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Iesp uccaenoBaHus. YCTAHOBUTH BO3MOKHOCTD MCIIOJIb30BAHUS TTACCUBHON aKyCTHUECKON TEPMOMETPUHU JIJISE
u3MepeHust TIIyOUHHOI TeMIIepaTyPbl y4aCTKOB TeJla YeI0BEKa.

Marepuassl 1 MeTo/Ibl. TeIIoBoe akyCTHYeCKOE M3JIyYeHNe U3MEPSJIM MHOTOKAHAIBHBIM aKyCcToTepMorpahom
¢ noporoBoit 4yBcTBUTEAbHOCTBIO 0,3°C 11pu Bpemenn nnterpupoBanus 10 c. [l nuamMepeHus moBepXHOCTHON TeM-
HepaTypbl UCHOJIB30BAJIN TOPTATUBHBII KOMITBIOTEPHBII MH(MPaKkpacHbiit TepMorpad ¢ uyBcrBuTeabHOCTbIO 0,1°C.

Pesynbrarel ucciaenoBanusi. Vi3MepeHust TEIJIOBOTO aKyCTHYECKOTO M3JIyYE€HUST [IPABOTO I0APeOEPbst UCIIBITYe-
MOTO [IPOBEJIU, YTOOBI OJIYYUTh HHTErPAJIBHYIO TEMIIEPATYPY MEYEHH IOC/Ie TIPUeMa UCTIBITYeMbIM caxapa. OiHo-
BPEMCHHO TIPOBOJMJIM U3MEPEHUS KOHIIEHTPALMU TJIIOKO3bl B KPOBH. B TeueHue 1mosyTopa 4acoB cojep:KaHue
[JIIOKO3BI BBIPOCJIO OT 4 /10 8 MMOJIb/JI, ITOCJIE Yero Hayaslo cHizKaThes. C 3a/1epKKOi B T10J14aca 1mocJie yBeJnIeHus
KOHIICHTPAIIMK TJIIOKO3bl U3MeEpsieMasi akyCTOsSIPKOCTHAsE TeMIiepaTypa yBesnuuiach Ha 2°C. MojesbHblii pacyer
MOKAa3aJI, YTO TeMIIepaTypa IeYeH! TIPU 3TOM yBesnuuiach ¢ 37 g0 38°C.

Sakmouenue. [lokazann, 4To NACCUBHYIO aKyCTUYECKYIO TEPMOMETPHIO MOKHO MCIIOJIBb30BATD JI/ISE UBMEPEHUS
rryOMHHOI TeMIIepaTypbl yYaCTKOB Tesia uesaoBeka. [Ipeio;KeHHbIN MeTO/l MOJKET ObITh BOCTPEOOBAH B MEMI[THE
KPUTUYECKUX COCTOSTHUI.

Knroueswie crosa: meniogoe aKycmuueckoe usiyvuenue; 2]1]/6uHHaﬂ memnepamypa, N06ePXHOCMHASL MeMnepa -
mypa; memnepamypa neuenu, ypasneHue menﬂonpoeoanocmu C Yyuemom Kpoeomoxa

The purpose of the study. To determine whether it is possible to use passive acoustic thermometry to measure
the core temperature of human body regions.

Materials and methods. Thermal acoustic radiation was measured by a multichannel acoustic thermograph with
a threshold sensitivity of 0.3°C at an integration time of 10 s. A portable computer infrared thermograph with a sen-
sitivity of 0.1°C was used to measure the superficial temperature.

Results. Measurements of thermal acoustic radiation of the right hypochondrium of the study subject were car-
ried out to obtain an integral temperature of the liver after intake of sugar. At the same time, blood glucose concen-
trations were measured. The glucose level increased from 4 to 8 mmol/l within an hour and a half; then it began to
decline. The acoustic radiation temperature increased by 2°C with a half an hour delay after the increase in the glu-
cose level. Model calculation showed that the liver temperature increased from 37 to 38°C.
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Conclusion. It was shown that passive acoustic thermometry can be used to measure the core temperature of
different regions of the human body. The proposed method may be useful in the emergency medicine.

Keywords: thermal acoustic radiation; core temperature; superficial temperature; liver temperature; heat conduction

equation taking into account blood flow
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BBeneunne

[Ipn KPUTHUYECKUX COCTOSHUSX OPraHU3Ma,
CBI3aHHBIX C TUIEpP- W TUNOTEPMUEN, BAKHO C
norpeurHoctbio 0koo 0,5°C ocyuiecTBuTh 6€3601€3-
HEHHbIe, HeMHBA3UBHbBIC U3MEPEHUS TIIYOUHHON TeM-
neparypsi [ 1]. Hapumep, B pabore [2], rue pacecMor-
peHbl BO3MOJKHBIE MPUMEHEHUST TePANeBTUIECKOI
TUTIOTEPMUU B PEAHUMATOJIOTHH, B TPEHOBAHUSX K
TEXHOJIOTUU TIPOBENEHUs TUIIOTEPMHUH YKa3aHa
HEOOXOMMOCTb KOHTPOJISI TEMIIEPATYPBI «TEILIOBOTO
sapa» Teja yesnoseka. B pabore [3], nocssieHHOM
HCCIIEI0BAHMIO JIMXOPAJIKY TIPH PojiaX ¢ 06e3601Ba-
HUEM, I3MePEHUs TeMIIePaTyPhl TeJia TPOBOIUIIN 10
06e300IMBaHNS, KaK/IbIH yac rocye 06e300J1nBaHus
U B T€UYEHNUE Yaca MOocJe POIOB.

Pasnuma Mexay teMmMmnepaTypoil BHYTPEHHHX
OPTaHOB U TIOBEPXHOCTHIO KOKU MOKET COCTABJISATH /10
5—10°C [4], uTo omnpe/iesisieT 3a/1auy U3MePEHIS UMEH-
HO TJIyOMHHOI, a He TMOBEPXHOCTHOW TEMITEPATYPhI
tesa. Marauropesonancuasi (MP) tepmomerpus B
Gy/IyIIeM MO3BOJIUT PEIIUTD ATY 3a1a4uy [5] B KIMHU-
yecKkux ycuoBusx. B o6zope [6] obobimaores gocTu-
xKeHust B obiact MP-TepMoMeTpuu, MPUBOJSATCS
IpaKTHYECKHe cooOpaKeHs, 00CyKaaTcs npobJie-
MBI, OTPAaHIMYNBAIOIINE TOYHOCTh M3MEPEHUS TeMIIe-
partypsl in vivo, TPOCTPAHCTBEHHOE U BPEMEHHOE pas-
pemenre Merona. OpHako 3TOT MeTox Tpebyer
Opororo 060py0BaHs, OOYYEHHOTO MepCoHa A 1
CIIEINAIBHO ITO/ITOTOBJIEHHBIX TOMeTeHuil. [loaTomy
HAJIMYKE AJTETEPHATHBHBIX 6€3001€3HEHHBIX METO/IOB
KpaifHe akTyaJbHO, 0COOEHHO B YCIOBUAX AehUIIATA
BPEMEHH, KOTla HEeOOXOAMMO OICHUTH COCTOSTHUE
naruenTa. /[yt uaMepeHust TIyOUHHON TeMepaTyphl
TeJla YeIoBeKa MpelaraioT NCIT0Ib30BaTh TACCUBHYIO
aKyCTUYECKYIO0 TEPMOMETPUIO, (PU3NIECKON OCHOBOM
KOTOPOIT SIBJISIETCSI PETHCTPAIUst COOCTBEHHOTO Tell-
JIOBOTO aKyCTUYECKOTO U3JIydeHust opranusma [7, 8].

B MenuinitHe 1711 MI3MeEpPEHST TEMITEPATYPBI TeJla
UCIIOJIB3YETCsI PETUCTPAIHST €r0 COGCTBEHHOTO HJIEK-
TPOMArHUTHOTO M3JIy4eHUsT B MHGPAKPACHOM JIHarna-
3one (MK tepmomerpust). OpHako 9TOT METOJ, B
OTJINYME OT aKyCTUYECKOH TepMOMETPUHU, [aeT
uHMGOPMAIHIO He 0 IIyGHHHON TeMIiepaType, a 0 TeM-
neparype OBepXHOCTU Tesa. PacueTsl MOKa3bIBAIOT
[9], uTo akycToTepMOMETpHUS MO3BOJISIET U3MEPUTH
TeMIIeparypy Ha TIyOUHe BIUIOTH 110 3—8 ¢M, B 00beMe
okoso 1 cm® ¢ morpemHocteio 0,5-1°C 3a Bpems
HOpsiIKa O/IHOW MUHYTHI. B stuteparype mnpencrasiie-
HBI 9KCIIEPUMEHTAJIbHBIE PE3YJIBTaThl AKyCTOTEPMO-
METPUYECKUX UCCIEIOBAHUI HA MOJIETBHBIX OOBEKTaX
pazauynoit nipupoasl [10—-12]. B uccrenosanusx,

Introduction

Since critical illness associates with hyper — and
hypothermia, it is important to carry out painless,
non-invasive measurements of the core temperature
at an accuracy of 0.5°C [1]. For example, in a paper [2],
where possible application of therapeutic hypothermia
in the intensive care were considered, the require-
ments for the hypothermia technique indicated the
need to monitor the temperature of the thermal core
of the human body. In another study the discussing
fever in childbirth with anesthesia, body temperature
measurements were carried out before anesthesia,
every hour after anesthesia and for an hour after de-
livery [3].

The difference between the visceral temperature
and the skin surface can be up to 5-10°C [4], which re-
quires measurements of the core temperature, but not
the superficial one. Magnetic resonance (MR) ther-
mometry might allow to solve this problem in the future
in a clinical setting [5]. A review [6] has summarized
achievements in the field of MR thermometry, provided
practical considerations, discussed the problems that
limit the accuracy of temperature measurement iz vivo,
as well as spatial and temporal resolution of the method.
However, this method requires expensive equipment,
trained personnel and specifically prepared facilities.
Therefore, the availability of alternative painless meth-
ods is urgently needed, especially due to the shortage
of time when it is necessary to diagnose patient's con-
dition. Passive acoustic thermometry is proposed to
measure the core body temperature; the physical basis
of this technique is the registration of the body's own
thermal acoustic radiation [7, 8].

Registration of body's own electromagnetic radi-
ation in the infrared range (IR thermometry) is used
to measure the body temperature in medicine. How-
ever, unlike acoustic thermometry this method pro-
vides information not on the core temperature, but on
the temperature of the body surface. Calculations [9]
have demonstrated that acoustic thermometry allows
to measure the temperature at a depth of up to 3—8 cm,
in a volume of about 1 ¢m?® accurate within 0.5-1°C
within about one minute. Various publications de-
scribed experimental results of acoustic thermometric
studies with model objects of different nature [10—12].
Clinical studies assessed changes in blood flow and
heat production in the gastrocnemius muscle [13] and
forearm [14].

We will present clinical examples of application
of the acoustic thermometry. Measurements of the
core brain temperature were carried out in patients
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[POBEIEHHBIX HA UCIIBITYEMbIX, U3y4all U3MeHEeHIe
KPOBOTOKA ¥ TEIUIONPOAYKIIMK B HMKPOHOXKHOI
mbriie [13] v npearieuse [14].

OTMeTUM KJIMHUYECKUE TIPUMePBI UCII0Ih30Ba-
HUST aKyCTOTEPMOMETPHH. Bbliiu IIpoBeieHbl H3Mepe-
HUSI TJTyOMHHOI TeMIiepaTypbl MO3Ta TAI[MEeHTOB pea-
Humarnontoro otjesnenus HUUW neiipoxupypruu um.
ak. H. H. Bypzenko, y KOTOpbIX 4aCTUYHO OTCYTCTBO-
Basin koctu yeperna [ 15]. B IIKB PAH B Teuenue mpo-
eIy Pl JIa3ePHOI TUIIEPTEPMUIH IIUTOBUIHOM XKeJie-
36 ObLI  MPOBENEH  aKyCTOTEPMOMETPUUECKUIT
MOHUTOPUHT pe3yJibTaToB Harpesa [16].

Ecin anansupoBaTh u3MepeHust TeMIepaTypbl
nedeH, IpoBejieHHbIe 6e3 cnosb3osanyst MP-tepmo-
METPHH, TO MOKHO yKa3aTh ABe paboThL. B pabore [17]
¢ iomotpio MK-Trepmomerpun y UCIIBITYEMbBIX U3Me-
psiTach TeMIIEPATypa KOKHU B 00JIACTH TIEYEHH TT0CTIe
npueMa rJIioKo3bl. [1pr aToM HUKaKMX 3HAYNMBIX U3Me-
HEHUI TeMIIepaTypbl IOBEPXHOCTHU Tela He ObIIO 3ape-
TUCTPUPOBAHO, YTO ABTOPBI CBS3BIBAIOT C PACCEUBAHM-
eM TeI1a. JTOT Pe3yJIbTaT YKa3bIBAET HA BAJKHOCTb
U3MepeHVst UMEHHO TTyOUHHON TemMmepaTypsl Tesa. B
pabote [18] ucbiTyeMble IPUHUMAIN TIIOKO3Y, A/
U3MEPEeHUI UCII0Ih30BAIACH PAOTEPMOrpads, 1aT-
KK Pa3MeIIIICh Ha TIOBepXHOCTH Tesia. Brio 3ape-
TUCTPUPOBAHO HEKOTOPOE MOBBIIIIEHIE TEMITEPATYPBL.

[lenp uccaenoBaHMsi — YCTAHOBUTH BO3MOJK-
HOCTb HCII0JIb30BAHUSI ITACCUBHO aKYCTHYECKOI Tep-
MOMETPUH JIJisl U3MePeHUs TJIyOUHHOM TeMIiepaTypbl
YUYACTKOB TeJIa YeJI0BeKa.

MaTepI/IaJI H METO/1bl

TemroBoe akycTHUECKOe M3TydeHNEe U3MEPSIIIT MHO-
TOKaHAJTbHBIM aKycToTepMorpadom [ 19], paspaboTaHHbIM B
Wucruryre npuknaanoit dusnkn PAH, Huxauit Hosropon
(mostoca pomyckamnust 1,6—2,5 MTT, moporoBast 9yBCTBU-
TeJbHOCTh TP BpeMeHu uuTerpuposanusg 10 ¢ — 0,3°C,
IMaMeTp IaTankoB 8 MM). JlJIs1 aKyCTHYeCKOTO coTracoBa-
HUST MEXK/Ly TeJIOM U JaTYMKOM Ha KOXKY HAHOCHWJIM CTaH-
naptabil Tenb amsa Y 3W. llpuammaemsble patuymkamu
AKYCTHYECKUE CUTHAIBI TTPE0OPA30BBIBAIICH B AJIEKTPpUYE-
CKUe, YCUIUBAJINCH, TIPOXOIUIH Yepe3 KBAJAPATUIHBIIH Jie-
TekTOp W ycpemHsinch B TedeHume 30 mc. C BBIXOZA
akycrorepmorpada CUTHaJIBI MOAABATNCh HA 14-11 pas3psiz-
Hblil MHOroKaHanbHbiii AIIT E14-140 (3AO «L-Card»,
Mocxksa, Poccust) ¢ wactotoii auckperusarun 1 k11t Ha ogma
KaHaJl W [OCTyIadu B KoMmmbiorep. PaspaGoranuas mpo-
rpaMMa IIPOBO/IIJIA IaTbHelIee ycpelHeHNE TaHHbIX.

J171s1 I3MepeHnsT TOBePXHOCTHOI TeMIIepaTyphl Tesa
YeJI0BEKA HCIIONb30BATH MOPTATUBHBIN KOMIIBIOTEPHBII
tepmorpac UPTUC-2000 (OO0 «Uptucy, Mocksa, Poc-
cust) ¢ ayBctBUTenbHOCTRIO 0,1°C, perncTprupoBaBImmii Ter-
JIOBOE 9JIEKTPOMATHUTHOE U3JTyYeHNE B ANATIA30HE 3—5 MKM.

V3mepenust KOHIIEHTPAIIUH TJIIOKO3BbI B KPOBU TIPOBO-
i riiokomeTpoM «Contour TS» (Bayer, [epmanmst), koto-
PBIIf peruCTpupyeT ypoBeHb TToK03bI B quamazone 0,6—-33,3
MMoJIb/J1. [TorpentHocTs M3MepeHust He IIpeBbIIIaia 3%.

[l ommcaHusl M3MeHeHUs TeMieparypsl T B opra-
HU3Me YesIoBeKa NCIOIb30BATH YPaBHEHUE TEILITOTPOBO/I-
HOCTH C ydeToM KpoBoToka [20]. B ommomeprom 1o
MIPOCTPAHCTBY CJIydae YpaBHEHUE 3aMChIBACTCS B BUJIE:

with partial lack of skull bones in the intensive care
unit of the N. N. Burdenko Research Institute of Neu-
rosurgery [15]. Acoustic thermometric monitoring of
heating results was performed during the laser hyper-
thermia of the thyroid gland in the Central Clinical
Hospital of the Russian Academy of Sciences [16].

We can name two works that analyze measure-
ments of the liver temperature conducted without the
MR-thermometry. In [17], the skin temperature in the
liver area after administration of glucose using IR
thermometry was measured. At the same time, no sig-
nificant changes in the temperature of the body sur-
face associated with heat diffusion were recorded. This
result stresses the importance of measuring the core
body temperature. In [18], subjects took glucose; ra-
diothermography was used for measurements, and
sensors were placed on the body surface. Some in-
crease in temperature was registered.

Materials and Methods

Thermal acoustic radiation was measured by a multi-
channel acoustic thermograph [19] developed at the Institute
of Applied Physics under the Russian Academy of Sciences,
Nizhny Novgorod (bandwidth: 1.6-2.5 MHz, threshold sen-
sitivity at integration time of 10 s: 0.3°C, sensor diameter: 8
mm). Sonographic gel was applied onto the skin for acoustic
coupling between the body and the sensor. The acoustic sig-
nals received by the sensors were converted into electrical sig-
nals, amplified, passed through a quadratic detector and
averaged over 30 ms. Signals were transferred from the output
of the acoustic thermograph to 14-bit multichannel ADC E14-
140 (JSC «L-Card», Moscow, Russia) at a sampling rate of 1
kHz per channel and entered the computer. A specifically de-
veloped software conducted further calculations of the data.

A portable computer thermograph IRTIS-2000 (Irtis
LLC, Moscow, Russia) with a sensitivity of 0.1°C was used to
measure the superficial body temperature, which recorded
thermal electromagnetic radiation within the range of 3—5 pm.

Measurements of blood glucose concentration were
carried out with «Contour TS» glucose meter (Bayer, Ger-
many), which recorded glucose levels within the range of
0.6-33.3 mmol/I. The measurement error did not exceed 3%.

A heat conduction equation with adjustment to the
blood flow was used to describe the changes in the body tem-
perature T'[20]. In the one-dimensional case, the equation
is written as follows:

2
anaE = aza T"axz +n(T _Tdepfh] +Q, (1)

where ¢ — time, x — a coordinate directed deep into
the body, a® — coefficient of thermal conductivity, 5 — coef-
ficient determining the specific blood flow, T,,,;,=37°C —
temperature of blood flowing from the thermal core of the
body, Q — source of heat depending on changes in the me-
tabolism level [20].

The boundary conditions were determined by the su-
perficial body temperature T (¢, x = 0) =T,,; and the core
temperature T (¢, x = ) = T,.,. The use of infinity as a
boundary condition is due to the fact that the thermal
acoustic radiation coming from the deep areas of the body
fades almost completely.

The baseline temperature distribution was determined
by the equation
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2
anaE = aza T"axz +n(T _Tdepfh] +0Q, (1)

rjie t — BPeMst, X — KOODJIMHATA, HATIPABJIEHHAs BIJTyOb
opranusma, @’ — K0a(hHUIMeHT TeMIepaTypornpoBOIHOCTH,
7 — K02 OUIMEHT, OlpefesAonil yAeIbHbIN KPOBOTOK,
T yepin=37°C — Temmeparypa KpOBH, NPUTEKAIOMIEN U3 TEILIO-
BOTO s/[pa OpraHnama, Q — UCTOUHHK TeIa, 3aBUCSIIHN OT
usMeHeHust ypoBHs MeTabosmsma [20].

I'parnyHbIE YCIOBUS ONPENENAIN TEMIIEPaTypoil Mo-
sepxnoctu Testa T (4, x = 0) =T, 1 tryGuHHO# TeMTepaTy-
poit T (¢, x = ) = T, VicnonbsoBanye GeCKOHEUHOCTH B
Ka4yecTBe TPAHUYHOTO YCJIOBUS CBSI3AHO C TeM, UTO TEIJIOBOE
AKYCTHYECKOE U3JTyUIeHue, Uyliee U3 TIyOHHHbIX obracTeit
OpTaHM3Ma, TPAKTUYECKH IOTHOCTBIO 3aTyXaeT.

HavasnpHoe pacrmipesiesieHre TeMIlepaTypsl OIpejie-
JISTTH BBIpQKEHUEM

T(t = 0,%) = Turro eXp( =%/ 3) + Tyepun [1 —exp( =% )1, (2)

rae Ty, — TeMIepaTypa HOBEPXHOCTH 10 HAHECECHUST
Ha Hee refqist, a d=a,//7 — XapaKTepHBII MTPOCTPaHCTBEHHBIH
rapaMeTp TeMIIEPaTypPHOro paciipe/iesieHus. ITo paciipeie-
JieHue siBJisieTcst pelienueM ypasaenus (1) B craiimoHapHoM
caydae 6e3 JONOJHUTENbHBIX UCTOYHUKOB Tetia Q=0. Pe-
menue ypasuenus (1) npu 3alaHHbIX HAYAIbHBIX ¥ TPAHNY-
HBIX YCJIOBUAX IIPOBO/INIIN YUCTIEHHO.

B akycrorepmomeTpuu nusmMepsaeMoil BeJIMYUHOM S1B-
JISIETCS aKYCTOSIPKOCTHAS TeMIleparypa. ITO MHTerpajbHast
XapaKTepUCTHKA, paBHAd TeMIIepaType aKyCTHYeCKOro yep-
HOTO TeJIa, CO3/IAI0IIET0 TAKYIO JKe MJIOTHOCTb [TOTOKA Tell-
JIOBOTO aKyCTHYECKOrO M3JIy4eHMs, KaK U MCCJeyeMblil
00beKT. AKYCTOSIDKOCTHASI TEMIIEPATYPA OIIPEIEISIETCS] BbI-
paxenuiem [21]:

Ta(t) = [ yT(t, x)exp(-yx)dx, (3)

rae ¥ — K03(UIneHT MorJIoIeHus yiabTpa3Byka (1o
VHTEHCUBHOCTH). B TaHHOIT Moziesn ripe/iiiosiaraeTcst, 9To ue-
cienyeMasi cpeia (MsITKYe TKaHH OPTaHN3Ma) aKyCTHYeCKN
OIHOPOZIHA, M K03(hOUIIMEHT TOTJIONIEHNsT He 3aBUCHT OT
TemIiepatypsl. Periernie ypasaenust (3) MOIyJaIi YUCTEHHO.

Craructudeckyio 06paboTKy 9KCIEPUMEHTATBHBIX
JaHHBIX MPOBOJAMIN B Tporpamme Excel, mcrmosab3oBanu
TaKeT «AHAJIN3 TAHHBIX».

Pe3yibrarhl 1 00CyKAEHHE

B skcnepumenTe cTaBuJM 3a/jady U3MEPUTD
M3MEHEHMe TeMIlepaTypbl IeYeHU UCIBITYEeMOro 32
cuet nmpuema 200 M caxapuoro cuporna (KOHIEHT-
parnus caxapa cocrasisiia 30 v va 100 mu Bozbr).
WcnpiTyemplil HaX0AuJICs B JieskauyeM MOJTOKEHUU.
[Ipexsapurenpuoe Y3 mokazano, 4To ne4eHb y
HCIBITYEMOTO PACIIOJIOKeHA Ha TayOnuHe oT 3 cM.
JlaTuuk ycTaHaBIMBAIN Y HUKHETO MPAaBOTO pebpa
W 32 CUET CAABJIMBAHNS OPIONIMHBI HAITPABJISIU O]
pebpo B cTOpoHy HYIKHEH poau nedenu. Hapsany ¢
M3MEHEHUSIMU aKyCTOAPKOCTHON TeMIepaTypbl
MPOBOJMJIM 3aMePbl KOHIIEHTPAIIMU TJIIOKO3Bl B
kposu. Ha puc. 1 mpencraBiensl pe3yabTaThbl 9KCIIe-
PUMEHTOB, KOT/Ia UCITBITYEMblii TPUHUMAJ U He MTPH-
HuMas caxap. Ecan ucnbiTyemblii He TpUHUMAI
caxap, To U3MepsieMasl akyCTOSIPKOCTHAs TeMIiepa-
Typa CHUWKaJach O CKOPOCTHIO MPUOIUZUTENBHO
1,5°C/4ac, 4T0 OBLIO CBA3AHO € OXJIaKACHUEM IPH-

T(t = 0,%) = Turro exp =%/ 3) + Tyepun [1 —exp( =% )1, (2)

where Ty,,;) — the superficial temperature before the
gel application, and d=a,/v7 — a characteristic spatial pa-
rameter of the temperature distribution. This distribution is
the solution of equation (1) in the stationary case without
additional heat sources Q=0. The solution of equation (1)
under given initial and boundary conditions was numeri-
cally performed.

The acoustobrightness temperature is the parameter
to be measured by the acoustic thermometry. This is an in-
tegral characteristic equal to the temperature of the acoustic
black body, which creates the same density of the thermal
acoustic radiation flow as the object under test. The acous-
tobrightness temperature is determined using the following
equation [21]:

Ta(t) = fom yT(t, x)exp(—yx)dx, (3)
where y — ultrasound absorption coefficient (by in-
tensity). In this model, it is assumed that the medium under
study (soft tissues of the body) is acoustically homogeneous,
and the absorption coefficient does not depend on tempera-
ture. The solution of equation (3) was obtained numerically.
Statistical processing of experimental data was carried
out in the Excel software, using the «Data Analysis» package.

Results and Discussion

In the experiment, the task was to measure
changes in liver temperature due to intake of 200 ml of
a sugar syrup (sugar concentration was 30 g per 100 ml
of water). The subject was in a recumbent position. Pre-
liminary sonography showed that subject's liver is lo-
cated at a depth of 3 cm. The sensor was placed at the
lower right rib and was directed under the ribs to the
lower lobe of the liver by compression of the peritoneum.
Measurement of the blood glucose level were carried out
along with measurements of changes in the acousto-
brightness temperature. Fig. 1 presents the results of ex-
periments when the subject took and did not take sugar.
If the subject did not take sugar, the measured acousto-
brightness temperature was reduced at a rate of approx-
imately 1.5°C/hour, which was due to the cooling of the
near-surface tissues due to application of the sono-
graphic gel onto the skin. The temperature of the gel ap-
plied onto the body surface measured throughout the
experiment by the IR thermograph was 26.5+0.1°C. The
decrease in the acoustobrightness temperature with a
stable body surface temperature shows that the acous-
tobrightness temperature is the integral body tempera-
ture, to which both the near-surface and deep areas
contribute (in accordance with equation (3)).

If the subject took the syrup, the measured acous-
tobrightness temperature also decreased for about one
and a half hours after sugar intake. Then, from the 85t
to 115" minutes, the acoustobrightness temperature
increased by 2.0+0.3°C. The difference between tem-
peratures from the 85 to 115" minutes in the cases
when the sugar has been and has not been taken is sta-
tistically significant (significance level <0.01).

The glucose level was 4.1-4.4 mmol/] before
sugar intake. The blood glucose level did not change
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MOBEPXHOCTHBIX TKAHEH 32 CUET HAHECEHUS HA KOXKY
resis qug Y 3U. Vamepsiemast B TedeHue BCEro K-
nepumenta MK Tepmorpacdom Temmeparypa res,
HAHECEHHOr0 Ha IIOBEPXHOCTh TeJja, COCTaBJISIIA
26,5%0,1°C. CHmKkeHHe aKyCTOSIPKOCTHO# TeMIepa-
TYpPBl B TO BPeMs, KaK TeMIIepaTypa MOBePXHOCTHU
TeJla 0CTaBaJaCh HEM3MEHHOI, TTOKAa3bIBAET, UTO (B
corjracuu ¢ BeIpaxkeHueM (3)) aKyCTOSIPKOCTHAs
TeMIIepaTypa sBJeTCsI MHTErPaJbHOI TeMIeparTy-
poii Tena, B KOTOPYIO BHOCSIT BKJIAJ U IIPUIOBEPX-
HOCTHBIE, U TITyOUHHBIE YYACTKH.

Ecin wcrnibITyeMblii s cUpoIL, To u3MepsieMast
AKYCTOSIPKOCTHAS TEMIIepaTypa CHUIKAIACH TOYHO TaK
JKe B TedeHre MPUOIU3UTENBHO TIOJIYTOPA YacoB TI0CIE
npuema caxapa. ITocsie gero ¢ 85-ii mo 115-10 MUHYTBI
AKYCTOSIPKOCTHAsI TeMIlepaTypa YBeJIUYMJIACh Ha
2,0£0,3°C. OTiune akyCTOSPKOCTHBIX TEMIIEPATY] C
85-i1 o 115-10 MUHYTBI B CJIy4asiX, KOT/ia caxap Mpu-
HUMAJIM U He IPUHUMAJIH, SBJISETCS CTATUCTUYECKH
3HauMMbIM (ypoBeHb 3Haunmoctu <0,01).

[lo mpuema caxapa KOHIIEHTPAIIMsS TJIIOKO3bI
cocrasJisna 4,1-4,4 mymoib/1. B reuenne npubausu-
TeJIbHO TI0JIy4Yaca ColeprKaHie III0KO3bl B KPOBU He
MEHSJIOCh U OCTaBAJIOCh HA YPOBHE 4,3—4,4 MMOJTb /J1.
[Tocne mpuema caxapa, 3a Bpemsi okoso 80 MWH.,
cojlepKaHue TJII0KO3bl BBIPOCJIO /10 8,2 MMOJIb/J U
HAYaJIO0 CHUKATHCS. YBEJIMYEHUE aKyCTOSIPKOCTHOI
TeMITepaTyphl MPOU3O0ILIO ¢ 33/1ep>kKoi B 20—30 Mun
10 CPABHEHUIO C YBEJUYEHUEM COIEPIKAHUS [TIOKO3bI
B KPOBU. ITO MOKET OBITH CBSI3aHO C YBEJUYECHUEM
TeMIIepaTyphl [eYeHN IIPU YCBOEHUU TJII0KO3bI. [lo
BeJIMYMHE 33/IePIKKU MEXK/y BPEMEHeM, KOT/Ia Cofiep-
JKaHUe TJIOKO3bI B KPOBU [OCTUTJIO MAKCUMYyMa, U
BpEMeHEeM, KOr/la aKyCTOSIPKOCTHAsl TeMIlepaTypa
MeYyeHn CTajla MaKCHMAaJbHOM, MOXHO KOCBEHHO
cyauthb 06 ypoBHe MeTaboJIM3Ma UCITBITYEMOTO.

IKCIEePUMEHTAJIbHO MOJTyYeHHbIe BPEMEeHHbBIE
U3MEHEeHUs aKyCTOSIPKOCTHON TeMIIEPaTyPBI alllIPOK-
CUMUPOBAJHM TEOPETUYECKUMU KPUBBIMU. AKYCTO-
SIPKOCTHYIO TEMIEPATYPY PACCUNUTBHIBAIU MUCXOS U3
WHTETPaJbHOTO BbIpaskeHus (3) mpu koadduiimente
norJomeHust yiasrpassyka y=0,025 1/mm [21]. Bpe-
MEHHYIO 3aBUCHUMOCTD TeMriepaTypsl 1 (Z, x) paccuu-
THIBAJIN U3 ypaBHeHUs (1) Tpy 3HAUEHWSX TTapaMeT-
pos a?=0,12 mm?/c [19], #=10* 1/c [4, 20], uTo
HECKOJIbKO HUKe Y/IeJTbHOTO KPOBOTOKA B CKEJIETHBIX
mbinnax, 1 Q=0. I'pannunble ycaoBUSA ONPeEessin
carenytormum obpasom: T (¢, 0)=26,5°C (Temmeparypa
rejii Ha ToBepxHocTu Tenma) m T (¢, ©0)=37°C.
Hauvasbnoe paciipesiesierivie TeMIiepaTypbl Opeeisi-
Ju BbipaxkeHueMm (2) npu yKe MCIOJIb30BAHHBIX
3HayeHuAX napamerpos a’ u n u 1upu Ty,,=34°C
(TeMIepaTypa MOBEPXHOCTH 0 HaHeCEeHUs Ha Hee
resnst). TeopeTmueckast BpeMeHHas 3aBUCUMOCTbD aKy-
CTOSIPKOCTHOI TeMIIepaTyphl B cJIydyae, KOTr/a malu-
eHT He IPUHIMAJ caxap, okaszana Ha puc. 2. Ecim
HaIeHT IPUHUMAT caxap, TO KPOBOTOK # ¥ JIOTIOJ-
HUTEJbHBIN NCTOYHUK Teria Q) 331aBaji CIeAYIONH-
MU BBIPAKEHUSMU:

|
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Puc. 1. 9xcriepumeHTaIbHBIC JaHHBIE: BpEMEHHbIe 3aBHCHMOCTH
KOHIIEHTPALUH [JII0OKO3bI M aKyCTOSIPKOCTHOH TeMIepaTypbl
(Bpems ycpennenus 30 ¢) B cryyae mpueMa U HelmpueMa caxapa.
Fig. 1. Experimental data: time dependence of glucose con-
centration and acoustobrightness temperature (averaging
time 30 s) with and without intake of sugar.

Note. Sugar intake is carried out at zero point in time. In order not
to overload the image, measurement errors are shown at the end of
each curve.

IIpumeuanue. IIpuem caxapa ocyliecTB/eH B HYJIEBOII MOMEHT
BpemeHit. YToObI He 3arpOMOIKIATD PUCYHOK, MTOTPEITHOCTH H3Me-
PpeHMIT TTOKa3aHbl B KOHITE Kaskaoii kpupoil. s puc. 1, 2: Acousto-
brightness — axycrosipkocTHass; time, min — BpeMsi, MUH.
glucometer readings, mmol/l — mnokaszatesu TIIOKOMETPA,
MMOJIB/J1; temperature without/with sugar — Temmneparypa 6e3/c
caxapom; glucose concentration — KOHIIEHTPAIUST TJIIOKOSBI.

and remained at 4.3 to 4.4 mmol/l for about half an
hour. Glucose levels increased to 8.2 mmol/] after
sugar intake for about 80 minutes and began to de-
cline. The increase in the acoustobrightness tempera-
ture occurred with a 20—30 min delay in comparison
with the increase of the blood glucose level. This may
be due to an increase in liver temperature during glu-
cose uptake. Indirect conclusions on the level of pa-
tient's metabolism can be drawn based on the delay
between the time when the blood glucose reached its
maximum and the time when the acoustobrightness
temperature of the liver reached its maximum.
Temporal changes in the acoustobrightness tem-
perature obtained in the experiment were approxi-
mated by theoretical curves. Acoustobrightness
temperature is calculated based on the integral expres-
sion (3) with the ultrasound absorption coefficient
y=0,025 1/mm [21]. The time dependence of tempera-
ture T (¢, x) was calculated using equation (1) with
a’=0.12 mm?/s [19],y=10"1/s[4, 20], which is slightly
lower than the specific blood flow in skeletal muscles,
and Q=0. The boundary conditions were determined as
follows: T (¢, 0)=26,5°C (gel temperature on the body
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Experimental Studies

0K/c

B [ 1w0*1/c I
- T 1,5%107% K/

t < 85 MHUH HAK t > 100 MUH (4)
5x107% 1/¢’ !

n 85 mMun = ¢t < 100 MuH

e BpeMeHHble mapaMerpbl 85 u 100 MuH BbIOH-
paJIi KCXO/IsT U3 AKCIIEPUMEHTATLHBIX TAHHBIX. 3HAUe-
HUE yIeTbHOTO KPOBOTOKA YBEJUYUIOCH B TISITh Pas.
[IpuBenem st cpaBHEHUS OIEHKH, TTOJydYeHHBIE B
pabore [14]: ipu paGore Guiiernica KPOBOTOK BbIpacTall
B 10 pas, u B paGote [22]: nmpu paboTe MBIIII] IPE-
IJIeUbst KPOBOTOK yBeJMunBajics B 7,5 pas. B pabore
[14] Tak:ke olleHeHO yBeaWYEHWE TETIONPOAYKITUHT
pu pabote Mbli npeaiedbs Q=4,3X104 K/c. Otu
BEJIMYMHBI OJIM3KU K IIPEICTaBICHHBIM B BHIDAKECHUN
(4). CpaBHeHMEe U3MEPEHHBIX I TEOPETUYECKUX 3aBU-
CUMOCTEH TIOKa3bIBaET, YTO MCI0JAb3yeMasi B pabore
MOJIEJIb B I[€JIOM OTMCBIBAET HKCIEPUMEHTAbHBIE
naHHble (puc. 2).

Ha pwuc. 3 npeacraBuim BoccTaHOBJIEHHBIE TTPO-
(puam TemmiepaTypsl B mporiecce namepennii. [lepso-
HavaJbHBIN TPO(UIIb OTIpeiesisseTCs] TOBEPXHOCTHON
temneparypoii 34°C, rnybunHoil temneparypoii 37°C
1 XapakTepHbIM mapamerpoM d=34 mwm. CorsiacHo
MOJIEJIbHBIM MIPEACTABICHUSIM, HAME OBLIO TIPHHSITO,
YTO HavaJbHas TeMIlepaTypa TeYeHU COCTaBJSET
37°C. Hanecenmne Ha MOBEPXHOCTD TeJIa TeJIsl CHIU3WIIO
MMOBEPXHOCTHYIO TeMIepatypy 10 26,5°C, Ho He uzme-
HUJIO TIyOuHHYI0 Temieparypy. CorjlacHoO Moiesu,
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Puc. 3. Paccuutaunbie npoduiid TeMiepatypsl B pa3Hbie MO-
MEHTbI BpEMEHHU: HAYaJIbHBII — 10 HAHECEHHS] TeJisl Ha KOKY, pe-
aKIMsI HA IPUEM caxapa, B KOHIe IKCIIEPUMEHTa.

Fig. 3. Calculated temperature profiles at different time points:
initial — before application of the gel onto the skin, reaction to
sugar intake, at the end of the experiment.

Note. Application of the gel onto the skin reduced the surface tem-
perature to 26.5°C, but did not change the core temperature.
IIpumevanue. HaHeceHne Ha KOKY T€Jist CHUBUIIO OBEPXHOCTHY IO
Temreparypy 10 26,5°C, Ho He U3MEHUJI0 TIIYOUHHYIO TeMIIepaTypy.
Depth from the surface, mm — rry6una ot moBepxHocTH, MM; initial
temperature profile — HauambHBIT TPOGUIL TEMIEPATYPHI; Te-
sponse to sugar intake — peakis Ha pueM caxapa; temperature
profile at the end of the experiment — npoduib Temneparypbi B
KOHIIE 9KCIIEPUMEHTA.

surface) and T (¢, ©)=37°C. The Initial temperature
distribution was determined using formula (2) for the
already used values of parameters > and # and with
T,,70=34°C (surface temperature before gel applica-
tion). The theoretical time dependence of the acousto-
brightness temperature without sugar administration
is demonstrated in fig. 2. If the patient took sugar, then
blood flow # and an additional source of heat Q were
determined by the following expressions:

= [ 107" 1/s o 0K/s t < 85minort > 100 min (%)
7= I5x10- 1/s’ 1,5x107* K/s’ 85min<t < 100min °

where time parameters 85 and 100 min were cho-
sen based on experimental data. The value of specific
blood flow increased by five-fold. We present data ob-
tained in [14] for comparison: when the bicep was
working, the blood flow increased by 10-fold; and in
[22]: when the muscles of the forearm were working,
the blood flow increased by 7.5-fold. In [14], the in-
crease in heat production during the work of forearm
muscles was also estimated Q=4,3X10* K/s. These
values are close to those presented in formula (4).
Comparison of the measured and theoretical depen-
dences shows that the model used in the study as a
whole describes the experimental data (fig. 2).

Fig. 3 presents restored temperature profiles dur-
ing measurements. The initial profile is determined by
a superficial temperature of 34°C, a core temperature
of 37°C and a characteristic parameter d=34 mm. Ac-
cording to model concepts, we have assumed that the
initial temperature of the liver was 37°C. Application

@ Experiment without sugar
Experiment with sugar

Calculation without sugar
Calculation with sugar

Acoustobrightness temperature, °C

32| . . .
-20 0 20 40 60 80 100 120 140
Time, min

Puc. 2. JkcnepuMeHTaIbHbIE U PACYETHBIE BPEMEHHbIE 3aBUCH-
MOCTH aKyCTOSIDKOCTHOM TeMIIepaTyphbl B cly4Yae HelpuemMa u
npuema caxapa.

Fig. 2. Experimental and estimated time dependences of the
acoustobrightness temperature in cases when sugar was or was
not taken.

Ipumevanue. Experiment — axcniepument; without/with sugar —
6e3/c caxapow; calculation — pacuer.
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MoCJIe HaHeCeHUs TeJis 30Ha, T7le TeMITepaTypa paBHa
37°C, caBuraercs BriayOb opranusma. TemieparypHoe
pacripesieJieHrie CTPEMUTCSI K CTAIlMOHADHOMY U
JOCTUTAET €ro MPUOIU3UTETHHO Yepes 2 yaca moce
HaHeceHus Tessl Ha Koy, CUTyaIust MeHsieTcs Ipu
npueMe caXxapa — M3-3a TOSIBJICHIS JOTIOJTHUTETbHBIX
HCTOYHWMKOB Teria TIyOuHHast TeMreparypa (Temrie-
parypa TedeHr) COrJIacHO MCIOJb3yeMoil B pabore
mozesin osbimaercd Ha 1°C o 38°C.

3akiaoyeHue

B pa6ore sKcriepuMeHTaTIbHO MOKA3aJIH, YTO T1ac-
CUBHYIO aKyCTHYECKYI0 TEePMOMETPHUIO MOKHO
UCIIOJIb30BATH JIJIsl U3MEPEHUsT TIyOUHHON TeMIiepa-
TYpbI YYaCTKOB TeJia uesoBeka. Vamepuin mMeHsio-
IIYIOCST BO BpDEMEHU TeMIlepaTypy nedenu. Ilpu sTom
U3MEHEHUs TEMIIEPATYPbl TI€YeHU OBLIN BHI3BAHbI
IpUEMOM UCITBITYeMbIM caxapa. [1o Bpemenu 3anepx-
KI MEXIYy MaKCUMYMOM COJEPXKaHUsI TJIIOKO3bI B
KPOBU U MaKCHMYMOM W3MEPEHHOU TeMIepPaTyphl
MOKHO KOCBEHHO CyAUTH 06 ypoBHE MeTabojau3ma
UCIIBITYEMOTO.

Baarogapuoctu. Pabora momgep:xana <«IIpo-
€KTOM TOBBIIIEHsT KOHKYPEHTOCTIOCOOHOCTH BELYITIIX
POCCHUIICKIX YHUBEPCUTETOB CPEIU BEYIIIUX MUPOBBIX
Hay4HO-00pa3oBaTeIbHBIX LeHTPoB» (5-100), yacTuy-
HO B pamkax loczamanus MHCTUTYTa TPUKIAIHOIM
usukn PAH Ne 0035-2014-0008, a takske mojiep:xa-
na PO®U, rpant Ne 18-29-02052 mk.

baarogapum npod. A. M. Uepusiia 3a 1m10/10-
TBOPHOE 06CysKIeHNE PaOOThL.
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of the gel onto the surface of the body reduced the su-
perficial temperature to 26.5°C, but did not change the
core temperature. According to the model, after appli-
cation of the gel, the area where the temperature is
37°C moves deep into the body. The temperature dis-
tribution tends to be stationary and reaches it approx-
imately 2 hours after application of the gel onto the
skin. The situation changes when a patient takes
sugar: the core temperature (liver temperature) in-
creases by 1°C to 38°C due to the additional heat
source, according to the model used in the study.

Conclusion

The study demonstrated that passive acoustic
thermometry can be used to measure the core temper-
ature of various human body regions. We measured the
liver temperature changing with time. At that, changes
in liver temperature were caused by sugar intake by a
study subject. Indirect conclusion on the patient's me-
tabolism level may be drawn based on the delay be-
tween the peak glucose level and the peak temperature.
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