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Abstract 

Magnetic resonance imaging (MRI) is widely used to non-invasively evaluate anatomical 

and physiological properties of tissues in both clinical and preclinical studies making it the gold 

standard in medical imaging. The protocols and workflows for MRI are well established; such is 

not the case for Magnetic Resonance Spectroscopy (MRS). In contrast to MRI or as a 

complement, MRS provides biochemical composition and quantitative information of the tissue 

being analyzed. Modern MRI scanners can be used for MRS without any hardware 

modifications. MR scanners used in the clinic are of low field strength (1.5 Tesla (T) or 3 T) and 

require contrast agents to improve the visibility of tissue structures. On the other hand, small 

animal imaging requires scanners of high field strength to acquire higher resolutions to visualize 

similar structures and produce clinically translatable results. In this study, we use an ultra-high-

field scanner of 14.1 T and optimized pulse sequences to obtain MRI and image-guided-MRS 

data of high spatial and spectral resolution, respectively. 

This work focuses on small animal models of solid tumors and neurological disorders. 

We monitored the growth of pancreatic ductal adenocarcinomas (PDAC) on C57BL/6 mice 

using a RARE (Rapid Acquisition with Relaxation Enhancement) pulse sequence after tumor 

implantation. MRI-guided thermal treatments were applied to mouse models of PDACs and 

aldosterone-producing adenoma in vivo. To evaluate the tissues before and after treatment, T1 

mapping techniques were used. 

Another objective of this study was to use single voxel 1H-MRS (Proton MRS) 

techniques to study metabolite levels in cell lines and tissues ex vivo. We used a PRESS (Point 

RESolved Spectroscopy) sequence to acquire spectral information from five different cell lines 

(four cancer and one non-cancer) and solid tumors excised from mouse models and human 



  

subjects. Short, intermediate, and long echo times (TEs) were explored where short TE was 

found effective in resolving major metabolites compared to conventional long TE scans. Spectra 

with high SNR (signal-to-noise ratio) were acquired from voxel sizes up to 2 x 2 x 2 mm3. 

The current work also uses the valproic acid (VPA) model of autism spectrum disorder 

(ASD) in rodents. We collected 3D MRI scans to measure gray matter volumes in cerebellar and 

frontal regions of VPA-treated and control rat brains ex vivo. High-resolution MRI data allowed 

accurate segmentation across different regions of the rat brains. Altogether, we demonstrate 

diverse applications of MRI and image-guided 1H-MRS in preclinical studies using an ultra-

high-field scanner. 
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Chapter 1 - Introduction to Magnetic Resonance Imaging and 

Spectroscopy 

Magnetic Resonance Imaging (MRI) is a powerful and non-invasive imaging tool that 

provides excellent anatomical and physiological details without any radiation exposure. It is 

based on the principle of Nuclear Magnetic Resonance (NMR). Isidor Rabi discovered the effect 

of NMR in 1938.1 In 1946, physicists Felix Bloch and Edward Purcell measured NMR in water 

and solid paraffin, respectively.2,3 The groundbreaking work of Ernst and Anderson in 1966 

reports concepts of application of short radiofrequency (RF) pulses and the use of Fourier 

Transformation (FT) technique, which led to increased sensitivity of NMR.4 This study by Ernst 

and Anderson provided the theoretical background for modern NMR. The first MRI instrument 

was invented by Raymond Damadian in 1972, and in 1973, Paul Lauterbur created the first MR 

image of small water capillaries.5 The first MR image of a human body part, a finger, was 

published in 1977 by Peter Mansfield followed by whole body MR images by Raymond 

Damadian in the same year.6,7 Since the development of commercial MRI scanners, there have 

been tremendous advances made in this field. These advances include modification in field 

strength, hardware, pulse sequences, and image quality.8,9 Nowadays, MRI is one of the most 

used imaging modalities to investigate different diseases in both clinical and preclinical studies.  

Magnetic Resonance Spectroscopy (MRS), used in conjunction with MRI, is a non-

invasive technique to determine tissue metabolites. While MRI is used to identify the anatomical 

details and physiological processes, MRS provides biochemical composition and quantitative 

information in the form of MR spectra. The first in vivo proton MRS (1H-MRS) was acquired 

from a rat brain using a surface coil at 360.13 MHz (8.5 Tesla (T)), reported by Behar et al. in 

1983.10 In 1985, Bottomley et al. reported the first in vivo spatially localized human brain 1H-
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MRS using a 1.5 T MR scanner.11 Early MRS studies also focused on the 31P nucleus to detect 

the level of metabolites associated with energy, like phosphocreatine and adenosine triphosphate 

(ATP).12–14 However, 1H-MRS is the most commonly used because of hydrogen’s higher 

sensitivity and high natural abundance in the human body compared to other nuclei like 13C, 31P, 

and 23Na. In addition, 1H-MRS can be implemented in most commercial MRI scanners without 

any alterations in the hardware, like transmitters, coils, and receivers.15  

 1.1 Basics of MRI 

MRI makes use of powerful magnets, usually superconducting ones, to produce a strong 

magnetic field that aligns the magnetic moment of protons in the body along or against the 

applied field (B0). Typically, these protons are aligned randomly in the tissue being imaged. The 

hydrogen nucleus (1H) is most commonly used because of its abundance in tissue water and fat. 

The strong magnetic field also causes these protons to spin around them, and the frequency of 

spinning (also known as the Larmor or precessional frequency) depends on the strength of the 

primary magnetic field and the magnetic moment of the proton. Larmor frequency can further be 

explained by the Larmor equation, 𝜔 = 𝛾𝐵, where ω is the Larmor frequency (MHz), γ is the 

gyromagnetic ratio (MHz / Tesla), a constant fixed for specific nucleus, and B is the magnetic 

field strength (Tesla). The gyromagnetic ratio for 1H is 42.58 MHz / T: at 1.5 T, the Larmor 

frequency for 1H is ~ 63 MHz.  

With the application of a radiofrequency (RF) pulse to the resonance frequency, the 

protons can absorb the energy that flips their net magnetization from longitudinal to the 

transverse plane. When the RF pulse is turned off, the spins return to their original longitudinal 

orientation, also known as T1 relaxation (or spin-lattice relaxation), and the de-phasing of the 
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spins occurs, also known as T2 relaxation (or spin-spin relaxation). While doing so, the absorbed 

energy is emitted in the form of a signal that one or more receiver coils can detect.  

Three sets of gradient coils, also known as, Gz, Gx, and Gy, are used for spatial encoding 

along three axes (slice selection along Z-axis, frequency encoding along X-axis, and phase 

encoding along Y-axis, respectively), which causes changes in the magnetic field strength 

resulting in spatially linear variation of the resonance frequency. This allows inverse Fourier 

transformation of the frequency measurements at different positions in space. The digitized 

values of the spatial-frequency content are stored in a temporary image space known as k-space, 

and different trajectories can be used to fill this space. Once it is filled, image reconstruction 

tools can be used. Depending on the type of tissue being imaged, the relaxation rates vary. This 

property along with other variables involved in the tissue are used to construct MR images.   

 1.2 The MRI Scanner 

The MRI scanners main components are the magnet, gradient coils, radiofrequency (RF) 

coils and computer systems. The FONAR (Field Focused Nuclear Magnetic Resonance) 

corporation was founded by Damadian in 1978, which created the first commercial MRI scanner 

in 1980.16 Earlier MR systems made use of permanent and resistive magnets cooled by water. 

Permanent magnets required low power, but they were extremely heavy and had field strengths 

up to 1 T. Resistive magnets were lighter than permanent magnets, however they required high 

power and gave even lower field strengths compared to permanent magnets. Most of the modern 

MR scanners are made up of superconducting magnet in a cryostat. The higher field strengths 

offered by superconducting magnets provide advantages over both permanent and resistive 

magnets. They also offer high signal to noise ratio (SNR), shorter scan times along with better 

image quality.17  
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Superconducting magnets are usually made of niobium/titanium (Nb-Ti) alloy with a 

critical temperature about 9.7 K. Critical temperature is the temperature where certain materials 

have zero electrical resistivity and behave as superconductors. Most superconductors are 

maintained below their critical temperature by using an insulated liquid helium cooled cryostat. 

The basic diagram of an MRI scanner is shown in Figure 1.1.  

 

Figure 1.1 Components of an MRI scanner 

 

The main field is generated by the superconducting magnet, maintained in a cryostat with 

liquid helium, which is surrounded by thermal insulation. The gradient coils inside the bore of 

the scanner are used for spatial localization. Two important parameters for gradient coils are 

maximum gradient strengths (commonly measured in mT/m) and slew rate (commonly measured 

in mT/m/ms). Slew rate can be defined as how fast the gradients can be switched. The third 

component of the MRI scanner consists of RF transmit and receive coils. The same coil can be 

used to transmit and receive signal, or two separate coils can be used too. There are different 

types of RF coils, but most of them fall under the category of either surface coils or volume coils. 
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Surface coils are placed adjacent to the tissue being imaged and offer good signal to noise 

ratio. Volume coils, on the other hand, extend over a large area and can be used for whole body 

imaging. A movable patient table is also used to move the subject to the isocenter of the magnet. 

One or more computers are used to control the gradient and RF systems for data acquisition, and 

to process the data. These processes are controlled by an operator via a console. To maintain a 

homogenous magnetic field and to reduce the effects caused by the magnet to the surrounding 

environment, active or passive shielding is usually employed.  

 1.3 MRI sequences 

An MRI sequence is comprised of RF pulses and gradients, which can be controlled 

using several parameters. Echo time (TE) and repetition time (TR) are a few of the important 

parameters used in both MRI and MRS. Another important factor in a pulse sequence, signal-to-

noise ratio (SNR), is used to determine the quality of images in MRI. It is measured by 

calculating the difference between signal intensity from the region of interest and the background 

noise and dividing it by the standard deviation of the signal intensity from the background.18 

Echo time is the time between the application of RF pulse and signal acquisition after excitation. 

Repetition time is the time between two sequential RF pulses. TE and TR, usually measured in 

milliseconds (ms), are two critical parameters determining the pulse sequence type and impact 

SNR and image quality.  

Based on the pulse sequence structure, there are two main classes: spin echo (SE) and 

gradient echo (GE). Spin-echo pulse sequence is one of the most widely used pulse sequence in 

MRI and it will be discussed in this chapter. SE sequence consists of a 90° excitation pulse 

which flips the magnetization to the transverse plane. T2* relaxation causes the transverse 

magnetization (dephasing of spins) to decay much faster (also known as T2* decay). It is caused 
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by spin relaxation (T2 relaxation) and inhomogeneities in the primary magnetic field. The 90° 

excitation pulse is followed by a 180° refocusing or inversion pulse which rephases the signal to 

form an echo by removing the dephasing caused by inhomogeneities.19 The general mechanism 

of a spin echo pulse sequence is shown in Figure 1.2. 

 

Figure 1.2 Mechanism of a spin echo sequence. Application of a 90° RF pulse flips the 

magnetization from longitudinal (1) to transverse plane (2). After the RF pulse is turned off the 

spins begin to dephase (3-4). A 180° inversion pulse rephases the spins (5-6) and a spin echo is 

generated (7). B0, primary magnetic field; M, net magnetization.  

 

The total echo time is the sum of the time between the initial 90° pulse to the 180° 

refocusing pulse (TE/2) and the time from application of a 180° refocusing pulse to the 

acquisition of the spin echo (TE/2). The time to complete this whole cycle is TR and it can be 

repeated multiple times along with application of spatial localization gradients. A generic spin 

echo pulse sequence with TE and TR is shown in Figure 1.3. 

The slice selective gradient (Gslice along z-axis) is turned on during the application of any 

excitation pulses (90° and 180° pulses). The phase encoding gradient (Gphase on y-axis) is usually 



7 

applied after the 90° excitation pulse and the frequency encoding gradient (Gfrequency on x-axis) is 

turned on during the signal readout. 

 

Figure 1.3 An example of a spin echo pulse sequence. TE, Echo time; TR, Repetition time; 

Gphase, Gfrequency and Gslice are gradients for spatial localization. 

 

The more common MRI sequences are based on the final image contrast: T1-weighted, 

T2-weighted, and proton density weighted imaging.  

 1.3.1 T1 and T2 weighted imaging 

The relaxation time of any tissue depends on its constituents. By choosing the right 

parameters, contrast can be enhanced between tissue types and scan time can be reduced. T1-

weighted imaging is dependent on the T1 properties of tissues, and it makes use of short TEs 

(usually lower than 30 ms) and short TRs (usually lower than 500 ms). For instance, fat tissues 

have a short T1 relaxation time (~260 ms) and appear bright in T1 weighted images, whereas 

water and cerebrospinal fluid (CSF) appears dark due to their long T1-relaxation time (3000 - 

5000ms).20 In contrast, T2-weighted imaging makes use of long TEs (usually greater than 1500 
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ms) and long TRs (usually greater than 90 ms). Water appears bright and fat appears bright in 

T2-weighted imaging. 

 1.3.2 Proton density weighted imaging  

Proton density (PD) weighted imaging utilizes the high density of protons rather than the 

magnetic properties of the protons. Tissues with high proton density appear the brightest on PD 

scans because transverse magnetization increases with the increase in concentration of protons in 

a tissue. Long TRs (usually 2000- 5000ms) and short TEs (usually 10-20ms) are used to 

minimize the effect of T1 and T2 properties of tissues.  

 1.4 Basics of MRS 

MRI techniques use gradient magnetic fields to provide spatial information to generate an 

image, while MRS uses these fields to localize a specific volume of interest to obtain spectral 

information from that region. The MR spectrum consists of a plot with peaks representing signal 

intensities of a defined voxel against the relative shift in frequency (expressed in parts per 

million).  

Some of the key metabolites MRS can measure are creatine, choline, N-acetyl aspartate, 

glutamate, γ-aminobutyric acid (GABA), lactate and, myoinositol (the structures of which are 

shown in Figure 1.4). The concentration of these metabolites can be compared within a voxel of 

interest, which can provide more insight to characterize the underlying disease. A majority of 

MRS studies have focused on neurological disorders like multiple sclerosis, epilepsy, and 

Alzheimer's disease; however, the applications of MRS are equally valuable in studying 

metabolic and psychiatric disorders.21,22  

In 1H-MRS, the signals received for metabolites within the tissue are very low compared 

to the signals received for water. This is because the molecular concentration of metabolites in 
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the tissue is 10,000 times lower than water.23 Therefore, to obtain high-quality MRS data for 

metabolite quantification, different approaches must be taken. These approaches include using 

appropriate water suppression techniques, spatial localization using different pulse sequences, 

and maintaining a homogeneous magnetic field. 

 

 

Figure 1.4 Chemical structures of common metabolites detected by 1H-MRS. 

 

Spectral data can be obtained from either a single selected region of tissue, also known as 

single voxel 1H spectroscopy; or from multiple regions, also known as multi-voxel spectroscopy 

or Chemical Shift Imaging (CSI).23,24 

 1.4.1 Single Voxel 1H-Spectroscopy 

The purpose of this technique is to limit the acquisition of signals from a single voxel and 

suppress signals from outside of this region. Two of the most used pulse sequences for spatial 

localization in single-voxel 1H-spectroscopy are PRESS (Point RESolved Spectroscopy) and 

STEAM (STimulated Echo Acquisition Model).  
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Figure 1.5 Single voxel localization methods. (A) PRESS pulse sequence (B) STEAM pulse 

sequence (C) Voxel where three orthogonal slices overlap; Gx, Gy, and Gz are orthogonal 

planes; RF, radiofrequency pulses; TE, echo time; TM, mixing time. 

 

One of the most widely used spin-echo pulse sequences in 1H-Spectroscopy is PRESS. 

This sequence consists of a 90 radiofrequency (RF) pulse applied concurrently with a slice-

selective x-gradient to excite a slice in one direction followed by two 180 refocusing pulses 

with two slice-selective gradients (y and z in the orthogonal directions, respectively). Only the 

desired voxel where all three orthogonal slices overlap will experience the three RF pulses 

(Figure 1.5 C). The first spin echo is formed at time TE1, and the second echo is formed at time 

TE2 as shown in Figure 1.5 A, where the total echo time (TE) is TE1 + TE2.25  

STEAM is comprised of a combination of three 90 RF pulses with three slice-selective 

orthogonal field gradients (x, y, and z) to acquire a stimulated echo (STE). Similar to PRESS, 

only the desired voxel where all three planes overlap will experience the three 90 RF pulses and 
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provide a signal. The time to acquire the stimulated echo depends on the time between the RF 

pulses. If TE/2 is the time separating the first two RF pulses and TM is the mixing time (usually 

a few milliseconds) that separates the second and third RF pulses, STE is acquired at time TE/2 

after the third RF pulse as shown in Figure 1.5 B. The total time to acquire STE is TE + TM.26,27 

An example of a single voxel spectroscopy with PRESS localization in rat brain ex vivo is shown 

in Figure 1.6. 

 

Figure 1.6 Example of a single voxel 1H spectroscopy with PRESS localization in a rat 

brain ex vivo. T2 RARE MR image with voxel placement (left); Representative spectrum 

(right). 

 

STEAM pulse sequence makes use of very short echo times and allows detection of 

metabolites with short T2 relaxation times such as myoinositol, glutamate, and glutamine.28 

However, compared to STEAM, PRESS is used more often in the clinical field because the 

signal to noise ratio is two times better, and it is less susceptible to motion artifacts.27 

 1.4.2 Multi voxel 1H-Spectroscopy or Chemical Shift Imaging  

While single voxel techniques are easy to perform with short acquisition times and 

excellent SNR, they are restricted to limited coverage. This can be overcome by using chemical 
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shift imaging (CSI) techniques. The main purpose of multi-voxel 1H-spectroscopy, also known 

as magnetic resonance spectroscopy imaging (MRSI), is to acquire MR spectra and spatial 

distribution of metabolites from either a one, two, or three-dimensional array of voxels 

simultaneously by using a single sequence.29 It can use the same pulse sequences as a single 

voxel 1H-MRS (PRESS and STEAM) for localization.  

 

Figure 1.7 An example of ex vivo 2D 1H-MRSI in a rat brain with PRESS localization. T2 

RARE MR image with CSI grid covering the entire brain (left); Representative spectra (right). 

 

MRSI techniques makes use of gradients for slice selection and phase encoding to obtain 

spatial information. RF pulse is applied simultaneously with a slice-selective gradient (Gss), 

followed by phase encoding gradients (Gp). This method, however, does not use a frequency 

encoding gradient.30,31 An example of 2D 1H-MRSI of a rat brain ex vivo is shown in Figure 1.7. 

 1.4.3 FAST MRSI 

The conventional multi-voxel MRSI approach is an essential tool to collect spectroscopic 

data with broad spatial coverage. However, it comes with challenges like long acquisition times, 

low SNR, insufficient water suppression, and spectral contamination from neighboring voxels.32 

The long scan times and other complications make it inconvenient for clinical studies since it can 
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cause patient discomfort, increase in costs, and motion artifacts. Multiple fast MRSI data 

acquisition techniques have been developed to overcome problems arising from time-consuming 

MRSI sequences.  Some of them are spiral, turbo, echo-planar, and parallel imaging 

techniques.15,32 

Depending on the type of fast MRSI approach, they involve reducing repetition times, 

under sampling of k-space, reconstruction of data, and acquiring multiple k-space points per TR. 

These acceleration techniques and the development of powerful magnets help reduce acquisition 

time, minimize artifacts, increase the spatial resolution, and other benefits.33 However, each of 

these techniques has its limitations as well. 
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Chapter 2 - Studying the effects of thermal therapy on mouse 

models of solid tumors via high-resolution MRI 

 2.1 Background  

Thermal treatments like mild hyperthermia and ablation have been studied for its 

potential in combination with radiotherapy and chemotherapy to kill cancer cells.1,2 However, 

much of it is still experimental and more research is required to understand its therapeutic effects 

in detail. Thermal treatments use temperatures above the physiological temperature to shrink the 

tumor. In mild hyperthermia, living tissues are treated with temperatures between 41 – 45° 

Celsius (C) to induce cytotoxicity.3 In contrast, ablation makes use of higher temperatures 

(usually above 50°C).4 There is a strong time-temperature relationship that need to be considered 

while studying the effects of these treatments.5 Current thermal treatments use different 

techniques to deliver heat. Most of them induce heating through microwave, ultrasound, 

radiofrequency, laser, and magnetic hyperthermia. These sources can be utilized to perform a 

local, regional, or whole-body hyperthermia.  

Animal models offer valuable information in understanding different diseases and 

developing potential treatments. Small rodents such as rats and mice are preferred for research 

over other animal species since they share the same biology and genetics as humans and can 

closely recapitulate human diseases and conditions. They are also easily accessible, require low 

maintenance, have a short life cycle, and are relatively inexpensive.6 Both, ex vivo and in vivo 

small animal imaging studies help in visualizing structural and functional changes associated 

with different disorders. Imaging modalities like micro-CT (computed tomography), micro-PET 

(positron emission tomography), ultrasound, and single-photon emission computerized 

tomography (SPECT) can be used for small animal imaging depending on the type of study. 
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However, these modalities suffer from limitations such as insufficient soft-tissue contrast, low 

spatial and temporal resolution, and poor image quality.7 

With the use of Magnetic Resonance Imaging (MRI), repeated non-invasive imaging can 

be performed with excellent soft-tissue contrast, and enhanced resolution. For clinical studies, 

MRI scanners of low field strengths, usually 1.5 T or 3.0 T, are used. Using clinical scanners for 

small rodents such as mice and rats, makes it more challenging, because it is limited by smaller 

voxel size resulting in low signal-to-noise ratio (SNR).8 To overcome these issues, rodent MRI 

require dedicated small-bore scanners of high field strength, like 7 T, 9.4 T, 14 T, or higher.9 

This study focuses on application of microwave thermal therapy on solid tumors 

implanted on mouse models. Small animals implanted with tumors were either treated with mild 

hyperthermia or ablation therapy. Two types of mouse models were used for this study: (a) 

pancreatic ductal adenocarcinoma and (b) aldosterone producing adenoma.  

Of all cancers, pancreatic cancer is the most aggressive, has the highest mortality rate, 

and the general 5-year survival rate is only 10%.10 More than 90% of pancreatic cancer are 

pancreatic ductal adenocarcinoma (PDAC) that arise from the exocrine glands. The less common 

ones are pancreatic neuroendocrine tumors (PNETs) that arise from the endocrine glands of the 

pancreas.11 Compared to PDAC, PNETs have a better prognosis. One of the main issues in 

pancreatic cancer is late diagnosis due to the lack of diagnostic tools and specific symptoms. 

Almost 80% of pancreatic cancer patients are diagnosed when the disease has metastasized to 

other parts of the body, leading to a life expectancy of only 4-6 months.12 Based on the stage of 

the disease, treatments available after diagnosis include surgery, chemotherapy, radiation 

therapy, or combinations of these treatments. A better understanding of tumor progression is 

necessary for the early diagnosis of the disease. It is also important to use an effective preclinical 
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model of PDAC to monitor the progression of the disease that can closely recapitulate human 

PDACs.  

Tumors in the adrenal glands can be benign (adenomas) or malignant (carcinomas). 

Adrenal carcinomas are very rare and affect 300 to 500 people in a year in the US.13 Adenomas, 

on the other hand are very common, especially in the elderly population. The cortex of the 

adrenal glands is where most of the tumors develop. The adrenal cortex is responsible for making 

hormones like cortisol, aldosterone, and androgens. Tumor in this region can disrupt hormonal 

balance in the body. Based on the disruption of hormone levels, and the potential for adenomas 

to turn into cancer, treatment may vary. Surgery is the current choice of treatment if the adenoma 

is likely to be cancer. Non-invasive techniques like thermal ablation or hyperthermia might be 

helpful to manage adrenal tumors and PDACs, and to overcome challenges associated to 

surgery.14 

The primary objectives of this study were: (a) to monitor the growth of pancreatic tumors 

in mice after tumor implantation surgery with the use of ultra-high-field MRI and optimum pulse 

sequences, (b) to apply mild hyperthermia on PDAC model of mice and thermal ablation on 

mouse models of aldosterone producing adenoma, and (c) to use T1 mapping techniques to 

compare changes in the tumor tissues in relation to mild hyperthermia and ablation therapy. A 

schematic showing the experimental flow is shown in Figure 2.1. 
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Figure 2.1 Schematic representation showing the experimental flow for application of 

thermal therapy on mouse models of solid tumors. 
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 2.2 Materials and Methods 

 2.2.1 Tumor implantation  

KPC cells, derived from primary pancreatic ductal adenocarcinoma were used for 

orthotopic tumor implantation in C57BL/6 mice. Cells were cultured in Dulbecco’s modified 

eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and cultured in a 

standard cell culture incubator at 37°C in a humidified 5% CO2 atmosphere. KPC cells were 

trypsinized and resuspended in a 1:1 ratio of Matrigel and phosphate-buffered saline (PBS). For 

implantation, a surgical incision was made in the abdominal cavity, and 50,000 KPC cells were 

slowly injected into the pancreatic tissue of anesthetized C57BL/6 mice.  

HAC15 cells, (human adrenal gland carcinoma cells, ATCC: CRL-3301) were 

subcutaneously injected in the right hind flank of nude mice (nu/nu, Charles River strain #490). 

Approximately 6 x 106 HAC15 cells were used for injection. All studies with live mice were 

conducted following local IACUC (Institutional Animal Care and Use Committee) protocols. 

 

 2.2.2 In vivo MRI and heating procedure 

All MRI experiments were performed in a 14.1 T vertical scanner (600 MHz Bruker 

Ascend III, MA, USA (Figure 2.2 A)). MRI probe of 30mm diameter was used for all small-

animal imaging experiments. Paravision 6.0.1, a preclinical MRI software, was used to control 

the scanner. Mice bearing tumors were anesthetized using isoflurane (5% induction, 1–2% 

maintenance), and they were secured to a cradle with maintained anesthesia during all imaging 

experiments. For monitoring the respiratory rate during imaging, a respiration sensor was 

attached to the abdominal wall of the mouse. The respiration rate data was monitored using an 

external computer with software PC-SAM (SA Instruments Inc., Stony Brook, NY, USA) was 
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used. A rectal thermocouple probe (SA Instruments Inc., Stony Brook, NY, USA) was used to 

measure the core body temperature of the mice.  

 

Figure 2.2 In vivo small animal MRI set up. (A) A picture of the 14.1 T vertical MRI scanner 

used in the study. (B) Micro-imaging probe of 30 mm diameter with the microwave (MW) 

applicator placed inside. Radiofrequency (RF) coils inside the probe are shown. (C) Example 

showing experimental set up for thermal therapy on a BALB/c mouse.49  

 

For thermal treatment, a water-cooled microwave applicator (Figure 2.2 B-C) developed 

by the group of Dr. Punit Prakash (Department of Electrical and Computer Engineering, Kansas 

State University) was used. They developed a 2.45 GHz microwave thermal therapy platform 

that can be utilized to deliver ablation or hyperthermia treatments to small animals under MRI 

guidance.15,16  

Mice were examined for tumor starting day seven post tumor implantation. For KPC 

mice (n = 4), upon detection of a small palpable mass, high-resolution MRI scans were acquired. 

Two mice were used for hyperthermia experiments and two were sham mice (control). For 

hyperthermia experiments, MRI scans were acquired before and after the treatment to check for 

movement of the sample. Two control mice were used for longitudinal study to monitor the 

growth of pancreatic tumor without any treatment. The MRI probe with the animal, was inserted 

into the scanner vertically. MRI experiments with KPC mice were performed 12 days post tumor 

implantation surgery on a 600 MHz Bruker Ascend. An optimized T2-TurboRARE pulse 

sequence (TR = 1125 ms, TE = 13.87 ms, number of averages = 4, rare factor = 8, field of view 
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(FOV) = 30 x 30 mm2, matrix size = 256 x 256, slice thickness = 0.6 mm, and resolution = 0.117 

x 0.117 mm2) was used to acquire high-resolution axial, sagittal and coronal images to cover the 

whole tumor region. MR images were processed and visualized using ITK-SNAP software.17 

For HAC15 mice (n = 6), once the tumor reached 5mm in one direction, mice were 

treated with thermal ablation. Initial evaluation of the tumor location was done with a T2-

TurboRARE pulse sequence (TR = 1500 ms, TE = 14 ms, number of averages = 2, flip angle 

(FA) = 90°, FOV = 30 × 30 mm2, matrix size = 256 x 256, slice thickness = 0.5 mm, and 

resolution = 0.11 × 0.11 mm2).  

 2.2.3 T1 mapping 

A modified RAREVTR (Rapid Acquisition with Relaxation Enhancement with Variable 

Repetition Time), a type of saturation recovery sequence, was used to collect T1 relaxation data 

of tumor tissues before and after thermal treatments on small animals. Initial T2-TurboRARE 

images were used as a reference to locate the area with tumor. Depending on the size of tumor, 

multiple slices were acquired for each sample to cover the entire tumor region and the 

surrounding tissues to see the effect of mild hyperthermia or ablation. T1 relaxation time was 

calculated using parameters: TE = 30.85 ms, multiple TRs = 442 ms, 884 ms, 1452 ms, 2249 ms, 

3593 ms, 9942 ms, FA = 90°, FOV = 30 × 30 mm2, matrix size = 256 x 128, slice thickness = 1 

mm, number of averages = 1, and RARE factor = 8. The total acquisition time per scan was 5 

mins 2 secs. For each animal, it took a total of 10 mins 4 secs to acquire the data (before and 

after thermal treatment).  
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 2.3 Results  

 2.3.1 Monitoring tumor growth in KPC mice 

High-resolution 2D axial, sagittal and coronal images were acquired using the optimized 

T2-TurboRARE pulse sequence to cover the whole tumor region along with surrounding tissues. 

RARE anatomical images were also acquired from a healthy mouse abdomen for comparison as 

shown in Figure 2.3. MRI was performed on day 12, 15, 19 and 22 after tumor implantation 

surgery.  

 

Figure 2.3 (A) Axial, (B) Sagittal, and (C) Coronal RARE anatomical images of a healthy 

mouse abdomen. 

 

Longitudinal MRI experiments of orthotopic pancreatic tumors in KPC mice 

demonstrated an increase in the size of the tumor with age as shown in Figure 2.4 – 2.6. 

Multiple tumor masses were also observed in the axial slices (Figure 2.4 C-D). RARE pulse 

sequence, also known as fast spin-echo, was utilized in the study to minimize imaging time. With 

conventional spin-echo pulse sequences, a single echo is acquired with each repetition time. 

However, with a fast-spin echo pulse sequence, multiple echoes can be acquired with each 

repetition time resulting in multiple k-space lines. 
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Figure 2.4 Axial RARE images of a C57BL/6 mouse bearing orthotopic pancreatic tumor 

(A) day 12, (B) day 15, (C) day 19, and (D) day 22 after injection of KPC cells. Red arrows 

indicate regions with tumor. Multiple tumor masses can be seen in (C) and (D). 

 

 
Figure 2.5 Sagittal RARE images of a C57BL/6 mouse bearing orthotopic pancreatic tumor 

(A) day 12, (B) day 15, (C) day 19, and (D) day 22 after injection of KPC cells. Red arrows 

indicate regions with tumor. 

 

 
Figure 2.6 Coronal RARE images of a C57BL/6 mouse bearing orthotopic pancreatic 

tumor (A) day 12, (B) day 15, (C) day 19, and (D) day 22 after injection of KPC cells. Red 

arrows indicate regions with tumor. 

 

This study made use of the ultra-high-field magnet and optimized pulse sequences to get 

high-resolution MR images of orthotopic pancreatic tumors in mice. Ultra-high-field MRI has 

the advantages of increased signal-to-noise and contrast-to-noise ratios without the need for any 
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contrast agents. Tumor tissues and vital organs in close proximity, kidneys and spleen, were 

clearly visible. The effect of increasing tumor size on these organs were also detectable. 

 2.3.2 Thermal treatments 

Anesthetized mouse secured to a cradle with a rectal probe, respiratory probe, and 

microwave antenna was loaded into the MRI scanner vertically. Before the heating treatment, an 

initial MRI scan was performed to confirm on the position and rotation of the microwave 

applicator adjacent to the tumor tissue. Two KPC mice (Mouse 2 and mouse 3) were treated with 

mild hyperthermia at 42°C for 30 mins at day 16 and day 19.  

Subcutaneous HAC15 tumor was treated with thermal ablation and the threshold 

temperature was kept 55°C. The heating treatment was terminated after the control points in the 

tumor region exceeded that temperature. This was done with the help of real time temperature 

monitoring. The treatment time was between 103 – 259 secs across experiments.16 

During the heating experiment, cooling water was continuously circulated through the 

applicator. T1 maps were recorded before and after the thermal treatment during each 

experiment. After the treatment, mouse was removed from the scanner carefully and moved into 

a warm cage to let it recover. Once it recovered completely, it was transported to the animal 

facility. Because of the ultra-high field magnet, the orientation of the microwave applicator or 

antenna was clearly visible in the anatomical images as shown in Figure 2.7 (A-C). Estimation 

of the tumor boundaries were done for all six mice with HAC15 as shown in Figure 2.7 D. 

Out of the six HAC15 mice treated with ablation, the treatment was terminated for five 

mice after the temperature at the control points exceeded 55°C. In one of the treatments, the 

temperature did not exceed 50.5 °C (even after 250 secs) and in another treatment, data was not 

usable due to motion artifacts caused by the movement of animal. However, four out of the six 
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treatments had more than 90% of the tumor volume heated to thermal doses exceeding 240 

CEM43 (240 cumulative equivalent minutes at 43°C).16  

 

 

Figure 2.7 Example (A–C) anatomic MR images of subcutaneously implanted HAC15 

tumors (red contour) and the microwave ablation applicator (white arrow). The 

boundaries of all six treated tumors (D) in a central axial plane through the tumor.16 

Adapted with permission from Sebek, J., Shrestha, T. B., Basel, M. T., Chamani, F., Zeinali, N., 

Mali, I., Payne, M., Timmerman, S. A., Faridi, P., Pyle, M., O’Halloran, M., Dennedy, M. C., 

Bossmann, S. H., & Prakash, P. (2022). System for delivering microwave ablation to 

subcutaneous tumors in small-animals under high-field MRI thermometry guidance. 

International Journal of Hyperthermia, 39(1), 584–594. 
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 2.3.3 T1 measurements 

In vivo T1 relaxation values for normal tissues and tumor tissues (before and after 

thermal therapy) were calculated by using the software modules within Paravision 6.0.1 (ISA, 

Image Sequence Analysis Tool). Region of interest (ROI) based approach was used to calculate 

the values at different repetition times. Data was acquired in axial 2D slices to save time.  

 

Figure 2.8 T1 relaxation values for mouse 12 with an adrenal tumor pre-ablation. (A) ISA 1 

(red) is for the region with the tumor; ISA 2 and ISA 3 (yellow and black, respectively) are for 

regions outside the tumor. Red box with star indicates T1 relaxation times. (B) Representative 

image used for ROI placement is shown. (C) Representative fit showing different recovery times 

in msec. 



29 

 

Figure 2.9 T1 relaxation values for mouse 12 with an adrenal tumor post-ablation. (A) ISA 

1 (red) is for the region with the tumor; ISA 2 and ISA 3 (yellow and black, respectively) are for 

regions outside the tumor. Red box with star indicates T1 relaxation times. (B) Representative 

image used for ROI placement is shown. (C) Representative fit showing different recovery times 

in msec. 

 

Among the few slices acquired for each sample, the slice that covered most of the tumor 

region was used for T1 estimation. The ROI area selected to get the T1 relaxation values was 

0.0181cm2 and it was kept consistent between regions and samples. An example for T1 

relaxation estimation on HAC15 tumor compared to normal tissue by using the Image Sequence 

Analysis Tool is shown (Figure 2.8 and 2.9). T1 relaxation values pre-ablation is shown in 

Figure 2.8 and post-ablation is shown in Figure 2.9. ISA_1 (blue) is the region of interest with 

tumor (Figure 2.8 A and 2.9 A). ISA_2 and ISA_3 (orange) are normal tissues outside of the 
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tumor region. The change in the longitudinal recovery times for ROIs is plotted in Figure 2.8 C 

and Figure 2.9 C. Due to movement of mouse 12, ISA_2 pre-ablation and post-ablation were 

two different regions and the data for ISA_2 was not used for comparison.  

 

Figure 2.10 T1 relaxation data for KPC mice treated with hyperthermia on day 16 and day 

19. ISA 1 (blue) is the region with tumor and ISA_2 (orange) is the non-tumor region.  

 

T1 relaxation values acquired for two KPC mice on day 16 and day 19 before and after 

application of mild hyperthermia are shown in Figure 6.1 – Figure 6.8, and the bar graph is 

shown in Figure 2.10. The T1 relaxation time for the pancreatic tumor tissues increased after 

application of mild hyperthermia on both mice. For non-tumor tissues, the values did not change 

drastically. 

Similar results were observed in adrenal tumor tissues (Figure 6.9 – Figure 6.14). T1 

relaxation time for adrenal tumor tissues increased after the application of ablation therapy on all 
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four mice, whereas the T1 values remained fairly constant for non-tumor regions as shown in 

Figure 2.11. 

 

Figure 2.11 T1 relaxation data for four HAC15 mice treated with thermal ablation. ISA 1 

(blue) is the region with tumor and ISA_2 and ISA_3 (orange) are the non-tumor regions. 

 

 2.4 Discussion 

Chemotherapy and radiotherapy are effective in many cancers. However, PDACs are 

relatively resistant to them due to the accumulation of stromal desmoplasia. Desmoplastic cells 

are non-tumor cells that hinder vascularization, creating a hypoxic tumor microenvironment. 

This makes PDAC cells less sensitive to chemotherapeutics or other drugs requiring a higher 

dose for cytotoxic effects.18   

The core of the tumor is usually resistant to standard treatments like chemotherapy and 

radiotherapy because of the low drug supply to those areas resulting from the hypoxic 

environment of the tumors. Thermal treatments like mild hyperthermia and ablation expands the 
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tumor vasculature and increases blood flow. Studies have demonstrated that localized 

hyperthermia combined with other anti-cancer drugs increases the accumulation of drugs to the 

tumor site, negatively impacting the tumor cells. Because of this, the dose of the drug can be 

minimized to reduce the potential side effects.18,19  

The efficacy of mild hyperthermia has been tested on subcutaneous pancreatic cancer on 

rat and mouse models using ultrasound imaging.20 However, limited research has been done on 

orthotopic pancreatic cancer models that adequately depict the human PDACs. KPC mouse 

model of PDAC, which has mutations in Kras and Trp53 is a well-validated model that closely 

recapitulates the features of human PDACs. It is a genetically engineered mouse model that 

results in solid malignancies with extensive stromal desmoplasia.21 This study used ultra-high 

field MRI to monitor the growth of pancreatic tumor after tumor implantation surgery. Contrast-

enhanced images were obtained without the use of contrast agents by utilizing ultra-high-field 

magnets and optimum pulse sequences. Optimization of the pulse sequences is essential in 

acquiring high-quality images with excellent signal-to-noise ratio. Image sequences such as 

RARE helps in speeding the imaging time, since it can acquire multiple k-space lines with each 

repetition time. The use of ultra-high field MRI also helped target the tumor tissues better which 

resulted in increasing the specificity of thermal treatments on mouse models of pancreatic tumor 

and adrenal tumor.  

T1 mapping is a valuable quantitative MRI technique that allows the measurement of T1 

or spin-lattice relaxation times of different tissues. It has been used widely to characterize 

myocardial and hepatocellular diseases. 22,23 Only a few studies have been reported on T1 

mapping of pancreatic cancer and adrenal tumor with the use of low magnetic field strength 

scanners. An increase in the T1 relaxation values were observed in both mouse models after the 



33 

application of mild hyperthermia and ablation therapy. These values might be useful in 

discriminating tumor tissues with non-tumor tissues and to validate if a tissue underwent thermal 

treatment effectively.  

 2.5 Conclusion 

In conclusion, we successfully used ultra-high field MRI to monitor the growth of 

PDACs in mouse models. The high-resolution acquired during MRI studies helped in increasing 

the specificity of mild hyperthermia and ablation therapy on KPC mice and HAC15 mice 

respectively. T1 mapping studies further helped in differentiating tumor tissues and normal 

tissues, and in studying the effects of thermal therapy on T1 relaxation properties of tumor 

tissues non-invasively. Moreover, this study can be used as a reference for future studies with T1 

relaxation values of PDACs and HAC15 in mice with and without thermal treatments using a 

14.1 T magnet, given the parameters for imaging and thermal treatments are kept constant.  

Some limitations to this study are small sample size, potential off-target ablation or 

hyperthermia due to animal motion, and difficulty in stabilizing the microwave antenna adjacent 

to the region of interest. Future studies should include a bigger sample size to validate this study 

and gating strategies should be used to minimize artifacts due to animal motion.   

  



34 

 2.6 References 

1.  Atanackovic D, Nierhaus A, Neumeier M, Hossfeld DK, Hegewisch-Becker S. 41.8°C 

whole body hyperthermia as an adjunct to chemotherapy induces prolonged T cell 

activation in patients with various malignant diseases. Cancer Immunology, 

Immunotherapy 2002 51:11. 2002;51(11):603-613. doi:10.1007/S00262-002-0327-X 

2.  Ahmed M, Brace CL, Lee FT, Goldberg SN. Principles of and advances in percutaneous 

ablation. Radiology. 2011;258(2):351-369. doi:10.1148/RADIOL.10081634 

3.  Rao W, Deng ZS, Liu J. A review of hyperthermia combined with 

radiotherapy/chemotherapy on malignant tumors. Crit Rev Biomed Eng. 2010;38(1):101-

116.  

4.  Zhang Y, Zhang W, Geng C, et al. Thermal ablation versus conventional regional 

hyperthermia has greater anti-tumor activity against melanoma in mice by upregulating 

CD4+ cells and enhancing IL-2 secretion. Progress in Natural Science. 

2009;19(12):1699-1704. doi:10.1016/J.PNSC.2009.05.007 

5.  Dewey WC. Arrhenius relationships from the molecule and cell to the clinic. Int J 

Hyperthermia. 2009;25(1):3-20. doi:10.1080/02656730902747919 

6.  Medicine M, Bryda EC. The Mighty Mouse: The Impact of Rodents on Advances in 

Biomedical Research. Missouri Medicine. 2013;110(3):207.  

7.  Brockmann MA, Kemmling A, Groden C. Current issues and perspectives in small 

rodent magnetic resonance imaging using clinical MRI scanners. Methods. 

2007;43(1):79-87. doi:10.1016/J.YMETH.2007.07.001 

8.  Hoyer C, Gass N, Weber-Fahr W, Sartorius A. Advantages and Challenges of Small 

Animal Magnetic Resonance Imaging as a Translational Tool. Neuropsychobiology. 

2014;69(4):187-201. doi:10.1159/000360859 

9.  Cho KH, Huang SM, Choi CH, et al. Development, integration and use of an ultra-high-

strength gradient system on a human-size 3 T magnet for small animal MRI. PLoS One. 

2019;14(6). doi:10.1371/JOURNAL.PONE.0217916 

10.  Pancreatic Cancer: Statistics | Cancer.Net. Accessed June 17, 2022. 

https://www.cancer.net/cancer-types/pancreatic-cancer/statistics 

11.  Pancreatic Cancer Facts - Hirshberg Foundation for Pancreatic Cancer Research. 

Accessed June 17, 2022. https://pancreatic.org/pancreatic-cancer/pancreatic-cancer-facts/ 

12.  Pancreatic Cancer Treatment, Symptoms, Cause, Stages & Survival Rates. Accessed June 

17, 2022. https://www.emedicinehealth.com/pancreatic_cancer/article_em.html 

13.  Adrenal Tumors - Symptoms, Diagnosis & Treatment | MD Anderson Cancer Center. 

Accessed June 18, 2022. https://www.mdanderson.org/cancer-types/adrenal-tumors.html 



35 

14.  Donlon P, Dennedy MC. Thermal ablation in adrenal disorders: A discussion of the 

technology, the clinical evidence and the future. Current Opinion in Endocrinology, 

Diabetes and Obesity. 2021;28(3):291-302. doi:10.1097/MED.0000000000000627 

15.  Curto S, Faridi P, Shrestha TB, et al. An integrated platform for small-animal 

hyperthermia investigations under ultra-high-field MRI guidance. 

https://doi.org/101080/0265673620171339126. 2017;34(4):341-351. 

doi:10.1080/02656736.2017.1339126 

16.  Sebek J, Shrestha TB, Basel MT, et al. System for delivering microwave ablation to 

subcutaneous tumors in small-animals under high-field MRI thermometry guidance. 

International Journal of Hyperthermia. 2022;39(1):584-594. 

doi:10.1080/02656736.2022.2061727/SUPPL_FILE/IHYT_A_2061727_SM7241.PDF 

17.  Yushkevich PA, Piven J, Hazlett HC, et al. User-guided 3D active contour segmentation 

of anatomical structures: significantly improved efficiency and reliability. Neuroimage. 

2006;31(3):1116-1128. doi:10.1016/J.NEUROIMAGE.2006.01.015 

18.  Farr N, Wang YN, D’Andrea S, et al. Hyperthermia-enhanced targeted drug delivery 

using magnetic resonance-guided focused ultrasound: a pre-clinical study in a genetic 

model of pancreatic cancer. Int J Hyperthermia. 2018;34(3):284-291. 

doi:10.1080/02656736.2017.1336675 

19.  Kong G, Anyarambhatla G, Petros WP, et al. Efficacy of Liposomes and Hyperthermia in 

a Human Tumor Xenograft Model: Importance of Triggered Drug Release 1. CANCER 

RESEARCH. 2000;60:6950-6957.  

20.  Bai Z, Shi Y, Wang J, et al. Intratumoral radiofrequency hyperthermia-enhanced direct 

chemotherapy of pancreatic cancer. Oncotarget. 2017;8(2):3591-3599. 

doi:10.18632/ONCOTARGET.12295 

21.  Lee JW, Komar CA, Bengsch F, Graham K, Beatty GL. Genetically engineered mouse 

models of pancreatic cancer: The KPC model (LSL-KrasG12D/+;LSL-

Trp53R172H/+;Pdx-1-Cre), its variants, and their application in immuno-oncology drug 

discovery. Curr Protoc Pharmacol. 2016;2016:14.39.1-14.39.20.  

22.  Peng Z, Jiang M, Cai H, et al. Gd-EOB-DTPA-enhanced magnetic resonance imaging 

combined with T1 mapping predicts the degree of differentiation in hepatocellular 

carcinoma. BMC Cancer. 2016;16(1). doi:10.1186/S12885-016-2607-4 

23.  Kali A, Choi EY, Sharif B, et al. Native T1 Mapping by 3-T CMR Imaging for 

Characterization of Chronic Myocardial Infarctions. JACC Cardiovasc Imaging. 

2015;8(9):1019-1030. doi:10.1016/J.JCMG.2015.04.018 



36 

Chapter 3 - Proton MRS in Investigating Cells and Solid Tumors 

 3.1 Introduction 

Many clinical and preclinical studies have used MRS techniques for examining metabolic 

profiles in vivo and ex vivo for different diseases. Some of those diseases are cancer in the brain, 

prostate, breast, and strokes, dementia, and inflammatory and infectious diseases.1–3 Previous 

studies with in vivo 1H-MRS have shown an association of elevated levels of choline-containing 

compounds to malignancy, whereas normal tissues exhibit low choline levels.4,5 Both proton 

MRS and MRSI are being studied for their application in studying solid tumor’s metabolic 

features. However, acquiring high-resolution spectral information with the use of proton MRS 

requires a lot of technical considerations, such as spatial localization, water suppression 

techniques, and magnet strengths. With low field strength scanners used in clinical studies, only 

a few metabolites can be detected depending on the type of disease and parameters used during 

the study.6 Use of high magnetic field strengths in preclinical research involving 1H-MRS studies 

have shown potential in resolving high spectral resolutions of metabolites.  

This study aims to use an ultra-high-field MR scanner and optimized 1H-MRS parameters 

to acquire high-resolution spectral information from tumor cell lines and excised tumor tissues. 

Understanding the metabolic features can help build a fingerprint for each cell line, which can 

later be compared with the tumor cells in vivo to make a more accurate interpretation. MRI plays 

a critical role in identifying solid tumors and in monitoring the response of treatment. However, 

to further characterize the tumor via histopathology, biopsies are required. Non-invasive 

techniques like MRS have potential to replace or increase specificity of invasive techniques like 

biopsies by accurately identifying the chemical composition of tumor and non-tumor tissues. 
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While multi voxel MRSI techniques can be used to cover a larger region of interest to 

study tissue heterogeneity, single voxel MRS techniques are preferred for investigating solid 

tumors owing to their short scan times, high signal-to-noise ratio, and easy implementation. This 

study focuses on using single voxel MRS combined with MRI to study the metabolites in 

different types of cell lines. Three glioma cell lines, one pancreatic cancer cell line and one non-

cancer cell line were used for the study. The data acquired for glioma cell lines were compared 

with excised human glioma tissues and the data acquired for pancreatic cancer cell line was 

compared with excised KPC tumors from mice treated and untreated with hyperthermia. 

 3.2 Materials and Methods 

 3.2.1 Cell lines and sample preparation 

A total of five cell lines were used for the 1H-MRS studies. The KPC cell line, derived 

from primary pancreatic ductal adenocarcinoma, was cultured in Dulbecco’s modified eagle 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The C6 cancer cell line, 

derived from rat gliomas, was cultured in Ham's F12K medium supplemented with 2.5% FBS, 

15% horse serum, and 1% penicillin/streptomycin. U87 cell line, derived from human malignant 

gliomas, were cultured in DMEM supplemented with 1% penicillin/streptomycin and 10% FBS. 

The GL26 cell line, derived from mouse gliomas, was cultured in RPMI-1640 medium 

supplemented with 1% pyruvate and 10% FBS. The NSC cell line, derived from murine neural 

stem cells, was cultured in DMEM media supplemented with 5% horse serum, 10% FBS, 1% 

glutamax and 1% pyruvate.  

Cells were cultured in a standard cell culture incubator at 37°C in a humidified 5% CO2 

atmosphere. Cells were lifted with 0.1 % Trypsin-EDTA and 3x respective media was added to 

neutralize the trypsin. An initial cell count was performed, and cell viability checked by staining 
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cells with trypan blue and using a TC20 automated cell counter (Bio-rad). Initial cell viability 

was above 90 % for all cell lines. Approximately 12 X 106 cells were used for all 1H-MRS 

studies of cells. Cells were washed with PBS a few times and centrifuged at 1000 rpm for 3 mins 

to form a pellet. 

Custom-made NMR tubes of 10 mm diameter with a flat bottom were used for this study. 

The cell pellet was suspended in the center of the NMR tube using 2% agarose gel. 5-6 ml of 

agarose was first poured in the NMR tube and transferred to a beaker with ice to solidify the 

agar. The cell pellet was then carefully transferred on top of the agar using 200ul PBS 

(Phosphate Buffered Saline). Slowly, 5-6 ml agarose was added on top of the cells. The top agar 

layer was allowed to solidify on ice as well. The samples were then transported to the NMR/MRI 

facility in an ice box. For all the samples, data was collected within 2 hours of sample 

preparation followed by a final cell count to check for cell viability before discarding the 

samples. A cell viability of 63 - 83% was observed for all cell lines. 

 3.2.3 Excised tissue preparation 

Following MRI scans and hyperthermia experiments as explained in chapter 2, C57BL/6 

mice (n = 2) were sacrificed three weeks after tumor implantation surgery and orthotopic tumors 

were harvested. Thigh muscle from a mouse was also harvested for relative comparison. 

Custom-made flat bottom NMR tubes of 10 mm diameter were used, and tissue samples were 

suspended in the center of the NMR tube using 2% agarose gel. 5-6ml of agarose was poured in 

the NMR tube and allowed to solidify on ice. The excised tissue was carefully added on top of 

the agar and 5ml PBS was added to cover the tissue completely.  

Frozen human glioblastoma samples were acquired from the biospecimen repository core 

facility, The University of Kansas Cancer Center, IRB00000161/5920, IRB ID: CR00010506, 
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PI: Prof. Dr. Andrew Godwin. A total of six biospecimens from white patients (three males, 

three females) was obtained (0.20g frozen tissue (- 80°C)). All samples were classified as 

Glioblastoma multiforme / WHO grade IV.  

Upon arrival, the samples were transferred to -80 °C freezer. Before sample preparation, 

they were let to thaw at 4°C for 24 hrs. Samples were transferred to a 10 mm NMR tube and 5ml 

PBS was gently added using a glass Pasteur pipette. 

 3.2.2 MRI and MRS experiments 

All MRI and 1H-MRS experiments were performed on a Bruker 600MHz (14.1 T) wide-

bore MR scanner. This scanner can fit imaging coils of 10 – 30 mm diameter for high-resolution 

imaging. For 1H-MRS studies of cell lines, a 10mm diameter probe was used. The probe with the 

NMR tube was loaded vertically into the MR scanner. An initial estimation of sample position 

was done using a series of localizer scans with FLASH pulse sequence (TE = 1.64 ms, TR = 120 

ms, number of averages = 1, matrix size = 128 x 128, FOV = 10 x 10 mm2, resolution 0.078 x 

0.078 mm2, and scan time = 23 secs). A B0 map was acquired, and automatic map shim was 

performed to optimize the homogeneity of the field in the region of interest. T2 RARE pulse 

sequence with varying TE and TRs was used to acquire axial, sagittal, and coronal images for 

voxel positioning. Other parameters used were: RARE = 4, averages = 2, image size = 128 x 

128, FOV = 10 x 10 mm2, resolution 0.078 x 0.078 mm2, and slice thickness = 0.5 - 0.7 mm. 

1H-MRS data was acquired using a PRESS pulse sequence. Bruker PRESS sequence was 

modified to acquire the spectral data with a wider range of metabolites. A TE / TR of 16.17 / 

2500 and 68 / 1500 was tested on cell lines based on previous studies. An isotropic voxel of 

2.5mm was placed within the center of the cell pellet (using the RARE data as a reference). An 

initial PRESS sequence with VAPOR (VAriable Power and Optimized Relaxations delays) water 
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suppression pulses and OVS (Outer Volume Suppression) was acquired with 64 averages. For 

voxel specific shim adjustment, local shim was also performed. The area picked for local shim 

was slightly bigger than the voxel size, to avoid spectral contamination from neighboring area. 

The total scan time was 2 min 40 secs. After evaluating the initial scan, a PRESS scan with 

TE/TR of 16.17 / 2500 with 1024 averages was run and the total scan time was 42 mins 40 secs. 

For PRESS scan with TE / TR of 68 / 1500 with 1024 averages, the total scan time was 25 mins 

36 secs. A scan without water suppression was also acquired for comparison.  

A similar method was followed for 1H-MRS of excised tumor samples. A set of localizer 

scans followed by T2 RARE scans were acquired in axial, sagittal and coronal orientation. For 

1H-MRS, PRESS sequence with VAPOR water suppression and OVS was used with voxel 

specific shim adjustments. Voxel size was 2.5 x 2.5 x 2.5 mm3 for KPC tumor samples and 2 x 2 

x 2 mm3 for human glioblastoma samples. A TE / TR of 16.17 / 2500 ms was used for KPC 

tumor tissues. Three different TEs (30 ms, 68 ms, and 125 ms) were tested for 1H-MRS of 

human glioblastoma samples. 

 3.2.3 Data Analysis 

Completed scans (Localizers and T2 RARE images) were viewed directly on the 

examination card in the Paravision software. These scans were used as a reference to plan new 

MRS scans. All MR images were also exported to dicom format using the Paravision software, 

to allow visualization using external software like ITK-SNAP.7 For PRESS data, once the scan 

ran to completion, it was exported to TopSpin software (Bruker software for spectroscopy 

analysis). A quick qualitative analysis of the spectra was done using TopSpin software, after 

Fourier Transformation (FT) of the signal. For a detailed analysis, an external software Chenomx 
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(Chenomx Inc. Edmonton, Canada) was used. Chenomx was used to process the spectra and to 

identify the metabolites, based on the library of metabolites it has for different magnet strengths.  

 3.3 Results 

 3.3.1 MRI-guided 1H-MRS of cell lines 

Figure 3.1 A shows a 10 mm NMR tube with cell pellet in the center, and agar layers on 

the top and bottom. T2 RARE images acquired in axial, sagittal and coronal orientation for KPC 

cells are presented in Figure 3.1 (B-D). A 2.5 mm isotropic voxel covering the cell pellet is also 

shown in the RARE images.  

 

Figure 3.1 Experimental set-up for 1H-MRS of cell lines. 10 mm NMR tube showing KPC 

cells suspended in between the agar layers (A). T2 RARE axial (B), sagittal (C), and coronal (D) 

images showing voxel positioning in KPC cell pellet. Voxel size = 2.5 mm isotropic, TE = 28 ms 

and TR = 2800 ms. 
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Figure 3.2 shows the spectrum acquired for KPC cells without water suppression. No 

major metabolites were visible due to the huge water peak suppressing the signal from other 

compounds. Figure 3.3 represents spectra of KPC cells with VAPOR water suppression. Spectra 

were acquired from KPC cells at two different passage numbers to study its effects on the level 

of metabolites detected by 1H-MRS. The spectrum for KPC cells for passage number 42 is 

shown in black and for passage number 29 is shown in green in Figure 3.3.  

 

Figure 3.2 1H-MRS of KPC cells without water suppression. No metabolites are visible 

without application of water suppression pulses.  

 

 
Figure 3.3 1H-MRS of KPC cells with VAPOR water suppression. Spectrum for KPC cells 

Passage 49 (P49) is shown in black and for Passage 29 (P29) is shown in green. Signals were 

present from lipid and lactate (1-2), creatine (3, 7), total choline (4), inositol (5, 8), 

glutamine/glutamate (6). Residual water is shown with a blue arrow (9). Baseline is shown with 

a black arrow.  
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Phase correction was applied to the spectra using the Processor module of Chenomx 

software, followed by a baseline correction. With VAPOR water suppression, signals from major 

metabolites were detected. These metabolites include lipid, lactate, creatine, total choline, 

inositol, and glutamine/glutamate. A decrease in the metabolite concentration was observed in 

KPC cells of higher passage number (P42) compared to lower passage number (P29) as shown in 

Figure 3.3.  

A TE/TR of 16.17 / 2500 was found suitable compared to a TE/TR of 68 / 1500 to 

acquire 1H-MRS data from cell lines. An example for spectra acquired for GL26 cells with 256 

averages and different TE/TR is shown in Figure 3.4. Higher signal intensities and better 

spectral resolution were observed for data collected with short echo time even with 256 averages 

(scan time = 10 mins 40 sec) 

 

Figure 3.4 1H-MRS data acquired for GL26 cells with different TE and TR. Spectrum for 

cells with (A) TE / TR of 16.17 / 2500, and (B) TE / TR of 68 / 1500 is shown in blue and black 

respectively. Black arrow represents the baseline. TE, Echo Time; TR, Repetition Time. 

 

1H-MRS spectra acquired for glioma cell lines (GL26, U87 and C6) with 1024 averages 

are represented in Figure 3.5. Signals were detected from lipids (1), lactate (2), N-acetyl 
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aspartate (3), creatine (4, 9), total choline (5), inositol (6, 7, 10) and glutamine/glutamate (8) in 

all three glioma cell lines. The parameters used for acquiring the spectra was kept constant. 

Signal intensities were higher for choline containing compounds (5) and glutamine/glutamate (8) 

in U87 cell line compared to GL26 and C6 cell lines. Signals from choline, phosphocholine, and 

glycerophosphocholine were resolved for C6 cells. The signal of inositol was highest in C6 cell 

lines, whereas the signal from creatine remained relatively constant in all cell lines.  

 

 

Figure 3.5 High-resolution 1H-MRS spectra for glioma cell lines acquired at 14.1 T. (A) 

Spectra for U87 cells, GL26 cells, and C6 cells are shown in blue, pink, and black, respectively. 

Signals from lipid and lactate (1-2), N-acetyl aspartate (3), creatine (4, 9), total choline (5), 

inositol (6, 7, 10), glutamine/glutamate (8) are shown. (B) The green box shows the enlarged 

peaks for total choline for C6 cells. GPC, glycerophosphocholine; PCho, phosphocholine; Cho, 

choline respectively.  
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Figure 3.6 1H-MRS for NSC cells. Signals from lipid and lactate (1-2), N-acetyl aspartate (3), 

creatine (4, 9), total choline (5), inositol (6, 7, 10), glutamine/glutamate (8) are shown. Black 

arrow represents the baseline. 

 

NSC cell line (non-cancerous cell line) was used to obtain another set of data for relative 

comparison shown in Figure 3.6. The signal from creatine was higher for NSCs compared to 

glioma cells.  

 3.3.2 1H-MRS of excised KPC tumors 

An example of a 10 mm NMR tube with the pancreatic tumor excised from C57BL/6 

mice is shown in Figure 3.7 (A). T2 RARE images (axial, sagittal and coronal) acquired for 

tumor samples were used as a reference for voxel placement for MRS studies as shown in Figure 

3.7 (B-C).  

Figure 3.8 represents ex vivo proton MRS data acquired for excised orthotopic pancreatic 

tumors from C57BL/6 mice. The data acquired for excised KPC tumor from mouse #2 treated 

with mild hyperthermia is shown in black (KPC 2) and the untreated excised tumor from mouse 

#1 (Sham) is shown in green (KPC 1). Signals from metabolites lactate and lipids (1, 2), creatine 

(3), total choline (4), inositol (5) were detected. In KPC 2 (hyperthermia treated sample) the 

signal from creatine was much lower compared to KPC 1. The signal from inositol was also less 

prominent in KPC 2. 
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Figure 3.7 Experimental set-up for 1H-MRS of excised pancreatic tumor tissue. (A) 10 mm 

NMR tube showing KPC tumor immersed in PBS. T2 RARE axial (B), sagittal (C), and coronal 

(D) images showing voxel positioning in KPC cell pellet. Voxel size was 2.5 mm isotropic (B). 

TE = 30 ms and TR = 1500 ms. 

 

Ex vivo T2 RARE images of thigh muscle from a C57BL/6 mouse are shown in Figure 

3.9. Axial, sagittal, and coronal images show a 2.5 mm isotropic voxel used for acquiring proton 

MRS spectrum. The representative spectrum is shown in Figure 3.9 (D). Only a few metabolites 

(Total choline and lactate) were visualized for the thigh muscle.  
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Figure 3.8 Ex vivo 1H-MRS spectra for pancreatic tumors excised from C57BL/6 mice. KPC 

2 (black) is the spectrum acquired for excised tumor from KPC mice treated with mild 

hyperthermia and KPC 1 (green) is the spectrum acquired for excised tumor from KPC mice that 

was not treated. Signals were detected from lactate and lipids (1, 2), creatine (3), total choline 

(4), inositol (5).   

 

 

Figure 3.9 T2 RARE images of a thigh muscle excised from C57BL/6 mouse and 

representative 1H-MRS spectrum. Axial (A), sagittal (B) and coronal (C) T2 RARE images 

with TE 28 ms and TR 2800 ms are shown with a 2.5 mm isotropic voxel. Representative 

spectrum (D) shows signal from lactate (1) and total choline (2).  
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 3.3.3 1H-MRS of human glioblastoma samples 

T2 RARE images of a glioblastoma sample (Sample #1) excised from a human subject 

are shown in Figure 3.10 (A-C). A 2 mm isotropic voxel was selected to acquire the 

spectroscopy data. Phosphate buffered saline (PBS) appear bright and the tumor tissues appear 

dark in the RARE images. 1H-MRS data acquired for Sample #1 with different echo times of 30 

ms (blue), 68 ms (green), and 125 ms (black) is shown in Figure 2.2 A. Signals were detected 

from lactate (lac), N-acetyl aspartate (NAA), creatine (Cr), total choline (Tcho), and inositol 

(Ins). TE of 30 ms resulted in visualization of most peaks, along with resolving the characteristic 

doublet resonance for lactate. Similar results were observed for Sample #2 with different echo 

times as shown in Figure 6.16. 1H-MRS data acquired for Sample #1 with and without VAPOR 

water suppression is shown in Figure 6.15. A huge water peak is visible without the application 

of water suppression pulses.  

 

Figure 3.10 Ex vivo T2 RARE images of a glioblastoma sample excised from a human 

subject. Voxel size (shown in orange) was 2 mm isotropic. Bright signal represents PBS 

(phosphate buffered saline), and dark signal is for tumor. A, B and C are axial, sagittal, and 

coronal images respectively.  
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Figure 3.11 1H-MRS acquired with different TEs for glioblastoma sample excised from a 

human subject. Varying TEs of 30 ms (blue), 68 ms (green) and 125 ms (black) were used. 

Signals were detected from lactate (1), N-acetyl aspartate (2), creatine (3), total choline (4), and 

inositol (5). TE, echo time. 

 

A comparison of 1H-MRS data acquired for two samples of glioblastoma excised from 

two human subjects are shown in Figure 3.12. A TE of 30 ms and a TR of 1500 ms was used to 

acquire the spectra. The metabolite peaks of lactate and choline for sample 1 (green) is elevated 

compared to sample 2 (black), suggesting a pattern for increasing grade of malignancy.  

 

Figure 3.12 1H-MRS data acquired for two glioblastoma samples excised from human 

subjects. Spectra for sample 1 and sample 2 are shown in green and black respectively. Signals 

were detected from lactate (1), N-acetyl aspartate (2), creatine (3), total choline (4), and inositol 

(5).   
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 3.4 Discussion 

In the current study, proton MRS was acquired for glioma cell lines and solid 

glioblastoma tissues excised from human subjects. Gliomas are infiltrative lesions with 

heterogenous patterns, which begin in the glial cells of the brain and make up most of the 

common primary brain tumors in adults. Grade IV gliomas are called glioblastoma multiforme, 

and they are the most aggressive and malignant of all brain tumors. The median survival rate for 

people suffering from glioma is very low, even when they are treated with the current standard 

care.8 Multi voxel 1H-MRSI studies have shown potential in understanding the spatial variations 

of metabolites in glioma patients.9,10 However, MRSI studies have low SNR and suffer from 

insufficient water and lipid suppression due to having to cover a larger region of interest. In 

contrast, single voxel MRS studies have advantages of better SNR with higher sensitivity and 

specificity.  

The purpose of this study was to explore the feasibility of the 1H-MRS experiments in 

cell lines and solid tumors. Clinical scanners make use of low field strengths like 1.5 T and 3T, 

resulting in low spectral resolution. With an ultra-high-field magnet (≥ 7 T), higher spectral 

resolutions can be acquired. This study makes use of a 14.1 T magnet to acquire MRS 

information from voxel sizes up to 2 mm isotropic. With technical considerations, it is possible 

to acquire high spectral resolutions from even the smallest voxel. In this study, scan shim and 

local shims were performed before acquiring the MRS data. Voxel specific shim adjustments 

improved the homogeneity within the voxel. Outer volume suppression (OVS) helped in 

minimizing the large lipid signals from outside the region of interest. More importantly, VAPOR 

water suppression was applied in all MRS experiments to measure the metabolites clearly 

without the effects of a broad water peak. The concentration of the metabolites (mM range) is 



51 

very low compared to water (Molar range). However, studying these metabolites is crucial in 

understanding the chemical alterations in different pathological conditions. Some of the major 

metabolites identified in the study are discussed here.  

N-acetyl aspartate (NAA) is a neuronal marker, formed from acetate and acetyl-

coenzyme A. The decrease in its level is associated with damage or loss of neurons by a disease 

process.11 NAA peak is the highest peak in normal brain and the acetyl moiety of NAA shows up 

at 2.01 ppm.  

Myoinositol (mI), a simple sugar, shows up at 3.5 ppm and is a glial marker since it is 

synthesized in the brain's glial cells. An increase in its level is associated with the proliferation of 

glial cells, which can be seen in conditions like malignant tumors and Alzheimer’s.12 It is also a 

product of myelin degradation. In 1H-MRS studies of cell lines, the signals for mI were 

prominent in all three glioma cell lines, whereas KPC cell line showed lower levels of mI. 

Moreover, mI signal was slightly higher in untreated excised KPC tumor compared to the KPC 

tumor treated with mild hyperthermia.  

Total creatine (Cr), which comprises of creatine and phosphocreatine, is a marker for 

energy metabolism. Both creatine and phosphocreatine show up at 3.0 ppm and cannot be 

resolved even with high field magnets. It is usually taken as a reference level since it stays 

relatively constant even during disease processes. However, decreased levels of Cr have been 

observed in high-grade gliomas.13 Ex vivo MRS studies of KPC tumors showed significant 

decrease in Cr levels for tumor treated with hyperthermia compared to untreated tumor. These 

results support recent studies suggesting the promoting effects of Cr on pancreatic cancer 

metastasis.14 Furthermore, it shows the therapeutic effect of mild hyperthermia and its specificity 

on orthotopic pancreatic cancer of mouse models.  
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Glutamate and glutamine (Gln/Glu) show overlapping peaks at 2.35 and 3.75 ppm, so 

they are generally measured together as a composite peak. The peaks of Gln/Glu are hard to 

detect in lower magnetic field strengths like 1.5 T. Both glutamate and glutamine are essential in 

brain metabolism, where glutamate is an excitatory neurotransmitter.11,15 Due of their critical 

roles in brain function, there is an increasing interest in understanding the role of Gln/Glu in 

tumor metabolism and tumor microenvironment. Our studies have shown that with short TE 

times, Gln/Glu can be detected in cell lines using an ultra-high-field MRI (Figure 3.5 - 3.6). 

However, spectral editing tools are required to discriminate their resonances. 

Choline (Cho), which appears at 3.2 ppm, is considered a marker of membrane activity 

because the breakdown of the myelin membrane results in the release of phosphocholines, and it 

is elevated during malignant processes. Previous MRS studies have shown elevated levels of 

choline-containing compounds in cancer cells. 16,17 Low resolution 1H-MRS usually show one 

overlapping signal of total choline (tCho). However, our results demonstrate that with an ultra-

high-field magnet, high spectral resolutions can be acquired, and signals for total choline can be 

distinguished. Figure 3.5 B shows the resolved peaks for choline (Cho), phosphocholine (PCho), 

and glycerophosphocholine (GPC). Structures for Cho, PCho, and GPC are shown in Figure 

3.13. 

Lactate (Lac), which is represented as a doublet at 1.3 ppm, is a marker of cell death and 

tissue necrosis.11 It is hard to detect lactate in normal conditions due to its low concentration. 

However, the level of lactate increases in pathological conditions, which can be easily detected. 

Significant increase in lactate signal was observed for excised glioblastoma sample 1 compared 

to sample 2 suggesting higher tumor grade for sample 1. 
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Figure 3.13 Choline containing compounds. The signal for total choline is comprised of 

choline, phosphocholine and glycerophosphocholine. 

 

Detection of metabolites is dependent on the TE used during the study, which is based on 

the T2 relaxation time. In the study, localized spectroscopy was performed using a PRESS 

sequence. A PRESS sequence with TE/TR of 16.17 / 2500 was found suitable compared to a 

TE/TR of 68 / 1500 to acquire maximum number of metabolites for in vitro MRS studies of cell 

lines. Similar was the case for MRS studies of ex vivo tissues of pancreatic tumor acquired from 

C57BL/6 mice. For ex vivo MRS analysis of human glioblastoma tissues, a TE of 30 ms was 

found best compared to TE of 68 ms and 125 ms. Short TE MRS showed promising results with 

higher signal intensities in all in vitro and ex vivo MRS experiments in this study.  

 3.5 Conclusion 

MRI guided 1H-MRS experiments of cell lines and excised tissues were investigated in 

this study. A PRESS sequence was utilized for localization and short, intermediate, and long TE 

were evaluated. With an ultra-high field magnet, major metabolite peaks were detected at short 

TE. It is important to maintain B0 homogeneity during all MRS experiments to improve the 
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spectral resolution. In this study, shimming was performed prior to all MRS experiments. Water 

suppression pulses and outer volume suppression helped in better visualization of the metabolite 

peaks. Chenomx software was used to process the spectra post-acquisition. Phase correction and 

baseline correction were performed to make phase adjustments and to correct asymmetric 

baselines.  

In vitro MRS studies of KPC cells demonstrated that passage number can influence the 

spectral information. The signal for metabolites decreases with increasing passage number. MRS 

studies of GL26 cell line with short TE showed high-resolution spectrum even with 256 averages 

in 10 mins 40 sec. This demonstrates the feasibility of acquiring high-resolution 1H-MRS from 

small voxels up to 2 x 2 x 2 mm3 in a short period. 1H-MRS was also helpful in detecting 

metabolite changes in hyperthermia treated and untreated tumor tissues excised from C57BL/6 

mice. Furthermore, MRS studies of glioblastoma tissues excised from human subjects may help 

in understanding and predicting tumor grade. Specific biomarkers can also be identified using 

1H-MRS techniques with the optimization of TE and TRs. The next steps for this project include 

quantitative analysis of the spectra using different software and external standards. It is important 

to perform MRS studies on mouse models to better understand the challenges with in vivo MRS 

studies. 
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Chapter 4 - Increased volumes of lobule VI in a valproic acid model 

of autism are associated with worse set-shifting performance in male 

Long-Evan rats1,2 

 4.1 Abstract 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with a skewed sex-

based diagnostic ratio. While males are at a higher risk for ASD, it is critical to understand the 

neurobiology of the disorder to develop better treatments for both males and females. Our prior 

work has demonstrated that VPA (valproic acid) treated offspring had impaired performance on 

an attentional set-shifting task. The current study used MRI and regions of interest analyses to 

measure the volumes of cerebellar subregions in VPA and controls rats that had participated in 

the attentional set-shifting task. VPA males had significantly more volume in lobule VI 

compared to male controls. VPA female rats had significantly less volume in lobules I, IV and X 

compared to female controls. In addition, it was revealed that decreases in volume for VPA 

females was associated with worse performance. Males with increases in lobule VI were also 

impaired on the set-shifting task. Similar volumetric differences within the cerebellum have been 

observed in humans with ASD, which suggests that the VPA model is capturing some of the 

same brain changes observed in humans with ASD, and that these changes in volume may be 

impacting cognition. 

 
1Reprinted with permission from Payne, M., Mali, I., McKinnell, Z. E., Vangsness, L., Shrestha, T. B., Bossmann, 

S. H., & Plakke, B. (2021). Increased volumes of lobule VI in a valproic acid model of autism are associated with 

worse set-shifting performance in male Long-Evan rats. Brain Research, 1765, 147495. 

2As a second co-author, my contributions to this project are sample preparation for imaging, MRI acquisition and 

analysis, and image segmentation using ITK-Snap software. 
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 4.2 Introduction 

Autism spectrum disorder (ASD) is characterized by deficits in social interactions, 

communication, and increases in repetitive behavior. Another common symptom of ASD is 

problems with executive functions.1–4 The neurobiology of ASD is not well understood, however 

there are consistently alterations within the cerebellum in humans with ASD5–8 and in animal 

models of ASD9–12. Recent human studies have examined the volume of cerebellar lobules and 

found that decreases in volume correlate to increased ASD symptomology.5 In addition, it has 

been suggested that the cerebellum assists with cognitive regulation through its connections via 

the thalamus to the prefrontal cortices.13–15 Human imaging studies have also found that 

cerebellar activation occurs for a wide array of cognitive tasks including working memory, 

language, and executive functions.14,16–18 Rodent models have provided evidence of functional 

connectivity between posterior regions of the cerebellum and frontal cortices.19 Evidence from 

human and animal studies suggests that the cerebellum may play a role in cognitive functions. 

The current study used the valproic acid (VPA) model of ASD in rodents. The VPA 

model was created when it was documented that pregnant women, prescribed medications 

containing VPA, had children that developed ASD at a higher rate than the regular population.20–

22 The VPA models has both construct and face validity23, where VPA animals display altered 

social interactions.24 In addition, VPA exposure leads to a less skewed sex ratio for development 

of ASD, where it occurs more often in both males and females.25,26 The mechanisms of VPA 

exposure leading to ASD symptoms are still being investigated, but VPA exposure can cause 

hyperacetylation in the embryonic brain27 and this can lead to loss of neurons in development.23 

Other possible mechanisms include excitatory and inhibitory imbalances related to altered 

GABA function28, changes in fatty acid synthase expression9 and changes in gene expression.29 
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Even though ASD is linked to several genes, 40–50% the variance of ASD is driven by 

environmental factors30–32, therefore the VPA model is an important model to use in conjunction 

with knockout models. 

The current study measured grey matter volumes using MRI (magnetic resonance 

imaging) with 3D scans of the entire cerebellum of VPA and control animals. Past research has 

indicated that VPA animals lose purkinje cells and that this could contribute to loss of cerebellar 

volume.11,33–35 A recent MRI study indicated that loss of volume of vermis regions VI and VII 

were correlated with loss of Purkinje neurons in VPA rats.35 One goal of the current study was to 

measure across many lobules to better understand how cerebellar volume may differ between 

anterior and posterior regions in both male and female rats. It was hypothesized that vermis 

lobules VI and VII, would be decreased in volume for VPA animals compared to controls. This 

study is unique in that 3D scans at high-resolution allowed accurate segmentation across 

individual lobules of the cerebellum to uncover differences between groups and to better 

understand sex differences within the VPA model. 

For the current study, the behavioral data was published36, but a brief overview of the set-

shifting task is as follows. Rats were trained to dig in different media types with various scented 

flowerpots. The digging media and the odors are cues that inform the rat where to dig for reward. 

After reaching criterion on one rule, the rule is changed, and rats must learn to dig to the newly 

rewarded cue. A switch within a category (i.e., odor 1 vs 2 to odor 3 vs 4) is an intra-dimensional 

shift (IDS), the rat learns new odors, but it is the same rule, follow your nose. A switch between 

categories (i.e., odor 1 vs odor 2 to media 1 vs media 2) is an extra-dimensional shift (EDS), as 

now the rat ignores the odor cues and attends to the digging media, see Table 1 for an example of 

the pairings for one rat. This task assesses the ability of an animal to learn a rule and change their 
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behavior when the rule is changed. Accurate set-shifting performance relies on a network of 

frontal regions37–39, but recent research suggests the cerebellum may also modulate cognitive 

function via its connections to the frontal cortices.14,15,18 Our prior results found a main 

impairment of VPA rats compared to controls on the IDS phase of the task.36 VPA rats 

completed more trials to reach criterion and made more error trials. One hypothesis related to the 

behavioral data was to examine if lobules impacted by VPA exposure were related to task 

performance. The relationship between overall task performance as measured by total trials 

completed across all phases of the task and the specific task phases (i.e., IDS) and cerebellar 

volumes impacted by VPA exposure were examined. It was predicted that for VPA rats that 

decreases in crus I would decrease performance accuracy on the behavioral task.  

 

Table 1 When the rat reaches a criterion of 6 correct trials in a row it moves to the next 

phase. The task phases are simple discrimination (SD), compound discrimination (CD), 

intra-dimensional shift (IDS), Reversal 1 (R1), extra-dimensional shift (EDS) and Reversal 

2 (R2). * Indicates the rewarded pot and correct choice for that trial. Note that for each phase 

there is another set of pots so that all combinations occur. For example, in the CD (manilla 

folders/ anise v. shredded paper/ cinnamon) would be offered on different trials. 

 

 

 

 4.3 Results 

Sixteen pregnant dams were injected (11 VPA, 5 saline), 2 dams did not deliver. There 

were 25 male control pups weaned and 23 female controls weaned. There were 29 VPA male 

pups weaned and 29 female pups, after weaning 7 VPA rats were lost to sickness. Seventy adult 

rats completed the set-shifting task and were imaged in the MRI. All cerebellums were imaged 



61 

but some images were not analyzable due to scanner artifacts or poor placement of tissue in the 

scanner, determined by a blind to condition reviewer, this excluded 1 female control, 6 male 

control, 5 female VPA, and 2 male VPA brains. This left 56 brains that were segmented for 

cerebellar volume (16 female control, 13 male control, 8 female VPA, and 19 male VPA for all 

regression and MRI analyses). Each lobule was color-coded. For lobules I-IV, IX and X vermis 

was included with entire portion of the lobule, Fig. 4.1. For lobules V, VII and VIII the vermis 

was separated from the left and right sides of the lobule, each coded into 3 segments (vermis, 

left, right). Crus I and Crus II were separated into left and right hemispheres. Segmentation was 

then screened for consistency through a 3-D modeling in ITK-SNAP before evaluation of total 

volume.  

 

Figure 4.1 A and B are coronal sections outlining the areas of interest measured − 12.84 

mm from bregma. C and D are sagittal views showing the same ROIs, 1.13 mm lateral.  

 

The multi-level gamma regression had a sex effect, (B = 0.04, SE = 0.003, t = 11.69, p < 

.001; Fig. 4.2) and a condition difference (Bdiff = -0.02, SE = 0.01, t = -2.21, p = .03; Fig. 4.3).  
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Figure 4.2 Sex differences in total cerebellar volume (mm3). Error bars represent ± 1SE. 

Females had significantly smaller cerebellar volumes compared to male rats.  

 

 

Figure 4.3 Condition differences in total cerebellar volume (mm3). Error bars represent 

±1SE. VPA rats had smaller cerebellar volumes than control rats.  

 

These outcomes were driven by female VPA rats which had smaller cerebellar volumes 

than did their control counterparts (Bdiff = -0.04, SE = 0.01, z = -4.14, p < .001); whereas this 

decrease was not present among male rats (Bdiff = 0.002, SE = 0.01, z = 0.22, p = .99), Fig. 4.4. 
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Figure 4.4 The female VPA rats had the smallest overall cerebellar volume (mm3) 

compared to female control rats. Error bars represent ± 1SE.  

 

Planned comparisons, with Tukey corrections, of specific brain regions supported these 

findings and indicated that VPA females had reduced cerebellar volume of lobules I, IV, and X 

compared to control females (Table 2 and Fig. 4.5). VPA males had increased cerebellar volume 

of lobule VI compared to control males (Table 3 and Fig. 4.5). 

 

Figure 4.5 Prenatal exposure to VPA reduced cerebellar volume (mm3) of lobules I, IV, and 

X in female rats and increased cerebellar volume of lobule VI in male rats. Error bars 

represent ±1SE.  
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Table 2 Planned contrasts compare female rats’ regional cerebellar volume (mm3) across 

control and VPA conditions.  
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Table 3 Planned contrasts compare male rats’ regional cerebellar volume (mm3) across 

control and VPA conditions.  

 

 

 

 4.3.1 Effect of cerebellar volume and set-shifting performance  

Complete behavioral results examining the set-shifting task were reported in (McKinnell 

et al., 2021)36, but each phase of the task requires rats to reach criterion before moving to the 

next phase of the task. Therefore, the more trials required to complete the entire task the worse 

rats’ overall performance. Total trials were used as a proxy of overall task performance. In 

addition, VPA rats performed the worst at the IDS phase of the task. The models examined if 

sex, condition, and the volume of specific cerebellar regions were predictive of behavior as 

measured by total trials and IDS trials. Cerebellar regions were selected based on significant 

differences between VPA and control groups (see prior analysis) or in the case of crus I L 
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because of its connections to the frontal cortices and homology with human crus region40, this 

also preserved statistical power. The model included these important regions of interest for 

female (Lobules I, IV, and X; Crus I L) and male (Lobule VI, Crus I L) rats. These multi-level 

Poisson regressions included the main effects of condition and cerebellar region volume, as well 

as their two-way interactions. The model also nested by litter and allowed the model intercept to 

vary as a random effect. The condition predictor was dummy-coded, and the region predictors 

were means-centered to ensure that the estimate of the model’s intercept represented the average 

cerebellar volume of rats in the control condition.  

 4.3.1.1 IDS trials – Male rats 

The model indicated a significant interaction between Condition × Lobule VI (B = 0.18, 

SE = 0.09, z = 2.03, p = .04). VPA males with enlarged volumes of lobule VI performed worse at 

the IDS phase of the task compared to male controls, Fig. 4.6.  

 

Figure 4.6 Male VPA rats with larger Lobule VI volumes (mm3) were worse at the IDS 

phase of the task.  

 

For further visualization purposes trials to criterion were plotted for male rats as defined 

by a median split, to compare rats with larger volumes versus rats with smaller volumes. This 
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emphasized the observed behavioral impairment on trials to criterion for the IDS phase of the 

task for VPA rats with enlarged volumes, Fig. 4.7. 

 

Figure 4.7 (Left panel) VPA rats with enlarged lobule VI volumes (greater than the median 

volume) were significantly worse compared to control rats (*p < 0.05, unpaired t-test). 

(Right panel) VPA rats with smaller volumes were not impaired on the IDS phase of the 

task. 

 

 4.3.1.2 Total trials – Female rats 

The model indicated that condition (B = -0.34, SE = 0.17, z = -2.01, p = .04) and Crus I L 

volume (B = -0.06, SE = 0.03, z = -2.17, p = .03) were significant predictors of total trials in 

female rats. These main effects were qualified by a significant interaction (B = -0.14, SE = 0.05, 

z = -2.58, p = .01). Rats with smaller Crus I L volumes completed more total task trials, 

regardless of condition. At larger volumes, the VPA animals perform better than controls (Fig. 

4.8), which suggests that if volumes in VPA rats could be restored it may improve cognitive 

performance.  
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Figure 4.8 All female rats were worse across the task as measured by total trials for smaller 

Crus I L brain volumes (mm3).  

 

 4.3.1.3 IDS Trials – Female Rats 

The model contained one significant predictor: the Condition × Lobule X interaction. The 

interaction demonstrated that control rats with larger lobule X volumes were worse at the IDS 

phase of the task (B = -0.47, SE = 0.23, z = -2.03, p = .04; Fig 4.9). 

 

Figure 4.9 Prenatal VPA exposure was a predictor of IDS task trials in female rats at 

larger Lobule X brain volumes (mm3).  
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 4.4 Methods and materials 

 4.4.1 Subjects 

Sixteen pregnant dams (Long-Evans) were injected on gestational day 12 with a single 

dose of saline or VPA (sodium valproate (Sigma), 250 mg/ml, mixed in saline, 600 mg/kg). 

Dams were briefly anesthetized on isoflurane gas in an induction chamber to administer a less 

stressful I.P. injection, required by the IACUC. This brief exposure to isoflurane is not associated 

with negative developmental outcomes.41 Pups were reared with litter mates until weaning at 

PND 21, then were pair housed with a same-sex littermate.  

 4.4.2 Set-shifting task 

Apparatus, stimuli and training. A Plexiglass box (50 x 37.5 x 25 cm) with a black 

divider was used as the testing arena. The sliding door allowed access to the flowerpots (which 

were held to the table with Velcro to prevent tipping). All stimuli were mixed and recycled 

between rats to allow any odor cues to be disseminated. After a dig (successful or unsuccessful 

the opposite pot was removed to prevent digging in the other flowerpot, after the first 4 

discovery trials). 

Adult rats were trained in the set shifting task with 6 stages (simple discrimination (SD), 

compound discrimination (CD), intra-dimensional shift (IDS), reversal 1 (R1), extra-dimensional 

shift (EDS) and reversal 2 (R2) to test cognitive flexibility. Rats underwent food restriction for 

between 7-10 days and then underwent training. Honey Nut Cheerios (General Mills, MN) and a 

flowerpot were introduced into the home cage the night before training began. Basic training 

consisted of shaping digging behavior. Rats were allowed to obtain cereal pieces on top of the 

bedding of the flowerpots. During successive trials the cereal was buried deeper until the rat was 

successfully digging to retrieve it at about 3.5 cm deep. Day 2 of training consisted of an odor 
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discrimination (tea tree oil vs lavender) with plain pine bedding, and a media discrimination 

(shredded paper vs pine shavings) on unscented pots. Pots themselves were not scented rather 

blotting paper was taped to the inner lip of the ceramic pot and scented. The paper was re-

scented before every training session. Crushed Cheerio powder was applied to all digging media 

to prevent reward odor from serving as a digging cue. In all sessions the first four trials were 

discovery trials and were not scored, the rat could sample the other pot in these trials only. After 

these trials the undug pot was lifted out immediately after the rat initiated a dig (defined as 

vigorously moving the media with nose or paw). Training criteria for basic training (day 1) was 

10 consecutive digs, whereas for all other training phases it was 6 consecutive trials to move to 

next phase of training or next phase of the task. On the day of the set shifting task the SD, CD, 

IDS, R1, EDS and R2 were administered. All stimuli were counterbalanced with a Latin square 

design and half of the rats were trained odor to media shifts, half media to odor shifts. Medias 

were shredded manila folders, aspen shavings, foam rubber, felt, burlap ribbon, and silk ribbon. 

Odors were rum, vanilla, lemon, almond, cinnamon, and anise. A pilot study demonstrated that 

rats could discriminate these odors. Behavioral data are reported in (McKinnell et al., 2021).36 

All procedures were approved by Kansas State University IACUC. 

 4.4.3 Brain processing 

Adult rats were perfused, and brains were extracted. 4% Paraformaldehyde at a pH of 7.2 

was used and a rate of 50mL/min for 8-10 minutes was utilized in the perfusion process. The 

cerebellums were removed and left in paraformaldehyde overnight then moved to a 30% sucrose 

solution until the brain sunk. Once sunk they were brought to the MRI for imaging. Cerebellums 

were placed in sucrose because they are also being processed for immunohistochemistry analysis 

to assess Purkinje cells, which is an ongoing project. 
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 4.4.4 MRI Volumetric Analyses 

Magnetic resonance images were obtained with a Bruker 600 MHz and a bottom loading 

probe. They were placed on an agar platform within an approximately 40 mm long glass tube 

and covered with a sucrose solution. Imaging was performed through Paravision 6.0.1 software 

with scan parameters: 27.52489 ms TE, 1575 TR, and a 90° flip angle for RARE imaging with a 

RARE factor of 16. A three-dimensional scan was obtained with a 100 μm3 voxel size, 66 slices 

in the axial orientation, and 150 slices for both sagittal and coronal. The field of view was 

limited to 15 x 15 x 6.6 mm and slices were obtained with an interlaced acquisition pattern. 

Segmentation was completed using the open source ITK-SNAP platform. Initially images were 

retrieved from the instrumentation in dicom format, then converted to NIfTI to condense data 

sets for easier file transfer using dcm2nii. Following the rat atlas (Paxinos, G, Watson, 2007)42 

the cerebellums was segmented according to different lobule identification in all three views. 

Blind to condition reviewers were trained to use anatomical landmarks and the atlas to manually 

segment the different lobules of the cerebellum.  

 4.4.5 Data analysis 

 4.4.5.1 Volumes and set-shifting data 

Imaging data were analyzed with ITK-SNAP and all statistics were conducted in R or 

JMP analysis software (Statistical Discovery. From SAS, NC, USA). To determine how 

cerebellum volume was affected by VPA exposure multi-level gamma regressions were 

conducted.43 The regression included the main effects of condition, cerebellar region, and sex as 

well as their higher-order interactions. Additionally, the model nested by litter and allowed the 

model intercept to vary as a random effect. This model structure controlled for differences in 

cerebellar volume being driven by litter44,45, while still identifying sex-specific changes in 
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cerebellar volume due to VPA exposure. The sex, region, and condition predictors were effect 

coded to ensure that the estimate of the model’s intercept represented the sample grand mean. 

Tukey-corrected planned comparisons were conducted using the emmeans package46; graphs 

were created with emmeans and ggplot2.46,47 

 4.5 Discussion 

 4.5.1 Male Rats 

Lobule VI increases in male VPA rat volume aligns with some results found in humans 

with ASD.9,48 Lobule VI also had altered functional connectivity to frontal network regions in 

humans with ASD.5 In addition, lobule VI is connected to the anterior cingulate gyrus (ACC)49 

as well as infralimbic and prelimbic regions50 and also is active during cognitive tasks such as 

the tower of London, which test similar executive functions.51 In humans with ASD, the anterior 

cingulate is also associated with reduced cognitive control52,53, and lobule VI is associated with 

working memory cognitive tasks.54 In rodents, lesions or inactivation of the ACC lead to deficits 

on IDS performance39,55. Therefore, it is interesting that lobule VI’s enlargement is associated 

with impaired cognitive performance on the set-shifting task. It is possible that overgrowth of 

this structure modified connectivity to the frontal regions that are important for IDS 

performance. In our previous paper the male VPA rats were worse at the IDS compared to male 

controls, but it did not reach statistical significance. Here, sorting rats by lobule VI volume, a 

region altered in ASD and connected to the critical area for IDS performance, revealed that male 

VPA rats with enlarged lobule VI were in fact significantly impaired at the IDS. This result is 

novel and suggests that the cerebellum could in part be modulating frontal cognitive function in 

an animal model of ASD. This hypothesis needs to be tested to verify the role of the cerebellum 

within this specific cognitive task. The cerebellum could be interacting with the thalamus to 
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decrease performance as well. Future research should examine this relationship more closely by 

manipulating lobule VI directly during task performance. Prior groups have used MRI to 

measure cerebellum volumes and found decreases in overall cerebellar volumes of VPA male 

rats.35 The discrepancies in volume measurements between their study and this study could be 

due to several factors including scanning parameters and differences in rat strains. The current 

study is unique in that the 3D scans were performed at ultra-high fields of 14 Tesla in a 25 mm 

probe, compared to the 9.4 Tesla instrumentation utilized in previous studies. While the benefits 

and deficits of ultra-high field MRI are always a topic of debate, one factor remains consistent, 

as the strength of the instrumentation increases, the signal to noise ratio increases as well.56 This 

was further improved by use of smaller probe which minimized free space around samples, 

enhancing contrast to noise ratios as well. Ultra-high field, and smaller probe size allowed for 

crisp images that were delineated without the same complications seen in lower field magnets as 

the result of low signal to noise ratios. Combining these benefits with imaging without motion, 

high signal to noise ratio, and high-resolution pushed the boundaries of what is possible in lower 

fields. The images were not exposed to rigorous post processing techniques that can attribute to 

artificial smoothing which can potentially obscure lobule folds within the cerebellum. Images 

acquired in 3D allowed for complete segmentation at each anatomical orientation which resulted 

in complete and thorough encapsulation of each voxel, which is difficult to perform correctly 

when restricted to two dimensional views. Additionally, the three-dimensional imaging allowed 

for tight voxel dimensions with high signal, thus tissue types were more accurately represented 

within the images. Within MRI, signals were averaged for each voxel which encloses them, by 

imaging at high resolutions it is possible to more accurately record the signal of limited tissue 

types which results in more accurate representation of true morphology. Through a combination 
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of ultra-high resolution and careful manual segmentation by blind to condition observers, it 

exposed volume changes that may be difficult to see through other methods. In addition, prior 

work has noted that decreases in lobules VI were associated with decreased purkinje cell 

numbers.35 It is possible that the rats in this study also lost purkinje neurons, but that other cells 

compensated resulting in larger volume. For instance, glial cells have been found to increase in 

VPA rats.57,58 To address this issue, the cerebellums from this project are being processed for 

histology to count purkinje neurons and will be presented in a different manuscript. 

 4.5.2 Female Rats 

In general, female VPA rats had reduced total cerebellum volumes compared to control 

animals, both females and males. In addition, in alignment with prior groups59 there was a sex 

effect demonstrating smaller volumes for female rats, regardless of condition. However, the VPA 

females had the smallest overall volumes, which is interesting because it coincides with the prior 

behavioral results from these same animals where VPA females performed the worst at the set-

shifting task. Although the cerebellum is not the essential structure for the set-shifting task, it is 

connected to the frontal areas60,61 that are necessary for accurate task performance.37–39 

Therefore, it is interesting that VPA females with loss of volume across the entire cerebellum, 

performed worse across the set-shifting task. The set-shifting task is a digging task and therefore 

requires motor planning and execution. However, any VPA rats that failed to complete the task 

were not included in this data set, because only rats that completed all stages of task were 

scanned in the MRI. VPA rats were not observed to have difficulty with digging, sniffing, or 

investigating the odor or media cues. This suggests that female rats with reduced overall volumes 

(rats that completed the task) of the cerebellum were impaired in a way that impacted cognition 

and not motor function. 
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Decreased volumes were found for lobule I, IV, and X of the VPA females compared to 

female control rats. The regression analysis did not find lobule I or IV to be a significant 

predictor for set-shifting behavior. Lobule IV is part of the anterior cerebellum and linked to the 

motor cortex.51 The human literature has found correlations of decreased volume of lobule IV is 

associated with poorer scores on ASD diagnostic scales measuring social and repetitive 

behavior.5 Future studies could evaluate this relationship by testing repetitive and social 

behaviors, where it would be hypothesized that decreases in lobule IV would lead to exacerbated 

repetitive behaviors in female VPA rats.  

The result that all female rats, regardless of condition, with decreased volumes of left 

crus I were also worse at the overall task suggests that left crus I may be important for 

modulating cognitive performance. Crus I volumes were not found to be significantly different 

between conditions although it appears there was a trend toward the VPAs being smaller (p = .13 

in table 2). Due to the fact that some VPA female brains were not analyzable, this could be an 

important factor to evaluate in a larger study. Crus I in rodents is homologous to crus I in 

humans40,61 and is connected to the prefrontal cortices50, to the regions which are critical for this 

task.37,39 Crus I in humans is active during set-shifting tasks for non-motor functions in fMRI 

studies.62,63 This relationship could be studied more directly in future work, such as manipulating 

crus I directly and measuring behavioral outcomes. Other groups have found that modulation of 

right crus I is related to social behaviors in a mouse model of ASD.19 Perhaps, left crus I is 

important for cognitive functions future studies should evaluate this hypothesis as well. 

Larger lobule X volumes for female control rats were associated with worse IDS 

performance. In this case, having smaller volumes of lobule X could have been advantageous for 

VPA rats. Lobule X has been shown to have decreased GABA receptors in VPA mice.64 In 
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humans with ASD, alterations within lobule X have been associated with eye-gaze behaviors, 

although this was for males and not females.65 Lobule X has mostly been associated with 

vestibular functions66 therefore, understanding the role of lobule X as it relates to these issues 

needs more investigation. 

 4.5.3 Sex differences 

These data also had robust sex differences. The behavioral data indicated that female 

control rats are worse at the set-shifting task compared to control males36, however the MRI data 

highlights sex differences within the VPA model. The female VPA rats had the largest decreases 

in cerebellar volumes as a whole and were the most impaired on the set-shifting task. In general, 

VPA males did not have decreases in volume or general impairments in the set-shifting task. 

However, VPA males with larger lobule VI volumes were impaired at the IDS phase of the task, 

suggesting that the cerebellum’s role for this task may be different based on sex. Female VPA 

rats were worse when they had decreased left Crus I volumes. Within the VPA model sex 

differences have been found in communication behaviors, where VPA males exhibited fewer 

vocalizations than VPA females.67 Additional tests demonstrated that male VPA rats were more 

impaired on social behaviors, but both male and female VPA rats exhibited stereotypic 

behaviors.67 Additional sex differences have been observed for purkinje cells in the posterior 

regions of the cerebellum of male mice, with greater loss of purkinje cells occurring in males 

compared to females.68 This suggests that based on the specific domain of interest whether, 

social, cognitive, or repetitive behaviors, and/or brain region, the VPA impact may vary by sex, 

highlighting the need to test both VPA males and females. 

Sex differences in humans with ASD have also been documented. In humans with ASD 

there is a bias of more males diagnosed with ASD69, however this is in part due to diagnostic 
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criteria that were built around male patients. There is a push in the clinical community to 

acknowledge that different symptoms may occur in females with ASD and that there may be an 

under diagnosis of females with ASD.70 This bias is mirrored in the MRI human literature, where 

most of the volumetric work did not examine sex differences or did not include females with 

ASD.71 Therefore, it is possible the manifestation of the disorder is different between the sexes 

and that there are changes in the cerebellum of females. Additional models of ASD would also 

be beneficial in examining these issues. 

However, sex differences in executive functions have been examined. For example, 

females with ASD perform worse at executive function tasks compared to males with ASD.72–74 

Clinicians have posited that diagnosis is marred by gender bias69 and that females with ASD may 

have a different phenotype compared to males.70 Whereas males with ASD are impaired in 

response latency for specific executive function tasks.75 The current results suggest that it is 

important to evaluate behavioral and brain differences to understand possible sex differences 

related to the disorder. It is possible that decreased cerebellar volumes contribute to cognitive 

flexibility issues for females with ASD, whereas enlarged cerebellar volumes impact male 

behavior, additional studies are needed to verify this hypothesis.  

Altered cerebellar structure and function impacts ASD behaviors including motor 

behavior but also extends to working memory deficits.76 The IDS impairment in the male VPA 

rats suggests that the cerebellum may be modulating set-shifting behaviors in VPA rodents. An 

important caveat is that early developmental changes to the cerebellum have lifelong impacts on 

behavior50, therefore future work should examine if volumes are altered earlier in development 

within the VPA model. 
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 4.6 Limitations 

Although all female VPA brains that completed the task were scanned, a number of them 

were unanalyzable due to scanner artifact or poor alignment in the holder, which was determined 

by a reviewer that was blind to condition for all scans. Future studies will need to use a larger 

sample size to verify the results found here for the female VPA rats. In addition, the volumetric 

measurements occurred in adult rats, the sex differences observed here could be driven by 

different developmental mechanisms. Neural sex differences can be impacted by hormones and 

even differences in micro-RNA functions during development.77 Future research could measure 

volumes and behavior at critical developmental time points such as during adolescence, when 

changes in synaptic pruning are occurring.  

One other concern with the version of this task was that there may not have been enough 

phases before the EDS to see an impairment in the VPA animals on the EDS. The EDS is viewed 

as being more difficult compared to the IDS, but rats may not show impairments on EDS if they 

have not formed an attentional set.78 This may be the case for these rats, and future experiments 

are using a variant of the set-shifting task with multiple IDS phases, which should further drive 

set formation, and which may induce an EDS deficit. 

 4.7 Conclusions 

Overall, the results support the hypothesis that changes in cerebellar volume in VPA rats 

impacts performance of the set-shifting task. Decreased volume was associated with impaired 

female performance, whereas increased volume of lobule VI was associated with impaired male 

performance. Recent work has provided evidence that the cerebellum can modulate behavior 

through frontal cortex connections.19 These results support this interpretation and provide a 
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platform for future hypothesis testing to further investigate the role of the cerebellum in 

cognitive functions within ASD. 
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Chapter 5 - Adolescent female valproic acid rats have impaired 

extra-dimensional shifts of attention and enlarged anterior cingulate 

cortices3 

 5.1 Abstract 

In order to develop better treatments for autism spectrum disorder (ASD) it is critical to 

understand the developmental trajectory of the disorder and the accompanying brain changes. 

This study used the valproic acid (VPA) model to induce ASD-like symptoms in rodents. Prior 

studies have demonstrated that VPA animals are impaired on executive function tasks, 

paralleling results in humans with ASD. Here, VPA adolescent female rats were impaired on a 

set-shifting task and had enlarged frontal cortices compared to control females. The deficits 

observed in the VPA female rats mirrors results in females with ASD. In addition, adolescent 

VPA females with enlarged frontal cortices performed the worst across the entire task. These 

brain changes in adolescence are also found in adolescent humans with ASD. These novel 

findings highlight the importance of studying the brain at different developmental stages. 

 

 

 

 

 

  

 
3Reprinted with permission from Mali, I., Payne, M., King, C., Maze, T.R., Challans, B., Bossmann, S.H., Plakke, 

B. (2022). Adolescent female valproic acid rats have impaired extra-dimensional shifts of attention and enlarged 

anterior cingulate cortices. Manuscript submitted for publication  
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 5.2 Introduction 

Autism spectrum disorder (ASD) is a prevalent neurodevelopmental disorder with social, 

communication and repetitive behavior deficits. Frequently humans with ASD also exhibit 

problems with executive functions.1–3 Clinical work has found that females with ASD have a 

different symptom profile than males with ASD4,5 and that the error types in cognitive testing 

may also differ.6 One way to begin to understand these differences is to use animal models of 

ASD. The valproic acid (VPA) model of ASD has been widely used and has both face and 

construct validity.7 Different labs have established the timeline for VPA administration8 and 

found social and repetitive behavioral deficits9–12 in the offspring. The mechanisms of VPA 

exposure leading to ASD symptomology are still being researched, but hypotheses regarding 

changes in synaptic excitation and inhibition balance, HDAC inhibition as well as alterations to 

various neurotransmitter systems are being examined.13,14 In addition, adult human females that 

have been taking medications with VPA compounds have children that develop ASD at a higher 

rate than the general population.15–17 Although the VPA model is environmental, only 40-50% of 

the variance of developing ASD is unexplained by genetic risks, which means more than one 

model is needed to understand the various types of ASD.18–20 

The rodent attentional set-shifting task (ASST) requires that animals learn that a 

particular cue leads to reward, while ignoring unnecessary cues in the environment. After the 

animal learns the specific rule such as odor (i.e., lemon) or digging medium (i.e., shredded 

paper) leads to reward and reaches criterion, then the rule is changed. The task was developed to 

model some of the deficits observed in humans that use the Wisconsin Card Sorting Task 

(WCST)21. There are different phases of the task. The intra-dimensional shift (ID) is when new 

exemplars are given to the subject, but the same rule applies (i.e., if odor was the rewarded cue, 



89 

then the new correct cue will also be an odor cue). For the extra-dimensional shift, the attentional 

domain shifts from the odor cue to the digging cue. Past research has indicated that multiple ID 

phases results in the formation of an attentional set22,23, meaning that the ED is more difficult to 

perform compared to ID phases. The ASST relies on a wide neural network of brain regions for 

correct performance, with medial prefrontal regions mediating ED shifts24,25 and the anterior 

cingulate mediating ID shifts.26,27 

A recent publication demonstrates that VPA rats were impaired when performing the set-

shifting task, which was designed to capture executive function deficits observed in humans.25 

This paper also found that VPA females were significantly impaired across the set-shifting task, 

compared to female controls and VPA males. In humans, executive function deficits are more 

common in females with ASD28–33, which the set-shifting task measures and which supports the 

hypothesis that females with ASD may present different symptomology than males with ASD.34 

Recent research has found that adult VPA animals were impaired on an attentional set-shifting 

task35, however since ASD is a developmental disorder it is important to study cognitive changes 

at earlier developmental ages.  

In adolescent humans with ASD, it has been found that frontal regions of the brain, which 

are critical for cognitive flexibility, are enlarged with more cortical thickness compared to age 

matched controls.36–38 Cortical thickness also decreases at an accelerated rate throughout the 

lifespan for ASD.36,39–41 The VPA model has induced cellular changes within the medial 

prefrontal cortex, where pyramidal cells are less excitable than in controls.42,43 This project asked 

if adolescent VPA rats would be impaired on the ED shift of the ASST and hypothesized that 

adolescent VPA rats would be impaired on the set-shifting task by taking more trials to complete 

the ED phase compared to control animals. It was also predicted that increased volumetric 
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measurements of the VPA animals within the medial prefrontal cortices would occur. These 

results would support the hypothesis that these structural brain changes are contributing to 

altered executive function and could indicate that earlier interventions to boost plasticity may 

improve cognition. It is necessary to know when brain volumes are impacted within development 

so that targeted treatments can be made before cognitive deficits occur. Children with ASD are 

impaired at similar tasks44,45 and also show alterations within the frontal cortex.46 Correlations 

between brain volume and performance on the task were conducted in order to examine if 

excessive frontal cortex volume was related to decreased task performance. 

 5.3 Results 

 5.3.1 ASST Performance 

On trials to criterion for the females there was a significant interaction between phase and 

condition (F6,72=2.34, p=0.03); and the LSD post hoc found that the ED phase between controls 

and VPA rats was different (p=0.04), with VPA rats having more trials to criterion, (Figure 5.2).  

 

Figure 5.1 MRI of frontal cortex region. A) coronal view at +2.16 from bregma showing start 

of ACC and, B) shows end of ACC at -.60 mm from bregma. 
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Figure 5.2 Trial to criterion data for set-shifting task. Panel A) VPA female rats were worse 

at the ED shift compared to control females (*p <0.05); VPA= 7, saline=8). Panel B) Male VPA 

rats were not different compared to control males (VPA= 7, saline=10). 

 

On trials to criterion for males there were no significant condition or interaction effects. 

Female control rats improved across the ID phases (fewer trials to criterion for each phase (mean 

performance: ID1 = 15, ID2 = 14, ID3 = 11, ID 4 = 10), whereas for the VPA females there was 

a brief improvement for ID2 = 9, but worsened performance on ID3 = 12 and ID4 = 17. The 

impairments on ID4 and the ED phases for the VPA rats are not due to basic learning issues, 

motor problems or fatigue as there was no group difference on the simple discrimination after the 

ED.  

One of the reasons the four phases of ID were used in this task, is that female rats in the 

prior studies failed to form an attentional set, including control females.35 The four ID phases are 

meant to drive setformation.22,47 Here, the control females still failed to form an attentional set as 

defined by completing more trials on the ED compared to the mean across the ID phases. 

Whereas the VPA females did show set-formation as demonstrated by having a shift cost (more 

trials on ED compared to mean of ID phases), Figure 3. Both VPA and control males 

demonstrated a shift cost as well, Figure 5.3. There were no significant group differences for 

latency data. 
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Figure 5.3 Mean shift costs for A) females and B) males. A) VPA females had a shift cost, 

that is it required more trials to criterion for the ED shift compared to the mean across the 1-4 ID 

phases. B) Both control and VPA males also showed this shift cost 

 

 5.3.2 Frontal Cortex Volumes 

The mPFC was not significantly altered in the female VPA animals compared to female 

control rats. The ACC of female VPA rats was enlarged compared to control rats (t13=2.05, 

p=.03), Figure 5.4). The total PFC of the VPA rats was marginally larger than the control rats 

(t13=1.60, p=.06). There was also a significant correlation between total PFC volume and total 

trials completed for the VPA female rats (Pearson r =.7662, p= 0.04), indicating that enlarged 

frontal cortex volumes were associated with worse task performance, Figure 5.5 (more trials 

across all phases of the task). This correlation was almost significant for the control rats as well 

(Pearson r =.7410, p= .05), which suggests that enlarged volumes during adolescence may 

impact cognitive performance. There were no significant group differences for male rats and 

frontal cortex regions, mPFC, ACC or the total PFC. Figure 5.6, demonstrates a significant 

correlation between performance on the first ID shift phase and anterior cingulate volume, 

(control: Pearson r =-.69, p= 0.03; VPA: r=-.79, p=0.03). 
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Figure 5.4 Volumes for A) females and B) males. A) Graphs for mPFC, ACC, and total PFC 

volume are shown. The VPA females had significantly increased volumes of the ACC compared 

to control females, (p<0.05). There were no significant condition differences for male volumes. 
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Figure 5.5 Correlation of total trials to PFC volume. A significant correlation (p=0.04, N=7) 

for VPA females demonstrated that females with worse task performance (as measured by more 

trials to complete the task) had enlarged frontal cortex volumes. Control rats had a similar trend 

(p=0.05, N=7). 

 

 

Figure 5.6 Correlation of ID 1 trials and ACC volume. A significant correlation (Control 

p=0.03, N=9; VPA p=0.03, N=7) indicated that larger volumes of the ACC, regardless of 

treatment condition, led to better performance on the first ID phase of the task. 
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 5.3.3 Marble burying task 

Adolescent rats (PND 28-29) performed a marble burying task. Behaviors were video 

coded for bouts and percent of time spent digging, being inactive, grooming, exploring the arena, 

and interacting with the marble.  

 

 

Figure 5.7 Behaviors scored during marble burying. A) Control male rats explored the area 

significantly more than VPA males, VPA females or control females. B) Both male and female 

VPA rats engaged in less selfgrooming during this task compared to controls. C) VPA rats spent 

more time interacting with marbles compared to controls. D) Number of marbles buried. 

(*p<0.05); N= 10 control males, N=8 VPA males, N=10 control females, N=7 VPA females). 

 

There was a significant effect of condition for the number of grooming bouts (F1,31=6.17, 

p=.01) demonstrating VPA rats spent less time than controls grooming. There was a significant 
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interaction for exploration bouts (F1,31=6.73, p=.014) and significant main effect of sex 

(F1,31=7.92, p=.008) and condition (F1,31=15.03, p=.000). Tukey post hocs demonstrated that 

control males spent the most time exploring compared to VPA males (p=0.003), VPA females 

(p=0.000), and control females (p=0.001). In general females spent less time exploring and VPA 

rats spent less time than controls exploring. There was a significant main effect of time spent 

being inactive (F1,31=5.39, p=.02), with females spending more time interacting with the marbles 

than males. VPA males buried (mean= 9.75) more marbles than control males (mean =7.1) and 

VPA females buried (7.4 vs 5.6 means) for control females; while this relationship did not reach 

statistical significance it supports the repetitive behaviors observed in VPA animals, figure 5.7. 

 5.4 Discussion 

The main findings demonstrate that adolescent female VPA rats have impaired cognitive 

function as measured by the ASST. The impairment on this task aligns with similar data in 

humans with ASD where females performed worse on the Wisconsin Card Sorting Task28 and is 

consistent with the prior findings in adult VPA females.48 The second important result was that 

increased frontal cortex volumes in female VPA rats were associated with worse overall task 

performance. This is a novel finding for the VPA model and parallels the overgrowth seen in 

adolescent humans with ASD.49 The VPA males were not impaired on the set-shifting task 

compared to male controls, which aligns with past findings.35 Prior research has indicated that 

adolescent rats have more cognitive rigidity compared to adults and suggested that immature 

frontal cortex was a contributing factor50; the current data supports this hypothesis. 

 5.4.1 Sex differences 

The behavioral deficit and change in brain volumes occurring in female rats is an 

important result. The clinical community has recognized that a different behavioral phenotype is 
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presented in females with ASD compared to males with ASD.51,52 These results implicate 

changes in cognition and brain anatomy that align with those observed in adolescents with ASD. 

For instance, researchers have suggested that those with ASD have weaker long range 

connections that impact executive functions.53 Loss of grey matter has also been found in twin 

females with ASD and the greater loss of volume in temporal lobes was associated with more 

symptoms.54 Females with ASD have alterations in the default mode and central executive 

networks, whereas males have greater differences in salience networks55, these differences could 

also contribute to altered executive functions in females with ASD. Other research has found 

females with ASD had more perseverative errors31 compared to males with ASD, which is 

similar to the ED deficit observed in this study.  

The shift-cost analysis suggests that VPA females, VPA males and control males formed 

an attentional set. This provides evidence that the multiple ID phases did drive set formation for 

most of the groups. Female controls failed to form an attentional set, even with the multiple ID 

phases. This could partly be driven by the fact that some control females had enlarged frontal 

cortices and also performed poorly across the entire task. Future studies could assess changes in 

cognition across developmental ages with different types of tasks. It would be beneficial to 

observe neural activity in critical regions such as the mPFC and ACC during task performance. 

In addition, differences could relate to synaptic pruning or other developmental changes 

occurring within this critical stage of development. 

For male control and VPA rats there was a significant correlation between performance 

on phase ID1 and anterior cingulate volume, suggesting that enlarged volumes led to improved 

performance for this first exposure to the ID shift. There were no volume differences between 

control and VPA groups within the anterior cingulate which indicates this observation is 
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independent of treatment condition. Prior data has found that enlarged volumes of lobule VI of 

the cerebellum is associated with impaired ID performance56, and lobule VI is connected to the 

anterior cingulate cortex57. Therefore, it would be interesting to track developmental changes 

occurring in both frontal and cerebellar regions and compare how those interactions could impact 

cognitive development. 

 5.4.2 Brain changes within ASD and parallels in the VPA model 

Structurally it has been demonstrated that there is an excessive amount of grey matter 

within frontal areas in adolescent humans with ASD38,49. In addition, dysregulation of these 

frontal regions has been associated with changes in cognition in humans with ASD58–60, 

including during adolescence.61 Finding increases in frontal volumes in this study supports that 

the VPA model is capturing another component of the disorder, with the increases in PFC 

volume being greater in the VPA females compared to control females. Although the mPFC 

volumes did not reach statistical significance, this could be resolved in future studies with more 

animals, which may increase statistical power to verify this relationship.  

Human longitudinal studies suggest that frontal cortex and other cortical regions with 

overgrowth are then followed by periods where grey matter declines at a faster rate in those with 

ASD.36,39,62 One important factor to consider with excessive volumes is which cell type or 

process has contributed to the overgrowth. In human postmortem studies there have been reports 

of excessive levels of gliosis and enhanced levels of microglia.63,64 During adolescence it has 

been found that those with ASD have increased levels of microglia within the ACC and orbital 

frontal cortex.65 Some research suggests these differences in volume may relate to a delay in 

pruning mechanisms.66 Future studies could examine glial cell ratios of cortex regions in VPA 
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rodents and also examine markers of pruning or synaptic changes at different developmental 

ages throughout adolescence.67,68 

The marble burying task demonstrated an effect of condition on grooming behavior, 

where VPA animals spent less time grooming. In addition, there was an effect of condition and 

sex on exploration behavior. Control males explored the most with VPA animals exploring the 

least. Female rats interacted with the marbles more than males, regardless of condition. Lastly, 

although it did not reach statistical significance, the fact that both VPA males and VPA females 

buried more marbles than controls support the hypothesis that there was an increase in some 

repetitive behavior.  

  5.5 Conclusion 

In summary, VPA adolescent females were impaired on the set-shifting task and had 

enlarged frontal cortices. These enlarged cortices were correlated to worse task performance. 

Both of the behavioral and frontal overgrowth results have corresponding outcomes in the 

adolescent ASD clinical population. These results provide evidence suggesting that 

neurobiological brain changes in adolescent are impacting cognition. Future research can clarify 

the type of cellular changes that are occurring at this critical age of development and may assist 

with creation of future treatments for autism. 

 

 5.6 Methods and Materials 

 5.6.1 Subjects 

Pregnant dams (Long-Evans) rats were shipped from Charles River on gestational day 6 

to the research facility. Dams were injected on gestational day 12 with a single dose of saline or 

VPA (sodium valproate (Sigma), 250mg/ml, mixed in saline, 600 mg/kg). Dams were briefly 
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anesthetized on isoflurane gas to administer a less stressful I.P. injection. The isoflurane 

administration (required by the IACUC) was very brief lasting only a few minutes and should 

not have adversely effected the pups, as more prolonged exposure is required to see adverse 

effects in offspring.69 All procedures were conducted in accordance with the Kansas State 

University IACUC guidelines. Rats were given free access to food except for when undergoing 

preparation for the set-shifting task. Lights were on starting at 7 am- 7 pm. Rats were reared with 

litter mates until weaning, then were pair housed with a same sex littermate. One male and one 

female from each litter was used for each experimental condition to account for the litter effect.70 

 5.6.2 Video equipment 

All videos were collected and analyzed with the Limelight software camera system 

(Actimetrics, IL). 

 5.6.3 Marble burying 

Rats (PND 28) were placed in a doublewide home cage (40 W x 43 L x 20 H cm) filled 3 

cm deep with regular pine bedding. They were allowed to habituate for 5 minutes then placed in 

their home cage briefly while an arrangement of 20 marbles (2.5 cm diameter of the marble) in a 

4 x 5 pattern were placed on the bedding in the double wide cage. Rats were then placed back in 

the double-wide cage and had 10 minutes to bury marbles. Rats were videotaped and a picture 

was taken at the end of the session. The container was emptied, wiped down with Peroxigard 

cleaner, dried and then refilled for the next session. Marbles buried by greater than 2/3 were 

considered buried. Additional behaviors, coded by blind to condition reviewers, were self- 

grooming, digging, and inactive using definitions from a prior study. 71. Behaviors were coded 

for the percent of time spent performing that behavior and the number of bouts. 
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 5.6.4 Attentional set-shifting task and apparatus 

 5.6.4.1 Apparatus and stimuli 

A Plexiglas box (50 x 37.5 x 25 cm) with a black divider was used as the testing arena. 

The sliding door allowed access to the flowerpot. All media stimuli were mixed and recycled 

between rats to allow any odor cues to be disseminated. However, once a pot had been scented 

with the blotting paper it was only ever scented with the same scent. Crushed Honey Nut Cheerio 

powder was applied to all digging media to prevent reward odor from serving as a digging cue. 

Media were shredded manila folders, aspen shavings, foam rubber, felt, burlap ribbon, silk 

ribbon, plastic beads, plastic jewels, cloth string, wire string, cigarette filters, and shredded 

cotton pads. Odors were rum, vanilla, lemon, almond, cinnamon, anise, watermelon, grapefruit, 

strawberry, blueberry, marjoram, and cumin. A pilot study demonstrated that rats could 

discriminate these odors. 

 5.6.4.2 Training 

For the set-shifting task rats were given basic digging training with plain bedding for 1-2 

days. Basic training consisted of shaping digging behavior in the testing arena. Rats were 

allowed to obtain a small 1/3 piece of cereal on top of the bedding of the flowerpots. During 

successive trials the cereal was buried deeper until the rat was successfully digging to retrieve it 

at about 3.5 cm deep. Then 1-2 days of training to learn with one odor pair (tea tree oil vs 

lavender) and one media pair (shredded paper vs pine shavings) with unscented pots. Since prior 

work has found that adolescent rats were impaired on the CD phase50, compared to adults, basic 

training was extended to ensure rats could complete the full set-shifting task. After reaching 7 

correct trials on the odor and media pairs they performed the full set-shifting task the next day on 

PND 37-40. All rats that completed the set-shifting task were euthanized on PND 39-40. Honey 
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Nut Cheerios (General Mills, MN) and a flowerpot were introduced into the home cage the night 

before training began. Pots themselves were not scented, rather blotting paper was taped to the 

inner lip of the ceramic pot and scented with a pipettor (2.5 microliters). The paper was re-

scented before every training session. 

 5.6.4.3 Set-shifting task 

Rats were trained in the set-shifting task with 7 stages: compound discrimination (CD), 

intra-dimensional shift 1-4 (ID), extra-dimensional shift (ED), and a (simple discrimination (SD). 

The SD was included as a control, and no condition differences were expected. Rats underwent 

food restriction for around 7 days, obtaining around 90% of their body weight.  

 

Table 4 Set-shifting task with an example of media and odor pairings for a sample rat. Half 

the rats were rewarded for odor cues then shifted to media cues and half the rats were rewarded 

for media and then shifted to odor cues. 

 

 

 

In all sessions the first four trials were discovery trials; the rat could sample the other pot 

in these trials only. After these trials, once the rat initiated a dig (defined as moving the medium 

with nose or paw), it was scored, and rats were allowed to finish digging in incorrect pots but not 

allowed to go back to the correct pot. After reaching criterion on the basic digging training, rats 
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completed the set-shifting task CD, ID 1-4, ED, and SD phases. Trials to criterion was set to 7 

trials as the subjects were adolescents.72 Discovery trials were included in the 7 trials to criterion. 

All stimuli were counterbalanced with a Latin square design and half of the rats were trained 

odor to medium shifts, half medium to odor shifts, Table 4. 

 5.6.4.4 MRI volumetric measurements 

Volumetric measurements were collected via magnetic resonance imaging (MRI) with a 

Bruker 600 MHz that had a bottom loading probe, 30 mm x 40 mm. They were placed in a flat 

bottom glass tube and covered with Fomblin (a safe, nontoxic, inert perfluoropolyether oil which 

is MRI silent and often used to increase signal-to-noise ratios and decrease magnetic 

susceptibility distortions73) and secured with a pronged glass stabilizer specially made to ensure 

sample position consistency. Scans were be performed with Rapid Acquisition with Refocused 

Echoes (RARE) pulse sequences in ~1 hour and 45 minutes with one repetition, a repetition time 

of 2500 ms, echo time of 30.23 ms, and a RARE factor of 16. The pulse sequence used a flip 

angle of 90°, acquired two averages, with slices acquired in an interlaced pattern. Image 

resolution was approximately 100 x 100 x 300 𝜇m with matrix sizes, field of view, and number 

of slices varying according to brain size. The use of Fomblin reduces the prevalence of 

susceptibility artifacts, which are often present in whole brain ex vivo imaging. Additionally, a 

pronged glass sample holder was made to ensure consistent orientation and sample position 

throughout imaging as well as between samples. The utilization of adaptable parameters for 

imaging allows for maximal signal-to-noise and contrast-to-noise ratios dependent upon sample 

size. 

Volume of the medial prefrontal cortex (areas: A32D, A32V) and the anterior cingulate 

cortex (ACC) (areas: A24a, A24b) from Paxinos and Watson 7th edition were segmented with 
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ITK SNAP software by blind to condition researchers. The mPFC and ACC were chosen 

because of their importance to set-shifting performance.25–27 Segmentation was screened for 

consistency through a 3-D modeling in ITK-SNAP before evaluation of total volume. Each ROI 

was outlined based on anatomical landmarks and the volume for each lobule and frontal region 

was measured. 

 5.6.4.5 Data analysis 

Behavioral data for set-shifting was separated by sex based on prior research findings.35 

Trials to criterion data were analyzed with a repeated measure ANOVA (phase-repeated 

measure) x condition as the between-subject factor followed by LSD posthocs after a significant 

interaction. Behaviors coded by reviewer’s blind to condition during the marble bury task 

included digging, inactive time, grooming, exploring, and marble interaction time. They were 

analyzed with 2-way ANOVAs (Condition x Sex). Brain volumes were separated by sex and 

examined with unpaired one-tailed t-tests based on the prior prediction of enlarged frontal cortex 

occurring in the treatment group. 
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Chapter 6 - Summary and Future Outlook 

While MRI scanners of low field strength are still being used in clinical studies, the use 

of high field scanners in preclinical studies have opened a new realm of possibilities for medical 

applications. With high field strength comes high signal-to-noise ratio, high-resolution, and short 

scan times. This study uses an ultra-high-field scanner of 14.1 T for imaging cell lines, excised 

tissues, and small animals. High-resolution in vivo MR images of mouse models of PDACs were 

acquired for longitudinal monitoring of the orthotopic tumors. For most advanced tumors, 

surgery is the ultimate choice of treatment although it is accompanied by many complications. In 

our study, we demonstrate the efficacy of a non-invasive image-guided thermal therapy platform 

on mouse models of solid tumors (Chapter 2). Thermal treatments use temperatures above 

physiological temperature to destroy cancer cells. We used two different mouse models of solid 

tumors (KPC mouse models of PDAC and HAC15 mouse model of adrenal adenoma). From the 

thermometry results, four out of the six HAC15 mice had more than 90% of the tumor volume 

heated. Moreover, we observed increase in T1 relaxation values after application of thermal 

therapies on tumor tissues, whereas the values remained fairly constant for normal tissues. Future 

studies should use a larger sample size and strategies to reduce motion-related artifacts. 

One of the objectives of this study was to demonstrate the feasibility of performing 

proton MRS using ultra-high field scanner and optimized pulse sequences. We utilized a 10 mm 

diameter imaging coil to perform 1H-MRS experiments on five cell lines and excised tumor 

tissues from mice and human subjects (Chapter 3). Using a smaller imaging coil increases the 

SNR, allows for smaller voxel sizes, and eliminate noise from between the coil and the sample. 

A PRESS pulse sequence was optimized using different TE and TRs to acquire signals from 

major metabolites. To homogenize the B0, appropriate voxel specific shimming procedures were 
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run. Furthermore, VAPOR water suppression and outer volume suppression were applied to 

visualize the metabolites better. Signals from lipid, lactate, N-acetyl aspartate, creatine, choline, 

glutamate/glutamine, and inositol were detected. We used an external software (Chenomx) to 

correct phase and baseline related distortions in the spectra. Based on our results, short TE was 

found most effective in acquiring signal from most metabolites. One major limitation of this 

study is that it lacks quantitative analysis. Unlike MRI, MRS lacks robust processing and 

analysis tools. LCModel and jMRUI are two software packages mostly used to quantify 1H-MRS 

data. However, they lack user friendliness and require simulation of basis sets depending on the 

parameters used during the study. Future studies will test different software and pipelines to 

acquire absolute concentrations of the metabolites.  

Another aim of this study was to use high-resolution MRI in studying autism spectrum 

disorder. MRI based volumetric studies in small animals is challenging due to low spatial 

resolution which causes difficulty in delineating and segmenting specific regions. In this study 

(Chapter 4 and Chapter 5), we used a VPA model of ASD in rodents. With the use of ultra-

high-field MRI and RARE pulse sequences, we acquired high-resolution 3D MRI scans of rat 

cerebellums and whole brains. This allowed for accurate segmentation across specific regions of 

the cerebellum and whole brains. Use of fomblin for whole brain ex vivo imaging helped in 

reducing susceptibility artifacts arising from the aural cavity. The volumetric analysis of 

cerebellar regions in VPA rats demonstrated impact in ASST performance. VPA adult male and 

female rats had increased and decreased cerebellar lobule VI volume respectively and this was 

associated with impaired performance. VPA adolescent female rats had enlarged frontal cortices, 

and this was associated with impaired set-shifting task. Structural MRI studies can help 

understand the role of brain volumes in ASD. However, it is important to study the underlying 
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pathophysiology in finding effective biomarkers linked to ASD. A method is under development 

to acquire high-resolution 1H-MRS from VPA and control rats to study metabolic changes 

associated to ASD. An example for 1H-MRS acquired from the caudate region of a rat brain ex 

vivo is shown in Figure 6.18.  
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Appendix A - Supporting information for Chapter 2 

 

Table 5 MRI thermometry data. Achieved coverage of tumor by thermal dose of at least 240 

CEM43 and maximum estimated temperature in tumor for 5 out of 6 mice. In 1 mouse, 

thermometry data were unusable because of excessive sample movement. Vtumor, volume of 

tumor; Vcov, volume of tumor encompassed by the threshold ablative thermal dose of 240 

CEM43; Tmax, maximum achieved temperature in tissue as estimated by MRI thermometry. 

Adapted with permission from Sebek, J., Shrestha, T. B., Basel, M. T., Chamani, F., Zeinali, N., 

Mali, I., Payne, M., Timmerman, S. A., Faridi, P., Pyle, M., O’Halloran, M., Dennedy, M. C., 

Bossmann, S. H., & Prakash, P. (2022). System for delivering microwave ablation to 

subcutaneous tumors in small-animals under high-field MRI thermometry guidance. 

International Journal of Hyperthermia, 39(1), 584–594. 
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Figure 6.1 T1 relaxation values before mild hyperthermia for mouse 2, day 16 after KPC 

tumor implantation. (A) T2 RARE image used for ROI placement. ISA 1 is for the region with 

the tumor; ISA 2 and ISA 3 are for regions outside the tumor. (B) T1 relaxation values shown in 

msec for each ROI. (C) Representative fit showing different recovery times.  
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Figure 6.2 T1 relaxation values after mild hyperthermia for mouse 2, day 16 after KPC 

tumor implantation. (A) T2 RARE image used for ROI placement. ISA 1 is for the region with 

the tumor; ISA 2 and ISA 3 are for regions outside the tumor. (B) T1 relaxation values shown in 

msec for each ROI. (C) Representative fit showing different recovery times 
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Figure 6.3 T1 relaxation values before mild hyperthermia for mouse 2, day 19 after KPC 

tumor implantation. (A) T2 RARE image used for ROI placement. ISA 1 is for the region with 

the tumor; ISA 2 and ISA 3 are for regions outside the tumor. (B) T1 relaxation values shown in 

msec for each ROI. (C) Representative fit showing different recovery times.  
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Figure 6.4 T1 relaxation values after mild hyperthermia for mouse 2, day 19 after KPC 

tumor implantation. (A) T2 RARE image used for ROI placement. ISA 1 is for the region with 

the tumor; ISA 2 and ISA 3 are for regions outside the tumor. (B) T1 relaxation values shown in 

msec for each ROI. (C) Representative fit showing different recovery times. 
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Figure 6.5 T1 relaxation values before mild hyperthermia for mouse 3, day 16 after KPC 

tumor implantation. (A) T2 RARE image used for ROI placement. ISA 1 is for the region with 

the tumor; ISA 2 and ISA 3 are for regions outside the tumor. (B) T1 relaxation values shown in 

msec for each ROI. (C) Representative fit showing different recovery times. 
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Figure 6.6 T1 relaxation values after mild hyperthermia for mouse 3, day 16 after KPC 

tumor implantation. (A) T2 RARE image used for ROI placement. ISA 1 is for the region with 

the tumor; ISA 2 and ISA 3 are for regions outside the tumor. (B) T1 relaxation values shown in 

msec for each ROI. (C) Representative fit showing different recovery times. 
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Figure 6.7 T1 relaxation values before mild hyperthermia for mouse 3, day 19 after KPC 

tumor implantation. (A) T2 RARE image used for ROI placement. ISA 1 is the tumor region 

closest to the microwave applicator; ISA 2 and ISA 3 are tumor regions away from the 

microwave applicator. ISA 4 is a fluid filled region suspected to be a cyst. (B) T1 relaxation 

values shown in msec for each ROI. (C) Representative fit showing different recovery times. 
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Figure 6.8 T1 relaxation values after mild hyperthermia for mouse 3, day 19 after KPC 

tumor implantation. (A) T2 RARE image used for ROI placement. ISA 1 is the tumor region 

closest to the microwave applicator; ISA 2 and ISA 3 are tumor regions away from the 

microwave applicator. ISA 4 is a fluid filled region suspected to be a cyst. (B) T1 relaxation 

values shown in msec for each ROI. (C) Representative fit showing different recovery times. 
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Figure 6.9 T1 relaxation values pre-ablation for mouse 3 with adrenal tumor. (A) T2 RARE 

image used for ROI placement. ISA 1 is for the region with the tumor; ISA 2 and ISA 3 are for 

regions outside the tumor. (B) T1 relaxation values shown in msec for each ROI. (C) 

Representative fit showing different recovery times.  
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Figure 6.10 T1 relaxation values post-ablation for mouse 3 with adrenal tumor. (A) T2 

RARE image used for ROI placement. ISA 1 is for the region with the tumor; ISA 2 and ISA 3 

are for regions outside the tumor. (B) T1 relaxation values shown in msec for each ROI. (C) 

Representative fit showing different recovery times. 
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Figure 6.11 T1 relaxation values pre-ablation for mouse 21 with adrenal tumor. (A) T2 

RARE image used for ROI placement. ISA 1 is for the region with the tumor; ISA 2 and ISA 3 

are for regions outside the tumor. (B) T1 relaxation values shown in msec for each ROI. (C) 

Representative fit showing different recovery times. 
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Figure 6.12 T1 relaxation values post-ablation for mouse 21 with adrenal tumor. (A) T2 

RARE image used for ROI placement. ISA 1 is for the region with the tumor; ISA 2 and ISA 3 

are for regions outside the tumor. (B) T1 relaxation values shown in msec for each ROI. (C) 

Representative fit showing different recovery times. 
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Figure 6.13 T1 relaxation values pre-ablation for mouse 25 with adrenal tumor. (A) T2 

RARE image used for ROI placement. ISA 1 is for the region with the tumor; ISA 2 and ISA 3 

are for regions outside the tumor. (B) T1 relaxation values shown in msec for each ROI. (C) 

Representative fit showing different recovery times. 
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Figure 6.14 T1 relaxation values post-ablation for mouse 25 with adrenal tumor. (A) T2 

RARE image used for ROI placement. ISA 1 is for the region with the tumor; ISA 2 and ISA 3 

are for regions outside the tumor. (B) T1 relaxation values shown in msec for each ROI. (C) 

Representative fit showing different recovery times. 
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Appendix B - Supporting information for Chapter 3 

 
 

Figure 6.15 1H-MRS of glioblastoma sample 1 excised from a human subject. Spectrum with 

(A) VAPOR water suppression and (B) without water suppression.  

  



131 

 

Figure 6.16 1H-MRS acquired with different TEs for glioblastoma sample 2 excised from a 

human subject. Varying TEs of 125 ms (green), 30 ms (red), and 68 ms (blue) were used. 

Signals were detected from lactate (1), N-acetyl aspartate (2), creatine (3), and total choline (4). 

TE, echo time 
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Appendix C - Supporting information for Chapter 4 and Chapter 5 

 
 

Figure 6.17 1H-MRS acquired from the caudate region of a rat brain ex vivo. Axial (A), 

sagittal (B) and coronal (C) T2 RARE images showing voxel placement in the caudate region. 

Voxel size was 2 x 2 x 1.2 mm3. Representative spectrum for the voxel is shown in (D). 
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