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Abstract

MRI of fluids containing lipid coated microbubblbas been shown to be an effective tool for meaguhia local fluid pressure. However,
the intrinsically buoyant nature of these microdeblprecludes lengthy measurements due to theiicakemigration under gravity and
pressure-induced coalescence. A novel preparaipnesented which is shown to minimize both théfeets for at least 25 minutes. By
using a 2% polysaccharide gel base with a smalteatnation of glycerol and 1,2-distear@yiglycero-3-phosphocholine coated gas
microbubbles, MR measurements are made for presdeteveen 0.95 and 1.44 bar. The signal driftstdumsigration and amalgamation
are shown to be minimized for such an experimerilstwielding very high NMR sensitivities up to 388ignal change per bar.
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1. Introduction 2. Theory

Until recently, fluid pressure measurements werelena 2.1 Origin of the NMR sensitivity
exclusively with discrete electrical or mechanisahsors at
the surface of samples. If a suitable fluid is ugEdd MRI The susceptibility difference between two media in a
can non-invasively produce 3-D images of fluid pres. static magnetic field causes local polarising field
Applications as diverse as diagnostic medical imggi  perturbations. The susceptibility difference betweeater
fundamental research for chemical engineering andand air is in the order of £0[7] causing microbubbles to

enhanced oil recovery are possible with such anigdle, produce perturbations extending an appreciableantist
which could revolutionise the understanding of many from their surfaces. Water molecules which areudifig in
processes where spatial variations of fluid pressxist, such a field will be subjected to a range of fisttengths

such as for the case of a flowing viscous fluichc8i 1996 different to that in bulk fluid. The relative perbations of
two methods both utilising MRI have been demonsttat the longitudinal component of the polarising field
for samples which have low permeability, comprdssib surrounding a sphere with a magnetic susceptibility
fluids such as gasses can be used to yield pressurélifference ofAy to its surroundings are given by [2]:
sensitivity through density measurement [1] altHotlgs is

not suitable for samples such as sandstones; amaitit/e ABZ(r,H) A
method takes advantage of the susceptibility difiee T:?
between lipid coated, micron sized gas bubbles 0
(microbubbles) and a suspending liquid medium. When
subjected to a magnetic field, these microbubblkesse
perturbations which are dependent on their radjs A
change in pressure causes a change in the siZeesé t
compressible microbubbles and therefore a changlen

perturbations. Protons undergoing Brownian motiauad s . X
these microbubbles experience a range of diffefiefds dependent on the microbubble radius, a change labléu

causing signal dephasing which depends on the Size will result in a change in the distributiontbg field
microbubble size and the distance which they hiffiesed ~ Strengths sampled by a water molecule diffusingthia

during the measurements [3]. liquid, resulting in a change of signal intensi#s the
microbubbles are compressible, a change in external

The microbubble method was originally conceived as a Pressure will cause such a change in radius, yigliRI
method forin vivo human manometry using MRI [3]. A pressure contrast. Because the process relies en th
theoretical study published in 2002 [4] suggesteat the d!ffusmn of water moleculesl around' the mlcrobybbtdae
amount of gas required for sufficient sensitivisceeds the ~ distance which they have diffused in a given tirffecs
lethal dose, unless a sophisticated paramagnetitingo the sensitivity of the technique: if the protonsvdaanot

could be used [5]. In 2007 the microbubble prejiamat travelled sufficiently far between two comparative
were applied to study the pressure of a flowingdflin acquisitions, no signal change will be seen; ifytt@avel
sandstone-like samples [6]. too far, they do not encounter sufficient pertuidozs

either. It has been shown [4] that dephasing isimiaed
when molecules are allowed to diffuse a specifgtatice
in terms of the length scale of these perturbatiamsl is
partially dependant on the NMR sequence that id.use

R 3
A,Y[Tj (Bcos£h-1), Eq.1

where R is the radius of the sphere ands the radial
distance from its centre at angfdrom the direction of the
static magnetic field of strengihy.

Because the length scale of these perturbations is

In the previous works it has been shown that the
preparations present instabilities over time whaduse
drifts in the NMR signal. Lipid coated microbubblase
prone to damage as a result of the applicationregure,
owing to the fragile properties of their membranes the
propensity of the gas to dissolve into the surraumduid.
This effect coupled with their intrinsic buoyancy shibe
counteracted to make meaningful measurements iover t

Note that bubble size and diffusion coefficient
both will be affected by temperature changes, hence
affecting the sensitivity, but we have not explditer
discussed these effects in our present work.

Presented here is a novel preparation which susdeed ~2-2 Bubble rise velocity

minimising these effects whilst maintaining a high
sensitivity to pressure changes using MRI. Rheometr
diffusion NMR, time lapse photography and ultratfiskRlI
are used to validate the properties of the prejoerat

The most important factor affecting the stabilifiyte
measurements over time is the ability of the sudipen
medium to prevent buoyant advection of the micrdibesa
The expected rise velocity for a microbubble can be
determined by equating the two opposing forces whict
on it: the buoyant force,



Journal of Magnetic Resonance 12808) 159-167 3

the terminal velocity of a sphere with a given wsdtan be

Fg :% TR3Apg ; Eq. 2 expressed in terms of the physical propertiesfafid:
1
and the viscous drag on a sphere, which is giveStblges’ _| 2"R™Apg | Eq. 7
law for the case of low Reynolds number, V= 9k, ' 9

Fp =6mRv, Eqg. 3 . : .
p = o777 q For a 5% v/v suspension, the highest concentration

explored in this work, the microbubbles are separdty
more than four times their own diameter, and in
consequence  hydrodynamic  interactions  between
neighbouring microbubbles can be neglected.

whereR is the radius of a sphere moving with velooity
through a fluid with viscosity, g is the acceleration due to
gravity andAp is the difference in density between the gas
and the liquid.

Because the lipids in the membranes of the 2.3 MRI sequence
microbubbles are in the gel state, they have a \@my
mobility, and they are not likely to cause addiibslip at
the interface between the bubble and the liquid.

In all MRI work presented here, the RARE sequence
[11] is used with the RARE factor set to the numbér
lines in the images, allowing an image to be ctdiddrom

: : i a single excitation pulse as in EPI.
Several models are available to describe the prieger 9 P

of non-Newtonian fluids. In the case of our studye
viscosity of pseudo-plastic fluids is describedthg power
law model [8],

To ensure that the sensitivity of the experiment is
maximised, the effective echo tiniB="" must be optimised
with respect to th&,*" of the sample. The optimum setting
a1 required to yield maximum sensitivity to small chas in

n=Ky"", Eq. 4 T,*"is determined both semi-analytically and using ken
Carlo simulation in MATLAB (Mathworks, MA, USA).
which provides excellent correlation with the expental

data. In the previous expressignis the shear rate, whilst For a homogeneous sample defined as in Fig. 1, by
the consistencyk,, and the power law index, are two integrating the NMR signal along the y-axis anduassag
parameters that fully describe the rheological progs of  that the exponential decay during the read grasliean be
the fluid. neglected as the encoding time is sufficiently shtire

signal intensity for a modulus MRI image is well
For a particle moving through such a power-lawdjui  approximated by:

the particle Reynolds number is given by [9]:

oty off
¢ sm(yG Yo (t-T, ))‘ et
2-n n A(Te“,Te“)z 2 yJo E U ) gt - Eqg. 8
R G Eq.5 = | 16,t-TE") |

p k2 0
] ) ) . wherey is the proton gyromagnetic ratio (not relatedyto

To estimate the maximum possible R_eyno‘IdS number Nused in the rheology section), whils} is the strength of
the experimental system, the following ‘worst case’ e phase encoding imaging field gradieris, the time and

Re

parameters are assumelg: = 1.1 kg nf, v = 5"_107_”‘ s Yo is the extent of the sample along the y-axis.
R = 20pum, n = 0.3 andk, = 10 Pa %3 This gives a
Reynolds number less thax®? which is considerably A spin A
lower than values associated with a turbulent regim De’;sity ’
corresponding to Rel.
According to Williams [10] the shear force causgdab =< Yra Yo Yo Ymas > - VT

sphere moving with low Reynolds number can be

approximated b
bp y Fig. 1. Simple homogeneous sample profiles used to edimptimum

echo time.
y=—". Eq. 6 i o
2R For a small change if,™", the greatest change in signal
) ) intensity is given (see Appendix A) by
By equating the buoyant and drag forces, and ukiag
‘worst case’ parameters and models mentioned pusiyip



T = omg Eq. 9
Although quantitatively correct, for practical MRI

purposes the qualitative deterioration of an imadigat
would be acquired with this set up needs to besasse
This is achieved using Monte Carlo simulation, imiat an
idealised circular homogeneous image has its
corresponding train of spin echoes multiplied by an
exponential decay for a range of differ@st" values before
thermal noise is added. The mean amplitude ofdkelting

MR image is then calculated in termsTef"™.

Visual inspection of the reconstructed images alow
gualitative estimation of the image artefacts, ipalarly
those due to the increasing attenuation of thereeoft k-
space. Quantitation of the SNR (mean signal divioethe
standard deviation of noise) in the set of gendrateges
also permits verification of the result in Eq. 9.

3. Materials

In order to minimise the extent to which microbudsbl
dissolve in the surrounding medium, they are couaiitidl a
lipid shell. These lipid coated microbubbles arenowonly
used as a contrast agent in ultrasound as theythgrea
enhance the scattering of the incident wave, thyereb
improving contrast [12].

There are numerous methods for producing these

microbubbles ranging from simple sonication [13]tiegls

to very complex freeze drying procedures [14]. Tethod
used for this work is detailed by Vangada al. [15] and
uses high shear mixing to produce polydisperse
microbubbles. The chosen lipid powder is hydratdth w
water, forming laminar sheets. The mixture is then
subjected to high shear mixing at atmospheric press
using a homogeniser, spontaneously
bubbles. The lipids are in their lowest energyestahen
their hydrophobic chains are inside the gas bubivlatst
their hydrophilic head groups are in the surrougdin
medium. As a consequence of this, the lipids form a
membrane at the gas liquid interface of the micbhibes.
This method allows rapid and efficient productiongas
filled lipid coated microbubbles 1-2@m in size. The lipid
used for the following work is 1,2-distearayt+glycero-3-
phosphocholine (DSPC, C18:0, MR: 790.16) as this ha
been shown to yield superior stability in companiso
shorter chain lipids [13].

To prevent buoyant advection of lipid coated
microbubbles through the suspending medium, a ighl
viscous preparation is necessary. However, acoptdithe
Stokes-Einstein relationship, higher viscosity Hhssun
lower diffusion for Newtonian fluids. Since thefdi§ion of
water molecules around the lipid coated microbublie
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critical for the MRI contrast, simply increasing eth
viscosity may greatly reduce the sensitivity. Hoeg\non-
Newtonian fluids are not governed by the Stokestein
relationship. Polysaccharide gels are an exampéegrbup
of fluids which allow increase in viscosity with miinal
effect on the diffusion of water within their sttuce [16].
We present results that demonstrate that thiseic#se for
gellan gum, which is the polysaccharide gel usethése
experiments, and justify its use as a suitable enudipg
medium for this contrast agent.

Gellan gum in aqueous solution forms an entangled
polymer network at relatively low concentrationgpftally
less than 5%), rapidly increasing the bulk visgosit the
fluid [17]. Because the polymer chains are veryglothe
majority of water molecules in the solution areefreo
diffuse unhindered resulting in minimal reductian the
diffusion coefficient. Unfortunately, polysacchaidyels
have a high propensity to support bacterial growttich
can change many properties of the gel including the
viscosity. In order to minimise the bacterial grbwt
Sodium Hypochlorite is used in a concentration @2
v/v. Lipid coated microbubbles have been testedhis
solution to ensure that it does not affect theab#ity
(which would not be expected as they are not etadly
charged).

The gellan gum is supplied in powdered form, and fo
these experiments CPKelco's Kelcogel AFT (CPKelco,
USA) is used. This is an industrial grade gum wéth
particle size of 35fum [18] which must be rehydrated with
water to produce a gel. To prevent inclusion of lpaisbles
within the gel, which could lead to spurious measuwnts,
it is hydrated under vacuum.

Prior to the suspension of microbubbles in the thely

introducing gas®'® blended with an equal concentration of glycefble

reason this increases the stability of the micrdleilis
unknown at this time, but it has been seen to sdmew
reduce the drift in signal intensity.

4. Experimental

The properties of the polysaccharide gel are thginbyu
analysed before it is used as the base of theasirdgent.
The fluid should reduce the buoyant advection af th
microbubbles with minimal restriction to the seiffidsion
of water within its structure which in turn shouldt affect
the lipid coated micro-bubbles.

The viscosity of the gel is measured at various
concentrations for a range of shear rates usingAa T
Instruments (Delaware, USA) CS&LRheometer. The
instrument is calibrated using PolyDiMethylSiloxane
(PDMS) oils which are available in a wide range of
viscosities over which they are highly NewtoniarheT
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instrument is used with a ‘Mooney-Ewart’ geometi@]
tool manufactured from acrylic. The viscosity isasered
for increasing and decreasing shear rates allowimg
rheological properties of the gel to be studied dostatic
and flowing fluid.

To verify that the prediction of the bubble risdooity
is representative of the practical situation, tdityi
measurements of two samples, methyl cellulose aildrg
gum prepared in equal concentration is performdoe T
opacity of the microbubbles is sufficient that tineapse
photography can be used. The samples are photagtaph
simultaneously every minute using an 8-bit blac#t aite
DSA Mk 10 camera (Kriss, Hamburg, Germany). In pbrde
to prevent clipping, the contrast of the imagesdjusted
by varying the light intensity until an image ofetlgels
without microbubbles gives a grey value of 2500wlhg
the smallest possible microbubbles to be observed.
facilitate simultaneous display of the collectedadahe
intensity across the width of each sample is awstag
providing vertical profiles each minute. These phatted
and the gradients of similar intensities calculatexd
determine the rise velocity of various microbubbiees.
These are then compared to the theoretical essnatan
attempt to validate them.

The self-diffusion of water contained in the fluig

The MRI experiments are performed using a 2.35 T
Biospec small animal scanner (Bruker, Germany).thes
fluid is static, ultra fast imaging can be used hwiit
concern for flow artefacts.

Two MRI experiments are conducted: The first isetst
for the presence of microbubble advection. A siriglge
volume of fluid is tested in a cylindrical acrytell (42mm
id x 70mm) with Swagelok (Swagelok, USA) connectors at
the inlet and outlet. The pressure of this sampléhen
varied using a remotely connected syringe pumpsivttie
RARE sequence is run. The signal intensity at sdver
pressures is divided by the average signal intesiér all
pressures. If the microbubbles experience advediioing
the experiment, a vertical gradient will develop time.
This is tested by plotting profiles from a singieel across
the centre of the sample horizontally and vertjcall

The second experiment tests the stability of the MR
sensitivity to pressure changes. Using a similar
experimental setup, the fluid pressure is variedswit is
monitored and recorded using a traditional piezugte
pressure sensor. The average signal over the sample
volume is plotted alongside the recorded pressutest for
correlation between external pressure and the Isigna
intensity. A control sample containing just gellgom is
also tested to ensure that sensitivity is indeedilcg from

measured using a 400 MHz pulsed field gradient the presence of lipid coated microbubbles and nainf

spectrometer at University of Leipzig. The magretai
wide bore 9.4 T superconducting type (Bruker, Geryha
and is used with a MARAN ULTRA console (Resonance
Instruments, GB) with a Direct Binary Coded Current
Source [20] for gradient pulse generation, whilke t
instrument is triggered at a constant mains vol{@gese to
avoid hum artefacts. Using a stimulated gradierttoec
sequence with compensation for a shift in echo tjoosi
caused by imperfect gradient pulses [20], a samplieme

of 0.5 ml is tested in the actively shielded amifiholtz
type probe at a range of temperatures for distilfater and
gellan gum. These experiments allow rapid assedsafen
the stability of the preparation and its sensiitid minor
changes in temperature.

trapped gas or other unintentional contrast meshasi
5. Results
5.1. Viscosity Measurements

The viscosity of the gel is measured for three damp
shown on Fig. 2. The plots show the variationsigtasity
for a range of shear rates. The consistency ancptaw
index are calculated from a log-log plot (see Rpg.The
viscosity is also measured for 2% methyl cellul¢shich
was used in two previous studies [3; 6]) for corigmar to
the properties of the gellan gum (see Fig. 3).d9h@rar rates
below 12 & the gellan gum’s viscosity is far higher than
the methyl cellulose, above this value, viscositeE®

Once the fluid properties have been assessed, it issimilar within 0.25 Pa s.

prepared for use as a contrast agent to pressuigioa.
The dry powder is dissolved in distilled water to a
concentration of 2% w/v whilst stirring vigorousfgr 8
hours under vacuum (450 torr) untii a gas free
homogeneous preparation
microbubbles are then blended with an equal conatorn

of glycerol before mixing with the gellan gum to a
concentration of 1.25% v/v. Having achieved a
homogeneous preparation, the fluid can be usedtljiras

an MRI contrast agent to pressure.

is achieved. Lipid coated
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Fig. 4. Log-log plot of predicted rise velocity (v) forgaven microbubble

F|g 2. Log-log plot of Viscosity against shear rate foe three Samp'esl radius based on extrapolated rheology data (theslb\&hear rate value
The addition of glycerol and microbubbles hasditffect on the viscosity ~ Measured in Fig 3 corresponds on this graph tolbuablii of 126um and
of the fluid, even at concentrations as high 5%loft shear the viscosity ~ 110 pm for the Gellan gum and the Methyl cellulose resipely),
of the fluids are very high with a value greatearthé Pas. The plot  Produced using Egs. (2-6) for comparison of twgprations.
demonstrates near ideal power law behavior andvalldetermination of

the rheological coefficients, consistengy) @nd power law indexj.
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Fig. 3. Log-log plot of viscosity against shear rate fallgh gum and
methyl cellulose both at 2% w/v demonstrating nideal behavior and 14
allowing determination of consistendg)and power law indexj.
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5.2 Microbubble advection measurements Fig. 6. Profile images. The gradients which yield estirsaterise velocity
are shown in green on the two images and the gredialculated are
shown as red lines. The colour codes the averaggnsity of light

The theoretical velocities predicted for a range of )
averaged over the sample width.

microbubble sizes determined using Eq. (6) and ldggo
data in Fig. 3 are plotted in Fig. 4. The expeateltbcity
for a microbubble in methyl cellulose is predicted be
three orders of magnitude faster than a similaibeds
microbubble in gellan gum (e.g. for 18m bubbles,
velocities are 810% m s and %10™ m s' for methyl
cellulose and gellan gum respectively.)

of microbubble rise velocity, vertical profiles aaken for
each frame from within the two regions bounded Iy t
green outlines. The profiles are then stacked ftefinto
right and shown in Fig. 6. By following contours sifnilar
pixel intensity, the velocity of a range of micrditmes of
similar size may be estimated. These contourstawrs in
green on Fig. 6. The microbubbles are immobileha t
gellan gum for the duration of the experiment (3&vhich
corresponds to a velocity less thaml@*?m s whilst
velocities ranging from 810%m s' to 4x10'm s' are
found for the methyl cellulose.

Two images from the time lapse photography study ar
shown in Fig. 5 (the original video showing eachetilapse
image is available as supporting material). In orte
present the data in a format which allows rapigéssment
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5.3 Diffusion Measurements

The two methods correlate well, although small
differences can be seen due to the thermal no@sdasmot

The diffusion measurements were conducted over aaccounted for in the semi-analytical solution.

range of temperatures between 298 K and 338 K. Five
measurements were made for the gellan sample (@vith

gradient pulse separation time of 3 ms), as showkig. 7.
On the same figure, values for the variations défudion
coefficients for bulk water as found by Holz et [@1] are
plotted alongside the experimental data to dematesthe
similarity of the diffusion coefficients for gellagum and
bulk water. For the range of temperatures invetgijathe
diffusion coefficient of water in the gellan gum tma is
similar to that of bulk water within 7%.

:
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|
! ! } |~ | —Gellan fit
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I I I I ; ; ;
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Fig. 7. Plot of the natural logarithm of the diffusion fi@ent against the
reciprocal of temperature, normalized by value ofkbwater at room
temperature for water and gellan gum. Correlatietwben samples is
high implying that the majority of water in the gelmple is unrestricted
by the network.

5.4 Optimization of signal sensitivity

The measurement of fluid pressure with MRI offeastv
variations in sensitivity, spatial and temporalotetons
due to the large and growing number of MR sequentis
important to optimize as many parameters as p@ssil
fully enhance the signal sensitivity.

Most often the signal is acquired within a shoaicfion
of the NMR exponential decay, and in this case, st
sensitive measurement of small changesTjnis found
whenTg = To.

For the case of the static fluids explored in ttisdy,
the RARE sequence with single shot planar imagirg w
found to yield an excellent compromise betweenigpand
temporal resolutions, whilst the sensitivity to gmere
changes could be maximized by settif§’ = 215", as is
shown in Fig. 8.

When the conditiorg™ = 217" is fulfilled, the centre of
k-space suffers from strong attenuation, yieldingage
artifacts, mostly in the form of DC signal lossddeig 9),
resulting in spuriously enhanced edges togetheh wit
reduced intensity of the central volume. By choggim set
T at a value around.6T,*" an excellent sensitivity to
pressure changes is maintained whilst image atdiface
substantially reduced.

120

dAMdT,
dA/dTS

Fig. 8. Plot of gradients of semi-analytical (solid lin@)d Monte Carlo
(single points) simulation signals, showing theimpim value forTe*" to
measure small changes in the valug@stf. A Gaussian convolution (width
= 0.5T,*" is applied to the MR signal found from the Mostarlo data
prior to obtaining the gradient. Both tests suggeat settingTe®" to twice
the value ofl,*"yields optimum sensitivity to a changeTisf".
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Fig 9. Demonstration of k-space clipping due to lengthredéxation. (a)
Image withTe*™=2T*" (b) Image with T*=1.6T,°"; The pixel intensities
are in arbitrary units. (¢) The RARE echo train hwiho relaxation,
superimposed with the relaxation curve for the Ga8&2T,°" and for the
caseTe""=1.6T%"(red curves).
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5.5 MRI with contrast agent x 10
1.45 10.1

No Micﬁuvbble

The bulk fluid cell is filled with 2% gellan gum
with distilled water (w/v) and 2.5% microbubblesdan
glycerol in equal concentration to test the stgbilio
buoyant advection. The images in Fig. 10 show tgeas
intensity relative to the mean for three pressufég high
homogeneity of the images is indicative of the laufk
buoyant advective motion of the microbubbles thtotlge
medium. The images are acquired using the RARE

/Above 1.4 ba

sequence with the following imaging parameters: ridat J/ V\x
Size=7474; Te=6.737 ms:Te*" = 284 ms (0.6T,°"); Tg = { /f \
2462 ms [,°" of the sample was 424 ms). The valug&f ‘ ‘ ‘

was not optimised for these experiments as theyewer 0 40 80 120

intended to demonstrate the reduction in advedtibifst a Time, ¢

sufficiently high sensitivity was observed. If thalue of

TEehc had been optimised and set at 636 ms, the seftysitiv Figure 12: Plot of average signal over sample veliamd pressure against

could have been as high as 96% signal Change per ba time. Thch§ cur\{e is pressure measured with a m@:mnc _pressqre
sensor whilst thin curves represent the averaggdakiintensity. Thin

curves are: Control sample containing degassedrgelim, sample with
microbubbles which have not been subjected to pressn excess of 1.4
bar, and a sample that has experienced pressures &bt bar.

Below 1.4 bar

13 = 4.2

Pressure, bar
NMR Signal, au

=
=
Ul
w
0

showing this reduction in sensitivity without inthacing
advection is supplied as a separate movie in thpating
o7 material.

Mean relative signal
intensity

Fig. 10. Three MRI images taken at different pressureseamahstrate . .
reduction in migration of microbubbles. The threeages are taken at: 0. Discussion
0.95, 1.3 and 1.44 bar (left to right respectively)

The three gellan gum samples used for rheological
Single pixel horizontal and vertical profiles frothe measurements demonstrate similar shear rate - sifigco
central row and column of the images in Fig. 10@ogted profiles despite inclusion of microbubbles and ghgat.
in Fig. 11 to demonstrate the minimization of mhbble The viscosity of the gellan gum is considerablyhleigthan
advection. The three curves present no measuraddiegt that of the methyl cellulose in equal concentrafioovided
which is indicative of no advective processes fbe t that the shear forces experienced are below™ 2vkich
duration of the 25 min experiment. would correspond to a flow rate of 2.9 mfhis a 10um

pipe.

=
[N}

I
1N

For the MRI experiments conducted in this papeg, th
fluid is at rest. In consequence, the only sheace®
exerted on the fluid come from microbubble advectigor

.
-

o
©

Relative pixel intensity
©
©

Relative pixel intensity

LE N | VR 08 optimum MRI stability, and to prevent measurablétsir
0.75 >3 m o 0.75 3 = m the rise velocity should be sufficiently small toepent
Pixels Pixels microbubbles moving out of a voxel over the experital

Fig. 11. Horizontal (left) and vertical (right) profiles kan across the duration (~1mm =360 mm Sl) By balancing the viscous
centre of MRI images in Fig. 10. Broken line is @85 bar, thick line for drag and the buoyant forces it is possible to dater the
1.3 bar and thin line for 1.44 bar. viscosity required to achieve this velocity for a
microbubble of a given diameter. For microbubblesta
The average signal intensity over the volume is 10um diameter, a fluid with a viscosity of at least®Pas
calculated for each scan in time and is plottedgdale the would be necessary. At 2% concentration, a visgosit
pressure measured using piezoelectric sensors. Theyreater than this is found for shear rates less #ta s
correlation is high for a single cycle below 1.4.b@nce  which suggests that the contrast agent will reratble for
the fluid experiences further cycles at such pressor if  a wide range of flow rates from rest to around 10 &1 in
greater pressures are used, the microbubbles eugur  sandstone-like samples.
coalesce and reduce the sensitivity from 38% sighahge
per bar to less than 10% signal change per barK8eee The similarity of the diffusion of water within thgel
12). Data collected after several cycles of pressur structure to that of bulk water suggests that tbetrast
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generated will be as high as possible without thiming
any drifts due to the migration of the microbubbles

Fig. 4 can be used to determine the velocity ofvarg
bubble diameter in either preparation. In methylubese,
the observed advection velocity of8®m s* found using
time lapse photography in methyl cellulose (Fig.gijould
correspond to a bubble radius of i@ which is within the
size distribution observed in our preparations [1Br
these microbubbles, a velocity ok m-s' is expected

in gellan gum suggesting that no measurable movemen
should be seen in this experiment which is also in

agreement with Fig. 6.

The migration of the microbubbles is shown to be
eliminated over the course of the MRI experimersighe
vertical and horizontal profiles present no medslera
gradient over time. The averaged signal intensityults
demonstrate that the sensitivity is solely duenheogresence
of gas filled microbubbles as the de-gassed sawyiplds
no measurable sensitivity. For experiments conduete
pressures below 1.4 bar, at which the compredyilofithe
lipid membrane becomes insufficient to cope witke th
tendency of the gas to dissolve in the surroundilegium,
the signal intensity exhibits excellent correlatiaith the
external pressure. Once this limit is exceededthadluid
returned to atmospheric conditions, the microbubble
experience a change in size or rupture, which resltloe
sensitivity. For several cycles of pressure, thesiieity
can be lost entirely.

7. Conclusions

A novel contrast agent, which allows stable MRI

measurement of fluid pressure over time, has been

produced using lipid coated microbubbles suspended
gellan gum. This has been achieved whilst maimgira
sensitivity as high as 38% signal change per bar.

The properties of the gellan gum have been assessedhstitute for

using rheology and diffusion NMR. Predicted and

pressure, its non Newtonian behaviour poses clgskefor
use in such applications.

However, the well characterized, small phase lathén
MR signal change (caused by the time required fatew
molecules to diffuse the lengthscale of the typical
microbubble field gradient) following any pressure
variation, offers the exciting possibility of imagi fast
transients in pressure if the imaging gradient gailare
accurately synchronised.

This type of microbubble preparation is highly welet
[12] to ultrasound imaging, oxygen delivery, etand our
new preparation offers the MRI user a method for
comfortably testing new bubble preparations, ashédy
were in water, yet providing many hours of advetfiee
stability.

The understanding of non-Newtonian fluids is al§o o
great relevance to several industries such as dlog f
industry, or the industry concerned with resin $fan
molding [22], and our contrast agent is highlytabie to
such research effort.

Pressure gradients in a fluid flowing through a
sandstone-like sample could be measured, provitgdte
width of the microbubble size distribution is sbita
reduced.

The gellan gum base could also be used with
microbubbles of different composition [23] to piég
measure greater pressure ranges.
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measured microbubble advection velocities have been

compared using analytical methods and time

photography.

By combining the microbubbles with an equal amount

of glycerol before their suspension in gellan guan,
preparation free of advective and amalgamativasdhifs
been used for bulk fluid pressure measurements aver
period of at least 25 min.

Darcy’'s law (for Newtonian fluids) is the most nedet
model for the majority of chemical engineering
applications including oil recovery. Although theslan
gum used in this study has many benefits for thaging of

lapse Appendix A.

In this appendix a semi-analytical proof of Eq. {6)
the optimum echo time setting is provided.

Consider the signal from the homogeneous volume
defined in Fig. 1, which is given by the integral,

y

[o]

By defining a=)Gyy, and performing the substitution
x=a(t-Te*", this integral can be simplified to,

2
AT TE = ;’ FaT aTe")  (a2)
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where the functiofr(aT,*",aTc®" has been defined as,
_yeff eff
F(aT,",aTe") =e = "= G(aT,",aTe")  (A3)

and the functiois(aT.2" aT™" is given by the integral,
i X
GaT,",aTe) = | sing(x)[e™™ dx  (A4)

eff
—aTg

For the volume defined in Fig. 1, the maximum

measured frequency in the experiment is given by,
_ J’Gy Ymax
To prevent Nyquist ghosts, the highest frequenay ith

F (A5)

measured must be at least twice the highest freguen

originating from the NMR. Using\b/Te*™ as the sampling
rate and setting the field of view to twice theemttof the
sample results in,
Nb _ JGyYe
T o7

(A6)

whereNDb is the number of digital points sampled (typically

70 or more). Assuming that®"andTc*" are in the order of
2 s and 0.5 s respectively, the expected valuex i$
typically in excess of 140 for which the exponelnéam in
Eqg. (A4) tends to 1 giving:
atg"
G(a, T T = j sind(x)|dx
—aTgh
For sufficiently large values o&Tg, the integral of the
modulus of the singj term is independent oF,=" which
gives

(A7)

FaT" oty = /T2 (A8)
The maximum of the first derivative & with respect to

T,*"gives the optimum setting fd¥. This can be found by
setting the second derivative to zero,

d 2 F -7 eff T eff
d-l-effz = Teffi F 1_ Z'IFEﬁ = O (A9)
2 2 2
which gives,
T = 21" (A10)

This semi-analytical solution for the optimum ectime

agrees with the result found from the Monte Carlo

simulation.

Appendix B.

Supplementary data associated with this articlelbsan
found, in the online version, at
doi:10.1016/j.jmr.2008.04.025.
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