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1.5.3 Longitudinal magnetization and relaxation 

The longitudinal magnetization is the component of 𝑀0
⃑⃑ ⃑⃑  ⃑ along the Z-axis. Overtime, 

this component exponentially grows from a minimum back to the original 𝑀0
⃑⃑ ⃑⃑  ⃑ value. This 

growth can be characterized by the following equation [61]. 

𝑀𝑧(𝑡) = 𝑀0 (1 − 𝑒
−

𝑡
𝑇1) (1.3) 

Here T1 is the longitudinal relaxation (also known as the spin-lattice relaxation) time 

constant, or the characteristic time taken for the magnetization vector to realign with the 

direction of B0. When 𝑀0
⃑⃑ ⃑⃑  ⃑ has been tilted to 90o, the longitudinal magnetization component 

is zero, but begins to grow back through longitudinal relaxation. Like transverse relaxation, 

longitudinal relaxation rates differ depending on the tissue. By convention, the T1 value of 

a specific tissue is defined as the time taken for the longitudinal relaxation to reach 63% of 

its final value assuming a 90o pulse is used [59].  

1.5.3.1 T1 contrast agents 

T1 contrast agents find their use in MR imaging by increasing the specificity of MR 

contrast. These agents have magnetic properties which manipulate the T1 of tissue in their 

vicinity and increases the differences in signal between tissues at specific T1 times. Contrast 

enhancement occurs due to shortening of the targeted tissue’s T1 values. This increases the 

signal of the target tissue while the background signal remains the same when imaged with 

a MR sequence with T1 contrast weighting. Enhanced relaxation occurs due to strong dipole 

interactions between the proton magnetic dipole moment and that of unpaired electrons in 

the contrast agent. Contrast agents with unpaired electrons are paramagnetic and are 
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the sodium nucleus. In conjunction with tests using solutions of different concentrations, a 

shift of 1000Hz was achieved given the solubility limits of Tm-DOTP5-. A solution of 

200mM of Tm-DOTP5- and 2M NaCl solution was used as a reference peak for setting 

transmit gain (TG) for the surface coil. By implementing the reference marker in a single 

repeatable location for all longitudinal imaging sessions, a consistent and replicable 

excitation profile can be achieved with a surface coil. The shift reagent reference tube 

(75.85mm length by 11.42mm diameter) was placed in a defined position at the center of 

the imaging region of the coil. The shifted peak was confirmed visually on the scanner and 

TG was determined from the maximum observed amplitude of the shifted peak. This 

reference tube was then removed prior to beginning sodium image acquisition.   

2.4 Cell culture 

C6 rat glioma cells (CCL-107, American Type Culture Collection, Manassas, VA, 

USA) were cultured in Dulbecco’s Modified Eagle Media (DMEM) (Wisent, Montreal, 

QC, CA) containing 10% fetal bovine serum (FBS), 1% antibiotic-antimycotic and 

supplemented with 4-times concentration of non-essential amino acids and 2% L-

glutamine. Cells were grown at 37°C in 5% CO2. Cells were evaluated for mycoplasma 

using the MycoAlert Mycoplasma Detection Kit (Lonza, Basel, Switzerland). 

2.5 Animal model 

An orthotopic glioma model was used for this study. On day 0, 200-250g male 

Wistar rats (Charles River Laboratories, Wilmington, MA, USA) underwent stereotactic 

surgery for cell implantation into the brain. Fur on the superior side of the rat head was 

removed and a midline incision was made. Fascia was pushed aside to expose the skull 
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surface and bregma and lambda were landmarked and horizontally leveled.  A 2.5mm burr 

hole was drilled 1mm posterior and 3mm right-lateral to bregma. A 25G Hamilton 

microliter syringe (Hamilton 700 series) was advanced to a 4mm depth and used to inject 

106 C6 glioma suspended in 10L of phosphate buffered solution (PBS) at a rate of 

3L/min. The needle was left in place for 1 minute before extraction. The surgical site was 

flushed with a sterile saline solution to wash away any cells which may have effused from 

the injection site through the burr hole. Finally, bone wax was used to fill the burr hole to 

block any additional cells from effusing. Animals were imaged on days 7, 10, 12 and 

imaged every 3rd day after that except for rat 1. This animal received imaging on days 7, 

10, and then every 2nd day after that. When tumours reached a volume of greater than 

150mm3, animals were designated to: first a control group which received no therapy (n=4) 

and followed by a treatment group (n=3). The treatment group received 40mg/kg of 

Temozolomide (TMZ, Sigma Aldrich, Miamisburg OH, USA) dissolved in dimethyl 

sulfoxide (DMSO, Sigma Aldrich, Miamisburg OH, USA) via intra-peritoneal injection 

for 5 consecutive days. At endpoint, animals were perfused, and tissue was collected for 

histological examination. All animal procedures were conducted in accordance with 

relevant guidelines by the University Council on Animal Care and the Animal Use 

Subcommittee (AUP 2018-164). 

2.6 In vivo imaging 

 2.6.1 Sodium imaging 

Animals first underwent imaging with the sodium surface RF coil which allowed 

for easier animal placement and adjustment. This was followed by subsequent imaging 
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with the proton birdcage RF coil. The sodium coil was positioned on an MR compatible 

tray comprised of a curved cylindrical acrylic former suspended from plastic rails. This 

configuration placed the animal head near the isocentre of the MRI bore as well as allowed 

for the placement of a proton birdcage RF coil and shield around the animal without any 

additional repositioning of the animal (Figure 2-2). Solutions with sodium concentrations 

of 30mM, 50mM, 70mM, and 100mM in 2mL reagent bottles were placed along the 

underside of the coil. These reference vials were used for the correction of the RF coils 

sensitivity profile and to determine absolute TSC. 

All animal imaging was conducted on a GE Discovery MR 750 3.0T MRI (General 

Electric Healthcare, Milwaukee, WI, USA). A detailed image showing the imaging setup 

is shown in Figure 2-3. Sodium imaging was conducted using a density-adapted 3-

dimensional projection reconstruction sequence (DA3DPR) (TE=0.5ms, TR=100ms, 

Taq=8ms, flip angle (𝛼)=90°, FOV=80mm isotropic, NEX=10, imaging time=12mins) [1]. 

The transmit gain for imaging was set based on a vial of 200mM Dm-DOTP5- and 2M 

Figure 2-2. An illustrative schematic showing the positioning of the proton birdcage, 

sodium surface coil and animal position down the vertical axis. The proton birdcage is 

attached to external rails which allow it to move independently from the sodium surface 

coil. 
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sodium chloride solution placed in the center of the coil’s imaging area. This solution 

produced a sodium signal peak with a shifted frequency of approximately 1000Hz [2]. 

Images were reconstructed using a custom MATLAB script (MathWorks, Natick, MA, 

USA) to an imaging matrix size of 27 × 27 × 512 with 3mm isotropic imaging voxels. 

2.6.2 Proton imaging 

To acquire proton images, the proton birdcage coil and shield were slid onto the 

rails and positioned to be concentric with and centred on the sodium coil.  For each imaging 

session 3D T2-weighted images and 3D pre- and post- gadolinium-DTPA (0.5mmol/kg; 

Magnevist, Bayer, Leverkusen, Germany) contrast enhanced (CE) T1-weighted images 

were acquired. The T2-weighted images were obtained using a 3D fast spin echo sequence 

(FSE) (CUBE, General Electric Healthcare, Milwaukee, WI, USA) with the following 

Figure 2-3. A photograph showing a typical set up for sodium imaging. The sodium 

coil and animal in supine position are placed on a specially constructed tray which 

suspends an acrylic half-pipe between the rails. Anesthesia and heating can be placed 

around the animal. The halfpipe is slid through the bore of the proton coil which is 

centered by nylon end-rings to position it along the rails. This allows the proton coil to 

be positioned central to the animal and sodium coil. 
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parameters: FOV=60mm isotropic, acquisition matrix=128×128, slice thickness=0.5mm, 

bandwidth=62.50MHz, NEX=3, TR=2432ms, TE=60ms, echo train length (ETL)=120, 

imaging time=12 minutes. The T1-weighted images were also obtained using a general 3D 

FSE sequence with the following parameters: FOV=60mm isotropic, acquisition 

matrix=128 × 128, slice thickness=0.5mm, bandwidth=31.25MHz, NEX=1, TR=281ms, 

TE=18.2ms, ETL=10, imaging time=10 minutes. Post-CE images were acquired 30s after 

Magnevist (Bayer, Leverkusen, Germany) injection.  

2.7 Image processing 

2.7.1 Intensity correction and quantification 

Sodium images were reconstructed using MATLAB (MathWorks, Natick. MA, 

USA), GE Orchestra (General Electric Healthcare, Milwaukee, WI, USA) and the 

Michigan Image Reconstruction Toolbox (Jeffery A. Fessler, “Michigan Reconstruction 

Toolbox”, web.eecs.umich.edu/~fessler/code/). Sodium images were reconstructed into an 

imaging matrix volume of 27 × 27 × 512 with 3mm isotropic imaging voxels. To prepare 

images for intensity correction, ITK-SNAP  (www.itksnap.org, [7]) was used to perform 

region of interest (ROI) segmentations. The subject and sodium reference vials were 

segmented from the background noise using ITK-SNAP’s built-in semi-automatic 

segmentation tool. The mask generated from this segmentation was used with a custom 

MATLAB script (MathWorks, Natick. MA, USA) for purposes of correction of the non-

uniform signal sensitivity profile of the sodium surface coil.  

https://web.eecs.umich.edu/~fessler/code/
http://www.itksnap.org/
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Figure 2-4. Schematic showing the major steps and outputs in intensity correction 

pipeline. 1) An intensity normalized sensitivity axial image of a 50mM 1% agarose 

cylindrical phantom with four 50mM reference vials along the bottom. Acquired with 

30 averages 2) A segmented and intensity corrected image of a 50mM 1% agarose 

phantom with 30mM, 50mM, 70mM, and 100mM reference vials along the bottom. 3) 

A linear regression formed through a plot of known sodium concentration in the 

segmented reference vials versus the average signal intensity in the segmented reference 

vials. The line is used to remap signal intensities in the image to their corresponding 

concentration. Error bars represent standard deviation of pixel measurements in each 

reference vial. 4) Final image and reported average concentrations ± SD after intensity 

remapping showing the 50mM phantom and reference vials along the bottom. 

Measurements in small ROIs range from 47.9 ± 2.7mM to 51.5 ± 1.6mM. The average 

± SD across all 6 sample ROIs was 49.5 ± 2.5mM. 5) Showing the ROI selection (blue) 

within the volume of the phantom (red) rendered from segmentations take in ITK-SNAP. 

1) 2) 3) 4) 

5) 
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To correct for intensity variation over the imaging area of the surface coil, a high SNR 

image containing only sodium intensity variation was obtained by using a 50mM 1% 

agarose phantom and 50mM reference vials. This sensitivity map was normalized to then 

obtain a normalized sensitivity map which could be used to scale intensities in an in vivo 

image. To process an in vivo image, a mask of the areas of interest (main area to be 

corrected and reference vials) was made using the semi-automatic segmentation tool in 

ITK-SNAP. This mask was eroded to address observable partial volume effects (PVE), 

especially in the edge regions of the reference vials. The average noise in the image was 

calculated from an averaged background ROI and then subtracted from each pixel to 

address the offset across the imaging volume which improves the precision of the 

quantification. Sensitivity correction was obtained by dividing the subject image by the 

normalized sensitivity map which adjusts pixel intensities to account for the signal fall off.  

Using the normalized sensitivity map, areas close to the surface of the coil are typically 

divided by larger numbers while areas further away from the surface of the coil would be 

divided by smaller numbers. This would offset the intensity fall of due to the surface coil.  

To quantify sodium measurements from the intensity corrected image, first the 

average intensities from the known reference vials were extracted. These intensity values 

were mapped against their known concentrations to determine a line of best fit. This line 

was used to remap the pixel intensities across the rest of the image to concentration values. 

This pipeline was validated through the quantification of known 40mM and 80mM saline 

phantoms which were used to fill the imaging volume. This was followed by in vivo 

validation by evaluating healthy brain TSC in rats and comparing these values against 

known values from literature. Healthy rats (n=3) underwent a proton and sodium imaging 
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session. Images were processed as described in section 2.6.2 and whole brain 

segmentations were obtained to determine the TSC of the healthy brain.  

2.7.2 Image analysis  

Manual registration of sodium and proton images was achieved using rigid linear 

transforms in 3D Slicer (www.slicer.org, [8]). Additionally, sodium images were 

resampled into the same voxel spacing as the proton images. Measurements for tumour 

volume from T1- and T2-weighted images were obtained from manual segmentations in 

ITK-SNAP (www.itksnap.org, [7]). Tumour boundaries from T1-weighted images were 

determined based on post-CE images. T2-weighted anatomical proton images were used as 

a guide to manually segment the tumorous regions to determine tumour TSC values from 

sodium images for each animal in the experiment. 

As a comparison, matched baseline “contralateral” sodium measurements for each 

animal, a tumour free region in the posterior portion of the brain – far away from where 

the main tumour would grow was segmented out for measurement. Additional TSC 

measurements from healthy, tumour-free animals were obtained using the same 

registration methods. Whole brain segmentations were used to determine average healthy 

brain TSC. 

2.8 Endpoint histology 

At experimental endpoint, animals were euthanized and perfused with 4% 

paraformaldehyde (PFA) in PBS. The whole brain was then extracted and stored in 4% 

PFA at 4°C for 24 hours. After fixation, brains could be placed in PBS at 4°C for long term 

storage or prepared for cryo-sectioning.  

http://www.slicer.org/
http://www.itksnap.org/
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For cryo-sectioning, brains were placed in solutions of increasing sucrose 

concentration (10%, 20%, 30%) until fully sunken to extract water content. After which 

the brain would be embedded in optimal cutting temperature (OCT) medium and frozen on 

dry ice before moving to long term storage at -20°C. Ten-micron sections were obtained 

using a microtome-cryostat (Leica CM1860, Wetzlar, Germany) and stained for 

hematoxylin and eosin (H&E). Whole-mount sectioned slices were scanned using the 

EVOS imaging system (M7000, ThermoFisher Scientific, Waltham, MA, USA). 

2.8 Statistics and analysis 

Statistical analyses were performed using GraphPad Prism v8 (GraphPad Software 

Inc., California, USA). A two-way ANOVA and Tukey’s post hoc was performed to 

investigate endpoint TSC. Exponential growth curve fitting was performed to model 

tumour growth based on tumour volume measurements over time. This relationship was 

then used to determine the tumour growth rates. Linear regressions were performed to 

identify any trends in the between measures and Pearson correlation analyses were 

performed to determine the strength of those trends.  
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Chapter 3 

3 Results and analysis 

3.1  Results 

To evaluate sequence performance and optimization, image quality from different 

DA3DPR acquisition protocols were evaluated. Comparisons between 1mm isotropic and 

3mm isotropic imaging resolutions showed that overall SNR was higher using the 

insertable gradient system compared to the clinical gradient system. Qualitative 

observation indicated that sodium MR image quality at 3mm imaging resolution was higher 

than at 1mm imaging resolution, as expected. Sequence implementation using the 

insertable gradient system introduced new artefacts and challenges regarding feasibility as 

unwanted image artefacts such as blurring, and ringing were common. Additionally, 

hardware limitations were encountered due to the sensitivity of the radial sequence to eddy 

currents and gradient imperfections. As a result, in vivo imaging was acquired without the 

gradient insert system.  

 To optimize the addition of the shift reagent Tm-DOTP5- for 3mm imaging 

resolution in vivo at clinical settings, a simulation of shift reagent concentration to reported 

frequency shift based on past literature was created. The final concentrations of 23Na and 

TmDOTP5- were determined by considering the amount of sodium for a well-defined peak 

and the solubility limits of TmDOTP5- in water. Figure 3-1A shows the final observed peak 

which has been shifted approximately 1300 Hz from the main sodium peak. The 

combination of the DA3DPR sequence and the shift reagent was used to image a 50mM 

1% agarose phantom. It was determined within the imaging area of the coil, an average 
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SNR of 14.9 could be achieved for images averaged 10 times (imaging time=12 minutes). 

A representative axial slice of a cylindrical phantom filling the imaging volume is shown 

in Figure 3-1B. It should be noted, an asymmetric signal profile was observed from the coil 

upon image reconstruction. This asymmetry was not observable from the bench and is 

likely to be the result of something further down the receive chain. This asymmetry did not 

affect analysis as the intensity correction pipeline was able to offset the profile. 

 

 

 

 

 

A B 

Figure 3-1. (A) 23Na FID spectrum showing the (L) shift reagent signal and (R) signal 

from 50mM 1% agarose cylindrical phantom with frequency centered on shift reagent 

peak. (B) Representative axial slice of a cylindrical 50mM 1% agarose phantom 

showing SNR of coil in imaging region. Image was acquired with 10 averages over 12 

minutes.  
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Figure 3-2. (A) Single representative animal from the non-treatment group. Bottom 

panel shows a zoomed in view of sodium images overlayed onto T2-proton weighted 

images at longitudinal time points. Tumours are outlined by yellow boundaries. (B) 

Graph of average tissue sodium concentration ± SD for representative animal for both 

the tumorous region and contralateral brain region. (C) Side-by-side H&E histology, 

T1-weighted image, and sodium image of non-treated animal at endpoint. Tumours are 

outlined in yellow and the brain in brown. 

C 
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A total of 7 rodents were monitored using longitudinal sodium imaging at multiple 

time points post-implantation. These animals were split into control (n=4) and treatment 

(n=3) groups. Figure 3-2A shows a representative animal’s sodium, proton and overlaid 

sodium and proton MR images while the animals’ representative TSC measurements over 

time are show in Figure 3-2B. A visible increase in the area and concentration of TSC 

localized to the tumour can be observed starting from day 12. T1-weighted proton images 

Figure 3-3. Graph of average tissue sodium concentration ± SD for (L) tumour and (R) 

contralateral tumour-free region for all imaging time points. Top row shows all animals 

and bottom row averages all cohorts to obtain a linear regression for all animals. Dotted 

lines show the 95% confidence interval. The slope for TSC versus time for the combined 

tumour group was significantly different from zero (p<0.05) and not significantly 

different from zero for the combined contralateral brain group (p=0.15). Slopes for the 

tumour region and the contralateral tumour-free region were significantly different 

(p<0.05). 
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and sodium images are also shown next to a corresponding H&E histology slide in Figure 

3-2C. This shows the correspondence between the histological tumour area and what can 

be observed from the imaging data. The boundaries of the tumour are clearly visible and 

well defined in the T1-weighted images, however the reduced resolution (3mm isotropic) 

in the sodium images show a lack of similar definition. Figure 3-3 shows the longitudinal 

changes in TSC across all animals in both control and treatment groups. Increasing TSC 

over time can be observed in the tumours while TSC in the contralateral brain stays 

relatively constant for both the control and treatment groups. The increase in TSC over 

time in the tumour has a slope significant from zero (slope = 1.16 ± 0.21mM/day, 

p<0.0001). The slope of TSC versus time in the contralateral brain regions is not 

significantly different from zero (slope = 0.23 ± 0.16mM/day, p=0.15).  

Contrast enhanced T1-weighted imaging was acquired for 5 animals out of the total 

7. Animals in both treated (n=3) and non-treated (n=2) cohorts received CE MRI. 

Although T1-weighted imaging is typically used in clinical imaging, our model saw the 

volume measurements from the T2-weighted images better captured the bounds of the TSC 

distribution.  Overall, there was more inhomogeneity in T1-weighted images, which could 

be indicative of necrosis or changes in the permeability of the blood tumour barrier. 

Tumour morphology from T2-weighted images were found to better correlate with tissue 

sodium distribution compared to T1-weighted images, especially in control animals. This 

was qualitatively confirmed by visible inspection at endpoint by histology. The volume 

difference between the T1-weighted and T2-weighted measurements was on average 350.4 

± 123.18mm3 for control animals at endpoint. An example of this discrepancy can be seen 

in Figure 3-4. 
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Figure 3-5 shows the tumour volumes extracted from the T2-weighted proton 

images plotted against the average TSC measurements from the tumours for both groups. 

Average tumour TSC increased with volume for both non-treated and treated animals. 

However, the rate of this increase did not differ significantly between groups (p=0.42). A 

vertical line indicating a volume of 150mm3 is included as that is the volume where reliable 

quantification of sodium signal localization to the tumour was possible. This represents 

approximately six sodium imaging voxels for our TSC imaging. Overall, average tumour 

volume at endpoint in the control group trended higher than in the treatment group, 

however this difference was not significant. 

Figure 3-4. Representative animal showing a sagittal view of the brain (from left to 

right: T1-weighted post-CE, T2-weighted, sodium MRI images). Outline shows the 

boundaries of the tumour as taken from the T2 volume also overlayed on the same 

position in the T1-weighted post-CE and sodium images. Image resolution for the above 

images were 0.5mm3, 0.5mm3, and 3mm3 respectively.  
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Figure 3-6 shows tumour growth rate derived from volume measurements plotted 

against average TSC. A positive correlation between growth rate and average tumour TSC 

for both control (r=0.78) and treatment cohorts (r=0.67) was observed. The slope for this 

relationship did not differ significantly between groups (p=0.57). The range of growth rates 

observed in the control group is larger than the range of growth rates observed in the 

treatment group. The maximum growth rate in the control group is 265.8±0.1mm3/day 

while the maximum in the treatment group is 136.2±0.2mm3/day. This error was obtained 

from the 95% confidence interval. The uncertainty in the difference of these two rates is 

129.6±0.3mm3/day.  As this difference is represents greater than 4 standard deviations, the 

difference between the growth rates are significant.  

Figure 3-5 Graph of average tissue sodium concentration for (L) non-treated and (R) 

treated for measured tumour volumes. Dotted lines show the 95% confidence interval 

for the linear regression. Slopes of average TSC versus tumour volume were not 

significantly different at a 95% confidence level for non-treated versus treated groups 

(p=0.42). 
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The relationship between time after injection and ΔTSC between the tumour and 

contralateral brain showed that differences between brain region did not significantly differ 

depending on cohort and overall trended in a positive direction. It was observed that overall 

differences in TSC between the tumour region and contralateral brain increased. Lastly, a 

A 

B 

Figure 3-6. (A) Graph of average tissue sodium concentration in tumours for (L) non-

treated and (R) treatment cohorts for tumour growth rate. Dotted lines show the 95% 

confidence interval for the linear regression. Slopes not significantly different at a 95% 

confidence level (p=0.57). (B) Graph of average doubling time of tumour volumes for 

the non-treated and treated animal groups. Differences in doubling times were not 

significant (p=0.23). 
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comparison of TSC at endpoint across treatment groups and brain regions showed that 

differences were significantly different only between regions (p<0.001) and not between 

cohorts.  

 

  

Figure 3-7. Graph of ΔTSC between tumorous region and contralateral brain for time 

matched points for (L) untreated and (R) treatment cohorts. Dotted lines show the 95% 

confidence interval for the linear regression. Slopes are not significantly different at a 

95% confidence level (p=0.18). 
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Figure 3-8. Graph of average TSC ± SD at endpoint for the tumorous region and 

contralateral brain region. Differences between brain region are significant for both non-

treatment and treatment groups (p<0.0001). Average tumour TSC (p=0.59) and average 

contralateral brain TSC (p=0.84) at endpoint were not significantly different between 

treatment and non-treatment groups.  
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3.2 Discussion 

In this study we demonstrated the first implementation of DA3DPR sodium 

imaging to study an orthotopic glioblastoma tumour model in rats at 3T. The sequence was 

successfully implemented at 3T using the clinical gradient. In addition, sodium images 

from the surface coil imaging was successfully quantified using our inhouse algorithm. The 

implementation of this sequence with the addition of a proton birdcage which slid over the 

sodium setup meant that anatomical images could be intrinsically co-registered with 

sodium images. Our preliminary study showed that the imaging protocol was sensitive to 

changes in TSC over time and in different brain regions. In the clinic, CE T1-weighted 

imaging and T2-weighted imaging are typically used to assess glioma. A combination of 

T1-weighted and T2-weighted proton anatomical images with sodium MRI images allowed 

for the investigation of the relationship between TSC and the physical characteristics of the 

tumours, such as volume and growth rate. Sodium MRI could additionally add molecular 

information about glioma for this preclinical model.  

The segmentation based on the anatomical images allowed for the extraction of 

tumour volumes and TSC. Based on tumour volume measurements and observable signal 

localization, sodium signal can be reliably quantified for tumour volumes larger than 

150mm3. Tumour volume was a limiting factor in sodium quantification due to the voxel 

size in the sodium scans, thus diffuse areas of the tumour or offshoots of the main mass 

which can be visualized in the proton scans cannot be detected in the sodium. Voxel size 

will likely continue to be a limiting factor in sodium MRI studies as most studies report an 

isotropic resolution of around 2.5mm3 in both preclinical and clinical settings [1-4]. It 

should be noted that imaging in these studies tended to have a greater number of averages 
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and therefore longer imaging durations. The analysis showed that TSC increased over time 

within the tumours as they grew. Increases in tumour growth rate were additionally 

correlated with increasing TSC. Ultimately this indicates that the sodium imaging protocol 

is supported by anatomical imaging as TSC was extracted based on the observable tumour 

from T2-weighted images. Based on the co-registration and segmentation, changes in the 

TSC could be observed specific to the tumour. This analysis revealed that this sodium 

imaging method and animal model did not show differences in the tumour TSC between 

control and treatment group animals. A few studies have investigated long-term trends in 

pre-clinical models using sodium MRI and clinically relevant proton sequences, thus the 

insights provided by this study provide valuable insight into possible trends and 

considerations for further studies of this type [5]. 

An evaluation of growth rate determined from the longitudinal segmentations 

showed there was an increase in tumour volume doubling time observed for animals in the 

treatment cohort. This difference is not significant therefore it is difficult to say whether 

treatment influenced the rate of growth of the tumours. This could explain the similarities 

in the TSC values for both cohorts. It should be noted that the range of growth rates was 

greater for control animals than the range of growth rates for treatment animals, which may 

indicate treatment influenced tumour growth which was not reflected in the TSC. This 

could partly be owed to the differing durations of survival between cohorts. The 

chemotherapy regiment was aggressive and animals in the treatment cohort deteriorated 

rapidly compared to animals in the control cohort. As a result, overall survival times for 

the treatment cohort were shorter.  Ultimately it is unclear if the lack of differences were 

due to limitations with the imaging protocol itself, or limitations of the animal model.  
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A key measurement evaluated was the time matched difference between TSC in the 

tumour and TSC in the contralateral brain (ΔTSC). These differences increased over time 

as we observed increases in the tumour TSC compared to the relative steadiness in the 

contralateral brain TSC. It is important to recognize that the contralateral brain is not a 

perfect measurement of baseline TSC to evaluate changes against. As it is in the same organ 

as the tumour, this region is not healthy and is affected by the extracellular tumour 

environment. Inflammation, infiltration, and extracellular environment changes are 

potential factors that could affect the contralateral side [6]. These changes, in particular 

inflammation would result in TSC increases which may explain the observed upwards 

trend [7]. It is also likely that the chemotherapy had some effect on the cells in the 

contralateral brain. TMZ is not a targeted therapy and specifically functions via DNA 

alkylation, therefore all dividing cells in the body would be affected to some degree and 

cell death is likely to increase in the healthy dividing glial cells in the brain [8]. Therefore, 

the slight increase in TSC over time observed in the contralateral brain may point towards 

a combination of these described factors. We are interested in the contralateral region 

despite these limitations as it is within the same organ as the tumour and can therefore 

present the most relevant point for comparison.  

We incidentally observed that regions of high TSC better correlated with tumour 

boundaries observed in T2-weighted images rather than T1-weighted images. This is of 

particular interest as evaluating changes on T1-weighted images is the current clinical 

standard for evaluating treatment response. More recent guidelines for evaluating treatment 

response such as the Response Assessment in Neuro-Oncology (RANO) evaluate T2-

weighted images in addition T1-weighted images, however this guideline is still mostly 
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used for clinical trial purposes [9]. This indicates that sodium images provide information 

beyond that of T1-weighted proton imaging, and that T2-weighted contrast may be more 

specific to tumour size. 

While our limited imaging was ultimately not able to discern between treatment 

and control groups, it is important to take into considerations the limitations and factors 

which impact this conclusion. Optimizing the model to be more sensitive to treatment could 

provide a way to better interrogate treatment effects on TSC changes. As mentioned 

previously, animals which received treatment experienced a more rapid decline due to the 

burden of chemotherapy in addition to the disease burden. This affected their overall 

survival and it is possible that animals were sacrificed before sodium changes could appear. 

Changing the timeline and method(s) of treatment for the animal model could potentially 

improve on this study. In a previous study by our group the same animal model was 

evaluated using magnetic resonance spectroscopic imaging of the metabolism of 

hyperpolarized [1-13C] pyruvate. Animals were placed into one of 4 groups receiving: no 

treatment, chemotherapy by TMZ, radiotherapy, and concurrent chemo-radiotherapy. It 

was observed that animals which received the concomitant chemo-radiotherapy had longer 

survival compared to administering each therapy individually or no therapy at all [10]. This 

indicates that treatment influences survival and this effect can be modulated by the choice 

of which treatment to prescribe. By extending the timeline and lessening the burden of 

treatment, animals in the treatment cohort could survive for a greater length of time, which 

could allow any effects due to treatment to be more clearly observable. A similar study 

conducted at 9.4T evaluated animals over a much longer timeline after treatment [11]. In 

this study 10,000 9L cells were implanted in Fischer rats. These cells were permitted to 
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grow for 17 days prior to a single treatment session with carmustine (BCNU). Animals 

were monitored for up to 30 days after treatment began. Through this extended timeline, 

an increase in TSC was observed until 5 days after treatment before a decrease was 

observed. Our results show a similar initial trend with increasing TSC however we 

ultimately were not able to follow the animals for an extended period after treatment. Given 

the shorter treatment duration compared to our study, it would be expected these animals 

received less therapeutic burden and that contributed to there improved survival.  

The Warburg effect describes the altered cellular metabolism found in cancer cells. 

The major characteristic of this altered metabolism is the increase in glycolytic activity 

even in the presence of oxygen. This activity decreases the pH in the tumour 

microenvironment due to an increase in proton concentration. The electro-chemical 

exchange that occurs to rebalance the cell pH increases the local TSC inside the cancer 

cells [12-14]. This will reflect in changes in the intracellular and extracellular environment 

as the cells work to maintain electrochemical homeostasis. Ultimately our DA3DPR 

imaging is only sensitive to total TSC and not to specific sodium compartments. This 

dependence on the intracellular and extracellular compartment means that the observed 

TSC can be affected by any changes that may occur in these spaces such as changes in the 

extracellular sodium concentration and the relative volumes of these two compartments 

[7].   

It is also important to recognize the impact of PVE on this study. Due to the large 

voxel size and reliance on segmentations based on anatomical proton images to obtain 

tumour TSC measurements, there are important considerations regarding the impact of 

PVE. Primarily, there is a consideration for the range and error associated with TSC. Many 
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segmented voxels may contain sodium measurements from areas both inside and outside 

of the tumour. This ultimately impacts the accuracy and measurement uncertainty 

associated with the sodium observations. This challenge is likely to persist in applications 

involving sodium MR due to current the inherent spatial resolution associated with using 

spherical k-space trajectories and the rapid signal relaxation [15].  

Sodium MRI has applications as a clinical molecular imaging modality due to its 

comparative ease of implementation compared to other molecular imaging techniques. 

Currently most of the research into preclinical sodium MRI occurs at high field strengths 

[11, 16]. While high field MR research has limited applicability to clinical translation, 

studies at lower fields have been conducted on humans [3, 4, 17]. These studies tend to 

focus on evaluating if TSC differences can be quantified for different disease states such 

as multiple sclerosis, hypertension, and diabetes [18-20]. Experimental work for 

interrogating specific applications and biomolecular relationships will still rely on 

preclinical imaging.  

In conclusion, this study has successfully implemented a quantifiable DA3DPR 

imaging protocol for orthotopic C6 rat glioma and was able to characterize changes in the 

tumour TSC over time and between brain regions. Relationships between tumour growth 

rate and TSC was observed as well as better characterization of the relationship between 

sodium signal and tumour morphology based on T1- and T2-weighted images. As this study 

is a preliminary study, we saw no differences between the treated and non-treated groups. 

Future work for this study will include improving the animal model to allow for a longer 

experimental timeline as well as expanding the size of the groups for increased statistical 

power. This will likely provide a greater period for any changes due to treatment to 
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manifest and improve overall survival in the cohorts. As mentioned previously, our 

research group has previously studied this model with animal cohorts which also 

underwent radiotherapy and concurrent chemo-radiotherapy. Including these treatment 

cohorts in a future sodium MR study would improve our understanding of how TSC can 

be affected by different treatment methods. This could also provide insight into more 

clinically relevant treatment responses as the standard of care for GBM includes concurrent 

chemo-radiotherapy. Lastly, the ability to move birdcage coils independent of the sodium 

coils introduces the opportunity to study the relationship sodium and proton imaging may 

have with other molecular MR markers such as hyperpolarized 13C-labelled metabolites. 

This would provide additional molecular imaging metrics to observe the relationship 

between metabolism and TSC. 
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Chapter 4 

4 Overview 

This thesis highlights the opportunities and challenges associated with the use of 

sodium MRI for assessment of pre-clinical tumours. An imaging protocol was optimized 

for a pilot investigation of changes in sodium in a preclinical treatment model of 

glioblastoma. Sodium levels were demonstrated to be sensitive to tumour growth in a C6 

GBM rat model. However, the model itself presented challenges when investigating the 

differences in TSC when treatment is applied. The main scientific contributions of this 

work will be summarized below.  

4.1 Summary and conclusions 

For this thesis, a new imaging sequence for sodium was introduced to our facilities 

and optimized for in vivo imaging using a surface coil. This protocol was then applied to 

investigate the use of sodium MRI for evaluating a preclinical C6 GBM rat model. This 

work began with overcoming the challenges associated with the implementation of the 

DA3DPR sequence and understanding the limitations of what was achievable given our 

equipment. This involved tuning and matching the sodium surface coil while loaded with 

a phantom and examining the performance of the coil over repeated imaging experiments. 

Ultimately, the protocol was optimized for imaging in clinical imaging mode at 3mm 

isotropic resolution. The use of a shift reagent and reference vials allowed for repeatable 

control of the RF transmit gain and correction of the non-uniform surface coil sensitivity 


