic setup, calculation methods, freezing
protocols, and techniques for thermal monitoring and
insulation. Details of the methodologies are cataloged
in Tables II and III. For example, although all studies
used TOF for sound velocity calculation, time picking
criteria varied: studies [2, 6] selected waveform onset,
while studies [5, 7, 11] used peak criteria [55], [57],
[61]. These discrepancies may contribute to the observed
difference in measurements [89].

All of the factors listed here may contribute to the variations
between measured sound velocity in Fig. 3. Some of these
factors apply equally to longitudinal velocity data presented
in Sections III-B–III-F collected from aqueous solutions, oils,
and tissues with varying compositions of water and lipids,
as well as to the measurement of shear velocity and attenuation
coefficients.

B. Longitudinal Velocity of Aqueous Solution
Aqueous solutions, particularly saline solutions, are indis-

pensable to human physiology and biological tissue function,
as they facilitate nutrient transport, metabolic reactions, main-
tenance of pH balance, and help in preserving cell membrane
integrity. Fig. 4(a) presents measurements of the longitudinal
velocity of various aqueous solutions, including fresh water,
NaCl solutions, and orange juice, measured over a temperature
range of −40 ◦C to 20 ◦C and frequencies from 219 kHz
to 5 MHz. To clarify, fresh water is water that can be found
in nature, such as in glaciers and lakes, with a salinity
level of less than 0.05% [90]. The longitudinal velocity of
distilled water measured at 2.25 MHz [52] is provided for
comparison, as well as an expanded view plot of the velocity
above 0 ◦C.
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Fig. 4. (a) Longitudinal velocity versus temperature of aqueous solution during freezing. 1%–4% (w/w) NaCl solution were plotted separately in
(b), with a larger view of above 0 ◦C. Points denote measurements, and curves show the trend. The sample materials and their measured
frequencies are described in the legend; the number in brackets is the study index used in Tables I–III for comprehensive measurement information.
Markers in the figure represent data sourced from original studies. Fit curves for study index (1) above 0 ◦C, and Greenland and Antarctic ice were
based on equations from the original studies. For study index (1) below 0 ◦C, and study indices (5, 6, 7, 8, 13), the curves were derived using
piecewise cubic Hermite interpolation [79].

Similar to water, the longitudinal velocity of aqueous solu-
tions increases rapidly during the transition from liquid to
solid state due to freezing [Fig. 4(a)], although this transition
zone spans a wider range of temperatures. The longitudinal
velocity of all collected aqueous solutions after freezing is
lower than that of pure-water ice. Conversely, above 0 ◦C,
the longitudinal velocities of the aqueous solutions are higher
than that of pure water, except for the velocity of 2% NaCl
solution, which is lower. In Fig. 4(a), it can be seen that the
freezing point of each solution can be estimated from the rapid
increase in longitudinal velocity. For all the aqueous solutions,
the temperatures at which this rapid increase in longitudinal
velocity occurs is below 0 ◦C. This change in longitudinal
velocity due to the freezing demonstrates the phenomenon
known as freezing point depression (FPD) [91], [92], where
the freezing point of an aqueous solution is lower than for
pure water.

The diversity of samples in Fig. 4(a), which include orange
juice, fresh-water, sea-ice, and NaCl solutions of varying
concentrations, in conjunction with the assortment of measure-
ment methods used, introduces complexity when attempting to
ascertain the impact of solute concentrations on longitudinal
velocity. To counteract this issue and facilitate a clearer under-
standing, Fig. 4(b) separately plots the longitudinal velocities
of specific NaCl concentrations [1%–4% (w/w)] obtained
from a single study [57]. In the same vein, the longitudinal
velocity of distilled water is plotted for comparison [52]. This
is accompanied by an expanded view plot of the velocity
measurements above 0 ◦C to aid comprehension of the effect of
NaCl concentration, one of the principal solutes in biological
cells [93], on longitudinal velocity.

Fig. 4(b) shows that during the freezing period, the increase
in longitudinal velocity is faster and sharper with decreasing
salinity. For lower salinity solutions, the longitudinal velocity
has its minimum at higher temperatures, and increases more

rapidly for temperatures below this. This corresponds to two
physical phenomena: the added salt in pure water depresses the
freezing point (FPD) [94], and slows down the ice nucleation
process [95]. Conversely, above freezing temperature, the
velocities recorded for all saline solutions exceed those of pure
water. The data appear to show a trend of increasing velocity
with increased salinity, however, the observed differences
are small. It remains uncertain whether these differences are
statistically significant, since measurement uncertainty was not
quantified in the original study.

These findings offer essential insights into the effects of
salinity on the velocity profiles of these solutions, which is
useful in the interpretation of ultrasound measurements in
biological and environmental contexts. However, to establish
a more precise understanding of the relationship between
solute concentration and longitudinal velocity during freezing,
additional experimental data and comprehensive studies will
be required.

C. Longitudinal Velocity of Lipids
Lipids are of importance to the human body and biological

organisms, integral to cellular structure, energy reserves, and
molecular signaling processes. Fig. 5 shows the longitudinal
velocity of different types of lipid, including olive oil, corn oil,
lard (pork fat), and dripping (beef fat), plotted against temper-
ature. These measurements were acquired by Miles et al. [59],
with the same methods used for all measurements.

Much like water, the longitudinal velocity of fats and oils
also demonstrates an upward trend as temperature drops from
110 ◦C to −50 ◦C, rising from 1180 to 2100 m/s (a 78%
increase). However, this change is much more gradual, and
smoother in comparison to the dramatic 189% surge during
the phase transition for water. This suggests that while fats
and oils do undergo changes in acoustic properties with tem-
perature, these shifts do not exhibit the sharp discontinuities
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Fig. 5. Longitudinal velocity versus temperature of lipid, including
vegetable oil and animal fat. For comprehensive measurement informa-
tion, see study index (9) in Tables I–III. Markers in the figure represent
data sourced from original studies. Fitting curves were derived using
piecewise cubic Hermit interpolation [79] .

characteristic of the water-to-ice phase transition. However,
the velocity increase in lipids during phase transition is
considerably more marked than changes brought about solely
by temperature variations in either solid or liquid states. For
instance, for olive oil, the slope of longitudinal velocity during
the phase transition which appears to occur between −20 ◦C
and 2 ◦C is roughly six times greater than in the liquid
phase between 2 ◦C and 100 ◦C, and three times that of the
solid phase between −50 ◦C and −20 ◦C. At temperatures
above 2 ◦C, the rate of change is −3.2 m/(s·◦C); this rate
increases to −19.1 m/(s·◦C) between −20 ◦C and 2 ◦C during
phase transition; and slows to −6.3 m/(s·◦C) at temperatures
below −20 ◦C in the solid phase. This effect is less distinct
for the animal fats tested which exhibit smaller changes in
rate of sound velocity increase, potentially due to the type
of bonds within the fat [96]. The phase change also occurs
at higher temperatures for these animal fats compared to
the vegetable oils tested. The above analysis emphasizes the
distinctive acoustic behavior of lipids during phase transitions
compared to water, which might be due to the higher viscosity
of lipid [97], [98].

D. Longitudinal Velocity of Biological Tissues
The constituent elements of tissues, such as water, lipids,

and proteins, are present in different proportions across various
tissues. For instance, human adipose tissue is predominantly
lipid-rich, averaging 71.4% lipid content. In contrast, normal
human liver tissue contains a relatively minuscule amount
of lipid, just 0.3% on average [29]. These differences in
composition significantly influence the unique characteristics
and functions of each tissue type. Miles and Cutting [20] and
Miles and Fursey [60] measured the acoustic properties of tis-
sues with varying water-to-fat ratios over a temperature range
of −20 ◦C to 40 ◦C [see Fig. 6(a)]. The samples included
lean beef with a 70.2% water proportion, beef muscles with
different water and fat contents, and bovine adipose tissue with
up to 74.3% lipid. All the beef samples were minced to ensure

homogeneity. The measurements presented in Figs. 5 and 6(a)
were obtained using the same method by Miles and Cutting
[20], Miles et al. [59], and Miles and Fursey [60].

Fig. 6(a) illustrates that the longitudinal velocity of tissues
with different composition ratios of water and lipid diverges
both below and above 0 ◦C. The range of measured velocities
of the different samples is 4.7× greater in the subzero range
than above 0 ◦C. Specifically, above 0 ◦C, the longitudinal
velocity of all tissues are similar, ranging from 1435 to
1665 m/s, with a difference of 230 m/s across the temperature
range of 0 ◦C to 40 ◦C. Conversely, below 0 ◦C, the velocity
ranges from 2010 and 3090 m/s, exhibiting substantial dif-
ferences up to 1080 m/s between tissue samples within the
temperature range of −20 ◦C to 0 ◦C.

Additionally, the change in velocity with tissue composition
exhibits contrasting tendencies below and above 0 ◦C. Below
0 ◦C, the velocity of tissue increases as the water concentration
rises (or fat concentration declines) for all the measured
tissues. On the other hand, above 0 ◦C, the velocity of lean
beef, which has the highest water concentration among the
samples, increases with temperature. In contrast, the velocity
of adipose tissue, which has the lowest percentage of water,
decreases as the temperature rises in the temperature domain
above 0 ◦C.

The velocity in tissues with different composition ratios of
water and lipids lies between the velocities of pure water and
lipids. To highlight the variations in velocity with water/fat
composition, Fig. 6(b) combines data from water (Fig. 3), and
lipid samples (Fig. 5) with those from different tissue samples
with various water/lipid ratios [Fig. 6(a)]. The velocity ranges
of water, spanning from 3595 to 4095 m/s, and lipids, ranging
from 1559 to 2045 m/s at temperatures below 0 ◦C, set the
bounds for tissue velocities. This pattern is not observed at
temperatures above 0 ◦C, where the velocity ranges overlap.
This larger range of velocities below 0 ◦C compared to those
above 0 ◦C may arise due to larger changes in stiffness in water
on freezing compared to the solidification of lipids [99], [100],
[101].

Below 0 ◦C, the velocity variation between tissue samples is
governed by the water-to-lipid ratio. As observed previously,
the velocity increases with rising water content and falls
with increased lipid content [see arrows in Fig. 6(b)]. The
composition of tissue plays a critical role in determining its
acoustic properties. Further studies are necessary to uncover
the mechanisms by which the velocity of tissues is regulated
in a broader range of tissue types.

E. Shear Wave Velocity
As liquid transitions to solid during freezing, its shear

strength increases, thereby facilitating the propagation of shear
waves [102]. In the field of medical ultrasound, shear waves
are instrumental in evaluating tissue elasticity, which is used
in the diagnosis of various pathological conditions [103],
[104]. Fig. 7 collects the measured shear wave velocities
of frozen liquids, including bubble-free ice, fresh-water ice,
NaCl solution ice, and orange juice ice. Measurements span
frequencies from 108 kHz to 5 MHz, and temperatures from
−50 ◦C to 0 ◦C.
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Fig. 6. (a) Longitudinal velocity versus temperature of tissues with different mixtures of water and fat. For comprehensive measurement information,
see study index (9) in Tables I–III. Markers in the figure represent data sourced from original studies. Fit curves were derived using piecewise cubic
Hermite interpolation [79]. (b) Comparative analysis of longitudinal velocity in muscle tissues. Data from pure water in Fig. 3, lipid in Fig. 5, and
varied water/lipid compositions in (a) illustrate velocity shifts in relation to muscle tissue composition.

The shear wave velocity of frozen pure water and aque-
ous solutions measured between −50 ◦C and 0 ◦C ranges
from 1560 to 2200 m/s, which is lower than the measured
longitudinal velocity of these samples below 0 ◦C. Comparing
longitudinal and shear velocities measured in one study (2)
[53] (see Table I), the average shear velocity of bubble-free
ice at −20 ◦C was measured to be 1855 m/s, nearly 50%
slower than the longitudinal velocity of 3888 m/s.

Additionally, the shear velocity of ice significantly exceeds
the values measured for tissues or tissues phantoms at ambient
temperature. For instance, the shear velocity of bovine muscle
ranges from 3.8 to 7.2 m/s [105], with even lower velocities
used to represent liver in tissue phantoms, ranging from 1.0 to
2.0 m/s across various stiffness settings [106]. The noticeable
increase in shear velocities at low temperatures is primarily
attributed to the enhanced shear stiffness of samples after
being frozen [107], [108]. Shear waves are not supported in
water due to the insufficient shear modulus and strain [109].
However, a direct comparison in shear velocities at ambient
temperature and at low temperature is precluded by the lack
of available data from biological tissues at low temperatures.

The shear velocity of frozen liquids tends to increase as
temperature decreases. However, comparison of these data can
be complex due to the wide temperature range covered by the
measurements and limited number of datasets. For instance,
within the temperature range of −20 ◦C to 0 ◦C, the shear
velocity of bubble-free ice and fresh-water ice is far lower
than that of a 3% (w/w) NaCl solution. The measured shear
velocity of sea ice, however, fluctuates significantly within the
temperature range of −20 ◦C to 0 ◦C [55]. The measured
longitudinal velocity for this sample [study index (5)] suggests
that freezing occurs at approximately −8 ◦C. This finding may
account for the observed variation in shear velocity between
−8 ◦C and 0 ◦C, however, the reason for continued changes
in shear velocity beyond this point are not clear, but it should
be noticed that shear velocity measurements typically have
higher uncertainties. The shear velocity of the fresh-water
ice measured during both freezing and thawing exhibits only
minor differences, in contrast to those observed in longitudinal

Fig. 7. Shear velocity versus temperature of water-ice and frozen
aqueous solution. The sample materials and their measured frequen-
cies are described in the legend; the number in brackets is the study
index used in Tables I–III. Markers in the figure represent data sourced
from original studies. Fit curves for study index (2) and Greenland and
Antarctic ice were based on equations from the original studies. For
study index (5, 13), the curves were derived using piecewise cubic
Hermite interpolation [79]. The shading of the fit curve for bubble free
ice [study index (2)] represents the measurement uncertainty defined by
the calculation of standard deviation from the original study.

velocity during freeze-thaw cycles [55]. Additionally, the
change in shear velocity is not linear with temperature.

Uncertainty in shear velocity measurements is significant
and typically exceeds that associated with longitudinal veloc-
ity. Although the system setup and calculation principles for
measuring both velocities are the same, shear waves propagate
at lower speeds and shear attenuation is typically higher [110].
Due to the low velocity of shear waves [111], there is a
higher possibility that shear waves will become combined with
other waveforms, such as waves reflected from boundaries.
Additionally, due to the high attenuation, shear waves may
be too weak to be detected, and difficult to distinguish from
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Fig. 8. (a) Attenuation coefficient versus frequency of water-ice, and bovine skeletal muscle (post rigor bovine) below 0 ◦C [study index (11)].
Attenuation coefficient versus temperature of (b) pure-water ice measured at 25 MHz [study index (12)] and (c) orange juice-ice measured at 5 MHz
[study index (13)]. Markers in the figure represent data sourced from original studies. Fit curves for the attenuation coefficient of bovine muscle
shown in (a) were based on equations from the original studies. The curves in (b) and (c) were fit using piecewise cubic Hermite interpolation [79].
The shading of the fit curves in (a) represent the measurement uncertainty defined by the calculation of standard deviation in the original study.

noise [112]. This all must be considered when measuring shear
velocity. Thus, while shear wave measurements offer valuable
insights, they necessitate careful interpretation and analysis
due to the inherent complexities.

F. Attenuation Coefficient
The attenuation coefficient, an important acoustic property,

plays a crucial role in ultrasound applications by quantifying
the decrease in the intensity of ultrasound waves as they
propagate through different materials. In Fig. 8, the measured
attenuation coefficients of various samples at temperatures
below 0 ◦C are presented, demonstrating their frequency and
temperature dependence. Specifically, Fig. 8(a) displays the
attenuation coefficients of bubbly and bubble-free ice, and
bovine skeletal muscle samples as a function of frequency,
while Fig. 8(b) and (c) depicts the temperature-dependent
attenuation coefficients of pure water and orange juice at
25 and 5 MHz, respectively.

In Fig. 8(a), the attenuation coefficients of water-ice and
muscle samples both exhibit a linear increase with rising
frequency. Bubbly ice has a higher attenuation coefficient than
bubble-free ice samples between 7 and 15 MHz. This differ-
ence, however, may not be solely attributable to the bubble
content of the samples, although higher bubble concentrations
do increase the attenuation coefficient through increased scat-
tering [113], [114]. These samples were measured at different
temperatures (−10 ◦C for bubbly ice and −5 ◦C for bubble-
free ice), making direct comparisons challenging.

The relationship between the attenuation coefficient and
temperature can be further explored for bovine skeletal muscle,
with the ultrasonic wave propagation parallel to the fiber
direction. The attenuation coefficient of the muscle samples
increased with declining temperature. The increase in attenu-
ation at −20 ◦C compared to 0 ◦C is more pronounced than
the difference between measurements obtained at 0 ◦C and
20 ◦C. There may be some contribution to this increased atten-
uation coefficient from the water content in bovine muscle,
as the attenuation coefficient of water increases from 0.5 to
2.8 dB/cm at 25 MHz once frozen, as shown in Fig. 8(b).
The data in Fig. 8(b) further shows that attenuation may be
significantly increased during the phase transition. However,
the data for attenuation in ice covers an extremely small

temperature range, and it is far lower than the measured
attenuation coefficient in the tissue.

The attenuation coefficient of orange juice [Fig. 8(c)] peaks
at 30 dB/cm at −20 ◦C and at 5 MHz, which corresponds
to the temperature of the phase transition zone which can be
observed by the increase in sound velocity in Fig. 4(a). Above
the transition zone temperature, the attenuation coefficient
increases from 6.5 to 7.3 dB/cm at 5 MHz as the temperature
decreases from 20 ◦C to −10 ◦C. The attenuation coefficient
then peaks during freezing, marking a fourfold increase com-
pared to that at 20 ◦C. Following this peak, the attenuation
coefficient drops to 8 dB/cm at −30 ◦C and continues to
decrease as the temperature falls further, indicating that the
phase transition is completed.

The spike in the attenuation coefficient of both water
and orange juice may be attributed to ice nucleation and
partial freezing during the phase transition from liquid to
solid. The mechanism underlying waveform attenuation dur-
ing phase transition is still an open question [115], [116],
[117]. As mentioned in Section II-A, waveform attenuation
results from the combined effects of absorption and scattering
during waveform propagation within materials. Their relative
contributions to waveform attenuation, however, are not well-
defined. Further measurements and studies on this topic are
warranted.

IV. DISCUSSION AND SUMMARY

The acoustic properties of biological materials at low
temperatures are not only fundamental to existing medical
applications such as ultrasound-guided cryosurgery [21], but
also for novel and emerging applications, such as tissue
rewarming after cryopreservation [26], [27]. However, existing
data are very limited, and are dispersed across a range of
scientific fields, from seismology to glaciology and the food
industry. The lack of a consolidated resource poses a con-
siderable challenge for researchers in this area. We aimed to
address this issue by gathering and analyzing these data on the
low-temperature longitudinal and shear velocity and attenua-
tion coefficients of biological tissues and related substances,
including water, aqueous solutions, and lipids. Furthermore,
the methods and conditions used for each measurement were
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compared in this review, generating insights which should
serve as a useful foundation for those seeking to conduct
similar experiments. More importantly, the compilation of the
measurements methods employed at low-temperatures holds
the potential to increase standardization and help in improving
the accuracy and reliability of measurements obtained in
different applications of ultrasound.

On reviewing the previously published studies on
low-temperature acoustic properties in terms of their meth-
ods and results, several further questions arise. The limited
measurement data, differences in measurement methods, and
limited quantification of measurement uncertainties in general
calls for further investigation of the low-temperature ultrasonic
properties of materials. Due to the limited number of samples,
shear wave propagation at low temperatures is less well
quantified compared to the longitudinal velocity. Among the
available data, the compositions of the samples vary from
naturally existing fresh water, to pure water, and lab-made
NaCl solutions of different concentrations, with measurements
made using different setups and calculation methods, and
different frequencies across the studies, as summarized in
Tables II and III. The studies covered in this review were
conducted between 1976 and 2021, with physical sample sizes
ranging from millimeters to meters, and frequencies ranging
from kilohertz to megahertz (see Table I).

Although PES and TTS setups are acoustically equivalent
for the frequency-independent velocity and attenuation coef-
ficient measurement, any systematic differences between the
SIM and MRM calculation methods have not been evaluated
either practically or theoretically. The measurement uncer-
tainty for MRM can be large, arising from sources including
the size and length of the buffer rod, surface roughness,
and parallelism [47]. To assess the influence on measurement
uncertainty of the methods used in different studies, and to
facilitate comparison of results, validation of the measurement
system using a reference or standard sample with known
acoustic properties if possible is suggested [4]. For low-
temperature samples, however, it may be difficult to exclude
the influence of temperature gradients and volume expansion
during freezing even with reference samples. Water increases
in volume by almost 10% during freezing [118]. Depending
on the setup, the path distance of the signal may therefore
increase, which if not accounted for, will reduce the accuracy
of sound velocity and attenuation coefficient measurements.

Additionally, the temperature gradients in low-temperature
samples must be considered. Both SIM and MRM are sensitive
to temperature gradients [47], which are dependent on sample
volume, thickness, and freezing protocol. As mentioned in
Section II-C2, the temperature of samples frozen by one-sided
cooling is lower on the side contacting the freezing plate,
however, for samples frozen by air-cooling, the temperature
will be lower at the edges than the center. The effect of
temperature gradients and volume expansion during freezing
requires further experimental evaluation, and their contribution
to the measurement uncertainties should be assessed.

In addition to the measurement uncertainties already dis-
cussed, the stability of acoustic properties over time when
samples are held at a certain temperature is still a question.

The velocity of brine ice with a 50% (w/w) NaCl concentration
rose from 3236 to 3709 m/s after two weeks of freezer storage
at −21 ◦C [58] (Fig. 3). Additionally, a 7% difference was
observed in the longitudinal velocity of fresh water at −3 ◦C
between measurements made during freezing and thawing
cycles [55] (Fig. 3). Differences in acoustic properties in
relation to storage period and freeze-thaw cycles may be influ-
enced by the ice content, structure, and distribution throughout
the freezing process. For example, Azuma et al. [119] high-
lighted that ice grain size expanded from 0.2 to 1.7 mm after
a 35-day storage period. The interplay between the acoustic
properties, storage period and freeze-thaw cycles is still an
open question which requires further investigation.
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