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Many nonlinear effects have been discovered and developed in photoacoustic imaging. These nonlinear mech-
anisms have been explored for different utilizations, such as enhancing imaging contrast, measuring tissue
temperature, achieving super-resolution imaging, enabling functional imaging, and extracting important phys-
ical parameters. This review aims to introduce different nonlinear mechanisms in photoacoustics, underline the
fundamental principles, highlight their representative applications, and outline the occurrence conditions and
applicable range of each nonlinear mechanism. Furthermore, this review thoroughly discusses the nonlinearity

rule concerning how the mathematical structure of the nonlinear dependence is correlated to its practical ap-
plications. This summarization is useful for identifying and guiding the potential applications of nonlinearity
based on their mathematical expressions, and is helpful for new nonlinear mechanism discovery or imple-
mentation in the future, which facilitates further breakthroughs in nonlinear photoacoustics.

1. Introduction

Photoacoustic (PA) technique, also referred to as the optoacoustic
technique, is a revolutionary biomedical imaging method that provides
structural and functional information of living biological tissues [1-4].
PA imaging incorporates optical illumination with ultrasound wave
detection, extending the imaging depth limit of the conventional optical
imaging method to the centimeter scale [5-7]. Hence, it has demon-
strated significant potential in many pre-clinical and clinical practice,
such as oncology [8,9], vascular biology [10,11], neurology [12-14],
ion detection [6,15] and label-free functional imaging [16-18]. PA
imaging is based on the PA effect, where biological tissues are illumi-
nated by a non-ionizing pulsed laser beam and temporally confined
optical absorption is converted into heat, resulting in a transient local
temperature increase. The thermal-elastic expansion caused by the
temperature rise, induces a pressure change with wideband ultrasonic
emission and can be detected using an ultrasound transducer with
amplitude, also termed as PA signals. It is known that the absorbed laser
energy depends on the optical fluence (F) and physiological properties,
such as the molar absorption coefficient and concentration of absorbers.
Consequently, the magnitude of the PA signal generated by optical ab-
sorption is expressed as follows:
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where F indicates the local optical fluence (J/cm?); Uq is the absorption
coefficient (cm™!); 7, signifies the percentage of absorbed energy
converted into heat; I denotes the Grueneisen parameter (dimension-
less), which depicts the thermodynamic properties of absorbers; k is a
constant related to detection sensitivity. Eq. (1) describes the behavior
of PA signals of single-photon absorption under pulsed laser excitation.
It is noteworthy that the pulse duration of optical laser needs to be much
smaller than both the thermal and stress-relaxation times of a target [19,
20] such that the thermal diffusion and pressure relaxation are negli-
gible during the heat deposition of the laser illumination, which is the
prerequisite for Eq. (1) to be used to determine the amplitude of the PA
signal. Generally, nanosecond and picosecond pulsed lasers are typical
excitation sources employed for PA imaging to satisfy both thermal and
stress confinements. Herein, unless noted otherwise, it is assumed that
both the thermal and stress confinements are satisfied in all cases dis-
cussed herein.

Conventionally, many photoacoustic studies assume a linear correlation
between the PA amplitude and the optical fluence F, as well as between the
PA amplitude and the absorption coefficient y,. However, these linear
dependences may not be applicable to all cases. There are a number of
conditions where the linear correlation no longer holds true and nonlinear
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dependence occurs. So far, several types of nonlinear mechanisms have
been investigated and developed, including absorption saturation-based

nonlinearity [21-25], thermal-based nonlinearity [25-32],
resolution-dependent nonlinearity [33-35], Grueneisen-relaxation-
based nonlinearity [36-41], reversible-switching-based [42] and

photobleaching-based nonlinearities [43]. Currently, these nonlinear ef-
fects have been applied to a wide range of applications, such as measuring
tissue temperature [39], achieving super-resolution [36-38,42,43],
discriminating between different absorbers [30], enhancing imaging
contrast [37], enabling quantitative and functional imaging [24,34,44],
and extracting important parameters such as absorption relaxation time
[23]. Hence, these nonlinear phenomena have been revealed as a powerful
tool in PA imaging.

Herein, we introduce the principles and recent progress of different
nonlinear photoacoustics. Other nonlinear effects exist in PA imaging,
such as nano-/microbubble generations [45,46], photochemical re-
actions [47], the photoacoustic resonance [48-51], unsatisfied stress
and thermal confinement [52], and the nonlinear PA beamforming
method [53-59]. However, we herein describe only the aforementioned
six types of nonlinearity as representative examples. Though another
review [60] has covered some of the nonlinear effects, this paper ana-
lyzes and explores the nonlinear mechanisms in a more physical and
mathematical manner. The occurrence conditions of each nonlinear
mechanism and their representative applications are outlined in the
following section. Thereafter, we summarize the rules and common
characteristics concerning the correlation between the mathematical
structure of the nonlinear mechanism and different applications,
providing insights into the potential utilization for the future progress of
nonlinear photoacoustics.

2. The progress in nonlinear photoacoustics

This section summarizes different nonlinear effects, with a concep-
tual diagram of principles illustrated in Fig. 1. A detailed discussion of
each nonlinear mechanism is provided in the following subsections.

2.1. Absorption saturation-based nonlinearity

2.1.1. Mechanism

The absorption coefficient u, is a product of the absorption cross-
section o4 and the number of absorbers per unit volume Ny, expressed
as yt, = 0aNp. As indicated in Eq. (1), many photoacoustic studies as-
sume a linear correlation between the PA amplitude and the optical
fluence F by considering a constant absorption coefficient y,. However,
this is applicable only when the optical intensities I (W/cm?) are much
lower than the saturation intensity Iy. The laser intensity is propor-
tional to the laser fluence I = F/ 745, Where 74, is the laser pulse width.
Several studies have introduced and described the absorption saturation
[21-24]. The optical absorption saturates with the increase in the pulse
intensity in the following form [61]:

1 1
Ho(I) = Heo (m) = 040No <m) ; (2)

where y,, and o4 denote the initial values of the absorption coefficient
and absorption cross-section when the laser is not applied. This
decreasing trend of u, with laser intensity is demonstrated in Fig. 1A.
With a lower laser intensity (I<< Isa), piq(I) = piq9, NO saturation occurs.
When the intensity approaches Iy, the absorption coefficient y,(I) de-
creases to half of its original value (y,). Is is an inherent property of an
absorber, expressed as [61]

hy

OaoTeff

3

sat =

where h indicates Planck’s constant, v is the laser frequency, and 7.
denotes the absorption relaxation time. The dependence of the PA signal
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on the local fluence is obtained by combining Egs. (1) and (2),

1 1
17FF = kI'y640NoTiaserLsar | 1 — T+ _—F_ “

Tlasersat Tlaserlsat

PA = krl’[,h()'AgNg

Consequently, the PA signal demonstrates a negative reciprocal
function correlation with F, the curve of which is shown in Fig. 2(A-D).
At a lower range of F, the assumption of linear correlation between PA
and F is still applicable because the negative reciprocal function can be
regarded as a linear function. However, at a high range of F, the PA
signal does not linearly reflect the increase in F but tends to converge to
kI'ng640NoTaserlsat (= KINppaoTiaserlsar). This value indicates that at
extremely high fluence ranges, the PA dependence on the optical fluence
F is completely removed, and the PA signal is only affected by the non-
saturated absorption coefficient u,, when coefficients, k, I" and 7, are
constants.

2.1.2. Applications

2.1.2.1. Picosecond relaxation extraction. Absorption saturation-based
nonlinearity can be employed to determine the absorption relaxation
time 7,5 [23], which is a significant parameter in understanding the
transient relaxation energy transfer processes as it relates to many
photophysical and photochemical reactions, such as photosynthesis
[62], photolysis [63] and transient changes in the molecular structure
[64]. 7, is a picosecond-scale parameter and generally measured using
the femto/picosecond pump-probe technique [65-69], which is not only
costly but also susceptible to pulse broadening in dispersive media.
Danielli et al. [23] applied the nonlinear mechanism to quantify zg for
the first time, where 7,4 is extracted by fitting the theoretical PA-F curve
(Fig. 2, red line) to the measured PA-F curve (Fig. 2 black error bar)
using 7. as a free parameter. The PA amplitude can be normalized to
remove the requirement for parameters k,I” and 17, to be known. The
effectiveness of this approach was validated by measuring 7.5 of two
known dyes (saturable absorber and DQOCI) and oxy/deoxygenated
bovine blood (Fig. 2).

2.1.2.2. Single-wavelength functional photoacoustic microscopy (PAM).
This nonlinear mechanism was also applied in the measurement of ox-
ygen saturation in vivo with a single wavelength [24,44]. Oxygen satu-
ration, defined as sOy = Nppo,/ (NHb02 +NH1,R), is generally measured
using a multi-wavelength approach [70-78] because PA spectroscopy is
theoretically equivalent to the absorption spectroscopy in the wave-
length dimension. Hence, the multi-wavelength approach, which gen-
erates multiple equations, can be adopted to solve the two unknown
variables (Nppo, and Nppr) in the following formula:

PA = kI'n,, Fu, = kran(gHbOzNHbOZ + gHbRNHbR)7 ()

where subscripts HbO, and HbR indicate oxy- and deoxy-hemoglobins,
respectively. However, this approach suffers from the wavelength-
dependent optical attenuation in biological tissues. The local fluence
calibration in depth between wavelengths is still a challenge in PA im-
aging. The saturation-based nonlinear mechanism, interestingly, shows
potentials to address this problem. When absorption saturation occurs,
the PA signal as a function of Ngpo, and Ngpr is expressed in the
following formula [24], achieved by combining Egs. (2) and (5).

N, HbO, NHbR
2 F+om F
T G ) T e )

PA(F) = kI'n, | 610,

(6)

The saturation effect added another dimension to absorption spec-
troscopy, ie., the fluence dimension u, = 4,(4,F), and also to PA
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Fig. 1. Principle illustration of representative nonlinear mechanisms summarized herein. 64: absorption cross-section. GNP: gold nanoparticles. AT: transient
temepratutre increase induced by pulsed laser. UST: ultrasound transducer. 7y: thermal relaxation time. GR: Grueneisen-relaxation. 74: thermal relaxation time. RS:
reversible switching. PB: photobleaching.
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Fig. 2. PA-F curve fitting. (A) saturable absorber, (B) DQOCI dye, (C) oxygenated bovine blood, and (D) deoxygenated lysed bovine blood. Blue line: linear cor-
relation; red line: nonlinear one. Figures reproduced with publisher’s permission [23].

spectroscopy, i.e., PA = PA(u,(A,F),F), as reflected in Eq. (6). Based on
this new dependence, different optical fluences produce different
equations to solve the two unknown (N0, and Ngr); hence, functional
imaging of sO5 can be achieved using a multi-fluence approach [24,44]
rather than using the multi-wavelength approach. The validity of this
technique was verified by imaging sO; in mouse ears (Fig. 3C), and the
results agreed with multi-wavelength analyses (Fig. 3D) [24]. Fig. 3A
and B shows the saturation profile at the vein and artery, indicated by
white circles in Fig. 3C. The PA signal saturated faster in the artery than
in the vein because HbO, has higher values of 7.; and 64 than HbR. In a
recent study, Yao et al. [44] applied the signal wavelength method to
quantify sO, based on different saturation properties between HbO, and
HbR. Instead of employing a high optical fluence to reach the nonlinear
regime, Yao et al. [44] used a picosecond laser to achieve absorption
saturation with reduced laser fluence compared with nanosecond laser.
Two laser systems, i.e., nanosecond and picosecond systems, were used
to differentiate HbO2 and HbR with and without using the saturation
effect, respectively. Hence, two equations, i.e., PApicosecond fOllowing the
form of Eq. (6) and PA,gmesecona following the form of Eq. (5), were
generated to solve two unknowns (N0, and Nppg). Recently, another
single-wavelength method is proposed in Ref [79]. This method uses a
different approach—fusing optical absorption and scattering instead of
absorption saturation-based nonlinearity, thus is not elaborated in this
review.

The advantages of the single-wavelength method include (a) it
eliminates the need for wavelength-dependent energy compensation; (b)
it increases the imaging speed as no wavelength switching is employed;
(c) it reduces the cost as only one single-wavelength laser source is
required. However, this approach has its own limitations: (a) the im-
aging depth is restricted in this approach because the strong optical
attenuation in biological tissues leads to a significant decrease of the
local fluence, making it difficult to reach a nonlinear regime. The

effective imaging depth is approximated to be around 0.5 mm at
532 nm, as reported in previous study [70]; (b) when using nanosecond
laser, a high optical fluence is required to reach the nonlinear regime
and may exceed the skin maximum permission exposure (MPE) to laser
irradiation (20 mJ/cm? at 532 nm according to ANSI Z136.1-2014).
This can also occur when employing a picosecond or femtosecond
pulsed laser, in which case the MPE for skin exposure is assessed using
the optical intensity (W/cmz) [80].

Measuring sO5 is one example of using the single-wavelength
method. In a generic sense, this strategy has potentials to resolve any
absorbers using their different saturation rates (z,4 and c4) without
calibrating the wavelength-dependent optical attenuation inside tissues.
The feasibility of this approach is based on that the difference in satu-
ration rate between different absorbers is significant enough to be
resolved using the PA-F curve fitting. This approach may find more
applications in the future, such as extracting targets from high-
absorptive blood background, discriminating different tissues. More
investigations are deserved to be performed towards real applications in
vivo.

2.1.3. Occurrence conditions

In cases of intensifying the nonlinear degree to employ the nonlin-
earity mechanism for the applications above (Section 2.1.2), in addition
to the increase in the optical fluence, the pulse duration of the laser 74,
can be reduced to generate higher laser intensities, according to I =
F/7ig5er- Furthermore, according to Iy, = hv/ (aAoreff), absorbing species
with higher 649 and 7.5 result in a lower saturation threshold (Is)
compared with the opposite condition (i.e., absorbers with lower 64 and
7o), therefore the former (high 649 and 7.5 absorbers) more easily in-
duces nonlinearity under the same condition than the latter (low 640 and
7.5 absorbers). By contrast, when a linear relation between the PA signal
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Fig. 3. PA signal as a function of the optical fluence at (A) low sO, location (vein) and (B) high sO, location (artery). sO, mapping measured using (C) single-
wavelength and (D) dual-wavelength approaches. Figures reproduced with publisher’s permission [24].

and the optical fluence is required, the nonlinear mechanism can be
avoided by decreasing the optical fluence F or increasing the pulse
duration 7y, to ensure I<I,. To provide a quantitative example, HbO,
and HbR do not saturate when irradiated with a 4 ns pulsed laser until F
reaches 50 and 280 mJ/cm?, respectively (Fig. 3A and B, respectively),
which exceed the safety standard of MPE for nanosecond pulsed lasers
(ANSI Z136.1-2014). This also suggests that using the same imaging
system and optical intensity, absorbers with lower 640 and 7.5 (such as
HDR) help avoid the saturation effect compared with those with higher
640 and 7. (such as HbOy).

2.2. Thermal-based nonlinearity

2.2.1. Mechanism
The Grueneisen parameter I" in Eq. (1) is given by

)

where § denotes the thermal expansion coefficient, ¢ is the speed of
sound, and c, signifies the heat capacity. Among the three parameters (3,
¢, and ¢;), the thermal expansion coefficient g exhibits the most notable
dependence on temperature g = f(T) [25-30] and needs to be taken
into account when the temperature increase is significant. However, in
most cases of PA imaging, the local temperature rise AT induced by
pulse laser illuminations is often ignored by assuming that the thermo-
dynamic parameters (f3, ¢, and c,) are constant, which no long holds true
when AT is significant. As depicted in Fig. 1B, the PA amplitude

increased considerably with a significant transient temperature rise AT,
the reason of which is clarified as follows. Due to the fact that the
temperature rise AT and thermal expansion are the cause and effect, i.e.,
thermal expansion occurs after a temperature rise AT, the thermal
expansion coefficient can be expressed as f(T) = (To + AT). Based on
the Taylor series expansion, 5(T) is expressed as [30,81],

dp
Bo A Tﬁ\T:TU

A(T) = p(To + AT) = (€)]

Linear term  Nonlinear term
where f, is the expansion coefficient at the baseline temperature Ty.
Higher-order derivative terms are neglected by assuming a proportional
2
%\T:Tq
dependence of § on temperature is a commonly used approximation in
photoacoustic imaging and is applicable for water-based and fatty tis-
sues [82]. The expansion coefficient # of water as a function of tem-
perature T is presented in Fig. 4A and discussed later in this section.
Eq. (8) reveals a linear term f, and nonlinear term AT&—‘/;‘T:TO, which
characterize the correlation between the PA signal and the local fluence
F. To analyze the nonlinear term, the temperature rise AT is calculated
using the thermodynamics law, AT = Q/pC,, where Q is the thermal
energy for generating thermoelastic expansion in a target. Note that Q
equals the product of the thermal energy arising from optical absorption
Q4 (= nguF) and a proportionality factor y : Q = yQa. The factor y ac-
counts for the influence of thermal confinement on the thermal energy:
y =1 when thermal confinement is satisfied (i.e., no heat conduction
occurs during the pulse duration); y <1 when unsatisfied thermal
confinement takes place, which is because a fraction of total heat Q4

correlation between f and T, in which case = 0. The linear
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transfers from the target to the surroundings, thus Q < Q4. With the
expression of AT = yn,u,F/pCp, f can be expressed as,

F
MuMa % (9)

T) =
ﬁ() ﬁ0+ pcp dTr=m,

Consequently, the nonlinear term is fluence F dependent, which

leads to a parabolic correlation between the PA signal and F (combining
Egs. (1), (7) and (9)) as follows:
PA = ¢F + o, F?, (10)
gcz%T:To/pCS. When AT is
sufficiently small, based on Eq. (8) the nonlinear term is insignificant, in
which case the linear dependence of the PA signal on the optical fluence
is still applicable. However, in some cases, AT cannot be neglected and
leads to a nonlinear dependence of PA on F, which will be discussed in
the following sections.

where ¢; = kngp,c?By/Cp and cp = kynpu

2.2.2. Influencing parameters

According to Eq. (8), f, and AT are the two parameters affecting
thermal-based nonlinearity. For water-rich soft biological tissues, when
the temperature approaches 4 °C, water is at the critical point between
thermal expansion and thermal contraction, indicating a zero expansion
coefficient f,, as depicted in Fig. 4A (data obtained from [83]). In this
case, the nonlinear dependence shown in Eq. (8) becomes dominant as
the linear dependence vanishes. Simandoux et al. [30] measured the
PA-F curve of a gold nanosphere immersed in water (T, =4 °C), the
results of which demonstrate high nonlinear dependence on the optical
fluence (Fig. 4B).

In cases of a significant temperature rise AT, the nonlinear depen-
dence becomes evident even under conditions without temperature
confinement (Ty = 4 °C). Gold nanoparticles, in particular, have been
demonstrated [27,28,31,32,81] to exhibit obvious thermal-based
nonlinearity. This is mainly due to the large absorption cross-section
op caused by plasmon resonance, which induces a significant

temperature rise during laser illumination. This is the main reason that
gold nanoparticles (GNPs) are widely applied in photothermal therapy
[84-86]. GNPs and India ink were employed in previous work [32] to
depict a significant contrast between nonlinear (GNPs) and linear (India
ink) fluence dependences (Fig. 4C). The results shown in both Fig. 4B
and C indicate that strong nonlinear correlation occurred at low to
modest laser fluence.

It is noteworthy that the thermal confinement may be violated when
employing GNPs [27,81,87]. This is because the nanometer-scale size
and high thermal conductivity of GNPs may result in the thermal
relaxation time () being smaller than the laser pulse duration (7).
The equation to quantify 7, is given in Section 2.4.1. The unsatisfied
thermal confinement causes a portion of the detected PA amplitude
arising from the surrounding media [81,87,88], i.e., from water, if a GNP
solution or suspension is used. This is due to the occurrence of the heat
conduction between the GNPs and water within the time scale of 7,
which causes the thermal expansion of the surrounding water, thereby
inducing the PA signal of the water media. As a result, the detected PA
signal composes of the signals from both the GNPs and surrounding
media [88,89], expressed as PAy = PAg + PAy, where subscripts g and
m indicate the GNPs and water media, respectively. It is worth
mentioning that the existence of PA,, does not change the parabolic
correlation between the detected PA signal (PAq) and the optical
fluence F (i.e., PAjq = c1F + coF?). However, the coefficients c; and ¢
would be different than those in Eq. (10). The unchanged parabolic form
with and without considering the contribution of PA, to PAuy is
because PA,, itself is a parabolic function of the optical fluence F, which
will be elaborated as follows. The expansion coefficient of water media
(B, can be expressed using Eq. (8), thus containing the influence of the
optical fluence F due to the existence of the nonlinear term AT’%‘ r—1,- BY
substituting f,, back into the PA signal generated by water (PA,,) [88,
89], the first-order (F) and second-order (F?) terms of the optical fluence
appear in PA,,. Thus, as mentioned earlier, PA, exhibits a parabolic
form, providing that a significant transient temperature rise occurs upon
the laser illumination. As a result, the detected PA signal for a GNP
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solution/suspension (PA) demonstrates a parabolic dependence on
the optical fluence F, because the sum of two parabolic functions (PA,
and PA;,) remains a parabolic one (PA,q). The above conclusions are
based on the assumption that the expansion coefficients for both GNPs
(Bg) and water media (f,,) can be estimated using Eq. (8).

In the case of GNPs, other factors may also affect the exhibition of
thermal-based nonlinearity. For example, Pang et al. [31] experimen-
tally investigated the effect of nanosphere size of GNPs on nonlinearity
(Fig. 4D). The results indicate that at large GNP diameters (such as 100
and 150 nm), the GNP suspension exhibits a strong nonlinear behavior,
whereas the suspension of GNPs with diameters less than 80 nm did not
show obvious nonlinearity at room temperature, except when the
nonlinearity was manifested through other mechanisms such as aggre-
gation [28] or bubble formation [90]. This diameter effect (Fig. 4D)
agrees with the results shown by Simandoux et al. [30], where the
nonlinearity of GNPs with a diameter of 40 nm in aqueous solution was
not detected at room temperature, although further studies are required
to explain the physics of the diameter effect of GNPs on nonlinearity.

2.2.3. Applications

2.2.3.1. Discrimination between different absorbers. Thermal-based
nonlinearity can be applied as a discrimination mechanism [30] be-
tween different absorbers. Nonlinear absorbers (i.e., absorbers inducing
high AT) and linear absorbers (i.e., absorbers inducing low AT) exhibit
different features in PA imaging. The differences are characterized by
(1) the PA-F curve and (2) PA-temperature curve, respectively. In the
PA-F curve, the two absorbing species, corresponding to the linear
dependence (Eq. (1)) and nonlinear dependence (Eq. (10)) of the PA
signal on the optical fluence F, display a linear vs. parabolic correlation,
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as illustrated in Fig. 5A. These different characteristics can be used to
differentiate between the aforementioned two types of absorbing par-
ticles, instead of employing the conventional approach based on PA
spectroscopy.

In addition to the PA-F curve, the PA-temperature curve demon-
strates the potential to detect and identify different absorbers [30] as the
nonlinear and linear absorbing species demonstrate different
PA-temperature curve trends. In the PA-temperature curve, the tem-
perature is the equilibrium temperature T, of the absorbers determined
by the environment. For linear absorbers (i.e., absorbers with low AT),
according to Eq. (8) the expansion coefficient §(T, + AT) ~ f,. Hence,
the PA- Ty curve essentially reflects the f, — Ty curve (Fig. 4A). This is
because the remaining parameters in the expression of the PA signal
(Egs. (1) and (7)) can be considered as temperature insensitive
compared with S, which shows a significant dependence on tempera-
ture. Although the speed of sound c is also affected by temperature, it has
a secondary effect on the PA dependence on temperature because its
sensitivity to temperature ¢ = ¢(T) is rather low compared with the
expansion coefficient § = S(T). Therefore, the tendency of PA vs. Ty
curve is determined by the g, — Ty curve. The only difference between
the two curves (PA- Ty and 3, — To) lies in the range of Ty < 4 °C, where
P, indicates negative values, whereas PA can only have positive values
owing to the Hilbert transform applied in signal processing. Hence, the
PA- T, curve for linear absorbers demonstrates a profile as shown in
Fig. 5B (solid line), with two lines having an intersection at 4 °C. For
nonlinear absorbers (i.e., absorbers inducing high AT), the relation

B(To + AT) =~ B, is not applicable as the nonlinear term AT&—‘%T:TO in Eq.

(8) needs to be accounted for. Owing to this nonlinear term, the g — T,

curve is shifted up by AT‘%’.‘T:T0 compared with the g, — Ty curve, as

ATZ

aTT=To shows positive values throughout the entire temperature
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range in Fig. 4A. For absorbers with significantly high AT, the nonlinear

term AT%{‘T:TO is sufficiently high such that the g, — T, curve is shifted

above the x-axis. Without the negative values of # below 4 °C, the PA- T,
curve for nonlinear absorbers presents a positive correlation with tem-
perature (dashed line in Fig. 5B). The experimental results of dye mol-
ecules (linear absorber) and gold nanospheres (nonlinear absorber) in
Fig. 5C both demonstrate consistency with the theoretical predictions
(Fig. 5B). To summarize, these absorbers can be resolved by both the
PA-temperature curve and PA-F curve. In other words, thermal-based
nonlinearity offers an alternative way to discriminate different ab-
sorbers, without resorting to the conventional method such as PA
spectral imaging [91-93].

Schrof et al. [32] extended the application to the selective detection
of nonlinear absorbers (GNPs) from a strong absorbing background. The
spatial distribution of different absorbers (India ink and GNPs) was
discriminated based on their own characteristics of the PA-F curve. The
ink-based absorbers exhibited a linear PA signal with respect to F, as
follows:

PA =a\F an

Meanwhile, the GNPs exhibited a parabolic function of the optical
fluence,

PA = aiF + a,F* a2

Both Egs. (11) and (12) were applied to PA-F curve fitting for two types
of absorbers (India ink and GNPs). When using Eq. (11), the coefficient
of determination in linear regression (Ry,) was employed to distinguish
between linear absorbers (India ink) and nonlinear absorbers (GNPs), as
GNPs showed a considerably lower Ry, value than India ink (Rj,~1) in
the linear fitting because of its nonlinear F dependence (see Fig. 5D).
When Eq. (12) was applied for the fitting, the coefficient a, was used as
an indicator to differentiate these two types of absorbers because as
equals zero theoretically for linear absorbers and shows a non-zero value
for nonlinear absorbers (GNPs). Instead of using the amplitude of the PA
signal, the two coefficients, namely Ry, and ay, were plotted respectively
to provide the spatial distribution image of both the GNPs and India ink,
as illustrated in Fig. 5E and F.

This method was validated using a tissue phantom comprising five
parallel tubes filled with either a colloidal suspension of GNPs or diluted
India ink, as shown at the bottom of Fig. 5E and F. By plotting the Ry,
value (Fig. 5E), the spatial pixels where the linear absorbers were
located can be differentiated from the nonlinear absorbers based on
their unique ranges of Ry,. By employing the value of ay (Fig. 5F), one
can extract the spatial pixels that contain nonlinear absorbers and
automatically eliminate unnecessary signals of other linear absorbing
species from the background. To summarize, this method offers a single-
wavelength approach to differentiate different absorbers and provide
their spatial distributions by using the linear and nonlinear properties of
their fluence dependences.

2.2.4. Occurrence conditions

Thermal-based nonlinearity arises from the dynamic transient
change in the thermal expansion coefficient during pulsed illumination.
The nonlinear contribution becomes significant if the temperature rise is
sufficiently high to affect the value of f(T) during illumination. To
intensify this nonlinear mechanism, the weighting of the nonlinear term,
which is determined by AT (Eq. (8)), can be increased using absorbing
species with high absorption cross-sections, such as GNPs, which induce
nonlinear effects even with low to modest laser fluences (Fig. 4B-D).
Furthermore, the nonlinear effect can be amplified by making the co-
efficient of the linear term (f,) zero. For example, for GNP suspensions
where the PA signal is primarily from water, as described in Section
2.2.2, this can be realized by immersing the absorbing species into water
at 4 °C. Similarly, these procedures can be adopted in reverse to avoid
nonlinear correlations. Theoretically, thermal-based nonlinearity
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should occur in any absorber, providing a significant transient temper-
ature AT is triggered during laser illumination. The significant AT
changes the relative magnitude between the nonlinear and linear
weights in PA signals (Eq. (8)), thereby manipulating the exhibition of
the nonlinearity. In practice, AT is negligible for many absorbing spe-
cies, which is the reason that the thermodynamic parameters (4, c, and
cp) are considered constant in most cases. Thus far, in addition to GNPs,
few absorbing species have been reported to exhibit significant thermal-
based nonlinearity. Thermal-based nonlinearity of the PA signal with
respect to the optical fluence still needs thorough investigation in the
future to demonstrate its application with more absorbing species.

2.3. Resolution-dependent nonlinearity

2.3.1. Mechanism

The depth-resolved optical fluence F(z) inside an object is expressed
as F(z) = Foexp( — u,2) [33,34] where F, denotes the optical fluence on
the surface of the object, as depicted in Fig. 1C. Hence, the PA signal at
any arbitrary depth z is expressed as

PA(z) = kI'nyp, Foexp( — p,2) 13)

Theoretically, the PA signal on the surface (z = 0) of an object ex-
hibits a linear correlation with the absorption coefficient y, because the
exponential term [exp( — y,2)] vanishes in Eq. (13). However, in actual
cases, owing to the limited axial resolution caused by the limited
bandwidth of the ultrasound transducer, the PA technique cannot
resolve targets infinitely fine. Consequently, the detected PA amplitude
is an accumulation of the PA signals within an axial pixel Az,

AZ
PA gerected = / PA(z)dz = kI'n,, Fo[l — exp( — p,Az) ], 14)
0

where Az denotes the axial resolution of the PA system. Based on Eq.
(14), the detected PA signal on the surface (z = 0) of an absorbing me-
dium demonstrates a negative exponential correlation with u, [33-35],
as shown in Fig. 1C. For a PA detection system with a sufficiently large
transducer bandwidth and a low enough absorption coefficient, i.e., both
Az and pu, are approximately zero, and based on the Taylor series
expansion, Eq. (14) can be approximated as

PA jerecied = kr”thO,uaAZ7 (15)

where the detected PA signal still remains a linear dependence on y,.
However, when the conditions above are not satisfied, the linear cor-
relation between PA and p, starts to lose its validity and a negative
exponential dependence appears (Fig. 6A). This nonlinear effect is
referred to as the absorption saturation effect in previous studies [33,
34]. In this paper, we refer to this mechanism as resolution-dependent
nonlinearity to avoid confusion with the absorption-saturation
induced by the optical fluence discussed in Section 2.1.

2.3.2. Influencing parameters

The axial resolution Az and absorption coefficient y, are the two
influencing parameters of resolution-dependent nonlinearity. The effect
of these two parameters on the nonlinear dependence can be observed in
Fig. 6A [34]. This nonlinear effect is evident when (1) the axial reso-
lution is low (i.e., Az is high) or (2) the absorbing media has a strong y,.

To study the mechanisms of the two influencing parameters, theo-
retical studies were conducted [33] where the PA pressure rise was
simulated as a function of axial depth under different values of yu,
(Fig. 6B). At the surface of the sample (z = 0), as shown in Fig. 6B, a
higher y, resulted in a higher PA pressure rise according to Eq. (1).
However, with increasing depths owing to the exponential decrease in F
with the absorption coefficient (F = Foexp( — y,2)), the PA pressure rise
with higher p, decayed faster in depths than those with lower y,
(Fig. 6B). This explains the detected PA amplitude, i.e., the area enclosed
by the PA pressure curve, horizontal axis, and vertical axis in Fig. 6B,



R. Gao et al.

Photoacoustics 22 (2021) 100243
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does not linearly reflect the increase in y,, particularly under high u,
conditions. Meanwhile, if a higher axial resolution (shorter pixel
element in z-axis) is applied, e.g., 0.001 mm as shown in Fig. 6B, the
nonlinear effect will not be obvious, as the space for the optical fluence
to be attenuated with the depth is insufficient. In this case, the detected
PA signal (i.e., pixel-integrated PA value) mainly demonstrates a linear
contribution because the PA signal on or near the sample surface (z~0)
linearly reflects absorption coefficient y,, and the attenuation of F at
depths with g, is minimized. This justifies the fact that the detected PA
signal maintains an approximately linear correlation with y, (Eq. (15))
when a sufficiently high axial resolution (low value of Az) is applied.
With knowledge regarding the influencing mechanism of the axial res-
olution Az and absorption coefficient y,, the nonlinear mechanism can
be avoided or strengthened by adjusting these two parameters. It is
noteworthy that in extreme conditions (e.g., Az > 120 pm and y, > 300
cm™! as shown in Fig. 6A), the dependence of the PA signal on u, is
completely removed, meaning that the PA amplitude is only affected by
the optical fluence. This tendency is also reflected in Eq. (14) where the
detected PA signal converges to kI'n,Fo when yu, or Az is sufficiently
high. The value of kI'y,,Fo indicates that the PA amplitude depends only
on the optical fluence on the target surface Fp when k, I' and 7, are
constants.

2.3.3. Applications

2.3.3.1. Compensating the resolution-dependent nonlinearity. When the
resolution-dependent nonlinear effect is obvious, the conventional sO,
measurement algorithm (Eq. (5)) is no longer applicable, as it is based on
the linear dependence of the PA signal on y, and introduces systematic
errors if applied in the nonlinear regime. Hence, a new method was
developed [34] to compensate for the resolution-dependent nonline-
arity. For the measurement of sO,, the absorption coefficient is
expressed as

K, = I‘CH;,T(S02€H;,02 =+ (1 — SOz){;’H/,R) (16)

where r denotes a constant [94]; Cypr is the concentration of the total
hemoglobin; &m0, and egpr are the molar absorption coefficients of
HbO, and HbR, respectively. It is noteworthy that the molar absorption
coefficient ¢ is proportional to the absorption cross-section ¢, and ¢ =
N,0/1000In(10), where N, is the Avogadro number. For a PA detection
system with a finite axial resolution, the detected PA signal is obtained
by combining Egs. (14) and (16), expressed as follows:

PAgereciea = kU, Fo[l — exp( — rCpyr Az(sO2€m0, + (1 — 502) €m0, ) )]
17)

which comprises three unknowns, ie., sOy kI'ny, and rCppyrAz. By
contrast, for the conventional approach of sO, measurement, two un-
known variables (sO, and kI, rCepr) exist based on the PA amplitude
expression PA = kI'jy,rCeprFo (steHb02 + (1 —sO2)emr ), which is ob-
tained by combining Egs. (1) and (16). By comparing the above un-
knowns, it is clear that kI'j,rCypr in the linear correlation has been
disassembled into kI, and rCmpyrAz in the nonlinear correlation,
respectively, owing to the change in the mathematical structure of the
expression of the PA signal in the nonlinear correlation (Eq. (14)) as
opposed to the linear correlation (Eq. (1)). More specifically, in the
linear correlation, y, is located at the same position as kI'y,, (Eq. (1));
hence, rCypr is also located therein based on the relationship between y,
and rCppr (Eq. (16)). Therefore, only one term, kI'y,rCrpr, is formed.
However, in the nonlinear correlation, y, and rCyyr remain in the
exponential term (exp( — y,A%)); hence, kI',, and rCypr are separated,
which consequently results in two unknown variables (ie., kI'n
and rCyprA2).

To quantify sO2 when the resolution-dependent nonlinearity occurs,
three wavelength measurements of PA signals were implemented [34] to
solve Eq. (17). The effectiveness of this nonlinear model in sO, imaging
was validated via phantom experiments on bovine blood (Fig. 6C) and in
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the in vivo imaging of mouse ear (Fig. 6D and E), respectively. The
former demonstrates that the nonlinear model provided consistent re-
sults with the set value of sO,, and improved the sO, accuracy by up to
13 % compared with the linear method for fully oxygenated blood. The
latter shows that the nonlinear sO; result agreed more closely with the
physiological value compared with that obtained using the linear
method.

2.3.4. Occurrence conditions

In contrast to the nonlinear mechanisms discussed in Sections 2.1
and 2.2, which characterize the correlation between the PA signal and
the optical fluence F, the resolution-dependent nonlinearity depicts the
dependence of the PA signal on the absorption coefficient y,. This
nonlinearity exists provided that the PA detection system has a finite
axial resolution. The nonlinearity becomes more prominent when im-
aging high-absorbing species using a transducer of low axial resolution
(Fig. 6A). For biological tissue imaging, owing to the requirements of
high imaging depth, the center frequency of the ultrasound transducer
needs to be compromised because of the frequency-dependent acoustic
attenuation. These are cases where resolution-dependent nonlinearity
could occur and the nonlinearity compensation is necessary to be
considered when the correlation between PA and y, is demanded, such
as for functional PA imaging. Otherwise, attentions need to be taken
when choosing the bandwidth of the ultrasound transducers in PA
functional imaging.

In some cases, this nonlinear phenomenon is not obvious and can be
approximated as a linear one. For example, when imaging a low
absorbing target (i.e., u, < 200 em 1) with a high bandwidth transducer
(i.e., Af > 50 MHz), which corresponds to an axial resolution Az <
27 pm, according to Eq. (14) and Fig. 6A, the nonlinearity can be
neglected and the PA signal demonstrates an approximate linear
dependence on y,. Fig. 6A shows a quantitative analysis of Az and p,
values, where the linear dependence still remains valid.

2.4. Grueneisen-relaxation-based nonlinearity

2.4.1. Mechanism

There are two critical time scales involved in the generation of PA
pressure rise: the thermal relaxation time (z,,) and the stress relaxation
time (z5) [19,20]. The former (zy) depicts the thermal diffusion of the
voxel of interest upon being heated by a laser; it is given by 74 = d?/am,
where d. and @y denote the heated region’s characteristic dimension
and the thermal diffusivity, respectively. The latter (z;) characterizes the
pressure propagation in the voxel of interest and is expressed as 7; =
d./c, where cis the speed of sound. For instance, for a voxel of interest in
soft tissue with a characteristic dimension d. = 30 pm, the thermal
relaxation time (z4) and stress relaxation time (z;) are estimated as 7 ms
and 20 ns, respectively. As previously described in the Introduction
section, the time duration of the excitation laser pulse (7j4,) should be
significantly smaller than both 7y and 7, for Eq. (1) to be applicable [19,
20]. It should be noted that the laser pulse interval employed in PA
techniques usually exceeds the thermal relaxation time 7. Thus, the
heat produced by the first laser pulse diffuses and is dissipated away
before the second laser pulse excites the desired spot. This is the typical
approach to ensuring independence (i.e., neither PA signal affects the
other) between different PA signals. However, if two identical laser
pulses are applied sequentially within the absorbing target’s thermal
relaxation time (zy), the heat induced by the first laser pulse at the voxel
of interest influences the amplitude of the second PA signal, owing to the
increased Grueneisen parameter produced by the heat from the first
laser excitation. This effect is referred to as the Grueneisen-relaxation
(GR) effect and has been widely applied in PA techniques [36-41]. To
further elucidate the GR effect, the PA signal generated by the first pulse
is expressed as follows,

PA, = kI'n,pu F 18)
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The second pulse induces a larger PA amplitude than the first due to
the lack of sufficient time for the target to return to the baseline tem-
perature, as illustrated in Fig. 1D. The second pulse is expressed as,

PA; = k(I + AD)nu,F 19
where Al denotes the change of the Grueneisen parameter in response
to the change in local temperature AT caused by the first pulse.
Generally, I" is considered approximately proportional [82,95] to the
local temperature because it is a function of the thermodynamic pa-
rameters (f, ¢, and ¢,) shown in Eq. (7). AT can be expressed as [36,38],

AT = byyu,F (20)
Eq. (20) is derived based on the approximately linear dependence of I
on temperature (AI'«AT) as discussed in Section 2.2.1. Given that the
temperature rise AT is proportional to the total absorbed heat Q4 (=
NtoF), AT can be expressed by byg,u,F, where b is a constant that
converts the thermal energy absorbed from the first pulse to the change
of Grueneisen parameter 1% 381, As a result, the Grueneisen-relaxation
photoacoustic microscopy (GR-PAM) signal APA is described as,

PAgr_pay = APA = PA, — PA, = kbn,*u,*F* 21

Consequently, a quadratic power dependence is established between
the GR-PAM signal and the optical fluence F.

2.4.2. Applications

2.4.2.1. Improvement in imaging resolution. The GR effect can be used to
improve lateral and axial resolutions in optical resolution photoacoustic
microscopy (OR-PAM) [36-38]. These resolution-improvement capa-
bilities have been demonstrated on tissue phantoms [36] and in vivo
[38].

2.4.2.1.1. Lateral resolution. The lateral resolution (Rygerq) of OR-
PAM depends on the full width at half maximum (FWHM) of the PA
amplitude’s spatial distribution. Assuming a Gaussian distribution of the
optical fluence on the focal plane [36], we have

E X +y?
F(X,Y) :F%P( T

Wo 0

(22)

where E is the laser pulse energy, and wy denotes the Gaussian distri-
bution waist on the focal plane for which the fluence amplitude is 1/e of
its value at the beam center. In conventional OR-PAM, the PA amplitude
on the focal plane is obtained by substituting Eq. (22) into Eq. (1), as,

kL, E ¥4y
PA(x,y) = kI'n,u F(x,y) = ”’—v’;zexp< i
0 0

where the FWHM is 2v/In2w,. Combining Egs. (21) and (22), the PA
signal for GR-PAM is given by,
_ X+ y2>
wi/2

The FWHM for GR-PAM is v 2In2w,. Therefore, GR-PAM increases the
Ryeerat Of conventional OR-PAM by a ratio of /2 [36]. This improvement
has been verified by imaging a sharp ink edge on a cover glass (Fig. 7A).

2.4.2.1.2. Axial resolution. PA techniques achieve a greater imaging
depth than conventional optical microscopy, owing to the detection of
time-resolved ultrasound waves. As a result, the axial resolution is
defined acoustically and determined by the PA bandwidth Af [1,96],
that is, Ryg = 0.88¢/Af. This fundamentally differs from optical mi-
croscopy, where the axial resolution is determined by the optical focal
zone. The PA signal along the z-axis in the optical focal zone (for a planar
target with uniform ) is an integration of the PA pressure rise in the
lateral (x-y) plane: PA(z) = [[PA(x,y,z)dxdy. Thus, for OR-PAM, PA(z)
is given by,

(23)

PAgr-pan(x,y) = kb, p, F2 (x,y) = (24)

kb, "E
w
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(A) 3B) Fig. 7. Validation of the spatial resolution
1.2 & 1.2 enhancement [36]. (A) Lateral resolution
) 1_0-. =eSOR-PAM ° ] (Rigrerq) ~measurements of OR-PAM and
2 0 8- == GR-PAM GR-PAM. The edge spread functions (ESFs)
a were obtained based on the PA amplitude
E 0.6 1 across the sharp edge and the derivatives of
? 0.4 ESFs give rise to the line spread functions
'—5 1 (LSFs). The FWHM of ESFs for GR-PAM is
£ 0'2'_ smaller than OR-PAM by a factor of 1.6, which
2 0.0 - . agrees with the theoretical value ofy2. (B)
_0_2' — '. S 00' i i i ! ] i i i Axial resolution was estimated for both
1.0 -0.5 0.0 05 1.0 "40 30 20 40 0 10 20 30 40 ORPAM and OR-PAM. Ragn was assessed

X (1m) 2 (um) based on the FWHM of the fitted Gaussian curve

of the differential PA signal (PAgr-pam) at
different axial positions of a monolayer of RBCs.
Raxial_or Was obtained from the FWHM of the
A-line signal envelope (dashed line). Royiar_gr is

measured to be 2.3 um, which close to the theoretical prediction 2.4 pm (1.84/NA?) and more than 18 times finer than Ry _or. Figures reproduced with publisher’s

permission [36].

PA(z) = // kI F(x,y, 2)dxdy = kI, B (25)

When a planar target (i.e., larger than Ryyeq in the x-y plane and
infinitely thin in the z-direction) is placed at different depths of the focal
zone, its axial PA signal PA(z) does not change but remains a constant
(kI'ngu.E (Eq. (25))) at different axial positions because the pulsed en-
ergy E does not vary between different axial positions. Thus, no FWHM
exists within the focal zone, and optical sectioning is not possible
[36-38]. However, in GR-PAM, the PA signal along the axial direction is
given by,

PAGr-pam(2) ://kb’?mzﬂaze (x, ¥, z)dxdy (26)

This is calculated by combining the definition of PA(z) with Eq. (21).
The optical fluence distribution F(x,y, z) on an arbitrary lateral plane at
given by F(x,y,z) =

distance z from the focal plane is

1' Normalized PA amplitude
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ﬁ(z) exp( — ";%é’:) , where w(z) is the Gaussian beam radius at distance

2. After substituting the Gaussian distribution of F(x,y, 2) into Eq. (21)
and performing several derivation steps, the GR-PAM signal becomes
PAGr_pam(2) = kbny2u,2E?/2nw?(2). This suggests that when placing a
planar target at different depths within the focal zone, the PAgr pam
signal becomes a function of the axial distance z, and the FWHM of the
axial PA signal is determined to be 1.8)./NA?, where A and NA denote the
optical wavelength and numerical aperture of the objective, respec-
tively. The FWHM (1.8)/NA?) of the GR-PAM signal is two times the
Rayleigh range, suggesting an optical axial resolution has been achieved
[97,98], which is much higher than that of the conventional OR-PAM.
The axial resolution enhancement has been verified by assessing the
peak-to-peak PA amplitude of a monolayer of red blood cells (RBC) at
different axial positions [36], as shown in Fig. 7B. Similar investigations
into the optical sectioning capabilities of GR-PAM have also been re-
ported in the literature [37,38].
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Fig. 8. Validation of the imaging contrast enhancement [37]. (A, B) A mouse brain slice imaged using OR-PAM and GR-PAM, respectively. (C, D) The magnifications
of the square regions marked as 1 and 2 in (A) and (B), respectively; here, the internal structures of the cell nuclei are unclear in OR-PAM (C) but resolved in GR-PAM
(D). (E, F) A-line profiles of the dot-cross sections marked as 3 and 4 in (A) and (B), respectively. Figures reproduced with publisher’s permission [37].
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2.4.2.2. Imaging contrast improvement. Apart from the improvement of
spatial resolution, the GR effect can also be used to enhance the imaging
contrast [37]; this has been verified using ultraviolet laser illumination
in both conventional OR-PAM and GR-PAM imaging of a mouse brain
slice (Fig. 8A and B). The internal structure of the cell nuclei was unclear
in OR-PAM (Fig. 8C) but resolved in GR-PAM (Fig. 8D). The quantitative
imaging contrast comparison between the two aforementioned ap-
proaches proves that the imaging contrast was enhanced by a factor of
3.3, according to the line profile (Fig. 8E). This differs from the
improvement in lateral resolution, which is characterized by a sharp-
ening of the FWHM of the lateral PA signal profile. As shown in Eq. (21),
the PA signal in GR-PAM exhibits a quadratic power dependence not
only on (1) the optical fluence F but also (2) the absorption coef-
ficient y,. Thus, the increase in image contrast achieved using GR-PAM
arises from both quadratic dependences. In contrast, the lateral resolu-
tion improvement arises solely from the quadratic power dependence of
the PA signal on the optical fluence. Of the two quadratic power de-
pendences, the former produces a higher PA signal contrast between
targets within the optical focal zone and out-of-focus targets, compared
with linear OR-PAM. Meanwhile, the quadratic power of the absorption
coefficient (u,2) further enables the absorbers with high absorption to
exhibit even higher PA amplitudes, while the background (with low
absorption) exhibits significantly lower PA signals. The contrast be-
tween them is governed by a quadratic power law (4,2), in contrast to
the conventional linear OR-PAM, where the image contrast is deter-
mined solely by the first power of the absorption difference (x,). Unlike
the quadratic power dependence on F (through which the image contrast
enhancement relies on the relative positions between targets and the
optical focal zone), the image contrast increase produced by the
quadratic power dependence on y, is not position-dependent but
species-specific. In other words, the contribution of y,? to the image
contrast increase is solely determined by the difference in absorbance
coefficients between different absorbers, regardless of their locations.

2.4.2.3. Suppressing the side-lobe artifacts. Compared to a focused
Gaussian beam, a Bessel beam substantially extends the focal depth [99]
(Fig. 9A), which facilitates a consistent lateral resolution in the axial
direction of OR-PAM. This avoids the tradeoff between the imaging
resolution and the focal depth [40]. However, Bessel beams are known
to suffer from side-lobe artifacts, as shown in Fig. 9A (the second row).
This limits the application of Bessel beams in PA imaging as they
introduce ghost signals due to the strong side-lobes. The GR effect,
interestingly, shows potentials to resolve this problem by utilizing the
nonlinear dependence on the optical fluence F to suppress the side-lobe
artifacts [40] (Fig. 9B). To be more specific, the optical intensity I of a
Bessel beam, as depicted by Fig. 9A (second column), is given by I(r,z) =
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Ip(2)Jo%(2.4048r/ro), where Iy(z) is the optical density at axial coordi-
nate gz, r is the transverse radial coordinate, Jy is the zero-order Bessel
function of the first kind, and ry signifies the radius of the central lobe.
The above expression shows that the point spread function (PSF) of
linear PA signals on the lateral plane is proportional to Jy2. In such cases,
the linear PA imaging still exhibits many side lobes, as shown in Fig. 9B
(PA; and PA5). However, when applying the GR effect, according to Eq.
(21), the PSF of PA signals becomes the square of the Bessel beam pro-
file, i.e., the fourth power of Jy (Jo*). Since the amplitude of the central
lobe is much higher than the side-lobes (Fig. 9A, second column), the
ascending power dependence on J, enhances the amplitude of the
central lobe to a much higher value and decreases the side-lobes to lower
ones. This greatly enlarges the gap of amplitude between central and
side lobes. As a result, the side-lobe artifacts in PA imaging are effec-
tively suppressed by using the GR effect, as demonstrated by the image
of nonlinear results (APA) in Fig. 9B. This substantially broadens the
application of Bessel beams in PA imaging.

2.4.2.4. Temperature measurement. The GR effect has been employed to
quantify temperature distributions in deep tissues [39]. Instead of
sequentially delivering two laser pulses, a burst of laser pulses (N > 2) is
delivered to the target tissue within the time scale 7. This arrangement
is presumably to assure a measurable difference in PA signal between
the first and N-th pulses, based on the cumulative thermal effect of a
number of consecutive laser pulses. The pressure rise induced by the
N-th pulse is expressed as [100],

pn = (Do + AD)ypF = (Fo + by F(N — 1) )y, F (27)

where b denotes the first-order derivative of the Grueneisen parameter
with respect to the absorbed photon energy, which is a constant value
and has been reported in a previous work [100]. Expressing the first PA
pressure rise as py = oy F and combining it with Eq. (27), we obtain,
pv—pi_ b

pi =7z

.2 (28)
0

Thus, I'y can be directly determined using py and p;. The pressure rises
(pny and p;) are quantified from the detected PA signals (PAy and PA;),
by calibrating the ultrasound detection system using the approach dis-
cussed in the literature [101]. As a result, the temperature is obtained

according to the correlation between T and I in soft tissue [102],
Ty =115.89r, — 13.14 (29)

Combining Egs. (28) and (29) allows the absolute temperature in the
tissue to be determined, as opposed to conventional PA thermometry
[82,95,103-105], which offers relative temperature monitoring.

B)

Normalized PA amplitude

o

Fig. 9. The application of GR-based nonlinearity in suppressing the side-lobe artifacts of Bessel beams. (A) The Gaussian beam (first line) vs the Bessel beam (second
line) [99]. The Bessel beam provides a much longer focal depth than the Gaussian beam but introduces side lobes. (B) The MAP images of single-layer red blood cell
using a Bessel beam [40] as the excitation beam source. PA;: linear results when no heating was applied. PA,: linear results after the heating laser shot. APA:
nonlinear results (PAy-PA;). Figures reproduced with publisher’s permission [40,99].
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Therefore, this new approach eliminates the requirement that the
baseline temperature be known a priori. Furthermore, when determining
the absolute temperature, the conventional approaches assume that the
changes in PA amplitude only arise through changes in temperature.
This either (1) assumes that the tissue maintains its optical and acoustic
properties over a large temperature range or (2) must pre-calibrate the
variations of PA signal caused by tissue property changes before
completely attributing the PA signal changes to temperature alterations.
Interestingly, the new GR-effect-based approach offers a calibration-free
measurement of absolute temperature, without employing the afore-
mentioned assumption. The validity of this method has been confirmed
by the temperature measurement of ink-filled tubes in tissue phantom at
a 1.5-cm depth (Fig. 10A), and a good agreement between the measured
and preset values was achieved (Fig. 10B). Measurements were further
performed in mice at 2-mm depths, to demonstrate the feasibility of the
method for in vivo temperature mapping [39].

The calibration-free PA thermometers can potentially facilitate the
PA-guided therapies and temperature monitoring in some applications
[106,1071, such as the high-intensity focused ultrasound therapy and
photothermal therapy. Combined with the PA-guided temperature
regulation [107], further studies using the nonlinear approach are
required to expand the PA thermometers towards in vivo application.

2.4.2.5. Preservation of heating memory. In the GR effect, as shown in
Eq. (21), the PA signal not only reflects the properties of the second pulse
but also contains information about the previous heating stage (i.e., the
optical fluence F employed for heating, and the optical absorption co-
efficient y,). Preserving the heating memory facilitates the extraction
and utilization of previous heating information [108,109] and allows
the two consecutive heating stages to be combined for better imaging
quality [110].

2.4.2.5.1. Spectroscopy imaging. Instead of using a multi-wavelength
pulsed laser, PA spectroscopy imaging adopts multiple continuous wave
(CW) laser sources [each with a different wavelength (4;)], as well as a
single-wavelength pulsed laser (49) [108,109]. The imaging target was
first heated by the CW laser before the second pulsed laser was applied
to induce PA signals, as shown in Fig. 11A. The corresponding PA signals
(with and without CW laser heating) are illustrated in Fig. 11B. The
normalized difference between the two PA signals is obtained from Egs.
(18) and (19); it is expressed as,

Ai)F ey
(PA, — PAy) | PA, = AT | Fyox—— Hal%)
Heating properties (induced by CW laser)

(30)

where y,(4;) and F,, denote the absorption coefficient at wavelength 4;
and the optical fluence of the CW laser, respectively. The ratio (PA; —
PA;)/PA; eliminates the influence of the pulsed laser (1, (o), Fpuse) and

A)

Temperaturé (°c) 40
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retains only the heating properties (4,(4:), Fow) induced by the CW laser.
As a result, PA spectroscopy is achieved using the heating memory of the
CW laser at specific wavelengths. This novel strategy has been validated
by comparing its absorption spectroscopy results with those obtained
using a spectrometer; a good agreement was achieved. The merit of this
method lies in its low cost compared to conventional PA spectroscopy
approaches, which use high-power multi-wavelength optical parametric
oscillator (OPO) pulsed lasers [111,112], which are bulky and
expensive.

The pulse duration of the CW laser in this study [108] exceeded the
thermal relaxation time 74 of the absorbing target, thus, thermal
confinement was not satisfied by the CW laser during PA imaging. The
unsatisfied thermal confinement indicates that thermal diffusion and
heat deposition occur concurrently within the long duration of CW
illumination, which is accounted for when determining the PA ampli-
tude [108]. The failure to satisfy the thermal confinement conditions
does not influence the validity of the correlation Ay, (4;)Fey shown in
Eq. (30). A more detailed mathematical illustration is presented in the
supplementary materials of a previous work [100].

2.4.2.5.2. Combining merits of two distant spectra. At least two laser
pulses are required for the GR effect; hence, this effect can exploit the
advantages of the two spectra when using one pulse from each spectrum.
For example, the mid-infrared (MIR) spectrum, which offers rich mo-
lecular information of biological samples, was combined with ultraviolet
(UV) imaging, which enables high spatial resolution [110]. This was
achieved by using a pulsed MIR laser to thermally tag the target and a
pulsed UV laser to image it, as illustrated in Fig. 11C and D. The time lag
between the two pulses satisfied the thermal confinement requirements.
The UV pulse that detected the temperature rise, expressed as PAyy; =
k(' + ANy, (A)Fyy, was compared with an initial UV pulse without
any thermal tag, expressed as PAyy1 = kI'fgp,, (4)Fy. The increase in
the Grueneisen parameter Al is a result of MIR thermal heating, AI" =
by ptpir (4i)Fvir. This method is referred to as ultraviolet-localized MIR
photoacoustic microscopy (ULM-PAM). The difference between the two
pulses is given by,

— kb, o (A ) (4) . Fym"?«v
"Water background suppression Resolution increase

(3D

APA=PA, —PA,

Equation (31) has two implications. On the one hand, the lateral
resolution of ULM-PAM is governed by the term FyrF,,. The product of
the two Gaussian profiles of the optical fluence, with their expressions
given by Eq. (22), leads to a smaller Gaussian beam radius w(z) than
either of the two profiles. In other words, the lateral resolution of ULM-
PAM is higher than that of either MIR-PAM or UV-PAM. Given that the
lateral resolution of MIR-PAM is considerably lower than that of UV-
PAM, the combined results of FyrF,, are approximately equivalent to
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Fig. 10. Results of temperature measurements. (A) Representative temperature map of two tubes (shown in color) overlaid onto an ultrasound image (shown in
gray). (B) The linear correlation between the measured temperatures and preset values, used to evaluate the accuracy of the proposed measurement approach.

Figures reproduced with publisher’s permission [39].
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Fig. 11. Principles and results of the preserva-
tion of heating memory. (A) Pulse sequence
pattern, including two pulsed laser excitations
and one CW excitation for each measurement
[108]. The wavelength of the CW laser is
denoted as 4;, where the subscript i denotes the
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[110]. (D) The corresponding PA signals of
three pulses in ULM-PAM [110]. Lipid images
produced using (E) ULM-PAM and (F)
MIR-PAM. Protein images produced using (G)
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the ultraviolet resolution. On the other hand, Equation (31) indicates
that ULM-PAM combines the absorption contrasts of both MIR and UV,
as reflected by the term (44, (4). Thus, the strong water back-
ground of the MIR wavelength is suppressed using this method, due to
the low UV absorption of water. As a result, the water-background-
suppressed MIR imaging of biological tissues (e.g., lipids and proteins
in cultured cells) are achieved at UV resolutions, as shown in Fig. 11
(E-H); this is one order of magnitude finer than the MIR resolution.

2.4.2.6. Summary. The aforementioned applications are chosen as the
representative examples for the GR effect. Apart from the above-
mentioned scenarios, the GR effect has also been employed in other
fields. For example, owing to the ascending power dependence on the
optical fluence, the GR effect was applied in wavefront shaping to ach-
ieve a diffraction-limited optical focusing in an optical scattering me-
dium [41]. Furthermore, GR-based nonlinearity also shows potentials
for tissue differentiation [113]. This is realized by extracting the term
containing tissue-dependent properties (I, n,; and pu,) using the
nonlinear model. A similar work using the nonlinear mechanism to
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distinguish different types of materials was shown in Ref [114]. In this
work, dual imaging contrast—both the optical absorption contrast (x,)
and thermal contrast (ry;) were employed independently to resolve
different samples (muscles and fat tissues). Apart from the discrimina-
tion of targets, the nonlinear effect can also be applied to suppress a
strong background when imaging magnetic nanoparticles [115], and
even provide nanoparticle design guidelines [116,117]. These guide-
lines facilitate the synthesis and development of PA nanoamplifiers to
realize nonlinear signal amplification and high imaging contrast. It is
also worth noting that the technical aspects and variables of GR-PAM
have been examined in Ref [118], including the wavelength selection,
the laser fluence, the time delay and the relaxation function. These in-
vestigations were conducted to help achieve the highest nonlinear effect
by optimizing both the heating and the probing efficiencies. The results
of this work provide guidance for future developments of GR-based
nonlinearity.

2.4.3. Occurrence conditions
In contrast to other aforementioned nonlinear mechanisms, which
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are based on the nonlinearity of one measured PA signal, GR-based
nonlinearity requires a double-excitation process to establish
nonlinear dependence. Theoretically, this can be applied to any scenario
provided the two laser pulses can be delivered within 7z, (for conven-
tional OR-PAM in which the lateral resolution is 4 pm, 74 is estimated as
0.1 ms for soft tissues). In practice, the subtracted signal APA between
the two pulses needs to be detectable (i.e., above the noise level of a
transducer) for GR-based nonlinearity to apply. A low SNR can occur for
deep tissues in vivo, because the temperature increase induced by the
first pulse may not be sufficient, owing to the strong optical scattering.
However, a number of consecutive laser pulses (N>2) [39] released
within the time scale of 73 may help address this problem. Compared
with the aforementioned nonlinear mechanisms, this GR-based nonlin-
earity can be also completely avoided by not applying the two consec-
utive pulse delivery procedures. This feature, combined with the
label-free mechanism, is the intrinsic advantage of GR-based nonline-
arity over the other nonlinear mechanisms discussed above.

2.5. Reversible-switching-based and photobleaching-based nonlinearity

2.5.1. Mechanism

2.5.1.1. Reversible-switching-based nonlinearity. Reversibly switchable
photoacoustic microscopy (RS-PAM) inherently exploits the photo-
convertible properties of genetic reporter proteins, which allow ab-
sorption peaks to be red-shifted in a reversible fashion. More specif-
ically, the 780 nm laser illumination red-shifts the absorption peak of
proteins from the near-infrared to the red light-absorption state,
decreasing the absorption coefficient at 780 nm. In contrast, the 630 nm
wavelength allows the absorption peak to be shifted back to the near-
infrared state, increasing the u, of proteins at 780 nm back to their
original values. This allows for repeated testing in PA imaging. The
states before and after 780 nm illumination are denoted as ON and OFF
states, respectively [42]. Differential imaging between the two states
(before and after 780 nm illumination) facilitates the removal of back-
ground noises, increases the image contrast, and enhances the resolution
[42,119,120]. The PA signal of RS-PAM is represented as the difference
between the two states [42]:

PAgs_part = PApefore — PAdgier (32)
PApefore in Eq. (32) corresponds to the ON-state and reflects the original
profile of the absorption coefficient y, before the photoswitching pro-
cess. For simplicity, y, is considered uniformly distributed within the
excitation spot (Fig. 1E.1), which is the approximation used for OR-PAM
when the focal spot is sufficiently small. However, after laser illumina-
tion at 780 nm, the number of ON-state molecules (Ny) decreases
because of the switching-off process; thus, a fraction of the protein
molecules transit to the OFF state. This switching-off procedure is a
stochastic process in which only a fraction of protein molecules are
switched off during the single-pulse 780 nm illumination. The number
of protein molecules switched off depends on the laser intensity. As a
result, the absorption coefficient u, is no longer uniformly distributed
but instead have a reduction profile y, (x,y) in the focal spot (Fig. 1E.2).
This reduction profile y, (x,y) depends on the intensity profile I (x,y) and
therefore on the fluence profile F (x,y). Differentiating between the two
states permits the extraction of the absolute reduction profile p, (x,y) (i.
e., Fig. 1E.3). Consequently, the PA signal of RS-PAM not only reflects
the excitation fluence distribution F(x,y) but also the absorption coef-
ficient profile u, (x,y), which directly depends on F(x,y). This means
PAgs_panm is not proportional to the optical fluence F but to its power.
Using Eq. (32) and applying several approximations, the PA signal of RS-
PAM is calculated as [42],

PAgs_pam F’?,hNolbmH x F’?,},NOFWH (33)
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Eq. (33) establishes a nonlinear mechanism: a bm+1 degree power
dependence of the PA signal on the optical fluence F, where b denotes
the power dependence of the switching-off rate on the excitation in-
tensity, and m signifies the order of the polynomial fitting to the signal
decay. According to Eq. (33), a higher photoswitching rate b produces a
higher-order PA signal power dependence on the optical fluence. In
other words, the nonlinearity is more pronounced for faster photo-
switching proteins. This nonlinear effect is referred to as reversible
switching (RS) nonlinearity in this review.

2.5.1.2. Photobleaching-based nonlinearity. The principle of
photobleaching-based (PB) nonlinearity [43] is analogous to that of RS
nonlinearity; for instance, it similarly applies a double-excitation pro-
cess, shown as,

PApg_payt = PA;_y — PA; & I, NoI" ™ o T, NoF*™" 34
where PA;_; and PA; denote two consecutive PA pulses. Similar to the RS
effect, for simplicity, the absorbance coefficient y, before photo-
bleaching is assumed to be uniformly distributed within the optical focal
spot, as depicted in Fig. 1E.1. However, under laser excitations, the
absorbers inside the focal spot become inhomogeneously bleached
because of the Gaussian-distributed optical profile F(x,y). This reduces
the absorption profile y, (x,y) (Fig. 1E.2) inside the focal spot, with the
reduction depending on F(x,y). As a result, the differential in Eq. (34),
which is equivalent to Eq. (33), reflects not only the optical fluence
profile F(x,y) but also the absorption distribution y, (x,y) produced by F
(x,y), as shown in Fig. 1E.3. Consequently, a b+1 degree power depen-
dence between the PB-PAM signal and the optical fluence F is estab-
lished, as depicted in Eq. (34); here, b indicates the power dependence of
the photobleaching rate on the excitation intensity. Thus, the nonlinear
dependence of the PA signal on the optical fluence F is more prominent
when using a faster photobleaching species (i.e., targets with a higher
photobleaching rate b). A more detailed mathematical derivation is
provided in the supplementary materials of a previous work [43]. The
consistency of the mathematical expressions between the RS-based and
PB-based nonlinearities (Egs. (33) and (34), respectively) indicates an
analogous mechanism generating these two nonlinear effects.

2.5.2. Applications

2.5.2.1. Resolution improvement. RS- and PB-based nonlinearities have
been applied to improve the lateral and axial resolutions [42,43] of
conventional OR-PAM. The two effects operate almost identically in
enhancing the spatial resolution; therefore, for simplicity, this review
only discusses the results of RS-based nonlinearity.

2.5.2.1.1. Lateral resolution. By substituting the Gaussian distribu-
tion of the optical fluence F(x,y) at the focal plane into Eq. (33), we
obtain the RS-PAM PA signal at this plane,

exp (

Thus, the FWHM for RS-PAM is quantified as (2v/2In2w,/v/bm + 1).
Compared with the conventional OR-PAM, where the lateral resolution
is 2v2In2w, (Eq. (23)), RS-PAM improves the lateral resolution by a
factor of vbm + 1 [42]. This enhancement has been validated by im-
aging a thin layer of photoswitching protein on a sharp cover glass edge
(Fig. 12A and B).

2.5.2.1.2. Axial-resolution. Given that the PA amplitude along the z-
axis is an integration of the PA signal in the lateral (x-y) plane, PA(z)
along the z-axis in RS-PAM can be obtained by integrating Eq. (33) in the
x-y plane,

FNOEbm+l

x4y
PARS—PAM(X7y)O(rN()Fbm+] (X7Y) = mt1) Y )

w2/ (bm + 1)

m1 2
Wy

(35)

PAgs_pan(2)ex // TNoF*™ ! (x,y, z)dxdy (36)
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Fig. 12. Validation of the spatial resolution
enhancement. (A) Conventional OR-PAM and
PS-PAM images of a thin layer of protein mol-
ecules (BphP1), showing the finer axial resolu-
tion of RS-PAM. (B) The lateral line spread
functions of OR-PAM and RS-PAM; the latter
improves Rjateral from 278 nm to 141 nm. (C)
The axial plane spread functions of OR-PAM
and RS-PAM. The latter is capable of optical
sectioning with an axial resolution of ~410 nm;
in contrast, the former’s Ruya is ~30 pm.
Figures reproduced with publisher’s permission
[42].
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Substituting the Gaussian distribution of the optical fluence F(x,y)
into Eq. (36) and performing several steps of derivation, the RS-PAM
signal for a planar target is given by PAgs pam(2) =
TNoEP™1/[(bm + 1) m™1w®m(z) ]. Thus, the FWHM of the axial RS-

PAM PA signal is estimated as 1.8V/2m — 1A/NA? [42]. This result
indicate that under conditions of bm>1, RS-PAM provides axial resolu-
tions even finer than the optically defined axial resolution (1.81/NA2).
This super-resolution has been demonstrated by the measurement of the
A-line on a thin layer of protein molecules (Fig. 12C).

2.5.3. Occurrence conditions

Both of the RS-based and PB-based nonlinearities employ the double-
excitation process. RS-based nonlinearity exploits the unique photo-
chromic features of genetically encoded probes between two light-
absorption states. These features can be found in previous studies for
several representative probes, including RpBphP1 and DrBphP [42,
119]. These photoswitching probes are required to be either expressed
in biological cells or implanted into samples/biological tissues for the
nonlinear mechanism to function, as opposed to GR-based nonlinearity
which permits a label-free nonlinear mechanism. In PB-based nonline-
arity, the inhomogeneous photobleaching is employed to construct a
fluence-dependent profile of the absorption coefficient within the opti-
cal focal spot using two laser excitations. The PB effect can be identified
in a number of absorbing species, including red-dyed microspheres,
melanoma, hemoglobin, and pink anthocyanins [43]. PB-based nonlin-
earity is applicable to both fluorescent and nonfluorescent species [43,
121]. For fluorescent species, photobleaching is a form of photochemical
destruction of a fluorophore, in which the photobleaching rate exhibits a
strong dependence on the excitation intensity [122,123]. For nonfluo-
rescent species, photobleaching is a result of the photothermal
destruction of the absorber structure [124]. As reported in a previous
study [124], small-sized targets irradiated with short pulse durations
more easily suffer photobleaching than the opposite conditions (i.e.,
large target size and long pulse duration). Because of the aforemen-
tioned occurrence conditions, the applicability of the PB effect is limited
when compared to GR-based nonlinearity.

16
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2.6. Other types of nonlinearity

As mentioned in the introduction, this review focuses on the above-
mentioned six types of nonlinearity as the representative examples, but
it is worth mentioning there exist other nonlinear effects in PA imaging,
including nano-/microbubble generations [45,46], photochemical re-
actions [47], the photoacoustic resonance [48-51], unsatisfied stress
and thermal confinement [52]. In addition, the nonlinear beamforming
(BF) technique [53-59] is another one used in photoacoustic tomogra-
phy (PAT), which will be briefly discussed here. In PAT, delay and sum
(DAS) is the most common beamforming algorithm owing to its
straightforward implementation, however, it suffers from strong noises
and sidelobes [59,125]. Delay-multiply-and-sum (DMAS) provides a
better image quality relative to DAS, but requires high computational
cost due to the combinatorial multiplication operations used in DMAS
[57,59,126]. A recently developed method, nonlinear pth root
delay-and-sum (NL-p-DAS) [56,127], which is a generalized form of
DMAS, utilizes root scaling before and power scaling after the summa-
tion, enabling the spatial resolution to be continuously improved as p
increases. NL-p-DAS has been demonstrated as an effective beamforming
technique but still has certain drawbacks [56,128], thus is in the process
of being improved [53,129]. The nonlinear BF technique is an inter-
esting topic in PAT and deserves more efforts to reinforce and boost its
developments in the future.

3. Summary of the nonlinearity rule

Based on the various nonlinear mechanisms reviewed above, this
section summarizes the common relationships between the applications
of a nonlinear effect and the specific mathematical structure of its PA
amplitude expression. The purpose of this section is to provide guide-
lines for identifying and inspiring further nonlinearity applications; this
is of practical significance in the advancement of nonlinear photo-
acoustics. Utilization(s) of a nonlinear mechanism can be determined via
its functional form, in particular, via the form of the pulse fluence F and
absorption coefficient y,. As summarized in Fig. 13, for a mechanism
with an ascending power of F, it is expected that nonlinearity can be
utilized to achieve super-resolution OR-PAM. Increasing the power on y,
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Fig. 13. Conceptual diagram of the correlations between mathematical structure patterns and their application approaches.

increases the imaging contrast. Using the unique mathematical structure
(discussed in Section 3.3) of a single parameter in the PA amplitude
expression, a nonlinear mechanism can be exploited for parameter
extraction procedures such as the measurement of temperature,
extraction of relaxation time 7.4, and functional imaging of sO2. Below
are the rules that concern how different nonlinear photoacoustics can be
used, and how a particular mathematical structure in the nonlinear
mathematical formula can be exploited. When a descending power of F
or yu, occurs, the spatial resolution or image contrast may not be
improved. However, other applications (e.g., parameter extraction) can
still be realized, provided the mathematical structure of the nonlinearity
is suitable to be exploited for that purpose, as will be described in Sec-
tion 3.3. In this paper, only three applications in parameter extraction (i.
e., of temperature, 7. and sO2) are considered (see Fig. 13). However,
other parameter quantifications might be discovered in the future, using
the rules provided in the following sections.

3.1. Ascending / descending power of F

The change in the PA signal power dependence on F typically occurs
through the alteration of parameters (k, I', 4, and y, shown in Eq. (1)) in
the PA amplitude expression during optical illumination; that is, the
dependences of these parameters on the optical fluence F induces the
ascending/descending power on F in the PA signal expression. For
example, in GR-based nonlinearity, I increases during laser irradiation
because of the temperature rise, and a dependence of I on F is eventually
formed (Eq. (20)). Regarding RS- and PB-based nonlinearities, the co-
efficient of y, changes after laser-pulse illumination, owing to the pho-
toswitching and photobleaching effects; this produces a reduction
profile u, (xy) governed by F(x,y) (Fig. 1E.3). For thermal-based
nonlinearity, the expansion coefficient # (which locates in the expres-
sion of I') changes with the optical fluence under a significant transient
temperature rise, thereby producing the Grueneisen dependence on the
optical fluence F (Egs. (9) and (7)). In absorption-saturation-based
nonlinearity, u, decreases with increasing optical intensity I, which
also forms a dependence on the optical fluence F (Eq. (2)). To summa-
rize, adding extra dependences of these coefficients on the optical flu-
ence F produces an ascending or descending power on F in the PA signal.
In the aforementioned nonlinearities, the first three cases produce an
ascending power on F, whereas the last one leads to a descending power.
Thus, an alteration of the power dependence on F is achieved in the
existing nonlinear mechanisms presented in the literature. In particular,
an ascending power of F enhances the spatial resolution, as described in
the following.
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3.1.1. Resolution improvement

3.1.1.1. Lateral resolution. Generally, the lateral resolution of PA im-
aging is quantified using the FWHM of the PA signal in the lateral plane.
For OR-PAM involving an optical focal spot smaller than the acoustic
one, the lateral resolution is determined using the optical FWHM of the
Gaussian beam distribution on the focal plane. This is because the
FWHM of the optical Gaussian beam profile equals the FWHM of the PA
signal, provided that the remaining parameters (k, I', 54, #,) in Eq. (1)
are spatially invariant (i.e., constants) within the optical focal spot in the
lateral direction. As illustrated in Fig. 14A, the FWHM of a Gaussian
distribution multiplied by a constant remains unchanged. However,
when the above parameters are not constant within the excitation spot
but depend on the optical fluence F, the FWHMs of the Gaussian beam
profile and PA signal are no longer equivalent (e.g., in GR- and RS-based
nonlinearity, owing to the spatially varying I'(x,y) and u, (x, y)). In GR-
based nonlinearity, the effective Gruneisen parameter for GR-PAM
I'cr-pam = AI(F)x F, shows a linear dependence on the optical flu-
ence, as discussed in Section 2.4.1. In RS-based nonlinearity, the
switching properties of protein (between ON and OFF states) generates a
reduction profile for the absorption coefficient y,, which is governed by
the optical Gaussian distribution F(x, y), as illustrated in Fig. 1E.3. In
such cases, asides from the original Gaussian spatial profile of the optical
beam fluence F(x, y), another Gaussian spatial window characterizing
the profile of the F-determined parameters (I or x,)is added to the PA
signal expression, as depicted in the second row in Fig. 14A. Thus, the
FWHM of the PA signal significantly decreases and a super-lateral res-
olution is achieved. Super-resolution is essentially realized through the
ascending power on F in the PA signal expression, by constructing an F
dependence for the Grueneisen parameter I = I'(F) or absorption co-
efficient y, = p,(F). To summarize, the lateral resolution Ryatera for OR-
PAM with an N-th power dependence on the optical fluence F is quan-
tified as,

Riseral = FWHMpous = 2v 21n2W/\/N = Risteral. ]incar/\/ﬁ 37)

which improves the resolution of the conventional linear OR-PAM by a

factor of \/N. Likewise, with a descending power on F (e.g., in
absorption-saturation-based nonlinearity, where p, = p,(F)
%, it is reasonable to hypothesize that the lateral resolution of

OR-PAM decreases accordingly when F is high enough to enter the
nonlinear regime.

3.1.1.2. Axial resolution. In the axial direction, the optical Gaussian
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Fig. 14. Principle of the spatial resolution enhancement. (A) Illustration of the ascending power of F used to achieve super-lateral resolution. (B) Beam focal zone

and Rayleigh range. (C) The optical fluence profile along the beam axis.

beam converges to and diverges from a planar cross section (i.e., the
focal plane) at which the beam radius approaches the beam waist wy.
The spot size (at distance z from the beam waist wy) expands as a hy-
perbola (Fig. 14B), and the optical fluence distribution along the beam

2
axis is given by an analytical solution F(z) = Fy/ (1 + (%) > , where Fy

denotes the optical fluence at the focal point (z = 0) and 2z denotes the
Rayleigh range, within which the beam radius w equals v/2 wq (Fig. 14B,
C). According to the expression for F(z), the FWHM of F(z) is estimated
as 2z = 1.81/NA? (i.e., twice the Rayleigh range), which is a traditional
criterion for defining the optical axial resolution [98,130]. As discussed
in Section 2.4.2, the PA signal along the z-axis is given by PA(z) =
JTknguqF(x,y, z)dxdy. For an infinitely small target (i.e., the target size
in the lateral plane A s << optical focal spot), F(x,y, z) is considered to
be constant inside the infinitesimal region and can be removed by an
integration operation. Thus, PA(z) is expressed as kI'ngu, F(2)A s. This
means that the FWHM of PA(z) equals that of F(z), and the optical axial
resolution (1.81/NA2?) is achieved using OR-PAM with a point target.
However, in general cases, the imaging target is larger than the optical
beam spot in the focal zone; hence, it is viewed as a planar target. In such
cases, PA(z) = kI'ngu,E, according to Equation (25). With no depen-
dence on the optical focal zone, the axial resolution of OR-PAM is
decoupled from the optical axial resolution (1.81/NA2) and conse-
quently determined by the acoustic axial resolution (Ryyq = 0.88c/Af).
This acoustic resolution in OR-PAM can be improved by implementing
nonlinear mechanisms with a higher-order power of the optical fluence
(e.g., GR- or RS-PAM). If an N-th order power on the optical fluence F is
being constructed, the PA amplitude in the axial axis is given by PA(z) =
Nk gpoFN(x,y, 2)dxdy. Based on the iterations discussed in Sections
2.4.2 and 2.5.2, the FWHM of the axial PA signal is expressed as,

1.8AV/ 2% — 1
NA?

Raial = FWHMpy it = KR qsial. linear (38)

As a result, the ascending power of F yields the super-resolution of

1.8V Zﬁ—l

N in the axial direction, which is significantly finer than the
axial resolution for linear OR-PAM (0.88c/Af). When the power is of
order N > 2, the nonlinear mechanism’s resolution also enhances the
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optically defined resolution by a factor of 1/v/2%1 — 1.
3.2. Ascending/descending power of p,

The ascending/descending power of y, primarily arises from the
extra dependence of the remaining parameters (k, I, 7, and F shown in
Eq. (1)) on the absorption coefficient y,. For example, in both the
thermal- and GR-based nonlinearities, dependences of the Grueneisen
parameter I" on the absorption coefficient (i.e., I' = I'(u,)) are formed
(Egs. (7) and (9) for thermal-based nonlinearity, Eq. (20) for GR-based
nonlinearity). The Grueneisen parameter is generally insensitive to y,,
because I" is only subject to the equilibrium temperature (I" = I'(T)).
However, according to the thermodynamic laws, when an optical-
absorption-induced temperature rise AT occurs, a correlation between
AT and the absorption coefficient p, is formed (ie., AT =
Q/pCpxu,F/pCp). This establishes the dependence of I" on the absorp-
tion coefficient y, (I' =I'(T) =I'(T(u,)) =TI (4q)). This dependence of I"
on y, does not occur in linear photoacoustics, because the transient
temperature AT is negligible compared with the baseline temperature
To. However, in thermal-based nonlinearity, the dependence of I" on g,
is prominent because of the significant temperature rise AT induced by
the pulse laser. This y, -dependence of the Grueneisen parameter I” also
becomes dominant in GR-based nonlinearity, because the baseline
temperature Ty (which is the p, -insensitive contribution) is removed by
the subtraction between the second and first PA pulses (Egs. (18) and
(19)). This leaves only the p, -dependent contribution (AT =
Q/pCoxu F/pCy). As a result, an extra dependence of the Grueneisen
parameter on y, is produced. Compared with linear photoacoustics,
where the PA signal is proportional to p, (Eq. (1)), this newly added
dependence of the Grueneisen parameter on y, produces the increased
power dependence of the PA signal on y,. Asides from the Grueneisen
parameter I, other parameters (e.g., the optical fluence F) may also
become dependent on y,. For example, the depth-resolved optical flu-
ence is given by F(z) = Foexp( — pu,%), where F significantly decreases
with the depth of target through the optical attenuation (absorption and
scattering). With the extra dependence of F on y,, the PA signal at the
target depth no longer linearly increases with u, because the exponential
decay term must be accounted for (Eq. (13)); the combined term (i.e., the
linear term multiplied by the exponential decay term) can be effectively
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regarded as a descending power on y,. To conclude, the aforementioned
approaches highlight the typical ways in which the ascending/
descending power on y,, is constructed. The ascending power specifically
facilitates the increase in imaging contrast, as discussed below.

3.2.1. Imaging contrast enhancement

The ascending power of p, is expected to enhance the imaging
contrast in PA imaging. For example, in GR-based nonlinearity, a
quadratic power dependence on the absorption coefficient u, is estab-
lished (Eq. (21)), which helps realize a better imaging contrast (Fig. 8).
The ascending power y, causes nonlinear changes in the wavelength
dimension; as a result, the PA spectra and absorption spectra are no
longer linearly correlated. The ascending power of y, functions as an
amplification mechanism for the imaging contrast. More specifically, in
conventional OR-PAM, absorbing species with high p, exhibit a higher
PA amplitude than those with low y,, and this PA signal difference is
determined by the difference in absorbance (u; —pu,). Under an
increased power of the absorption coefficient, the difference in PA signal
is determined by the power difference (u]' — x5, which produces a
considerably higher imaging contrast than the linear OR-PAM. To
summarize, the ascending power u7' converts the spectral contrast in
absorption spectroscopy to a stronger one in PA spectroscopy via a
power-law growth; this improves the imaging contrast. Consequently,
biological tissues with weak absorption properties (e.g., gelatin, elastin,
and lipids, which are difficult to visualize using the linear PA technique
because of their low absorption in the visible range) are now expected to
be visualized, because a higher imaging contrast than that of the con-
ventional OR-PAM can be achieved. In addition, the aforementioned
biological tissues are expected to be made differentiable through the PA
technique using this amplification mechanism, owing to the high spec-
tral contrast (' — 45') in nonlinear photoacoustics. Conversely, when a
decreased power dependence of the PA signal on g, occurs, the imaging
contrast decreases accordingly.

3.3. Unique structure of a single parameter

Many parameters are associated with the generation of PA signals,
because the PA effect involves physical, chemical, and signal detection
processes, including optical energy absorption, heat transfer, thermo-
elastic expansion, pressure wave propagation, and signal detection and
acquisition. As a result, PA imaging can reflect numerous properties/
parameters, including the optical properties (the optical fluence F and
the pulse duration 7,), absorption properties (the molar absorption
coefficient 64, number of absorbers Ny, and relative concentrations of
different absorbers), thermoelastic properties (the speed of sound c,
expansion coefficient f, temperature T, and heat capacity Cp), me-
chanical properties (the bulk modulus B), and signal detection proper-
ties (the detection sensitivity k, and axial resolution of a transducer).
These parameters relate to the overall mechanism of the PA effect from
the optical absorption to the detected PA amplitude. However, the PA
technique is generally employed as an imaging modality, and parameter
measurements are not widely applicable in conventional linear PA im-
aging for the following two reasons. (1) Multiple unknown quantities (e.
8.k, I',and 555 in Eq. (1)) are present in the expression of PA amplitude,
and the PA amplitude is a simple product of these parameters. Therefore,
the parameters do not possess any uniqueness in the mathematical
structure of the PA expression (elaborated upon later in this section). As
a result, it is difficult to extract parameters from the PA amplitude. (2)
Several parameters (e.g., the saturation intensity I, relaxation time 7.y,
pulse duration 74, axial resolution of the transducer Az, and tissue
temperature T, etc.) do not directly relate to the linear expression of the
PA amplitude (Eq. (1)); thus, they cannot be determined using the PA
technique. The above limitations can be resolved using nonlinear PA
effects, because the mathematical expression of PA amplitude is changed
by their presence. This produces two typical phenomena. (1) Extra
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dependences are established on some parameters (e.g., the dependence
of PA amplitude on the saturation intensity I, and relaxation time 7, in
absorption-saturation-based nonlinearity (Section 2.1), and the axial
resolution of the transducer Az in the resolution-dependent nonlinearity
(Section 2.3), etc.). (2) Special mathematical structures of the parame-
ters are formed instead of the linear correlation (Eq. (1)). Such structures
include the reciprocal function (Section 2.1), the parabolic function
(Section 2.2), the exponential functions (Section 2.3), and the power
functions (Sections 2.4 and 2.5), and so on. These changes allow for
parameters to be extracted using the new mathematical structure of the
nonlinearity.

3.3.1. Parameter extraction

To be identified, a parameter in a mathematical expression must be
unique compared to the other parameters in the PA formula. Thus, either
the parameter requires a special structure in the PA amplitude expres-
sion, or under a condition that the remaining parameters are known in
advance. For example, the measurement of 74 discussed in Section 2.1.2
requires 7.4 to be located in the denominator, as shown by the following
equation (here, the remaining parameters (h, v, Tjgser, 640) in the de-
nominator are known),

1
1+ OA0Teff F

hTjaser

PA = kI'n,640NoTiaserlsar | 1 — (39)

The larger the dominator (1 + 6ao7efF/huTieer) is, the faster the PA-
fluence curve converges. Thus, 6aoTes/hvTier can be directly deter-
mined by the PA-fluence curve fitting; the same applies for 7., which is
the only undetermined parameter in the denominator. Without this
unique structure pattern, the extraction of 7,4 would not be feasible. A
counter-example can be found in Eq. (39), in which 7,4 also stays in the
coefficient of I, (Isie = hv/oa0tey). However, Iy, does not possess any
uniqueness in the expression kI'1;,040No%igserlsar, Decause the position of
I, does not differ to that of k, I, and #,, all of which are unknown
parameters. Hence, neither I, or 7.4 can be differentiated from the other
parameters using the expression of kI'1;,640No%iaserIsat-

This is similar to the GR-effect-based temperature measurement in
Section 2.4.2, where the temperature is deduced from I'. As can be
observed from Eq. (1), I" does not originally possess any uniqueness in
the mathematical structure (PA; = kI'ngu.F) because the role that I’
plays is no different to that of k, y, or 5, all of which are unknown for
complex biological tissues containing more than one absorbing species.
However, with the construction of GR-based nonlinearity, I" vanishes in
Eq. (21), making I" a unique parameter compared the other unknowns, i.
e. by dividing Eq. (21) with the square of Eq. (18), the remaining un-
knowns and temperature-independent parameters are cancelled out (see
Eq. (28)), and only the temperature-dependent I is preserved. The
particular mathematical pattern of I" allows the tissue temperature to be
deduced using this nonlinear structure.

A similar case also pertains in sO; measurements. The functional
imaging of sO2 is typically performed using the multi-wavelength
method, because the PA spectroscopy PA(4) essentially reflect the ab-
sorption spectroscopy u,(4). However, as discussed in Section 2.1.2, this
approach requires fluence calibration between different wavelengths,
which is difficult to achieve in deep tissue. In some cases, an extra
method—the multi-fluence approach—is available to tackle this prob-
lem. This method requires a nonlinear correlation between the PA signal
and the optical fluence to be established; consequently, multi-fluence
can be employed to produce different equations for resolving sOg.
However, this approach does not apply to all nonlinear correlations
between the PA signal and the optical fluence: it is only effective when
one of two conditions holds. (1) At least one parameter reflecting the
difference between HbO, and HbR is present in the nonlinear relation (e.
&, Teff, 04, and Iy, which differ considerably between HbO; and HbR); in
other words, the above parameters are highly sensitive to the relative
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concentrations of HbO5 and HbR (i.e., they are functions of sO,). (2) The
above parameters can be extracted using their own mathematical
structure, as discussed above. These criteria are exemplified by the
absorption-saturation-based nonlinearity, where the difference between
HbO, and HbR is reflected by the saturated intensity Iy (ie., the satu-
ration intensity I, of blood is subject to the relative concentrations of
HbO, and HbR; thus, I = Lg (sO2)). In Eq. (4), Iy is located in the
denominator and represents the curve convergence rate, and the
remaining parameters in the denominator are known (see Eq. (4)). Thus,
L, can be directly extracted by fitting the theoretical PA-fluence curve
to the experimental curve, using Iy, as the free parameter; then, sO2 can
be determined from the relation Iy, = Iy, (sO2). The above criteria are
also proved by a counter-example: GR-based nonlinearity. The PA signal
in GR-based nonlinearity is given by PAgr = kb, 2u,2F2, where y,, is the
parameter describing the divergence between HbO, and HbR. However,
U, POssesses no unique structure compared with k and 7, both of which
are unknown; therefore, sO, cannot be determined. In other words, sO,
cannot be quantified using the multi-fluence method with the nonline-
arity form (Eq. (21)) in GR-based nonlinearity. The above concept is
useful in identifying whether a nonlinear correlation can be applied to
the functional image of sO, using the single-wavelength method.

4. Conclusion and outlook

Efforts have been made in the past to understand nonlinear photo-
acoustics and explore methods of exploiting its mechanisms for different
purposes. In this review, nonlinear photoacoustics were separated into
two categories: single-PA-signal-based nonlinearity (Sections 2.1, 2.2,
and 2.3) and double-excitation-based nonlinearity (Sections 2.4 and
2.5). These nonlinear mechanisms have been demonstrated as powerful
tools for improving spatial resolution, enhancing imaging contrast,
measuring tissue temperature, facilitating functional imaging, extract-
ing important parameters, and discriminating different absorbers. This
article reviewed different nonlinear mechanisms in photoacoustics and
addressed three topic areas related to each of these nonlinearities: (a)
fundamental principles, (b) relevant applications, and (c) occurrence
conditions. By applying the occurrence conditions, we can establish a
specific nonlinearity to realize the corresponding applications discussed
above. Likewise, nonlinearity can be avoided by appropriately re-tuning
the influencing parameters of the nonlinear dependences. This was
analyzed in detail in the review.

To facilitate further applications, we discussed and summarized the
nonlinearity rule concerning the association of a nonlinear de-
pendence’s mathematical structure with its practical applications. Based
on the analysis, the following are concluded. (1) With an ascending
power of the optical fluence, super-resolution can be achieved. (2) With
an ascending power of 4u,, the imaging contrast is expected to be
improved. (3) The unique mathematical structure of a parameter allows
parameter extraction using the PA technique. In particular, functional
imaging of sO2 can be achieved using the single-wavelength method,
provided the extracted parameter can reveal difference between HbO,
and HbR. To the best of our knowledge, the above conclusions are
derived here for the first time and demonstrated in this review with
precise mathematical reasoning. These summarized nonlinearity rules
are particularly useful for identifying potential applications via their
mathematical expressions; this has practical significance for future ad-
vances in nonlinear photoacoustics.

From a mathematical and physical perspective, the recent de-
velopments in nonlinearity outline a major pattern concerning the way
in which nonlinearities are typically constructed: by manipulating the
three main factors (u,, F, and I') in Eq. (1) to alter the linear correlation
between the PA signal and the optical fluence F, and also between the PA
signal and absorption coefficient y,. Several directions are available for
potential future explorations and advances in nonlinear photoacoustics:
(1) existing nonlinear mechanisms could be explored for new
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applications besides those summarized in this review; (2) further
nonlinear phenomena and mechanisms are expected to be discovered or
established, preferentially the label free ones and also those which help
tackle the challenge of low SNR that occur in deep tissues. The local
fluence decreases significantly in deep samples, making it difficult to
reach the nonlinear regime for absorption saturation-based nonlinearity
(Section 2.1); this also restrains the manifestation of a detectable PA
signal difference between the two pulses in GR-based nonlinearity
(Section 2.4) and the two states in both RS-based and PB-based non-
linearities (Section 2.5) for deep scattering tissues. Future improvements
can be made by combining optical focusing methods, to realize precise
light delivery to deep organs. The wavefront-shaping technique can be
employed to expand the applications of nonlinear photoacoustics in vivo.
Furthermore, nonlinear mechanisms using the phase-domain photo-
acoustic sensing [131] may provide new avenues of nonlinear applica-
tions. This is because the nonlinear photoacoustics not only induces PA
amplitude enhancement, but also phase change. The phase-domain
detection, which has been demonstrated to offer higher detection reli-
ability [131] than the conventional time-domain PA method, would be
very attractive to consider in future studies.
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