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Understanding the structure and function of the brain vasculature is vital to 

investigating neurodegenerative diseases such as Alzheimer’s, or cancers such as 

pontine gliomas. Moreover, accurately assessing the prognosis of pontine gliomas is 

crucial for physicians to be able to assess treatment options. Tumors in the brain disrupt 

the blood-brain barrier and form immature, “leaky” blood vessels during tumor 

proliferation. This leakiness can be quantitatively assessed using the forward volumetric 

transfer constant (Ktrans) of contrast agent from blood vessels to brain parenchyma after 

acquiring images using dynamic contrast enhanced (DCE) magnetic resonance imaging 

(MRI). In this study, rats were injected with 9L gliosarcoma cells in vivo and then tumor 

structure was compared across DCE, T2-weighted, T1, and fractional anisotropy (FA) 

images acquired in vivo at three- and ten-days post-implantation on a 4.7T magnet. 

Ktrans was then estimated from the DCE images and compared to their respective tumor 

volumes. DCE estimated the largest tumor volume at days three and ten, and tumor 

growth factor was correlated to the day three Ktrans constant, which consistently fell off at 

day ten. These results suggest Ktrans is potentially a biomarker for tumor aggressiveness 
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which can be assessed non-invasively and could be used to develop and optimize 

chemotherapeutic treatments to brain tumors.  

 



 

10 

CHAPTER 1 
INTRODUCTION 

Magnetic resonance imaging (MRI) is an invaluable tool to investigate tumors as 

this imaging method allows robust, non-invasive imaging of tumors. Biological models of 

interest are primarily of water, which contains two protons per molecule. When 

biological subjects such as rats or humans are in a strong magnetic field, such as a 

magnetic field generated by a 3 Tesla magnet, the proton nuclear spins will align with 

the magnetic field. To produce images, once protons are aligned with a magnetic field, 

radio waves are pulsed at a frequency dependent on the strength of the magnetic field 

since it determines the resonant frequency of the protons. The protons’ spins then 

realign with the local magnetic field produced by the radiofrequency coils. When these 

coils are turned off, the protons then realign with the static magnetic field. The relaxation 

rates of protons returning to their resting states can be measured using receiver coils 

which measure the radio waves emitted by protons. Two types of relaxation can be 

examined as two- the relaxation rate of the bulk magnetization vector back to 

equilibrium (T1 relaxation) and the loss of coherence of the proton spins (T2 relaxation). 

Differences in the local magnetic environments of protons due to their surroundings, 

such as local fat cells will cause the relaxation times of the protons to differ and allows 

the creation of an image of the biological subject when deciphering the resulting 

radiofrequency waves [1]. The use of contrast agents such as gadolinium labeled 

albumin (GD-ab), which are injected locally to the area of interest, enhance the 

measured signal due to changing the magnetic environment of the local protons and 

causing a change in the relaxation rates. The resulting increase in relaxation rates 
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causes a measurable enhancement in the produced signal, which allows the study of 

dynamics of tumor growth as well as tumor volume. 

In healthy brain tissue, blood vessels are ensheathed by the blood-brain barrier, 

which is a border between circulating blood and the extracellular-extravascular space 

formed by tight junctions between endothelial cells [2]. The endothelial cells are 

supported by glial cells such as astrocyte end feet which surround the endothelial cells 

and supply these cells with nutrients and maintain homeostasis [3]. In gliomas, the 

supportive glial cells grow and proliferate out of control due to causes such as radiation 

or hereditary disorders. This abnormal cell growth causes a breakdown of the blood-

brain barrier and allows circulating molecules to leak into the brain parenchyma. 

Gliomas compromise 30% of brain tumors and 80% of malignant brain tumors. These 

tumors are highly aggressive, with a reported 5-year survival rate of 15-35% [4]. As 

these tumor cells proliferate, the demand for nutrients increases to meet the rapid 

growth. Thus, the malignant cells release growth factors such as vascular endothelial 

growth factor (VEGF), which stimulates the formation of new blood vessels, a process 

referred to as angiogenesis [5]. The newly forming vessels are generally abnormal, 

immature, and “leaky” compared to mature, healthy vessels. These newly forming 

vessels differ structurally in that they have no pericyte and basement membrane, the 

vessel diameter is smaller, the vascular density is heterogenous, and the permeability to 

large molecules is higher [6]. Due to these differences, the neovasculature is less 

structurally sound and is susceptible to leaking circulating molecules, such as contrast 

agents [7]. Previous studies have found that assessing VEGF expression in a tumor, 
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and thus, angiogenesis, the aggressiveness of a tumor can be quantified [6]. However, 

MRI represents a quicker, non-invasive alternative to assessing tumor qualities. 

In MRI, as previously stated, contrast agents are commonly used to enhance 

signal localized to where the agent is delivered. In growing tumors, due to angiogenesis 

the contrast agent leaks from blood vessels into the extracellular-extravascular space. 

The accumulation of contrast agent in the extracellular-extravascular space can be 

quantified by analyzing the local MR voxels and assessing the change in relaxation 

rates caused by the local contrast agent. By normalizing the accumulated contrast 

agent in the voxel relative to the influx of contrast agent in the blood due to the bolus 

injection, the forward volumetric transfer constant (Ktrans) of the exchange of contrast 

agent from the vascular compartment of the voxel to the extravascular-extracellular 

space compartment can be mathematically extracted. This transfer constant is 

functionally representative of the “leakiness” of the proliferating tumor’s vasculature [8]. 

Recent studies that have used Ktrans to investigate tumors have found a 

correlation between Ktrans coefficients and tumor invasiveness. For example, a 

retroactive clinical study done by Yeo et al. [9] found that in rectal cancer Ktrans was 

directly correlated to the stage of invasion of the tumor. Another study done by Li et al. 

[10] investigated the changes in dynamic contrast enhanced (DCE) MRI parameters 

such as Ktrans and MVD (micro vessel density, another biomarker for angiogenesis) over 

time in rabbits implanted with VX2 tumor cells. They found that Ktrans was directly 

correlated to MVD in growing tumors, and that Ktrans peaked during tumor growth and 

then dramatically fell off over time. However, there is a lack of understanding of the 
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relationship between Ktrans and tumor size, and glioma MR studies have not assessed 

this relationship using fixed time intervals. 

More specifically, in the case of gliomas, multiple studies have found Ktrans to be 

associated with the histopathological tumor grade (which is a marker for tumor 

aggressiveness), in that high-grade gliomas were distinguishable from low grade tumors 

by their higher Ktrans [11, 12]. Another study by Subashi et al. [13], which used an 

extended Tofts model to assess Ktrans in brainstem gliomas found tumor volume to be 

positively correlated to Ktrans, however this study did not analyze tumor dynamics at 

fixed time intervals. Choi et al. [14] investigated the potential prognostic use of Ktrans and 

found that higher Ktrans values were associated with lower survivability. These results 

highlight the potential use of Ktrans as a biomarker for tumor aggressiveness, and further 

understanding of the relationship between Ktrans and tumor properties is vital for 

effective prognosis. This study sought to analyze the relevance of these MR parameters 

to glioma prognosis and address the inconsistencies of the reported relationship 

between Ktrans and tumor size. 

Accurate tumor volume and definition is also crucial for surgical procedures, as 

an optimized imaging protocol for types of cancer such as gliomas would provide 

clinicians with information necessary for effective treatment. Wood et al. [15] studied the 

prognostic value of tumor volume and found that post-operational tumor volume was 

indicative of survivability, which shows the need for optimizing imaging protocols for 

tumors. 

Beyond being useful in prognosis, Ktrans could also be useful for assessing the 

most efficient way to deliver chemotherapeutics to the tumor [16]. For example, in the 
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brain, the blood-brain barrier represents a significant hurdle for drug delivery as the 

blood-brain barrier is impermeable to most large molecules. However, in a tumor, the 

leakiness of newly forming vessels could possibly provide an optimal window for drug 

delivery, and quantifying tumor properties using Ktrans would be paramount to the 

development of effective brain tumor chemotherapeutic treatments. 
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CHAPTER 2 
METHODS 

Imaging Procedure 

Following the protocol developed by Jallo et al. [17] and Barth et al. [18], 9L 

gliosarcoma cells were cultured in T175 cell culture flasks in Dulbecco’s modified 

Eagle’s medium (DMEM) low glucose medium with 10% fetal bovine serum and 10% 

penicillin-streptomycin. The cells were then incubated at 37 degrees Celsius in a 5% 

CO2 atmosphere. Prior to surgery, the cells were harvested using 0.25% trypsin-EDTA, 

washed twice, and suspended in a serum-free medium until achieving a concentration 

of 3 X 104 cells/μL. 

Experiments were performed on two-month-old Sprague-Dawley rats (n=9) 

weighing ~250 g using protocols and procedures approved by the Institutional Animal 

Care and Use Committee. The rats were first anesthetized using 10 mg/kg 

subcutaneously applied xylazine and 4% isoflurane in 1 L/min oxygen and maintained 

throughout surgery using 1.5% isoflurane in 1 L/min oxygen. Prior to imaging, 2 mL of 

saline was injected subcutaneously for hydration. Following anesthetization, the rats 

were fixed in position using a stereotaxic frame (Kopf Model 900, David Kopf 

Instruments, Tujunga, CA), and a burr hole was drilled above the pontine reticular 

formation (AP: + 1.0 mm, ML: -1.4 mm and DV: -7.0 mm from the interaural line). A 32G 

needle (small hub RN needle, Hamilton, Reno, NV) was mounted on a 50 μL gas tight 

syringe (Hamilton). Finally, using a syringe pump (Cole-Parmer, Vernon Hills, IL) 3 μL of 

solution containing ~105 tumor cells were infused into the pontine reticular formation at 

0.5 μL/min. The rat’s general health was monitored daily prior to imaging. 



 

16 

MR images were obtained in vivo at 3- and 10-days post-implantation. To 

prepare the rats for imaging, the tail vein was catheterized, and a 1-mL tuberculin 

syringe was connected to the catheter via a ~1.5-m long intravenous line for bolus 

injection of the contrast agent. Rats were then fixed in a 39-mm ID quadrature 

transmit/receive birdcage RF coil (Animal Imaging Research, Holden, MA) and imaged 

on a 330 mm ID Oxford 4.7T horizontal bore magnet with a RRI BFG 200/115-S14 

gradient set (Resonance Research, Billerica, MA) connected to an Agilent VNMRS 

console with VnmrJ3.1A software (Agilent Technologies, Santa Clara, CA). Once fixed 

in the bore, the syringe was placed external to the bore to allow bolus injection of 0.24 

mmol/kg body weight of gadolinium-based gadodiamide (Omniscan, GE Healthcare, 

Milwaukee, WI) by hand. Respiration and heart rate were monitored throughout imaging 

using a pneumatic pillow attached to an animal monitoring system (SA Instruments, 

Model 1025, Stony Brook, NY). 

T1-weighted, T2-weighted, DCE, and FA images were then acquired using ten 1-

mm axial slices with a field of view of 24 x 24 mm and a matrix size of 96 x 96. T1 was 

quantified using an inversion recovery-based rapid acquisition with relaxation 

enhancement (RARE) sequence using TR = 10 sec, TEeff = 8.51 msec, RARE factor = 

4, TI = 100, 500, 1000, 1500, 2000, 4000 msec, and NEX = 1. T2-weighted images were 

acquired using a RARE sequence with TR = 10,000 msec, TEeff = 120 msec, RARE 

factor = 4, and NEX = 3. High angular resolution diffusion imaging (HARDI) data was 

acquired using a fat-suppressed, spin echo diffusion-weighted, multishot echo planar 

imaging (EPI) sequence using TR = 5000 msec, TEeff = 40 msec, number of scams = 3, 

and NEX = 8. Diffusion-weighted images were taken in 24 directions distributed using a 
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scheme of electrostatic repulsion [19] (six with b-value ≈ 80 s/mm2 and 18 with b-value 

≈ 800 s/mm2), the diffusion gradient pulse (δ) was 3 msec and the diffusion time (Δ) was 

14 msec. Using in-house software written in IDL (Harris Geospatial Solutions, 

Broomfield, CO), diffusion-weighted images were fitted to a rank-2 tensor model, and 

then scalar FA values were obtained. For DCE images, a serial T1 weighted spoiled 

gradient-echo sequence (TR = 100 msec, TE = 2.39 msec, flip angle= 90 degrees, NEX 

= 3, temporal resolution = 29 sec per slice pack) was used. Three prescans were first 

acquired prior to the injection of gadodiamide, and 122 scans were acquired post-

injection. 

Contrast Agent 

The contrast agent being used, gadodiamide, does not cross the blood-brain 

barrier because of its large size and hydrophilicity [20]. In healthy brain vasculature, the 

contrast agent flows through blood vessels in the brain without entering the 

extracellular-extravascular space (EES). However, contrast agent will leak across the 

blood-brain barrier into the EES in immature, unstable blood vessels formed by 

angiogenesis during tumor proliferation. Thus, to visualize and model this leakiness, the 

voxels of brain tissue were modeled as two compartments: blood plasma and EES. To 

estimate the concentration of gadodiamide in tissue voxels, the MR signal enhancement 

caused by the presence of gadodiamide was first converted to concentration estimates 

using a method described by Chen et al. [21]. MR signal, S, from a conventional spoiled 

gradient-echo sequence is given by:  

𝑆 =
𝜌0𝑠𝑖𝑛𝛼 (1 − 𝑒

−
𝑇𝑅
𝑇1 ) 𝑒

−
𝑇𝑅
𝑇2
∗

1 − 𝑐𝑜𝑠𝛼 (𝑒
−
𝑇𝑅
𝑇1 )

 

(2-1) 
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Where ρ0 is spin density, α is flip angle, TE is repetition time, TE is echo time, and T2
* is 

the reversible transverse relaxation time constant. 

Fast exchange of protons between blood and EES allows us to assume the 

tissue relaxes with a single relaxation time, and thus the effect of contrast agent on the 

relaxation rate of nearby nuclei can be calculated using Equation 2-2: 

1

𝑇1
=

1

𝑇10
+ 𝑟1𝐶 

(2-2) 

Where T10 is the T1 relaxation time of the tissue without contrast agent, r1 is the 

relaxivity of contrast agent, and C is the contrast agent concentration. Using Equation 2-

1 and Equation 2-2, MR signal enhancement due to a contrast agent is as follows: 

𝑆(𝐶)

𝑆(0)
=

[1 − 𝑒
−𝑇𝑅(

1
𝑇10

+𝑟1𝐶)] [1 − 𝑐𝑜𝑠𝛼 (𝑒
−
𝑇𝑅
𝑇10)]

[1 − 𝑒
−
𝑇𝑅
𝑇10] [1 − 𝑐𝑜𝑠𝛼 (𝑒

−𝑇𝑅(
1
𝑇10

+𝑟1𝐶))]

 

(2-3) 

Ignoring transvascular and transcellular water exchange effects on relaxivity allows us 

to assume r1 is constant. Equation 2-3 can then be rearranged to yield an estimate of 

contrast agent concentration in the voxel: 

𝐶 =
1

𝑟1

{
 
 

 
 
1

𝑇𝑅
𝑙𝑛

[
 
 
 
 𝑆(0) (1 − 𝑐𝑜𝑠𝛼𝑒

−
TR
𝑇10) − 𝑆(𝐶)𝑐𝑜𝑠𝛼 (1 − 𝑒

−
𝑇𝑅
𝑇10)

𝑆(0) (1 − 𝑐𝑜𝑠𝛼𝑒
−
𝑇𝑅
𝑇10) − 𝑆(𝐶) (1 − 𝑒

−
𝑇𝑅
𝑇10)

]
 
 
 
 

−
1

𝑇10

}
 
 

 
 

 

(2-4) 

Relaxivity values for rats at body temperature (36-37 degrees Celsius) and at 4.7 

T are 2.8 sec-1 mM-1 in brain tissue and 3.9 sec-1 mM-1 in blood plasma [22, 23]. To 

avoid inaccuracies in the measured T1 caused by flow, blood vessel voxels were 

assigned a constant T10 of 2.7 seconds [22]. The T10 for tissue was calculated by fitting 

the polarity corrected signal magnitude from the variable inversion time RARE 

acquisition to the standard inversion recovery model. Using Equation 2-4, estimated 
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concentration maps were generated in IDL at the time of peak enhancement for each 

tumor. To verify relative signal enhancement in the tumor, region(s) of interest (ROI) 

were placed at the center of the tumor, the healthy contralateral side of the pons from 

the tumor, the superior sagittal sinus, and muscle. Signal enhancement curves were 

then generated for these ROIs, as shown in Figure 2-1. The contralateral ROI was used 

as the control for normalizing signal enhancement, as in healthy brain tissue there 

should be no leaking of the contrast agent into the brain parenchyma. The blood ROI 

peaks and then quickly decays, which is expected as it corresponds to the bolus 

injection of gadodiamide and its distribution into the vasculature. The muscle ROI was 

shown to display signal enhancement relative to the control, which is expected as 

muscle does not have the blood-brain barrier and thus some exchange of contrast 

agent across the blood vessels will occur. The tumor ROI exhibited the largest amount 

of signal enhancement, displaying the expected enhanced vascular permeability as a 

result of angiogenesis. 

Exchange 

After the concentration of contrast agent was calculated, this concentration was 

fit to a two-compartmental exchange model developed by Tofts and Kermode [8]. 

Leakiness of contrast agent into the EES was assumed to be small relative to the flow 

of contrast agent in blood plasma, which allows tissue voxels to be modeled as two 

distinct compartments. Assuming the contrast agent is well-mixed in each compartment, 

the exchange of contrast agent between compartments can be estimated as follows: 

𝑉𝑡𝑣𝑒
𝑑𝐶𝑒
𝑑𝑡

= 𝑃𝑆(𝐶𝑃 − 𝐶𝑒) 
(2-5) 
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Where Cp is the concentration of contrast agent in blood plasma, Ce is the concentration 

of contrast agent in EES, Ct is the concentration of contrast agent in tissue, ve is the 

volume fraction of EES in the tissue, Vt is the volume of tissue, P is the permeability 

coefficient of the blood vessel, and S is the surface area of leaking blood vessel. 

Using Ct, the concentration of contrast agent in the entire tissue voxel which is a 

weighted sum of concentrations in each compartment (Ct= veCe + vpCp), Equation 2-5 

can be rewritten in terms of the contrast agent concentration estimated from Equation 2-

4. Substituting Ktrans = PS/V, Equation 2-5 further simplifies to: 

𝑑𝐶𝑡
𝑑𝑡

= 𝐾𝑡𝑟𝑎𝑛𝑠𝐶𝑝 −
𝐾𝑡𝑟𝑎𝑛𝑠

𝑣𝑒
𝐶𝑡 + 𝑣𝑝

𝑑𝐶𝑝

𝑑𝑡
+ 𝐾𝑡𝑟𝑎𝑛𝑠 (

𝑣𝑝

𝑣𝑒
) 𝐶𝑝 

(2-6) 

Equation 2-6 can be further simplified when vp (volume fraction of blood plasma in 

tissue) < < ve. Ktrans/ve can also be recognized as the exchange of contrast agent from 

the EES to the blood plasma compartment, kep. The further simplified equation is then: 

𝑑𝐶𝑡
𝑑𝑡

= 𝐾𝑡𝑟𝑎𝑛𝑠𝐶𝑝 − 𝑘𝑒𝑝𝐶𝑡 + 𝑣𝑝
𝑑𝐶𝑝

𝑑𝑡
 

(2-7) 

The solution to Equation 2-7 can be obtained using the extended Tofts model [24]: 

𝐶𝑡(𝑡) = 𝐶𝑝(𝑡) ⊗ [𝐼(𝑡) + 𝑣𝑝𝛿(𝑡)] (2-8) 

Where ⊗ is the convolution operator, δ(t) is the Dirac delta function, and I(t) is the 

impulse response of tissue to short bolus of contrast agent: 

𝐼(𝑡) = 𝐾𝑡𝑟𝑎𝑛𝑠𝑒−𝑘𝑒𝑝𝑡 (2-9) 

This model assumes that the system is linear and tissue parameters are time 

invariant. As rat physiology is monitored and steadily maintained throughout the 

experiment, the biological system can be assumed to function time invariantly. At high 

blood concentrations of contrast agent, the system becomes nonlinear due to the 

nonlinear relationship between the concentration of contrast agent and T2
* dephasing 
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[24]. To ensure the system remains linear, the dose of contrast agent was selected 

based on the r1 of the contrast agent and T10 of the blood. 

To estimate the concentration of contrast agent in the blood plasma, a venous 

output function (VOF) was used. While arterial input functions (AIF) are generally 

standard for estimating Cp [8], measuring contrast agent in fast flowing arterial blood is 

more erroneous as the signal loss due to T2
* dephasing is greater [25]. Moreover, the 

shape of the AIF has been shown to match the shape of the VOF [26]. To estimate the 

shape of the VOF for every rat, an ROI was placed in the superior sagittal sinus. To 

estimate the concentration of contrast agent in the blood plasma of the caudate 

putamen, where the tumors are proliferating, the amplitude was adjusted with a 1% 

plasma volume fraction [27]. An example of the placed ROI and resulting VOF is shown 

in Figure 2-2. The VOF was approximated as biexponential, as shown below [8]: 

𝐶𝑝(𝑡) = 𝑑[𝑎1𝑒
−𝑚1𝑡 + 𝑎2𝑒

−𝑚2𝑡] (2-10) 

Where a1 is the amplitude of fast equilibrium between blood plasma and EES, m1 is the 

rate constant of fast equilibrium between blood plasma and EES, a2 is the amplitude of 

clearance, m2 is the rate constant of clearance, and d is the dose of bolus injection. 

Model Selection 

To account for the variability in tissue environment, a multimodal approach 

developed by Ewing et al. [24] was used. In this approach, four different cases were 

used to fit the experimental data. The model is shown in Figure 2-3. Case 1 

corresponds to necrotic tissue in which there is no exchange due to vasculature 

degradation (Ktrans = Kep = vp = 0). Case 2 accounts for healthy brain tissue in which 

there is no exchange across the BBB and contains healthy vasculature (Ktrans = Kep = 0, 
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vp ≠ 0). Case 3 represents leaky blood vessels without reflux, which is accounted for to 

fit experimental data at the boundary of the tumor, in which the EES volume fraction of 

the voxel is small enough to appear as if there is no reflux (Ktrans ≠ 0, Kep = 0, vp ≠ 0). 

Case 4 is the model of interest, in which the blood vessels are leaky, and reflux is borne 

in the data (Ktrans ≠ 0, Kep ≠ 0, vp ≠ 0). To determine which case each voxel represents, 

MR measured concentration-time series data from each voxel was fitted to each of the 

four cases using a nonlinear least-squares analysis in IDL (MPFIT [28]). Akaike 

information criterion (AIC) was then used to calculate the probability that a voxel fits a 

particular case, and then the voxel is labeled as the most probable case [29]. Using the 

AIC weights for each voxel fitted to every case, weighted parameters Ktrans, Kep, and vp 

are estimated. The approach for AIC is shown below: 

𝐴𝐼𝐶𝑖 = 𝑁𝑙𝑜𝑔(
𝑆𝑆𝑅𝑖
𝑁

) + 2𝑘𝑖 +
2(𝑘𝑖 + 1)(𝑘𝑖 + 2)

𝑁 − 𝑘𝑖 − 2
 

(2-11) 

𝑤𝑖 =
𝑒−

△𝑗
2

∑ 𝑒−
△𝑗
23

𝑗=0

, (∴△𝑖= 𝐴𝐼𝐶𝑖 − 𝐴𝐼𝐶𝑚𝑖𝑛) 

(2-12) 

𝑝 =∑𝑤𝑖𝑝𝑖

3

𝑖=0

 

(2-13) 

Where SSRi is the sum of square residual for case i, N is sample size, ki is the number 

of parameters in case i, and p is the fitted parameter (Ktrans, Kep, vp) 

To determine the number of fitted points, N, a Logan plot was used to graphically 

confirm the end-timepoint in which the accumulated contrast agent concentration 

reached equilibrium in each compartment [30]. To generate the Logan plot, an ROI was 

first placed in the center of the tumor, and Equation 2-14 was integrated across the ROI 

to estimate the accumulated contrast agent in the voxel relative to the accumulated 
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contrast agent in the blood plasma compartment. The nonlinear portion of the Logan 

plot represents pre-equilibrium in the tissue and contains the fitted points of interest. An 

example of the tumor ROI and corresponding Logan plot is provided in Figure 2-4. 

∫ 𝐶𝑡(𝜏)𝑑𝜏
𝑡

0

𝐶𝑡(𝑡)
= 𝑣𝑒 (

∫ 𝐶𝑝(𝜏)𝑑𝜏
𝑡

0

𝐶𝑡(𝑡)
) −

1

𝑘𝑒𝑝
(1 −

𝑣𝑝𝐶𝑝(𝑡)

𝐶𝑡(𝑡)
) 

(2-14) 

Tumor Segmentation 

To quantify the volume of the pontine tumors and the parameters corresponding 

to those tumors, the tumors were segmented from the acquired quantitative T1 maps, 

T2-weighted images, FA images, and DCE images at peak signal enhancement. The 

tumors were segmented using software written in IDL. IDL’s region grow function was 

used to place a seed ROI at the center of the tumor to grow to surrounding pixels with a 

signal intensity within 1 to 3 standard deviations of the average signal intensity of the 

seed. The seed size, seed placement, and standard deviation multiplier was selected to 

contain the region to the pons, and to exclude cortical tumor regions and healthy tissue. 

The adherence of the region to the tumor was confirmed visually. An example of seed 

placement and grown ROI for each imaging technique is provided in Figure 2-5. Cortical 

tumors were separately segmented for further analysis. 

Statistical Analysis 

To analyze the collected data, a Wilcoxon rank-sum test was used to test for 

statistical significance of estimated tumor volumes and MRI parameters (Ktrans, ve) 

against noise, as well as to test the statistical significance of differences between T1-

based, T2based, FA-based, and DCE-based tumor volumes at days 3 and 10. This test 

was also performed to assess the statistical significance of differences in MRI 

parameters. The Wilcoxon rank-sum test and Wilcoxon signed rank test were chosen 
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due to the small sample size (n=9) used in this experiment, as well as because these 

tests do not assume a normal distribution of the experimental data [31].  
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Figure 2-1.  Signal enhancement curves. A) Regions of interest placed in the superior 
sagittal sinus (blood), the tumor, healthy contralateral side (control), and 
muscle. B) Signal enhancement curves calculated relative to contralateral 
region. This image was generated by Dr. Magdoom. 

 

 
 

Figure 2-2.  Venous output function. A) Example of region of interest placed in the 
superior sagittal sinus to estimate venous output function. B) Venous output 
function curve following bolus injection of gadodiamiade. 
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Figure 2-3.  Model of contrast agent exchange. Voxels are modeled as two 
compartments and exchange between these two compartments is modeled 
as a solvable differential equation. 

 

 
 

Figure 2-4.  Logan plot. A) Region of interest placed in center of tumor to calculate 
Logan plot. B) Generated Logan plot. The linear portion is when the contrast 
agent is in equilibrium between the extracellular-extravascular space and 
blood plasma. 
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Figure 2-5.  Tumor segmentation. The top row of images is the same tumor with seed 

placement across every imaging method, and the bottom row is the resulting 
region of interest generated by IDL’s region grow function 
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CHAPTER 3 
RESULTS 

Imaging Comparison 

The results of this study were published in the Journal of Magnetic Resonance 

Imaging [32]. A bar graph comparing the estimated relative average tumor volume for 

each imaging technique is provided in Figure 3-1. While tumors were visible at day 10 

for every imaging method, day 3 tumors were primarily visible in DCE images, and only 

DCE imaged tumor volumes were statistically significant when compared to noise 

(p=0.009). At day 3, the tumors were generally too small to be discernable from noise, 

and even at low standard deviation multipliers, containing the tumor ROI to exclusively 

the tumor was not possible except for larger day 3 tumors using DCE images. The 

contrast enhancement provided by gadodiamide proved to be essential in defining the 

tumor boundary using the region grow function. 

At day 10, all the employed imaging techniques produced statistically significant 

results when compared to noise (p=0.0039 for T2, T1, DCE, p=0.0091 for FA) When 

compared across imaging techniques, the tumor volumes estimated by T1, T2, and DCE 

images were all shown to be significantly different to the tumor volume estimated from 

FA (p=0.031 for T1, p=0.011 for T2 and p=0.0035 DCE). There were no significant 

differences in the estimated average volume between T1, T2, and DCE images. As 

shown in Figure 3-1, the FA images consistently estimated a smaller tumor volume 

compared to other imaging methods. As with day 3 tumors, the tumor boundary was not 

well defined enough in FA to be discernable from healthy tissue in most cases, even at 

small standard deviation multipliers. The smaller estimated tumor volume as well as the 

indiscernible tumor boundary can be explained by tumorigenesis producing abnormal 
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diffusion at the tumor boundary due to the disrupted vasculature and white matter 

tracks. 

MRI Parameter Analysis 

Examples of the fitted model map as well as EES volume fraction and Ktrans maps 

are provided in Figure 3-2 for 3 example tumors- small (2.12 mm3, day 3), medium 

(11.31 mm3, day 10), and large (19.87 mm3, day 10). As shown, cortical tumors were 

typical in our rats, particularly for rats with large pontine tumors. Cortical tumors are 

expected, as the implantation of the tumor cells penetrates and disrupts the tissue, 

allowing tumor cells to seed and proliferate along the needle tract. The cortical tumors 

were not included in the tumor volume analysis due to large differences in 

microstructure and vasculature [33], but the cortical tumors were included in the 

parameter comparison. However, cortical tumors did not visually appear at day 3 and 

were only visible in 6 rats at day 10. As shown, cases 3 and 4 dominate the tumor in the 

model map- case 3, which is the exchange model without reflux, at the tumor boundary 

and case 4, which is the full exchange model, in the center of the tumor. As previously 

stated, case 3 is expected to appear at the tumor boundary, as blood vessel leakage is 

not actually occurring without reflux but is instead due to partial volume effects. Thus, 

case 3 was excluded from the analysis and instead our analysis focused on exclusively 

case 4. The results for average Ktrans and EES volume fraction at days 3 and 10, as well 

as cortical tumors at day 10, are shown in Table 3-1. The average Ktrans and EES 

volume fraction at days 10 and 3 were found to be statistically significant when 

compared to noise (p=0.0039 for both parameters, across both days). As shown, the 

average Ktrans was reduced at day 10 by ~41% relative to day 3, from 0.034 min-1 to 

0.02 min-1 (significantly different, p=0.08). The average EES volume fraction was also 
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12% larger at day 10, from 0.044 to 0.039 (not significantly different, p=0.6). The cortical 

tumors exhibited a Ktrans of 0.10 min-1, which was found to be statistically significant 

compared to noise (p=0.031) and significant compared to the day 10 Ktrans for the 

pontine tumors (p=0.0004). The average EES vf was also significant compared to noise 

(p=0.031) and was significant compared to the average EES vf of pontine tumors at day 

10 (p=0.0048). 

The relationship between tumor volume and Ktrans was also analyzed. Figure 3-3 

shows tumor volume plotted against average Ktrans for all segmented tumors (n=18) fit to 

a trendline that corresponded to the highest correlation value. Average tumor Ktrans was 

shown to decrease with tumor volume (R2=0.34, p=0.011) and fit to a power trendline. 

To further assess the relationship between Ktrans and tumor volume, Ktrans at day 3 was 

plotted against the tumor growth factor (tumor volume at day 10 divided by tumor 

volume at day 3 and fit to the trendline that produced the highest correlation value, as 

shown in Figure 3-4. Ktrans at day 3 was found to be positively correlated to tumor 

growth factor (R2=0.46, p=0.045), and fit to a linear trendline. 
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Figure 3-1.  Average tumor size relative to DCE. Tumor volumes compared across 
imaging methods and days. The error bars represent the 95% confidence 
interval. The statistical significance compared to noise was calculated using 
the Wilcoxon signed rank test, and the statistical significance between 
samples was calculated using the Wilcoxon ranked-sum test. 
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Figure 3-2.  Model analysis example. A small (2.12 mm3, day 3), medium (11.31 mm3, 
day 10), and large (19.87 mm3, day 10) sized tumor were selected to present 
the corresponding maps generated by the model analysis. First, voxels are 
categorized into cases: case 1- necrotic tissue, in dark blue; case 2- healthy 
tissue, in light blue; case 3- tumor boundary, yellow; case 4- vascularized, 
leaking tissue with reflux, red. The following row is a map of the calculated 
Ktrans values, followed by a map of the extracellular-extravascular space 
volume fraction. This image is Figure 5 from Magdoom et al. [32]. 

 
Table 3-1.  MRI parameter analysis. All parameters were statistically significant 

compared to noise. The average Ktrans was found to be significantly different 
between days 3 and 10, with a decrease of 41%. The difference between the 
day 3 and day 10 average EES vf was not statistically significant. The 
difference between cortical and pontine average Ktrans average EES vf was 
statistically significant.  

 Average Ktrans 
(min-1) 

Average Ktrans 
standard 
deviation (min-1) 

Average EES 
vf 

Average EES 
vf standard 
deviation 

Day 3 0.020 0.016 0.039 0.015 
Day 10 0.034 0.0075 0.044 0.016 
Day 10 cortical 0.10 0.091 0.086 0.062 
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Figure 3-3.  Tumor size and Ktrans. Ktrans was shown to decrease with tumor size. The 
correlation coefficient was found to be statistically significant (p=0.011). The 
error bars represent the 95% confidence interval for Ktrans values. 

 

 
 

Figure 3-4.  Tumor growth factor and Ktrans. Higher Ktrans values at day 3 were found to 
be correlated to a larger change in tumor volume at day 10. The correlation 
coefficient was found to be statistically significant (p=0.046). The error bars 
represent the 95% confidence interval for Ktrans values. 
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CHAPTER 4 
DISCUSSION 

Defining Tumor Volume 

Accurately imaging tumors is a vital process in prognosis and treatment. A study 

by Wood et al. [15] in which pre and post-operative scans of 510 patients with malignant 

gliomas were studied in relation to patient survivability. Wood et al. found that post-

operative tumor volumes were strongly correlated to survivability (P < 0.0001). These 

results highlight the importance of optimizing the definition of the tumor boundary, as a 

more successful resection (in that the post-operational tumor volume is minimized) is 

correlated to survivability. Our study found that dynamic contrast enhanced images of 

gliomas, when compared to T1, T2, and FA images, estimated the largest average tumor 

volume at day 3, suggesting that DCE imaging is best equipped as a prognostic tool for 

tumor resection surgeries in earlier tumor stages. At day 10, the imaging methods did 

not differ significantly beyond FA, which estimated a significantly smaller average tumor 

volume. This may be due to the effects of tumorigenesis at the boundary of the tumor, 

as changes within the vasculature and microstructure of tissue within voxels at the 

tumor boundary may presuppose significant changes in FA, allowing proper 

visualization of the tumor boundary.  

To more fully optimize imaging techniques for estimating tumor volume, 

histological analysis of the tumor volume using optical imaging techniques such as 

bioluminescence imaging or fluorescence imaging is required to cross check the 

accuracy of estimated tumor volume by imaging technique. While the largest estimate of 

tumor volume would prove to be the most successful in tumor resections, inclusions of 

areas at the tumor boundary in the case of imaging techniques such as DCE imaging 
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could lead to over-estimating tumor volume and thus introduce further complications in 

patients by removing critical brain tissue that did not need to be removed.  

Ktrans and Tumor Volume 

Our study found Ktrans to decrease with tumor volume, contradicting a comparable 

study done by Subashi et al. [13] which also used the extended Toft’s model to assess 

Ktrans in gliomas. Another finding of our study was that Ktrans significantly fell off from day 

3 to day 10, suggesting that Ktrans could correlate to tumor stage as opposed to tumor 

volume, which would explain the contradiction of our results to Subashi et al.’s [13], 

which also modeled tumor dynamics using the Tofts exchange model, as in that study 

rats were imaged following the onset of glioma symptoms (lethargy, head tilt, increased 

head size) as opposed to at a fixed time. A study on rabbit VX2 tumors by Li et al. [10] 

reported micro vessel density (MVD, a biomarker for angiogenesis), Ktrans, and tumor 

volume over the course of 4 weeks. Ktrans was found to positively correlate with MVD, as 

shown in Figure 4-1. This is an expected result, as a larger density of leaky vessels 

should produce a higher Ktrans for a given voxel. But the interesting finding of this study 

is that Ktrans was found to increase with time, and then slowly decrease with the onset of 

necrosis, as shown in Figure 4-2. These findings, while in a different tumor model and 

animal, could explain the trends both Subashi et al. and our study found. Ktrans would be 

expected to be high as the tumor rapidly proliferates but tapers off upon vessel 

maturation and vascular collapse with the onset of necrosis. Our study did not visualize 

the onset of necrosis, as no significant volume of any tumor at day 10 was sorted into 

model case 1. However, the results we obtained could be explained by the onset of 

necrosis, as vascular collapse would predate necrosis, and would result in lower Ktrans 

values in maturing tumors. Our study found that cortical tumors exhibited a significantly 
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higher average Ktrans value, which is expected, as the cortex is more highly vascularized 

and thus can support a larger amount of contrast agent leakage into brain parenchyma. 

These findings agree with Subashi et al.’s findings, which found that implanted cortical 

gliomas on average had larger Ktrans values as well as larger tumor volumes in 

comparison to pontine gliomas. 

Multiple previous studies have found that Ktrans was higher in higher histological 

grades of gliomas, allowing glioma grades to be differentiated by Ktrans [11, 12]. As the 

histological grade for gliomas is indicative of tumor aggressiveness [33], Ktrans was 

found to be a biomarker for tumor aggressiveness. Our study corroborates this, as we 

found that the day 3 Ktrans was positively correlated to tumor growth factor, also 

confirming the utility of using Ktrans as a prognostic tool. It should be noted, however, 

that this data did not have a strong correlation, possibly due to the small sample size 

(n=9). Another study by Wu et al. [34] found the clinical stage of prostate cancer in 

humans to be correlated to Ktrans
 . Figure 4-3 shows the Ktrans values sorted into their 

corresponding tumor stage. Again, these results could possibly be explained by the 

differences in tumor line as well as animal model, but when taken into consideration 

relative to the results of experiments performed on gliomas, these results seem to 

corroborate the model being put forward- that Ktrans is a biomarker for tumor stage and 

aggressiveness. Moreover, Ktrans has been found to be an idiopathic parameter across 

different types of tumors- a study by Little et al. [35] found that Ktrans did not vary 

significantly across different cancers except for gliomas. This study found that Ktrans was 

an idiopathic biomarker for vascular permeability, thus explaining the difference for 

gliomas, as the blood-brain barrier represents a significant barrier to vascular 
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permeability. Therefore, studies of different cancer lines and their respective Ktrans are 

comparable, as the underlying pathology remains similar, but should be done cautiously 

in the case of gliomas.  

One of the limitations of this study was the amount time points sampled. As 

frequent tail injections and imaging procedures decrease the survivability of the rat [36], 

only two time points were used. As a result, necrosis at the tumor core was not 

visualized and the timeline for changes in Ktrans and tumor volume was not fully 

established. Further studies should investigate the relationship between time from tumor 

implantation and Ktrans, as previous studies in conjunction with this study seem to 

indicate a model in which Ktrans is related to tumor stage as opposed to tumor volume. 

Early tumor stage Ktrans should also be further investigated, as the results of this study 

suggest the high Ktrans present at day 3 is due to higher rates of angiogenesis, thus 

providing the structure and support for higher rates of cell proliferation. The higher Ktrans 

at day 3 is also indicative of an optimal window for drug delivery- the ability of 

chemotherapeutic drugs to leak into the brain parenchyma falls off over time and thus 

should be administered at earlier tumor stages, although further investigation is needed 

to find the optimal drug delivery window, which should correspond to the tumor stage 

with peak Ktrans values. 

Other Work 

A significant portion of my time in the lab was dedicated to another project with 

Dr. Magdoom, which was accepted to be published by Scientific Reports in 2019. The 

project and its results are briefly summarized below. 

Understanding metabolic waste clearance in the brain is vital to investigating 

neurodegenerative diseases such as Alzheimer’s and multiple sclerosis. Previous 
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studies have hypothesized that waste clearance in the brain is driven by cerebrospinal 

fluid (CSF) exchange with interstitial fluid in the brain parenchyma [37, 38]. CSF is 

supplied from annular spaces called perivascular spaces (PVS) surrounding cerebral 

blood vessels penetrating from the subarachnoid space [37]. This exchange of CSF in 

the brain parenchyma is indicative of a pathway that excludes the blood-brain barrier, 

thus investigating perivascular spaces could potentially provide a method of drug 

delivery to the brain parenchyma. Furthermore, recent studies have found that sleep 

enhances metabolic waste clearance in the brain, explaining the physiological need for 

sleep [39, 40]. To further understand the role of sleep as well as neurodegenerative 

diseases, a method to visualize perivascular spaces in the brain is necessary. In this 

study, a method was developed to visualize the perivascular network in the whole rat 

brain.  

Magnetic resonance (MR) visible tracer (Gadolinium-diethylene-triamine 

pentaacetic labeled human serum albumin) was infused in vivo into the CSF-filled 

lateral ventricle in rats (n=5), followed by ex vivo MR imaging of the extracted brain 

wrapped in gauze at 17.6 T using a 40 µm isotropic T1-weighted 3D spoiled and phase 

re-wound gradient echo dual-echo imaging sequence (TR = 100 ms, TE = 3/15 ms, flip 

angle = 50o, 20 x 16 x 12 mm3 FOV, matrix size = 500 x 400 x 300, 7 averages). The 

acquired images were then segmented to reconstruct the whole brain perivascular 

network. The extracted brains were then preserved in a solution of 30% sucrose in 0.1M 

PBS. Brightfield optical images of the extracted rat brains are shown in Figure 4-4, 

imaged using dissection microscope -eyepiece camera. As this signal enhancement 

could also potentially result from the tracer entering the bloodstream and binding to the 
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luminal wall of blood vessels, laser confocal images of a hepatic blood vessel from a 

tracer infused rat were acquired using a Nikon A1RMPsi-STORM 4.0 system (Nikon 

Instruments, Inc, Melville, NY, USA). If the tracer was binding to the luminal wall of 

blood vessels, the tracer would be expected to be present in blood vessels within 

regions other than the brain, such as the liver. As shown in Figure 4-5, confocal images 

show that the tracer was visualized in perivascular spaces throughout the brain. In 

Figure 4-5, Part C, an image of a hepatic blood vessel lacks fluorescence resulting from 

the presence of the tracer, confirming that the tracer did not enter the bloodstream and 

bind to the luminal wall of blood vessels. 

Following image acquisition, the images were then processed to reconstruct the 

perivascular network in 3D. Areas of the brain that contained the contrast agent 

experienced T1 shortening due to the gadolinium tracer. As a result, perivascular 

spaces that the tracer was localized to appeared bright relative to the rest of the image. 

Moreover, as a result of fixation, the rat brain vasculature appeared dark relative to the 

rest of the image. To visualize the perivascular network, the rat brains were first 

segmented using rodent brain extraction tool (rBET) [41] in FSL software [42] and ITK-

SNAP software [43] to extract the cerebrum as well as remove image artifacts due to 

the gauze surrounding the brain during imaging. The resulting rat brains were then 

registered to Swanson’s rat brain atlas [44] using FMRIB's linear image registration tool 

(FLIRT) [45, 46] in FSL software to assess perivascular space anatomy. Maximum 

intensity projections of the resulting images were then acquired to allow a full 

visualization of the rat brain perivascular network. 
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The rat brain vasculature was further visualized by inverting the acquired T1 

weighted image stacks in FIJI [47]. Inverting the perivascular images caused the dark 

regions in the image (blood vessels and air pockets) to appear bright and have a non-

zero intensity value. To segment out the blood vessels from the rest of the image stack, 

the FIJI plugin ‘tubeness’ was used. The plugin tubeness calculates how “tube-like” 

each point in the image is by convolving the image stack with a second derivative 

Gaussian function to create a Hessian matrix that describes image curvature [48]. This 

plug-in is commonly used to visualize blood-vessels in 3D image stacks. The original 

stacks of perivascular images were then thresholded by 99% to visualize areas of 

increased signal enhancement and thus the PVS network. Overlaying the thresholded 

perivascular images onto the vasculature achieved from tubeness provided a 

reconstruction of the rat brain perivascular network relative to the vasculature. 

Examples of the reconstructed vasculature and overlaid perivascular spaces are shown 

in Figure 4-6. A further extrapolated reconstructed image of the vessel shown in Figure 

4-6 is provided in Figure 4-7.  

This study was successful in reconstructing the whole rat brain perivascular 

network. This study has developed a tool to further investigate the perivascular network 

by enabling the study of glymphatic pathways as well as perivascular connectivity 

throughout the brain. This high-resolution MRI methodology achieved a voxel size two 

magnitudes smaller than previously reported [39]. Further studies should investigate the 

role of perivascular spaces in neurodegenerative diseases such as Alzheimer’s by 

comparing structural differences with healthy brains. Studying structural changes in the 

perivascular network during sleep could also more clearly reveal the physiological role 
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of sleep. Moreover, as the blood brain barrier currently impedes drug delivery to the 

brain parenchyma, modeling drug delivery using the perivascular network potentially 

provides an alternative approach to successfully delivering drugs to the brain 

parenchyma. Understanding waste clearance in the brain is a vital field of study to be 

able to approach neurodegenerative diseases and this study has produced a valuable 

tool in investigating perivascular structures. 

Within this project, Dr. Magdoom acquired the brightfield and laser confocal 

images. I designed the segmentation method and acquired the reconstructed images 

using the Swanson’s rat brain atlas provided by Dr. Marcelo Febo. We performed the 

infusion and rat imaging together with the help of Julian Rey, a PhD candidate in the 

mechanical engineering department at UF. The tracer infusion was performed in the lab 

of Michael A. King, who opened his histology lab to us. 

 

 

Figure 4-1.  Correlation of micro vessel density (MVD) to Ktrans. Ktrans was found to be 
positively correlated to MVD in VX2 tumors in rabbits. This image is Figure 2 
from Li et al. [10]. 
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Figure 4-2.  Dynamic Ktrans study in VX2 tumor line rabbits. The onset of necrosis was 
found to occur one-week post-implantation. Ktrans was found to increase 
rapidly, then peak and fall off with the onset of necrosis. This image is Figure 
1 from Li et al. [10]. 

 

 

 
Figure 4-3.  Ktrans and tumor clinical stage in human prostate cancer. Ktrans values were 

found to be higher in later clinical stages. This image is Figure 2a from Wu et 
al. [34]. 
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Figure 4-4.  Brightfield optical images of extracted brains. A) Naïve rat, no tracer-
infusion. B) Rat with tracer (GD-albumin-Evan’s Blue) infusion. Surface 
cortical blood vessels are visualized due to the staining of Evan’s Blue dye 
localized to where the tracer is fixed. C) The region of interest from B) 
magnified to show the lining of the tracer along the blood vessel. Dr. 
Magdoom generated these images. 
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Figure 4-5.  Laser confocal images. Images obtained from axial 250 μm frozen slices of 

the rat brain and liver following ex vivo MR imaging. A), B), and C) Tracer 
fluorescence imaged (red) merged with tissue autofluorescence image 
(green). D), E), and F) Tracer fluorescence images (red) merged with 1:1000 
v/v DAPI (4’,6’-diamidino-2-phenylindole) image (blue). The presence of 
tracer causes fluorescence, and thus visible perivascular space in A), B), D), 
E), and F) (shown with white arrows). The lack of tracer fluorescence in the 
liver C) confirms that the tracer is not bound to the luminal wall, and thus the 
tracer is localized to perivascular spaces in the brain. These images were 
obtained and generated by Dr. Magdoom. 
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Figure 4-6.  Example of reconstructed perivascular network. Thresholding the T1 
weighted image to acquire the PVS network and overlaying the result onto the 
rat brain vasculature achieved from ‘tubeness’ reveals two blood vessels (red) 
surrounded by perivascular space (blue) resulting from significant contrast 
enhancement relative to the rest of the original image.  

 

 

 
Figure 4-7.  Further reconstruction and extrapolation. Enhancement of the region of 

interest from Figure 4-6 reveals the perivascular network (blue) surrounding 
multiple cortical blood vessels in the brain (red).  
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