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Abstract—The success of any minimally invasive treatment
procedure can be enhanced signibcantly if combined with a robust
noninvasive imaging modality that can monitor therapy in real
time. Quantitative ultrasound (QUS) imaging has been widely
investigated for monitoring various treatment responses such as
chemotherapy, radiation, and thermal therapy. Previously, we
demonstrated the feasibility of using spectral-based QUS param-
eters to monitor high-intensity focused ultrasound (HIFU) treat-
ment of in situ tumors in euthanized rats [Ultrasonic Imaging
36(4), 239D255, 2014]. In the present study, we examined the use
of spectral-based QUS parameters to monitor HIFU treatment of
in vivo rat mammary adenocarcinoma tumors (MAT) where sig-
nibcant tissue motion was present. HIFU was applied to tumors
in rats using a single-element transducer. During the off part
of the HIFU duty cycle, ultrasound backscatter was recorded
from the tumors using a linear array co-aligned with the HIFU
focus. A total of 10 rats were treated with HIFU in this study
with an additional sham-treated rat. Spectral parameters from
the backscatter coefbcient, i.e., effective scatterer diameteEED)
and effective acoustic concentration EAC), were estimated. The
changes of each parameter during treatment were compared with
a temperature proble recorded by a Pne-needle thermocouple
inserted into the tumor a few millimeters behind the focus of the
HIFU transducer. The meanESD changed from121 #+ 6 tolGH-INTENSITY focused ultrasound (HIFU) is a non-
invasive thermal therapy approach for treating tissue for
various diseases including cancer. HIFU treatment can heat or
ablate tissue in the focal region of the transducer without dam-
aging the surrounding healthy tissue. Thermal therapy remains
an important cancer therapy option because it not only kills the
cancer cells but can also activate anticancer immunity in the
body [1].
HIFU is a noninvasive procedure with various advantages C and
compared to _in\@pi!'at@rﬁﬁ@ltﬁﬁsi §Uﬁbsabéé§5rém4el@%r MRI [7]. The spa-
decreased pain qpg A& (ROPOSIORAAIMSTRBIFAIRYSHIdIFhg is around 2 mm
patient recovery, gndpadured Cfi‘gé'ﬂ%.HIB: Iﬁﬁ—‘\'ggf HEFgfrequency approaches
tested and, in SpINREASES,, d%%@ 86 agR L | %he., 10 Hz) imaging

Several investig éiiﬁ e reviewed cfinica stuﬁtlﬁs involvin

HIFU to treat di 1HRY UG e S BIFEC GG Hduire predictable motion
been approved irpﬁﬂfé%ﬂ_ﬁem%%rf&&rr@%&%ém%getérm@e& Finally, MRI is
Pbroids and bon@XpeRsiwandreguirasas Médcompatible HIFU system for
gated for treatmetii@traatue disddese auen, dd Riecanpet autrently provide a real-
prostate, breast, tivee aroititdreay apaisitinsntiserseinaccurately estimate tissue
The recent sugsggsephttifevifgnimetiblaafifadepaidib@nsignal-to-noise ratio
the availability O(WR?U#ih@w'%@%MFBHH& BYSIRgHIFU is limited in
[6]. Various magmglxgp,pﬁzmg?&auch as ultrasound, X-ray CT,
aTgUNlRl have bee@i' H%Egﬁ??éé’é&%ﬂ'%@ rfi%ag}? 'gg’ﬁ'&gcted to develop robust,
reatment. Cur Iig, mal netlg?iesonan e errﬁ.lma - thods f .
ing (MRTI) is coS&E¢ a?‘ﬁ{%eﬁg i dﬁéﬂ@r‘g methods for mon
for guiding H”:Gowgdﬁh‘:g);r%trgg&;dgl [44]. Foremost among these are

ultrasound imaging techniques, which have been widely inves-
tigated for monitoring ablation techniques including HIFU

treatments. Ultrasound imaging is low cost, uses nonionizing
radiation, has real-time capabilities, and is portable with the
potential to increase accessibility [15]. Quantitative ultrasound
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(QUS) imaging techniques involving estimation of changdsogan, UT, USA) and 1% penicillin-streptomycin (HyClone
in sound speed, backscatter, attenuation, stiffness, and sttaaboratories, Logan, UT, USA). Approximately, 500 cells were
in tissue have been investigated to monitor thermal therapisaspended in saliné @ pL) and injected subcutaneously into
Changes in sound speed have been correlated to temperatueefat pad of a rat to grow a tumor. Specibcally, female
changes during HIFU exposure [16], [17]. Some investigatot®D21 week-old Fischer 344 rats (Harlan Laboratories, Inc.,
have explored spectral-based ultrasound techniques to monitatianapolis, IN, USA) were used in the experiments. At the
the temperature changes in tissues treated with HIFU [18]®e of injection of the MAT cells, the weight of the rats was
[20]. Changes in the backscatter coefbcient (BSC) have beenorded. When a tumor reached a size of 899 mm in diame-
observed in coagulated tissue formed by HIFU exposure whiem, the ultrasound experiment was conducted. During a HIFU
compared with normal tissue [21]. Ultrasound attenuation aeeposure, the rat was anesthetized using isoRurane gas through
backscatter have been used to detect lesion formation duraghask covering the mouth and nose of the rat. The hair over
HIFU exposure [22]. However, all of these techniques have yiiie tumor was shaved and depilated to maximize sound trans-
to be adopted clinically and issues with tissue motion or nomission. The rats were placed on a specially designed holder
linear changes in the parameter space versus temperature araypartially submerged in a tank of degassed water maintained
limit their adoptability. However, it must be noted that recerdt 37 C such that the tumor was under water.
advances in adaptive blter design for motion compensation and
high frame rate imaging have alleviated some of the sensitivi
to tissue motion of frame-to-frame correlation-based methods Ultrasound Method
for estimating temperature in tissues [23]D[25]. Ten of the rat tumors were treated with HIFU and one rat
As an alternative, we have been developing QUS imagingmor was sham treated. The sham-treated rat was used to quan-
techniques that can be used for both assessment [26]D[28] tfiydthe effects of breathing on QUS estimates without HIFU.
monitoring of HIFU therapy [29]D[31]. In experiments usind\ll experiments were conducteith vivo. The HIFU system
biological phantoms and fresh liver samples in a saline battgnsisted of a 1-MHzf(1.1) transducer with aperture diame-
changes in spectral-based QUS parameters [i.e., the effectaeof 4.7 cm. An arbitrary waveform generator (HP 33120a,
scatterer diametelESD and effective acoustic concentrationAgilent Technologies, Santa Clara, CA, USA) was used to
(EAC)] were correlated to temperature elevations in tissugenerate a long duty cycle tone burst. The tone burst was ampli-
[30], [32]. The accumulation of research Pndings by sefed by an A150-55-dB power ampliber (ENI, Rochester, NY,
eral groups clearly indicates that heating of tissues, such@SA). The b6 dB beamwidth and6 dB depth of beld of the
that occurs with HIFU exposure, induces changes in tissh#FU transducer was characterized using a needle hydrophone
microstructure. Because ultrasound scattering depends on (fRiecision Acoustics, Dorchester, U.K.) in degassed water at
properties of the propagating media, HIFU can be monitor&¥ C. The 6dB beamwidth and depth of Peld were 1.8 mm
by analyzing the backscattered signal during exposure. In and 5.2 cm, respectively. During the off cycle of the duty cycle,
previous study, we examined spectral-based QUS parametard.14-5/38 imaging probe attached to a SonixRP ultrasound
for their ability to track temperature elevations in tumors ilmaging system (Ultrasonix, Richmond, BC, Canada) recorded
euthanized rats induced by HIFU with no tissue motion or peg- single ultrasonic imaging frame. The SonixRP system pro-
fusion [29]. In the present study, we are extending our previouigled the raw radio frequency (RF) signals at a sampling fre-
work by using spectral-based QUS parameters (i.e. BB quency of 40 MHz. The imaging array had a center frequency of
andEAC) to monitorin vivo HIFU treatment in a rat mammary 6 MHz as estimated from recorded signals in pulse-echo mode
adenocarcinoma where signibcant tissue motion is present. Tiioen a planar ref3ector. An analysis bandwidth of 4D9 MHz was
changes in the various spectral-based QUS parameters wesed in the subsequent spectral analysis.
monitored during the HIFU exposure and compared with the A custom holder was machined to align the focus of the
temperature proble recorded from a Pne needle thermocouglEU transducer with the imaging plane of the imaging array.
inserted into the tumor behind the focus of the HIFU transducé&nce the HIFU transducer and imaging array were placed in
The shape and the amplitude of the frequency-dependent B®BE holder, no further adjustment was needed. Fig. 1 illus-

were analyzed to monitan vivo HIFU exposure. trates the experimental conbguration and the custom holder
that was machined. To continuously estimate temperature in the
Il. METHODS tumor, a needle thermocouple (HYP1-30-1/2-T-G-60-SMPW-

M, Omega Engineering, Inc., Stamford, CT, USA) was inserted
into the tumor behind the focus of the HIFU source. The ther-
The experimental protocol was approved by the Institutionalocouple was placed behind the focus of the HIFU source for
Animal Care and Use Committee (IACUC), University otwo reasons: 1) this placed the thermocouple out of the way
lllinois, Urbana-Champaign and satisped all University araf the region undergoing RF analysis and 2) to reduce the
NIH rules for the humane use of laboratory animals. All the anpresence of viscous heating artifacts [33]. The tumor is iden-
mals (N = 11) were provided foodd libitum Mammary ade- tibed by the red dot in Fig. 1(a). The needle thermocouple
nocarcinoma tumors (MAT B Il1) cells [American Type Culturehad a diameter of 0.3 mm and a length of 15 mm. The out-
Collection (ATCC), Manassas, VA, USA] were cultured angut of the thermocouple was connected to a temperature reader
used for growing mammary tumors in rats. The cells we® ! USB-TCO01, National Instruments Corporation, Austin, TX,
cultured in ATCC-formulated McCoyOs 5a Medium ModibedSA). The reader was connected to a computer and the temper-
along with 10% fetal bovine serum (HyClone Laboratoriegiture was recorded to hard drive once every second. In order to

A. Animal Model and Handling
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Fig. 1. (a) Experimental conbguration. (b) Custom holder made for the HIFU and imaging array. (c) lllustration of HIFU and imaging sequences.

maintain the temperature of the degassed water bath, in which
the rat was partially submerged, at 3C a heating element
was placed in the bath and controlled by an automated tempera-
ture controller. A computer-controlled micropositioning system
(Parker Hannibn Corporation, Rohnert Park, CA, USA) was
used during the experiment to move the HIFU transducer and
imaging probe.

HIFU was used to elevate the temperature in the tumor. A
spatial peak temporal average intensitypgh) of 502 W/cm?
was used in the HIFU exposures with 75% duty cycle and 30 Hz
pulse repetition frequency. The intensity &2 W/cm? was
used based on our previous studies, where visible tissue ther-
mal damage was observed from histopathology analysis [43].
The Ispta Was estimated from pressure measurements at the
focus of the HIFU source in degassed water using a nee
hydrophone (Precision Acoustics, Dorchester, U.K.). RF im
ing frames of the tumor were collected by the SonixRP system
during the therapy by synchronizing the acquisition of RF image localize the tumor region for the spectral analysis of the
ing frames with the off portion of the HIFU exposure duty cycl®@ackscattered RF echoes. The pulse length (PL) was measured
[see Fig. 1(c)]. Atthe end of each HIFU tone burst, the SonixR#s 0.37 mm. Data blocks of size 7 PL7 PL were constructed
was triggered on to record a single RF imaging frame. Ththin the ROI. The data blocks in the ROI had an 80% over-
acquisition of the RF data was required to calculate the BS@ between adjacent data blocks both axially and laterally.
from the tumor. The tumors were exposed for a duration of 60Bias and variance of QUS estimates are related to the time-
bandwidth product of the range gate length (axial data block
size) [34]. Therefore, the data block size was quoted in terms
of the number of PLs. A data block 7 pulse lengthg pulse

B-mode images of a tumor intersecting the HIFU focus wetengths was chosen to provide good QUS estimates in terms of
constructed from the RF data acquired by the SonixRP. 8w bias and low variance versus data block size. An 80% over-
region of interest (ROI) was manually drawn in the B-modkap of data blocks provides the ability to enlarge the data blocks
image corresponding to the tumor area. The ROI was usedlile reducing the pixel sizes of the QUS image maps.

glg 2. lllustration of data block selection from a tumor (tumor outlined in red).

C. Processing Procedures
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Fig. 2 shows an image depicting the selection of the datdhen comparing the estimates at three different time points.
blocks within the ROI. First, the ROI, corresponding to th&tatistically signibcant differences were quantibed through
tumor boundary, was outlined as depicted by the red line jjavalues. Case | corresponded to a time point just before expo-
Fig. 2. Next, data blocks were created inside the ROI bounsiire. Case Il corresponded to a time point just before the last
ary using a custom MATLAB (MathWorks, Natick, MA, USA) HIFU tone burst was delivered (i.e., the peak temperature).
code to automate the selection of the data blocks. The B&ally, Case Il corresponded to a time point after the tissue
was estimated for each scan line in a data block and averages cooled to post exposure. Based on continuous thermocou-
to provide the BSC estimate for the data block. Calibration ple readings from the tumor, a return to 37 typically occurred
the BSC was accomplished using the reference phantom te&®10 min after the HIFU was turned off. In addition, linear
nique and a well-characterized phantom [35]. Specibcally, therve btting was performed between the recorded temperature
BSC was calculated from the averaged power spectrum frqravariable) andAESD or AEAC (y-variable). Specibcally,
the windowed scan lines from a data block. This averagéue relationship between tieSDandEAC parameters and tem-
power spectrum was divided by an averaged power spectrperature during the exposure was quantibed both for the heating
calculated from a data block at the same depth in the wefleriod (HIFU on) and during the cooling period (HIFU off).
characterized reference phantom. To estimate the BSC, the
averaged power spectrum from the sample data block was
divided by the averaged spectrum from the reference phantom
data block and corrected for attenuation differences betweerfig. 3 shows representative B-mode images and QUS images
the sample and phantoreSD and EAC were then estimated enhanced byESD and EAC of a rat tumor at different time
from the BSC for each data block using a spherical Gaussipaints during HIFU exposure. The temperature proble recorded
model [36]. by the thermocouple and the changes in B&D andEAC as

In a separate set of experiments, the insertion loss techniguéunction of time are shown in Fig. 3 (right). THESD and
was used to estimate attenuation from untreated excised tumBAC curves were generated by averaging the QUS parame-
(n = 4) [37]. In these experiments, the tumor from a rat wa®rs over the whole ROI and calculating the percent difference
excised and any overlaying skin removed prior to scanningetween the QUS parameter at each time point and the QUS
An attenuation slope was estimated for each of the excispdrameter average at baseline, i.e., before HIFU was turned
tumor samples and averaged. The average attenuation sloperofExamination of the images reveals that signibcant motion
0.7 —0.1dB/cm/MHz was used to compensate the power spemecurred during the HIFU exposure due to breathing. Because
tra for losses in the RF signals due to frequency-dependémé rat is a small animal and the tumor was on the abdomi-
attenuation. nal wall, large motion out of plane both laterally and vertically

The average attenuation slope was used to compensass observed. The jagged nature of the QUS parameters as the
the power spectrum for frequency-dependent losses for eaemperature increased is hypothesized to be due in part to the
recorded RF frame in thim vivo HIFU experiments. Becausemotion of the tumor during exposure. In all animals, BE&C
we used a single attenuation value throughout ithevivo was observed to increase with temperature and decrease once
experiments, differences in the attenuation due to biologidale temperature began to decrease.
variability between rat tumors, temperature elevations, or fromThe changes in QUS parameters due to the breathing cycle of
irreversible tissue changes were not used in the compensatiomrat alone were quantiPed using the same experimental setup
of the BSC. However, the size of the tumors was less than 1 cemown in Fig. 1 with no HIFU as a sham experiment. Changesin
therefore, differences in attenuation from the average atten&sDandEACwere less than 5% for a period of 120 s as shown
tion would not result in large errors in BSC estimates over the Fig. 4. In the sham exposure, no trends in the QUS parame-
frequency ranges used in the analysis. Based on results fromtaus were observed; however, small Buctuations were observed
previousin situ study, it was assumed that attenuation effects the QUS parameters during the sham exposure. These varia-
would be small for the current study [29]. tions are mainly due to motion of the tumor during imaging and

A spherical Gaussian scattering model and rapid estimateould partially account for some of the observed Ructuations
was used to extraéSDandEAC estimates from the BSC for observed in the QUS images created during and after HIFU
each data block in a tumor [36], [38]. The changé&Eil@Dand exposure.

EACfor each data block was estimated with respect to its initial For all the animals, th&SDandEAC parameters were cor-
value before the HIFU exposure. For example, the changeralated to temperature changes during the HIFU treatment. The
EACafter 5 s is given by increases in temperature during the exposure and the decreases
in temperature during the cool down period were correlated to
EAC (I552C (OESC ©s) (1) the changes iESDandEAC parameters. A linear bt between
changes in QUS parameterAESD and AEAC) and tem-
whereEAC (0 s)and EAC (5 s) refer toEAC at the begin- perature recorded by the thermocouple for the heating and
ning of the exposure just before HIFU exposure and 5 s aftewoling period for each experiment were performed. Example
the start of the HIFU exposure, respectively. The changes in fivear bts between the QUS parameters and tissue temperature
ESDestimates versus exposure time were similarly calculateduring heating and cooling periods are shown in Figs. 5 and

The changes INESD and EAC were assessed through6 for two tumors (labeled R1 and R2). THESD decreased

a KruskalbWallis one-way analysis of variance by rankgith increasing temperature and increased with decreasing

IIl. RESULTS

AEAC =
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Fig. 3. (Top) B-mode images at different time points. (Middle) Series d&SD images of tumor during treatment with HIFU and corresponding
temperaturé ESD curves versus time. (Bottom) Series oEAC images of tumor during treatment with HIFU and corresponding temperatuEeAC
curves versus time. Blue circles correspond to the location of the HIFU focus.

Fig. 4. Changes in (€gSDand (b)EAC versus time from rat tumor with no HIFU.

temperature, indicating an inverse relationship with changeskafore the last HIFU tone burst was delivered to the tissue
tissue temperature. On the other hand,EA¢ increased with (Case 1), theESDandEAC values were81 — 8 um and46 —
increasing temperature and decreased with decreasing temp@éiB/cm?, respectively. After the tissue cooled down to body
ature. The slope, intercept, and tRe¢ of the linear bt are temperature of approximately 3T as recorded by the ther-
tabulated in Table | for all the tumors used in the current studyocouple (Case Ill), th&eSD and EAC values werel20 —

The slopes of the linear bt between the temperature and them and36 — 2 dB/cm?, respectively. Statistically signiPcant
ESDduring the heating and cooling periods were.22 —0.16  differences were observed between Case | and Case Il in the
and 1.21—0.26, respectively. The slopes of the linear baverageESD (p-value= 0.0002) andEAC (p-value= 0.0002)
between the temperature aBAC during the heating and cool- estimates. No statistically signibcant differences were observed
ing periods werel.48 —0.26 and 1.51 —0.27, respectively. between Cases | and lllp{value= 0.5956 and p-value=

The goodness-of-bt between the changds3iDand tempera- 0.0833 for ESD and EAC, respectively). The changes in the
ture was measured usiiRy values which wer6.90 — 0.05 and ESDandEAC parameters signibcantly changed with increases
0.75—0.05 for the heating and cooling periods, respectivelyn tissue temperature during HIFU treatment and then returned
Similarly, the R? between changes iEAC and temperature to pretreatment values after cooling off.

were(.92 —0.04 and0.85 — 0.03 for the heating and cooling
periods, respectively.

Statistical analysis was conducted to investigate the sig-
nibcance of the estimateBSD and EAC at different time  QUS imaging was used to monitor HIFU treatment of rat
periods during the HIFU treatment (Cases I, Il, and lll)tumorsin vivo. A needle thermocouple was positioned in the
The meanESD and EAC values before HIFU exposure (Cas@éumor and behind the focus of the HIFU source to measure tem-
I) were 121 —6um and 33 —2dB/cm?, respectively. Just perature in the tumor tissue. An ultrasound array and SonixRP

IV. DISCUSSION
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TABLE |
PARAMETERS OF THELINEAR FITS OF TEMPERATURERECORDED BY THERMOCOUPLEVERSUS ESD (%)AND EAC (%)

The results demonstrated good correlation between tharameters closely tracked the changes in temperature recorded
spectral-based QUS parameters and the changes in tissue t®mthe thermocouple. A linear bt was initially chosen due to
perature during the HIFU exposure and also during the codtite lack of availability of a better model. However, during the
down period after the HIFU was turned off. It was observeldeating period, th&? values for all rats were above 0.81 and
that tissue motion due to the breathing cycle had small buiost of these were in the 0.90 and above range. This suggests
noticeable inBuences on the changes in the spectral-based @b assuming a linear bt allowed 81% or more of the observed
parameters. The results from the sham-exposure experimesitanges irESD and EAC to be explained by the temperature
exhibited small changes of around 5% in spectral-based QU&anges. Typically, at the end of the cool-down period, the
parameters as time elapsed suggesting that the QUS imagiague temperature decreased to the normal body temperature.
technique is robust against tissue motion effects. These smalWhile we hypothesize that the changes in the spectral-based
Buctuations in the sham exposure were comparable in sQE)S parameters was due mainly to the changes in tempera-
to RBuctuations observed in the vivo HIFU-exposure exper- ture, we cannot rule out mechanical effects from HIFU on the
iments. Similar Buctuations were not observed in itheitu  spectral-based QUS estimates versus time. Mechanical effects
experiments in dead rats [29]. Small Buctuations were obsendagk to boiling or cavitation could also contribute to the changes
in the results due to motion, which can be further minimizeid ESD and EAC observed. Additional study will need to be
by averaging RF signals from several frames, i.e., averagiognducted to quantify the contributions of mechanical effects
over slow time. Averaging of frames in slow time could furto the observed changes in the spectral-based QUS parameters.
ther alleviate the artifacts observed in QUS thermometry overin the tumors, th€eAC increased with increasing tempera-
time. This would provide a tradeoff between reduced estimédteae and decreased with decreasing temperature. In experiments
variance and frame rate. on tumors in dead rats, thEAC was observed to increase

While the QUS parameters were affected by tissue motionith increasing temperature, while tB&Dtrend with increas-
the underlying trends, i.e., that the QUS parameters chandgeg temperature was less clear [29]. The reasons for this
with temperature, were still observable. The estimates of tleek of a trend in theESD from tumors in dead rats are
spectral-based QUS parameters do not depend on the previmesently not understood. However, it is worth reporting that
frame of ultrasound to deduce their properties like techniqustidies using HIFU to treat liver samples have also exhibited a
to estimate temperature elevations from changes in sound speadelation between these parameters and tissue temperature,
[18]. The scattering properties (i.€SDandEAC) of the tissue but with some differences [39]. In liver, thEAC decreased
microstructure change during temperature elevation and thegth increasing temperature from HIFU and then increased
are absolute properties of the underlying medium, which cavith decreasing temperature. Similarly, using QUS to moni-
be deduced from analysis of the RF-backscattered signals frian microwave ablation of liver samples demonstrated similar
any individual frame. behavior forEAC as was observed for HIFU therapy of liver

The changes in th&SD and EAC provided good correla- samples [40]. Therefore, the changes observed in the spectral-
tion with changes in tissue temperature both during the heatingsed QUS parameters versus temperature elevations appear
period while the HIFU was turned on and during the coolintp be tissue-dependent. Understanding the mechanisms behind
period after the HIFU was turned off as observed quantitativetlyis tissue-dependent observation is an ongoing investigation.
from the slopes of the linear bt between the spectral-basedrinally, previous studies have suggested that the BSC and,
QUS parameters and the changes in temperatureREheal- therefore, ESDandEAC estimates are relatively insensitive to
ues shown in Table | suggest that the spectral-based Qli®versible changes in tissue properties brought on solely by
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thermal effects (i.e., no mechanical effects) [41]D[43]. This is5]
promising in the respect that as the tissues undergo thermal
coagulation, the BSC changes are still due to changes in tempesy
ature, unlike sound speed and attenuation which change their
trends versus temperature after thermal coagulation. On the
other hand, using the BSC to detect acute thermal coagulat'[Qﬂ
does not appear to be promising.

[18]
V. CONCLUSION

QUS techniques were studied for their potential to track terd!
perature in rat MAT tumorsn vivo during HIFU treatment.
The EAC parameter increased with increasing temperatuiz]
and decreased with decreasing temperature in all rat exper-
iments. TheESD was observed to decrease with increasing
temperature and then increase with decreasing temperature. [Pl
results suggest that spectral-based QUS parameters can mon-
itor temperature elevations due to HIFU therapwivo and,
furthermore, can be robust against tissue motion. [22]
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