
































































































































































































































































































































































































































PhD Thesis - K. Wilson - McMaster - Medical Physics

Light
Source

Collimating Lens

Transmission
Sphere

Spectrometer

PVA-Csample

Reflection
Sphere

P

BaSO.:Plate

Fig. 1 — Double Integrating Sphere apparatus

Double integrating sphete apparatus that was used to measure the
absorption and reduced scatterng coefficients of PVA-C samples.
Adapted from Counter et al [12].

A Monte Carlo model of light transport was used to estimate the absorption and reduced scatteting
coefficients from the measurements of diffuse reflectance and transmittance. Details of the Monte Catlo

code and experimental technique are provided elsewhere [12].

4.2.2.ii  Steady-State Spatially Resolved Diffuse Reflectance

Secondly, a steady-state spatially resolved diffuse reflectance measurement was performed on the
100uL. India ink cylindrical PVA-C sample. This measurement system is described in detail elsewhere
[62]. ‘This measurement provides a compatison with the measurement petformed by the double

integrating spheres, however in this measurement the thicker cylindrical samples were used.
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A single source fiber from a flat black multi fiber probe (Fiberguide Industres, NJ, USA) was used
for illumination and 25 collection fibers were used for detection (fiber diameter was 100um, NA=0.22).
The probe face was placed on the sample being imaged and a coupling fluid was applied to minimize any
artifacts caused by large differences in the index of refraction. In this study, coupling fluid was not
needed as the cylindrical PVA-C phantom had a thin film of water on the outside. A 100W quartz-
tungsten-halogen (QTH) broadband light soutce (Oriel Instruments, CT, USA) was coupled into the
source fiber and used to illuminate the phantom. Scattered light was collected at 14 distances, ranging
from 1-10mm from the source fibet, and sent to a spectrometer (Kaiser Optical Systems, MI, USA)

coupled to a charged coupled device (CCD) (Princeton Instruments, NJ, USA). The experimental setup

1s illustrated in Figure 2.
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Fig. 2 — Steady-State Spatially Resolved Diffuse Reflectance.
Adapted from Diamond et al [63].

The absorption and reduced scattering coefficients wete estimated using 2 Monte Catlo simulation

that modeled the measurement geometry. The single Monte Carlo simulation scored reflectance as a
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function of radial distance in mean-free paths and number of interaction events for a non-absorbing
medium. Results for any combination of optical properties could be recovered by appropriately rescaling
the simulation. The simulation and method of optical property recovery is described in greater detail in
an earlier work by Diamond et al. [63]. A total of 8 independent measurements were performed on the
base of the cylindrical PVA-C phantom, and an average was obtained. This was done in case there was

any non-uniformity, of either the India ink or the hydrogen bonding, in the cylindrical PVA-C phantom.

4.2.3 ComfortScan™ Imaging

The Dynamic Optical Breast Imaging was petformed using the ComfortScan™ system (XinAoMDT
Technology Co., LTD, Beijing, China). This system has been tested by other groups and has shown
promising results {58, 60] using a different method of image analysis.

The ComfortScan™ system, shown in Figure 3, is a light scanning technique using 640nm red light to

image the breast.
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Fig. 3 — ComfortScan System

This figure shows the ComfortScan™ system that was used in this study.
The patient is positioned on the left side and the NIR technician stands to
the right in front of computer monitor.

The phantom was positioned on the LED array, which is positioned in a square grid and consists of
127 LEDs on a platform angled 30 degrees from the horizontal. A soft air bladder was then lowered onto
the top of the phantom. A CCD camera, located within the soft air bladder above the phantom, is used for
imaging. A real time positioning image was obtained to check the position of the phantom. Next, an LED
check was performed using the ComfortScan™ software in order to ensure all the LEDs are functional, and
ensure that the light intensity exiting the phantom was within a normal range. Errors can occur during this
LED check if the phantom is either too thick (not enough light is transmitted) or too thin (too much light is
transmitted). A suspicious ROI was placed over the area of interest; for the phantom this marker was

placed at the cavity. If the phantom was scanned with no cavity the suspicious ROI marker was placed in a
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random location near the center of the phantom. The matker is used normally by the reading radiologist to
give an approximate area of the suspicious ROI seen in the mammogram. The marker was used in this
study to identify the location of the cavity for easier image evaluation.

Standard operating procedure for a patient breast scan was followed. The 640 nm light from the
LEDs passed through the phantom and was detected by the sensitive CCD camera. As the scan started, the
soft air bladder, made of thin silicon, was inflated to apply gentle pressure (5 mmHg) during the first 15
seconds of the scan. The pressure was then increased to 10 mmHg and images are acquired for the next 30
seconds. During the last part of the scan, the pressure was lowered back to 5 mmHg. A total of 45 images
were taken during the 60 second scan, and the inital 5 images were used as a baseline. The 5 initial images
are used as Irin Equation 1. The remaining 40 images make up the dynamic part of the sequence, which
takes place during the compression aspect of the scan.

A dynamic signature for every pixel was obtained using Equation 1.

I(X,y, t) - Iref(xly)

DS{x,v,t}) =
(x}’ ) [-ref(x'}’)

®

where DS(x,2) is the dynamic signature used for image production, Ifx,3,?) is the intensity of transmitted
light at the various positions, and I, is the light intensity after the breast shape (phantom shape in this study)
had stabilized obtained from the reference image (Ief(X;)). The variables x and y represent a two
dimensional pixel location, and # represents a point in time related to when the intensity was received by the
CCD camera. This dynamic signature is therefore intended to highlight changes in light transmission from
the reference image, resulting from changes in pressure of the breast (or phantom).

The dynamic signature was used to produce all 45 images; these images are then shown by the image
analysis software as a video. A colour scale applied to the range of dynamic signatures allows for easier

image analysis. A green area corresponds to a relatively stable dynamic signature with time, an area of
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red/white represents a highly increasing dynamic signature with time, and a purple/black area represents an
area of highly decreasing dynamic signatutes with time. The dynamic signature is related to the increase or
decrease in light attenuation with time, which is directly correlated to the volume of blood at a given
position. For example, a highly decreasing dynamic signature represents an area where the transmitted light
becomes highly attenuated with time. The videos used in the image analysis show how the dynamic
signatures change with respect to time; the more purple/black an area becomes, the higher the likelihood of

malignancy. Images in this study tepresent the static inage found at the end of the compresston.

4.2.4 Imaging of Full and Half Cylindrical PVA-C Samples

The full cylinder (100pL ink) PVA-C phantom was used as a breast phantom for the ComfortScan™
systemn; this phantom was measured as outlined in section 3.2.3 of the methods. A full cylinder of PVA-C,
as produced for this study, was too opaque for the ComfortScan™ system. For this reason, the phantom
was sectioned into two equal halves. The half cylinder of PVA-C was used for all subsequent measurements
in this study. Measurements on the ComfortScan™ system on the half cylindrcal PVA-C phantom were
also performed with a lcc central cavity (measuting 1cm by 1cm by 1cm); this was done to investigate any

changes in the NIR image that were caused by introducing a central cavity.

4.2.5 Oxygenated Equine Blood

Measurements were made using the ComfortScan™ system as per section 3.2.3 (descrbed above)
using the half cylindrical PVA-C phantom with 1cc of oxygenated defibrinated equine blood (Hemostat
Laboratories, CA, USA) to fill a 1cc central cavity. Equine blood was used because it has been shown
previously that the aggregate formation rate and the membrane’s anisotropy in horse blood compares well
to that of human blood [64]. The oxygenated blood was used to mimic a benign lesion in order to examine
the theoty of the ComfortScan™ system that oxygenated blood will exhibit a lower attenuation of light than
surrounding tissue. The absorption and reduced scattering coefficients of oxyhemoglobin are 0.1 mm™ and
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1.8 mm1, respectively [65]. Using the integrating sphere apparatus measurement, the absorption and
reduced scattering coefficients for the PVA-C phantom at 640nm were 0.012 + 0.002 mm™ and 1.5 * 0.2
mm!, respectively. Using the steady state spatially resolved reflectance measurement, the absotption and
reduced scattering coefficients for the PVA-C phantom were 0.017 + 0.005 mm! and 1.3 £ 0.2 mm-,
respectively. Considering the absorption and the reduced scattering coefficients for oxygenated blood and
PVA-C are similar, it is expected that the ComfortScan™ image will having uniform attenuation
throughout; unless, the compression used by the ComfortScan™ preferentially affects the region with the
oxygenated blood. During the compression aspect of the ComfortScan™ sequence, the oxygenated blood
should compress more easily than the surrounding PVA-C material due to tensile strength properties of the
two materals. The tensile properties of PVA-C have been shown previously to increase with number of

FTCs by our group through use of indentation measurements.

4.2.6 Deoxygenated Equine Blood

Measurements were made using the ComfortScan™ system as per section 3.2.3 (described above) on
the half cylindrical PVA-C phantom when deoxygenated defibrinated equine blood was used to fill a 1cc
central cavity. The deoxygenated blood was used to mimic the collapse of a malignant lesion’s tortuous
vasculature causing the deoxygenation of blood duting the compression aspect of the scan.

In order to deoxygenate the equine blood, activated yeast was added. A hot plate was used to boil
80mL of water; once boiling, 2 grams of yeast (Fleischmann’s Instant Yeast, www.breadworld.com) was
added and stirred. When the yeast was completed dissolved in the water, 10mL of the water/yeast mixture
was added to 40mL of oxygenated equine blood. Next, 1cc of the blood/water/yeast solution was added to
the 1cc central cavity in the PVA-C phantom using a 1cc sytinge. The phantom was then immediately
positioned on the LED array, and the ComfortScan™ image sequence was started. Various amounts of

water, yeast, and blood were used before finding the above mixture which provided the appropriate rate of
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deoxygenation needed in order to have the equine blood deoxygenate over the length of the 60 second
ComfortScan™ imaging sequence. It was found that using the above mixture deoxygenated all 40mL of
equine blood in the approptiate time; adding any more yeast did not have an effect on the deoxygenation
process. Previously, Chance et al. have used a mixture of yeast (2-5%) and blood to convert the
oxyhemoglobin to deoxyhemoglobin in order to examine change in the absorption of light to simulate
anoxia in the brain [66]. The absorption coefficient of Bakers’ yeast has been previously measured to be
between 0.001 mm-! to 0.003 mm! for yeast concentrations of 20mg/mL to 50mg/mL, respectively [67].
Considering a concentration of only 5mg/mL was used to deoxygenate the equine blood, there should not
be significant light attenuation from the yeast. In this study, previous work by Delpy et al. [59] showed that
the attenuation of 640nm light by oxygenated hemoglobin should be less than the attenuation of
deoxygenated hemoglobin. The absorption and reduced scattering coefficients of deoxyhemoglobin are 0.95
mm™ and 1.8 mm-1, respectively [65]. Using the integrating sphere apparatus measurement, the absorption
and reduced scattering coefficients for the PVA-C phantom at 640nm were 0.012 £ 0.002 mm and 1.5 £
0.2 mm-1, respectively. Using the steady state spatially resolved reflectance measurement, the absorption and
reduced scattering coefficients for the PVA-C phantom were 0.017 * 0.005 mm™ and 1.3 £ 0.2 mm,
respectively. This suggests the cavity containing deoxygenated blood should show higher attenuation than

the surrounding PVA-C; this helps in providing suppott that the second hypothesis is true.

4.2.7 Removal of Blood during Compression

Measutements were made using the ComfortScan™ system as per section 3.2.3 (described above)
using the half cylindrical PVA-C phantom with 1cc of oxygenated equine blood added to the central 1cc
cavity. In this case, however, the cavity was voided of all blood duting the compression part of the scan.
This was performed by positioning a catheter inside the central lcc cavity and filling the cavity with

oxygenated equine blood, then removing it using a syringe connected to the catheter during the
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compression aspect of the scan. This was done to simulate the situation of the vasculature of a malignant
tumour collapsing, voiding the region of blood. This was done to test if the increased attenuation seen by
the ComfortScan™ system in malignant lesions was a result of the complete removal of blood from the

tumourous region during the scan.

4.2.8 Statistics

Standard deviation was performed for the calculations of absorption and reduced scattering

coefficients.

4.3 RESULTS

4.3.1 Absorption and Reduced Scattering of PVA-C Phantoms

In Figure 4 the absorption (panel a) and reduced scattering (panel b) coefficients are shown for PVA-

C with 50pL of ink measured using the double integrating sphere apparatus.
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Fig. 4 — Absorption and reduced scattering coefficients for 50uL India
ink PVA-C

A figure showing the absorption and reduced scatteting coefficients for
PVA-C which had 50uL of india ink added to 850mL of distilled water
using the double integrating sphere apparatus. The measurements were
taken over a range of wavelengths (450nm — 950nm).

Similarly, in Figure 5 the absorption (panel a) and reduced scattering (panel b) coefficients are shown

for PVA-C with 100uL of ink measured using the double integrating sphete apparatus.
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......... Fig. 5 — Absorption and reduced scattering coefficients for 100pL india

ink PVA-C

A figure showing the absorption and reduced scattering coefficients for
PVA-C which had 100uL. of india ink added to 850mL of distilled water
using the double integrating sphere apparatus. The measurements were
taken over a range of wavelengths (450nm — 950nm).

Figures 4 and 5 are qualitatively very similar. The only difference is that in Figure 4 there was 50uL. of
India ink added to the PVA-C, whereas, Figure 5 was PVA-C with 100uL of India ink added. The
absorption in Figure 5a demonstrates more varation with wavelength as compared to Figure 4a. It is
possible that the measurement depicted in Figure 4a is at the noise level of the Monte Catlo optical property
recovery algorithm,; for this reason only the 100puL India ink samples will be included in this study.

The absorption of the India ink used in this study has been previous measured [12] to be 5.3 mm1/%
by volume at 630nm. Devi et al. [13] has shown, at a wavelength of 633nm, that 20% 5 FTC PVA-C
resulted in scattering coefficients and reduced scattering coefficients of 5.1 * 0.1 mm™ and 0.457+ 0.038
mm!, respectively. Similar results have been shown by Khatine et al. [14], 20% 7FTC PVA-C was
measured at 1062nm to have scattering coefficient and reduced scattering coefficient of 6.9 + 0.4 mm and
0.62 = 0.1 mm, respectively. These results suggest that the higher number of FTICs, the higher the
scattering of light. The results in this study show significantly higher reduced scattering coefficients when
compared to the previous work discussed above. This is expected considered the previous work did not

provide a controlled freeze/thaw process. In this study the freeze/thaw rate was accurately set to
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0.1°C/minute using an air chamber. Our group has shown in the past that the freeze/thaw rate, specifically
the thawing process, has dramatic effects on the physical properties of the resultant PVA-C.

Below, Figure 6 shows the absorption and reduced scattering coefficients measured using steady-state
spatially resolved diffuse reflectance. The measurement was petformed for comparison to the double
integrating sphere method and to see if the process of freezing and thawing a larger sample affected the
optical properties compared to the thin slabs. Only the 100pL PVA-C sample was used since the 50uL
PVA-C sample was below the sensitivity of the double integrating sphere measurement. By comparing
Figures 5 and 6, it is seen that the properties of the double integrating sphere are consistent with those of
the steady-state spatially resolved diffuse reflectance. In Figure 5, the absorption and reduced scattering
coefficients at 640nm were 0.012 + 0.002 mm! and 1.5 * 0.2 mm! respectively. In Figure 6, the absorption

and reduced scattering coefficients at 640nm were 0.017 + 0.005 mm? and 1.3 + 0.2 mm-1, respectively.
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Fig. 6 — Absorption and reduced scattering coefficients for 100pL india
ink PVA-C using steady state measurement

A figure showing the absorption and reduced scattering coefficients for
PVA-C which had 100uL of india ink added to 850ml. of distilled water.
The measurements were taken over a range of wavelengths (500nm —
700nm). A steady state spatially resolved diffuse reflectance measurement
was performed to provide the above data.
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4.3.2 Imaging of PVA-C Samples

It should be noted that all of the ComfortScan™ NIR images in this study are in fact a representative
image from the dynamic sequence of images that are outputted from the ComfortScan™ system. The
images presented in this publication occur at the end of the compression aspect of the imaging sequence.

“Empty” Cavity

Figure 7 shows a NIR image of a half cylindrical phantom with the central 1cc cavity empty; this
cavity should cause there to be less attenuation. As the compression increases during the ComfortScan™
sequence, the size of the cavity is slightly reduced due to the low structural integrity of the empty cavity.
With a partial collapse of the cavity there is a smaller path length for the NIR light to travel, and thus, less
attenuation and scatter of the NIR light. The white colour represents less light attenuation as compared to
the rest of the image. Figure 7 is an image representing approximately the lower 60% of the half cylindrical
phantom, including the cavity. The whole phantom could not always be scanned, since in order to satisfy
the LED coverage requirement and emulate a true breast, part of the phantom was positioned outside the

imaging area.
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Fig. 7 — ComfortScan™ image of the PVA-C phantom with an empty
cavity

This figure shows the PVA-C with an empty lcc cavity. Note that the
cavity is represented by the area in white (less light attenuation has
occurred) at the top of the image.

Saline Filled Cavity
Figure 8 shows the effect of adding 1cc of saline to the central cavity of the PVA-C phantom. The

result is similar to the result obtained with an empty cavity; there is less attenuation of light in the region
of the cavity filled with saline than the surrounding material. The difference in the amount of coloured
area in the image is caused by the software reconstruction technique perceives more or less phantom

material as real breast tissue.
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Fig. 8 — Cavity filled with saline solution

This figure shows the effect of adding 1cc of saline in the central cavity of
the PVA-C phantom. The central cavity is located at the top of the image
and is shown as a white circle. The white colour represents an area of less
light attenuation.

4.3.3 Oxygenated Equine Blood

Figure 9 is an image of a half cylindrical phantom with 1cc of equine blood in the central cavity. This
image shows less attenuation in the central cavity as compared to the rest of the phantom. The absorption
and scattering of blood is primarily caused by hemoglobin. Blood consists of both oxyhemoglobin and
deoxyhemoglobin. The absorption and reduced scattering coefficients of oxyhemoglobin are 0.1 mm-! and
1.8 mm'!, respectively [65]. The absorption and reduced scattering coefficients of deoxyhemoglobin are
0.95 mm" and 1.8 mm-!, respectively [65]. The above results were measure with an HCT of 33.2%. The
absorption and reduced scattering coefficients of hemoglobin are similar to those previously mentioned in

section 3.3.1 for PVA-C and India ink.
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Fig. 9 — A half cylinder PVA-C phantom with oxygenated equine blood
filling the Tcc cavity

A figure showing the light attenuation for a PVA-C phantom with 1cc of
equine blood in a central cavity. The central region shows less
attenuation, represented by the colour white, than the surrounding
regions.

4.3.4 Deoxygenated Equine Blood

Figure 10 shows a half cylindrical PVA-C phantom which was filled with a mixture of equine blood
and activated yeast. The yeast was used to deoxygenate the equine blood over the course of the scan.
This was done to simulate what might occur if the tumourous vasculature was to partially collapse and

trap blood in the tumourous region, which would then deoxygenate with time.
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Fig. 10 — Deoxygenated equine blood

This figure shows a cavity that was filled with equine blood and
deoxygenated with time using yeast. The deoxygenation process shows a
greater attenuation of light (represented by the black/purple colour).

4.3.5 Removal of blood during compression

Figure 11 shows a half cylindrical PVA-C phantom which was filled with oxygenated equine blood
and then slowly removed over the course of the scan during compression. This was done to simulate
what might occur if the tumourous vasculature was completely collapsed and voided of all blood during
the compression. The removal of blood during the compression aspect of the scan did not cause an
increase in attenuation. Therefore the complete collapse of the vasculature during the compression
aspect of the image sequence should not be responsible for the increased attenuation seen in malignant
lesions. This was performed to support the theory that only a partial collapse of the vasculature occurs in

malignant lesions.
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Fig. 11 — Cavity with equine blood with removal during compression

This figure shows the effect of removing the equine blood during the
compression part of the scan. The white colour represents less
attenuation in the cavity. This was done to demonstrate that the greater
light attenuation seen in malignancies is not caused by the removal of
blood from the malignant tumour.

4.4 DISCUSSION

The double integrating sphere apparatus was used for the measurements presented in Figures 4 and
5. Figure 4 was a PVA-C mixture that had 50pL of India ink per 850mL and Figure 5 was a PVA-C
mixture with 100uL of India ink per 850mL. In Figure 5, the absorption and reduced scattering
coefficients at 640nm were 0.012 £ 0.002 mm-! and 1.5 + 0.2 mm-! respectively. The higher absorption
coefficient seen in Figure 5, compared to Figure 4, can be attributed to the larger concentration of India
ink. The higher the amount of India ink, the less light is reflected and transmitted. Steady-state spatially
resolved diffuse reflectance measurements were performed on the 100uL cylindrical PVA-C sample and
the data are shown in Figure 6. It was found that the absorption and reduced scattering coefficients at
640nm were 0.017 + 0.005 mm! and 1.3 * 0.2 mm-!, respectively. These measurements correlate well

with the measurements provided by the double integrating spheres, suggesting that the thin film
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measurements are a good surrogate for estimating the optical properties of similarly prepared large
volume samples. Only the 100uL. India ink PVA-C cylinder was measured using the spatially resolved
system since the double integrating sphere apparatus was unable to provide useful absorption data for the
50uL India ink PVA-C samples due to poor sensitivity at very low absorption values. The above errors
are the standard deviations from multiple independent measurements. Both the absorption and reduced
scattering coefficients do not compare well with the previous studies. It has been shown previously that
the freeze/thaw rate is a crucial aspect to the mechanical properties of the resultant PVA-C [2]. Both
Devi ¢f al. and Kharine ¢f 4l placed the samples in a freezer (-20°C) for 12 hours for the freeze process,
and took the samples out and were left at room temperature for the thaw process. We believe the
difference in the results is caused by the difference in the freeze/thaw rate. Our study uses a highly
controlled freeze/thaw process of 0.1°C/min, whereas, Devi ¢ a/ and Kharine ¢ 4/ have a highly
uncontrolled freeze/thaw process. Our group has found that the freeze/thaw process, specifically the
thaw rate, has significant effects on the mechanical properties of the resultant PVA-C.

Figure 7 shows a NIR image of the half cylinder with an empty 1lcc cavity located in the middle of
the phantom. This depiction reinforces our understanding of the optical absorpton and the known
geometry of the phantom. A cavity in the PVA-C phantom would cause there to be less material in that
region, resulting in a decrease in light attenuation. A decrease in light attenuation is represented by the
colour white in the image analysis software. Recall that this image is taken at the end of the dynamic
scan, when the 10mmHg pressure has been applied for the longest time. The 10mmHg pressure applied
by the soft air bladder of the ComfortScan™ system causes partial collapse of the air filled cavity and a
decrease in the path length the NIR light travels. With less material to pass through, the NIR light would
exhibit less attenuation during the dynamic aspect of the imaging sequence. Therefore, a cyst would be

represented as an area of higher transmission when using the ComfortScan™ system.
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Figure 8 shows a ComfortScan™ image of the half cylindrical PVA-C phantom with 1cc of saline
in the central cavity. It was seen that there is a lower attenuation from the saline when compared to the
sutrounding PVA-C material. This would suggest that if the ComfortScan™ encountered a lesion such
as a benign cyst it would present as an area of lower attenuation; this theory corresponds to the literature
given by DOBI Medical. An area filled with fluid would be structurally weak and when under
compression would partially collapse. This partial collapse would cause a smaller path length for the NIR
light to travel, resulting in lower light attenuation.

Figure 9 shows a ComfortScan™ image of the half cylindtical phantom with 1cc of oxygenated

equine blood in the central cavity. Once again, the image shows a white region where the cavity is
situated. The central region with oxygenated blood does not attenuate the light as much of the
surrounding PVA-C matenial. The absorption coefficient of the 100pul. PVA-C phantom at 640nm was
0.012 *+ 0.002 mm, absorption coefficient for normal breast tissue cited by Ghosh et al. to be
0.079%0.008 mm-! at 640nm wavelength [68]. The reduced scattering coefficient found by Wang et al.
[52] was approximately 1.2 at a wavelength of 640nm. This compates well to the values of reduced
scattering coefficients for PVA-C found using a double integrating sphere measurement,1.5 + 0.2 mm-1,
and using a steady state spatially diffuse reflectance measutement, 1.3 * 0.2 mm-.
By using the same half cylindrical phantom and filling the cavity with a different fluid, any differences
seen in the ComfortScan™ image can be attributed to the fluid change. The next part of the experiment
used deoxygenating blood, by way of activated Bakers’ yeast added to oxygenated blood, to investigate
how deoxygenated blood would present using the ComfortScan™ system.

Figure 10 shows a NIR image of the half cylindrical phantom with 1cc of deoxygenating equine
blood in the central cavity. Note that the purple colour seen in the cavity region suggests a higher
attenuation as compared to the PVA-C material. Recall that oxygenated blood is less attenuating than

deoxygenated blood at a wavelength of 640nm [65]. Based on ptevious wotk from Kon et al. [69], it can
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be inferred that the equine blood would have deoxygenated at a constant oxygen consumption velocity of
approximately 2.5 pM/sec over the course of the 60 second scan. This measurement was used to simulate
a malignancy which, during the compression aspect of the scan, may collapse the tumourous vasculature
causing blood to be trapped and deoxygenate with time.

To ensure that the purple colour in the ComfortScan™ image was in fact a result of a higher
concentration of deoxygenated blood, and not the total collapse of the tumourous vasculature, a scan was
performed with blood in the cavity duting the non-compression aspect and then blood was removed
during the compression component of the scan. Figure 11 represents an image where the oxygenated
equine blood was removed from the 1cc central cavity during the compression part of the scan. It was
seen that the cavity appeared white, showing that there was less attenuation in the cavity as compared to
the rest of the phantom. The pink area of the scan was caused by saturated pixels, which was likely due
to the catheter that was situated in that region.

The measurements from Figure 10 and 11 were performed in order to determine if the
ComfortScan™ system was detecting mote attenuation from the presence of deoxygenated blood (as per
Figure 10) or detecting more attenuation from the total collapse of the vasculature (as per Figure 11).
The results suggest that the higher attenuation seen by the ComfortScan™ system was caused by the
presence of trapped deoxygenating blood, rather than the total collapse of the tumourous vasculature.

A qualitative analysis of the ComfortScan™ images was performed to determine the relative signal
attenuation for each scan. A quantitative measure was not performed since a different reconstruction
algorithm would have been needed and this study was designed to test the current clinically approved
algorithm. Three measurements were performed for all results to ensure reproducibility.

Figure 12 shows a sample ComfortScan™ image of a biopsy confirmed malignant lesion in a

breast. This image was original published in a previous publication [58].

145



PhD Thesis - K. Wilson - McMaster - Medical Physics

25

Fig. 12 — Malignant tumour [58]

This figure shows what a ComfortScan™ image of a malignant tumour
looks like. The blue marker is the nipple position; the red marker is the
suspicious region as identified by the mammogram. The purple region
represents a region of higher attenuation, which is representative of the
malignant tumour seen in this patient. This image has been provided by a
previous publication using the ComfortScan™ system.

By comparing Figures 10 and 11 to how a malignant lesion is presented on the ComfortScan™
system (Figure 12), it can be deduced that although the deoxygenation of trapped blood and total
collapse of vasculature may occur at the same time, the trapped blood deoxygenating over time would

dominate to produce the higher attenuation of light that is seen in malignant lesions.

4.5 CONCLUSION
Using the double integrating sphere apparatus, the absorption and reduced scattering coefficients for
the 100pL India ink PVA-C sample were 0.012 + 0.002 mm and 1.5 £ 0.2 mm!, respectively. All of the

above optical measurements are quoted for a wavelength of 640 nm, which is the operational wavelength of
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the ComfortScan™ system. The 100ul. India ink PVA-C measurement was validated by using a steady-
state spatially resolved diffuse reflectance apparatus. The latter apparatus found the absorption and reduced
scattering coefficients at 640 nm were 0.017 * 0.005 mm! and 1.3 * 0.2 mm, respectively. Several
conclusions were drawn using a PVA-C breast mimicking phantom in the ComfortScan™ system. First,
using saline solution ot oxygenated equine blood tesults in less attenuation when compared to 5 FTC 15%
PVA-C matetial in ComfortScan™ images. Next, the deoxygenation of blood caused higher attenuation of
NIR light when compared to 5 FTC 15% PVA-C materal in ComfortScan™ images. Lastly, the removal of
blood during the compression part of the NIR scan resulted in less attenuation when compared to the
surrounding 5 FTC 15% PVA-C material. Therefore the higher attenuation of NIR light seen in
ComfortScan™ system images is caused by deoxygenated blood rather than the total collapse of the
vasculature. It is postulated that the partial collapse of the tortuous malignant vasculature causes blood to
deoxygenate with time and causes the higher attenuation in ComfortScan™ images. The ComfortScan™
system has been shown to be able to detect small changes in oxygenated blood and deoxygenated blood. A
decrease of oxygenated blood during compression presented on the ComfortScan™ system as less
attenuating than surrounding PVA-C; however, blood that was deoxygenating during the compression

presented with greater attenuation.
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chapter 5

DISCUSSION

5.1 ACHIEVEMENT OF THE OBJECTIVES
The objectives reported earlier in this thesis were accomplished in Chapters 2, 3 and 4. In this section

the objectives are examined once again and a summaty of the relevant findings is given.

[I] to investigate whether performing a large clinical trial with the ComfortScan™ system wonld be warranted to
Jfurther patient care and diagnostics for breast imaging.

Based on a preliminary study with 19 patients, Chapter 2 demonstrates that no significant
difference in diagnostic information (p>0.05) between mammography and ComfortScan™. Anecdotal
evidence suggests cases where mammography disagreed with biopsy, whereas ComfortScan™ agreed,
though these were not statistically significant. Based on these encouraging results, a large scale clinical

trial was launched to investigate the potential widespread use of the ComfortScan™.

[II] to determine if the ComfortScan™ system will achieve better corrvelation to bigpsy than with mammography
alone.

Mammography agreed with biopsy in 18/33 and the ComfortScan™ system agreed with biopsy in
25/33 cases. By examining all 33 biopsy results, it was found that the sensitivity and specificity for the
ComfortScan™ system was 83% and 67%, respectively. The sensitivity and specificity of mammogtaphy
was 94% and 13%, respectively. Therefore, it was demonstrated that ComfortScan™ achieved a better

agreement to biopsy than mammography alone.
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[1IT] to determine if the ComfortScan™ system wonld be beneficial as a mainstream method for a radiologist to
diagnose breast cancer risk.

The full study, found in Chapter 3, comprtising 126 NIR images demonstrated a statistically
significant difference in the diagnostic information from the ComfortScan™ and mammogram
assessments (p<0.05). While the ComfortScan™ preliminary viability study performed by DOBI Medical
International, only included women between 18 and 50 years of age, Chapter 3 has shown that the
ComfottScan ™ can successfully image women aged 50 to 78 and correlate to mammogram and biopsy,
when available. Furthermore, only BI-RADS 3 and 4 wete included in the ComfortScan ™ preliminary
viability study, whereas Chapter 3 has shown that inclusion of women with mammograms rated as BI-
RADS 1-5 can also successfully correlate to mammography and biopsy, when available. Chapter 3
suggests that the ComfortScan™ could be used as a mainstream adjunct to mammography, providing
information of vascularization, with advantages of increased patient comfort and the use of non-ionizing

radiation.

[TV] to evaluate the potential use of PV.A-C as a breast mimicking material.

Chapter 4 demonstrates that the absorption and reduced scattering coefficient of PVA-C matched
that of breast tissues. The absorption coefficient of the 100uL. PVA-C phantom at 640nm was 0.012 +
0.002 mm!, which compares to typical absorption coefficients for tissue reported by Zhang et al. to be
between 0.07 and 0.3 mm-! [1]. Considering vasculatization affects the optical properties of breast tissue,
a good breast mimicking matetial would have the physical rigidity necessary to hold blood in a cavity and
PVA-C has that capability. Furthermore, a properly constructed PVA-C phantom can be successfully

recognized by the ComfortScan™ system, as if it were a real breast.

157



PhD Thesis - K Wilson - McMaster - Medical Physics

(V] to validate the suggested mode of action of the ComfortScan™ system for detection of malignancies.

The mode of action suggested by DOBI Medical for the ComfortScan ™ system is that a
malignant tumour will highly attenuate light due to a partial collapse in the tumourous vasculature
resulting in an increased deoxygenation over time. Using a PVA-C breast mimicking phantom it was
shown that saline solution or oxygenated horse blood in a cavity (representative of a tumour) causes less
attenuation than the surrounding phantom material; indicating that the simple presence of more
oxygenated blood in a tumour is not causing the ComfortScan™ to register the region as malignant.
Furthermore, by deoxygenating horse blood in the same cavity, there was an increase in the attenuation
of 640 nm light as compared to the surrounding phantom materal; which suggests that the coloutr
representative of malignancies on the ComfortScan™ is caused by deoxygenating blood. It should be
noted that by removing oxygenated horse blood during the comptression aspect of the scan there was less
attenuation than the surrounding phantom mnaterial, which means that it is not a change in volume of
blood as a result of the compression that is recognized as a malignancy by the ComfortScan™ system.
These two pieces of evidence suggest that the ComfortScan™ system is not recognizing a total collapse
of the vasculature and subsequent void of blood from the tumour as the trigger for malignant detection.

The mode of action suggested by DOBI Medical is supported by our findings.

5.2 IMPLICATIONS AND FUTURE WORK

We were able to show the usefulness of the ComfortScan™ system as a beneficial adjunct to
mammography during routine breast screening examinations. Currently, there are few ComfortScan™
systems clinically available; however, if there was an increase in popularity of the system, patient demand
may aid in the introduction of the ComfortScan™ system into the clinical setting. Mote likely, we suggest
the ComfortScan™ system may be more suited to a private fee-for-use environment, whete additional

voluntary screenings for peace of mind are commodities worth paying for.
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More work should be done with randomized, double-blinded, larger scale clinical trials to closer
approximate the true sensitivity and specificity for a patient population, before Health Canada would ever
consider implementing this imaging modality into its vast public network of hospitals, and pay for the
imaging from the public purse. Perhaps once more extensive studies on the ComfortScan™ system
continue to demonstrate its effectiveness, it may be introduced into the clinical setting. The ComfortScan™
system’s information on the vasculature could be used as a helpful tool to the radiologist to compliment the

information obtained from mammography.
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ABSTRACT

When dealing with quality assurance and sequence development a realistic tissue mimicking MR
phantom is extremely valuable. Polyvinyl Alcohol Cryogel (PVA-C) is a non-toxic matetial that has
been shown to have MR relaxation charactertistics similar to soft tissue. Our objective is to validate
PVA-C as a viable human neonatal phantom material for both white and grey matter. In an attempt
to vary the PVA-C relaxation times the percent PVA was varied between 3-30% by weight. These
samples all underwent 1 freeze/thaw cycle (FTC). The T, and T, relaxation times were found to
decrease with increasing percent PVA. At 1.89T and 3T the mnges were 0.68 + 0.04 s<T,<1.85 *
0.02 s and 0.058 + 0.004 s<I,<0.47 * 0.02 s. Both the T, and T, relaxation times showed no
significant difference when camparing measurements at 1.89T and 3T. In phase two of the
experiment, the concentration of PVA was held at 15% but underwent either: 1, 3, or 6 FTCs. It
was shown that increasing the number of FTCs decreased T, and T, values by approximately 40%
and 55%, respectively. To mimic normal neonatal tissue the range of both T, and T, must be

further extended. The use of various additives to the PVA will be explored.

Keywords: PVA, cryogel, MRI, phantomn
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6.1 INTRODUCTION

Polyvinyl alcohol (PVA) is a material that has shown promise for many biomedical
applications. If PVA is combined with water and heated to 90°C and then exposed to a freeze/thaw
cycle (FTC) (from 20°C to -20°C then back to 20°C) a cryogel is produced (PVA-C). There is
evidence in the literature that PVA-C is particularly well suited for use in imaging modalities such as
ultrasound, electrical impedance tomography and magnetic resonance imaging (MRI) (1-3) because

of its flexibility in mimicking different parameters. MRI will be the focus in this study.

In PVA-C, the mechanism responsible Dr cryogel formation is the hylrogen bonding
induced by the thaw process (4). As the number of FTCs increases, the molecular motion in the gel
is expected to become more regricted and the MR relaxation times (ie. T; and T,) should be
sensitive to these changes. As the concentration of PVA increases, the density of hydrogen atoms
available for hydrogen bonding during the thaw process increases. This should have two effects: i)
the structure of PVA-C will change as the number of hydrogen bonds between groups change and
1) with the increased hydrogen bonding between the polymer and the water, the polymer structure
will be altered, which should be evidenced by changes in the MR relaxation times (both T, and T)).
The change in the density of lydrogen atoms should be similar to those changes found in the

various human tissues, thereby giving similar relaxation times.

There are large differences when comparing relaxation times of muscle, fat, and adult brain.
Typical T; and T, values can range from 450 ms to 1950 ms and 40 ms to 275 ms, respectively, at 3
T (5-6). Williams et al. (7) found that, at 3 T, neonatal brain felaxation times can reach values as
high as 2900 ms for T, and 280 ms for T, which extends the range even further. Thus in order to
mimic the neonatal brain, a phantom must be designed and falricated to cover a large range of

possible relaxation times.
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The effects of changing the number of FTC on MR relaxation times have been investigated
by Chu and Rutt (8) on 15% (by weight) PVAC (molecular weight and tempenture during
measurements were not given) at 1.5 T. The authors found that increasing the number of FTCs
from 1 to 10 caused the relaxation times to decrease from approximately 810 ms to 470 ms (for T)
and 90 ms to 40 ms (for T,). Further, Mano et al. (9) were able to decrease both T, and T, by
decreasing the percentage water (increasing percentage PVA), with measurements made at 20 MHz
(~0.5T) with a sample temperature of 37°C. The authors prepared sampks ranging from 70-85
percent water and observed a direct linear relationship between relaxation time (either T, or T,) and
percent water. Relaxation times were similar to that of sof tissue (brain, spleen, musck, liver).
Mano et al. (9) did not provide details such as the molecular weight of the PVA used or how the

freeze/thaw process was controlled - both of which could potentally affect the relaxation times.

Agarose is a2 more commonly used MRI phantom materal (10-12). PVA-C is thought not
only to have potential in mimicking relaxation times, but also in mimicking the electric, ultrasonic,
and mechanical properties of tissue. Other work in our lab specifically investigates the use of PVA-
C in mimicking electrical properties of tissue. Some promisng preliminary electrical impedance
results have been published (13). To our knowledge, agarose has not been shown to be able to
mimic simultaneously the elastic,c, MRI, and electrical properties of vatious tissues This further
increases the potential usefulness of PVA-C. Having a phantom, such as PVA-C, which can mimic

a number of different tissue properties would prove to be extremely beneficial.

The main objectives of this present study were to investigate the influence of the following 3
independent variables on relaxation times: (i) changing the number of FTCs from 1-6 for 2 PVA
with a known molecular weight, (i) changing the percentage PVA from 3-30%, and (i) imaging at
field strengths of 1.89 T and 3 T. The first objective was achieved by prepating 15% PVA-C
samples with varying number of FTCs (1, 3, and 6) at controled freeze-thaw rates and measuring
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MR relaxation times (T}, T,). The second objective was addressed by preparing a 1 FTC PVA-C
with variable percent PVA (330%) and measuring MR relaxaton times. All measurements in

objectives 1 and 2 were performed at both 1.89T and 3T in order to meet the third objective.

6.2 METHODS

6.2.1 PVA-C Manufacture:

In this study two sets of samples were prepared. For the first set, polyvinyl alcohol powder
(molecular weight 146 — 186 kDa, 98-99% hydrolyzed, Sigma Aldrich, Oakville, Ontario, Canada)
was mixed with de-lonized water to generate 8 concentrations of varying percent PVA: 3, 6, 10, 15,
17, 19, 25, and 30% PVA by weight. Two samples were prepared at each percentage PVA, giving a
total of 16 samples. The mixture was heated to 90°C in 2 hours using a standard reflux column and
flask combination. A condenser unit was inserted into the bp of the reflux column to hep
eliminate evaporation but the top of the reflux column had to be removed briefly to stir the mixture
during heating. The resulting solution was then placed in watertight, mini-puck shaped molds
(homebuilt - 24mm diameter x 21mm high cylinders). The PVA samples were exposed to 1 FTC in
a temperature controlled bath (VWR Scientific Products, Modd #1187P). One FIC consists of
decreasing the temperature from 20°C to —20°C at 0.1°C/min, held at -20°C for one hour, and then
returning to 20°C at a rate of 0.1°C/min.  The end caps for the molds were securely clamped in
order to withstand the expansbn resulting from the freezing process. The sanples were then
removed from the molds, stored in tap watet, and refrigerated.

The second set of samples was prepared at a concentration of 15% PVA in a similar fashion
as above using: 1, 3, and 6 FICs. All measurement of MRI properties were made after storage in
water for 4 weeks since it has been shown that swelling, as water is drawn into the cryogel matrix,

should have equilibrated by this time (14-15).
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6.2.2 Magnetic Resonance Imaging

Image based measurements of T, and T, were performed using separate 1.89 T and 3 T
custom built MRI/MRS (Magnex Magnet and SMIS console). Imaging parameters were as follows:
96x96 matrix with 135mm FOV for 1.89T, and 96x96 matrix with a 200mm FOV for 3T. T, was
measured using a 2D inversion recovery itaging sequence repeated with 30 different inversion times
(IT), linearly spaced from 50ms to 4500ms (TR=15sec, TE=16ms). T, maps were created using
pixel by pixel non-linear least square fit to the equation:

S(TD) = S, [1-2exp(-TL/T)] 11
A region of interest (ROI) was selected from the center of each sample and the average T, across
the ROI was calculated.

T, was measured using a spin echo imaging sequence repeated with 20 different echo times
(TE), which wete lineatly spaced from 17ms to 400ms (TR = 6 sec). T, maps were created using
pixel-by-pixel log-linear least square fit to the equation:

S(TE) = S, exp (-TE/T}) 2
A ROI was selected from the center of each sample and the average T, across the ROI was
calculated.

In order to investigate the possible relaxation mechanisms in the PVA-C, both the relaxation

times and rates are plotted. All measurements were made at ambient temperature.

6.2.3 Statistics:

Standard deviations were calculated using the ROI’s sampled from either T, or T, maps.
Using a linear regression analysis, R1 (1/T)) at 1.89T, R1 at 3T, R2 (1/T)) at 1.89T, R2 at 3T were all

compared against percent PVA.
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A measure of reliability was performed using an intra-class correlation analysis. This was to
facilitate compatisons between R1 values at 1.89 T and 3 T. This means that the R1 values at 1.89 T
were compared to the R1 values at 3 T. This analysis was repeated for R2 values at 1.89 T and 3 T.
Similarly, this means that the R2 values at 1.89 T were compred to the R2 values at 3 T. All
statistical analysis was perfamed using SPSS Release 13.0 §PSS, SPSS Inc., Chicago USA).
Significance was assumed when p<0.05.

Because no field dependence in R2 and R1 was observed, further analysis was performed.
First a linear regression analysis was performed on the difference in R1 at 3T and 1.89T (which is
called AR1 and shown in equation 2.3) against the percent PVA. This was done in order to examine
any subtle differences in R1 between the two fields.

AR1 = (R1 at 3T) — (R1 at 1.89T) (3]

A linear regression analysis of the AR2 against the percent PVA was executed. Again, this was
performed to examine the existence of any subtle differences in R2. The equation for AR2 is given
below.

AR2 = (R2 at 3T) — (R2 at 1.89T) [4]

To investigate differences in T, when comparing field strength or number of FT'Cs a two-way

ANOVA was performed. A two-way ANOVA was also performed to investigate differences in T,

when comparing field strength and number of FTCs.

6.3 RESULTS
The physical characteristics were noticeably different between various percent PVA samples.
At 3% PVA, the PVA-C was very soft (although did hold shape) and nearly transparent, with a jelly-

like texture. In contrast, the 30% PVA-C was opaque, beating a texture similar to rubber.
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R1 is shown in Figure 1 and R2in figure 2 at 1.89T and 3T br the various percent PVA

samples. There was an increase in both R1 and R2 with increasing percent PVA ‘with significance of

p<0.001 and p<0.01, respectively, at both 1.89T and 3T. Thee p values were obtained using a

correlation analysis between R1 or R2 and percent PVA (first 4 points only). Following this point,

there is a discontinuity in the linear approach which may be due to the volume of bound water

approaching the free water volume (see discussion), shown in Figures 1 and 2. It was found that the

two field strengths (all of the data points) were highly correlated for both R1 and R2 with intraclass

correlation values of 0.99 and 0.976, respectively.
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Fig 1 — Change in R1 with percertt PV A for sample set 1 (had undergone 1 FIC). There was an
increase in R1 with increasing percent PVA at both 1.89T and 3T. There appeared to be a plateau at
high percent PVA where an increase in percent PVA did not cause a rise in R1. Error bars
represent =1 SD. The lines of best fit for 3-15% PV A samples are given for both fi eld strengths.
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Fig 2 — Change in R2 with percent PV A for sample set 1 (had undergone 1 FIC). With an
increase in percent PV A there is an increase in R2 at both 1.89T and 3T. There was a platean at
high percent PV A_ at which firther increases in percent PV A did not increase the R2. Emror bars
represent = 1 8D. The lines of best fit for 3-13% PV A samples are given for both fi dld strengths.

The changes in relaxation times for all PVA samples ate shown in Figutes 3 and 4. This is the
same data as before but represnted as relaxation times rather than relaxation rates. There is a
dectease in both relaxation times with increasing percent PVA as expected from the relaxation rate
data. Note that there is a clange in the linear relationshp between 15% and 20% PVA. (See

Discussion)
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Fig 3 — Change in T) with percent PV A for sample set 1 (1 FIC). With an increase in percent
PV A there is a decrease in T at both 1.89T. There appears to be a limit at which increases m
percent PVA did notresultin further decreasesin Ty. Error bars represert = 1 8D.
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Fig 4 - Change in Ty with percent PVA for mmple set 1 {1 FTC). There was a decrease in T; with
increased percent PVA at both 1 89T and 3T. There was alimit at which increases in percent PV A
did not result in firther decreasesinT). Errorbarsrepresent =1 SD.

Figures 5 and 6 show how the relaxation times change with increasing number of FTCs. The

relaxation times decrease as the number of FT'Cs increases at both 1.89 T and 3 T.
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Fig 5 - T; changes with increasing FTC mumber for a 15% PVA cryogel sample. Error bars
represent= 1 SD. *indicates significant difference at the p<0.03 level. There was no significant
difference in T for field strensth. There was significant difference in T when comparing the 1
FTC data to either the 3 FTC or 6 FIC data at both 189 T and 3 T. There was no significant
difference in T1 when comparing the 3 FTC datatothe 6§ FTC dataat 1.89 T and 3 T. Difference
was determined using a 2 way ANOV AL

120

T2[ms)
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Fig 6 - T2 decreased with increasng FTC number for a 15% PVA ovogel sample. Error bars
represent = 1 SD. There was no significant difference in T2 when comparing field strengths. There
was significant difference when comparing the 1 FTC samples with the 3 and 6 FIC samples but
no significant difference in T, when comparing 3 and 6§ FICs samples. Difference was determined

using a 2 way ANOVA

170



PhD Thesis - K. Wilson - McMaster - Medical Physics

Table 1 shows that there were significant linear relationships between the relaxation rates (R1
and R2) and the percent PVA at both field strengths. It also shows that the differences in R1 or R2
were also significantly related to percent PVA.

TaHle i

Reailts of the linear regress on analyses of first 4 data points

Slope Intercept rsquare Significance

mean*S8D mean*SD

R1vs % PVA at 1.89T 0.04 £0.01 042+ 001 0.97 p<0001
R1vs % PVA at 3T 0.03 +0.03 0.48 + g01 0.98 p<0.001
R2vs % PVA at 2T 043 005 067+007 0.79 p<0.01
R2vs %PVA at 37 048 003 1.00+ o086 0.84 p<0.01
deitaR1 vs %PVA 001 o002 008+ o1 072 p<0.01
deltaR2 vs %PVA 0.57 £0.04 028t 007 0.8 p<0.01

6.4 DISCUSSION

This is the first study to corsider the effects of PVA concentration from 3 - 30% on MR
relaxation times. A significant linear relationship was found between percent PVA and both R1 and
R2at1.89 Tand 3T. Mano et al. (9) showed a similar trend between percent PVA (15-30%) and
T, and T, at 20 MHz (~0.5T). Our values of T, and T, differ from Mano et al. (9), likely due to one
or more of the following factors; FTC rate, Molecular Weight, temperature (Mano et al. (9) used 37
OC). and the Larmor frequency of the MR measurement. With our experimental parameters a
plateau was observed in T, above 15% PVA. It appeared that a plateau was beginning to form for

T, above 25% PVA. Two reasons can be proposed for these plateans. Petrhaps there is a limit to

171



PhD Thesis - K. Wilson - McMaster - Medical Physics

the degtree of entanglement that can occur or pethaps there s a limit to the amount of water that
can be trapped within the gel. An expetiment with gels of varying percentage water could be used
to test the latter, being cateful to weigh the samples before and after the freeze/thaw process. This
would indicate whether at high percentage PVA the water is not able to be incorporated in the gel
matrix and is being lost. Mano et al (9) did not report any plateaus. All T, and T, data was fit well
using equations 1 and 2, respectively. In order to examine the significance of this plateau in the
relaxation rates/times it is useful to consider other work studying relaxation times in gels.

The present work indicated a decrease in relaxation times with increasing percent PVA. One
possible mechanism for this decrease is that there is a decease in bulk water and an increase in
surface area for bound water with higher PVA content. In a gel (similar to PVA-C) Derbyshire and
Duff (16) found that relaxation times for bound water protons are considerably shorter than those
observed for bulk water. For PVA-C, the extent of hydrogen bonding between the cartbon and
hydrogen chains in the cryogel increases with the percentage PVA content and this likely creates
longer chains that afford hydrogen bonding to the nearby water. A second possibility proposes that
the structure of water beside a surface is dominated by that surface and the rehxation rates of this
surface are modified (17). If there is rapid exchange between the surface layer and the bulk watet,
an average relaxation rate will result. Since we observe only a2 mono exponential decay it is likely
that fast exchange between the bound and bulk water does occur and the shortet relaxation times of
the bound water will greatly influence the measured relaxation time.

To further understand it is usful to look at the work of Derbyshire and Duff (16), who
proposed a two compartment model, illustrated by equation [5], to explain the bulk and bourd
phases in gels. It is important to note that this model applies to situations where the amount of free

water is much larger than the amount of bound water as shown by Woessner and Zimmerman (18).
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1
—i l—hc']},+1b Bl
where T is the observed relaxation time, T, is the relaxation of the bulk water, T is the relaxation
time of the bound water, h is the amount of water hydrated by unit mass of macromolecule, c is the
mass of solute per mass of solvent, and 1, is the lifetime of the water molecule in the bound phase.
In the fast exchange limit, 3, <<T\, and i the regime where the concentration of PVA-C is
small i.e. hc<<1 the equation reduces to:

R = Ry + 1 Rypg ©6)

measured

Where the rate (R) is simply the inverse of the relaxation time (T), i.e. (R=1/T). In both R1 (1/T))
and R2 (1/7T,), a linear region as indicated by Equation 6 is observed below 15% PVA-C. The linear
fit was performed on the sampks only up to 15% PVA. Cleark by looking at Figure 2 it can be
seen that there is a discontinuity in the linear fit of the data following 15% PVA. This may be the
point where the amount of free water is no longer greater than the bound (required condition of the
Derbyshire model) and therefore the data was only analyzed up to 15% PVA for both R1 and R2 to
be conservative.

Considering the R1 measurements: the y-intercepts for the linear regtession (on the 0-15%
PVA samples) in Figure 1 for 189T and 3 T are 0.42 + 0.01 §' (T,=2.39 s) and 0.48 + 0.01 s
Y(T,=2.09 s), respectively. The y-intercept corresponds to the flaxation rate of the bulk or free
water. These values are slightly larger than literature values which place the R1 of pure water at
approximately 0.37 s (T;= 2.7 s) (19). There is a strong frequency dependence of water reported
by Bryant et al. (20) which could account for the differences in relaxation times. Our values might
also be slightly higher because the PVA-C samples were stored in tap vater, not distilled or de
ionized water. Minute contaminants in tap water might artificially increase (decrease) the relaxation

rate (time).
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When examining the R2 data there is a significant linear relationship at 1.89 T and 3 T at low
percent PVA (3-15%). The y-intercepts (from Figure 2) for the low percent PVA data are 0.67 &
0.07 s (T,=1.49 s) and 1.00 * 0.06 s" (T;=1.00 s) at 1.89 T and 3 T, respectively. Again, these y-
mntercepts cotrespond to the felaxation rate of the free or bulk water. In pure water R1and R2
would be equal (19) but it is evident that other processes are influenang R2 in the PVA-C as the
rates are 50% higher than the R1 values.

The chemical structure of PVA has extensive hydrogen and hydroxyl entanglements that
facilitate hydrogen bonding during the freeze/thaw process. An increase in the extent of hydrogen
bonding with percent PVA could explain increases in R1 and R2 (decreases in T, and T,). This
mechanism has been proposed in a previous work showing a decrease in T, and T, with increasing
number of FTCs (8, 21).

The trend observed in both T, and T, were similat to the changes seen by Chu et al (8), but
there were differences in the absolute values of the relaxation times. Using the same concentration
PVA (15%), we report a range for T, and T, (602ms<T,<1049ms; 60ms<T,<143ms) (at 1.89T) and
(546ms<T,<1049ms; 66<T,<126ms) (at 3T), produced by varying the number of FTCs between 1
and 6 with measurements taken at room temperature (18 °C — 24 °C). Whereas, Chu and Rutt (8)
found a range for T; and T, of (470ms<T,;<810ms; 40ms<T,<90ms) at 1.5T. Chu and Rutt (8)
used freezing and thawing rats of 0.5C/min and 0.27C/min, respectively whilst a ate of
0.1°C/min (for both freezing and thawing) was used here. Lukas et al. (22) compared 10% PVA, 1
FTC samples with different thawing rates. Lukas et al. (22) found that as the thawing rate increased
the relaxation times (T, and T,) decreased. This would explain why Chu and Rutt (8) found lower
relaxation times. Lastly, the molecular weight of the PVA zid the sample temperature durng

measurement were not reported by Chu and Rutt (8).
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A significant increase in T, with increasing magnetic field was not observed in our study
Previous work (23) has shown that there is a field dependence in T, for various types of tissue by
comparing measurements at 1.5T and 3T. Staniszet al. 23) also showed that the percentge
increase was different depending on the tissue in question. The percentage increase in T, could be
as high as 73% (for kidney) or as low as 10% (for cartilage). The quantitative magnetization transfer
(MT) data was fitted to a “2 pool”model (24-25) which investigated exchange between an
unrestricted liquid pool and a restricted semisolid macromolecular pool. In this model, My is the
fraction of magnetization residing in the semisolid pool undergoing MT exchange. The Mgy for
cartilage was the highest (171 * 2.4%) and for kidney was one of the smallest (7.1 + 1.0%).
Therefore the larger the semisolid pool the smaller the T, field dependence. Just as cartilage
demonstrated a smaller T, dependence (23) pethaps PVA-C has a latger semisolid pool (a large M)
and therefore would be expected to behave smilatly. It was not done, however it would be very

interesting to perform a magnetization transfer (MT) experiment for comparison.

6.5 CONCLUSIONS

At both 1.89T and 3T, it was shown that increasing percentage PVA will result in decreases to
both T, and T, which have been also previously reported. There was evidence for a threshold over
which further increases in perent PVA no longer resulted in decreased relaxaton times. This
plateau began at concentrations in excess of 15% PVA (for PVA-C prepared with 1 FIC and a FTR
of 0.1°C/minute). Both the R1 and R2were found to show no signiftant difference when
comparing measurements at 1.89T and 3T. As the number of FTCs incteased from 1 to 6 there was
a significant decrease in both T, and T, values at 1.89T and 3T. It was concluded that thete is fast
exchange and therefore a monoexponential for both the T, and T, relaxation curves. When

comparing relaxation times (T; and T,) at 1.89T and 3T, no signifiant difference was found. By

175



PhD Thesis - K Wilson - McMaster - Medical Physics

varying the percent PVA and the number of FTCs, there was a larger range of possible T, and T,
relaxation times. More work 5 required to increase the T, times which would be particulady
important when attempting to mimic neonatal brain where relaxation times are quite large. Future
work will involve further manipulation of relaxation times, including investigating various additives
to the gel matrix, in arder to inctease the versatilty of potential phantoms. It was seen that by
changing the percent PVA (from 3 — 30%) and the number of FTCs (1 — 6) it is possible to mimic

typical soft body tissues.
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ABSTRACT
Background:

Polyvinyl alcohol (PVA) is a unique polymer: an aqueous solution (hydrogel) of PVA
can be stiffened by repeated freeze-thaw cycles (FTCs). The goal of this study was to
investigate the effects of repeated FTCs on the MRI and electrical properties of PVA cryogel
(PVA-C). The electrical properties of PVA-C were investigated using different molarities of
NaCl in order to produce a material that models human tissue electrically.

Methods:

In this study 15% (by weight) of polyvinyl alcohol (molecular weight 146 — 186 kDa) powder
was mixed with de-ionized water. Samples were prepared with either: 0 M, 0.1 M, or 1 M
NaCl. The PVA samples then underwent either 3 or 6 freeze thaw cycles (FTC) in a
temperature controlled bath. Measurements of T, and T, were performed using a 1.89T and
3T custom built MR systems. An Agilent 4294A Impedance analyzer was used to measure
the complex impedance (resistance R, and reactance X), the complex admittance (G and B),
and the capacitance were measured between 40Hz and 1MHz. Measurements of
conductivity, permittivity and relaxation times were performed on each of the 3 samples to
have better confidence in the results. Statistical tests, such as two way ANOVAs and t-tests,
were used to determine significance in the results.

Results:

There was a significant decrease in T, with increasing FI'Cs. The T, and T,
relaxation times wete found to range from 602 ms — 827 ms and 64 ms — 86 ms, respectively,
when looking all data (both 3 and 6 FTCs). The conductivity of 6 FTC PVA-C was

significantly lower than 3 FTC PVA-C (p<0.01). The range of relative permittivities was
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84.5 — 2.32%10 (unitless). The addition of salt (NaCl) caused significant increases in
conductivity and decreases in relative permittivity (p<0.01).
Conclusions:

Previous work has shown similar values for the relaxation times. Using PVA-C, the
possible range of conductivities was 0.026 S/m to 1.07 S/m which compare well with the
range in normal breast (0.22 S/m to 0.8 S/m). Similarly, the range of relative permittivities

compate well to the range found in normal breast 2¥10* — 1¥10°.
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7.1 BACKGROUND

Polyvinyl alcohol (PVA) is a polymer that can be formulated as a hydrogel with
desirable properties for biomedical applications (1, 2). Although it can be cross-linked by
chemical methods using glutaraldehyde or boric acid, PVA can be similarly hardened
through a process of mesh entanglement by freezing (to -20 0 C) and thawing (termed PVA-
cryogel or PVA-C) (3). This process of entanglement is distinctly different from traditional
cross-linking and is directly related to the hydrogen bonding of the PVA hydrogel (4).
Tissue mimicking phantoms made from PVA-C have been demonstrated to be suitable for:
(a) MRI to simulate normal tissue (5), (b) temperature dosimetry in MRI (6, 7), and (c)
simulations of ultrasound guided breast biopsy (8). Different methods of preparation must
be attempted in order to improve the versatility of PVA-C. The most obvious are varying
the: (2) number of “freeze/thaw cycles” (FTCs), (b) petcentage of PVA, (c) freeze/thaw rate
(FTR), and (d) molecular weight of PVA. Campbell et al. have further demonstrated that the
electtical conductivity of PVA-C can be increased by adding water soluble salts (9).
Additionally, PVA-C polymer offers the opportunity to meet the phantom requirements
defined by Wtorek et al. (10), suitable for impedance imaging techniques, such as Electrical
Impedance Tomography (EIT).

The long term goal of this research is to fabricate PVA-C for use in both medical
devices and tissue mimicking phantoms for imaging research. A requirement for the
imaging studies is that the phantom constructions mimic the biophysical properties of tissues
for MRI and/ ot electrical impedance imaging modalities. The purpose of the present wotk
is to explore the electrical and the magnetic propetties of the PVA ctyogel. In particular, we

wish to determine how these properties will change as a result of multiple “freeze-thaw
cycles” (FTCs).
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Nambu (11) and Watase et al. (12) published the first reports of PVA cryogel
formation. PVA-C was first proposed as a near-ideal material for MRI phantoms by Mano
et al. (13) who examined the T, and T, relaxation times in relation to mouse soft tissues. Itis
known (14, 15) that the number of freeze-thaw cycles affects the elastic modulus of PVA-C,
making the PVA-C stiffer with increased freeze-thaw cycles. It has been postulated (14) that
this increase in elastic modulus is due to an increase in the extent of hydrogen bonding in the
cryogel. During the first freeze-thaw cycle, a small proportion of the chain segments
crystallize organizing themselves into 3-8 nm primary crystallite junctions with an irregular
average spacing of about 30 nm. Increasing the number of freeze-thaw cycles increases the
crystalinity and transforms the mictrostructure into a fibrllar network.

Surry et al. (16) measured T, T,, and the elastic properties (speed of sound) of 10%
PVA-C that had undergone one to four freeze-thaw cycles. Although 15% PVA-C will be
expected to differ, the relaxation times are predicted to be of the same order of magnitude.
In their MRI estimates, Sutry and cowotkers used inversion times (TT) that ranged from 50-
3200ms to measure T}, and echo times (TE) that ranged from 15-195ms to measure T, (16).

In this study, both the electrical and MR properties of PVA-C were investigated.

The properties of PVA-C that had undergone 3 and 6 FT'Cs with various molanties of salt
(NaCl) were examined. The hypothesis was that the introduction of different concentrations
of salt (NaCl) into the PVA-C matrix will increase its conductivity and decrease its
permittivity while the MRI properties will remain unchanged. For this feasibility study, we
elected to use two molarities (0.1 M, 1 M) of NaCl that are an order of magnitude apart and
bracket the osmolality of notmal saline (0.16 M). These measurements are important in
order to design a phantom to mimic the electrical properties of tissue, for example to

simulate a cancerous tumour surrounded by healthy breast tissue. Given that conductivity is
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the ability of a matetial to conduct electtic current and permittivity is a measure of the ability
of a material to resist the formation of an electric field within it, both of these properties will
be important considerations when constructing an MRI tissue phantom.

In the present work 15%PVA samples subjected to either 3 or 6 FTCs and doped
with either: 0 M, 0.1 M, or 1 M NaCl were evaluated in terms of their MR relaxation times,
conductivity, and permittivity.

7.2 METHODS
PV.A-C Manufacture:

In this study 15% (by weight) of polyvinyl alcohol (molecular weight 146 — 186 kDDa)
powder was mixed with de-ionized water. Samples were prepared with either: 0 M, 0.1 M, or
1 M NaCl. The mixture was heated to 90°C in 2 hours with the use of a standard reflux
column and flask combination. Contact with air was restricted to less than 3 minutes after
removal from the enclosed flask in order to minimize evaporation, which would lead to
inaccurate PVA concentration calculations. The resulting solution was then placed in water-
tight, puck shaped molds (24mm diameter x 21mm thick cylinder). In the molds, the PVA
samples then underwent either 3 or 6 freeze thaw cycles (FT'C) in a temperature controlled
bath. One FTC consists of decreasing the temperature from 20°C to —20°C and then
returning to 20°C at a rate of 0.1°C/min. All molds were secutely clamped in order to
withstand the expansion that would otherwise result from the freezing process. The samples
were then removed, stored in an air tight container, and refrigerated. It has been observed
previously that PVA-C samples swell when stored in water, as water will be drawn into the
cryogel matrix. This is an important factor to considet, especially since these samples have
NaCl in them. For this reason, it was important to test whether the media in which the

samples were stored modified the materials electrical properties. Samples of 3 and 6 FTC
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PVA-C wete manufactured containing either OM or 0.1M salt. These samples were then
stored in either distilled water or a saline solution (1 M) and the conductivity and permuttivity

were measured daily for 6 days, and then again at day 30.

Measurements of T, and T, were performed using a 1.89T and 3T custom built MR
systems. T, was measured using a 2D inversion recovery imaging sequence repeated with 9
inversion times (IT), which ranged from 20 ms to 1000 ms (TR=5.5 sec, TE=20 ms).
Regions of interest (ROI) were drawn in the center of each sample and the average signal
intensity at each TT was fitted to the equation:

S(TD) = S, [1-2exp(-TL/T,)] 1)
T, was measured using a spin-echo imaging sequence repeated with 6 echo times (TE),
which ranged from 25 ms to 500 ms (TR=5.5 sec). ROIs were selected from the center of
each sample and T, measurements were made by sampling the signal intensities at the

various echo peaks and fitting to the following equation:

S(TE) = S, exp (‘TE/T)) @

Impedance Analysis:

An Agilent 4294A Impedance analyzer (Agilent Technologies, Mississauga, ON) was
first calibrated using a short fixture compensation as directed in the Agilent 16452A liquid
test fixture manual. The liquid test fixture was assembled using a home-built 10mm spacer
designed to accommodate the PVA-C samples. The PVA-C samples were washed in

distilled water, then placed between the electrodes in the fixture, and the fixture sealed.
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The impedance analyzer operates in the frequency range of 40Hz to 110MHz,
however the liquid test fixture only operates accurately up to 30MHz. These initial tests
were performed only between 40Hz and 1IMHz to match the frequency range of interest in
EIT experiments (1kHz to 1MHz).

Using the impedance analyzer, the complex impedance (resistance R, and reactance
X), the complex admittance (G and B), and the capacitance were measured between 40Hz
and IMHz. The interface to the computer was via a LAN connection of the 4294A and the
computet’s Ethernet card using 2 home built LAN cross-over cable. Software was written in
Excel 2002 (Setvice Pack 3) using a VisualBasic (version 6.3) script (Microsoft, Redmond,
WA) to handle the calls to the impedance analyzer using Windows sockets.

The conductivity, o, was calculated using:

o=t/ (AR) 3]
where t is the spacing between the electrodes, A is the electrode area (radius = 38.0mm), and
R, is the (parallel) resistance measured.

The permittivity, ¢ (the real part of the complex relative dielectric constant), was

calculated using:

e=(tC)/(Ae) 4]
where C_ is the parallel capacitance measured in the liquid fixture, and e, is the permittivity
of free space.

Both the conductivity and the permittivity were measured four times in each of three
identical samples (15). The data presented tepresents an average of these measurements.
Statistics:

Measurements of conductivity, permittivity and relaxation times were performed on

each of the 3 samples to have better confidence in the results. Unless otherwise specified
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the etrors represent standard deviations. Standard deviations were calculated from averaging
the 3 samples from each distinct PVA preparation. The specific measurements of the
conductivity, permittivity and relaxation times were performed as described previously. Two
3 way ANOVAs were performed to investigate differences in relaxation times (T, and T))
when examining effects of: salt concentration, number of FTCs, and field strength. For the
storage media data, conductivities wete calculated using equation 3, three or more times, and
the standard deviation calculated. T-tests were then performed to evaluate significant
difference. A two way ANOVA was performed to investigate the differences in permittivity,
examining the effect of freeze thaw cycle and the addition of salt. The statistics were
petformed using MINITAB Release 13.32 (Minitab, Minitab Inc., Pennsylvania USA) and

Microsoft Excel (Microsoft, Microsoft Canada Co., Ontario, Canada).

7.3 RESULTS AND DISCUSSION
The PVA-C samples that had undergone 6 FI'Cs were observed to be stiffer and
more opaque than those that had undergone 3 FICs. The MRI relaxation ime

measurements are summarized in Figures 1 and 2.
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Figure 1: TI Relaxation time shown for 3FTC (Freeze Thaw Cycles) and 6FTC for OM,
0.1M, and 1M salt concentrations, and both 1.89T and 3T.

189




PhD Thesis - K. Wilson - McMaster - Medical Physics

100 -

BT2 at 1.89T
BT2at 3T

90 +

80 -

70 4

60 4

50

T2 (ms)

40 -

30 -

20 A

10 -

OM, 3 cycle OM, 6 cycle 0.1M, 3 cycle 0.1M, 6 cycle 1M, 3 cycle 1M, 6 cycle
PVA-C Sample Description

Figure 2: T2 Relaxation time shown for 3FTC (Freeze Thaw Cycles) and 6FTC for OM,
0.1M, and IM salt concentrations, and both 1.89T and 3T.

The T, relaxation time does not change within the error of the measurement with
increased freeze-thaw cycles; however, overall T, significantly decreased (p<0.05) from 3
FTCs to 6 FTCs (values shown in Figures 1 and 2).

An ANOVA showed that salt concentration had a significant effect on T, value
when comparing the OM, 0.1M, and 1M 3 FTC samples (p<0.01). The effects of both the
number of FTCs and the field strength on T, were significant (p<0.01 for each). The T,
values at 1.89T ranged from 732 * 29ms to 827 * 13ms for 3 FTCs and 602 * 18ms to 782
* 16ms for 6 FTCs. The T, values at 3T ranged from 650 + 8ms to 694 +11ms for 3 FTCs

and 478 * 70ms to 653 * 17ms for 6 FTCs.
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An ANOVA showed that salt concentration also had a significant effect on T, values.
There was significant difference in T, value when comparing the salt concentrations
(p<0.01). Yet unlike T, neither field strength nor the number of FTCs had a significant
effect on T,. The T, values at 1.89T ranged from 64 * 9ms to 86  8ms for 3 FTCs and 60
1 10ms to 83 £ 7ms for 6 FT'Cs. The T, values at 3T ranged from 69 * 1ms to 84 £ 6ms
for 3 FTCs and 66 * 2ms to 82 + 7ms for 6 FTCs.

The conductivity measurements of the samples before storage in any media are
summarized in Figures 3 and 5. It can be seen from this plot that there is clearly a significant
decrease in the conductivity with an increase in freeze thaw cycles from 3C to 6C (p<0.05).
The conductivities of the 1M samples were significantly greater than either the 0 M or 0.1 M
samples (p<0.01). The conductivities ranged from 0.026 * 0.003 S/m to 1.07 + 0.03 S/m
for the 3 FTC samples. The conductivity does change less with frequency within the range

from 40 kHz to 1 MHz however.
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3 Cycle Samples: Conductivity vs. Frequency
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Figure 3: Conductivity of 3FTC samples versus frequency. Shown here is a comparison
of the 3 salt concentrations (0M, 0.1M, and I1M). Data shown is the mean of at least 3
different PVA samples. The standard deviation is within the size of the data marker.
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Figure 4: Permittivity of 3FTC samples versus frequency. Shown here is a comparison
of the 3 salt concentrations (OM, 0.1M, and 1 M). Data shown is the mean of at least 3
different PVA samples. The standard deviation is within the size of the data marker.
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6 Cycle Samples: Conductivity vs. Frequency
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Figure 5: Conductivity of 6FTC samples versus frequency. Shown here is a comparison
of the 3 salt concentrations (0M, 0.1M, and 1M). Data shown is the mean of at least 3
different PVA samples. The standard deviation is within the size of the data marker.
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Figure 6: Permittivity of 6FTC samples versus frequency. Shown here is a comparison
of the 3 salt concentrations (0M, 0.1M, and 1M). Data shown is the mean of at least 3
different PVA samples. The standard deviation is within the size of the data marker.
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In Figures 4 and 6, the relative permittivity (unitless) for these same samples is
plotted versus frequency. Note that in these figures, the permittivity spans several orders of
magnitude. There appears to be a small decrease in the relative permittivity with increasing
number of FTCs, but it is not significant. There was a significant increase in the permittivity
with the addition of salt (p<0.01). At 1kHz, a two-way ANOVA indicates that there is not a
significant change with freeze-thaw cycle, but that the change in permittivity is significant
(p<0.01). For all samples the permittivity approached zero at high frequency (>2 kHz for 0
M and 0.1 M or >10 kHz for 1 M,). The permittivities ranged from 95.1 £ 0.1 to (2.32 £
0.03)*¥10” for the 3 FTC samples.

In Figures 7 and 8, the electrical data resulting from the storage of the samples in the

two different media (water and saline) is presented.
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Figure 7: "Storage Media Test A." In this set of figures, PVA manufactured without salt
(OM 3FTC and 6FTC) are placed in either distilled water (top 2 subplots) or in 1M saline
solution (bottom 2 subplots). Curves represent measurements taken before being placed
in the medium, and day 2, day 6, and day 30 following. Note that the conductivity
decreases slightly, probably by the uptake of water (top plots), however when placed in
saline (bottom) the conductivity drastically increases.
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Figure 8: "Storage Media Test B." In this set of figures, PVA manufactured with salt
(0.1M 3FTC and 6FTC) are placed in either distilled water (top 2 subplots) or in 1M
saline solution (bottom 2 subplots). Curves represent measurements taken before being
placed in the medium, and day 2, day 6, and day 30 following. Note that the larger initial
conductivity (as compared to Figure 7) decreases when placed in distilled water (top 2
subplots). However when placed in the saline solution (bottom subplots), these samples
demonstrate an increase in conductivity approaching that of day 30 in figure 7.

Figure 7 shows the OM NaCl, 3 and 6 FTC PVA-C samples that are either stored in
distilled water or saline solution. To enhance the readability of these plots, only the data
from days 0,2,6 and 30 are presented. For both the 3 and 6 FTC samples that are stored in
distilled water there is a significant decrease (p < 0.05) in conductivity from Day 1 to Day 30.
This may indicate that water is diffusing into the cryogel making the sample less conductive,
or that salt is diffusing out of the gel. For both the 3 and 6 FTC samples that are stored in

saline solution there is a significant increase (p < 0.05) in conductivity from Day 1 to Day
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30. This seems to indicate that in these samples, salt is diffusing into the cryogel to increase
its conductivity.

Figute 8 shows the 0.1M NaCl, 3 and 6 FTC PVA-C samples that are either stored in
distilled water or saline solution. For both the 3 and 6 FTC that are stored in distilled water
there was a significant decrease (p < 0.05) in conductivity from Day 1 to Day 30. For both
the 3 and 6 FT'C samples that were stored in saline solution there is a significant increase (p
< 0.05) in conductivity from Day 1 to Day 30.

Cleatly the results indicate a change in the MRI and the electrical properties of PVA-
C between 3 and 6 freeze thaw cycles (shown in Figures 1-6). The gel was found to be less
conductive following 6 FTCs, relative to 3 FTCs. Figure 1 demonstrates that
increasing the number of FTCs decreases the T, value, which is consistent with what has
been demonstrated previously (17). There was a significant (p<0.05) decrease in T value
when compating the 3 FTC and 6 FTC samples. This was true for samples of any salt
concentration. These results also show that by adding salt to the PVA-C there are significant
increases 1n the T, values for the 6FTC samples.

The standard deviation of the T, for the 6 FTC, 0.1M samples was quite large
compared to the other measurements in Figure 1. This indicates a larger variability in the T1
of these samples. This may be due to non-uniformity of relaxation times throughout the
samples or a non-uniform sample preparation. An increase/decrease in relaxation time
could have been caused by random air bubbles within the sample.

The decrease in T, as the number of FTCs increased was not significant (p>0.01) for
all NaCl concentrations. It has been observed that larger variation in the PVA-C properties

occurs during the initial few FTCs (17). Increasing the number of FTCs beyond 3 is

196




PhD Thesis - K. Wilson - McMaster - Medical Physics

expected to cause less variation in the T, value. A plateau in relaxation times as a function of
FTC was obsetved by Chu and Rutt (17).

It may not be intuitive why the simple addition of salt should affect the relaxation
times. When salt is added to the water there is a change in the molecular structure which
changes the mobility of the protons and thus a change in relaxation time. Work for example
by Park & Fayer (18) showed that the structure of a water-ion network in a NaBr solution 1s
very different than a hydrogen bond network in pure water.

Previous work has shown similar values for the relaxation times (5, 16, 17). The
numbers are similar, not identical, since there are various factors affecting the final PVA-C
product that were different from earlier studies. The number of FTCs, rate of freeze/thaw,
%PVA, MRI field strength, temperature of measurement, and molecular weight of PVA are
all important factors to be considered when trying to compare relaxation times to previous
work.

Part of our motivation for conducting this work is to use PVA-C as a tissue
mimicking phantom. One model system of interest for example is the human breast. In the
human breast, estimates for healthy tissue yield a T, of 900-1000ms (19), and typical T,s are
in the order of 50-100ms. It has been demonstrated that these values are achievable using
PVA-C (16) for the purpose of an anthropomorphic breast phantom.

Merchant et al. (20), used a multiecho spin echo intetleaved with a multiecho
inversion recovery sequence at 1.5T to estimate T, and T, in the healthy and the diseased
breast. They found T, and T, values in notmal breast tissue (n = 23) of 795.64 * 21.12 and
62.82 t 4.06 ms, respectively. In benign breast tissue (n = 17), the respective values were
1049.02 = 40.31 and 89.15 & 8.33 ms, while in malignant breast lesions (n = 11), they were

876.09 * 27.83 and 74.76 £ 3.90 ms.
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Cleatly PVA-C has MRI relaxation titnes comparable to those observed in normal
and diseased breast tissue. Here we have shown T, values ranging from 602 * 18 ms to 827
1t 13 ms and T, values from 64 + 9 ms to 86 + 8 ms. It would be beneficial to obtain a
larger range for both T, and T, values in order to encompass the entire range of normal
values described above. Relaxation times for PVA-C can be changed by altering the
petcentage PVA and therefore this provides an easy way to obtain NaCl doped samples with
the required T, and T,. Changing the percentage PVA has been previously performed and
shown to have the correct range of relaxation times to mimic most normal tissue (5).

One possible interpretation of these changes induced by additional freeze-thaw
cycles is that indeed the PVA-C becomes more hydrogen bonded with an increased number
of freeze-thaw cycles. This idea of increased hydrogen bonding with increasing number of
FTCs is supported by Kobayashi et al. (21). Water present within the gel, or possibly
channels of water, become more restricted and hence display a reduced conductivity. If this
is indeed the case, then water in the cryogel behaves mote like “bound water” than “free
water.” In general, there exists a relationship between MRI relaxation time, and mobility of
water. For example, assuming that water in the cryogel with 1 freeze thaw cycle is relatively
mobile since the sample has limited crystallinity, then the MRI relaxation times define a
position on the molecular mobility axis as indicated perhaps by the arrow in Figure 9. A
pure substance, water for example, would have such a characteristic plot and would have a
T1 minimum at the Larmor frequency. As the number of freeze thaw cycles increases, then
the mobility of water decreases (moving to left on x-axis) suggesting a decrease in T and T.,.
This is not an exact analogy as the plot in Figure 9 is intended to describe a pure substance,
not a complex material such as a cryogel. However it does illustrate the expected behaviour

of the MRI relaxation times as the mobility changes.
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Figure 9: MR Relaxation Times (T; and T;) as a function of frequency for a pure
substance, demonstrating the expected trend for the relaxation times as a function of
water mobility. Water at room temperature would be relatively mobile, and may be
closer to the position indicated by the arrow. In consideration of a cryogel with reduced
water mobility, this plot would suggest a decrease in T; and T».

In summary, it was shown here that increasing from 3 to 6 FTCs significantly
decteased the T, relaxation time but T, was left relatively unchanged. It was also shown that
the addition of salt significantly increased the relaxation times.

As expected with increasing salt concentration there is an increase in the
conducﬁvity. The salt ions allow for better conductivity. As the frequency increases so does
the conductivity. At higher frequencies the increase in conductivity begins to slow. The
peak conductivity for the 0.1M samples is approximately one tenth that of the 1M samples.

The conductivity increased by approximately ten-fold with a commensurate increase in salt
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concentration. This linear relationship between molarity and conductivity is expected since a
linear relationship has been previously reported (22). Also note that there were sharp
increases in the conductivity values between 100 and 1000Hz for all samples. This reflects a
limitation of the measurement method. Often when using fixtures in combination with
network analyzers, an open-short compensation (23) is required. This procedure requires a
measurement of the fixture in the open and short circuit geometries. For some frequencies,
this generated a divergence in the compensated equations that was not completely removed,
because the capacitance being measured in the parallel geometry becomes very small at these
frequencies. This is partially exaggerated because of the large space in the parallel plate
fixture required to fit the large PVA-C pucks.

In Figure 4 the permittivity measurements of the 3 FTC samples is shown. The
permittivity is 2 measure of how well a material is able to resist the formation of an electric
field within it. All permittivities decreased with increasing frequency. At larger frequencies
the permittivities all approached zero. The 0 M and the 0.1 M samples approached zeto at a
frequency of approximately 2 kHz whereas the 1 M samples approached zero at
approximately 10 kHz.

Conversely, the conductivity of the 6 FTC PVA-C samples increased with salt
concentration. The peak value of the 0.1M samples was approximately 25% of the 1M
measurements. This suggests a different relationship than that which was observed for the 3
FTC samples. Here there was not a tenfold increase in conductivity, as seen previously with
the 3 FTC samples. Therefore the number of FTCs must be taken into account as well as

the concentration of salt in order to obtain a desired conductivity.
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Permittivity is observed to increase with increasing salt concentration. Once again,
at higher frequencies the permittivity approached zero for all samples. The 0 M, 0.1 M, and
1 M samples approached zero at approximately 1 kHz, 2 kHz, and 9 kHz, respectively.

The conductivities ranged from 0.026 to 1.07 S/m for the 3 FTC samples. The
conductivities ranged from 0.068 to 0.581 S/m for the 6 FTC samples. Kato et al. (24)
found that values for conductivity ranged from 0.0295 S/m to 0.744 S/m depending on the
tissue type. Thetefore it is possible to mimic most tissue types by changing the number of
FTCs and the concentration of NaCl (from 0 M — 1 M).

The permittivities ranged from 95.1 to 2.32¥10’ for the 3 FTC samples. The
permittivities ranged from 84.5 to 1.85%10’ for the 6 FTC samples. Past studies (25-29) have
shown that various human tissues have permittivities in the range of 40 — 40*10". Therefore
it is seen that the permittivity measured using PVA-C does not encompass the entire desired
range. Further work employing other additives is being performed to be able to mimic the
entire range.

The common application of this impedance technology is to measure the dielectric
spectrum of a sample to examine the various relaxation processes in a liquid or a polymer.
There are two main effects which are “nuisances” in this regard. One 1s the DC part of the
conductivity which we are trying to exploit here. The DC conductivity manifests at the
lower frequencies and can overwhelm the signal below 1kHz. The other effect is the
electrode polarization (23, 30), which also manifests at the lower frequencies. Itis
instructive to consider the conductivity at a frequency, say 10kHz-1MHz, where the signal is
much less affected by the electrode polatization effect. Clearly at 10kHz the conductivity
decreases with an increase in the number of FTC’s from 3C to 6C, so this change is

independent of any electrode polarization effects.
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The electrode polatization is a problem in salt solutions (23). For conducting
polymers and materials like ethanol it is not a large contribution and the conductivity can still
be extracted from the signal. We have begun to examine samples doped with NaCl
solutions. Hence there exist both DC conductivity and electrode polatization effects. It is
interesting to note however that clear evidence of the electrode polarization effect appears to
be lacking in the PVA-C measurements. Perhaps there is some effect of the PVA-C matrix
which inhibits the formation of a polarization layer on the electrode surface. Regardless,
further research is being performed to investigate this phenomenon.

The conductivity measurements of the 3C and 6C in this study are about 100 times
higher than the AC (frequency range from 10 to 10’ Hz) conductivity reported by Pissis et
al (31) for poly(hydroxyethyl acrylate) (PHEA) hydrogel with lower water contents
(maximum of 32%). Pissis et al. (31) also report permittivity only for higher temperatures
(30 °C to 90 °C). At 30 °C compared to Pissis et al. (31), the PVA-C permittivity is reduced
from 6 times down to only 2 times that of PHEA in the frequency range of 10 to 10° H.
Therefore the electrical impedance propetties of PVA cryogel are different from the PHEA
hydrogel.

In Figures 7 and 8 there is an obvious change in the conductivity by simply adding
0.1IM NaCl to the PVA-C. Also it can be seen that if the desired storage media is either
distilled water or saline there will be a transfer of NaCl to or from the PVA-C as an
equilibrium of the NaCl and water takes place. Therefore NaCl is not a suitable solute for
changing the conductivity when storing samples in a liquid. This diffusion would also make
it unsuitable for use in complex phantom structures. Other techniques need to be
investigated, such as conducting polymer or MICA or graphite, to manufacture stable 3D

conductivity distribution in the PVA-C phantoms.
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7.4 CONCLUSION

It has been shown that increasing the number of FTCs from 3 to 6 significantly
shortens the T, values for 15% PVA-C. There was no significant decrease in the T, values
when comparing 3 and 6 FTCs. The addition of NaCl caused significant differences in both
relaxation times (T, or T,). The conductivity of the 3 and 6 FT'C PVA-C was found to
increase proportionally with increasing salt concentration. There was a significant difference
in the conductivity when comparing the 0 M or 0.1M with the 1M samples for both 3 and 6
FTCs. A plateau in the conductivity was reached with increasing frequency, such that
further increases in frequency no longer appeared to affect the conductivity. The
permittivities for the 3 and 6 FTC PVA-C samples were found to decrease with increasing
frequency. The permittivity for all samples approached zero as the frequency increased. It
was shown that the conductivities and permittivities of most human tissue can be mimicked
by using PVA-C in a frequency range of 40 Hz — 1 MHz.

These results indicate that with an increase in the number of FTC’s, the hydrogen
bonding restricts the water in the gel. This therefore implies a reduction in the mobility of
the water in the gel.

For the construction of complex phantoms the idea of leaching should be
considered. It was shown that the molarity of both the PVA-C sample and the storage
solution will tend to equilibrate over time.

In the future, impedance measurements at higher (MRI) frequencies will be used to

assess the dielectric effect from loading the MRI coil.
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LIST OF ABBREVIATIONS

ANOVA analysis of vatiance

EIT electrical impedance tomography
FIC freeze thaw cycle

FTCs freeze thaw cycles

MRI magnetic resonance imaging
NaCl sodium chloride

PHEA poly(hydroxyethyl acrylate)

PVA polyvinyl alcohol

PVA-Cpolyvinyl alcohol cryogel
TE echo time

T1 inversion time
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