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Abstract

Investigations into the safety of diagnostic ultrasound and mechanisms of therapeutic
ultrasound have provided evidence of a number of cellular responses to ultrasound.
These studies have mainly concentrated on cells in culture, while work on intact tissue
employed mainly kHz ultrasound fields, although diagnostic and many therapeutic
procedures are performed using MHz ultrasound. Vascular tissue is known to respond to
a variety of physical and chemical signals, and so arteries were used as a model system in

this thesis to study the effects of MHz ultrasound in vitro.

Rings of equine carotid and lateral cecal mesenteric artery exhibited reversible, repeatable
contraction on exposure to both pulsed and continuous wave 3.2 MHz ultrasound at
acoustic powers up to 145 mW. Wall stress increased by up to 1.5% in carotid arteries
and up to 2% in mesenteric arteries during exposure, and returned to basal levels after
approximately 10 minutes. Contraction was endothelium independent, and was not
affected by changes in the pulsing regime. The magnitude of contraction was dependent
on the acoustic power, and the change in wall stress increased with increasing acoustic
power in a linear fashion. The acoustic power dependence suggested the response was
thermally mediated and this was confirmed by investigation of the response of arteries to
non ultrasound generated heating, which also induced contraction. The effects of
ultrasound and heating were also investigated in 1st order branches of the lateral cecal

artery, as a model of a small artery. No response was observed in either case.

In order to determine the cellular basis of the response of carotid and mesenteric arteries,
the involvement of potassium ion channels in the response was investigated using a
potassium channel blocker. The response of arteries to ultrasound was increased by
inhibition of inward-rectifier potassium channels, which would otherwise help to return
the cell membrane potential to the normal level. The change in wall stress was increased
by 42% on average, confirming the involvement of these channels in the response.
Contraction of arteries is mediated by an increase in intracellular calcium. The ion
channel activity during non ultrasound generated heating was examined further by
observation of intracellular calcium concentration using a fluorescent calcium sensitive
dye. Increases in intracellular calcium were observed in carotid and large mesenteric
arteries, which confirmed the thermal influence on ion channel function in these vessels.

No such effect was observed in the smaller vessels.



Acknowledgements

hroughout my PhD I have gratefully received the help and support of a number of
Tpeople: colleagues, friends and family alike. Among those who have lent me such
invaluable support, several deserve special mention. My supervisors, Peter Winlove
here in Exeter and Francis Duck in Bath, deserve special thanks for all their
enthusiasm and excellent guidance. Within the Biomedical Physics group of Exeter,
the technical support staff have been a marvelous resource. Ellen Green has given me
endless help with a huge range of things in the lab; none of us would get very far
without her. Many thanks also go to Dick for the help he cheerfully gave in the earlier
stages of this project. Dave Colridge deserves mention for lending me allsorts of bits
and pieces without getting too annoyed, and for nursing my computer back to health. I
would like to acknowledge Kenton Arkill for his help, discussion, hair and company at
the abattoir, Hayley Kyte at the Peninsular Medical School for advice on myography

systems and much else besides, and Jackie Whatmore for advice on buffer recipes.

Other marvelous members of the Physics department, such as Steve, Matt, Kevin, and
Nick in the workshop deserve my everlasting gratitude for helping with the design and
for building my equipment. John Meakin will always have my thanks for sorting out
the abattoir bus, and being a source of everything. Thanks also to the men of Potter’s
abattoir in Taunton for making my frequent trips more pleasant, their knowledge of

horse anatomy and skill with knives ....!

[ would like to thank the other members of the biophysics group for being a
supportive and enjoyable bunch of people to work with. There are too many to
mention individually, but of the group Natalie and James in particular receive many
thanks for fun and encouragement, and Jess and Rachel for making the abattoir trips
more like a chance to gossip and less like a horror movie. I would also like to mention
my flatmate and friend, Rachel, and Dan, Neda, Saminder and my family for constant

moral support and relaxation.

[ couldn’t have done this without you all!



Table of Contents

ADSIIACE....c s —————————————— 2
Acknowledgements.........cocumrnsmnmsmsmsm s ——————— 3
Table of Contents........ccvrirnmrnmsmsnns s —————————— 4
LiSt Of fIGUIES....cccviiirirrnsmssssmssssnssss s sesns 8
LiSt 0f tables ... —————— 16
Glossary of abbreviations......... s —————— 17
1 INroducCtion ... —————— 18
2 Background and supporting literature..........ccovsnmsssnnnsnsnnnnnns 21
2.1 Ultrasound and its interaction with soft tissue.......ccoeonnernircesrinsessinenns 21

2.1.1 Physics of ultrasound ... 21

2.1.2 Mechanisms of ultrasound interaction..........reenen: 26

2.2 Ultrasound exposure parameters for diagnosis and therapy.........ccceu. 29

2.3 The vascular SYSteIM ... ssssssssssaes 33

2.3.1 Vascular structure and function........ 33

2.3.2 Mechanical properties of arteries ... 35

2.3.3 Cells of the vascular SYSTtEM ... ssessesssessenes 38

2.4 Biological effects of ultrasound in cells and tiSSUES ......cccocorererrererrereerennns 49

2.4.1 Bioeffects on the vasculature ... 49

2.5 Bioeffects on the cellular level ... 53

2.5.1 Effects on cells in culture and animal models......cc.ccoorrererererennee. 53

2.5.2 Cellular mechanisms of sensing external forces.......cccorrrererennee. 60



2.5.3 Ultrasound interaction MechaniSmsS .....cooovieeersnesesessesesesresesessesesesns 61

2.5.4 Physical mediators of vascular tone.........nneneneneeseneenenees 63
2.5.5 Mechanotransduction in Cells ... 66
2.5.6 Discussion and CONCIUSIONS......covureereereereeneenerneesesseesessesssssessesssssesssssesees 67
Experimental desSign......c.comrmsmnmsnmsssmsessmnsssssssssssssssssssssssssssssssnns 69
3.1 Ultrasound system deSCriPtiON. ... rerermssesmnesssssssesssssssesssssssssssssssssssssssns 69
3.2 Isometric force measurement SYStEM.....ouunereressssemesssssssessssessssssssssssssssssens 70
3.3 Design of apparatus — STage L.....ccererrererereressesressessessessessessessessessessessessesens 70
3.4 Design of apparatus — STAZE 2.....ccerererereresresresesressessessessessessessessessessessessesens 75
3.5 Design of perfusion myograph SYyStem ... 77
3.5.1 IMAagINg SYSLEIM ..o sssnns 84
3.5.2  IMAZE PrOCESSING ..orvviemirerrrirsirses s ssssssssessssssssssnas 85
3.6 Beam CharacteriSation .......eereresesessessessessessessessesssssssssssssssssssssssesssssssnees 89
3.6.1 Beam calibrator measuremMents........neereneeressessssnessesssssesssssessees 89
3.6.2 Hydrophone measurements.........eressessssssssssssssseens 92
3.6.3 Power balance Measurements.......ueneeneenesneenesseesssnessesssssssssssessees 96

3.6.4 Thermal effects - Thermal Test Object and thermocouple

RO LT ] 1123 0 1 T=) 01 P 100
3.6.5 Non thermal effects.....ncneneese e seeeesesseeeeees 105
Response of large arteries........sns 108
4.1 INELOAUCTION oottt ettt st 108
4.2  Experimental Methods...... s 108
4.2.1 Tissue acquisition and diSSECION.......cocrrremirsserersersessessessssssesrennes 108
4.2.2 MOUNEING PrOCEAUIE ....coivueerercesrirserssessssses s ssssssessssssssssssesass 109
4.2.3 Tissue characteriSation ... 110
4.3 Experiments on Carotid artery ... nsssseessssessssssessssssens 111
4.3.1 Exposure of carotid arteries to ultrasound.........ccccoeeneerereeresresnenenns 111
4.3.2 Response of carotid arteries to temperature changes................. 113
4.4 Results: Carotid artery ...nenssssssesssessssssssssssssssssssssssssens 114
4.4.1 Vessel characterisation. ... erenrereressesesesesesesessessessessesseseenss 114
4.4.2 Response to UltrasoUNd......conrmenmnnmnsnenensnssesssesesssessssssessssens 119
4.4.3 Response of carotid arteries to temperature changes................. 128



4.5 Experiments on meSenteric arteries ... 129

4.5.1 Exposure of mesenteric arteries to ultrasound ..........ccceeveereennen. 129
4.6 Mesenteric artery reSUlLS. ... 130
4.6.1 Vessel characterisation......oenenensessesessesesseses e 130
4.6.2 Response to UltrasoUNnd......oerernsnsesesnessssssesssssessessessssssssenass 134
4.7 Discussion and SUMIMATY ........cuemenenrnensnssnssnsessssssssssssssssssssssssssssssssssssssssssns 140
Response of small arteries ......c.mmmmmmemsmesssmm——ms 145
FST00 SN 0 0 U o0 Y 10 Uot 0 o PP 145
5.2  Experimental Methods.....nssssessssssssssssssssssssssssssssssssans 145
5.2.1 TiSSUE aCQUISTHION c.ueuivceeererirnsres s sssssssssens 145
5.2.2  DISSECHION..ciiuieriectrsrseeretsetsesseesssses s ssss st ssssssanes 146
5.2.3 MoUNting ProCeAULE ......ocmrmrerrerissirsssses s ssssssssssssesssens 146
5.2.4 Vessel characteriSation...... e enenensenseneesseseessessessesesesessessesseanes 148
5.2.5 Exposure of vessels to ultrasound .........ccooeveneneensensensessessessesnennes 150
5.2.6 Response of small arteries to temperature changes..........ccoce..... 150
5.3 RESUILS ettt 151
5.3.1 Vessel characteriSation. ... eerescereereeseeseesseseeseesessessessessessessessenses 151
5.3.2 Response of small arteries to ultrasound..........cceeveerersrresesserennes 154
5.3.3 Response of small arteries to temperature changes........cc.coc..... 156
5.4 DISCUSSION ceueuerercercerceeeeeseeeeeseesssssssssssssssssssssssssssssess s s sssssssssssssssssssssssssssesas 157
Ion channel experiments ... ————— 160
6.1  INETOAUCTION et 160

6.2 Effects of potassium ion channel blocking on response to ultrasound161

6.2.1 Experimental methods........oessesesesens 162
0.2.2  RESUILS .ttt sttt 163
(TS T D) 1Y o1 0 113 o) o T 167
6.3 Experiments on intracellular calcium activity.......ovmrnnnesesnenennenes 168
6.3.1 Experimental set up and methods.......coevrnrnnnsnennnesensenennns 169
0.3.2  RESUILS ..ot 172
(TS TS N B3 FY o1 0 11 o) o 178
Discussion, conclusions and further work........ccocvemninrssensisnns 181



8

7.1 Novel outcomes from this theSiS ... s e sessesesssens 187

References



List of figures

Figure 2.1 Structure of an artery illustrating the intimal region formed of endothelium
surrounded by basement membrane, elastic lamellae, the medial region formed of
smooth muscle, and the adventitial region formed of connective tissue. (adapted from
diagram http://www.sci.sdsu.edu/class/bio590/pictures/lect5/artery-vein.jpeg.)... 34
Figure 2.2 Typical dimensions for vessels throughout the vascular system, adapted
from Aaronson et al (Z004). ...t 35
Figure 2.3 Schematic diagram of the cell membrane; transmembrane lipids acting as
ion channels float within the lipid bilayer formed of phospholipids, cholesterol and
glycolipids. Cytoskeleton and extracellular matrix filaments are anchored to proteins
and the membrane. The processes of diffusion through the membrane, through

passive and facilitated diffusion channels, active transporters and gated channels are

Figure 2.4 Diagram of a smooth muscle in the relaxed and contracted state, showing
the structural components of the cell with network of filaments connected to dense
bodies, which act as fixed points which are pulled together during contraction............ 45
Figure 2.5 Diagram of the pathway leading to smooth muscle contraction: during
membrane depolarisation calcium ions enter through voltage-gated channels, and
bind to calmodulin creating a complex, which activates the enzyme myosin light chain
kinase (MLCK). The enzyme phosphorylates the myosin head group enabling binding
to actin, the head group moves, pulling along the actin filament, it then binds to ATP
and releases from the actin, the ATP hydrolyses and the process can begin again. ...... 46
Figure 3.1 Schematic diagram of experimental set up, the tissue is mounted in the focal
region of the ultrasound beam on stainless steel hooks attached to the force
transducer, the signal is recorded in real time using a PicoLog unit, the tissue is
exposed to ultrasound from the transducer mounted at the acoustic window which is
driven by a signal amplified by an RF amplifier. The expanded section shows the
orientation of the tissue relative to the ultrasound. ... 74
Figure 3.2 Schematic diagram of water filled ultrasound bath lined with acoustic

absorber with buffer filled polyethylene tube insert clamped between a Perspex sheet

8



and ring within the bath in order to contain and enable flushing of the buffer. Tissue

was positioned within the polythene container, mounted and insonated as previously.

Figure 3.3 Schematic diagram of perfusion myograph system showing the ultrasound
transducer coupled into the fluid with the artery in the focal region of the ultrasound
and microscope. The two halves of the bath are separated by a membrane; the
flushing tubes and pressure system are placed within the small section of the bath... 78
Figure 3.4 Diagram showing knots and procedure for mounting vessels on the pipette
tips. One knot of each type is threaded over each pipette tip. The vessel is pulled over
the tip then the first knot is pulled over the vessel and tightened; the second knot then
SECUTES ThE VESSEL.euceieiirisiriteiiseeses et 81
Figure 3.5 Diagram of pipette tips with vessel mounted; the vessel is pulled over the
raised band and secured behind it with two KNoOts. ... 82
Figure 3.6 Steps in the image processing procedure: (a) original image of the vessel;
(b) Sobel filtered edge image, strong edges appear white; (c) original image with
contour starting points (red lines); (d) original image with evolved contour tracing the
VESSEL @UZES. oot ——————— 87
Figure 3.7 -6dB beam width profile, the minimum beam width is between 80 and
85mm deep, this is at the same depth as the maximum peak negative acoustic pressure
ATUA LSPTA: cereererseesresressesesssesses s ssses s bR SRR 91
Figure 3.8 Schematic diagram of hydrophone measurement set up; the hydrophone
position is manipulated with micromanipulators to find the position of maximum peak
negative acoustic pressure, the position is fixed relative to the mounting position of
the force transducer to enable positioning of the tissue in the focal region..........cuue... 92
Figure 3.9 Perpendicular peak acoustic pressure profiles measured in the focal plane
of the continuous wave ultrasound field; solid lines show peak negative acoustic
pressure, dashed lines show peak positive acouStiC PresSure. ... neenensessensees 94
Figure 3.10 Perpendicular peak acoustic pressure profiles measured in the focal plane
of the diagnostic type pulsed ultrasound field (pulse duration 1 ps, PRF 2 kHz); solid
lines show peak negative acoustic pressure, dashed lines show peak positive acoustic
PIESSULE. cureuueeressesressssssssessesssssssssessessssssssssssesssssssssssessssssssssssessssssssssnsssessssssssnessssssssnssnesssssnsssssnsssssnsassassanes 95
Figure 3.11 Perpendicular peak acoustic pressure profiles measured in the focal plane
of the therapy type pulsed ultrasound field (pulse duration 1 ms, PRF 10 Hz); solid
lines show peak negative acoustic pressure, dashed lines show peak positive acoustic

PIESSUL . cuveurruressesresssssssssessesssssssssessessssssssssssesssssssssssessssssssssssesssssssssssnsssesssssssssesssssssnssnesssssnssssssessesnsassassanes 95



Figure 3.12 Frequency response of the transducer driven with a constant amplitude
signal, peak acoustic output power is observed between 3 and 3.5 MHz........ccouuuneennee 100
Figure 3.13 Orthogonal profiles centred on the beam axis showing ultrasound induced
temperature elevation in the NPL thermal test object in the focal plane of the field; the
temperature elevation is the peak value induced by a 4 minute exposure...........coce..... 103
Figure 3.14 Time course of temperature rise during ultrasound exposure (period
between dashed lines) and subsequent COOING. .....c.oueemerrrerensenseneseeesssesessesssssssnees 105
Figure 4.1 Force extension curves obtained from a section of carotid artery; 3 stretch-
relaxation cycles are shown:  1stcycle, 2nd cycle, 3rd cycle. The arrows indicate
the time sequence of data acquisition and show which legs were acquired during
stretch and which were acquired during relaxation........oeese 115
Figure 4.2 Typical stress-strain curve for carotid artery ring; the mean level of wall
stress during exposures to ultrasound is marked by the dotted line. The incremental
elastic modulus was calculated at this Value. ... 115
Figure 4.3 Histological sections of carotid artery stained with haematoxylin and eosin,
cell nuclei are stained dark purple; a) endothelium, basement membrane and smooth
muscle in the vessel wall under lower magnification; b) transverse cross section
showing endothelial cells on the luminal edge and basement membrane over smooth
muscle cells; ¢) smooth muscle cells stretching around the vessel wall in the mid
media; d) longitudinal section: smooth muscle cell nuclei appear as dots confirming
circumferential ring like orientation of cells around the vessel. Bar = 100 pm............ 117
Figure 4.4 Typical noradrenaline dose response curves: cumulative increases in wall
stress induced by doses of noradrenaline (0.1-100 pM) in carotid artery rings held
under constant strain. The two curves exhibit slightly different behaviour, the
behaviour of other rings tested was similar to one of these curves.........coeererrenerneennn. 118
Figure 4.5 Typical response curves for carotid artery rings exposed to ultrasound for a
4 minute period at an acoustic power of 145 mW.  shows the response of a ring of
fresh tissue;  shows the response of an artery ring after metabolic inhibition with
sodium azide. Increase in wall stress above baseline which has been set to zero is
shown; the dotted lines indicate the beginning and end of the exposure. In the live
section, wall stress increases during the period of exposure, slowly returning to
baseline afterwards. There is a very slight increase in the wall stress measured for the
EAM TINEG. ettt 120
Figure 4.6 The graph shows mean change in wall stress due to ultrasound exposure
from 3 sets of paired segments with intact and denuded endothelium; error bars

show the standard deviation of the MEANS. ... se s s 121



Figure 4.7 Typical responses to 4 minute ultrasound exposures at different acoustic
power levels of two different samples of carotid artery ring; a) exposure to
ultrasound at 145 mW, exposure to ultrasound at 100 mW; b)  exposure to
ultrasound at 145 mW,  exposure to ultrasound at 72 mW; the dotted lines show the
times at which the exposure began and ended. The wall stress is shown as an increase
above baseline, WhiCh iS SEt 10 ZEI0.. e e e 122
Figure 4.8 Results from experiments performed on 6 artery rings (numbered 1 - 6 on
horizontal axis) exposed to ultrasound at 100% and 69% acoustic power levels. The
top graph shows the mean change in wall stress due to exposure at the 100% acoustic
power level ; and the 69% acoustic power level ; the error bars show * 1 standard
deviation of the mean. shows a P-value of 0.1, shows a P-value of <0.05. The
bottom graph shows the ratio of the means for each data set. Error bars show error
computed from the standard deviation of the means shown in the top graph.  shows

the mean of the ratios over all data sets; shows + 1 standard deviation of the mean.

Figure 4.9 Results from experiments performed on 4 artery rings (numbered 1 - 4 on
horizontal axis) exposed to ultrasound at 100% and 50% acoustic power levels. The
top graph shows the mean change in wall stress due to exposure at the 100% acoustic
power level ; and the 50% acoustic power level ; the error bars show * 1 standard
deviation of the mean. shows a P-value of <0.1, shows a P-value of <0.05. The
bottom graph shows the ratio of the means for each data set. Error bars show error
computed from the standard deviation of the means shown in the top graph.  shows

the mean of the ratios over all data sets; shows + 1 standard deviation of the mean.

Figure 4.10 The graph shows results from experiments on 5 artery rings (numbered 1
- 5 on the horizontal axis) exposed to at least 2 out of 3 different pulse regimes. The
columns show the mean response to  continuous wave ultrasound, therapy pulsed
ultrasound, diagnostic pulsed ultrasound. Error bars show the standard deviation of
1 0T 10 1=T- 1 PP 126
Figure 4.11 Typical response of wall stress in a ring of carotid artery to an extended
period of exposure to ultrasound, the dotted lines show the beginning and end of the
period of ultrasound exposure. Wall stress continues to increase during the period of
exposure although at a decreasing rate; wall stress slowly returned to baseline after

EXPOSUTE. cueueereeresesseseesessessessessessessssessessessesssssssssessessessssssssssessessessssssssssessesssssssssssssessessssssssssssssesnessssssssens 127

11



Figure 4.12 Force extension curves obtained from a section of carotid artery; 3 stretch-
relaxation cycles are shown,  1st cycle, 2nd cycle, 3rd cycle. There is a large
degree of hysteresis in the first cycle, it then decreases with each subsequent cycle.130
Figure 4.13 Typical stress-strain curve for mesenteric artery ring; the mean level of
wall stress during exposures to ultrasound is marked by the dotted line. The
incremental elastic modulus was calculated at this value.........innnnns 131
Figure 4.14 20 pum thick histological sections of mesenteric artery stained with
haematoxylin and eosin, cell nuclei are stained dark purple; a) endothelium, basement
membrane and smooth muscle in the vessel wall under lower magnification; b)
transverse cross section showing endothelial cells on the luminal edge and basement
membrane over smooth muscle cells; ¢) smooth muscle cells stretching around the
vessel wall; d) longitudinal section, smooth muscle cell nuclei appear as dots

confirming circumferential ring like orientation of cells around the vessel. Bar = 100

Figure 4.15 Typical curve showing time course of changes in wall stress induced by
noradrenaline (1 pM) added at time a, and acetylcholine (1 uM) added at time b, in a
mesenteric artery section with intact endothelium......, 133
Figure 4.16 A typical response of a mesenteric artery section during a 4 minute
exposure to ultrasound at 145 mW; the dotted lines indicate the beginning and end of
the exposure. Wall stress increases during the period of insonation, rapidly at first,
then at a decreasing rate, before slowly returning to baseline after the exposure.....134
Figure 4.17 Typical responses to 4 minute ultrasound exposures at different acoustic
power levels; a) exposure to ultrasound at 145 mW, exposure to ultrasound at 100
mW; b) exposure to ultrasound at 145 mW, exposure to ultrasound at 72 mW; the
dotted lines show the times at which the exposure began and ended...........cocconurirunnn. 135
Figure 4.18 Results from experiments performed on 5 vessel sections (numbered 1 - 5
on horizontal axis) exposed to ultrasound at 100% and 69% acoustic power levels.
The top graph shows the mean change in wall stress due to exposure at the 100%
acoustic power level ; and the 69% acoustic power level ; the error bars show + 1
standard deviation of the mean. shows a P-value of <0.1, shows a P-value of <0.05.
The bottom graph shows the ratio of the means for each data set. Error bars show
error computed from the standard deviation of the means shown in the top graph.

shows the mean of the ratios over all data sets; shows + 1 standard deviation of the

Figure 4.19 Results from experiments performed on 3 vessel sections (numbered 1 - 3

on horizontal axis) exposed to ultrasound at 100% and 50% acoustic power levels.
12



The top graph shows the mean change in wall stress due to exposure at the 100%
acoustic power level ; and the 50% acoustic power level ; the error bars show + 1
standard deviation of the mean. shows a P-value of <0.1, shows a P-value of <0.05.
The bottom graph shows the ratio of the means for each data set. Error bars show
error computed from the standard deviation of the means shown in the top graph.

shows the mean of the ratios over all data sets; shows + 1 standard deviation of the

Figure 4.20 Mean changes in wall stress due to ultrasound exposure recorded in two
sets (of 6 sets in total) of paired segments with intact and denuded endothelium;
error bars show standard deviation of the Means..........oenrnnenneeeees 139
Figure 5.1 Schematic diagram showing the configuration of the pressure tubing and
taps. The vessel is mounted on the pipettes and pressurised using the system of
tubing and taps filled with buffer. When under pressure, the ‘stop side tap’ is closed
off and the pressure syringe is raised and open to the vessel. ......cnnnenrenensnncenes 147
Figure 5.2 Pressure radius curves for 2nd order mesenteric artery; 3 pressure cycles
are shown, 1stcycle, 2nd cycle, 3rd cycle. Hysteresis is observed in the first
cycle, which diminishes in further cycles. The vessel dose not return to the starting
diameter after the initial pressure increase suggest that it is stretched. ......c.ouueenurnnnne. 151
Figure 5.3 Typical stress-strain curve for a 15t order branch mesenteric artery section;
the mean level of wall stress during exposures to ultrasound is marked by the dotted
line. The incremental elastic modulus was calculated at this value. .......ccooeerrininiennee. 152
Figure 5.4 20 pum histological sections of small mesenteric artery stained with
haematoxylin and eosin, cell nuclei are stained dark purple; a) cross section through
the vessel; b) section of vessel wall under higher magnification, cell nuclei can be seen
stretching around the vessel wall. Bar = 100 P ... 153
Figure 5.5 Typical time course of vessel diameter during vessel function test;
noradrenaline was added to induce vasoconstriction at time a, acetylcholine was
added to induce relaxation at time b........ccnenne s 154
Figure 5.6 Typical response of vessel diameter during exposure to ultrasound for a
period of 4 minutes denoted by the dotted lines where a section of absorbing material
was placed close to the vessel to increase heating; the vertical black line illustrates the
size which corresponds to 1 pixel on the images of the vessel.......nnenrenensncenne 155
Figure 5.7 Typical response of vessel diameter during a period of rapid temperature
increase of approximately 1 °C followed by cooling back to baseline temperature. On
the top graph the vertical black line illustrates the size which corresponds to 1 pixel on

the images of the VESSel..... i ——— 156
13



Figure 6.1 Typical response to 4 minute ultrasound exposure before () and after (
) the addition of BaCl; to a concentration of 4 uM in the bath, the dotted lines show the
beginning and end of the period of ultrasound exposure. Wall stress increased during
ultrasound exposure both before and after the addition of BaClz; the magnitude of the
change was increased in the presence of BaCla. ..o 163
Figure 6.2 Results are shown from 11 out of 12 experiments performed on carotid
artery sections; the top graph shows mean response to ultrasound before , and after
the addition of barium chloride for each section; error bars show the standard
deviation of the means, shows a P-value of <0.1, shows a P-value of <0.05. The
bottom graph shows the ratio of the mean wall stress before and after BaCl, addition
for each data set; error bars show error computed from the standard deviation of the
means shown in the top graph. shows the mean of the ratios over all data sets;
shows * 1 standard deviation of the Mean ... 164
Figure 6.3 Typical response to 4 minute ultrasound exposure before () and after (
) the addition of BaCl; to a bath concentration of 4 uM, the dotted lines show the
beginning and end of the period of ultrasound exposure. Wall stress increased during
ultrasound exposure both before and after the addition of BaClz; the magnitude of the
change was increased in the presence of BaCla. ..o, 165
Figure 6.4 Results are shown from 1 out of 4 experiments performed on mesenteric
artery sections; the graph shows mean response to ultrasound before , and after

the addition of barium chloride; error bars show the standard deviation of the means.

Figure 6.5 Schematic diagram of apparatus used for fluorescent calcium imaging
experiments; artery sections were pinned out on a cork mount in a large Petri dish
heated by an immersed radiator. Tissue was imaged with a fluorescent microscope
and temperature was recorded with a thermocouple placed close to the tissue. A
heated metal block was added to the bath to increase temperature rapidly. ................ 170
Figure 6.6 Typical time course of fluorescence intensity for Fluo-4 loaded mesenteric
artery ring during temperature elevation and noradrenaline induced contraction.
Temperature increase of approximately 1.5 °C (in this case) was initiated at time a,
noradrenaline (1 pM) was added at time b; the dotted line shows the baseline
logarithmic decay. The time course of the temperature rise is shown in the lower
BTAPN. i s 173
Figure 6.7 Typical time course of changes in fluorescence intensity in Fluo-4 loaded
mesenteric artery ring during temperature elevation by approximately 1.5 °C and

noradrenaline induced contraction. The time course of the ratio of measured
14



fluorescence intensity to predicted baseline intensity is shown. Temperature increase
of approximately 1.5 °C was initiated at time a, noradrenaline (1 pM) was added at
time b. The time course of the bath temperature is also shown (lower graph)........... 174
Figure 6.8 Typical time course of fluorescence intensity for Fluo-4 loaded length of
small mesenteric artery during temperature elevation and noradrenaline induced
contraction. Temperature increase of approximately 1.5 °C was initiated at time a,
noradrenaline (1 pM) was added at time b; the dotted line shows the baseline
logarithmic decay. The time course of the bath temperature is also shown (lower
24 010 o 1R TP 176
Figure 6.9 Typical time course of changes in fluorescence intensity in Fluo-4 loaded
length of small mesenteric artery during temperature elevation by approximately 1.5
°C and noradrenaline induced contraction. The time course of the ratio of measured
fluorescence intensity to predicted baseline intensity is shown. Temperature increase
of approximately 1.5 °C was initiated at time a, noradrenaline (1 pM) was added at

time b. The time course of the bath temperature is also shown (lower graph)........... 177

15



List of tables

Table 2.1 Ultrasound exposure parameters for different diagnostic and therapeutic
applications. Exposure parameters taken from Hoskins, Thrush et al. (2003), Duck and
Martin (1991), Davros, Garra et al. (1991), ter Haar (2007 ) ....ccceoremeereensemeessessessessesssssseseenns 30
Table 2.2 Summary of conditions and results from the reported studies on bioeffects of
the vasculature. Duty cycle = ratio of the pulse duration to the pulse period.......c.......... 51
Table 2.3 Summary of conditions and results from the reported studies on cellular
bioeffects of low intensity ultrasound. Intensities are spatial-average temporal-
average unless otherwise specified. t = pulse duration. Duty cycle = ratio of the pulse
duration to the PUISE PETIOM. ...t 56
Table 3.1 Peak acoustic pressures from needle hydrophone measurements made
under experimental exposure conditions and resulting values of calculated intensities
and local Mechanical Index. The overall uncertainty at the 95% confidence interval in
these calculations was assumed to be about 30% and 36% for the Ispra and Isppa
respectively and about 15% for the peak negative acoustic pressure; for sources of
error SEE PresSton (1988). .. sss s ssssseans 96
Table 3.2 Results of measurements made for calibration of the power balance against
the NPL ChECK SOUTCE. ...t sss s sss s ssss s s s ssssssssnns 98
Table 3.3 Table of values of acoustic dose-rate and acoustic dose calculated from
values of Ispra and Isppa shown in Table 3.2 and assuming a mass density of 1000 kg m-3

(1 g cm™3) and absorption coefficient of 0.3 nepers cm ... 101

16



AT
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ATP
BaCl;
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DMSO
EDHF

FDA
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LIPUS
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NEMA
NO

Np
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PVDF
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TPx
TTO
Us

VEGF

Glossary of abbreviations

Change in temperature

American Institute of Ultrasound in Medicine
Adenosine triphosphate

Barium chloride

Continuous wave

Dimethyl sulfoxide

Endothelium derived hyperpolarising factor
Food and Drug Administration

Spatial-peak pulse-average acoustic intensity
Spatial-peak temporal-average acoustic intensity
Low intensity pulsed ultrasound

Mechanical Index

National Electrical Manufacturer’s Association
Nitric oxide

Nepers

Peak negative acoustic pressure

Peak positive acoustic pressure
Polyvinylidene fluoride

Reactive oxygen species

Thermal Index

Polymethylpentene

Thermal Test Object

Ultrasound

Vascular endothelial growth factor
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