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Abstract: Cerebrovascular imaging of rodents is one of the trending applications of optoacous-
tics aimed at studying brain activity and pathology. Imaging of deep brain structures is often
hindered by sub-optimal arrangement of the light delivery and acoustic detection systems. In
our work we revisit the physics behind opto-acoustic signal generation for theoretical evaluation
of optimal laser wavelengths to perform cerebrovascular optoacoustic angiography of rodents
beyond the penetration barriers imposed by light diffusion in highly scattering and absorbing
brain tissues. A comprehensive model based on diffusion approximation was developed to
simulate optoacoustic signal generation using optical and acoustic parameters closely mimicking
a typical murine brain. The model revealed three characteristic wavelength ranges in the visible
and near-infrared spectra optimally suited for imaging cerebral vasculature of different size and
depth. The theoretical conclusions are confirmed by numerical simulations while in vivo imaging
experiments further validated the ability to accurately resolve brain vasculature at depths ranging
between 0.7 and 7 mm.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optoacoustic (OA) imaging is a hybrid technology based on wideband detection of ultra-
sonic waves generated due to absorption of laser pulses in optically heterogeneous media [1].
Hemoglobin is the major bio-chrome allowing for high-contrast OA angiography with optical
contrast and ultrasonic spatial resolution. The high potential of OA angiography was confirmed
in a number of clinical trials involving skin [2] and breast [3] lesions as well as numerous studies
on small animal models [4].

Cerebrovascular OA imaging of rodents is one of the highly promising applications of the
method aimed at studying brain activity and pathologies [5]. The first OA sinograms of major
cerebral blood vessels were obtained in mice in the beginning of 2000s [6]. Recent OA studies
attained functional neuroangiography of pial microvasculature at up to 500 um depth under the
skull of a rodent [7,8]. However, high resolution whole-brain OA neuroangiography through an
intact skull and scalp remained challenging due to the strong light attenuation by the brain as well
as frequency-dependent acoustic reflections and dispersion effects introduced by the skull [9-12].

In this manuscript we revisit the physics behind opto-acoustic signal generation and experimen-
tally test optimal conditions for high-contrast non-invasive whole-brain optoacoustic angiography
of rodents.
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2. Materials and methods

2.1. Optical and acoustical properties of mouse head

Optical scattering and absorption spectra of ex vivo dissected mouse brain were measured with a
spectrophotometer Specord 250 plus (Analytik Jena, Germany) equipped with an integrating
sphere for efficiently collecting light from a diffusive sample. Brain soft tissues obtained from 12
mice were homogenized and divided into three samples. Each sample was placed in a 1-mm thick
cuvette, and measurements of diffuse transmittance and reflectance were conducted. The results
of the absorption and he absorption (,) and reduced scattering () coefficients reconstruction
by the inverse Monte Carlo technique [13] were averaged over all samples. Figure 1 presents
averaged spectra of optical absorption and transport (ut = p,+ p;) coefficients for whole blood
[14] and brain tissues in the wavelength spectral range of 500-1100 nm together with error bars).
While the visible range of wavelengths (up to ~600 nm) exhibits the highest optical absorption
by whole blood, the longer wavelengths in the 1000-1100 nm infrared range correspond to the
weakest attenuation of the optical fluence by the brain tissues. Brain soft tissues are characterized
by smaller absorption compared to whole blood though typical features of blood absorption
spectrum can be distinguished in the brain absorption spectrum indicating that brain tissues
contain certain amount of blood. Note that our measured optical properties of the ex vivo brain
tissue (Fig. 1) are consistent with the previously reported values [15].
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Fig. 1. Spectra of optical absorption (solid lines) and transport (dotted lines) coefficients of
the mouse brain tissues ex vivo: (a) - whole blood with 95% oxygen saturation (red lines) and
whole blood with 70% oxygen saturation (blue lines) [14]; (b) — dissected brain soft tissue.

Table 1 lists acoustic properties of a mouse head [16] representing their frequency-dependent
attenuation properties governed by the exponential law ~ exp(—af*z), where z is the propagation
distance, f is acoustic frequency, « is ultrasonic attenuation constant, and x is frequency-
dependence factor. Note that ultrasonic attenuation by skull has strong frequency dependence
and is generally much stronger as compared to blood and brain tissues.

Table 1. Morphological and acoustical properties of the mouse brain, scalp and skull.

tissue type thickness, mm a, MHz *cm™! X
scalp 0.20 0.1 0.9
skull 0.35 1.2 2.1
brain 1-5 0.1 0.9

blood 0.1-0.5 0.1 0.9
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2.2. Theoretical model of OA signal formation in 1D

We consider a planar multi-layered model of the mouse head which contains layers representing
scalp, skull, brain and an arbitrarily located blood layer mimicking the vessel cross-section
(Fig. 2). Layers thicknesses of scalp, skull and upper layer of brain soft tissue are n, £ and
D, respectively; the vessel thickness is d, and the total thickness of the brain tissue covers the
depth range between the planes z =z and z = z3. We subsequently solve the problem of pulsed
transcranial optical illumination of the brain at the wavelength range A € [500, 1100] nm followed
by ultrawide-bandwidth ultrasonic detection of the generated OA signal.
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Fig. 2. Multi-layered model of the mouse head with a typical distribution of the absorbed
optical energy density po(z). Layers thicknesses are indicated as n (scalp), & (skull), D
(upper brain soft tissue layer), d (vessel).

Using the diffusion approximation of the radiative transfer theory [17] for fluence calculation,
we can estimate the depth-dependent distribution of initial OA pressure resulting from absorption
of an infinitely short laser pulse as:

po(z) = THokg[Tlo; prg pe #5770 + T pae #E3HED 4 Ty, pe 8 C22)mpsDopd] - (1)

where

kg = 3B ex p( s )sinh( KB )exp(—<ut,ml,,>n>exp<—<y,,s>§). ®)
MB 3Ht,B 3/Jt,B

Here po(z) is initial pressure distribution in the rodent head; I'=0.5 is Griineisen coefficient; Hy is
the incident fluence at the scalp surface z = 0 (chosen to be at 20mJ/cm? level in accordance with
ANSI safety limits [18]); kp is the scaling coefficient representing the normalized fluence at the
brain upper surface z = z after transmission through scalp and skull (detailed calculation is given
in Appendix), u = \/3uqp: and up = /314 s p are effective attenuation coefficients of blood
and brain, respectively; (i) and {u scalp) are the transport coefficients of skull and scalp layers,
respectlvely, HUq and p, p are optlcal absorption coeflicients of blood and brain, respectlvely,
i = tg + ¢ and B = MaB + i p are transport coefficients of blood and brain; u” and uj, are
reduced optical scattering coeflicients of blood and brain, respectively. The different tissue
layers are analytically separated using boxcar step functions Il = 6(z — z;)6(z; — z) expressed via
Heaviside function 6(z).

All the optical coefficients of the brain and whole blood in Table 1 and Egs. (1)-(2) are
expressed via iy, tap, . and uep (Fig. 1), which are wavelength dependent according to Fig. 1,
while scalp and skull transport coefficients are replaced by their average values in the 455-705 nm
range, i.e. (i 5) =2 mm~! and ( Htscalp) =1 mm™! according to the experimental data reported
in [19] and [20].

Equation (2) is solution of the diffusion equation in the case of matched optical refractive indices
at the water-tissue interface [21], an important practical case for OA imaging corresponding to
matched acoustical impedances. If optical irradiation is performed through the air-tissue interface,
total internal reflection plays a significant role, and the coefficient kp should be estimated using
proper boundary conditions [22] or the solutions based on the approximation of numerical results
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[23]. It should be noted that the applicability of diffusive approximation (1-2) is limited to
relatively deeply-seated D > 1/(uap + ts,p) and thick d > 1/(u, + us) blood layers. Besides,
the applicability of the proposed 1D model of OA signal formation is limited by the case of
vessels located parallel to the skull boundary, and the vessel diameter is assumed to be large with
respect to the typical transversal resolution of OA system.

To simulate frequency-dependent acoustic propagation toward the ultrasonic detector, a
low-pass spatial filter determined by the thickness of brain and skull tissues with attenuation
constants ap and a; and power law exponents xg and x; (Table 1) is applied to the initial pressure
distribution (1):

oD = 5 3 prexp-asli D) exp(-an 6, G)

where p, = Z% fi po(2)e *dz, k, = nzz—’:, fu = n‘;—‘:, n € Z; cg=1.5mm/yus is the sound speed
in the brain tissuez.

It should be noted, that Eq. (3) omits some effects of acoustic wave interaction with the skull.
According to the experimental observations [24,25], skull insertion loss can be neglected when
the skull thickness is smaller than the wavelength of acoustical wave interacting with it. Therefore,
the reflections of acoustical wave by the surface of the typical adult rodent skull (~0.35 mm thick
[16]) can be neglected in Eq. (3), when maximum frequency of ultrasonic detector f,, used for
deep cerebrovascular OA imaging is limited by 10 MHz.

The integrated OA signal generated by the blood vessel and measured by a wideband ultrasonic
detector with a given noise equivalent pressure (NEP) can be estimated via

z2=20+D+d
PL.D.d) = / 1P6(2)6(F0(2) — NEP) — po(2)0(5o(2) — NEP)|dz 4
Z21=20+D
where
p(2) = THokg[Tlo3 it pe H#E~50)] )

is the initial pressure distribution in the uniform brain tissue and the distribution ps(z) can be
derived from p;(z) in accordance with Eq. (3).

Using methodology similar to [26], typical noise equivalent pressure of a disk-shaped PVDF
detector (5 mm aperture, 5 um PVDF film thickness) was measured with respect to RMS noise
as NEP = 1.3 mPa/+/Hz.

2.3. In vivo experiments and data processing

In vivo cerebral OA angiography of rodents was performed at the probing wavelengths of 532 nm
and 1064 nm using raster-scan OA imaging setup schematically depicted in Fig. 3.

For this, a six-week-old balb-c mouse was anaesthetized with an intraperitoneal injection of
the mixture of Zoletil 100 (20 mg/kg) with Rometar (20 mg/kg) and immobilized in a dorsal
position (Fig. 3). Following scalp removal, pulsed optical illumination (1 mJ pulse energy, 1.4 ns
pulse duration, 2 kHz repetition rate, 5 mJ/cm? fluence on the skull) was deliverd to the mouse
head from a Wedge HB 532-nm (BrightSolutions, Italy) laser using a fibre bundle arrangement
[27]. Detection of the OA responses was performed by a home-made PVDF ultrasonic detector
(F =7.6 mm focal distance, 0.6 numerical aperture, A = 9.1 mm aperture and 5-35 MHz detection
band). Reflection-mode OA angiography of the mouse head (7.5 x 7.5 mm? field of view) was
performed with 25 um lateral scanning steps provided by two computer-driven stages M-664 (PI,
Germany). Optically-generated probing acoustic pulses excited in the PVDF detector due to the
absorption of backscattered laser radiation were utilized for complementary ultrasonic imaging
of the same 7.5 x 7.5 mm? area [28].
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Fig. 3. Schematics of the raster-scan experimental setup employed for in vivo OA angiogra-
phy.

To perform cerebral OA angiography at the wavelength of 1064 nm, a four-week-old nu/nu
mouse and 3-day-old rat with intact skull and scalp were used (Fig. 3). The animals were
anaesthetized in the same way and immobilized in a ventral position. Stationary pulsed optical
illumination (18 ns pulse duration, 10 Hz repetition rate) of the brain at 1064 nm with 100
mJ/cm? fluence rate was performed by LS-2137 (LOTIS-TII, Belarus) laser through 50 mm?
total core area of a fiber bundle (CeramOptec, Germany) consisting of 16 output fiber probes
coupled to the lower jaw area of the mouse through an ultrasound gel layer. Transmission-mode
ultrasonic detection within the area of 10 x 10 mm? was provided by custom-made PVDF detector
(F=15mm focal distance, 0.77 numerical aperture, A =23.1 mm aperture and 0.2-15 MHz
detection band) guided by the same stages M-664 (PI, Germany) with 100 um lateral scanning
steps.

After digitization of the recorded OA data with 200 MHz 16-bit digitizer CSE1622 (GaGe,
USA), two post-acquisition algorithms were implemented to improve the resulting OA angiography
images. At first, back-projection-based optoacoustic reconstruction algorithm [29] was applied
to each XZ and YZ B-scan. After reconstruction, the volumetric OA image stack was cropped
within the depth ranges between zp=0 mm and z3=0.7 mm for the 532 nm data and zp=0 mm
and z3=7 mm for the 1064 nm data (zo =0 corresponds to the brain surface) The images at
1064 nm were then processed by Frangi filter [30] to enhance contrast from vessel-like structures
at 10-75 um spatial scales with 10 um increment. For planar representation of the volumetric
datasets, maximum intensity projections (MIP) to XY plane with color-encoded depth were
applied to the 3D data.

All the in vivo experiments were conducted in accordance with international rules of legal
and ethical use of animals (NIH Publications No. 8023, revised, 1978). The average radiant
exposures at the animal surfaces were compliant with the ANSI Z136.1 standard for laser safety
[18].

3. Results and discussion

We calculated the dependence of the integrated optoacoustic pressure upon diameter d and depth
D of the blood vessel based on Eq. (4). In order to show the optimal probing laser wavelengths
for a given set of parameters, a parametric map of spectral ranges A(D,d) corresponding
to max, P(1, D, d) was then plotted (Fig. 4(a)). Three characteristic spectral ranges around
A1 =580nm, Ay =895nm, and A3 = 1100 nm were revealed. The existence of three distinct
spectral ranges is ascribed to two competing physical phenomena, namely, (1) Stronger absorption
by blood leads to stronger OA signals; (2) Stronger light attenuation in the brain leads to limited
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penetration depth of the probing optical radiation and diminished OA signals. Thus, for superficial
depths where light attenuation is weak the optimal probing wavelength would correspond to the
maximum of the blood absorption spectra, i.e. 4; =580 nm. For greater depths and comparatively
thick blood layers (d > 0.2 mm) a transition region exists around A, = 895 nm corresponding to the
local minimum of optical absorption in the brain. For deeper locations (D > 1.5 mm) attenuation
of the probing radiation is the major phenomenon governing the strength of the generated OA
signals, thus the optimal wavelength corresponds to the global minimum of the brain absorption
spectrum in the range of A3 = 1100 nm.
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Fig. 4. Optimization of optical wavelengths for cerebrovascular OA imaging: (a) Parametric
map of optimal spectral regions for different d and D. The generated OA pressure distribution
along the depth axis is depicted in (b), (c¢) and (d) for [D, d] =1[0.6, 0.1], [1.4, 0.3] and
[5, 0.5], respectively (also labeled by asterisks in panel a). Wavelength dependence of the
cumulative OA contrast factor Py for different vessel depths of D =0.6, 1.4 and 5 mm is
plotted in (e), (f) and (g), respectively.

Figure 4(b-d) further depicts the generated OA pressure distribution along the depth axis
calculated via Eq. (3) for the wavelengths of 1, =580 nm, A, =895 nm, and A3 = 1100 nm and
different pairs of [D, d] = ([0.6, 0.1], [1.4, 0.3], [5, 0.5]), as labeled by asterisks in Fig. 4(a). For
blood vessels close to the surface (Fig. 4(b)) the maximum OA signal will be generated in the
visible spectrum range 4; =580 nm (Fig. 4(b)). As the depth D of the blood vessel increases
(Fig. 4(c)), absorption by the brain layer becomes more pronounced with the magnitude of OA
signal from the blood layer becoming comparable to the signal generated at the tissue boundary.
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That is why the intermediate spectral range a A, = 895 nm turns optimal for a certain imaging
depth. Obviously, for deeper locations beyond D =5 mm the visible radiation is completely
absorbed by the superficial brain layers thus resulting in the negligible OA signals from the
deep-seated vessels. When the light attenuation by the brain layer dominates in the OA signal
generation process, the optimal wavelength range shifts into the longer wavelength range around
1100 nm where the global minimum of blood absorption occurs. Note, that the value of OA
signal from blood layer at A3 = 1100 nm exceeds that for the transition wavelength 4, =895 nm
only slightly, thus the wavelength range of 1, = 895 nm may also be considered for whole-brain
OA angiography.

In order to obtain a more general estimate on the wavelength selection independent from the
blood vessel size we further defined a cumulative OA contrast factor Py (A, D) defined as:

dmax

Ps(A,D) = / P(A, D, x)dx 6)
dmin

where [dimin, dmax]=[0.1 mm, 0.5 mm] correspond to the typical size range of cerebral blood

vessels in mice. The wavelength-dependence of Px(4, D) is plotted in Figs. 4e-g for three

representative depths of D=0.6, 1.4, and 5 mm. We then define the threshold for particular

wavelength to be optimal for OA angiography as

Pz(/l, D)>05 max, Pz(/l,D), (7)

and represent the threshold level of 0.5 max; Px(A, D) by a horizontal dash-dotted lines in the plots.
The optimal wavelength ranges for OA angiography are Ad; =[500,600] nm, A1, =[570,595] U
[790,895] U [1000,1100] nm, A4z =[850,920] U [1075,1100] nm for the vessel depths of D =0.6,
1.4, and 5 mm, respectively.

Next, we adopted segmented vasculature data from a high resolution uCT scan [21] (Fig. 5(a))
in order to illustrate the expected outcome when employing the determined optimal wavelengths
in OA angiography. In particular, we simulated OA images of two vessel plexuses located within
brain tissue at depths of 1.0 and 4.1 mm with vessel sizes of 0.2 mm (Fig. 5(b)). The simulations
were performed for the three considered wavelengths and two levels of NEP corresponding to the
most [2] and the least [31] sensitive PVDF detectors developed by our group. In a simulated
image each A-scan was calculated in accordance with Eq. (3) with adding the noise described by
the corresponding NEP value. Since 1D model was employed for simulations, no reconstruction
procedure was applied. The simulation results (Fig. 5(c)-(g)) confirm that all the considered
wavelengths are feasible for OA imaging of the superficial vasculature at depth up to 1 mm,
while the deeper located plexus can only be visualized at A, and A3 belonging to the optical
transparency windows with less significant light attenuation in the brain.

The numerical simulation results are in correspondence with the in vivo measurements
presented in Fig. 6-7. Figure 6 demonstrates the opportunities of whole-brain in vivo OA
angiography of intact newborn rat at 1064 nm in transmission mode. While raw data (Fig. 6(a))
shows only superficial blood vessels (sagittal and transverse sinuses), reconstruction algorithm
(Fig. 6(b)) reveals deep structure of cerebral circulatory system. Frangi-filtration allows to
enhance the vessels contrast against the background signal originating from bulk tissues and vessel
net beyond the resolution limit. Color-encoding of the filtered image (Fig. 6(d)) allows to estimate
3D positions of major blood vessels located at up to 5.5 mm depth. It is worth mentioning, that
whole brain OA angiography in this case was obtained owing to small (approximately 0.1 mm)
thickness of the newborn rat’s skull, while OA imaging through adult rodent’s skull and scalp is
more challenging.

Traditionally, whole-brain OA angiography of adult rodents is performed after scalp and/or
skull removal. Scalp removal allows to overcome multiple scattering barrier for probing optical
radiation (see photography of adult mouse head with scalp removed in Fig. 7(a)), however skull
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Fig. 5. Numerical simulation of OA imaging of murine cerebral vasculature. (a) Segmented
vasculature from contrast-enhanced uCT angiography [32]. (b) Vascular network consisting
of two plexuses that was employed for simulations. (c-h) Simulated OA images corresponding
to the laser wavelengths of 580 nm (c,f), 895 nm (d,g) and 1100 nm (e,h) and different
ultrasound detector sensitivities (maximal intensity projections are shown).
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Fig. 6. Whole-brain in vivo OA angiography of intact newborn rat at 1064 nm in transmission
mode: raw OA image (a), OA image after reconstruction (b), and conventional (c) and depth-
encoded (d) OA images after reconstruction and Frangi-filtration. The images represent
maximal intensity projections along the depth axis.
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is a barrier for ultrasound signal (note the skull contrast in ultrasound image of adult mouse
head in Fig. 7(b)). Higher-frequency acoustic detector employed for OA angiography at 532 nm
laser wavelength in reflection geometry allowed to overcome these limitations and revealed fine
structure of cerebral circulatory system in the depth range of 0-0.7 mm (Fig. 7(c)).

1

US MIP, a.u.

70

Depth, mm

scalp removed intact scalp/skull

0

Fig. 7. In vivo images of the mouse brain through removed or intact scalp. (a) Photography
of the scanning region. (b) Laser-ultrasound image of the skull taken at 532 nm in reflection
mode. (c) OA image taken at 532 nm in reflection mode. (d) Whole-brain OA angiography
at 1064 nm in transmission mode through intact skin and skull. Scale bar - 1 mm. F — frontal
bone, RP — right parietal bone, LP — left parietal bone, BV-basal vein, SS-sagittal sinus, PCA
- posterior communicating artery, TS - transverse sinus, ICV- inferior cerebral vein; BA -
basilar artery.

For longer depth range (0-7 mm) transillumination mode at 1064 nm laser wavelength together
with low-frequency acoustic detection was employed allowing for mapping major blood vessels
in intact adult mouse (Fig. 7(d)). As a result, all the major blood vessels were attributed in
accordance with the brain atlas (Fig.5a): while the sagittal (SS) and transverse (TS) sinuses
were located on the dorsal side of the brain dura mater at the depths D < 1 mm, the basilar (BA)
and posterior communicating (PCA) arteries, as well as the basal vein (BV) were located in the
ventral side of the rodent brain at 5-6 mm depth.

4. Conclusion

In this manuscript we report on a comprehensive theoretical analysis of the optimal wavelengths
for in vivo OA angiography in whole rodent brains. Governed by the competing processes of
light attenuation through the brain tissues and OA signal generation due to absorption by blood,
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we identified three distinct spectral ranges centered around 580, 895 and 1100 nm optimally
suited for imaging of vessels of different size and depth. The developed model was employed for
numerical simulation of OA imaging of murine brain illustrating the effect of probing wavelength
on visibility of the cerebral vasculature. In vivo imaging experiments further affirmed the capacity
for whole-brain OA angiography in rodents at a wavelength of 1064 nm.

Appendix

We consider one-dimensional propagation of the incident probing laser pulse of a unit energy
inside a semi-infinite layer of soft brain tissue covered by skull. After passing through a highly
diffusive layers of scalp and skull of the thicknesses 7 and &, respectively, the distribution of light
illuminating the brain can be assumed close to isotropic and the energy loss in the scalp and
skull can be take into account by the factor exp(—({uy,scaip)n + {tt1,s)¢)) in accordance with the
Delta-Eddington approximation [17].

The in-depth dependence of the probing energy in brain can be derived by integrating the
well-known dipole solution of the 3D diffusion equation for the unit point source at the boundary
of the refractive index-matched semi-infinite layer [21]:

3 (exp(-upRi)  exp(-upRs)

P 9’ = b
3p(7,2) e R, R

®

where Ry = \/ (r— ro)2 +(z-z 1,2)2, r and 7 are, correspondingly, the lateral and axial position
of the observation point with respect to the origin, z; = 0 and, zo = —2/(3,) is the position of
the extrapolated boundary. We neglect refractive index mismatch between the layers of the rodent
head assuming the effects of refraction are inconsiderable for the water-scalp and skull-brain
interfaces. By surface integration of Eq. (A1) over all possible lateral positions rg of the isotropic
source we obtain:

n
P18 (exp(~pupz) — exp(—up(z + 2/(3irp))- ©)

Pip(z) = s

The energy in-depth profile in the brain is then calculated as follows:

3
Py(2) = B exp(—((ityscapp) + (t1r5)€))exp (— K )sinh( K )exp(—uBz)=kBexp<—uBz>,
HMB 3#t,B 3,Ut,B
where 3
k= B exp (—”—B) sinh ( s ) exp(—((trscap) + {f11.)€).
MB 3uB 3urB
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