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Abstract 

 

Multiexponential T2 and Diffusion Magnetic Resonance Measurements of Glioma  
Cells  

 
By 

 
Pamela Rose Jackson 

 
Joint Doctor of Philosophy in Bioengineering 

 
University of California, Berkeley 

 
Professor Tracy R. McKnight, Chair 

 
Using monoexponential models, magnetic resonance (MR) parameters transverse 
relaxation time (T2) and apparent diffusion coefficient (ADC) have been used to non-
invasively assess cell density, which characteristically increases with brain tumor 
malignancy. However, some uncertainty remains regarding the validity of 
monoexponential behavior to model the complex tissue architecture often present in 
tumors. Multiexponential models of T2 and ADC may allow for more accurate evaluation 
of cell density. In order to better understand how cell density affects multicomponent T2 
and ADC, simple tumor models with a range of cell densities were created by 
suspending astrocytoma cells in agarose. A Carr-Purcell-Meiboom-Gill (CPMG) 
sequence using 64 echo times was used to measure T2. ADC was measured using a 
diffusion-weighted sequence with 32 b-values. Three models were used to fit the data 
and determine the T2 values, ADC values, and their associated fractions: 
monoexponential, biexponential, and an unspecified number of multiple components 
using non-negative least squares (NNLS). The multiexponential models, biexponential 
and NNLS, resulted in not only a T2 or ADC value, but also a signal fraction associated 
with that value. The Spearman Rank was used to test how well cell density correlated 
with multiple T2 and ADC values and fractions.  
 
The monoexponential model consistently identified one T2 value and one ADC value for 
all of the samples. Both the monoexponential T2 and ADC were significantly negatively 
correlated with cell density. The biexponential model always identified two T2 
components, short and long, for the samples. Both T2 components’ values and fractions 
were significantly correlated to cell density. While the biexponential model generally 
identified two ADC components, slow and fast, for the samples, it was unable to identify 
two ADC components for 0% cell samples. Both ADC components’ values were 
significantly correlated with cell density, but the components’ fractions were not. The 
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NNLS model was able to identify a varying number of components. Up to three T2 and 
ADC components were identified from the cell/agarose samples using NNLS. For the 
NNLS identified T2s, the three components were labeled short, medium, and long. Both 
the NNLS short and medium T2 values and fractions were significantly correlated with 
cell density; however neither the NNLS long T2 nor its fraction was significantly 
correlated with cell density. For the NNLS identified ADCs, the three components were 
labeled slow, intermediate, and fast. Only the fast fraction was significantly correlated 
with cell density.  
 
Samples of packed cells were further evaluated by washing them with a 
gadolinium (Gd) contrast agent, which shortens T2. The contrast agent was expected to 
remain outside of the cells, and therefore would affect the T2 associated with the 
extracellular space and not the T2 associated with the intracellular space, assuming 
minimal exchange between these compartments on the time scale of the experiment. 
Considering the NNLS results only, cell density was correlated with the short and 
medium T2 components. The medium T2 component was not identified for samples with 
the contrast agent, while the short T2 component was still identified. The medium T2 
component was therefore considered to be extracellular since it was affected by the Gd 
contrast agent. The short T2 was not affected and was considered to be associated with 
the intracellular space. The ADC was considered in a similar manner, but reliable 
results were hampered by low sample size.  
 
In order to support the hypothesis that it was possible to measure compartment specific 
T2s and ADCs and better understand the mechanisms leading to our results, the 
empirical data from the above studies was used in mathematical models that described 
the water mobility in the samples. The modeled components were compared to the 
specified compartments to gain a better understanding of the water interactions 
between cells and agarose. Overall, the results suggest that separately measurable 
components exist that could be utilized for compartment specific information, which 
could lead to a more accurate cell density assessment and better information about 
water mobility in tissue. 
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Chapter 1.  Introduction 

Magnetic Resonance (MR) is a phenomenon that has been used to understand 
molecular composition in chemistry, biology, and medicine. Nuclear magnetic 
resonance (NMR) spectroscopy and magnetic resonance imaging (MRI) are two non-
destructive, non-invasive techniques often used to analyze biological phenomena ex 
vivo and in vivo, respectively. NMR measures of relaxation between ex vivo normal 
and tumor tissue samples was one of the early motivations for developing MRI for 
biomedical applications [1-2]. Since the intensity in an image is related to the local 
magnetic properties of water molecules in the tissue, several MR properties have been 
exploited to give more information about tissue pathology and structure and have 
potential to be biomarkers [3-6]. 
 
Transverse relaxation time constant (T2) and the apparent diffusion coefficient (ADC) of 
water are two MR quantitative properties that have been used to evaluate brain tumors. 
T2 is a measure of the magnetic interactions between atomic nuclei, such as water 
protons. The ADC is a measure of the random thermal movements of water molecule. 
In the human body, the movement of the water can be affected by restrictions and 
hindrances due to the structures in tissues, including cells, vessels, extracellular 
matrix, and other macromolecules. The changes to T2 and ADC can be used to identify 
tissues with abnormalities based upon altered water properties [7-11]. For example, 
ADC has been shown to be affected by the cell density of tumors [12].  
 
T2 and ADC are generally quantified from single exponential decay component models; 
however, tissue and tumors are heterogeneous consisting of different cells, blood 
vessels, and extracellular matrix. Aggressive tumors are often more complex than 
normal tissue with rapidly proliferating cells and newly formed leaky blood vessels. 
Previous studies have shown that multiple values of T2 and ADC and their associated 
signal fractions can be fit to a signal decay curve, and these parameters may vary with 
tissue density [13-17]. It is unclear, however, how the various water environments 
within tumors are related to the T2 and ADC parameters that are measured with MRI. 
With a better understanding of these relationships, multicomponent T2 and ADC values 
for tissue may give more accurate information about the structure and aggressiveness 
of tumor tissue.  
 
The goal for this dissertation was to better understand how cell density is related to 
multicomponent T2 and ADC measurements. This dissertation utilizes NMR 
spectroscopic methods to evaluate the multicomponent of T2 and ADC measured for 
different densities of cells. In this work, cells were suspended at different densities and 
MR measures of T2 and ADC were collected. Monoexponential, biexponential, and 
non-negative least squares (NNLS) models were utilized to identify the T2 and ADC 
components. The resulting T2 and ADC values and the associated signal fractions were 
tested for correlation with cell density. Based upon the acquired data, mathematical 
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models were constructed to better understand how the water interacts within the 
samples.  
 
This dissertation is organized as follows: 
 
In Chapter 2, the relevant issues regarding magnetic resonance parameters are 
reviewed.  
 
In Chapter 3, the design issues regarding cell density samples are discussed and the 
general methods are detailed.  
 
In Chapter 4, the T2 components identified with monoexponential, biexponential, and 
non-negative least squares methods are presented.  
 
In Chapter 5, the ADC components identified in the same samples discussed in 
Chapter 4 are presented.  
 
In Chapter 6, the sample compartments giving rise to the multiple T2 and ADC 
components fit in Chapters 4 and 5 are isolated using a contrast agent and the 
histology of the cell-agarose samples is presented.  
 
In Chapter 7, select T2 and ADC components are modeled to better understand the 
water mobility within the samples.  
 
In Chapter 8, the results are summarized and future directions for this work are 
considered. 
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Chapter 2.  Background 

2.1 Magnetic Resonance 

Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) have their 
roots in physics; however these techniques have become indispensable in the fields of 
chemistry, biology, and medicine. NMR is a non-destructive technique for measuring 
the spin properties of atomic nuclei as they interact with a strong main magnetic field. 
Although NMR spectroscopy allows for the identification of different molecules 
according to their relative frequency shifts, this dissertation focuses on the water 
molecule.  

2.1.1 Bulk Magnetization 

Atomic nuclei have a property known as spin, which is related to angular momentum. 
Any nucleus with a non-zero spin can be detected using magnetic resonance 
techniques. Nuclei with spin have an associated magnetic moment, which can be 
thought of as a tiny spinning bar magnet with polarity. For hydrogen, the spin number 
is ½.  
 
Outside of a static magnetic field (B0), magnetic moments of hydrogen nuclei are 
randomly oriented (Figure 2.1a). However, in the presence of the magnetic field, 
magnetic vectors of the hydrogen proton will either be aligned or anti-aligned to the 
field (Figure 2.1b). The net magnetization (M0) is in the direction of and proportional to 
B0. The aligned and anti-aligned orientations can also be described using quantum 
physics as low and high-energy states, respectively (Figure 2.1c). The number of 

protons in each energy level is dependent on the energy difference (E) between the 
levels. Because the difference is so small, the probability of a spin being in one 
alignment over another is small as well. For every one million protons, about 3 more 
will align with the magnetic field rather than be anti-aligned per Tesla [18], a unit of 
measurement for magnetic field strength. NMR is considered to be a low sensitivity 
technique because M0 is relatively small. Stronger magnetic fields are often used to 
increase the sensitivity of magnetic resonance techniques.  
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Figure 2.1 a) Randomly oriented protons b) Hydrogen protons aligned or anti aligned to the main 
magnetic field (B0) c) Two possible energy levels for hydrogen protons.  

 
By convention, the B0 is considered to be oriented in the longitudinal or z-direction. 

Nuclei in the presence of B0 precess or spin about the field at the Larmor frequency 0  

 00 B   (2.1) 

where is the gyromagnetic ratio. For 1H, /2=42.58 MHz/Tesla, protons in an 
11.7 Tesla (T) magnet will precess at approximately 500 MHz. The Larmor frequency is 
directly proportional to the energy difference between the low and high states 

 0E  (2.2) 

Where ħ is Planck’s constant.  

2.1.2 Relaxation  

Relaxation is the process by which spins return to equilibrium or re-align with B0. At 

equilibrium, nuclei will precess with frequency 0 and random phases, leading to a 
magnetization vector only along the z-axis ( 
 
 
 

Figure 2.2 a), however the signal needs to be in the xy plane in order to be detected. A 
radio frequency (RF) pulse creates a smaller oscillating magnetic field denoted B1 and 
is used to tip nuclei from equilibrium into the xy plane. The application of a RF pulse at 
the Larmor frequency or ‘on resonance’ causes the magnetization to rotate by some 
angle dependent on the strength and duration of the pulse ( 
 
 
 

Figure 2.2 b). From a quantum perspective, the RF pulse excites some spins to the 
higher energy level, and, for the condition of on-resonance, the RF pulse’s energy must 

be equal to E. An on-resonance RF pulse causes the nuclei to have phase coherence 
or precess at the same rate while the pulse is on.  

a b c 
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Figure 2.2 a) Randomly oriented protons prior to RF pulse b) Phase coherence and rotation of 
magnetization vector due to RF pulse application c) Regrowth of signal along the z axis or 
longitudinal relaxation after RF pulse d) Loss of phase coherence in the xy plane or transverse 
relaxation after RF pulse is turned off.  

 
Once the RF pulse is turned off the proton spins relax through two simultaneous 
mechanisms: spin-lattice and spin-spin relaxation. Spin-lattice relaxation or longitudinal 
relaxation is the regrowth of the signal along the z-axis as the magnetization vector 
realigns with B0 ( 
 
 
 

Figure 2.2 c). Spin-spin or transverse relaxation is the decay of the signal in the xy 
plane due to the loss of phase coherence amongst spins ( 
 
 
 

Figure 2.2 d). The time constants associated with longitudinal and transverse 
relaxation are referred to T1 and T2, respectively. As the spins relax, a free induction 
decay (FID) is recorded as the NMR signal over time (Figure 2.3).  

a d b c 
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Figure 2.3 A simple MR sequence shown with resulting FID, or sinusoidal signal, generated in the 
xy plane.  

 
The net magnetization of a group of spins can be thought of as a vector M whose 
behavior is described by the Bloch equation 
 

    kjiBM
M

zyx MM
T

MM
Tdt

d
 0

12

11


 (2.3) 

where i, j, and k are unit vectors in the x, y, and z directions respectively. The Bloch 
equation describes the changes in magnetization over time as a sum of the precession 
about the main magnetic field, the transverse magnetization (Mxy) decay, and the 
longitudinal (Mz) magnetization regrowth.  

2.1.3 Spectroscopy 

The FID, which is a time domain signal, can be Fourier transformed to represent the 
signals in the frequency domain.  

   detfF ti2)()( 






 

(2.4) 

The Fourier transform of a sine wave in the time domain is an impulse function or peak 

in the frequency domain, centered at the frequency of the sine wave (). The protons 
on each molecule within the samples will precess at their characteristic frequency in 
the FID and will correspond to a peak on the NMR spectrum.  

2.1.4 Chemical Shift 

Just as the nucleus of a molecule is affected by the magnetic field, so are electrons, 
which move about creating another small field. The electrons can either decrease the 
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field experienced by the nucleus (nuclear shielding). Conversely, electrons can 
alternatively enhance the field experienced by the nucleus (nuclear deshielding). For a 

shielding constant , the effective precessional frequency at the nucleus is 

    10eff  (2.5) 

This shift from the Larmor frequency is known as chemical shift. Different molecules 
can be identified according to their chemical shift, which is often reported as the 
frequency difference between a given molecule and that of a known standard. The FID 
contains information on the different frequencies at which the nuclei precess within the 
sample. Because the frequency difference is proportional to the magnetic field 
strength, the chemical shift is usually reported in parts per million (ppm), a field 
independent measurement. The ppm shift is determined from a known standard added 
to the sample.  

 
610shift ppm 




reference

referencesample




 

(2.6) 

Trimethylsilyl propionate (TSP) is a common standard added to spectroscopy samples 
and is considered to be at 0 ppm. The hydrogen molecules associated with water 
typically are shifted between 4.5 and 5 ppm (Figure 2.4).  

 
Figure 2.4 Spectrum of water and TSP in agar. 

2.1.5 T2 

Transverse relaxation, or spin-spin relaxation, is the process by which spins lose phase 
coherence in the transverse plane resulting in a net zero signal. While the RF pulse is 
on, protons have phase coherence in the transverse plane. Once the RF pulse is 
turned off the spins lose phase coherence and return to equilibrium. Protons lose 
phase coherence in the transverse plane because they experience slightly different 
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magnetic fields due to the presence of the neighboring spins. After a 90° RF pulse the 
signal decay can be expressed as 

 2

0)(
Tt

eStS


  (2.7) 

T2 is the time constant describing the time it takes for signal in the transverse plane to 
decay and is a measure of the magnetic interactions between atomic nuclei, such as 
water protons. At time t=T2, the signal is 37% of the starting signal S0.  
 
In practice, the transverse signal decays at a rate faster than T2, known as T2*. Besides 
the molecular interactions responsible for “true” T2 decay, inhomogeneities in the main 
magnetic field also contribute to the decay.  

 

ousinhomogene 22

*

2

111

TTT


 (2.8) 

The ‘true’ T2 decay signal can be revealed using a spin echo pulse sequence (Figure 
2.5 a). The loss of signal due to relaxation is not recoverable, however dephasing from 
inhomogeneities can be rephased by applying an inversion or 180° pulse some time t 
after dephasing starts following a 90° pulse. The 180° pulse flips the dephasing spins 
about the x axis so that they begin to rephase. An ‘echo’ of the original FID is formed at 
a time t after the 180° pulse or the echo time (TE). The echo’s intensity is a decayed 
version of the original FID at the ‘true’ T2 rate. T2 can be quantified by measuring the 
decay signal using several spin-echo sequences, each with a different TE. A preferred 
method is the Carr-Purcell-Meiboom-Gill (CPMG) sequence which uses a 90° RF pulse 
followed by multiple 180° pulses to refocuses the signal (Figure 2.5 b) [19-20]. 
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Figure 2.5 a) Spin echo sequence b) T2 and T2* decay shown in relation to CPMG sequence.  

 
T2 is often found to be dependent on the type of tissue and can be used to identify 
tissues with abnormalities that result in altered water properties [7-11]. T2 can be used 
to non-invasively characterize brain tumors and anti-neoplastic treatment effects [21-
22]. T2 is often associated with the water content in tumors [23-25] and is used to 
identify regions of edema [26-27].  
 

a 

b 
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Figure 2.6 Water signal at increasing echo times.  

 
Additionally, T2 is related to the correlation time, or amount of time it takes for a 
molecule to rotate and reorient itself. T2 is linearly related to the correlation as shown in 
Figure 2.7. The rotation of molecules can be hindered by their interaction with 
boundaries, and reflected in the T2. 
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Figure 2.7 Relaxation time versus correlation time (adapted from [28] ). 

2.1.6 Apparent Diffusion Coefficient 

Self-diffusion, often simply referred to as diffusion, is the random translational 
movement of molecules due to thermal motion. Each molecule randomly moves and 
collides with neighboring molecules. Over time, a given molecule will have moved 
along a path known as the random walk. For molecules in one dimension, the mean 
displacement (R) is calculated in terms of diffusion (D) as 

 dDtR 2  (2.9) 

where t is the time allowed for a molecule to move and d is the dimension of the space.  
 
For MR, the Stejskal and Tanner sequence can be used to measure diffusion using a 
pulsed magnetic field gradient [29], a small linearly dependent field that changes the 
spin phase relative to B0. The diffusion gradient encodes the starting position of water 
molecules by imposing a phase shift dependent on their location. The 180º pulse then 
reverses the precession direction. A second equally strong diffusion gradient is applied 
again to decode the position of the water molecules. If molecules do not diffuse during 
the sequence, then the molecules’ phase is completely recovered with the second 
gradient and the signal is the same as a regular spin echo. However, if molecules 
diffuse during the sequence, then the second gradient does not completely recover the 
phase and the signal loss weighted by the amount of diffusion. The signal loss can be 
expressed as  

 
bADCeSbS  0)(  (2.10) 

   









3

2 
Gb

 
(2.11) 

where G is the gradient strength, is the length of time the gradient is applied and  is 
the time between the gradients (Figure 2.8). The apparent diffusion coefficient (ADC) is 
a measure of the self-diffusion of water molecules including the effects of restrictions 
and hindrances due to the structures of varying permeability to water in tissues, 
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including cells, vessels, extracellular matrix, and other macromolecules. The b-value or 
b is a diffusion-weighting factor. Similar to T2, the ADC can be estimated by performing 
the experiment at two b-values and solve the equation for ADC. The ADC can be better 
modeled by acquiring the diffusion-weighted signals from several b-values and fitting a 
curve to the data.  
 

 
Figure 2.8 Diffusion spin echo sequence.  

 
The translational movement of water in and around tissue can give information about 
the structure of the tissue [30-31]. Diffusion can be used to give information about 
stroke, MS, and Alzheimer’s, and white matter fiber tracking [27]. ADC can be utilized 
with tumors as well.  

2.2 Multiple Component Measurement 

T2 and ADC are quantified based on two or more signals. For T2, signals from varying 
echo times are measured. For ADC, signals from varying b-value weightings are 
measured. In both cases, a line can be fit to estimate the T2 or ADC based on two 
points. More accurate estimates can be made with the monoexponential curve 
constructed from several measured signals. However, decay in tissues is likely 
multiexponential due to the heterogeneous nature of tissue. Assuming exchange is 
negligible between compartments, the equations for T2 and ADC become 
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where fn is the fraction of signal associated with the corresponding T2,n or ADCn. The 
signal fractions are normalized so that  

 121  nfff   (2.16) 

While monoexponential and multiexponential curves visually appear similar, utilizing a 
monoexponential method can neither correctly identify nor describe the true nature of a 
multiexponential curve.  
 
Both T2 and ADC are often viewed and quantified as monoexponential functions. 
However, studies have shown that they both likely have multi-exponential behavior in 
tissues [15, 32-35], particularly when observed over longer time periods or higher b-
values for T2 and ADC, respectively. Biologically this is relevant because tissue is 
heterogeneous with water existing in different compartments and with different 
characteristics i.e. cells, extracellular matrix, and vessels (Figure 2.9). The brain can be 
thought of as intra- and extracellular space or inside and outside of the cells. The area 
between the cells of tissues is known as the extracellular space (ECS), which makes 
up to 19% of brain volume [36-37]. In brain, the ECS is particularly important for the 
transport of nutrients, signals, other cells, and even therapeutics amongst the cells. 
Although the ECS can be 19% of brain volume, the space is complex and tortuous. 
The ability to probe individual physical characteristics of the tissue could be important 
for characterizing abnormal tissue and monitoring treatment.  
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Figure 2.9 Water movement inside and outside of cells at different densities. 

 
Early investigations of T2 multiexponentiality in tissue revealed that rat muscle tissue 
had at least three T2 relaxation rates, each associated with a different aspect of the 
tissue: water in the extracellular space, water associated with macromolecules, and 
water associated with the intracellular space [34]. For brain tumors, there have been 
some mixed results. Implanted brain tumors in cats showed no evidence of 
multiexponentiality in the normal or tumor tissue [38]. However, two T2 components 
were identified in tumor tissue in a study of human brain tumors [35]. More recently, 
multiple T2 components have been identified in intracranial rat tumors in vivo and 
ex vivo, while normal tissue was found to have monoexponential T2 [13].  
 
According to Pfeuffer et al., four diffusion components were quantified in rat brain when 
higher b-values were used to measure diffusion [15]. When comparing normal to 
ischemic brain, they found that the signal fractions associated with the components 
changed, while the diffusion values themselves did not change.  
 
T2 has been quantified using biexponential [13, 39-41] and triexponential [13, 40] 
functions for tissue in vivo and ex vivo. Typically, two components have been identified 
for T2 and labeled as short and long. Diffusion has also been quantified using 
biexponential [41-42], triexponential [42], and stretched exponentials [43] functions. 
Typically, two components have been identified for ADC and identified as fast and slow 
in brain [44-45]. Biexponential and triexponential functions have the limitation of a fixed 
number of parameters, which may change based on the density or environment of the 
tissue. Non-negative least squares (NNLS) allows for multiple components to be 
identified without having to specify the number of expected components [46]. 

2.2.1 Non-Negative Least Squares 

Non-negative least squares (NNLS) is a common method for solving matrix problems.  
Much like other least squares methods, NNLS minimizes the equation 

 yAx   (2.17) 
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where A is a m x n matrix, x is a vector of length n, and y is a vector of length m. 
Vector y is the measured signal data and Ax is the predicted data. The elements of 
matrix A are exp(-tm/T2n) for transverse relaxation or exp(-bm*ADCn). Vector x contains 
the signal fractions associated with each T2

 or ADC. NNLS has the added restriction 
that the result must be a positive number, which is appropriate for relaxation time and 
diffusion data. While typically m is chosen to be greater than n, that restriction is not 
necessary for implementation of NNLS and n can be greater than m [47]. Vector x can 
displayed as a spectrum of T2 or ADC values fit for the decay signal.  

2.2.2 Modeling T2 and ADC components 

Tissue can be viewed as a multicompartmental media with many environments for 
water that have differing T2s and ADCs. While the number and nature of the water 
relaxation environments or compartments are related to the tissue’s structure, the 
water relaxation compartments do not necessarily correspond to structural 
compartments. The water in tissue could be either static, only residing in one 
compartment, or exchanging, moving between compartments and experiencing 
multiple T2 and ADC environments over time. Additionally, the movement of water 
ranges from completely unrestricted to closely bound to some structure or molecule. 
The freedom or restriction of water to move about affects the multiple measured values 
of T2 and ADC [30, 48]. Basic multicompartment models examine relaxation in two 
compartments or sites and also evaluate the exchange of water between the two sites 
[49]. Two compartments a and b with volume fractions fa and fb, respectively, are 
normalized so that 

 1 ba ff  (2.18) 

The exchange rates between the compartments are kab and kba, and under equilibrium 
conditions the each compartment maintains its water content.  

 0 bababa kfkf  (2.19) 

Water protons in fast exchange between two compartments will exhibit a single T2 or 
ADC value that is the weighted mean for the two. Water protons in slow exchange or 
not exchanging between two compartments will exhibit two T2 or ADC values [30, 33, 
48]. Negligible exchange also means that the volume fractions and transverse 
relaxation times from Eq. 2.12 would be proportional to the volume fractions and 
relaxation times in the tissue. However, if the two slowly exchanging compartments 
have similar T2 times, then it is likely that only one T2 will be identified. 
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Figure 2.10 Exchange between two compartments. 

 
The T2 and ADC properties of water were determined in samples of cells suspended in 
agarose at various densities. The resulting T2 and ADC curves were fit using 
monoexponential, biexponential, and NNLS models. Chapter 3 details the general 
methods used to acquire and fit the T2 and ADC decay curves.  
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Chapter 3. General Methods 

3.1 Motivation 

Designing the NMR experiment for cells suspended at different densities involved a 
number of alterations to allow for successful T2 and ADC measurements. A typical 
NMR experiment usually measures the properties of a liquid sample, which is 
contained in a 5 mm diameter tube that is 7-8 inches long. The tube is then placed into 
the NMR magnet and slides into a coil, which is used to transmit RF pulses for NMR 
experiments. For this work, a number of issues were encountered while designing 
appropriate cell density samples. The cells needed to be suspended for at least two 
hours, which was not possible in a liquid medium. Also a liquid medium would poorly 
mimic the fluid mobility properties of tissue interstitial space. A large number of cells 
were needed, therefore steps were taken to increase cell production and reduce the 
sample size required in the NMR tube. Additionally, an alternative to the traditional 
NMR tube was needed to allow for the viscous sample to be easily introduced.  

3.2 Experimental Issues 

3.2.1 Suspension Medium Selection  

The suspending medium for the cells needed to be compatible with the cells, strong 
enough to hold the cells in place, and have a liquid phase for the cells to be mixed into. 
First, Matrigel (Becton Dickson, Franklin Lakes, NJ), solubulized basement membrane 
extracted from mouse sarcoma was tested as a suspension medium. Matrigel has a 
number of extracellular matrix proteins and was expected to be a representation of in 
vivo extracellular matrix and keep the cells suspended. Additionally, Matrigel had a pH 
indicator which would be an additional marker for viability. Matrigel is liquid when kept 
on ice and solid at room temperature, and its intended usage was for 3D cell culture. 
The cells had to be cooled to introduce into the Matrigel; otherwise the Matrigel would 
harden before the cells were evenly mixed. The cell/Matrigel solution was introduced 
into the NMR tubes and placed in a warm oven at 37°C until gelled. During the gelling 
process, bubbles formed that made it difficult to shim the sample. Furthermore, the 
sample had to be maintained at 37°C otherwise there was a loss of suspension and 
cell density uniformity was not guaranteed. The required temperature was too high for 
the temperature regulation equipment available. Higher concentrations of Matrigel were 
experimented with; however they were too viscous to mix with cells. Also, we desired 
to monitor viability with NMR, and the Matrigel exhibited several peaks near lactate and 
lipid that prevented sound quantification of cell contributions. Finally, Matrigel was 
made of several unknown factors and we could not correlate composition to NMR 
peaks. Matrigel was eventually abandoned as an option. 

Agarose was next used to suspend cells. Standard agarose was not an option because 
it needs to be heated to approximate 90°C to mix and cooled around 50°C. The gel 
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would either cool before cells could be mixed in, or the cells would be head damaged if 
introduced at temps about 50°C. Low melting point agarose (SeaPrep, Lonza, Basel, 
Switzerland) was found to be a viable option. This agarose was mixed at 50°C and 
gelled below 17°C. Cells were mixed together with agarose around 37°C. The 
cells/agarose mixtures were introduced to NMR tubes and allowed to gel for at least 
two hours on ice to ensure that the structural properties of the agarose gel were stable. 
Two percent weight to volume (w/v) agarose gel was found to be strong enough to 
keep the cell suspended. It also was not too viscous during its liquid phase to be 
handled and mixed with cells. Agarose, which is often used as a phantom material for 
MR applications, was chosen as a suspension agent because of the ability to prepare 
the samples at a biological temperature. However, we did not presume that agarose 
accurately mimicked the T2 or diffusion properties of extracellular matrix.  

Because water T2 and ADC properties were of interest, the water signal was not 
suppressed using NMR pulses as would be the case with typical NMR spectroscopy. 
This presented problems because the amount of water in the sample would cause the 
analog to digital (A/D) converter, which digitizes the NMR signal, to overflow for several 
TEs and not properly record the signal. The gain was reduced, however it was not 
enough to prevent overflow. The water signal mostly came from the phosphate 
buffered saline (PBS) used to create the agarose gel. Deuterium is often used as a 
NMR solvent because it has properties similar to water but does not produce a peak on 
a H1 NMR spectrum. A deuterium based PBS was formulated to reduce the overflow 
on the A/D converter which allowed shorter TEs to be used for the analysis.  

3.2.2 Cell Culture 

A large number of cells were required to conduct the cell suspension experiments, 
especially when a sample was composed of packed cells or 100% cells (no agarose). 
Standard NMR tubes, which hold the NMR samples, were 7-8 inches (178-203 mm) in 
length and 5 mm in diameter. These long thin tubes were inserted into a NMR coil for 
experiments (Figure 3.1).  
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Figure 3.1 NMR tube inserted into the coil.  

 
Although the coil was only 16 mm in length, 42-50 mm of sample was needed which 

corresponded to 600-700 l volume [50]. The sample length/volume was needed 
match the length over which the coil was sensitive. The 100% cell samples had 

2.610
8
 cells/ml (Table 4.1). The volumes required for NMR would mean 

1.5-1.8108 cells would be needed. To produce the large numbers of cells 8 cell culture 
flasks with 150 mm2 of growing area were used to produce one 100% sample or two 
complimentary samples (e.g. 25% and 75% cells) 

3.2.3 NMR Tube Selection 

To reduce the amount of cells that needed to be transferred and thus the volume, we 
looked at a number of options. Shigemi tubes (Figure 3.2, Allison Park, PA) which 
feature a plunger type insert and are well known for reducing sample size were 
considered. Although the plunger was susceptibility matched to mimic the susceptibility 
of water, these tubes were deemed inappropriate for this application. The sample had 
to be loaded into the tube first and then the plunger pushed in to elevate the samples, 
which would likely degrade cell membrane integrity. Additionally, when agarose was 
used there would likely be agarose that clung to the plunger, altering the composition 
of the sample within the coil volume.  
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Figure 3.2 Shigemi tube. Adapted from [51]. 

 
Microcell inserts (Figure 3.3), which feature a thinner, shorter tube inserted into a 
standard NMR tube, were also considered. The inner microcell tube was held in place 
using a Teflon ring. While membrane integrity would be preserved, the tubes required 
water fill in the dead space between the microcell and standard NMR tubes. In typical 
liquid NMR, water is suppressed; however, water was the species of interest in this 
case. The concern became that freely moving water would dominate the water signal, 
and it would become impossible discern the slower moving water species within the 
cell sample. 
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Figure 3.3 Microcell insert. Adapted from [52]. 

 
Susceptibility matched plugs were decided on as a viable option. They featured a top 
and bottom plug, on either side of the sample, which were matched to the susceptibility 
of water. We initially considered Doty susceptibility match plugs made of polyethermide 
(Figure 3.4, Doty Scientific, Columbia, SC). The plugs allowed for the full diameter of 
the tube to be filled with the cell samples while allowing the sample volume to be 
reduced. The inserts did not need to be pushed past the sample, so cell membrane 
integrity was not compromised. Samples needed to be at least the length of the coil. If 
the plugs entered the coil volume, shimming was difficult to perform. The samples were 

filled so that they were 20-24 mm in length or 280-336 l, which is a greater than 50% 
reduction in the recommended sample volume. For a packed cell sample, that would 

correspond to 0.73-0.87108 cells.  
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Figure 3.4 Doty susceptibility matched plugs. Adapted from [52].  

3.2.4  Sample Introduction to NMR tube 

The Doty susceptibility matched plugs fit into thin walled 5 mm NMR tubes. First 

100-200 l deuterium based phosphate buffered saline (D2O/PBS), was placed into the 
tube, this allowed the bottom plug to easily be pushed past the glass using the 
accompanying positioning rod. Once the bottom plug was in place, the excess 
D2O/PBS was aspirated. The cell sample was then introduced to the tube using a 13 
inch long Pasteur pipet. The length and thin diameter posed a problem when 
transferring samples with agarose. Samples with agarose were transferred while the 
agarose was still liquid to allow the sample to cool inside the tube. With the 13 inch 
pipets, the agarose quickly cooled and often gelled inside the pipet during the transfer 
process. Several pipets were needed and much of the sample was lost. If the sample 
was successfully transferred, the top plug was placed on top of the sample again using 
the positioning rod. Additionally, transferring densely packed cells to a NMR tube was 
more difficult than transferring cells suspended in agarose at lower densities. 
  
Bottomless NMR tubes with susceptibility matched plugs (Figure 3.5, New Era, 
Vineland, NJ) were used to solve the problem of using the 13 inch transfer pipet. The 
bottomless tubes were designed for used with pre-formed gels which are pushed into 
the tube using a piston. In this instance the liquefied gel was put inside and then 
allowed to congeal once inside the tube. Instead of putting in the bottom plug first like 
with the standard NMR tube, the top plug was introduced into the top of the bottomless 
tube and pushed to the approximate location it would rest once the sample cooled. The 
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top gel plug was held in place with its accompanying support rod and support cap, 
which restricted movement, with one hand while the tube was flipped upside down. The 
sample was then introduced into the tube through the bottom opening using a 9 inch 
pipet, which allowed for easier transfer of liquid agarose into NMR tubes prior to 
gelling. The end gel plug was then pushed into place. A Teflon ring on the bottom plug 
ensured that the plug stayed in place and the sample did not lead out. The sample was 
then allowed to gel before NMR measurements were taken.  
 

 
 
Figure 3.5 Bottomless NMR tube with susceptibility plugs and positioning accessories. Adapted 
from New Era Catalog [53]. 

3.3 General Description of Experiments 

3.3.1 Cell Culture 

Genetically engineered astrocytoma cells [54] were grown in tissue culture treated 
polystyrene flasks (Corning, Lowell, MA, USA) in 5% CO2 atmosphere. Cells were 
grown in Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine 
serum and 1% penicillin-streptomycin for five to seven days before changing the 
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media. Two to three days later cells were harvested using Trypsin-like enzyme 
(TrypLE, Invitrogen, Carlsbad, CA, USA) and counted using Trypan Blue exclusion.  

3.3.2 Cell Density Sample Preparation 

Two percent (w/v) low melting point agarose (SeaPrep, Lonza, Basel, Switzerland) was 
mixed with a solution of 90% D2O based phosphate buffered saline (D2O/PBS) and 
10% TSP (3-Trimethylsilylpropionic acid)/D2O in a hot water bath. Cells were washed 
in a D2O/PBS solution and mixed with agarose (35-37°C) to create samples that were 
25%, 50% and 75% cells. Control samples composed of agarose only (0% cells) and 
cells only (100% cells) were also made. Mixtures were transferred to bottomless 5 mm 
NMR tubes and held in place with susceptibility matched plugs (Vineland, NJ, USA) on 
either side. NMR samples with agarose were allowed to gel on ice for at least t hours 
prior to data acquisition. Each cell density sample type was made in triplicate.  

3.3.3 NMR 

All NMR experiments were performed on a 500 MHz vertical-bore Oxford Instruments 
magnet (Abingdon, UK) and a Varian Inova console (Palo Alto, CA, USA). The 
temperature was maintained at 10°C to ensure that the agarose remained gelled and 
the cells remained stationary throughout the experiments. T2 data was acquired using 
the CPMG sequence with TR=10 seconds (s), averages=2, and 64 linearly spaced TEs 
from 10-1270 milliseconds (ms) without water suppression. T2 values are expressed in 
ms. Spinning was not utilized to reduce linewidths.  
 
ADC data was acquired using a diffusion-weighted stimulated echo (STEAM) 
sequence (Figure 3.6), which features three 90º pulses per TR. Unlike the spin echo 

sequence, longer  times can be used while allowing for short effective TEs with a 
diffusion STEAM sequence. The ADC data was acquired with TR=7 s, TE=6 ms, 

=3 ms, =50 ms, averages=1, and 32 linearly spaced b-values. For 0% samples the 
b-values linearly ranged from 10-1095 s/mm2, for 25% samples the b-values ranged 
from 10-2800 s/mm2, and for 50-100% samples the b-values ranged from 
10-9000 s/mm2 in the z-direction. All diffusion spectra were acquired without water 
suppression. Gradient strength was altered to change the b-value. ADC values are 

expressed in 10-6 mm2/s. Additionally, water suppressed spectra were acquired using 
a one-pulse sequence with TR= 10 s and averages=16.  
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Figure 3.6 Diffusion-weighted STEAM sequence. 

3.3.4 Sample Degradation Study 

A degradation study was performed on two 100% cell samples to determine stability 
over time. Experiments were performed on 100% cell samples, because we suspected 
that these samples would be subject to the most severe degradation out of all the 
sample types. For the degradation study, CPMG, and diffusion-weighted STEAM 
sequences were repeated a second time. One-pulse sequences were run before, in 
between, and after the each set of CPMG and diffusion weighted STEAM sequences. 
The one-pulse sequences were performed approximately one hour apart, because 
the CPMG and diffusion-weighted STEAM sequences lasted about one hour. The first 
one pulse spectrum was acquired approximately one hour after the sample was 
prepared. The resulting signals were Fourier transformed, phased, and referenced. 
The change in lactate, lipid, and TSP reference peaks over time was used to assess 
the viability and degradation of the sample. The integral for each peak was calculated 
and the coefficient of variation (standard deviation/mean) was calculated for the three 
time points. The results from these methodological experiments are detailed in Section 
4.3.1.  

3.3.5 Sample Preservation and Histology 

After removing the NMR tube from the spectrometer, the cell samples were preserved 
in Tissue-Tek OCT Compound (Sakura Finetek, Torrence, CA) and kept frozen at 
-80ºC. Later, one representative sample for each density type was sectioned 0.06 mm 
thick and stained with hematoxylin and eosin (H&E) on microscope slides. Pictures of 
the slides were taken at 40x magnification and the images were calibrated using a 
stage micrometer. Resulting images were analyzed for cell diameter, cell counts, and 
area covered by cells.  
 
Cell diameter was determined in ImageJ (NIH, Bethesda, MD) using one field from 
each sample type. The lengths along the longest axis for 25 cells were averaged to 
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calculate the mean cell diameter. Cells were counted using three 0.20 mm x 0.15 mm 
fields for each sample. Counts for each field were averaged and reported as cells per 
ml. The area covered by cells was determined in Image Pro Plus (Media Cybernetics, 
Bethesda, MD).  
 
To determine the area of the slide covered by cells, captured images were first 
processed using a Gauss low pass filter to reduce detail. Then an open filter was used 
which reduced the size of small holes and allowed for contiguous cells to be identified. 
Cell areas were segmented using color cube analysis, which creates a binary image 
based on pixel classification according to the RGB color. Finally, histograms for binary 
images were used to determine area covered by cells in ImageJ.  

3.3.6 NMR Analysis 

Acquired MR signals were Fourier transformed using ACD/SpecManager version 8.13 
(Toronto, Canada). The first two transients of the CPMG data (TE=10 and 30 ms) were 
not used in the analysis because the first two transients often overflowed (exceeded 
the A/D converter), even after the gain was set to zero. All water peaks were quantified 
by integrating between 4.85 and 5.05 ppm (Figure 3.7).  
 
 

 
Chemical Shift (ppm) 

 
Figure 3.7 Water peak with integral area shaded. 

 
The resulting transverse relaxation decay curves were modeled to determine the T2 for 
each sample. An example of the acquired T2 decay curve (solid) is shown in Figure 3.8.  
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Figure 3.8 a) Acquired transverse relaxation decay curve (solid) for a 50% sample with its 
monoexponential fit (dotted). b) NNLS fit values for the same 50% sample. 

 
For the decay data, a monoexponential model using the Levenberg-Marquardt 
algorithm was implemented to determine the characteristic single value T2 for each 
sample. In addition, a biexponential model and non-negative least squares (NNLS) [46, 
55] was used to identify multiple T2 and ADC components along with the fraction of 
signal that each represented. In MATLAB (Natick, MA), NNLS was implemented using 
the ‘lsqnonneg’ function. The NNLS method was employed because multiple values 
can be identified without specifying the number of components beforehand. The T2 
data was modeled using the following expression,  
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where TE is the echo time, fi is the signal fraction of component i, T2,i is the T2 of the 
component i, N is the number of components, and C is a constant term, a baseline 
offset of the signal magnitude. Since the first two transients were not used due to 
overflow, components whose T2 value was too small (<50 ms) to be accurately 
quantified using the available echo times were not included in the analysis (Figure 
3.8 b). Multiple T2 NNLS components were designated as long, medium, and short 
based upon their relative values. An example T2 NNLS fit is shown in Figure 3.8.  
 
Similar procedures were followed to identify the monoexponential, biexponential and 
NNLS components of the ADC data. The diffusion decay data was modeled to the 
equation 
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where b is the diffusion weighting, fi is the signal fraction of component i, ADCi is the 
ADC of the component i, N is the number of components, and C is a constant term. 
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Biexponential ADC components were designated as fast and slow and multiple NNLS 
ADC components were designated as fast, intermediate, and slow based upon their 
relative values. However, not all designations were utilized for all samples. In some 
cases, NNLS resulted in less than three components being fit. A T2 or ADC value in 
question was assigned to a designation if it fell within two standard deviations of the 
mean of that designation.  
 
Statistical correlations were performed using JMP8 (SAS, Cary, NC). For the 
monoexponential, biexponential, and multiexponential NNLS analysis, T2s were plotted 
against cell density. Spearman’s rank test was used to calculate the non-parametric 
Spearman’s correlation coefficient (r) and determine significance for each correlation. 
Additionally, NNLS component fractions were correlated with cell density as well for 
multiexponential analysis. P-values that were 0.05 and less were considered 
statistically significant. The T2 and ADC data are presented in Chapters 4 and 5, 
respectively.  
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Chapter 4. T2 of Glioma Cell Suspensions 

4.1 Motivation 

One of the main indicators of brain tumor aggressiveness is increased cell density. The 
T2 relaxation rate of tumor tissue may be able to give some indication of cell density 
based on the amount of free and bound water. Increased cell density leads to more cell 
membranes which could prevent the free rotation of hydrogen atoms on water 
molecules. The associations between the T2 relaxation rate and cell density are still 
unclear. In vivo studies can be hampered by partial voluming and competing cellular 
mechanisms such as edema. We chose to do in vitro studies and use simple samples 
of cells suspended in agarose to better understand the direct link between cell density 
and T2.  

4.1.1 Goal 

The goal of this study was to investigate the relationship between individual T2 
components identified with monoexponential, biexponential, and NNLS models and the 
cell density of the samples composed of cells suspended in agarose.  

4.1.2 Hypothesis 

We formulated hypotheses for the three models. While most studies treat T2 as a 
monoexponential function [56-57], several studies have identified two or more 
exponentially-decaying T2 rates associated with tissue. Therefore we expected the 
biexponential and NNLS models to identify at least two components in our simple 
model [13, 34, 39, 41, 58]. Our hypotheses were based upon previous MR studies by 
other groups [58-59].  
 
For the monoexponential model, we hypothesized that the T2 would decrease as the 
cell density increased. This hypothesis was supported by the Gibbs et al. study which 
showed that T2 was negatively correlated to cell density in prostate cancer [60].  
 
We had two sets of hypotheses for the for the biexponential and NNLS models: one 
hypothesis for the source of the component and a second hypothesis for how they 
would be associated with cell density. We hypothesized that the shortest T2 component 
would be associated with the intracellular compartment and the longest T2 component 
would be associated with the extracellular compartment. These hypotheses were 
based on a Schoeniger et al. study of single neuron NMR microscopic imaging [59], in 
which distinct T2 rates were found for the cytoplasm, nucleus, and extracellular water. 
The cytoplasm had the shortest T2 and the extracellular water had the longest T2. The 
nucleus had a T2 value in between the T2 values for the cytoplasm and extracellular 
water. Additionally, other studies have conjectured that T2 was related to the free water 
in tissue and thus extracellular space [60-61]. The long T2 from multicomponent 
analysis is most likely representative of freely moving extracellular water.  
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We hypothesized that the intracellular T2 should not change with cell density because 
the total intracellular space within the sample is composed of many discrete volumes of 
about the same size (i.e. cells). As the total intracellular volume within the sample 
increases, we reasoned that the intracellular environment for the water essentially 
remains the same and the correlation time for the water should be similar across all 
cells regardless of the number of cells. We also hypothesized that the fraction 
associated with the intracellular T2 should increase with cell density, since the cells will 
be occupying more space at higher cell densities.  
 
If the longest T2 is associated with the extracellular space as we hypothesize, then as 
more cells are added the water molecules should loose rotational phase coherence 
leading to a decrease in the extracellular T2. As the number of cells in the sample 
increases, we reasoned that the extracellular space changes from a continuous 
interconnected medium to a more tortuous space where water molecules in the 
agarose interact with water molecules in the cell membranes. We also hypothesized 
that the amount of water in the extracellular space, and therefore the extracellular 
fraction, would be less for samples with more cells. These hypotheses are based on a 
study by Matsumae et al. in which it was found that as newborn rats brains matured the 
fraction of extracellular space decreased as did the signal fraction for the long T2 
component [58]. 
 
T2 Hypothesis Outline 

 Monoexponential model 
o The monoexponentialT2 is negatively correlated to cell density. 

 Biexponential and NNLS model 
o intracellular space 

  It is represented by the shortest T2.  
 The T2 value does not change with cell density. 
 The associated fraction is positively correlated to cell density. 

o extracellular space 
 It is represented by the longest T2. 
 The T2 value is negatively correlated with cell density. 
 The associated fraction is negatively correlated with cell density. 

o Other T2s may be fit for the NNLS model.  
 
First, we present the results of the degradation study to verify that the samples were 
stable during the MR sequences. Then, we present the T2 components found using the 
three different models and calculate their correlation coefficients with respect to cell 
density.  

4.2 Methods 

Cells were grown and samples were constructed according to the general methods 
outlined in Chapter 3. Water peaks were acquired using the CPMG sequence with 
TR=10 s, averages=2, and 64 linearly spaced TEs from 10-1270 ms. Data analysis 
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was also conducted according to Chapter 3. We investigated the effect of cell density 
on the T2 components by testing the Spearman’s rank correlation coefficient for all 
samples.  
 
Cell and agarose samples (0%, 25%, 50%, and 75% cells) were formulated based 
upon relative volumes (See Section 3.3.2). The mean cell density (cells/ml) and 
standard deviation for each sample type is shown in Table 4.1.  
 
Table 4.1 Mean cell density (cells/ml) for each cell density sample type (N=3). 

 
 
 
 
 
 
 
 

4.3 Results 

4.3.1 Degradation Study 

Sample stability was determined for two 100% cell samples by comparing MR 
spectroscopic metabolite peak integrals, T2, and ADC values over time (See Section 
3.3.4). Metabolite variations were monitored by running one-pulse MRS sequences 
before, in between, and after each set of CPMG and diffusion-weighted STEAM 
sequences, which were performed twice. Figure 4.1 shows that the peak integrals for 
lactate and lipid measured in the cell samples were stable over the three hour 
measurement time. Coefficients of variation for the lactate and lipid peaks were all less 
than 0.012. The metabolite integrals did not change by more than 2% for either sample 
(Figure 4.1). Additionally, the monoexponential T2 coefficient of variation was less than 
0.004 and ADC coefficient of variation did not exceed 0.008. Neither the T2 nor the 
ADC value changed by more than 1% between the two scan sets (Figure 4.1).  

Sample 
Type 

mean 

(10
7
) 

s.d. 

(10
7
) 

0% 0.00 0.00 

25% 8.54 0.59 

50% 13.92 3.58 

75% 23.63 2.12 

100% 25.63 9.09 
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Figure 4.1 Average values for metabolite integrals and monoexponential T2 and ADC over time 
during the degradation study.  

 
 

4.3.2 Monoexponential T2 Model 

Figure 4.2, shows that the T2 from the monoexponential fit (T2 mono) significantly 
decreased with increasing cell density (p<0.001, r=-0.87). However, T2 exhibited a 
biphasic relationship to cell density overall. We also evaluated the 50-100% samples 

(1.2108 – 3.6108 cells/ml) separately because they reflected densities that were 
more relevant for solid tumor and normal tissue [31, 62-63]. We refer to these as high 
density samples, and we refer to the 0-25% samples as low density samples. The T2 
rates for the high density samples were not significantly related to cell density 
(p=0.205, r=-0.47). The number of low density samples was too small to determine 
whether there was an association between T2 and cell density.  
 
 



 

33  

 

 
 
Figure 4.2 Monoexponential T2. 

4.3.3 Biexponential T2 Model 

Using the biexponential model, all samples had short and long components. In Figure 
4.3, both the short and long T2 from the biexponential model (T2 bi-short and T2 bi-long, 
respectively) significantly decreased with increasing cell density (p<0.001, r=-0.90 and 
p<0.001, r=-0.85).  
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Figure 4.3 Biexponential T2 components in cell density study (N=3 for each density). T2 values for 
a) short b) and long components. T2 fractions for c) short and d) long at different cell densities. 

 
The short fraction (fbi-short) significantly decreased with cell density (p=0.003, r=-0.72), 
while the long fraction (fbi-long) concomitantly increased with cell density (p=0.003, 
r=0.72). Again, the T2 exhibited a biphasic relationship to cell density overall, and the 
high density samples were evaluated separately. None of the biexponential T2 values 
or fractions for the high density samples was significantly related to cell density (Table 
4.2).  
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Table 4.2 Spearman’s correlation coefficients and p-values for T2 components compared to cell 
density for all fit methods. 

 

 
all  

samples  
high density 

samples 

  r p   r p 

T2mono -0.87* <0.001*   -0.47 0.205 

T2 bi-short -0.90* <0.001*  -0.60 0.088 

fbi-short -0.72* 0.003*   -0.45 0.224 

T2 bi-long -0.85* <0.001*  -0.50 0.171 

fbi-long 0.72* 0.003*   0.45 0.224 

T2NNLS-short 0.73* 0.016*  0.70* 0.036* 

fNNLS-short 0.71* 0.022*   0.60 0.088 

T2NNLS-med -0.63* 0.012*  0.23 0.545 

fNNLS-med -0.73* 0.002*   -0.60 0.088 

T2NNLS-long -0.55 0.066   -0.68 0.094 

fNNLS-long -0.45 0.144   0.21 0.645 

                           * indicates p≤0.05 

4.3.4 NNLS T2 Model 

When the NNLS model was used to analyze the water relaxation rates in the samples, 
three T2 components were identified and were labeled short (Figure 4.4 a and d), 
medium (Figure 4.4 b and e), and long (Figure 4.4 c and f). Since a variable number of 
components were fit using the NNLS model, not all component types were identified for 
all samples. For example, the 0% samples did not have a component identified as 
short.  
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Figure 4.4 T2 components in cell density study (N=3 for each density). T2 values for a) short, b) 
medium, and c) long components. T2 fractions for d) short, e) medium and f) long at different cell 
densities. 

 
Some, but not all, of the T2 components were related to cell density using the 
Spearman rank test (Table 4.2). In Figure 4.4 a and d, both the short component’s T2 
value (p=0.016, r=0.73, T2 NNLS-short) and signal fraction (p=0.022, r=0.71, fNNLS-short) 
significantly increased with cell density. Also, both the medium T2 (p=0.012, r=-0.63, T2 

NNLS-med) and fraction (p=0.002, r=-0.73, fNNLS-med) significantly decreased with 
increasing cell density. Even though there were negative trends, neither the long T2 
(p=0.066, r=-0.55, T2 NNLS-long) nor the long signal fraction (p=0.144, r=-0.45, fNNLS-long) 
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were significantly related to the cell density. Of all six parameters, T2 NNLS-short 

maintained significance (p=0.036, r=-0.70) for the high density samples.  
 

4.4 Discussion 

Cell-agarose suspension models were used to determine the effects of cell density on 
quantitative T2 values and fractions. While the cell–agarose samples were not perfect 
models of tumor tissue, they were used to investigate changes in extracellular and 
intracellular space due solely to cell density. The alterations in T2 of the cell-agarose 
samples could be directly attributed to cell density changes rather than other changes 
that accompany in vivo tumor growth such as vascularity or edema. This would not be 
possible with in vivo studies. We considered using an even simpler model consisting of 
beads in agarose, but a more realistic model with water inside cells contributing to the 
signal was needed.  
 
We conducted the degradation study to understand if the samples were changing 
during the hour it took to run both NMR sequences needed to measure the T2 and ADC 
values (the ADC study will be presented in Chapter 5). We wanted to ensure that the 
multiple T2 values that we measured were attributed to viable samples and not due to 
the deterioration of the cells. Metabolite peak areas, T2, and ADC data from the 
degradation study indicated that the samples were stable throughout the experiments. 
Consistent measurements were found for both samples over two hours. 
 
Turning to the model fits, T2 mono had a strong inverse relationship to cell density, 
consistent with our first hypothesis. However, T2 mono was not correlated to cell density 
for the high density samples. The relationship between monoexponential T2 and cell 
density has not been well established in the literature. In an in vivo study of prostate 
cancer, Gibbs et al. compared the T2 values to cell density quantified from whole 
mounted prostate sections. T2 was found to have an inverse relationship with cell 
density [60], which is consistent with our findings. Also Roth et al. measured T2 in a 
suspension of cells over time as they settled, and the cell density increased in the 
bottom of the sample tube. They found that monoexponential T2 decreased with time 
and increasing cell density [64]. However, Sugahara et al. compared T2-weighted 
signal intensities of gliomas to cell density and did not find a correlation between the 
pixel intensity from T2-weighted images and the cell density of human gliomas in vivo 
[12]. We found similar results for high density samples where there was no association 
seen between T2 mono and cell density.  
 
It is possible that the 96 ms TE used by Sugahara et al. prevented the detection of the 
longer T2 values (200-300 ms) that we found to decrease with increasing cell density. 
Regardless, based on our data from the high density samples, we do not expect that a 
monoexponential model of T2 would be correlated with cell density within a tumor due 
to the typically high cell densities found in tumors.  
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Biexponential results indicated that overall T2 bi-short and T2 bi-long both decreased with 
cell density and their fractions decreased and increased, respectively. We 
hypothesized that T2 bi-short was associated with intracellular signal and would not be 
correlated with cell density. However, T2 bi-short was negatively associated with cell 
density. The short component may not have behaved according to our expectations for 
a number of reasons. We expected the shortest T2 to reflect the constant volume of 
water in the intracellular space; however, it may also be influenced by the shape and 
size of the cells, which can alter the interaction of the spins. Another possibility is that 
the water exchange rates between the intracellular and extracellular compartments 
changed with cell density. We will explore these two possible scenarios further in 
Chapters 6 and 7. In either case, our assumption that the shortest biexponential T2 
relaxation rate solely represented the water content in the cells does not appear to be 
correct. Our assumptions about the short T2 fraction, fbi-short, also did not hold. It was 
expected to increase with cell density, since the intracellular space would make up an 
increasing portion of the sample. However it actually decreased with cell density, which 
was counter to the assertion that the shortest fraction represented the intracellular 
space. Again, the short biexponential component may not have solely represented the 
water content in the intracellular compartment, but instead may have been influenced 
by the exchange between compartments or structural features of the cells surrounding 
agar.  
 
The longest biexponential T2 value, T2 bi-long, did decrease with cell density as 
hypothesized; however, fbi-long did not follow our hypothesis and increased with cell 
density. The completely counterintuitive correlations to cell density for both fbi-short and 
fbi-long may have been due the biexponential short and long components not solely 
representing the water content in a particular compartment. Alterations in T2 relaxivity 
due to changes in the physical properties of either the agarose or the cells as well as 
the exchange of proton spins between the two compartments may have been 
ambiguously assigned into either the short or long exponential function. Thus, a 
biexponential function model may not accurately model the T2 relaxation properties of 
our samples.  
 
Overall, the NNLS model fit three components. We hypothesized that the shortest T2 
value, T2 NNLS-short, would not change with cell density. T2 NNLS-short increased with 
increasing cell density, which was not consistent with our hypothesis that there would 
be no relationship to cell density. However, Figure 4.4 shows that the slope of the 
trendline was shallow and the association found with the Spearman rank correlation 
was primarily driven by the small variance around the trendline. The statistical 
correlation did not cause us to believe that the location of the compartment was wrong 
because there was no short component fit for the agarose and it was not measureable 
until the cells were 50% of the sample. Susceptibility differences between cells and 
agarose was a possible explanation for T2 NNLS-short increasing with cell density. Cells 
suspended in the agarose could have caused susceptibility changes in the magnetic 
field. For example, when the cells composed a minority of the sample, then the 
dispersed cells would have a magnetic field with dispersed fluctuations as well. The 
magnetic field fluctuations led to the transverse signal dephasing faster and the T2 
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value being much shorter. When more cells were in the sample, the magnetic field 
fluctuations were likely closer together, which resulted in a more uniform field. The 
transverse signal would not have dephased as quickly leading to a longer T2 value. The 
histologic studies of the samples that we describe in Chapter 6 show that as the cell 
density increases the distances between cells decreases as does the heterogeneity of 
compartments where water can reside. We also hypothesized that fNNLS-short would be 
positively correlated with cell density. The f NNLS-short increased with increasing cell 
density, as we expected for the intracellular component.  
 
Also in line with our expectations, we observed strong negative trends between the cell 
density and both the T2 NNLS-long value and fraction; however, neither reached statistical 
significance. T2 NNLS-long was mainly observed in samples containing agarose and its 
value decreased as the amount of agarose in the sample decreased suggesting that it 
was associated with the extracellular space, consistent with our expectation. Thus, the 
shortest and longest NNLS components were more consistent with our hypothesis for 
biexponential components, than the shortest and longest components fit using the 
biexponential model.  
 
Interestingly, the behavior of the T2 NNLS-med component was also consistent with our 
hypothesis for the extracellular component. In fact, amongst T2 bi-long, T2 NNLS-long, and 
T2 NNLS-med, the latter was the most like our hypothesis. Both the value and the fraction 
significantly decreased with increasing cell density. Also of note, the T2 NNLS-med 

component was the only component fit for both the agarose-only (0%) and the 
cell-only (100%) samples. T2 NNLS-med was similarly valued in both instances, even 
though the two samples were quite different. Thus there appears to be distinct 
extracellular water compartments with similar T2 relaxation rates, one of which is 
associated with the agarose and the other with the cells. Chapter 6 presents histologic 
evidence that both the agarose and cells may indeed have more than one 
compartment.  
 
Interestingly, the T2 NNLS-med component had similar values to both the T2 bi-short and 
T2 bi-long components for 0% and 100% samples, respectively. These results suggest 
that biexponential T2 fits may not be consistently measuring the same physical 
compartments across all sample densities but instead may include the medium T2 
compartment associated with either the cells or the agarose in different instances. We 
compared the biexponential and NNLS components to identify where the NNLS 
medium component contributed to the biexponential fits. For the 0% samples, the 
T2 bi-short and T2 NNLS-med components (shaded yellow, Table 4.3) had similar values while 
the T2 bi-long and T2 NNLS-long components (shaded green, Table 4.3) were also similarly 
valued. For the 100% samples the T2 bi-short was instead similar to T2 NNLS-short (shaded 
yellow, Table 4.3). Also T2 bi-long was more comparable to T2 NNLS-med (shaded green, 
Table 4.3). It was as if the T2 bi-short component measured a mixture of T2 NNLS-med and 
T2 NNLS-short for 50% and 75% samples. A similar scenario may have been the case for 
T2 bi-long, which was consistently valued between T2 NNLS-long and T2 NNLS-med for 50% and 
75% samples (Table 4.3, shaded green). We did not see a consistent pattern with the 
25% samples. 
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Table 4.3 Mean ± standard deviation of T2 and fractions for each sample type (Same data in 
Figure 4.2, Figure 4.3, and Figure 4.4). Shaded T2 values and fractions show similarities amongst 
components fit with the biexponential and NNLS models. (T2 (ms), cell density (cells/ml)) 

 Cell Mono Bi NNLS 

Sample Density   short  long short  medium  long 

Type 
(x10

7
) 

T2 T2 f  T2 f T2  f  T2  f  T2  f 

0% 
0.00 
±0.00 

329 
±10 

268 
±6 

0.91 
±0.03 

 1433 
±592 

0.09 
±0.03 

   269 
±9 

0.91 
±0.03 

 1151 
±127 

0.10 
±0.01 

25% 
8.54 
±0.59 

290 
±12 

205 
±11 

0.77 
±0.14 

 716 
±282 

0.23 
±0.14 

95 0.06  217 
±6 

0.72 
±0.03 

 702 
±435 

0.19 
±0.08 

50% 
13.92 
±3.58 

209 
±16 

152 
±6 

0.80 
±0.06 

 431 
±82 

0.20 
±0.06 

83 
±8 

0.17 
±0.03 

 189 
±7 

0.75 
±0.02 

 631 
±101 

0.08 
±0.02 

75% 
23.63 
±2.12 

182 
±9 

134 
±6 

0.77 
±0.03 

 328 
±35 

0.23 
±0.03 

95 
±33 

0.34 
±0.26 

 195 
±37 

0.57 
±0.25 

 493 
±72 

0.07 
±0.03 

100% 
25.63 
±9.09 

170 
±17 

96 
±11 

0.40 
±0.03 

 207 
±21 

0.60 
±0.03 

109 
±18 

0.41 
±0.12 

 204 
±17 

0.51 
±0.07 

 315 0.10 

  

While T2 bi-short corresponded well with T2 NNLS-med for 0% samples, T2 bi-short had a value 
in between T2 NNLS-short and T2 NNLS-med for the 50% and 75% samples and then had very 
similar values to T2 NNLS-short for 100% samples (Table 4.3, shaded yellow). Because the 
NNLS model was able to fit a variable number of components rather than a fixed 
number, it may have been better able to separate the consistent water components 
amongst the different types of samples. 

4.5 Conclusion 

The effects of cell density on T2 were investigated using astrocytoma cells suspended 
in agarose at different densities. Multiple T2 components were identified even though 
our simple samples did not have large macroscopic physical differences. The 
monoexponential T2 behaved as expected and was negatively correlated with cell 
density. We did not identify biexponential model components that supported our 
hypotheses for the behavior of short and long components. Each of the biexponential 
components seemed to be a mixture of the compartments described by the NNLS 
model, which did produce components that were in accordance with our hypotheses. 
While the shortest NNLS fraction was positively correlated with cell density as we 
expected, the shortest NNLS value was not in accordance with our hypothesis. Since 
the fraction was in agreement with our hypothesis but the value was not, we were 
uncertain if the short NNLS component truly represented the intracellular compartment. 
We will further investigate the source of the short NNLS component in Chapter 6. The 
longest NNLS T2 and fraction had a negative trend associated with cell density, which 
was consistent with our hypothesis. Additionally, both the medium NNLS T2 and 
fraction had a negative correlation with cell density that reached statistical significance. 
While the long T2 component correlated with cell density as expected for the 
extracellular compartment, the medium T2 component’s correlations provided evidence 
that it also arose from the extracellular compartment. We will further analyze the 
medium NNLS component to better understand which physical compartment it 
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describes. The results lead us to conclude that the NNLS model components were 
associated with specific compartments of the cell density samples.  
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Chapter 5. ADC of Glioma Cell 
Suspensions 

5.1 Motivation 

Quantifying the ADC has emerged as a method for evaluating tumor and contrasting 
tumor from normal tissue. Because increased cell density is one of the hallmarks of 
tumor, the ADC of normal tissue is affected by the invasion of neoplastic cells and 
reduced extracellular space. Changes in cell density may affect the water in distinct 
tissue compartments differently. Evaluating the ADC using multiexponential models for 
discrete compartments could give more information about the status of the tissue that 
may not be apparent using a monoexponential measurement. Our in vitro studies 
investigated the correlation between cell density and ADC using the same samples of 
cells suspended in agarose discussed in Chapter 4. 

5.1.1 Goal 

The goal of this study was to investigate the relationship between individual ADC 
components identified with monoexponential, biexponential, and NNLS models and the 
cell density of the samples composed of cells suspended in agarose. 

5.1.2 Hypothesis 

Similar to the T2 study, hypotheses were formulated for the monoexponential and then 
the biexponential and NNLS models. Studies represent ADC either as a 
monoexponential value [60] or multiexponential values [41, 57, 65-66] for tissue. Our 
hypotheses for ADC were based on previous studies [59, 67] .  
 
We hypothesized that the monoexponential ADC would decrease with increasing cell 
density. Gibbs et al. found that ADC was negatively correlated with cell density [60]. 
LeBihan explained that for tissue “restricted” water was limited to movement inside of 
the cells, but another category of water was considered “hindered” because it was able 
to move through permeable barriers along a tortuous path (Figure 2.8) [30]. 
 
For the biexponential and NNLS models we hypothesized that the slowest ADC would 
be associated with the intracellular compartment and the fastest ADC would be 
associated with the extracellular compartment. Performing MR on a single neuron, 
Schoeniger et al. found ADCs for the cytoplasm, nucleus, and extracellular water [59]. 
The cytoplasm had the slowest ADC and the extracellular water had the fastest ADC. 
Sehy et al. studied frog oocytes using MR microscopy and had similar results [67].  
 
For the biexponential and NNLS models, we hypothesized that the slowest ADC would 
not change with cell density because the intracellular space is composed of many 
discrete volumes of about the same size. Although the overall volume of intracellular 
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space increases with cell density, the amount of space for water to diffuse through is 
the same no matter how many cells are in the sample. Because the cells would occupy 
more space in the samples as the cell density increases, we hypothesized that the 
fraction associated with the slowest ADC should increase with cell density.  
 
As the number of cells in the sample increases, the extracellular space would decrease 
and water molecules would have less room to move. Therefore, we hypothesized that 
the fastest ADC should decrease as the cell density increases. Additionally, we 
hypothesized that less water in the extracellular space would result in a smaller fraction 
associated with the fastest ADC.  
 
ADC Hypothesis Outline 

 Monoexponential model 
o The ADC is negatively correlated to cell density. 

 Biexponential and NNLS models 
o slowest ADC 

  It represents water in the intracellular space.  
 The value does not change with cell density. 
 The associated fraction is positively correlated with cell density. 

o fastest ADC 
 It represents water in the extracellular space. 
 The value is negatively correlated with cell density. 
 The associated fraction is negatively correlated with cell density. 

o Other ADCs may be fit as well for the NNLS model. 
 
First, the ADC components quantified from our simplified cell density samples are 
presented. Then, we present the correlation between ADC components and cell 
density. Furthermore, the T2 components from Chapter 4 are discussed in association 
with the ADC components in this chapter.  

5.2 Methods 

Cells were grown and samples were constructed according to the general methods 
outlined in Chapter 3. ADC data were acquired using a diffusion-weighted STEAM 
sequence with TR =7 s, TE=6 ms, and 32 linearly spaced b-values. For 0% samples 
the b-values linearly ranged from 10-1095 s/mm2, for 25% samples the b-values 
ranged from 10-2800 s/mm2, and for 50-100% samples the b-values ranged from 
10-9000 s/mm2 in the z-direction. Data analysis was also conducted according to 
Chapter 3.  

5.3 Results 

Cell densities for each sample type were the same as reported for T2 samples in Table 
4.1 
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5.3.1 Monoexponential ADC Model 

The monoexponential ADC (ADCmono) significantly decreased with increasing cell 
density (p<0.001, r=-0.93, Figure 5.1). Again, we performed regression analysis on the 
high density samples (50%-100%) because the data was biphasic. In contrast to the T2 
findings for the high density samples, ADCmono was significantly related to cell density 
(p=0.016, r=-0.77). Although the ADCmono trend line had a relatively shallow slope, 
ADCmono consistently decreased with increasing cell density and had a very small 
variance, resulting in a significant association. 
 

 
Figure 5.1 Monoexponential ADC values. 

5.3.2 Biexponential ADC Model 

The biexponential model identified slow (Figure 5.2 a and c) and fast (Figure 5.2 b and 
d) ADC components for the 25-100% samples. For the 0% samples, the biexponential 
model identified only a slow component for only one of the three 0% samples. The 
biexponential model failed to identify any components for the other two 0% samples.  
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Figure 5.2 Biexponential ADC components (N=3 for each density). ADC values for a) short and b) 
long components. ADC fractions for c) slow and d) fast at different cell densities. 

 
Table 5.1 shows that both the slow (ADCbi-slow) and fast (ADCbi-fast) ADCs significantly 
decrease with increasing cell density (p=0.024, r=-0.62 and p=0.003, r=-0.77, 
respectively). However, neither the slow fraction (fbi-slow) nor the fast fraction (fbi-fast) was 
correlated with cell density (p=0.734, r=0.10 and p=0.191, r=-0.41, respectively). Again, 
we evaluated the correlations for just the high density samples. While none of the 
parameters significantly correlated, both fbi-slow had a positive trend and fbi-fast had a 
negative trend with cell density (p=0.067, r=0.63 and p=0.067, r=-0.63, respectively).  
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Table 5.1 Spearman’s correlation coefficients and p-values for ADC NNLS components compared 
to cell density. 

 all samples  
high density 

samples 

  r p   r p 

ADCmono -0.93* >0.001*   -0.77* 0.016* 

ADCbi-slow -0.62* 0.024*   0.08 0.831 

fbi-slow 0.10 0.734   0.63 0.067 

ADCbi-fast -0.77* 0.003*  -0.52 0.154 

fbi-fast -0.41 0.191   -0.63 0.067 

ADCNNLS-slow 0.15 0.700  0.15 0.700 

fNNLS-slow 0.50 0.171   0.50 0.171 

ADCNNLS-int 0.13 0.709  0.64 0.086 

fNNLS-int -0.51 0.110   -0.19 0.651 

ADCNNLS-fast 0.23 0.446   0.67 0.071 

fNNLS-fast -0.77* 0.002*   -0.71* 0.047* 

                                  * indicates p≤0.05  

5.3.3 NNLS ADC Model 

Like T2, the NNLS model of the diffusion data identified three components overall: slow 
(Figure 5.3 a and d), intermediate (Figure 5.3 b and e), and fast (Figure 5.3 c and f). 
Again, similar to T2, not all components were identified for all samples when using the 
NNLS model. For example, the 0% samples only had a fast component identified.  
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Figure 5.3 NNLS ADC components (N=3 for each density). ADC values for a) slow, 
b) intermediate, and c) fast components. ADC fractions for d) slow, e) intermediate and f) fast at 
different cell densities. 

 
Regression analysis was performed on the individual diffusion components. The 
correlation coefficients (r) and p-values are shown in Table 5.1. None of the ADC 
values were statistically correlated with cell density (ADCNNLS-slow: p=0.700, r=0.15; 
ADCNNLS-int: p=0.709, r=0.13; ADCNNLS-fast: p=0.446, r=0.23). However, ADCNNLS-int and 
ADCNNLS-fast did have a positive trend with cell density for high density samples. For the 
signal fractions, fNNLS-slow (p=0.171, r=0.50) and fNNLS-int (p=0.110, r=-0.51) were not 
associated with cell density. However in Figure 5.3 e, the fNNLS-fast was negatively 
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correlated with cell density overall (p=0.002, r=-0.77) and remained statistically 
significant (p=0.047, r=-0.71) for high density samples. 

5.4 Discussion 

For the ADC analysis, the samples that were evaluated in Chapter 4 (T2) were also 
evaluated in this chapter. We hypothesized that ADCmono would be inversely related to 
cell density. We found that ADCmono was negatively correlated to cell density among all 
samples as well as the high density samples, which was consistent with our 
hypothesis. Studies have found an in vivo inverse correlation between 
monoexponential ADC and cell density [12, 68] while others have not found a 
relationship to cell density [69] or tumor grade [70]. It is possible that the diffusion 
patterns within tumor are complex and a direct relationship between monoexponential 
ADC and cell density could be difficult to extract in vivo. Our study in just a simple 
sample of cells in agarose allowed us to directly address the question of which 
parameter was more sensitive to changes in cell density only. Interpreting our results 
with LeBihan’s hindered and restricted water descriptions for tissue; we reasoned that 
as more cells were introduced into the agarose, a larger fraction of water was restricted 
to inside the cells rather than outside. Additionally, the amount of space for water to 
move freely in the extracellular environment was hindered by more cell membranes, 
leading to a reduction of ADCmono.  
 
For the biexponential model, ADCbi-slow was hypothesized to be representative of the 
intracellular space and therefore should not have been correlated with cell density. The 
fraction, fbi-slow, was hypothesized to be positively correlated with cell density. Overall, 
ADCbi-slow was negatively correlated with cell density; however, for the high density 
samples ADCbi-slow was not correlated with cell density. Although the associated 
fraction, fbi-slow, was not positively correlated with cell density as we hypothesized, a 
positive trend (r=0.63) with cell density was observed for high density samples. The 
slow component of the high density samples, therefore, was most consistent with our 
hypotheses 
 
We hypothesized that ADCbi-fast would be representative of the extracellular space and 
negatively correlated with cell density. We also expected the fastest fraction to be 
negatively correlated with cell density if it represented the extracellular space. ADCbi-fast 

was negatively correlated to cell density as we expected; however, fbi-fast was not 
correlated with cell density. Among the high density samples, both ADCbi-fast and fbi-fast 

exhibited negative trends with cell density. Thus the fast component of the high density 
samples was most consistent with our hypothesis. Taken together these results 
suggest that the biexponential modeling may be useful for interrogating the intracellular 
and extracellular compartments of high density samples such as normal brain and 
tumor tissue. However, biexponential models may not be as accurate for less dense 
samples such as cells in suspension.  
 
Additionally, we noted that the biexponential analysis failed on two of the three 0% 
samples (agarose-only). In the third sample, only one value was found. In fact, both the 
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monoexponential and NNLS methods fit the exact same singular fast ADC value for the 
0% samples. This was evidence that the agarose only had one diffusion water 
compartment that could be detected and the fast ADC component was extracellular.  
 
We then analyzed the NNLS data, a second multiexponential model, to see if other 
components could be fit. Three NNLS components were identified. We hypothesized 
that the ADCNNLS-slow value would be representative of the intracellular space and not 
correlated with cell density. Also, we hypothesized that the fraction should be positively 
correlated with cell density. As we hypothesized, the ADCNNLS-slow value did not 
significantly change with cell density. The fNNLS-slow had a positive trend with increasing 
cell density as we hypothesized, although not significantly.  
 
We expected the fast NNLS component to represent the extracellular space, and both 
its value and fraction to have been negatively correlated with cell density. It was the 
only ADC NNLS component observed in the agarose-only (0%) samples, consistent 
with what we expected for the extracellular compartment. The ADCNNLS-fast did not have 
the expected correlation with cell density, although, fNNLS-fast was negatively correlated 
as we hypothesized. In fact, fNNLS-fast maintained statistical significance when only high 
density samples were considered. These results suggest that our initial hypothesis 
regarding the negative relationship between cell density and the ADC of the 
extracellular compartment may have been incorrect. Our findings suggest that the 
extracellular compartment may have a characteristic ADC that is not associated with 
cell density analogous to what was hypothesized and observed for the intracellular 
compartment.  
 
We did not propose a hypothesis for components other than the fastest and slowest 
components, but we examined the behavior of the ADCNNLS-int component to determine 
if it was intracellular or extracellular. The ADCNNLS-int was fit beginning with the 25% 
samples, suggesting that it may have been associated with the cells. As hypothesized 
for the intracellular component, the ADCNNLS-int was not correlated overall or for the high 
density samples. However, its fraction (fNNLS-int) had a negative trend with cell density 
which was more consistent with the hypothesis for the extracellular compartment. In 
trying to rationalize these seemingly contradictory observations, we returned to our 
previous premise about the compartments having a characteristic ADC value that did 
not change with cell density. If there was a characteristic value for the compartment 
giving rise to the intermediate ADC component, then the negative trending fraction 
observed was suggestive of the intermediate component having been extracellular. 
Yet, it only was fit when cells were present. Therefore the intermediate component may 
have been representing water at the cell-agarose boundary. Cells in the agarose may 
have been enveloped by a water compartment that separated cells from the agarose. 
When there were more cells than agarose, then this fraction may have decreased as 
more cells took up space. In Chapter 6, we performed histological analysis of the 
samples to see whether such a compartment could be visualized 
 
In the literature, ADC components have been assigned to different compartments in 
tissue, but some uncertainty still exists. Typically, the faster ADC component was 
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associated with the extracellular space due to its value likely representing hindered 
water, and the slower ADC component was assumed to be associated with the 
restricted water of the intracellular space. However, previous studies have noted that 
the fast and slow ADC biexponential signal fractions are inconsistent with extracellular 
and intracellular volume fractions in tissue, respectively. Because the extracellular 
space makes up to 20% of the brain’s total volume [71], it is expected that the fastest 
fraction would similarly compose a minority of the total signal. In some studies, the 
fastest ADC fraction has been found to be larger than the slowest ADC fraction [44, 
72], which was counter to the idea that the fast ADC represented the brain’s 
extracellular space. For example, Mulkern et al. studied biexponential ADC in human 
brain and found a fast ADC fraction of 0.74 and a slow ADC fraction of 0.26 [16]. In our 
study, the 75% samples should have a similar extracellular space as normal brain, 
since 25% of the volume was comprised of agarose. For the 75% samples, fbi-fast was 
larger than fbi-slow, but fNNLS-fast was consistently smaller than fNNLS-slow. Thus the NNLS 
fractions more closely represented the volumes extracellular and intracellular spaces 
than the biexponential fractions.  
 
Our NNLS and biexponential results could be used to interpret previously published 
data. For example, Sugahara et al. compared histological cell density to in vivo 
monoexponential ADC. The ADC reduction found with increased cell density by 
Sugahara et al. was most likely due to the reduction of the extracellular space, which in 
our study was probably reflected as the reduction in the fbi-fast or fNNLS-fast [12]. Although 
monoexponential ADC analysis was useful, the multicomponent analysis allowed us to 
pinpoint the extracellular component as the main contributor to the overall correlation.  

5.5 Conclusion 

The effects of cell density on ADC were explored using cells suspended in agarose at 
different densities. Monoexponential ADC was consistent with our hypothesis that it 
would decrease with increasing cell density. Furthermore, the monoexponential ADC 
was significantly correlated for the high density samples. Multiple ADC components 
were identified using biexponential and NNLS models even though our simple samples 
did not have large macroscopic physical differences. The ADC biexponential 
components did not follow our hypotheses in general. For the NNLS model, the slow 
component corresponded with our hypotheses and most likely arose from the 
intracellular compartment. The fast NNLS fraction was significantly negatively 
correlated to cell density, for even the high density samples. However, the fast NNLS 
value did not correlate with cell density as expected. Therefore, we were uncertain if 
the fast component truly represented the extracellular space or, alternatively, whether 
the ADC of the extracellular space should decrease with cell density as we originally 
conjectured. The intermediate NNLS component had similar correlations (behavior) as 
the fast component and likely represented a similar water component. The origins of 
the NNLS components are further explored in Chapter 6.  
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Chapter 6. Identifying the Source of 
Multiple T2 and ADC Components 

6.1  Motivation 

From the T2 and ADC studies in Chapters 4 and 5, respectively, we identified 6 NNLS 
components. The NNLS components were chosen to further study because the NNLS 
model was better able to separate consistent components amongst the various types 
of samples. Two of the components, long T2 and slow ADC, conformed to our 
hypotheses, while two others, short T2 and fast ADC, were not fully in agreement with 
the hypotheses. Because the long T2 and slow ADC components matched our 
hypotheses for both value and fraction, we believed they arose from the extracellular 
and intracellular compartments in the samples, respectively. The short T2 and fast ADC 
both had fractions that correlated with cell density as we expected, however neither of 
their values exhibited the expected behavior. We initially hypothesized that the short T2 
would be constant and that the fast ADC would decrease with increasing cell density. 
However, the short T2 increased and the fast ADC did not change in any consistent 
manner with increasing cell density, respectively.  
 
Additionally, two components, medium T2 and intermediate ADC, were fit by the model 
but were not specifically hypothesized. There were two distinct but similarly valued 
medium T2 components identified, one in the agarose-only samples and on in the 
cell-only samples. The medium T2 component’s correlations with cell density were 
similar to those for the long T2 component. Analogously, the intermediate ADC 
component’s correlations with cell density were similar to those for the fast ADC 
component. Both of these observations suggest that the medium T2 and intermediate 
ADC were extracellular. The additional observations that a medium T2 component and 
an intermediate ADC component were observed in the 100% cells sample suggests 
that they originate from a water compartment outside of, but adjacent to, the cell 
surface. In this chapter, we performed studies to further investigate the source of the T2 

and ADC components identified in Chapters 4 and 5.  
 
To identify the source of multiple T2 and ADC components, we conducted two studies. 
In the first study, we made additional 100% (cell-only) samples with a gadolinium 
chelate added to preferentially shorten the T2 relaxation rate in the extracellular space. 
The individual T2 components were compared between samples with and without the 
contrast agent. Gadolinium chelates are well known contrast agents and are used to 
shorten T1 and alter visual contrast on images. Gadolinium diethylenetriamine 
penta-acetic acid (Gd-DTPA), used in this study, is capable of shortening both T1 and 
T2 [73-74]. Previous papers have shown that the MR properties of physical water 
compartments can be manipulated using Gd-DTPA, and the changes then be reflected 
in one or more of the MR components [17]. Because the Gd-DTPA, complex was large, 
it was expected to remain extracellular and affect MR components that are associated 
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with the extracellular space [73]. Since the shortened T2 affected the overall signal, we 
also monitored the ADC components.  
 
In the second study, we stained representative sections of four sample types 
(25%-100% cells) with hematoxylin and eosin (H&E) to confirm the presence of the 
cells in agarose. We also noted the micro-structural characteristics of the samples. 
 

6.1.1 Goal 

The goal of these studies was to identify the physical water compartments associated 
with the T2 and ADC components detailed in Chapters 4 and 5.  

6.1.2 Hypotheses 

The short T2 component was not definitively associated with a particular physical 
compartment in Chapter 4. Since fNNLS short did correlate with cell density as we 
hypothesized for the intracellular compartment in Chapter 4, we hypothesized that the 
short component arose from the intracellular space and T2 NNLS-short would not be 
significantly affected when the cells were washed in Gd-DTPA. The medium T2 
component was not a hypothesized component from Chapter 4, but it’s correlation with 
cell density was similar to what we expected for a component associated with the 
extracellular compartment. Therefore we also hypothesized that the medium 
component originated from the extracellular space and T2 NNLS-med would be shortened 
by the presence of Gd-DTPA. The long T2 component was considered extracellular 
from Chapter 4. Additionally, the long T2 component was not fit for 100% cell samples; 
therefore, a hypothesis was not formulated for this component.  
 
In Chapter 5, the slow ADC was considered intracellular. For the Gd-DTPA study, we 
hypothesized that the slow ADC component originated from the intracellular space and 
the value would not be affected by the addition of contrast agent. The intermediate and 
fast ADC components were not definitively associated with a particular physical 
compartment; however, the fNNLS-int had a negative trend with increasing cell density, 
and fNNLS-fast was negatively correlated with cell density. Therefore we hypothesized 
that the intermediate and fast components were associated with the extracellular 
space, and their values would decrease or not be measurable for samples washed with 
Gd-DTPA.  

6.2 Methods 

6.2.1 Cell Culture  

Cells were grown and samples according to the general methods outlined in Chapter 3.  
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6.2.2 Gadolinium Concentration Samples 

After being harvested, genetically engineered astrocytoma cells were resuspended in 
0.2 mM Gd-DTPA (Magnevist, Bayer, Leverkusen, Germany) solution diluted with 
D2O/PBS. Since the Gd-DTPA was a hypertonic solution, the 0.2 mM Gd-DTPA 
concentration was chosen so that the T2 could be shortened while maintaining the 
tonicity of the D2O/OPBS solution. TSP was added to provide a reference peak in the 
spectra. The cells were then centrifuged into a pellet and the remaining supernatant 
was aspirated. The cells were finally transferred to bottomless 5 mm NMR tubes and 
held in place with susceptibility matched plugs (NewEra, Vineland, NJ, USA). Three 
samples were made. Samples in this study described as being 0 mM Gd-DTPA were 
the same as the 100% cell samples in Chapters 4 and 5.  

6.2.3 NMR 

T2 and ADC data were collected according to the methods detailed in Chapter 3. After 
several runs, we were unable to collect reliable ADC data due to the failure of the 
gradients. We were able to collect ADC data for one sample with 0.2 mM Gd-DTPA.  

6.2.4 Analysis 

Data analysis was also conducted according to Chapter 3. The Wilcoxon rank sum test 
was used to determine significance using p≤0.05. Statistics were not calculated for 
ADC, because diffusion data was collected for only one 0.2 mM sample.  

6.2.5 Histology 

NMR samples were preserved as specified in Chapter 3 for histological analysis. One 
sample for each type was cut, mounted on a slide, and stained with hematoxylin and 
eosin (H&E). Representative color images were captured for each stained slide.  

6.3 Results 

6.3.1 T2 

To determine the origin of T2 components that could be detected in the 100% cell 
samples, we measured the T2 of cell samples (no agarose) washed in D2O/PBS with 
and without Gd-DTPA. Overall, the T2 NNLS-short and the T2 NNLS-med components were fit 
as shown in Figure 6.1. T2 NNLS-short (Figure 6.1a) for the cell samples with and without 
contrast agent averaged 107±12 ms and 117±7 ms, respectively, and were not 
statistically different (p=0.22), as we hypothesized.  
 
T2 NNLS-med and fNNLS-med for 0 mM samples were 202±14 and 0.50±0.06, respectively. 
Only the T2 NNLS-short component was fit for the 0.2 mM sample, therefore medium 
component statistics were not calculated. The significant increase of fNNLS-short taken 
together with the complete disappearance of the T2 NNLS-med component when the 
Gd-DTPA concentration was increased to 0.2 mM suggested that the T2NNLS-short arose 
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from the interior of the cells and that the T2 NNLS-med component arose from the exterior 
of the cells. 

 
Figure 6.1 NNLS T2s for samples with and without Gd-DTPA. (Shown with one standard deviation, 
* p≤0.05). 

6.3.2 ADC 

We were only able to obtain one set of ADC measurements from cell doped with 
0.2 mM Gd-DTPA due to technical difficulties; we therefore compared that single 
observation with the mean and standard deviation of the three 0 mM samples. Three 
NNLS ADC components were fit for both Gd-DTPA concentrations (Figure 6.2 a). For 
ADCNNLS-slow, the 0.2 mM sample had a lower ADC than any of the 0 mM samples; 
however ADCNNLS-slow for the 0.2 mM sample was within one standard deviation of the 
mean for the 0 mM samples. For both ADCNNLS-int and ADCNNLS-fast, the 0.2 mM 
sample’s ADC was closer to two standard deviations less than the mean of the 0 mM 
samples. These results suggest that the intermediate and long components were more 
affected by the Gd-DTPA than the slow component.  
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Figure 6.2 a) NNLS T2 values for samples with and without Gd-DTPA. (Shown with one standard 
deviation). 

6.3.3 Histology 

Cell-agarose samples were sectioned and stained with H&E. Hematoxylin stained 
nuclei blue and eosin stained cytoplasm pink (Figure 6.3). Generally, the cells 
absorbed more stain than the agarose.  
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Figure 6.3 H&E images for a) 25%, b) 50%, c) 75%, and d) 100% samples. 

6.3.3.1 Histologic support of NNLS components in agarose-only samples 

Macroscopically, the agarose gelatin appeared to be uniform; however, microscopic 
examination revealed that the agarose had two distinct compartments. Figure 6.3a, 
shows that the agarose had regions of a non-staining void (short black arrow) and 
other regions of light pink stained structure (long black arrow) that enveloped the cells. 
The difference in staining suggests that the distribution and mobility of water in each 
region may also have been different and may explain why there were two T2 
components for the agarose-only (0% cells) samples. On average, the long T2 
component (~1100 ms) constituted 10% of the signal and the medium T2 component 
(~270 ms) constituted 90% of the signal, suggesting that the voids only comprised a 
minor portion of the agarose during the NMR experiment. The size and/or number of 
voids may have increased during the sample preparation for histology, resulting in the 
apparently large proportion of voids shown in Figure 6.3a. It is also possible that our 
limited range of TEs (10-1270 ms) prevented us from accurately quantifying the signal 
fraction contributed by the voids in the agar. Regardless, the stained samples confirm 
that there existed two separate compartments in agarose where water can reside.  
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In contrast to the T2 results, there was only one ADC component associated with the 
agarose. The ADC of the agarose was very fast (~1500 mm2/s) and most likely 
represented a weighted-average of the ADC of the structural part of the agarose and 
the voids, which we were not able to distinguish with the b-value intervals that we used 
in our experiments. This suggests that diffusive properties of the two compartments, 
i.e. the ability of the spins to undergo translational movement, were similar although the 
relaxation properties, i.e. the tendency for the spins to lose phase coherence, were 
different.  

6.3.3.2 Histologic support of NNLS components in cell-only samples 

The cell-only sample (Figure 6.3 d) shows cell nuclei (blue stain), cytoplasm (bright 
pink stain), eosinophilic extracellular region (yellow arrow), and small voids that likely 
contained D2O-PBS during the NMR experiments (green arrow). All are water 
compartments that may have produced the components identified with the NNLS 
model. Two T2 components (short and medium) were identified for the cells and the 
Gd-DTPA studies presented above suggest that only the short T2 component arose 
from inside of the cells. Thus the medium T2 component arose from either the 
extracellular eosinophilic regions, the bulk voids, or a combination of both.  
 
Three ADC components were identified in the cell-only samples when we analyzed the 
data with NNLS. The slow component exhibited the expected behavior with respect to 
cell density as we hypothesized for an intracellular component. Although the Gd-DTPA 
study was not definitive for ADC due to technical issues, the slow ADC component was 
not significantly affected by the presence of Gd-DTPA, further supporting the notion 
that it arose from an intracellular compartment. Both the intermediate and fast ADC 
components had characteristic ranges of values that were not related to the density of 
cells in the samples. Both of their fractions decreased with increasing cell density, 
particularly among the high density samples, and Gd-DTPA had a more pronounced 
extracellular. Figure 6.3 d shows that there are indeed two extracellular regions that 
have different structural properties and volumes which may have produced the 
intermediate and fast components. As eosin primarily stains protein, the eosinophilic 
region is more likely to have hindered diffusion properties than the small unstained 
voids, which have fewer boundaries to hinder the movement of water. Thus it is likely 
that the intermediate ADC component arose from the eosinophilic regions and that the 
fast component arose from the voids.  

6.3.3.3 Histologic support of the associations between T2 components and cell 
density 

The images in Figure 6.3 provide support for the relationships between cell density and 
the T2 components identified with the NNLS model. The short T2 component was first 
detected in the 50% sample and increased with the increasing cell density contrary to 
our hypothesis that it would remain constant. We proposed a theory on page 37 that as 
cells were added to the sample, the magnetic field fluctuations at the cell-agarose 
interface became closer (in space) and averaged together, resulting in a more uniform 
magnetic field throughout the sample. The more uniform the magnetic field, the less 
dephasing of the spins, and the longer the T2 relaxation time. Figure 6.3 does indeed 
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show that the cells become closer together and the difference between the cell 
membrane and agarose is less apparent. Although this does not directly prove that the 
magnetic field within the sample also becomes more uniform, it does lend credence to 
our theory.  
 
There was a medium T2 component associated with both the cells and the agarose. 
We have already discussed the likelihood the medium T2 component of the agarose 
arose from the more structural pink-stained regions. We have also discussed the 
likelihood that the medium T2 component of the cells arose from the eosinophilic 
regions and/or non-stained voids outside of the cells. Figure 6.3 a-d shows that the 
surface area of all three regions decreases as cells are added to the sample, which 
increases the chance of spins in those regions interacting and losing phase coherence 
at a more rapid rate. Again, this conjecture does not prove that the spins behave in 
such a manner but provides support that our findings with the NNLS model are 
reasonable. Further, this does not contradict our theory that the magnetic field 
throughout the sample is becoming more uniform resulting in an overall lengthening of 
relaxation times. Instead it suggests that restricting spins to smaller regions so 
profoundly increases the probability of spin interaction and dephasing that it shortens 
the relaxation rate in the face of the more uniform magnetic field.  
 
The long T2 component decreased with increasing cell density and was not consistently 
measured in the cell-only samples. We earlier conjectured that the long T2 component 
arose from the voids in the agar. Figure 6.3 shows that the surface area of the voids 
decreases with increasing cell density which may have resulted in decreased phase 
coherence and shorter T2 rates as we described for the medium T2 component. 

6.3.3.4 Histologic support of the associations between ADC components and cell 
density 

Figure 6.3 provides clues as to the sources of the ADC components when we consider 
the changes in the physical compartments that occur with increased cell density. The 
slow ADC component did not appear until the 50% sample, which provided strong 
evidence that it was a compartment associated with the cells. The slow ADC did not 
change with cell density, consistent with our hypothesis. Figure 6.3 shows that the size 
of the cell nuclei does not change substantially as the cell density increases (white 
arrows).  
 
The intermediate ADC component was not apparent until the 25% sample suggesting 
that it was associated with the cells. The ADC did not change with increasing cell 
density – as hypothesized for an intracellular component – but the fraction decreased 
with cell density - as hypothesized for an extracellular component. In Chapter 5, we 
speculated about the existence of a water compartment at the cell-agarose interface 
that had a characteristic ADC that was not related to the number of cells in the sample. 
Figure 6.3 a shows that in the 25% sample, the structural part of the agarose envelops 
cell clusters forming additional boundaries that could have hindered the translational 
movement of spins in the agarose (both the voids and the structural components). 
Thus, in the 25% cell sample, the intermediate ADC component may have represented 
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the fraction of water in the agarose whose movement became hindered with the 
addition of the cells. In other words, although the presence of cells and their 
conformation within the agarose created the hindered environment, we purported that 
the spins contributing to the intermediate T2 component actually resided in the agarose 
only, and not in the cells.  
 
As cells were added to the sample (Figure 6.3 b and c), we began to see extracellular 
eosinophilic regions that may have either been the structural part of the agarose or 
proteinaceous matter that had leached from the cells. Diffusion in such regions would 
vary depending on the viscosity of the environment, the distance that a spin can travel 
before encountering a boundary, discontinuity, etc., but it would likely be slower than 
unbounded water. Similarly, the diffusion of the unbound water, the unstained voids 
within the sample, would take on a range of values based primarily on the size of the 
void (i.e. restricted diffusion) but it would always be faster than the bound water. These 
observations help to explain the widely varying but characteristic ADC values that we 
measured for the intermediate and fast ADC components (Figure 6.3 b and d). 

6.4 Discussion 

The Gd-DTPA contrast agent clearly affected the T2 measurements. The short T2 

component remained for 0.2 mM Gd-DTPA samples, as was hypothesized. T2 NNLS-short 

did not change between the 0 and 0.2 mM samples. We hypothesized in Chapter 4 that 
the short component was intracellular, however the unexpected positive correlation 
between T2 NNLS-short and cell density left this in question. Because the short component 
remained as hypothesized, it was considered intracellular. The medium T2 component 
was not fit for samples washed in 0.2 mM Gd-DTPA, which was consistent with our 
hypothesis. The Gd-DTPA in the extracellular compartment shortened the medium T2 
component so that it was no longer detectable; therefore, the medium T2 component 
was considered extracellular.  
 
The changes to ADC with the addition of Gd-DTPA were not as clear. While every ADC 
value in the 0.2 mM sample was less than the corresponding averaged ADC value in 
the 0 mM samples, the changes were not as dramatic as with T2 and none of the ADC 
components ‘disappeared’ for the sample with Gd-DTPA (Figure 6.2). Although 
Gd-DTPA shortens the T2, the ADC components were not similarly changed. As we 
hypothesized, the slow ADC value for the 0.2 mM Gd-DTPA sample was similar to the 
0 mM Gd-DTPA samples’ mean and did was within one standard deviation. However, 
we expected the hypothesized extracellular components, intermediate and fast ADC, to 
differ greatly between samples with and without the contrast agent. Silva et al. 
observed a change in T1 when adding Gd-DTPA to samples of yeast cells, however no 
change was noted in the diffusion values [17]. Because of the relationship between T2 
and ADC, we did expect that if T2 disappeared from the extracellular compartment and 
was no longer measurable, then the ADC should not be measurable as well. We 
deduced that the extracellular T2 did not completely disappear, but was shortened to a 
range that was similar to the intracellular short T2, leaving only one component to be fit. 
Then the signal in the extracellular space would still exist. Thus, all the ADC values 
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were still being measured. A major limitation was that we were only able to gather ADC 
data from one sample.  
 
The stained structures on histological images may have been related to the samples’ 
MR properties. From the Gd-DTPA studies and T2 data in Chapter 4, we found that the 
short T2 component likely arose from the intracellular space. We found that the short T2 

value increased with cell density, which was likely due to a more uniform magnetic field 
that resulted from the cells being closer together. The histology supported that the 
higher density samples were more uniform and the cells were closer together. We also 
found that the medium T2 component was both associated with the agarose and the 
extracellular space. The medium T2 component was likely associated with the pink 
stained structure of the agarose, the extracellular eosinophilic regions, and/or bulk 
voids. Due to its value, the long T2 component was likely associated with the 
non-staining voids, which may have changed size during the histological preparation.  
 
For ADC, the slow component was found to be intracellular and neither the slow ADC 
nor the slow ADC fraction correlated with cell density. We did not note a substantial 
change in the cells sizes, which agreed with the lack of correlation with cell density for 
the slow component. The intermediate ADC component inversely correlated with cell 
density and may have arisen from water being hindered due to the presence of cells. 
From Chapter 5, we found that only the fast component was associated with agarose, 
despite the structure found on histology. The properties of the structure and the voids 
in the agarose each had a different affect on the phase coherence of water, but had 
similar diffusive properties. When both cells and agarose were in the sample, then the 
fast component likely arose from extracellular proteinaceous matter from the cells that 
had varying viscosities when they mixed with agarose and other extracellular liquids. 
The varying viscosities would explain why the fast component’s ADC and signal 
fraction varied widely amongst the samples. The ADC may have been much more 
sensitive to the microstructure within the sample than the T2, which would explain why 
it was not as easy to assign a particular region in the sample to a particular component. 
Unfortunately, we were not able to obtain additional evidence regarding the source of 
the ADC components from the histology or the Gd-DTPA experiments.  
 
To better understand the association between multiple NNLS T2 and ADC components, 
we compared the components based on the compartments they represented. Based 
on the results of this chapter, as well as Chapters 4 and 5, we rationalized that the 
components with the lower T2 and ADC values were intracellular, and the components 
with higher values were extracellular.  

6.5 Conclusion 

The physical compartments in the 100% cell samples were isolated using a gadolinium 
contrast agent added to the extracellular space. The T2 and ADC NNLS components 
were analyzed for samples with and without the Gd-DTPA contrast agent. The short T2 
component was considered to be intracellular, while the medium and long T2 
components were deemed to be extracellular. Additionally, separation of the medium 
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and long T2 components may have been a function of the extracellular agarose 
structure. The slow ADC component was considered to be intracellular based on our 
analysis. While the intermediate and fast ADC components were not greatly affected, 
they did decrease and were likely affected by the signal reduction in the extracellular 
space.  
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Chapter 7. Modeling Multiexponential T2 
and ADC components 

7.1 Motivation 

In this chapter, we proposed models to determine the exchange behavior of the 
medium T2 and fast ADC components. Three T2 and three ADC components were fit in 
Chapters 4 and 5, respectively. We were able to deduce some of the components’ 
association with a compartment based on their correlations with cell density. However, 
we had other components that were not so easy to assign to a physical compartment. 
In Chapter 6, we added a gadolinium contrast agent to the extracellular space to 
shorten the transverse relaxation time and to help assign T2 and ADC components to 
physical compartments in the cell samples (Figure 7.1). The medium T2 and fast ADC 
components were fit for both the agarose-only (0%) and cell-only (100%) samples. 
Since the compositions of these two samples were very different, we wanted to 
understand how the components interacted when agarose and cells were well mixed 
for 25%, 50%, and 75% samples.  
 

 
Figure 7.1 Location of a) T2 and b) ADC components. 

 
We considered slow and fast exchange models for the medium T2 component and the 
fast ADC component. Water exchange occurs when water molecules move between 
different physical compartments [75]. The exchanging molecules experience multiple 
magnetic environments and the relaxation of the compartments is altered. If water 
exchange between two compartments is occurring at a “slow” rate, then the measured 
relaxation may be altered in the two compartments, but two separate compartments 
will still be fit. However, if water exchange is at a relatively “fast” rate, then the 
relaxation from the two compartments will be measured as if it were arising from a 
single compartment [76]. For example, the short, medium, and long T2 components 
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were all considered to be in slow exchange with one another because they were 
separately fit.  

7.2 Hypotheses 

The medium T2 component in cells and medium T2 component in agarose could have 
been considered to either be in fast or slow exchange with one another for the 25%, 
50%, and 75% samples. Since only one component was fit, one could assume that the 
two medium components were in fast exchange. However, because the two 
components were similarly valued, it was also possible that they were fit as a single 
component simply because the two values could not be distinguished. Since both 
medium components were extracellular and should be well mixed, we hypothesized 
that the medium T2 components were in fast exchange for the samples that contained 
both cells and agarose.  
 
The fast ADC component in cells and fast ADC component in agarose could have been 
considered to either be in fast or slow exchange with one another. Only one 
component was fit for 25%, 50%, and 75% samples, therefore, one could assume that 
either the two fast components were in fast exchange or in slow exchange with single 
component simply because the two values could not be distinguished. Since both fast 
components were extracellular and should be well mixed, we hypothesized that the fast 
ADC components were in fast exchange for the samples that contained both cells and 
agarose.  

7.3 Methods 

7.3.1 Slow and Fast Exchange Models for Medium T2 Components 

To test the hypothesis that the medium T2 components from the cells and agarose 
were in fast exchange and not slow exchange, we constructed both models using our 
experimental data. Slow and fast exchange models were generated for the agarose 
and cellular medium components based on equations developed by Zimmerman and 
Brittin [48].  

7.3.1.1 Slow exchange equations 

T2 decay curves for 25%, 50%, and 75% cell samples were simulated in MATLAB from 
linear combinations of reconstructed decay curves of the 0% and 100% cell samples. 
First, pure agarose and 100% cells decay curves were reconstructed using the same 
echo times from the NMR studies, mean T2s, and mean signal fraction for each 
component 
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where z was cells or agarose, and P was the number of components for either cells or 
agarose. Assuming negligible exchange between all agarose and all cell water 
components, the 25%, 50%, and 75% cell samples’ decay curves were simulated 

    noiseSvfSvfSS agarcells  *1**0exchange slow vf,  (7.2) 

 where vf was the volume fraction of cells (i.e. 0.25, 0.5, 0.75), S0 was the proton 
density, and Sslowexchange, Scells, and Sagarose were the T2 decay signals for the overall 
sample, 100% cells, and pure agarose, respectively.  

7.3.1.2 Fast exchange equations 

Decay curves were simulated assuming fast exchange between similarly valued 
medium components found in both 0% and 100% cell samples. The medium T2 
components thought to be in fast exchange were calculated using 
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where M was the number of exchanging components and fxch,i was the empirically-
derived proportion of signal for component i multiplied by the cell volume fraction and 
normalized by the total fraction of the exchanging components. The decay curve for the 
system including the medium fast exchange components was calculated 
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where R was the number of distinct compartments. T2,xch was one of the T2,is in this 
equation. Simulated T2 decay curves were then fit using NNLS as described for real 
samples previously. The goodness-of-fit for the slow exchange and fast exchange 
models was evaluated by calculating the root mean square error (RMSE) from the 
acquired data in Chapter 4.  

7.3.2 Slow and Fast Exchange Models for Fast ADC components 

To test the hypothesis that the fast ADC components from the cells and agarose were 
in fast exchange and not slow exchange, we constructed both models using our 
experimental data.  

7.3.2.1 Slow exchange equations 

ADC decay curves for 25%, 50%, and 75% cell samples were simulated in MATLAB 
from linear combinations of reconstructed decay curves of the 0% and 100% cell 
samples. First, pure agarose and 100% cells decay curves were reconstructed using 
the same echo times from the NMR studies, mean ADCs, and mean signal fraction for 
each component 
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where z was cells or agarose, and P was the number of components for either cells or 
agarose. Assuming negligible exchange between all agarose and all cell water 
components, the 25%, 50%, and 75% cell samples’ decay curves were simulated using 
Equation (7.2). 

7.3.2.2 Fast Exchange Equations 

Decay curves were simulated assuming fast exchange between similarly valued ADC 
components found in both 0% and 100% cell samples. The fast ADC components 
thought to be in fast exchange were calculated using 
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where M was the number of exchanging components, and fxch,i was the proportion of 
signal for component i normalized by the total fraction of the exchanging components. 
The fxch,i term was calculated using Equation (7.4). The decay curve for fast exchange 
was calculated 
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where R was the number of distinct compartments that were not in fast exchange with 
each other. Simulated ADC decay curves were then fit using NNLS as described for 
real samples previously.  

7.3.3 Root Mean Square Error 

The goodness-of-fit for the slow exchange and fast exchange models was evaluated by 
calculating the root mean square error (RMSE) from the mean acquired data in 
Chapter 5. The RMSE is used to measure the difference between two values or two 
sets of values and is often used to determine the difference between observed and 
modeled values. The larger the RMSE is the greater the differences between observed 
(xo) and modeled (xm) values.  
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The medium T2 component and the fast ADC component RMSEs were calculated 
using the 25%, 50%, and 75% samples from both the slow and fast exchange models. 
The observed values were averaged for each sample type from the NNLS results in 
Chapters 4 and 5.  
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7.4 Results 

7.4.1 Modeling Slow and Fast Exchange Between Medium T2 Components 

The theoretical signals for slow exchange were calculated based upon the empirical 
data from Chapter 4. The equations used for pure agarose and pure cells were 

 1150270 10.090.0
TETE

agar eeS


  (7.10) 
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  (7.11) 

based on the average T2 and fraction values for 0 and 100% samples. To simulate 
slow exchange between the medium components for cells and agarose, the individual 
decay curves for agarose and cells calculated with Equations (7.10) and (7.11) were 
substituted into Equation (7.2), using vf = 0.25, 0.5, and 0.75.  
 
The NNLS algorithm was used to fit the magnitude and signal fractions for the medium 
T2 component shown in Figure 7.2. When the T2 decays were simulated assuming slow 
or negligible exchange, three components were fit overall, similar to the acquired data. 
The medium components from both the pure agarose and pure cell studies were fit as 
one medium component at 265, 275, and 287 ms for the 25%, 50% and 75% samples, 
respectively (Figure 7.2 a, open circles). The corresponding medium signal fraction 
was 0.76, 0.56, and 0.39 for the 25, 50%, and 75% samples, respectively (Figure 7.2 b, 
open circles).  
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Figure 7.2 Medium component from slow and fast exchange simulations shown with mean and 
standard deviation of acquired data. a) Simulated and acquired medium T2 values at different cell 
densities and b) simulated and acquired signal fractions.  

 
To simulate fast exchange between the medium components of cells and agarose only, 
Equation (7.5) was expanded to  
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where fCS was the fraction for the cells’ short component, fAL was the fraction for the 
long component of the agarose, and T2xch was the T2 assuming fast exchange between 
the medium components for agarose and cells. There was neither a short agarose T2 
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nor a long cell T2 component. Again, vf was equal to 0.25, 0.5, and 0.75. Equations 
(7.15) and (7.16) were expanded from equations (7.3) and (7.4), respectively, and 
detail how the medium component’s fast exchanging T2 was calculated.  
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The variable fCMX was the fraction for the cells’ medium component normalized by the 
exchanging fraction.  
 
When the T2 decay curves were simulated assuming fast exchange, three components 
were also fit overall. Fast exchange was assumed between the medium components 
for the cells and agarose. The fast exchange simulated medium component was 280, 
237, and 217 ms for the 25%, 50% and 75% samples, respectively (Figure 7.2 a, open 
squares). The medium signal fractions were 0.73, 0.70, and 0.65 for the 25, 50%, and 
75% samples, respectively (Figure 7.2 b, open squares).  
 
We used the RMSEs from the medium component to evaluate the models compared to 
the acquired data (Table 7.1). The slow model’s RMSEs were higher than the 
corresponding fast exchange model RMSEs for the T2 and fraction of both slow and 
medium components. The fast exchange model had smaller RMSEs than the slow 
exchange model suggesting that the water associated with medium components of the 
cells and agarose were likely exchanging quickly. 
 
Table 7.1 RMSE for slow exchange and fast exchange models 

   medium  

Model Type    T2 fraction  

slow exchange   78 0.16  

fast exchange     47 0.05   

 

7.4.2 Modeling Slow and Fast Exchange Between Fast ADC Components 

The simulated signals were calculated based upon the empirical data from Chapter 5. 
The equations used for pure agarose and pure cells were 

 
 147000.1 b
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based on the average ADC and fraction values for 0 and 100% samples. Slow 
exchange was modeled between the fast ADC components by substituting Equations 
(7.17) and (7.18) into Equation (7.2), using vf = 0.25, 0.5, and 0.75.  
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The NNLS algorithm was used to fit the ADCs and signal fractions shown in Figure 7.3. 
Similar to the acquired data, three components were fit when assuming slow or 
negligible exchange. The fast ADC components from both the pure agarose and pure 
cell studies were fit as one fast component at 1455, 1745, and 1348×10-6 mm2/s for the 
25%, 50% and 75% samples, respectively (Figure 7.3 a, open circles). The 
corresponding medium signal fraction was 0.77, 0.22, and 0.35 for the 25, 50%, and 
75% samples, respectively (Figure 7.3 b, open circles).  

 
 

Figure 7.3 Fast component from slow and fast exchange simulations shown with mean and 
standard deviation of acquired data. a) Simulated and acquired fast ADC values at different cell 
densities and b) simulated and acquired signal fractions.  

 
To simulate fast exchange between the medium components of cells and agarose only, 
Equation (7.8) was expanded to  
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 vffCS 57.0  (7.20) 

 vffCI 38.0  (7.21) 

where fCS was the fraction for the cells’ slow component, fCI was the fraction for the 
cell’s intermediate component, and ADCxch was the ADC assuming fast exchange 
between the fast ADC components for agarose and cells. There was neither a slow nor 
an intermediate agarose ADC component. Equations (7.22) and (7.23) were expanded 
from equations (7.7) and (7.4), respectively. 

  179011470 AFXAFXxch ffADC   (7.22) 
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The variable fAFX was the fraction for the agarose fast component normalized by the 
exchanging fraction.  
 
Assuming fast exchange between the fast ADC components for the cells and agarose, 
three components were fit overall. The simulated fast exchanging fast ADC component 
was 1460, 1524, and 1340×10-6 mm2/s for the 25%, 50% and 75% samples, 
respectively (Figure 7.3 a, open squares). The fast ADC signal fractions were 0.78, 
0.49, and 0.36 for the 25, 50%, and 75% samples, respectively (Figure 7.3 b, open 
squares).  
 
The slow model’s RMSE was higher than the corresponding fast exchange model 
RMSE for ADC; however, the RMSEs for the fraction were almost the same. Overall, 
the fast exchange model had a smaller RMSE than the slow exchange model 
suggesting that the water associated with fast components of the cells and agarose 
were in fast exchange. 
 
Table 7.2 RMSE for ADC slow exchange and fast exchange models 

   fast  

Model Type    ADC fraction  

slow exchange   365 0.30  

fast exchange     285 0.31   

7.5 Discussion 

Both the medium T2 and fast ADC components were present in both the 0% and 100% 
samples despite the samples having very different compositions. To better understand 
the interactions between similarly valued T2 and ADC components from different 
sources, we modeled the 25%, 50%, and 75% samples as volumetric mixtures of the 
0% and 100% samples, assuming slow and fast exchange.  
 
For T2, the fast exchange model was a better match to the real data than the slow 
exchange model, as we hypothesized. The RMSEs for the fast exchange model were 
all less than or equal to those from the slow exchange model. Therefore, the fast 
exchange model was considered to be correct.  



 

71  

 
From Chapter 6, two visible compartments existed in both the agarose-only (0%) and 
cell-only (100%) samples. In the agarose there were darker-stained structures and also 
more lightly-stained void regions. The water in the darker-stained structures was likely 
less mobile due to the viscosity of the agarose and could be considered “bound”, or 
tightly associated, with agarose polysaccharide chains [77]. The medium T2 is more 
likely to be associated with the structural portion of the agarose, because the medium 
T2 is likely representing the water interacting with the polysaccharide chains that would 
have had its T2 shortened in comparison to the long T2 component of the voids. We 
also confirmed that the medium T2 component was extracellular in cell-only samples in 
Chapter 6. In the cell-only (100%) samples, the medium T2 was associated with the 
more freely rotating water associated with the D20-PBS outside the cells in contrast to 
the more tightly bound intracellular water. Although the medium T2 was considered 
“bound” for the agarose and “free-er” for the cells, the two water compartments had 
similar T2s and likely had similar molecular rotations allowing for fast exchange 
between them [77].  
 
For ADC, the fast exchange model was closer to the mean of the real data than the 
slow exchange model. Both models had ADC values that were close to the real data, 
however the fast model was particularly closer to the real data for the 50% and100% 
samples (Figure 7.3 a). Also, both models had signal fractions that diverged from the 
real data for the 25%, 50%, and 75% samples (Figure 7.3 b). Since the two 
components exchanging between agarose (0%) and outside the cells (100%) were 
both considered to be fast, then it was likely that they were both freely moving water. In 
Chapters 5 and 6, we found that the fast ADC water was associated with both the 
structures and voids of the agarose. When fewer cells were in the samples, the 
agarose structure was more connected (Figure 6.3). As the agarose structure broke 
down with more cells, the ability of the water to move between the agarose and 
pericellular space likely increased, however both the slow and fast exchange models 
assumed that the exchange rate was constant amongst all cell densities. The 
exchange rate being variable with cell density might explain why the exchange rate 
was not appropriately modeled by either model.  

7.6 Conclusion  

We investigated two models, slow and fast exchange, to better understand the 
behavior of the medium T2 and fast ADC components. These components were fit for 
both the agarose-only (0%) and cell-only (100%) samples. We sought to better 
understand how each component interacted when the samples were composed of both 
cells and agarose. Based on the fast and slow exchange models for the medium T2 
component, we deduced that the water associated with the medium components from 
the cells and agarose were quickly exchanging. While the fast exchange model was 
also better suited for the fast ADC component than the slow model, the true exchange 
rate may have varied based on the cell density.  
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Chapter 8. Summary 

 
The goal for this thesis was to better understand the how cell density is related to 
multicomponent T2 and ADC measurements. First, cells/agarose samples were 
constructed to mimic tissue with different densities of cells. Next, multicomponent T2 
and ADC measurements were found to be feasible in the constructed samples. Then, 
the physical compartments in a cell sample were isolated to identify the origins of the 
multiple components. Finally, the multiple T2 components were modeled to better 
understand some of the results.  
 
The five cell/agarose sample types constructed ranged from 0% cells up to 100% cells. 
Monoexponential, biexponential, and NNLS fit methods were utilized to understand 
how the cell density in the samples correlated with the measured T2 and ADC. While 
the number of components fit was restricted for the monoexponential and biexponential 
fit models, the NNLS model did not have a restriction on the number of components to 
be fit. Furthermore, the NNLS model fit up to three components for both T2 and ADC. 
Components were characterized by not only a T2 or ADC value, but also a signal 
fraction.  
 
From the T2 cell density study, some of the values and fractions correlated with cell 
density as expected. While the monoexponential T2 was negatively correlated as 
expected, the short and long biexponential T2 components did not correlate as 
expected. The short NNLS fraction was in agreement with our hypothesis, but the short 
NNLS value was not. We were uncertain if the short NNLS component represented the 
intracellular compartment. The longest NNLS T2 and fraction had a negative trend 
associated with cell density, which was consistent with our hypothesis. The medium 
NNLS component, which was not hypothesized, had both a value and fraction with 
significant negative correlations with cell density. Since the medium NNLS component 
had correlations similar to the hypothesized long NNLS component, we further 
analyzed the medium component in Chapter 6 to determine if it arose from the 
extracellular compartment. 
 
From the ADC cell density study, a few components were associated with cell density 
as well. Monoexponential ADC was consistent with our hypothesis that it would 
decrease with increasing cell density; however, the biexponential ADC components did 
not follow our hypotheses in general. From the NNLS model, the slow NNLS 
component’s value and fraction corresponded with the hypotheses and likely arose 
from the intracellular compartment. The fast NNLS fraction was negatively correlated to 
cell density suggesting that the correlation was mainly affected by changes in the 
extracellular environment and could give compartment specific information. However, 
the fast NNLS value did not correlate with cell density as expected. Therefore, we were 
uncertain if the fast component represented the extracellular space. The intermediate 
NNLS component, which was not hypothesized, had similar correlations as the fast 
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component and likely represented the same water compartment. The NNLS ADC 
components were further explored in Chapter 6. 
 
 In Chapter 6, the NNLS components’ origin within the samples’ physical space was 
investigated. Contrast agent was added to the extracellular water of 100% cell samples 
to shorten the T2 and reducing the signal from the extracellular compartment. The 
intracellular components were then effectively isolated. Without the contrast agent, the 
100% samples had two measurable T2s using NNLS. Samples with contrast agent had 
only one measurable T2 that was consistent with the shortest T2 found earlier. Because 
the contrast agent was extracellular, the short component that remained was believed 
to be representative of the intracellular compartment. Additionally, the medium and 
long T2 components were considered to be representative of the extracellular 
compartment. Furthermore, separation of the medium and long T2 components may 
have been a function of the extracellular agarose, with the medium T2 arising from 
water in the agarose structures and the long T2 arising from the water in the agarose 
voids. For ADC, none of the three components were eliminated due to the contrast 
agent. The slow ADC component was considered to be intracellular based on our 
analysis. While the intermediate and fast ADC components were still measurable, they 
did decrease and were likely affected by the signal reduction in the extracellular space.  
 
In Chapter 7, the medium T2 and fast ADC components were modeled to better 
understand how the components from agarose and cells interacted when mixed 
together in the sample. The T2 values and signal fractions from the fast exchange 
model better agreed with the real data, suggesting the medium component 
extracellular water pools in the cells and agarose were in fast exchange. However, the 
real ADC data was not well described by either model, which may have been due to 
the exchange properties changing from sample to sample as the micro-structural 
composition of the samples changed.  
 
Taking into account both the T2 and ADC assignments to the intracellular and 
extracellular compartments, we mapped the T2 components to the ADC components 
(Figure 8.1). Based on our assignments, the short T2 and slow ADC components were 
likely both intracellular and represented the same water compartment. The medium 
and long T2 along with the intermediate and fast ADC were all extracellular. Based on 
the agarose- only (0%) samples, we associated the fast ADC with both the medium 
and long T2 components. Then from the 100% cell samples, we associated the medium 
T2 with both the intermediate and fast ADC components. There was no evidence that 
the long T2 component was associated with the intermediate ADC component.  
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Figure 8.1 Graphical representation of T2 and ADC component assignments.  

 
This dissertation has shown that it is feasible to fit multicomponent T2 and ADC data in 
a simple sample of cells, correlate the components to cells density, and identify the 
origin of some components fit. In the future, this work could be further verified using 
animal models with diseases exhibiting widely different cell densities such as cancer. 
MR sequences could be fine tuned to be more sensitive a particular T2 or ADC 
component. In humans, this multiple component measurements of T2 and ADC could 
be important for better understanding cancer and the effectiveness of treatment.  
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