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A PROBLEM OF A DISPLACEMENT CALCULATION OF TISSUE SURFACE
IN NON-CONTACT PHOTOACOUSTIC TOMOGRAPHY"

Background. Photoacoustic tomography (PAT) is a relatively new imaging modality,which allows e.g. visualizing the
vascular network in biological tissue noninvasively. This tomographic method has an advantage in comparison to pure
optical/acoustical methods due to high optical contrast and low acoustic scattering in deep tissue. The common PAT
methodology, based on measurements of the acoustic pressure by piezoelectric sensors placed on the tissue surface,
limits its practical versatility. A novel, completely non-contact and full-field PAT system is described. In noncontact
PAT the measurement of surface displacement induced by the acoustic pressure at the tissue/air border is researched.

Objective. To solve a simulation problem of the displacement calculation based on the medium pressure, which consists
in deriving a formula for recalculating the pressure in the surface displacement based on the momentum conservation
law, developing a simulation technique, and comparing the error of the proposed technique with the earlier used one.
Methods. Comparing the experimental data with simulated pressure data in the k-Wave toolbox. The criterion of com-
parison is the relative quadratic error.

Results. The simulation results of the displacement based on a new approach are more consistent with the experi-
mental data than previous. The quadratic error numerical value of the new approach is 18% and the previous is 71%.

Conclusions. The theoretical features of the surface displacement simulation are investigated and the solution of this
problem is proposed based on momentum conservation law. The implementation of the proposed methodology has a
four times smaller simulation error compared to the previous technique, so it can be implemented in the non-contact
PAT. The residual error can be caused by the properties of the tissue, which are not taken into account in the model,

which requires further research.
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Introduction

Medical tomography has numerous methods of
imaging, such as optical or electrical impedance to-
mography, ultrasound imaging, single-photon emis-
sion, positron emission and magnetic resonance [1, 2].
Each of them is developed to increase the image re-
solution and contrast or to reduce the costs and ne-
gative health effects of these techniques.

In the last decade, photoacoustic tomography
(PAT) has attracted attention of various researchers
as a diagnostic tool for imaging tissue vascular struc-
tures in depth up to few millimeters. The main ad-
vantage against other imaging modalities is simul-
taneously high spatial resolution, good contrast and
a high penetration depth [3].

The physical basis of the PAT is the generation
of acoustic waves by absorption of electromagnetic
energy, called photoacoustic effect [4].

Non-ionizing nanosecond laser pulses illuminate
biological tissue, wherein chromophores, ¢.g. Hemo-
globin (blood vessels) absorb the optical energy and
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then convert it into heat. The following thermoelas-
tic expansion results in transient acoustic waves,
which can be measured at the tissue border.

In comparison to optical scattering, the ultra-
sound scattering in a scattering medium is two to
three orders of magnitude weaker. Additionally, PAT
can provide a better resolution than the pure optical
tomography in depths greater than 1 mm. In the
case of contact PAT, well known ultrasonic transdu-
cers are used to detect the acoustic waves. The ob-
tained data is used to reconstruct the initial pressure.

Problem statement

The contact PAT method limits the applica-
tion versatility. To overcome this disadvantage a
new non-contact PAT method is developed. All
reconstruction algorithms of the contact PAT may
be implemented for the non-contact PAT. In the
paper the approach of recalculation the acoustic
wave pressure to the surface displacement and vice
versa is developed.

** The authors gratefully acknowledge the support of the project AMMODIT funded within EU H2020-MSCA-RICE
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Setup for non-contact PAT

In the following, a brief introduction in a non-
contact PAT setup by Medical Laser Center Lii-
beck GmbH and the Institute of Biomedical Optics
is given, a detailed description can be found in [5].

A detection laser in conjunction with a high
speed camera for scanning the surface of the object
to be measured is used, without direct contact to
the object. The detection laser beam is split into an
object and reference beam in a Mach-Zehnder-
Inferferometer. When the object beam illuminates
the surface of the object, the reflected part from
the surface is recombined with the reference beam.
The superposition of the object and reference beam
on the high speed camera allows obtaining a series
of interference images. The equipment for the con-
tact PAT and for the non-contact PAT are shown in
Fig. 1, a and Fig. 1, b respectively.

The photoacoustic signals generated by the
excitation laser induce a surface displacement
change and a change in the pathlength of the ob-
ject beam at the same time. The following interfer-
ence pattern change can then be calculated back to
a series of surface displacement images, Fig. 2. The
axial resolution during detection is ~1 nm and the
sample rate is up to 40 MHz.

The gray value of each image pixel shows the
displacement amplitude relatively to the initial state
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and a movement on the specimen surface to the ca-
mera appears white (A 1 nm ~ A 1 gray value). Thus,
obtained images may be used for subsequent phan-
tom reconstruction.
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Fig. 2. Selected images of the surface deformation of a rod absor-
ber at different time steps after excitation: a — 1.9 ps; b —
2.5ups; ¢ — 3.1 ps

According to the same physical fundamentals,
all algorithms of the contact PAT may be imple-
mented for the non-contact PAT [7]. It is only
necessary to develop the approach of recalculation
the acoustic wave pressure to the surface displace-
ment and vice versa. The problem of calculating
the displacement & based on the acoustic wave
derivation of pressure p [8]. The practical imple-
mentation of this approach is influenced by the
distortions in the initial pressure reconstruction. In
this paper a new approach of displacement deter-
mination is proposed and compared to its error
with the previous one.
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Fig. 1. Acoustic pressure detection in the contact PAT (@) and surface displacement detection in the non-contact PAT; the speci-
men is illuminated by a collimated beam of the detection laser. The backscattered light is imaged onto a camera where it in-
terferes with reference light (LS1, lens system for beam focusing; LS2, lens system for phase extraction; M, plane mirror;
PBS, polarised beam splitter; DC-M: dichroic mirror) (b) taken and adapted from [9]
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Mathematical relations between the acoustic
wave pressure and surface displacement

The previous approach of the displacement &
calculation on basis of the acoustic wave pressure p
is described by the formula:

20
‘= i p(t)dr, (1)

where Z is the acoustic impedance.

According to formula (1) the displacement & is
defined by the pressure p on the surface, whereby
neighboring points don’t have any impact, which is
a very rough consideration. Therefore calculations
of the displacement by the formula (1) may have a
methodic error that is shown in [5].

A more general approach for defining the dis-
placement & is based on the momentum conserva-
tion law, which is given by [8, 9]:
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where e, e, e, are the Cartesian basis vectors.

Comparing formula (2) with formula (1), the
gradient operator shows a relation between the dis-
placement & and pressure for all neighboring points
of the tissue. In our case, only the z component of
the displacement &, is known. Thus, we can rewrite

formula (2) to the z direction:
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Let us express the displacement ¢ in formula (3)
as:
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Formulas (1) and (4) are basic for subsequent
comparing the simulations by different approaches
with the experimental data. In the following, the
relative quadratic error § as a criteria for comparing
is proposed:
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where Y, is a reference signal and Y is the com-
parison signal.

To perform the comparison following procedu-
res are necessary:

— processing of the experimental data;

— determine the initial pressure distribution for
the experimental data;

— calculating the acoustic wave pressure dis-
tribution caused by the initial pressure;

— determine the surface displacement with the
formulas (1) and (4) on basis of the acoustic wave
pressure distribution;

— estimate the error of the surface displacement
on basis formulas (1) and (4) with experimental data.

Let us consider these steps in details.

Experimental data processing

The experimental data of the surface displace-
ment is shown as a selected image series from a full
record with 200 images in Fig. 2. The surface dis-
placement defines the gray value of the pixel. The
images contain noise defined by the camera sensor
and speckles, which are an intensity pattern error
on the camera chip produced by coherent illumi-
nation of optical rough surface by the detection la-
ser, see Fig. 1, b.

The speckle noise may be detected as incorrect
data. For this purpose mean value M and standard
deviation o are calculated. The incorrect data of the
displacement &, (x,y,?) fit to one of the following

inequalities:
E,(x,y,1) > M + 3o,

or
&, (x,y,t) < M -3c.

After speckles eliminating was performed, an
averaging in time and space was applied to the
data. A 3D model of the surface displacement after
data processing is shown in Fig. 3. The 3D model
is smooth enough and can be used for comparing the
simulated data on the basis of formulas (1) and (4).

13 m

Fig. 3. The experimental displacement data after processing
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The simulation procedure

In the experiment a black silicone sphere as a
light absorber was used. The diameter 4 is 1 mm
and the sphere was placed in transparent silicone
(ELASTOSIL RT 604 A/B), shown schematically
in Fig. 4. We consider that the medium is ideal
without any absorption, except in the black sphere.
We assume that the electric and magnetic permit-
tivities of the black and transparent silicones are
similar.

Fig. 4. Colored silicone sphere absorber in the silicone matrix

Thus the laser beam does not change the di-
rection of the propagation. The absorption coeffi-

Experiment e

Simulation, formula (4)

cient of the phantom pa is 29 cm™. It is assumed,
that the pressure difference between the nearest
and farthest points of the light absorber is neglect-
able and we can suppose that the initial pressure
distribution is constant.

The initial data is sufficient for the simulation
of the acoustic wave propagation. Thus, we can use
already developed software, for instance the k-Wave
toolbox [11] and implement the obtained data for the
displacement calculation. The surface displacement
based on the experiment and the formulas (1), (4)
for the different time is shown in Fig. 5.

According to the simulation results, the dis-
placement based on formula (4) corresponds to the
experimental data. Also, it proves the numerical va-
lue of the error calculated by the formula (5). The
error of the formula (1) is 71 % and for the for-
mula (4) 18 %. Thus, we can conclude that formu-
la (4) is more effective for calculating the displace-
ment on basis of the acoustic wave pressure. The
residual error may be caused by individual tissue
properties. Thus, this problem requires subsequent
development.

Simulation, formula (1) £

Fig. 5 (figure continued on next page). The surface displacement based on the experiment and the formulas (1), (4): @ — the surface
displacement at = 1 us; b — the surface displacement at # = 1.5 ps; ¢ — the surface displacement at =2 ps
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Fig. 5 (continuation). The surface displacement based on the experiment and the formulas (1), (4): a — the surface displacement at ¢
=1 ps; b — the surface displacement at 7= 1.5 ps; ¢ — the surface displacement at 7= 2 ps
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Conclusions

In the paper, physical fundamentals of the pho-
toacoustic tomography are given. Differences betwe-
en contact and non-contact photoacoustic tomogra-
phy are identified. The problem of a surface display-
cement calculation based on the acoustic pressure
wave is introduced. The features of the displace-
ment calculation on basis of a known approach are
analyzed. A new approach based on the momentum

the existing. The effectiveness of the new approach is
proved.
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€.B. Bepbuubkuin, M. MioHTep, K. Byin, P. BpiHkmaH

3AOAYA PO3PAXYHKY BIOXWUNEHHSA NOBEPXHI TKAHVHW AN BE3KOHTAKTHOT ®OTOAKYCTUYHOT TOMOTPA®II

Mpo6nemaTtuka. PotoakyctnyHa Tomorpadis (PAT) € BiGHOCHO HOBMM METOAOM AiarHOCTMKM, SKUIA Aae 3MOry oTpumaTu 306pa-
EHHs1 Mepexi cyauH BionoriyHoi TKaHWHK HeiHBa3uBHO. Llei ToMorpadpivyHmin MeTof Mae nepesary Haf iHLUMMK CyTO ONTUYHUMM/aKyC-
TUYHUMW MeToAaMM 3aBAsIKU BENIMKOMY ONTUYHOMY KOHTPACTY i H3bKUM BTpaTam eHeprii B TkaHuHax. 3aranbHoBigoma metoanka OAT,
Lo 6a3yeTbCst Ha BUMIPIOBAHHSAX aKyCTUYHOIO TUCKY ME30ENEKTPUYHMMMN JaTymKkaMu, PO3MILLEHVMI Ha NOBEPXHi TKaHWHU, Mae obmexeHe
npakTUYHE BUKOPUCTaHHS. Y CTaTTi onncaHa HoBa, NOBHICTIO 6e3koHTakTHa ®AT-cuctema 3 NOBHUM 36yaxeHHsIM. [locnigkeHO OCHOBHY
BigMiHHICTb 6e3koHTakTHOI PAT, WO nonsrae y BUMIpIOBaHHI BigXuneHb NOBEPXHi TKAHWHW, CIIPUYMHEHUX aKyCTUYHMM TUCKOM Ha MeXi
TKaHWHa—MOBITPS.

MeTta pocnigxeHHA. Po3s’a3atn 3agady MoAentoBaHHA BiOXWIEHHS NMOBEPXHi HA OCHOBI TUCKY BCepeauHi cepegosuia, Lo
nonsirae y BuBeAeHHi hopmynu ansi nepepaxyHky TUCKY B BiOXWMEHHS MOBEPXHi HA OCHOBI 3aKOHY 36epexeHHs iMnynbCy, po3pobui me-
TOOMKN MOZENOBAHHS i MOPIBHAHHSA NOMWUIIKU 3aNpPONOHOBAHOT METOAMUKUN 3 paHille BUKOPUCTOBYBAHOHO.

MeToauka peanisauii. EkcnepMmeHTanbHi AaHi NOPIBHIOTLCS 3 MPOMOAENbOBaHNM BiAXUIEHHsIM NoBepxHi B nporpami k-Wave
toolbox. Kputepin nopiBHAHHSA — BiGHOCHa KBagpaTU4Ha NoMuika.

Pe3ynbTaTtu pocnigkeHHs. [pomoaenboBaHi AaHi BiOXWNEHHSI MOBEPXHI HA OCHOBI HOBOI MeToAMKM GinbLue BianoBigalTb eKc-
nepvMeHTY MOPIBHSIHO 3 MonepeaHbo MeToaMKow. KBagpaTuyHa noMurka HoBOI MeTOAUKU cTaHoBUTL 18 %, nonepeaHboi — 71 %.

BucHoBkuW. Y poboTi ocnigkeHo TeopeTuyHi 0COBNMMBOCTI MOAENIOBAHHS BiAXUMEHHS NOBEPXHi Ta 3anNponoOHOBAHO PO3B’S3aHHS
Li€ei 3aaayi Ha OCHOBI 3aKOHY 30epexeHHs imnynbcy. Peanisauis 3anponoHoBaHOT METOAMKN MaEe B YOTUPU pasn MEHLLY NMOMWUIKY MoAe-
MOBaHHS BiAXUIEHHS MOPIBHSHO 3 MonepeiHbOo METOAMKOW, TOMY BOHa MoXe OyTu peanizoBaHa y 6e3koHTakTHin PAT. 3anuwkosa
nomunka Mmoxe 6yTu cnpuymMHeHa BracTUBOCTAMM TKAHUHM, SiKi HE BpaxoBaHi B MoAeni, Wwo notpebye noganbLlumx 4OCHiMKEHb.

KntoyoBi cnoBa: 6e3koHTakTHa oToakycTuyHa ToMorpadist; BiAXMNEHHs; NOMUIIKa 06YncneHb.
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3AIAYA PACYETA OTKIOHEHWSA TMOBEPXHOCTW TKAHW [OJ1A BE3KOHTAKTHOM ®OTOAKYCTUYECKOM TOMO-
FPAGUN

Mpobnematnka. doTtoakyctnyeckas tomorpadpus (PAT) ABNAETCS OTHOCUTENBHO HOBbIM METOAOM AMArHOCTUKW, KOTOPbIN Mo-
3BONSAET NONyYnTb 3obpaxeHne ceTkn cocyaoB BMONOrMYEcKon TKaHU HEWHBa3MBHO. OTOT ToMorpadu4ecknini METo4 UMeEeT Npenmy-
LWecTBO HaA Apyrvmu cyrybo onTudeckummu/akyctmdeckumm metoaamu bnarogaps 60nbWLOMY ONTUHECKOMY KOHTPACTy U HU3KUM MNoTe-
psiM 3Hepruu B TkaHAx. ObwensBecTHas metoauka PAT, KOTOpas OCHOBLIBAETCH Ha M3MEPEHMAX aKyCTUYECKOro AaBreHUs Nbe30oarek-
TPUYECKMMU AaTyvMKamu, pasmeLLeHHbIMU Ha NOBEPXHOCTU TKaHW, MMeeT OrpaHNYeHHoe NpakTuyeckoe npumeHeHue. B ctaTtbe onvcaHa
HOBasl, MOMHOCTbIO BeckoHTakTHaA ®AT-cuctema ¢ nonHbIM BO3bOyxaeHneM. MccrnegoBaHo OCHOBHOe oTnuyme GeckoHTakTHoOM PAT,
KOTOpOEe COCTOUT B M3MEPEHNMN OTKITOHEHUI NMOBEPXHOCTUN TKaHW, BbI3BaHHbLIX aKyCTUHECKUM AABIIEHNEM Ha rpaHnLe TKaHb—BO3aYX.

Llenb nccnepoBanus. Peluntb 3agady MoaenvpoBaHUs OTKIIOHEHUS! MOBEPXHOCTM Ha OCHOBE [aBlieHUst BHYTPU cpepbl, KOTo-
pasi cocTouT B BblBOoAEe hOPMYyInbl AN nepecyeTa AaBMIEHUsI B OTKIOHEHVE MOBEPXHOCTM Ha OCHOBE 3aKOHa COXPaHeHWst MMMynbCa,
pa3paboTke METOAMKU MOAENUPOBAHNS U CPABHEHMS OLLIMOKM NPEeAoXXeHHOW METOAMKN C paHHee MCMNONb30BaHHOW.

MeToauka peanusaumu. SKcnepyMeHTanbHble AaHHble CPaBHUBAIOTCH C NPOMOAENVMPOBAHHLIM OTKITOHEHVWEM MOBEPXHOCTU B
nporpamme k-Wave toolbox. Kputepuii cpaBHeHUs1 — OTHOCUTENbHasi KBagpaTuyeckas oLmnbka.

PesynbTatbl uccnepoBaHus. lNpoMogennpoBaHHble AaHHbIE OTKIOHEHWS MOBEPXHOCTU Ha OCHOBE HOBOW METOAMKM Gornblue
COOTBETCTBYIOT 3KCMEPUMEHTY B CpaBHEHWUN C NpeaplayLiel metoamkon. KBagpatuyeckas owmbka HoBow MeToauku coctaenseT 18 %,
npeabigywen — 71 %.

BbiBoabl. B paboTe nccnenoBaHbl TeopeTnyeckme 0CO6EHHOCTY MOAENUPOBaHNSA OTKITOHEHUS MOBEPXHOCTU U MPEAJIOXKEHO pe-
LUeHWe 3TON 3aayn Ha OCHOBaHUM 3aKOHAa COXpaHeHWs uMmnynbca. Peanusaumsi NpeanoXeHHON MeTOANKM UMEET B YeTbipe pa3a MeHb-
Ly ownbKy MoaenMpoBaHus OTKMOHEHUS B CPaBHEHUM C npedbiayLen MeToAMKOM, MO3TOMY OHa MOXeET ObiTb peanu3oBaHa B Hec-
KoHTakTHOM ®AT. OctaToyHas owmnbka MmoxeT bbiTb 00yCroBrieHa CBOMCTBaMM TKaHU, KOTOPbIE HEe YYTeHbl B Mogenu, 4to TpebyeTt ganb-
HeMLWNX nccrneaoBaHun.

KnioueBble cnoBa: 6eckoHTakTHas d,’)OToaKyCTI/ILIECKaFI Tomorpacbvm; OTKIMOHEHUE; OLLINBKA BbIMUCIIEHUN.
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