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ABSTRACT 

The apparent diffusion coefficient (ADC) is a quantitative measure of water diffusion in 

tissue which is sensitive to the microstructural features of brain tissue and can be 

measured non-invasively with diffusion-weighted MRI (DWMRI). Within minutes after 

the onset of ischemic stroke, the ADC of water decreases 30-50% within the affected 

tissue. Although this was initially discovered nearly two decades ago, there is no 

consensus on the biophysical mechanisms responsible for the drop in ADC after 

ischemia. This dissertation investigates the biophysical mechanisms which determine the 

ADC through mathematical models of water diffusion in tissue as well as experiments in 

hollow fiber bioreactor (HFBR) cell cultures. 

 The mathematical model of water diffusion in tissue predicts that the biophysical 

mechanisms which affect the ADC are diffusion time dependent. At short diffusion times, 

the ADC is sensitive to the intrinsic diffusivity of intracellular water, while at long 

diffusion times, the ADC is sensitive to changes in the intracellular volume fraction. 

Furthermore, the ADC changes associated with ischemia can be account for completely 

by a change in the intracellular cell volume fraction when the intracellular T2 is allowed 

to be lower than the extracellular T2.  

A unique feature of the HFBR bioreactor cell culture system is that it allows the 

diffusive properties of intracellular water to be investigated individually. The change 

after ischemia in the ADC measured from intracellular water (iADC) is dependent upon 

the diffusion time used to collect iADC measurements. At short diffusion times, the 
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iADC decreases after ischemia, which is likely due to a decrease in the energy dependent 

movement of water within the cell. At long diffusion times, the iADC increases after 

ischemia, which is related to cell swelling. The results from the HFBR experiments are 

consistent with the mathematical model and provide a clear picture of the biophysical 

mechanisms important to measurements of water diffusion in living and ischemic tissue 

with DWMRI.   
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INTRODUCTION 

Since its clinical introduction in the early 1980's, magnetic resonance imaging 

(MRI) has proven to be a useful tool in the evaluation of human anatomy and disease. 

MRI uses the magnetic properties of hydrogen nuclei to obtain cross sectional images of 

the spatial distribution of hydrogen atoms in the body, primarily arising from water.   

Diffusion-weighted MRI (DWMRI) is a MRI method that sensitizes images to the 

random, thermally induced motion, i.e. diffusion, of water. In free diffusion, the signal 

from DWMRI decreases exponentially as a function of the diffusion coefficient, D [1]. 

The signal within a diffusion-weighted image is described by 

 

In the equation above, TE is an experimental parameter that defines the echo time of the 

DWMRI experiment. The T2 relaxation time is an intrinsic property of the solution being 

measured and is related to the rotational mobility of water. The b-value is an 

experimental parameter that defines how sensitive the experiment is to diffusion. In a 

DWMRI experiment, a magnetic field gradient is applied which causes the phase of the 

MR signal to change proportional to its spatial location. For a single spin, the phase at the 

echo time is 

 

where x(t) is the location of the spin, and  is the gyromagnetic ratio. G(t) is the applied 

gradient waveform, and is constrained to  
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The amount of signal in a DWMRI experiment is the expectation on spin phase 

 

Therefore, the b-value of a DWMRI experiment depends upon the shape and intensity of 

the gradient waveform, G(t). The most common waveform used to measure diffusion is 

the pulsed gradient (PG) diffusion waveform [2], shown in Fig. 1, which consists of two 

gradient pulses of opposite sign with duration , and separation . The b-value for this 

waveform is  

 

where G is the magnitude of the two gradient pulses. By varying the gradient strength, 

the diffusion coefficient can be calculated at a diffusion time given by tdiff = - /3, which 

is approximated by tdiff =  when the pulse width is small.  

Another example of a diffusion waveform is the oscillating gradient (OG) 

diffusion waveform [3], also shown in Fig. 1, which uses sine- and cosine-like 

modulations in gradient intensity. The b-value for the OG diffusion waveform is  

 

where T is the duration of the waveform, and N is the number of lobes within each 

waveform. The OG gradient waveform allows the diffusion of water to be measured at 

diffusion times estimated by tdiff = T/4N. 
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Water does not experience free diffusion in tissue. Water in tissue can be 

restricted or hindered by lipid membranes and can interact with proteins and other 

macromolecules. Hence, the diffusion coefficient calculated of water in tissue includes all 

of these interactions, and is called an ‘apparent’ diffusion coefficient, or ADC.  

The ADC of water is known to be sensitive to microstructural features of brain 

tissue. For example, it is known that the ADC of water decreases in regions of the brain 

affected by ischemic stroke. Within minutes after the onset of ischemia, a 30-50% drop in 

the ADC is measured in the affected tissue, while the T2 of ischemic tissue does not 

change until several hours later [4,5]. Although this was initially reported nearly two 

decades ago, there is still no consensus on the biophysical mechanisms responsible for 

the drop in ADC after ischemia.  

 

Previous Studies: Experimental Results 

A number of biophysical mechanisms have been hypothesized to influence the 

ADC. In the initial reporting of ADC measurements following ischemia, Moseley et al. 

concluded that the ADC drop is likely related to an increase in the intracellular volume 

Figure 1: Pulsed gradient (PG) and oscillating gradient (OG) diffusion waveforms are 

used to measure the diffusion of water in DWMRI.  
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fraction (IVF) associated with cell swelling [4]. Swelling is a known cellular response to 

ischemia. Physiologically, a low intracellular Na
+
 concentration is maintained since Na

+
 

is actively pumped out of the cell by the Na
+
/K

+
 ATPase. In ischemia, there is no ATP to 

power the Na
+
/K

+
 ATPase. As a result, the intracellular Na

+
 concentration increases, and 

water enters the cell osmotically [6]. An increase in the IVF associated with cell swelling 

could cause the ADC to drop because a greater fraction of water is present inside the cell, 

bounded by the cell membrane. 

However, some studies have suggested the decrease in ADC with cell swelling is 

insufficient to explain the drop in ADC measured in ischemia. For instance, Buckley et 

al. treated hippocampal slices with ouabain, which causes cell swelling by blocking the 

Na
+
/K

+
 ATPase, and found a ~20% decrease in the ADC, which is less than the 30-50% 

decrease measured clinically and experimentally [7]. Further, van Pul et al. found a 20% 

and 40% decrease in the ADC due to osmotic swelling and ischemia, respectively [8]. 

These studies indicate that other biophysical mechanisms may be involved in the drop in 

ADC measured after ischemia. 

Experiments have measured a decrease in the ADC of ions and metabolites that 

are specific to the intracellular environment. The ADC of creatine and N-acetyl-aspartate 

drop 29% and 19%, respectively, after ischemia [9]. A 28% decrease in the ADC of 

133
Cs

+
, a K

+
 analog [10], and a 37% drop in the ADC of 2-

19
Fluoro-2-deoxyglucose-6-

phosphate [11] has been reported after ischemia in rats. Even though the diffusion of 

these molecules might not completely reflect the diffusivity of intracellular water, these 
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molecules have been interpreted as markers of intracellular water, and it is hypothesized 

that the diffusivity of intracellular water might decrease after ischemia due to a decrease 

in metabolic activity within the cell. Under this hypothesis, a decrease in ATP would 

result in a decrease in the energy dependent movement of intracellular water, called 

cytoplasmic streaming. Since most of the water in brain tissue resides within cells, IVF = 

80% [12], the ADC of water may strongly dependent upon the intrinsic diffusive 

properties of intracellular water. 

A number of other biophysical mechanisms have been proposed to influence the 

ADC. Extracellular space within brain tissue is known to be tortuous [12]. An increase in 

the IVF associated with ischemia would increase the tortuosity of the extracellular space, 

and decrease the diffusion of extracellular water. Other authors have suggested that the 

cell membrane becomes more impermeable after ischemia [13], which would cause the 

ADC of water to decrease due to increased restriction.  

It is also possible that the biophysical mechanisms which determine the ADC 

depend upon the experimental parameters, like the diffusion time and TE, used in 

collecting DWMRI experiments. For example, it is likely that the ADC will be sensitive 

to the intrinsic diffusivity of water when the mean squared displacement of water is much 

less than the length of the cell, , i.e. the short diffusion time limit, where 

the mean squared displacement of a molecule is determined by  
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Similarly, if the mean squared displacement is greater than the cell size, i.e. the ‘long’ 

diffusion time limit, , the ADC may be more sensitive to the IVF, membrane 

permeability, and cell size. Due to limitations in gradient hardware, the ADC measured 

clinically utilizes diffusion times greater than 30 ms, which would put clinical DWMRI 

experiments in the long diffusion time limit. 

 

Previous Studies: Mathematical Modeling 

Given the large number of mechanisms hypothesized to affect the ADC, 

mathematical models are useful to aid in interpreting DWMRI results. A number of 

analytic solutions exist that calculate DWMRI signal in defined microstructural 

geometries. Murday and Cotts found an analytic solution for the diffusion of water within 

a sphere [14]. Tanner and Stejskal [15] and Balinov et al. [16] independently found 

analytic solutions for the diffusion of water between parallel plates. These models have 

been used to represent the diffusion of intracellular water, and have been extended into 

compartmental models to include the effects of diffusion within an extracellular 

compartment, and exchange between compartments [17,18]. Stanisz et al. generalized the 

Tanner and Stejskal model by solving a set of differential equations to describe exchange 

between restricted intracellular and tortuous extracellular water [17]. Vestergaard-

Poulsen et al. extended the Stanisz et al. model to incorporate independent intracellular 

and extracellular T2 relaxation times and an experimental echo time, TE [18]. 
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 In addition to these compartmental models, a number of numerical models of 

diffusion in tissue have been developed. Ford et al. used a monte carlo simulation of 

water diffusion in a model of white matter fiber bundles, and found a minimal influence 

of the axon diameter on the ADC [19]. Szafer et al. used analytic approximations to the 

ADC along with a monte carlo simulation of diffusion, and found that the ADC is 

sensitive to IVF, extracellular tortuosity and the intracellular diffusivity, while being 

mostly insensitive to physiologic changes in membrane permeability [20]. 

Chin et al. and Hwang et al. used a finite difference approximation to the Block-

Torrey equations [1] to create an image based simulation of diffusion [21,22], and 

assessed the role of myelin in ADC measurements within white matter. Similarly, Xu et 

al. used a finite difference model to assess how the size of the cell nucleus affects ADC 

measurements, specifically as it relates to the ADC in cancer [23].  Finally, Hagslatt et al. 

used a Fourier relationship between the average water displacement and experimental 

signal decay in a finite element model of diffusion of several microstructural geometries 

[24]. 

Despite the large number of models which are available, no single model has 

successfully described all the aspects of the diffusion-weighted MR signal and the 

changes seen in the ADC of water following ischemia. This may be due in part because 

somewhat little is known about many of the specific biophysical parameters that these 

models rely upon.  



20 

 

Some biophysical values have been experimentally determined. The IVF of brain 

tissue is known to increase from 80% to 90-95% with ischemia [12,25]. Ranges in cell 

size are also well established [26]. Other biophysical parameters are not known, or are 

only known for specific cell types. For example, erythrocytes have a membrane 

permeability around 0.03 - 0.05 μm/ms, but erythrocytes are considered to be more 

permeable than glial cells or neurons [27,28].  

The intrinsic diffusivity of intracellular and extracellular space may not 

correspond directly to the diffusivity of free water. The presence of proteins, lipids, and 

other molecules decreases the water content of tissue, and a decrease in water content is 

known to slow the diffusivity of water [29,30]. As mentioned above, there may also be an 

energetic contribution to the intracellular diffusivity.  

While it is possible to calculate the T2 of tissue by taking measurements at 

different TEs, it has been suggested that T2 relaxation times may differ between the 

intracellular and extracellular compartments [7,18,31]. Any difference in T2 between 

compartments would cause the DWMRI signal to be weighted more heavily to the longer 

T2 relaxation time, a phenomena called T2 filtering.  

A number of diffusion models have been fit to experimental diffusion data to 

estimate the value of these parameters [17,18,28]. However, the validity of these models 

and the estimates they provide have not been experimentally verified. 
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Dissertation Format 

 This dissertation uses mathematical models and experiments in cell cultures to 

investigate the biophysical mechanisms responsible for the drop in ADC after ischemia. 

The research constituting this dissertation is presented within four scientific papers which 

are given as appendices. The main points from these papers are summarized in the second 

chapter, Present Study. Each paper has a list of co-authors, and in accordance with the 

University of Arizona Graduate College policy on the inclusion of published papers in a 

dissertation, the contribution of the dissertation author to each of these papers is defined 

below. These papers are grouped by methodology. The first paper describes a 

mathematical model of diffusion in tissue, while the remaining three papers present 

results from experiments in bioreactor cell cultures. 

 

Appendix 1: “Assessment of the Effects of Cellular Tissue Properties on ADC 

Measurements by Numerical Simulation of Water Diffusion” – This paper is in its second 

revision, and has been accepted with minor revisions to Magnetic Resonance in 

Medicine. The dissertation author was responsible for developing the mathematical 

methods, implementation of the simulation, analysis, interpretation of the modeling 

results, and composing the paper. Interpretation and editing of the paper was aided by co-

authors Theodore Trouard, JP Galons, and Timothy Secomb. Timothy Secomb also aided 

in developing the mathematical methods used in the model. 
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Appendix 2: “Ischemia-Induced Changes of Intracellular Water Diffusion in Rat Glioma 

Cell Cultures” – This paper was published in Magnetic Resonance in Medicine [32]. The 

dissertation author was responsible for repeating the initial experimental observations, 

mathematical fitting of the diffusion data given in the paper, and including the fitting 

results in the paper. Additional modeling work was completed by the dissertation author, 

which was not included in the published paper, to verify that analysis of the given data is 

not strongly influenced by exchange between the intracellular and extracellular 

compartments, as suggested possible by one of the reviewers.   

 

Appendix 3: “Intrinsic Intracellular Diffusion Estimated From Time Dependent 

Measurements in Perfused Cell Cultures” – This paper has been submitted to Magnetic 

Resonance in Medicine. The dissertation author was responsible for developing MR pulse 

sequences, data acquisition, analysis and interpretation of the MR data, and composition 

of the paper. Interpretation and editing of the paper was aided by co-authors Theodore 

Trouard and JP Galons, while Joseph Divijak was responsible for maintaining the cell 

cultures. 

 

Appendix 4: “Measuring the Biophysical Properties of Intracellular Diffusion in Perfused 

Cell Cultures” – This paper has been submitted to Magnetic Resonance in Medicine, and 

is an extension of the paper in Appendix 3 – where the same measurements are now 

acquired before and after ischemia. The dissertation author was responsible for 
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developing MR pulse sequences, data acquisition, analysis and interpretation of the data, 

and composition of the paper. Interpretation and editing of the paper was aided by co-

authors Theodore Trouard and JP Galons, while Joseph Divijak was responsible for 

maintaining the cell cultures. 
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PRESENT STUDY 

The methods, results and conclusions of this study are presented in the four papers 

appended to this dissertation. The following is a summary of the most important findings 

in this document.  

 

Assessment of the Effects of Cellular Tissue Properties on ADC Measurements by 

Numerical Simulation of Water Diffusion 

A finite difference model of water diffusion was developed to assess the role of 

individual tissue parameters on the simulated ADC. Tissue was modeled as an array of 

3D cubic cells surrounded by a permeable membrane and separated by extracellular 

space. The model relies upon an effective propagator, which gives the diffusion-weighted 

signal as the Fourier transform of the average water displacement [24], modified to 

account for an independent TE and T2 differences between the intracellular and 

extracellular space. The model considers seven biophysical parameters, the intracellular 

and extracellular intrinsic diffusivity (Dint and Dext), intracellular and extracellular T2 

relaxation times (T2int and T2ext), cell size (Lcell), membrane permeability (Pmem), and 

intracellular volume fraction (IVF).  

The results of these simulations provide new insight into the role of T2 filtering, 

T2int  T2ext, in the drop of the ADC after ischemia. Although many factors may 

influence the physiologic value of the ADC, this model predicts that the 30-50% decrease 

in the ADC measured after ischemia at long diffusion times can be accounted for by cell 
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swelling alone when T2int is allowed to be shorter than the T2ext. Such compartmental T2 

differences have been previously proposed [7,18,31]. The model also predicts that the 

ADC at long diffusion times is not sensitive to changes in Dint at physiological values of 

Pmem. At the short diffusion times used in this work, the ADC is less sensitive to IVF, and 

more sensitive to Dint, than the ADC at long diffusion times. 

When T2 differences are present between intracellular and extracellular 

compartments, T2int < T2ext, a change in IVF would also result in a decrease of the T2 

measured in tissue due to an increased fraction of water present at the lower T2 relaxation 

time. Such a decrease in T2 is not observed experimentally [33]. Therefore, an increase in 

the intracellular T2 and/or a decrease in the extracellular T2, potentially due to a dilution 

or concentration of macromolecules as water is shifted between compartments, is 

necessary to maintain the constant T2 observed experimentally with ischemia [33]. 

 

Ischemia-Induced Changes of Intracellular Water Diffusion in Rat Glioma Cell Cultures 

 In this work, rat glioma cells were grown within a hollow-fiber bioreactor cell 

culture to investigate the diffusive properties of intracellular water after ischemia. 

Introducing Gd-DTPA into the experimental system causes a susceptibility shift of the 

MR proton spectrum from a single peak into three peaks. In previous work, these three 

peaks have been assigned to different compartments within the bioreactor system, 

corresponding to extracellular + intrafiber water, water within the lumen of the fiber, and 

intracellular water [34]. After fitting the MR spectrum to the sum of three Lorentzian 
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peaks, the signal from the intracellular peak can be used to assess the properties of 

intracellular water exclusively. Ischemia was induced by shutting off the flow of media to 

these cell cultures. ATP was monitored within the system by 
31

P spectroscopy. Once the 

ATP was depleted after ischemia, diffusion measurements were acquired at diffusion 

times = 14, 20, and 30 ms.  

This paper reports an increase in the measured ADC of intracellular water (iADC) 

after ischemia, which is opposite the trend found in the global ADC of tissue, and is 

opposite the trend hypothesized due to the presence of cytoplasmic streaming. The 

increase in the iADC is likely due to an increase in cell size associated with ischemia. 

However, interpretation of this work is limited by the small range in diffusion times used 

to measure the iADC. Still, the increase in the iADC measured in this work may not 

contradict the decrease in the ADC found in clinical and experimental stroke. It is 

possible that the iADC increases due to an increase in cell size, while the global ADC of 

tissue may decrease due to an increased fraction of water enclosed within the cell 

membrane.  

 

Intrinsic Intracellular Diffusion Estimated From Time Dependent Measurements in 

Perfused Cell Cultures 

 In this work, diffusion experiments were acquired in the same hollow-fiber 

bioreactor cell culture system over a wide range in diffusion times. Both pulsed gradient 

[2] and oscillating gradient [3] diffusion waveforms were used to acquire the iADC in a 
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range of diffusion times between 0.83 ms and 40 ms. IADC vs. diffusion time 

measurements were fit to two models of intracellular diffusivity, Murday and Cotts [14] 

and Balinov et al. [16], which models the diffusion of water in spherical and cubic cells, 

respectively. These models parameterize the iADC vs. diffusion time curves into an 

intrinsic intracellular diffusion coefficient, Dint, which would represent the iADC 

hypothetically measured at a diffusion time of 0 ms, and restriction length (i.e. cell size).  

 Both models of intracellular diffusion predict a Dint ~ 2.5 μm
2
/ms, which is higher 

than estimates of Dint found previously based up ADC measurements at longer diffusion 

times [17,18,28]. The difference in Dint estimated in this work vs. previous work is likely 

due to a relative independence of Dint on the ADC measurements at long diffusion times. 

The value of Dint is likely influenced by both the intracellular water content and 

cytoplasmic streaming. The restriction length estimated by the Balinov et al. model, 11.5 

μm, agrees with the 12 μm size these cells are known to take in culture, while the 

diameter (of spherical cells) predicted by Murday and Cotts is near 15 μm. The difference 

in the restriction length between the two models is due to the difference in cell geometry 

assumed by these models. In the long diffusion time limit, the mean squared 

displacement, calculated from these two model geometries at the given cell size, is 

identical, 4.7 μm.  
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Measuring the Biophysical Properties of Intracellular Diffusion in Perfused Cell 

Cultures 

This paper combines the methods of the two preceding papers, making diffusion 

measurements over a wide range in diffusion times to estimate Dint and the restriction 

length [16] before and after the onset of ischemia. Additionally, Carr-Purcell-Meiboom-

Gill (CPMG) experiments [35] were carried out to measure the intracellular and 

extracellular T2 relaxation times before and after ischemia.  

Consistent with the trend shown previously in these cell cultures, the iADC of 

water at long diffusion times increases post-ischemia. However, the iADC at short 

diffusion times drops after ischemia. From model fitting, Dint drops from 2.5 μm
2
/ms to a 

value of 1.7 μm
2
/ms, and this drop correlates with the drop in ATP measured previously 

in these cell cultures. Based upon the model by Mackie and Mears, which predicts the 

diffusivity of water given the water content of a solution [30], the post-ischemia value of 

Dint = 1.7 μm
2
/ms corresponds to an intracellular water content of 85%, which is near the 

80% water content previously found in glial cells [36]. The pre-ischemia value of Dint is 

significantly higher than the post-ischemia value, and is likely increased due to 

cytoplasmic streaming. The restriction length from model fitting is predicted to increase 

from 12 μm to 14 μm, and is indicative of ischemic cell swelling.  

Since Gd-DTPA is known to decrease the T2 of water, the extracellular T2 

decreases post-ischemia due to an increase in Gd-DTPA concentration outside the cell - 

Gd-DTPA does not cross the cell membrane, and cell swelling associated with ischemia 
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would increase the concentration of Gd-DTPA in the extracellular space as water is 

shifted into the intracellular compartment. The intracellular T2 measured in this work 

increases by 58%, and is likely indicative of an increase in the intrinsic T2 of intracellular 

space.  

 

Conclusions 

Despite the different methodologies used in the modeling and experimental work, 

the conclusions drawn from these four papers is consistent. First, the modeling and 

experimental work both suggest that the biophysical mechanisms responsible for the drop 

in ADC measured after ischemia depend upon the diffusion time at which experiments 

are being evaluated. At short diffusion times, the ADC is sensitive to the intrinsic 

diffusivity of water, while at long diffusion times, the ADC is sensitive to changes in 

IVF.  

Second, the numerical model predicts that a 30-50% drop in the ADC at long 

diffusion times due to an increase in IVF requires T2int to be lower than the T2ext. 

However, if such T2 differences were present, an increase in T2int and/or a decrease in 

T2ext is necessary to keep a constant global T2 of tissue as the cell swells in ischemia. T2 

measurements from cell culture experiments suggest that there is such an increase in T2int 

after ischemia. 

Finally, the cell culture experiments suggest that there is a significant drop in the 

ADC at short diffusion times after ischemia due to a drop in the intrinsic diffusivity of 
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intracellular water, which is likely caused by a decrease in metabolic activity within the 

cell. Therefore, a significant drop in the ADC occurs after ischemia at all diffusion times, 

even though the biophysical mechanism responsible for the drop in ADC is diffusion 

time dependent.  
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Abstract 

The apparent diffusion coefficient (ADC), as measured by diffusion-weighted MRI has 

proven useful in the diagnosis and evaluation of ischemic stroke.  The ADC of tissue 

water is reduced by 30-50% following ischemia and provides excellent contrast between 

normal and affected tissue. Despite its clinical utility, there is no consensus on the 

biophysical mechanism underlying the reduction in ADC. In this work, a numerical 

simulation of water diffusion is used to predict the effects of cellular tissue properties on 

experimentally measured ADC. The model shows that the biophysical mechanisms 

responsible for changes in ADC post-ischemia depend upon the time over which 

diffusion is measured. At short diffusion times, the ADC is dependent upon the intrinsic 

diffusivity, while at longer, clinically relevant diffusion times, the ADC is highly 

dependent upon the cell volume fraction. The model also predicts that at clinically 

relevant diffusion times, the 30-50% drop in ADC after ischemia can be accounted for by 

cell swelling alone when intracellular T2 is allowed to be shorter than extracellular T2.  
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Introduction 

The idea to use NMR to measure diffusion was introduced by Torrey in 1956 [1].  The 

clinical utility of diffusion-weighted MRI (DWMRI) was realized in the early 1990s in 

the evaluation of ischemic stroke. Within minutes of onset, DWMRI exhibits hyper-

intensity in regions of the brain affected by acute stroke, while T2-weighted images 

remain unaffected. The apparent diffusion coefficient (ADC), a quantitative measure of 

the diffusion of water in tissue, decreases 30-50% in ischemic regions of the brain [2,3]. 

While these results have had significant clinical utility, there remains no consensus on the 

biophysical mechanisms causing the drop in ADC. Several mechanisms have been 

proposed, including increases in the intracellular volume fraction (IVF) [3], increased 

tortuosity of extracellular spaces [4], increased membrane permeability [4] and decreases 

in the diffusion of water in the intracellular space [5,6]. Because a large number of tissue 

parameters have been hypothesized to affect the ADC, mathematical models of water 

diffusion are useful to assess the role of each parameter on the ADC. 

In free diffusion, the signal from DWMRI decays exponentially with increasing b-

value, and is characterized by the intrinsic diffusion coefficient, D. However, the 

diffusion of water in tissue is not free: water interacts with lipid membranes, 

macromolecules, and other cellular and extracellular contents causing the signal decay to 

deviate from the monoexponential decay observed in free diffusion [7,8]. The ADC 

lumps all of these interactions into a single ‘apparent’ diffusion coefficient, which is 
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calculated by fitting the DWMRI signal to an exponential decay over a specific range of 

b-values, typically between 0 and 1000 s/mm
2
. Therefore, the ADC provides little 

indication of the specific biophysical mechanisms contributing the DWMRI signal decay. 

Other analyses of diffusion fit the non-monoexponential signal decay to bi- or tri-

exponential decays. It was originally hypothesized that each component of the signal 

decay described a tissue compartment.  However, the calculated volume fractions of 

intracellular and extracellular compartments from multi-component analysis did not 

match physiologic volume fractions measured by histology [7]. 

Several researchers have developed mathematical models to describe diffusive 

signal decay explicitly in terms of physical tissue properties. Tanner et al., using a short 

gradient pulse (SGP) approximation, found an analytical expression for signal decay due 

to diffusion between two reflective parallel plates [9]. Other models of restricted 

diffusion have been published using the Gaussian phase distribution approximation to 

find signal decays from diffusion restricted between parallel plates or within a sphere 

[10,11]. These analytic models have been used to represent the diffusion of water inside 

cells restricted by the lipid membrane, but do not account for water in an extracellular 

compartment or exchange between these compartments. Stanisz et al. generalized the 

Tanner et al. model by solving a set of differential equations to describe exchange 

between compartmentalized restricted intracellular and tortuous extracellular water [12]. 

Vestergaard-Poulsen et al. extended the Stanisz et al. model to incorporate 

compartmental dependent T2 decay and the effect of a finite echo time, TE [13]. In 
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addition to these compartmental models, several computational models of diffusion have 

been developed. These models utilize a finite element (FE) or finite difference (FD) 

approximation to solve simplified Block-Torrey equations on an explicitly defined 

geometry [14,15]. For example, Chin et al. used a FD approximation to investigate the 

effect of myelin on diffusion restricted in axons [16]. Using the SGP approximation, it is 

possible to utilize a Fourier transform relationship between the diffusive signal decay and 

the effective diffusion propagator (EP), a volume averaged diffusion profile [17]. This 

formalism has been used in both in computational models as well as experiments and 

constitutes the theoretical basis of q-space-imaging.  

Despite the large number of models available, no single model has described all 

aspects of the diffusion-weighted MR signal and the changes seen in the ADC of tissue 

water following ischemia. Given the large number of biophysical parameters with the 

potential to influence the ADC, it is useful to assess the effect of changes in each 

parameter on the ADC. The goal of this paper is to evaluate cellular and experimental 

MR parameters that have a significant influence on DWMRI results. A 3D finite 

difference model of water diffusion is presented, which incorporates T2 decay into the EP 

formalism. The model calculates diffusion within a geometry of regularly spaced cubic 

cells taking into account the experimental parameters of diffusion time ( ), and TE as 

well as tissue parameters, including intracellular volume fraction (IVF), cell size (Lcell), 

membrane permeability (Pmem), intracellular and extracellular diffusion coefficients (Dint 

and Dext), and intracellular and extracellular T2 coefficients (T2int and T2ext).  
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Methods 

The diffusion equation describing MR signal, including T2 decay is 

  [1] 

where C is the concentration of signal from water, D is the free diffusion coefficient, and 

T2 is the T2 relaxation rate. In the current model, tissue is represented as an array of cubic 

cells arranged at regular intervals with an intracellular volume fraction, IVF = (Lcell/Lsep)
3
 

(Fig. 1a). Eqn. [1] was solved using an explicit forward-time center-spaced finite 

difference method on a regular mesh of grid points (Fig. 1b). The domain is extended in 

the diffusion-weighting direction such that an insignificant amount of water reaches the 

ends of the domain at the longest diffusion time, . The array of cells is assumed to be 

periodic in the directions perpendicular to diffusion-weighting.  By symmetry, zero-flux 

boundary conditions apply on the sides of the domain. Unless otherwise noted, 

simulations were run with parameters Dint = 1.0 m
2
/ms [12,13], Dext = 3.0 m

2
/ms, T2ext 

= 150 ms, IVF = 80% [18,19], Lcell = 10 m [20], Pmem = 0.001 cm/s [12,13,21,22],  = 

50 ms, and TE = 80 ms. The value of Dext was set to the free diffusion coefficient of 

water at body temperature [23]. The value of T2ext was set between values measured in 

gray matter and CSF [24].  However, simulations showed that ADCs were insensitive to 

T2ext in a range of 100 to 250 ms.  The effect of values and changes in the other modeling 

parameters is the subject of the paper and are described in the Results and Discussion 

sections below. The intracellular exchange rate is given by 
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where SA/V is the surface area to volume ratio. The model was implemented in C++ with 

Message Passing Interface (MPI) and run on a Linux cluster. 

 

T2 Relaxation 

As shown in Fig. 2, the time domain in the simulation is divided into three regimes based 

Figure 1: Schematic of the FD model geometry. (a) Tissue is modeled by cubic cells 

separated by extracellular space. The simulation boundary is extended in the diffusion 

direction such that an insignificant amount of water reaches the boundary during the 

simulation, while perpendicular boundaries are reflective due to geometric symmetry. 

(b) Cells are overlaid on a Cartesian mesh of grid points on which Eqn. 1 is 

approximated. The model considers seven tissue parameters including cell size (Lcell), 

cell separation (Lsep), membrane permeability (Pmem), intracellular and extracellular 

diffusivities (Dint and Dext), and intracellular and extracellular T2 relaxation times 

(T2int and T2ext).  
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upon the type of signal decay occurring. In all three regimes, the signal from water 

decays due to T2 relaxation. However, signal decay also takes place because of diffusion 

between the two gradients. Since the motion and decay of water in each regime is 

described by Eqn. [1], concentration distributions are calculated with a finite difference 

approximation to Eqn. [1] for each regime, and include the effect of T2 decay. The 

simulation calculates an EP for the regime between the diffusion gradients, while 

weighting each diffusion distribution to match initial and final conditions between the 

three regimes. If T2 is uniform across the model tissue, the weights in the EP are also 

uniform. However, if there are compartmental differences in T2, the weights vary 

between compartments, causing a longer lived compartment to be more heavily weighted 

in the composite signal decay. Exchange of water across the cell membrane causes 

weights to vary spatially within the two compartments.  

 

The Effective Propagator (EP) 

Figure 2: A schematic of the diffusion weighted spin-echo pulse sequence considered 

in the FD model. Signal decay occurs due to molecular diffusion between the two 

diffusion gradients, while T2 decay occurs throughout the experiment.  
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To calculate water diffusion within the arena of cells, a series of FD diffusion simulations 

are carried out, in which the initial condition is a unit concentration at an individual grid 

point, i.e. . Given the symmetry of the geometry, only a few 

grid points in and around the central cell have to be considered. During diffusion 

weighting, the molecular motion of water in the direction of the diffusion gradient causes 

a phase shift, , proportional to the translational displacement, given by 

, where  is the gyromagnetic ratio, G is the gradient pulse magnitude, 

and   is the width of the gradient pulse. The signal decay S at a particular diffusion time, 

, is then calculated by taking the expectation on the phase, .  In 1D, for simplicity, 

this is expressed as 

  [2] 

The inner integral is the expectation on the phase of the diffusion distribution, while the 

outer integral averages over all starting locations. Changing the order of integration and 

introducing a change of variables gives 

  [3] 

and the EP is 

  [4] 

which is a measure of the average water displacement. 

T2 decay between the two diffusion gradients is accounted for by including T2 in 

Eqn [1]. To incorporate T2 decay outside the diffusion gradients into the model, diffusion 
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distributions are weighted to match final and initial conditions between the three regimes 

in the simulation. The EP is modified to  

  [5] 

where w1 and w2 are weights for the T2-decay regimes before and after the diffusion 

gradients, respectively: 

  [6] 

  [7] 

The variables x1 and x2 represent the starting locations for water distributions in the T2-

weighting regimes.  

A change of variables, , allows the signal decay to be fit to an exponential 

decay,  for b values between 0 and 1000 s/mm
2
, which is consistent with 

clinical convention.  While the simulated decay curves are not monoexponential over a 

large range of b-values, they are adequately fit to a single exponential decay over this 

small range.  

 

Intracellular Water 

When exchange occurs between the intracellular and extracellular compartments, water 

can experience both compartments over the course of the experiment, blurring the 

distinction between intracellular and extracellular water.  An apparent intracellular EP 

can be produced by considering only water residing within the intracellular compartment 
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at the time of data acquisition. From the compartment specific EP, an apparent 

intracellular signal decay can be calculated as described in the previous section. 

  

Results 

Simulated signal (total signal and intracellular signal) is plotted vs. b-value in Fig. 3, for 

values of membrane permeability corresponding to a range from free diffusion 

(completely permeable) to completely impermeable. The analytical solution to signal 

decay in free diffusion is a monoexponential decay, which is represented in Fig. 3 as a 

solid line, assuming a diffusion coefficient of D = 3.0 m
2
/ms. The signal decay of the 

intracellular compartment calculated by the FD model agrees with the Tanner et al. 

model (dotted line) for the case of impermeable membranes.  

Figure 3: Total signal and intracellular 

signal vs. b-value at various membrane 

permeabilities. Simulation results 

(symbols) for total and intracellular signal 

decay correspond to an exponential decay 

(solid line) in the case of free diffusion, 

while the intracellular signal decay also 

satisfies the Tanner et al. model (dotted 

line) in the case of impermeable 

membranes. 
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Effect of permeability on ADC: ADC values calculated from fitting decay curves between 

0-1000 s/mm
2
 are plotted as a function of membrane permeability in Fig. 4 at different 

values of Dint (3.0, 1.0 μm
2
/ms), T2int (150, 50, 25 ms) and  (10 – 70 ms). The shaded 

area represents physiologically relevant values of membrane permeability. In general, the 

ADC decreases as the cell membrane becomes less permeable, and this effect is more 

pronounced at longer diffusion times. With large differences between T2int and T2ext, the 

ADC increases as the membrane becomes impermeable. This is a combined effect of T2 

filtering and exchange. As the membrane restricts the exchange of water between the two 

compartments, a shorter T2 in the intracellular compartment decreases the influence of 

Figure 4: Calculated ADC of water plotted against membrane permeability. Lines 

connect simulations with identical diffusion times. Panels depict simulation results 

with a combination of parameters Dint = 1.0 and 3.0 m2/ms, and T2int = 150, 50, 

and 25 ms.  In each case, Dext = 3.0 m2/ms, and T2ext = 150 ms. Shaded regions 

highlight the physiologically relevant values of membrane permeability. 
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the restricted intracellular compartment on the ADC. Changes in Dint have a significant 

effect on the ADC when the membrane is permeable or at short diffusion times, but Dint 

has little effect on the ADC at low Pmem and longer diffusion times.  

The physiologic values of membrane permeability of water diffusion have been 

measured for red blood cells at a value of Pmem = 0.003 cm/s, which are considered more 

permeable than other cell lines [21,22]. Stanisz et al. [12] and Vestergaard-Poulsen et al. 

[13] both fit to membrane permeability in the range of 0.0006 cm/s to 0.0019 cm/s. In the 

results presented below, a value of Pmem = 0.001 cm/s was used.  

Effect of intracellular diffusivity on ADC: ADC is plotted vs. intracellular diffusivity, 

Dint, in Fig. 5 at different  (10 – 70 ms) and T2int (150, 50 and 25 ms). Increases in Dint 

at short diffusion times tend to increase the ADC while at long diffusion times Dint has 

relatively little effect on ADC.  At short diffusion times, a significant fraction of the 

water has not experienced the restrictive membrane and the ADC is sensitive to Dint. 

However, at longer diffusion times much of the water has already experienced the cell 

membrane, making the ADC relatively independent of Dint. This effect is independent of 

T2int, although ADCs are higher with decreased T2int due to T2 filtering.  
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Effect of T2 heterogeneity on ADC: The effect of intracellular T2 on the ADC is shown in 

Fig. 6 at different diffusion times and values of Dint. At T2int = 150ms, T2 is 

homogeneous in the model. In general, a decrease in T2int reduces the influence of 

restricted intracellular water on the signal decay, and increases the calculated ADC. The 

three panels represent simulations run at different values of Dint, and shows that the ADC 

is relatively independent of diffusion time at longer diffusion times or at low Dint.  

Figure 5: Calculated ADC as a function of intracellular diffusivity, Dint, at different 

diffusion times. Simulations show that the ADC is relatively independent of Dint at 

clinically relevant diffusion times (  > 40 ms). The increase in ADC with lower T2int 

is a result of T2 filtering. 

Figure 6: Calculated ADC as a function of intracellular T2 relaxation time, T2int. 

Simulations show an increase in the ADC with decreased T2int due to T2 filtering. 

Changes in Dint affect the ADC at short diffusion times, but do not affect the ADC at 

longer diffusion times. 
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Effect of intracellular volume fraction on ADC: The ADC has a strong inverse correlation 

with IVF, as shown in Fig. 7. The IVF is increased by swelling the cells, increasing the 

volume of the intracellular space at the expense of the extracellular space. Over the range 

of IVF investigated (0.63 – 0.90), the ADC decreases with increasing IVF, and the 

decrease is sensitive to differences in T2 between the intracellular and extracellular 

spaces.  As T2int decreases, not only does the ADC increase, but the decrease in ADC 

with IVF also increases.  

Effect of TE on ADC: By allowing a compartmental difference in T2, a dependence of the 

ADC on TE could be predicted.  The effect of TE on the ADC is shown in Fig. 8 at a 

diffusion time,  = 60 ms. T2 filtering is observed as an increase in the ADC with TE due 

to differences in T2. When T2int and T2ext are identical, there is no T2 filtering and, as 

would be expected, there is no dependence of ADC on TE.  At T2int = 50 ms, one third 

that of T2ext, there is a slight dependence of ADC on TE and at T2int = 25 ms, this 

dependence is amplified.   

Figure 7: Calculated ADC as a function of intracellular volume fraction, IVF. IVF is 

increased by swelling cells at the expense of the extracellular space. Simulations show 

that the ADC decreases with IVF, which is more pronounced at low T2int. 
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Discussion 

The model described in this paper reproduces results of several other previously reported 

models and adds new insight into the potential influences of intracellular T2 on 

experimentally measured ADC. The model predicts an exponential signal decay from free 

diffusion, and accurately reproduces the well-known Tanner model of restricted diffusion 

in the case of impermeable membranes [9]. With homogenous T2 (T2int = T2ext = 150 

ms), diffusion models have predicted a decrease in ADC with restriction and an ADC that 

decreases with diffusion time [22], which is also predicted by the present model.  

Fig. 4 plots the ADC within a complete range of membrane permeability, from 

free diffusion to impermeable membranes. Within the physiologic range, the change in 

ADC with membrane permeability depends primarily upon the T2 difference between 

intracellular and extracellular compartments. With homogenous T2, an increase in ADC 

is found with membrane permeability. Decreasing T2int reduces the change with 

membrane permeability, and eventually inverts the trend. A recently published model 

also predicted a decrease in the ADC with exchange rate when there are large differences 

Figure 8: Calculated ADC as a function 

of TE. Different panels show results at 

different diffusion times, while lines are 

connected between ADCs with identical 

cell properties. T2 filtering is observed as 

an increase in ADC with TE. The 

increase is more pronounced with larger 

differences between intracellular and 

extracellular T2.  
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between T2int and T2ext [13]. The initial decrease in ADC with increasing permeability 

(from impermeable in the right hand column plots of Fig. 4) is a direct result of exchange 

affecting T2 filtering of the intracellular and extracellular compartments. Further 

increases in permeability reduce the effect of membrane restriction and raise the ADC to 

values consistent with the fast exchange limit.  

The model predicts that differences in T2 between compartments can have a 

striking influence on the ADC. A faster decaying intracellular compartment weights the 

acquired signal toward the tortuous, yet ultimately unrestricted, extracellular 

compartment, causing the ADC to increase. By decreasing T2int relative to T2ext the 

predicted ADC is in the range measured clinically in normal tissue, between 0.7 and 1.0 

m
2
/ms. Such compartmental differences in T2 have been considered in previous 

diffusion models [13,25]. Szafer et al. investigated compartmental T2 filtering, but 

neglected T2 differences after their model suggested up to a 2x difference between 

compartmental T2 values had negligible effect on the ADC. More recent work has 

suggested larger T2 differences between compartments [13,26,27].  

T2 filtering is mediated by the difference in the compartmental T2 values and the 

intracellular exchange rate relative to the experimental timescale. The dependence upon 

the exchange rate is evident in Fig. 4 where the ADC increases as the membrane becomes 

impermeable. Given a low exchange rate, and compartmental difference in T2, T2 

filtering can be observed as a change in ADC with TE. Increases in ADC with TE have 

been previously measured, although the increase did not reach statistical significance 
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[28]. Similarly, this model predicts an increase in the ADC with TE when there are T2 

differences between the two compartments. The increase is strongly dependent upon the 

magnitude of the T2 difference, but also dependent upon the exchange rate of water 

between the two compartments.  

Published estimates on the compartment specific values of T2 vary widely. For 

instance, Assaf and Cohen hypothesize T2ext to be faster than T2int after measuring an 

increase in the volume fraction of a slow diffusing component of water when carrying out 

diffusion-weighted spectroscopic experiments with TEs from 70 to 550 ms in excised 

bovine optic nerve suspended in a saline solution [29]. However, the tissue was not 

perfused during the experiments, making the measurements hard to relate to living tissue.  

Also, their experimental setup (TE range from 70 to 550 ms) would make it impossible to 

detect T2 populations in the few tens of milliseconds. In contrast to this, Buckley et al. 

predict a T2int as low as 20 ms after observing a slow diffusing component of water to 

decrease with TE in perfused hippocampal slices [27]. Vestergaard-Poulsen et al. also 

predicted a low T2int, approximately 20 ms, by fitting experimental data obtained from 

gray matter to a model of diffusion in which T2 is allowed to vary within tissue 

compartments [13]. Silva et al. estimated T2int to be 42 ms, but this measurement was 

done in the presence of a susceptibility contrast agent in the extracellular space [6]. The 

only direct experimental measurements of T2int were conducted by Schoeniger et al., 

where they measured a cytoplasmic T2 = 34 ms in single neurons isolated from Aplysia 
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californica [26]. More experimental work is needed to directly measure values of T2int 

and T2ext to validate these findings and the results of this model. 

It is often assumed that slow exchange in combination with compartmental 

differences in T2 should indicate a multi-component T2 decay in tissue. Such a multi-

component decay has not been observed in experiments carried out in gray matter [28]. 

However, the ability to detect multi-compartment T2 is dependent upon the absolute 

difference between compartmental T2 values, exchange between the compartments, and 

SNR [30]. For example, at the biophysical values used in this work, Pmem = 0.001 cm/ms, 

T2int = 25 ms, and T2ext = 150 ms, the signal decay with TE (sampled at TE = 12.5 by 

12.5 to 200 ms) is statistically bi-exponential (F-test rejected at the 0.05 significance 

threshold) above SNR ~ 200. By increasing Pmem to 0.002 cm/ms, the signal decay with 

TE only becomes bi-exponential above SNR ~ 600. Even with this higher membrane 

permeability, the trends in Fig. 7 are still observed.  ADC decreases with increasing IVF 

and this decrease is greater at the short T2int (right panel in Fig. 7). Therefore, it is 

possible that compartmental differences in T2 could play an important role in filtering 

compartments in diffusion data, while not exhibiting multi-exponential T2 decay, even at 

high SNR.  

Many models of restricted diffusion have predicted a decrease in the ADC of 

water with increasing diffusion time [22,25,31], but clinical and experimental results 

have shown a relatively constant ADC with diffusion time [32]. Figs. 5 and 6 show 

conditions at low Dint and low T2int for which the ADC is effectively independent of 
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diffusion time. While low Dint has been previously hypothesized, allowing a low T2int 

further decreases the diffusion time dependence of the ADC, consistent with 

experimental results.  

The strong decrease in ADC with IVF predicted by the present model agrees with 

previously published models [13,25]. Furthermore, the present model shows that the 

percentage decrease is strongly dependent upon the difference in T2 between the two 

compartments. For instance, at  = 50 ms, an increase in the IVF from 0.8 to 0.9 reflects 

only a 24% decrease in the ADC when the T2 is matched between the intracellular and 

extracellular compartments. However, at the shorter T2int = 25 ms, the same increase in 

IVF produces a 42% decrease in ADC. This dependence upon T2int is due to the 

decreased dependence of the ADC on unrestricted diffusion in the extracellular space as 

the cell swells to a higher volume fraction. Similarly, Vestergaard-Poulsen et al. 

predicted a large decrease in ADC with low T2int compared to T2ext, resulting in a 45% 

decrease while increasing the cell volume fraction from 0.81 to 0.96.  

 

Application to ischemia 

The primary observation of DWMRI after ischemia is a 30-50% decrease in the ADC of 

tissue water. Several changes in biophysical properties have been hypothesized to explain 

this observation. Table 1 presents a few possible scenarios of cellular changes in 

response to ischemia, and the predicted drop in ADC calculated from the FD model. In 

tissue, the IVF has been measured to increase from approximately 0.8 to between 0.9 and 
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0.95 during ischemia [18,19]. When cells swell at the expense of the extracellular space, 

the increase in IVF alone is responsible for an ADC decrease of 32.3% when T2int = 50 

ms and 42.4% when T2int = 25 ms.  A change in IVF would also tend to change the T2 

from the global tissue measured by MRI. Because such a change in T2 is not observed 

experimentally, we have raised the T2int such that the apparent T2 is the same before and 

after swelling. Such an increase could result from the dilution of the intracellular space 

because of cell swelling. This only accounts for an additional 1.5-3.1% decrease in the 

ADC. As discussed earlier, inducing changes in Dint minimally affects the ADC, causing 

only an additional +/-2% change in the ADC with a decrease in Dint from 1.0 to 0.7 

m
2
/ms or an increase from 1.0 to 1.2 m

2
/ms. The model also predicts that changes in 

the ADC with membrane permeability depend upon the difference in compartmental T2.  

An increase in membrane permeability, Pmem, to 0.02 cm/s could account for an 

additional 3.3% decrease in ADC when T2int = 25 ms, while at T2int = 50 ms the change 

in ADC decreases by 5.4%.  

The present model predicts that, although many factors may play a role in the 

decreases in ADC observed following ischemia, a change in the IVF due to cell swelling 

is a dominant factor. When compartmental differences in T2 are present, cell swelling is 

 % Decrease in ADC 

Effect T2int = 50 ms T2int = 25 ms 

Cell swelling 32.3% 42.4% 

Cell swelling + T2int 33.8% 45.5% 

Cell swelling + T2int + Dint / Dint 35.9% / 33.0% 46.9% / 44.9% 

Cell swelling + T2int + Pmem 28.4% 48.8% 

 

Table 1: Change in ADC due to proposed biophysical effects of ischemia 
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sufficient to account for the 30-50% decrease in ADC observed after ischemia. Other 

modeling results have been interpreted to limit the effects of IVF on the ADC. For 

instance, Ford et al. predicted little decrease in the ADC with cell swelling when 

modeling diffusion perpendicular to infinitely long axonal fiber bundles [33]. However, 

Ford et al. neglected compartmental T2 differences, which is required in the present 

model to reach the 30-50% observed in acute stroke. Also, the ADC perpendicular to 

axon fiber bundles has been shown to be less sensitive to ischemia than the mean 

diffusivity in isotropic tissue [34]. 

The effect of cell swelling on the measured ADC has also been studied 

experimentally. Van Pul et al. reported a 20% drop in ADC due to osmotic swelling 

(80% of normal osmolarity) of perfused hippocampal slices, and a 40% drop in ADC 

when similar slices were oxygen and glucose deprived [35]. Similarly, Buckley et al. 

found only a 19% decrease in ADC after treating hippocampal slices with ouabain, which 

induces cell swelling by shutting down the Na+/K+ ATPase without altering metabolic 

activity [27]. At first glance, these results seem to diminish the impact of cell swelling on 

measured ADC.  However, an important detail of these studies is that they are performed 

at very short diffusion times, tdiff = 7 ms (  = 8 ms,  = 3 ms) and tdiff = 10 ms (  = 11.3 

ms,  = 4 ms) respectively.  At such short diffusion times, the present model predicts a 

small percentage decrease in ADC with increasing IVF, as shown in Fig. 7. Also, a 

decrease in Dint, due to reductions of energy dependent intracellular motion, is predicted 

to have a much larger influence on the ADC at short diffusion times, as shown in Fig. 5. 
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Therefore, this model predicts that reductions in the ADC following ischemia, measured 

at very short diffusion times, would be heavily weighted towards changes in Dint and less 

sensitive to changes in IVF, consistent with these experimental observations.   

The intracellular diffusion coefficient is an important parameter, as many groups 

hypothesize that it plays a role in the decrease in ADC observed following ischemia [5,6]. 

Many indirect measurements on intracellular metabolites and ions have led to the 

hypothesis that the intrinsic diffusivity of intracellular water decreases after ischemia, and 

is the driving force behind the decrease in the ADC of water [5,36]. Given the 

experimental evidence that IVF and Dint are both affected in ischemia, this model agrees 

with the partial and complete decrease in ADC with cell swelling and ischemia, 

respectively, as observed by van Pul et al. and Buckley et al., as well as the ADC drop 

after ischemia at short diffusion times measured by Does et al. [37].  However, recent 

work in cell cultures has shown an increase in the ADC of intracellular water after 

ischemia [38], which may indicate that trends in the ADC of water are not be coupled to 

the ADC of intracellular metabolites and ions at clinical diffusion times. This agrees with 

our model which predicts that, at more clinically relevant diffusion times (  > 30 ms), 

reductions in ADC would be insensitive to changes in Dint and more sensitive to changes 

in IVF.  

While providing insight into the biological properties affecting water diffusion in 

tissue, and their influence on measured ADC, the model has limitations. While 

physiologically appropriate values for cell volume fraction and cell size were used, 
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precise values for Dint, Dext, T2int, T2ext, and Pmem for cells in gray matter are not known. 

Because the results of modeling are sensitive to these parameters, particularly T2int and 

T2ext, the predictive value of this work may be limited by the accuracy of these 

parameters. Furthermore, the inherent complexity of gray matter, such as variations in 

cell shape, size, and density are ignored, and the model neglects the presence of any 

dendrites, unmyelinated axons, and axon terminals.  Further work is needed to explore 

the effects of these factors on the measured ADC in tissue.   

 

Conclusions 

In this work, clinically observed DWMRI results have been predicted using 

physiologically realistic parameters by a mathematical model that incorporates the effects 

of membrane permeability as well as differential diffusion coefficients and T2 relaxation 

times between intracellular and extracellular spaces. The model predicts that the 

biophysical parameters influencing ADC measurements are highly dependent on the 

diffusion times at which experiments are carried out.  At longer, clinically relevant, 

diffusion times the ADC is very sensitive to changes in the IVF and insensitive to Dint. At 

short diffusion times, however, the ADC is less sensitive to IVF and more sensitive to 

Dint. Using the model, the decrease in ADC following ischemia measured clinically can 

be fully accounted for by cell swelling alone when the T2 relaxation time is longer in the 

extracellular spaces than within the cells.  



62 

 

Acknowledgements 

This work supported by NIH grants GM57270 and CA88285 and Arizona Biomedical 

Research Commission grant 8-078. The authors are grateful to the University of Arizona 

High Performance Computing Facility for sponsored computing resources, and to Mr. 

John Totenhagen for helpful discussions. 



63 

 

References 

1. Torrey HC. Bloch Equations with Diffusion Terms. Physical Review 

1956;104(3):563. 

 

2. Warach S, Chien D, Li W, Ronthal M, Edelman RR. Fast magnetic resonance 

diffusion-weighted imaging of acute human stroke. Neurology 1992;42(9):1717-. 

 

3. Moseley ME, Cohen Y, Mintorovitch J, Chileuitt L, Shimizu H, Kucharczyk J, 

Wendland MF, Weinstein PR. Early detection of regional cerebral ischemia in 

cats: Comparison of diffusion- and T2-weighted MRI and spectroscopy. Magnetic 

Resonance in Medicine 1990;14(2):330-346. 

 

4. Warach S, Gaa J, Siewert B, Wielopolski P, Edelman RR. Acute human stroke 

studied by whole brain echo planar diffusion-weighted magnetic resonance 

imaging. Annals of Neurology 1995;37(2):231-241. 

 

5. van der Toorn A, Dijkhuizen RM, Tulleken CAF, Nicolay K. Diffusion of 

metabolites in normal and ischemic rat brain measured by localized 1H MRS. 

Magnetic Resonance in Medicine 1996;36(6):914-922. 

 

6. Silva MD, Omae T, Helmer KG, Li F, Fisher M, Sotak CH. Separating changes in 

the intra- and extracellular water apparent diffusion coefficient following focal 

cerebral ischemia in the rat brain. Magnetic Resonance in Medicine 

2002;48(5):826-837. 

 

7. Assaf Y, Cohen Y. Non-Mono-Exponential Attenuation of Water andN-Acetyl 

Aspartate Signals Due to Diffusion in Brain Tissue. Journal of Magnetic 

Resonance 1998;131(1):69-85. 

 

8. Mulkern RV, Gudbjartsson H, Westin C-F, Zengingonul HP, Gartner W, 

Guttmann CRG, Robertson RL, Kyriakos W, Schwartz R, Holtzman D, Jolesz 

FA, Maier SE. Multi-component apparent diffusion coefficients in human brain. 

NMR in Biomedicine 1999;12(1):51-62. 

 

9. Tanner JE, Stejskal EO. Restricted Self-Diffusion of Protons in Colloidal Systems 

by the Pulsed-Gradient, Spin-Echo Method. The Journal of Chemical Physics 

1968;49(4):1768-1777. 

 

10. Murday JS, Cotts RM. Self-Diffusion Coefficient of Liquid Lithium. The Journal 

of Chemical Physics 1968;48(11):4938-4945. 



64 

 

11. Balinov B, Jonsson B, Linse P, Soderman O. The NMR Self-Diffusion Method 

Applied to Restricted Diffusion. Simulation of Echo Attenuation from Molecules 

in Spheres and between Planes. Journal of Magnetic Resonance, Series A 

1993;104(1):17-25. 

 

12. Stanisz GJ, Wright GA, Henkelman RM, Szafer A. An analytical model of 

restricted diffusion in bovine optic nerve. Magnetic Resonance in Medicine 

1997;37(1):103-111. 

 

13. Vestergaard-Poulsen P, Hansen B, Østergaard L, Jakobsen R. Microstructural 

changes in ischemic cortical gray matter predicted by a model of diffusion-

weighted MRI. Journal of Magnetic Resonance Imaging 2007;26(3):529-540. 

14. Hwang SN, Chin C-L, Wehrli FW, Hackney DB. An image-based finite 

difference model for simulating restricted diffusion. Magnetic Resonance in 

Medicine 2003;50(2):373-382. 

 

15. Xu J, Does MD, Gore JC. Numerical study of water diffusion in biological tissues 

using an improved finite difference method. Physics in Medicine and Biology 

2007;52(7):N111-N126. 

 

16. Chin C-L, Wehrli FW, Fan Y, Hwang SN, Schwartz ED, Nissanov J, Hackney 

DB. Assessment of axonal fiber tract architecture in excised rat spinal cord by 

localized NMR q-space imaging: Simulations and experimental studies. Magnetic 

Resonance in Medicine 2004;52(4):733-740. 

 

17. Hagslätt H, Jönsson B, Nydén M, Söderman O. Predictions of pulsed field 

gradient NMR echo-decays for molecules diffusing in various restrictive 

geometries. Simulations of diffusion propagators based on a finite element 

method. Journal of Magnetic Resonance 2003;161(2):138-147. 

 

18. Schuier FJ, Hossmann KA. Experimental brain infarcts in cats. II. Ischemic brain 

edema. Stroke 1980;11(6):593-601. 

 

19. Syková E, Svoboda J, Polák J, Chvátal A. Extracellular volume fraction and 

diffusion characteristics during progressive ischemia and terminal anoxia in the 

spinal cord of the rat. J Cereb Blood Flow Metab 1994;Mar;14(2):301-311. 

 

20. Nolte J. The Human Brain: An Introduction to Its Functional Anatomy: C.V. 

Mosby; 1998. 

 

21. Finkelstein A. Water Movement Through Lipid Bilayers, Pores, and Plasma 

Membranes: Theory and Reality: John Wiley & Sons Inc; 1987. 



65 

 

 

22. Latour LL, Svoboda K, Mitra PP, Sotak CH. Time-Dependent Diffusion of Water 

in a Biological Model System. Proceedings of the National Academy of Sciences 

of the United States of America 1994;91(4):1229-1233. 

 

23. Mills R. Self-diffusion in normal and heavy water in the range 1-45.deg. J Phys 

Chem 1973;77(5):685-688. 

 

24. Jezzard P, Duewell S, Balaban RS. MR relaxation times in human brain: 

measurement at 4 T. Radiology 1996;199(3):773-779. 

 

25. Szafer A, Zhong J, Gore JC. Theoretical Model for Water Diffusion in Tissues. 

Magnetic Resonance in Medicine 1995;33(5):697-712. 

 

26. Schoeniger JS, Aiken N, Hsu E, Blackband SJ. Relaxation-Time and Diffusion 

NMR Microscopy of Single Neurons. Journal of Magnetic Resonance, Series B 

1994;103(3):261-273. 

 

27. Buckley DL, Bui JD, Phillips MI, Zelles T, Inglis BA, Plant HD, Blackband SJ. 

The effect of ouabain on water diffusion in the rat hippocampal slice measured by 

high resolution NMR imaging. Magnetic Resonance in Medicine 1999;41(1):137-

142. 

 

28. Does MD, Gore JC. Compartmental study of diffusion and relaxation measured in 

vivo in normal and ischemic rat brain and trigeminal nerve. Magnetic Resonance 

in Medicine 2000;43(6):837-844. 

 

29. Assaf Y, Cohen Y. Assignment of the water slow-diffusing component in the 

central nervous system using q-space diffusion MRS: Implications for fiber tract 

imaging. Magnetic Resonance in Medicine 2000;43(2):191-199. 

 

30. Harkins K, Galons J-P, Secomb T, Trouard T. Modeling the Role of Membrane 

Permeability and T2 Relaxation TE-Dependent Signal Decay. Proceedings of the 

16th Annual Meeting of ISMRM, Toronto, Canada, 2008. p1420. 

 

31. Pfeuffer J, Flögel U, Dreher W, Leibfritz D. Restricted diffusion and exchange of 

intracellular water: theoretical modelling and diffusion time dependence of 1H 

NMR measurements on perfused glial cells. NMR in Biomedicine 1998;11(1):19-

31. 

 

32. LeBihan D, Turner R, Douek P. Is water diffusion restricted in human brain white 

matter? An echo-planar NMR imaging study. NeuroReport 1993;4(7):897-890. 



66 

 

 

33. Ford JC, Hackney DB, Lavi E, Phillips M, Patel U. Dependence of apparent 

diffusion coefficients on axonal spacing, membrane permeability, and diffusion 

time in spinal cord white matter. Journal of Magnetic Resonance Imaging 

1998;8(4):775-782. 

 

34. Sorensen AG, Wu O, Copen WA, Davis TL, Gonzalez RG, Koroshetz WJ, Reese 

TG, Rosen BR, Wedeen VJ, Weisskoff RM. Human Acute Cerebral Ischemia: 

Detection of Changes in Water Diffusion Anisotropy by Using MR Imaging. 

Radiology 1999;212(3):785-792. 

 

35. vanPul C, Jennekens W, Nicolay K, Kopinga K, Wijn PFF. Ischemia-induced 

ADC changes are larger than osmotically-induced ADC changes in a neonatal rat 

hippocampus model. Magnetic Resonance in Medicine 2005;53(2):348-355. 

 

36. Neil JJ DT, Ackerman JJ. Evaluation of intracellular diffusion in normal and 

globally-ischemic rat brain via 133Cs NMR. Magnetic Resonance in Medicine 

1996;35(3):329-335. 

 

37. Does MD, Parsons EC, Gore JC. Oscillating gradient measurements of water 

diffusion in normal and globally ischemic rat brain. Magnetic Resonance in 

Medicine 2003;49(2):206-215. 

 

38. Trouard TP, Harkins KD, Divijak JL, Gillies RJ, Galons J-P. Ischemia-induced 

changes of intracellular water diffusion in rat glioma cell cultures. Magnetic 

Resonance in Medicine 2008;60(2):258-264. 



67 

 

 

APPENDIX B:ISCHEMIA-INDUCED CHANGES OF INTRACELLULAR WATER 

DIFFUSION IN RAT GLIOMA CELL CULTURES 

 

Theodore P. Trouard
1,2

, Kevin D. Harkins
1
, Joseph L. Divijak

2
, Robert J. Gillies

1,2
, and 

Jean-Philippe Galons
2
 

 

1
Biomedical Engineering Program, 

2
Department of Radiology, and 

3
Arizona Cancer 

Center 

University of Arizona, Tucson, Arizona, 85721 

 

 

 

 

Published in Magnetic Resonance in Medicine 2008;60(2):258-264 



68 

 

Abstract 

Diffusion-weighted magnetic resonance imaging is commonly used in the diagnosis and 

evaluation of ischemic stroke because of the rapid decrease observed in the apparent 

diffusion coefficient (ADC) of tissue water following ischemia. Although this 

observation has been clinically useful for many years, the biophysical mechanisms 

underlying the reduction of tissue ADC are still unknown.  To help elucidate these 

mechanisms, we have employed a novel three dimensional hollow-fiber bioreactor 

(HFBR) perfused cell culture system that enables cells to be grown to high density and 

studied via magnetic resonance imaging and spectroscopy.  By infusing contrast media 

into the HFBR, signals from intracellular water and extracellular water are 

spectroscopically resolved and can be investigated individually. Diffusion measurements 

carried out on C6 glioma HFBR cell cultures indicate that ischemia-induced cellular 

swelling results in an increase in the ADC of intracellular water from 0.35 μm
2
/ms to 

approximately 0.5 μm
2
/ms (diffusion time = 25 ms).   
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Introduction 

Since the discovery of ischemia induced decreases in diffusion coefficients 

measured in brain tissue, DWMRI has been successfully used to diagnose and evaluate 

acute clinical stroke [1,2].  The apparent diffusion coefficient (ADC) of tissue water 

drops significantly following cerebral ischemia, enabling easy identification of ischemic 

tissue in diffusion-weighted images.  Although this observation has been clinically useful 

over the last several years, there is not a comprehensive understanding of the biophysical 

mechanisms underlying the reduction of tissue ADC.  Many conditions could effectively 

slow down the movement of water in ischemic tissue and result in a measured drop in the 

ADC.  These include, ischemia-induced cellular swelling, which results in an increase in 

the intracellular volume fraction and increases in the tortuosity of the extracellular space, 

decreases in temperature, decreases in membrane permeability and decreases in the 

intrinsic energy-dependent motion of intracellular water (i.e. cytosolic streaming) [3, and 

references therein].  A number of theoretical models have been developed that attempt to 

take many relevant physiological parameters into account while modeling the results of 

DWMRI experiments, including cell shape and size, unique intrinsic diffusion 

coefficients and T2 relaxation times of the water in the intracellular and extracellular 

spaces, membrane permeability, and shape dependent tortuosity factors of the 

extracellular space [4-9].   

To effectively evaluate these models and deepen our understanding of how each 

of these parameters affects experimentally measured DWMRI results, it would be very 
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useful to have experimental determination of as many of the modeling parameters as 

possible.  In particular, the diffusion coefficient of water in the intracellular and 

extracellular space has been the focus of a significant amount of research.  Because 

intracellular and extracellular water are typically not resolved spectroscopically, 

multiexponential analysis of signal decay curves from the total water signal has been 

used to assign diffusion properties of the intra and extracellular spaces in cell cultures 

[10] and in living tissue [11,12].  Contrast agents that differentially affect relaxation 

times in the intra and extracellular spaces have also been used in conjunction with 

diffusion experiments to differentiate diffusion in the intra and extracellular spaces [13-

15].  Finally, many surrogate markers of water diffusion have been investigated including 

endogenous metabolites [16-18], ions [19,20] and exogenous biomolecules [21,22].  

To allow more direct measurements of intracellular water properties, we have 

employed a novel three dimensional hollow-fiber bioreactor (HFBR) perfused cell culture 

system that enables cells to be grown to high density in a homogeneous and controlled 

environment and be studied via MRI and MRS [23,24].  The energetic status of cells can 

be non-invasively monitored via 
31

P MRS while water diffusion in the same cell culture 

can be measured via 
1
H MRS and MRI.  A unique and particularly useful feature of this 

HFBR system is that, with the infusion of a susceptibility contrast agent, MR signals 

from the intracellular and extracellular spaces become spectroscopically separated, 

allowing individual study of water in the intracellular space [25].  In this communication, 

we report results from experimentally induced ischemia in a HFBR culture of rat glioma 
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cells.  Diffusion properties of the intracellular water were measured before and after the 

onset of permanent ischemia and compared to the loss of energetic metabolites and 

cellular swelling, all obtained via MR techniques in the same cell culture.  To our 

knowledge, this is the first report of the direct measurement of intracellular water 

diffusion in response to ischemia that has been made in living mammalian cells. 

 

Methods 

Hollow Fiber Bioreactor (HFBR).  The HFBR system has been described in detail 

elsewhere [25].  Briefly, the HFBR used in this study consists of a cylindrical 

polycarbonate casing (80 mm in length, 27 mm outer diameter) containing approximately 

450 microporous hollow fibers (700 micron outer diameter, 100 micron wall thickness) 

with a pore size of 0.2 microns.  Cells are grown in the extrafiber spaces and are supplied 

with nutrients by continuous flowing of oxygenated media (60% O2: 5% CO2; 35% N2) 

through the lumen of the fibers at a flow rate of 150 ml/min.  An external standard, 100 

mM dimethylmethylphosphonate (DMMP) solution, within a sealed capillary tube, was 

placed into a channel machined into the wall of the HFBR and used to quantitatively 

evaluate 
31

P MRS. 

Cell culture.  Rat glioma (C6) cells were obtained from American Type Culture 

collection and routinely cultured in Dulbecco’s modified Eagles medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS). Approximately 4  10
8
 C6 cells were 

infused into the extrafiber space at the beginning of the experiment through an 
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inoculation port in the side of the HFBR casing.  The average cell diameter of the C6 

cells as measured in suspension was approximately 12 μm.   

Magnetic Resonance Imaging and Spectroscopy.  All experiments were carried out at 9.4 

Tesla on a Bruker AVANCE spectrometer equipped with self-shielded orthogonal 

imaging gradients (1000 mT/m max strength and 150 μs rise time). A 27 mm dual tuned 

(
31

P/
1
H) birdcage RF probe was used for excitation and reception in all experiments 

(Bruker, Karlsruhe, Germany).  To monitor cell growth, fully relaxed 
31

P spectra were 

obtained daily via a one-pulse sequence using a 30
o
 pulse every 1 s, collecting 4096 

points over a spectral width of 100 ppm (3600 averages, 60 min acquisition time).  The 

spatial distribution of cells within the bioreactor was monitored by DWMRI using a 

standard diffusion-weighted stimulated-echo as previously described [25]. After 

approximately 250 hrs of growth, the extrafiber space was filled with cells as the culture 

reached confluence as evidenced by maximization of the NTP signals and 

homogeneously minimal ADC values throughout the extrafiber space. 

Experimental Ischemia.  Prior to the induction of ischemia, a 5mM Gd-DTPA 

(Magnevist
®

, Bayer HealthCare Pharmaceuticals Inc, NJ) solution was added to the 

media to split the water resonance of the HFBR into three separate signals corresponding 

to intracellular water (unshifted), intralumenal/extracellular water (shifted +185 Hz) and 

water within the fiber wall (shifted +135 Hz) as described in [25]. Pre-ischemia 
31

P MRS 

spectra were recorded (4096 points, 5000 Hz spectral width, TR = 500 ms, 30
o
 flip angle, 

2 minute acquisition time) to determine baseline metabolite levels and culture pH.  A 
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single average one-pulse 
1
H MRS experiment (30

o 
flip angle, 5000 Hz spectral width) 

was carried out to determine pre-ischemia intracellular volume fraction (IVF).  
1
H 

DWMRS experiments were carried out using a Stejskal-Tanner PGSE sequence 

employing balanced gradient pulses with duration,   = 7 ms, and pulse separation,  = 

14, 20 and 25 ms.  The diffusion gradient strengths were adjusted for each  value to 

produce 16 b-values ranging from 0 to 1000 s/mm
2
.  Other experimental parameters were 

TE = 30 ms, and TR = 2.5 s.   

To induce ischemia, the pump supplying media to the reactor was shut off, and 

repetitive 
31

P MRS and 
1
H MRS acquisitions were initiated in presence of Gd-DTPA to 

monitor energetic status and cell volume.  
31

P MRS spectra were recorded every 2 min 

followed by a single average one-pulse 
1
H MRS experiment.  When ATP was depleted 

from the culture (NTP resonance reduced to the level of the 
31

P spectral noise), 
1
H 

DWMRS experiments were initiated and interleaved into the experimental cycle.  
 
The 

total experimental time for the 3 experiment sequence was approximately 10 minutes and 

these were carried out over the course of 8 hours following the onset of ischemia.  

Culture temperature was monitored via a fiber optic temperature probe and maintained at 

37 ± 0.5 C throughout the entire experiment by running heated water through the MRI 

gradients coils surrounding the HFBR. 

Data Analysis. Energetic metabolite levels were determined by monitoring the intensity 

of the -NTP peak [23].  Intracellular volume fraction was determined from 
1
H spectra 

by fitting individual spectra to three Lorentzian peaks and dividing the intracellular peak 
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area by the total area of the spectrum.  The intracellular apparent diffusion coefficient 

(iADC) before and after ischemia was calculated by fitting the area of the peak 

corresponding to intracellular water to a single exponential decay over the range of b = 0 

- 1000 s/mm
2
.  Although the diffusion in the intracellular space over a large range of b-

values is non-monoexponential [12,25], the data obtained over these low b-values is 

adequately fit by a single exponential decay. 

  

Results 

A pre-ischemia 
31

P spectrum obtained from C6 cells at confluence is shown in 

Fig. 1A.  Signals from nucleoside triphosphates (NTP), inorganic phosphate (Pi), 

glycerolphosphorylcholine (GPC) and phosphomonoesters (PMEs) can be easily 

identified and are labeled in the figure.  The energetic profile has been shown to be 

remarkably stable during cell growth [23].  The signal from inorganic phosphate (Pi) 

resonance is comprised of peaks from intracellular and extracellular Pi and indicates only 

small changes in pH throughout the bioreactor.  The chemical shift of the inorganic 

phosphate resonance can be used to calculate intracellular pH, pHi [26], and indicates an 

average, pre-ischemia pH value of 7.2.   
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Pre-ischemia 
1
H spectra are shown in Fig. 1B and demonstrate the effect of the 

Gd-DTPA on the water signal in the the HFBR.  Prior to the infusion of Gd-DTPA, the 

1
H spectrum of the C6 HFBR culture consists of a single resonance at 0 ppm  After the 

addition of 5 mM Gd-DTPA to the perfusing media, the spectrum is split into three 

separate peaks.  The peak near 0 ppm comes primarily from water in the intracellular 

space.  The signal at +185 Hz arises primarily from water inside the lumen of the fibers 

and the extrafiber/extracelllular space and water within the porous fiber wall is shifted 

+135 Hz.  Justification of these assignments involved relaxation and diffusion 

measurements and has been previously described [25].  Exchange of water between the 

intracellular and extracellular spaces, while not sufficient to cause coalescence of the 

Figure 1:  Pre-ischemia 
31

P (A) and 
1
H 

(B) spectra of the HFBR C6 cell culture. 

Spectra were obtained at approximately 

250 hours of growth after inoculation. 

Labels in the 
31

P spectrum are: GPC, 

glycerophosphorylcholine; NTP, 

nucleoside triphosphates; Pi, inorganic 

phosphate; PME, phosphomomoesters. 

The 
1
H spectrum was obtained before 

( ) and after ( ) the infusion of 5 mM 

Gd-DTPA into the media which results 

in a splitting between intracellular (0 

Hz) and extracellular (+185, +135 Hz) 

water components.   The 
1
H spectrum 

obtained before Gd-DTPA was scaled 

down by a factor of eight for plotting.   
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observed peaks, will tend to decrease their 

spectral separation and broaden their 

linewidths, i.e. decrease their measured 

T2 relaxation times.  Neglecting these 

effects, a cellular volume fraction of 

approximately 0.75 in the extra-fiber 

space was calculated. 

Representative 
31

P spectra before 

and after ischemia are shown in Fig. 2.  

Within minutes after shutting of the pump 

supplying media to the HFBR, decreases 

in the -NTP peak are noticeable and by 

60 minutes after the onset of ischemia the 

-NTP peak is reduced to the level of the 

noise.  There is also a shift of the 

intracellular Pi resonance to the right 

(downfield) with time, indicating a 

decrease in the intracellular pH of the 

culture.  

Figure 2:  
31

P MRS spectra of the HFBR 

C6 culture as a function of time after the 

onset of ischemia.  Labels refer to the 

time after ischemia in minutes.  Peak 

assignments can be found in figure 1.  



77 

 

Representative 
1
H spectra before 

and after the onset of ischemia are shown 

in Fig. 3.  Spectra were chosen that reflect 

major changes observed over time.  

Within the first hour of ischemia, the 

resonance corresponding to intracellular 

water decreased in linewidth, increased in 

intensity, and shifted to the right.  The 

resonances corresponding extracellular 

water (intrafiber, fiber wall and 

extracellular water) shifted towards the 

left and decreased in intensity.  At 2 hours 

after ischemia the extracellular resonance 

continued to shift to the left and broaden 

while the intracellular resonance continued 

to increase in intensity.  By 270 minutes 

post ischemia, the intracellular and 

extracellular peaks broadened and began 

to coalesce, with both peaks 

approximately at their pre-ischemia 

chemical shifts.  After 340 minutes of 

Figure 3:  
1
H MRS spectra of the HFBR 

C6 culture as a function of time after the 

onset of ischemia.  Labels refer to the 

time after ischemia in minutes. 
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ischemia the intracellular resonance decreased in size while the extracellular peak 

increased and there was significant spectral overlap.  At 470 minutes after ischemia, the 

extracellular resonance shifted to the right of its pre-ischemia chemical shift and there 

was significant spectral overlap of the three resonances.  Interestingly, there is a small but 

visible signal left at 0 ppm, the preischemia location of intracellular water. 

The decrease in the energetic metabolites and the calculated changes in pH and 

intracellular volume fraction are plotted versus time after ischemia in Fig. 4A-C.  Almost 

immediately after shutting off the pump supplying media to the HFBR, there is a 

decrease in the -NTP level, indicating very little nutrient reserve in the HFBR culture.  

By approximately 60 minutes post ischemia, the -NTP is depleted and remained so for 

the remainder of the experiment.  The pH of the HFBR culture, calculated from the Pi 

chemical shift, dropped upon induction of ischemia and within 26 minutes has reached an 

acidic value of 6.3 where it remained for the duration of the experiment.  There was also 

an observed splitting of the Pi signal, assigned to the intracellular and extracellular 

spaces.  Intracellular volume fraction (IVF) experienced little change for approximately 

15 minutes after the onset of ischemia but increased rapidly over the next 20 minutes 

after which it leveled off.  At approximately 75 minutes post ischemia, the IVF began to 

decrease and after approximately 200 minutes of ischemia, the spectra became 

problematic to fit as they coalesced and broadened.   
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The ADC of the intracellular water resonance (iADC) measured at three diffusion 

times before and after the onset of ischemia is plotted in Fig. 4D.  Pre-ischemia values of 

iADC were significantly lower than those measured in tissue and demonstrate a diffusion 

time ( ) dependence (over the small range of  covered) which indicated effects of 

restriction of the intracellular water.  Post-ischemia diffusion measurements were 

initiated when the -NTP levels had effectively disappeared from the 
31

P spectrum 

Figure 4:  Calculated -NTP levels (A), 

intracellular pH, pHi (B), intracellular 

volume fraction, IVF (C) and 

intracellular ADC, iADC (D) in the 

HFBR cell culture as a function of time 

after the onset of ischemia.  -NTP levels 

are normalized to pre-ischemia values. 

Diffusion times ( ) used in the three 

different iADC experiments are indicated 

in the insert of panel D.  A significant 

difference between the post ischemia and 

pre-ischemia iADC is observed at all 

diffusion times (p < 0.005, students 

paired t-test).   Error bars in panel D 

represent error in the fit of data to a 

single exponential decay.     
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(approximately 60 minutes) and repeated every 10 minutes thereafter.  At 60 minutes post 

ischemia, there was a significant increase in the iADC for all diffusion times studied, 

followed by smaller increases over time and leveling off at approximately 200 minutes 

post ischemia.  It should be noted that fitting the 
1
H spectra after this time point become 

problematic due to the spectral overlap and therefore iADC values were not available.     

 

Discussion 

These HFBR cell culture experiments illuminate important issues regarding water 

diffusion in ischemic tissue.  Following the cessation of oxygen and nutrient delivery to 

the HFBR cell culture, there was a rapid decrease in the intracellular energetic 

metabolites.  The rate at which the metabolites disappeared indicates that there was very 

little energy reserve within the cells and HFBR, likely due to the high cell density 

maintained in the culture prior to ischemia.  Within the first hour after ischemia, the 

energetic metabolites disappeared, concurrent with a decrease in the pH of the culture and 

an increase in the IVF due to cell swelling.  The cell swelling plateaued coincidentally 

with depletion of the high-energy metabolites.  The width of the intracellular water 

resonance narrows for the first few hours of ischemia indicating an increase in T2 or T2* 

relaxation.  This could be due to a decreased influence of the extracellular Gd-DTPA on 

intracellular water due to an increase in cell volume, or possibly to a decrease in the 

interactions of intracellular water with intracellular surfaces due to dilution of the 

intracellular space.  The shift of the extracellular peaks to the left following ischemia 
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indicates an increase in the bulk susceptibility effect of Gd-DTPA.  As cells swell, the 

extracellular volume decreases and the effective concentration of Gd-DTPA increases in 

the extracellular space of the HFBR.  This causes a greater susceptibility shift of the 

extracellular peaks.  The intracellular water resonance does exactly the opposite, shifting 

towards the right as cells swell, indicating a decrease bulk susceptibility shift from its pre 

ischemia value. 

Approximately 2.5 hours after the onset of ischemia, the intracellular water 

resonance begins to decrease and broaden and the intracellular and extracellular peaks 

begin to coalesce (Fig. 3).  This is consistent with the cell membranes becoming 

permeable to Gd-DTPA.  As Gd-DTPA enters permeabilized cells, the water resonance 

within those cells will shift towards that of the extracellular space.  This will result not 

only in a reduction of the intracellular water signal but also in an effective reduction in 

concentration of Gd-DTPA within the extracellular, and newly permeabilized 

intracellular, space.  This, in turn, will reduce the susceptibility induced shift towards 

lower values and result in a shift of extracellular peaks to the right (see figure 3). 

The most significant results of these experiments came from the measurement of 

iADC before and after ischemia.  The value of iADC before ischemia ranged from 0.35 

to 0.5 μm
2
/ms for diffusion times of 25 to 14 ms respectively.  The low value of iADC 

(compared to free water) and its dependence on diffusion time indicates restricted 

diffusion in the intracellular space. The hardware available did not allow us to investigate 

shorter diffusion times and thus it was not possible to determine the unrestricted diffusion 
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coefficient of intracellular water.  The iADC values measured here were in the range of 

ADCs measured in Artemia cysts [27] and are similar to the slow diffusion coefficients 

obtained from bi-exponential fitting of diffusion decay curves in brain [11,12].  It should 

be noted, however, that the slow diffusion component in living tissue has not been 

directly associated with the intracellular space.  The values we report here are higher than 

the iADC determined in human breast cancer cell suspensions (0.11 μm
2
/ms) in the very 

first diffusion measurements carried out in cell cultures [10].  However, a direct 

comparison is difficult because the previous experiments were carried out at room 

temperature, much longer diffusion times (  = 150.5 ms) and iADC was calculated from 

fitting signal decay at much higher b-values.  All of these differences would tend to 

reduce the measured diffusion.  The iADC values measured here are somewhat lower 

than those calculated from experiments employing contrast agents to separate 

intracellular and extracellular spaces in rat brain [15], where values of 0.69 μm
2
/ms were 

reported (diffusion time = 74 ms).  It should be noted, however, that these in vivo values 

were calculated from the decay of the total water signal (intracellular + extracellular) 

under the assumptions that: 1) there was no MR signal contribution from the extracellular 

space due to complete T2 dephasing of the extracellular signal by the contrast agent 

infused into the brain and 2) there was no exchange between intracellular and 

extracellular spaces during the diffusion experiment.  Invalidity of either of these 

assumptions would tend to result in an overestimation of intracellular diffusion. 

An increase in iADC after ischemia, but before permeabilization of the cells to 
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Gd-DTPA, was observed at all three diffusion times studied and indicated increased 

translation mobility of water within the cells.  This is consistent with a dilution of the 

intracellular space by increased water content due to a shift of water from the 

extracellular space to intracellular space, as observed independently via 
1
H spectroscopy.  

There are many possible explanations for the increase in water diffusion within the cell 

after ischemia.  Dilution of the intracellular milieu by increasing water content would 

tend to decrease intracellular viscosity and thereby increase the intrinsic motion of water.  

Breakdown of macromolecular structures inside the cell could also decrease the 

organization of water hydration layers within the cell.  Both of these effects have been 

observed from electron spin resonance studies of the intracellular space in mammalian 

cells [28].  Also, changes in intracellular sodium concentrations could cause alterations in 

the size and/or ordering of intracellular organelles and possibly reduce the effective size 

of intracellular barriers or restrictions.  Because the iADC was measured only after the 

depletion of energetic metabolites, it is unknown if iADC changes can be detected 

immediately after induction of ischemia or if changes occur after the depletion of 

significant amount of energetic metabolites.  

The observation of increased iADC following ischemia reported here is in 

contrast to previous experiments that measured pre- and post-ischemia diffusion of 

intracellular metabolites [16-18], intracellular ions [19,20] and other biomolecules 

[21,22].  In each of these previous studies, a reduction in the apparent diffusion of the 

intracellular marker or ion was observed following ischemia.  These observations were 
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generally interpreted to result from a reduction in an energy-dependent movement of 

molecules or ions (cytoplasmic streaming) and it was inferred that the same might hold 

true for intracellular water [20-22].  It was recognized, however, that the intracellular 

motion of metabolites, ions and molecules within the cell might not be the same as 

intracellular water [20,22].  The increase in iADC following ischemia measured in the 

current set of experiments argues against the presence of pre-ischemia intracellular or 

cytosolic streaming in these cells in regards to water.  If energy dependent streaming of 

water existed before ischemia, it is unlikely that an increase in the iADC following a 

depletion of energetic metabolites would be observed. 

It is important to note that the observed increase in the iADC of water is not 

inconsistent with a decrease in the total water ADC typically observed in tissue following 

ischemia.  The ADC observed in brain tissue decreases by 30 – 60 % following acute 

ischemia.  Models that predict ADCs from simple geometries demonstrate that cell 

swelling, i.e. shifts of water from the extracellular to the intracellular space and 

increasing tortuosity of the extracellular space plays a significant role in the observed 

decreases in ADC which is not removed by increases in iADC such as those observed 

here [4,5,8,9].  Unfortunately, the geometry of the HFBR and the addition of Gd-DTPA 

prevented the accurate determination of ADC from the extracellular space following 

ischemia.  Nearly half of the space inside the HFBR is within the hollow fiber lumen and 

wall.  The extracellular space, then, includes space that is not adjacent to cells.  While 

contribution of signal from this space can be suppressed while the HFBR is flowing, it is 
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not easily suppressed after the pump is shut off.  The ADC of the total water signal 

measured within a flowing HFBR, with signal from within the fibers suppressed, was 

measured to be approximately 0.9 μm
2
/ms, similar to that measured in tissue. 

Although the data presented here is limited in terms of the number and range of 

diffusion times studied, the dependence of signal decay on diffusion time indicates the 

presence of restriction and can be fit to known mathematical models of intracellular 

diffusion to estimate parameters such as restriction lengths, i.e. cell sizes, and intrinsic 

diffusion coefficients.  By neglecting exchange between the extracellular and intracellular 

compartments, these models can be employed fit signal decay originating from the 

intracellular space of restricted geometries.  Such models have been presented by Tanner 

and Stejskal, for parallel membranes assuming a short gradient pulse approximation [30], 

Balinov et al. for parallel membranes using a Gaussian phase distribution approximation 

[31], and Murday and Cotts for spherical geometries assuming a Gaussian phase 

distribution approximation [32].  By simultaneously fitting the intracellular signal decay 

versus b-value obtained at 14, 20 and 25 ms diffusion times, these models predict the 

intrinsic diffusion coefficients and restriction lengths reported in Table 1.   Minimum 

error solutions are obtained from the pre-ischemia data with cell dimensions between 8.2 

and 13.4 μm and intrinsic (unrestricted) intracellular diffusion coefficients between 0.87 

and 1.08 μm
2
/ms. The cell dimensions are in the range of those measured in culture flasks 

using conventional microscopy, i.e 12 μm, and intrinsic diffusion coefficients are, as 

expected, higher than the iADC calculated from single exponential fits.  Minimum error 
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fits to the post ischemia data predicted and increase in intrinsic intracellular diffusion 

between 73 and 80%.  However, these fits predict a decrease in cell size between 7 and 

20%, which is in conflict with the experimental 
1
H spectra.  We have also shown fits to 

post-ischemia data where the cell size is prescribed to increase relative to pre-ischemia 

values to match the change in IVF measured in 
1
H spectra. In this case, each of the 

models still predict an increase in the intrinsic diffusion coefficient of water following 

ischemia, but the increase is less than that predicted from the minimum error solutions, 

i.e between 9 and 15%.  These results, while interesting, should be taken with caution as 

these simple models do not consider exchange with the extracellular space and only a 

narrow range of diffusion times were investigated.  Future studies will investigate 

diffusion properties over a much wider range of diffusion times so that more realistic 

models can be used in the analysis. 

Finally, it is important to note that the experiments described in this 

communication were carried out in C6 cell cultures and the generality of these results to 

other cell cultures, to neurons or to tissue has not been established.  C6 cells were 

 

Table 1: Intrinsic diffusion coefficients (Dint) and restriction length (Lres) predicted 

by fitting multiple signal decay curves to simple two compartment models  

 
Pre Ischemia Post Ischemia Post Ischemia* 

Model Dint 

(μm
2
/ms) 

Lcell (μm) 
Dint 

(μm
2
/ms) 

Lcell (μm) 
Dint 

(μm
2
/ms) 

Lcell (μm)* 

Tanner 0.87 13.70 1.56 10.94 0.95 13.94 

Balinov 1.08 12.74 1.87 11.85 1.25 12.96 

Murday 1.03 8.21 1.77 7.643 1.19 8.35 

 

*In this fitting, Lcell was fixed based on spectroscopic cell volume fraction changes observed in the 

proton spectra relative to pre ischemia values.  
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employed in these experiments because they are a well characterized cell line that retain 

many glial specific properties [24-26,29] and will fill the extrafiber space in the HFBR to 

tissue-like cell densities. This is an important feature for investigating water motion 

within and between cells.  However, being cancer cells, C6 cells may react differently to 

ischemia and hypoxia compared to non-cancerous cells or normal tissue.  Cancer cells 

often have selective advantage to living in environments of low pH and hypoxia 

compared to normal cells, and their response to changes in the environment may also be 

different.  Also, the pre-ischemia internal movement of water within the C6 cell might be 

different than the movement in other types of cells.   

 

Conclusions 

The HFBR system is a unique and useful tool with which to study the diffusion 

properties of water in model cell cultures.  With the inclusion of a common contrast 

agent, signal from water with intracellular spaces can be studied individually.  The 

energetic status, pH, cell volume and water diffusion can be monitored in the same cell 

cultures in conjunction with physiological challenges such as ischemia.  Using the HFBR, 

diffusion properties of intracellular water before and after the onset of complete ischemia 

have been directly measured.  Following ischemia, after energetic metabolites were 

depleted and cells swell, the ADC of intracellular water increased from its preischemia 

value.  This is consistent with a dilution of the intracellular space and decrease in the 

density of intracellular barriers.  This observation argues against the presence of energy-
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dependent intracellular streaming of water.  The generality of this result will be assessed 

in future experiments on other cell lines and experimental conditions. 
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Abstract 

Many mathematical models of water diffusion in living tissue have been used to interpret 

results of diffusion-weighted MRI experiments in terms of a number of biophysical 

parameters. However, to date, not all important modeling parameters have been 

determined experimentally. In this work, we have carried out pulsed-field gradient and 

oscillating gradient diffusion experiments in hollow fiber bioreactor perfused cell cultures 

to measure diffusion of intracellular water over a wide range of diffusion times, from 40 

ms down to 0.83 ms. The calculated diffusion coefficient of intracellular water is highly 

dependent on the diffusion time used indicating highly restricted diffusion in the 

intracellular space. Fitting the data to models of restricted diffusion enables estimation of 

the intrinsic intracellular diffusivity of water, Dint, to be 2.5 μm
2
/ms, which is lower than 

that of free water but higher than would be predicted by homogenous protein solution 

inside the cell. 
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Introduction 

The apparent diffusion coefficient (ADC) of water, as measured by diffusion-

weighted MRI (DWMRI), has proven to be a clinically useful biomarker of disease.  In 

the area of acute stroke, the ADC of brain tissue water is quickly reduced following the 

onset of ischemia, allowing identification of tissue affected by the stroke in a diffusion-

weighted image [1,2].  Additionally, the ADC of tumor water has been shown to increase 

following a positive response to therapy, which precedes reductions in tumor size [3]. In 

living tissue, the values measured for ADC will be influenced by a number of biophysical 

parameters, including the intrinsic diffusivity of water in the intracellular and 

extracellular spaces, cell size, membrane permeability and possibly compartmental T2 

differences [4]. In addition, the value of ADC will also be dependent on the imaging 

parameters used to measure it – when the diffusion of water is restricted (e.g. by a cell 

membrane), the ADC also becomes dependent upon the time over which diffusion is 

measured (i.e. the diffusion time).  Therefore, while clinically useful, measured ADCs are 

not indicative of a single biophysical parameter and therefore need to be interpreted in the 

framework of a model. 

Mathematical models of diffusion in model tissue have been developed and used 

to characterize diffusive signal decay as a function of biophysical and experimental 

parameters [5-9].  Some models have been used to fit to experimental data to provide 

estimates on biophysical parameters such as membrane permeability, intrinsic diffusivity 
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and restriction length [10-12]. However, the utility and relevance of mathematical models 

will ultimately depend on determination and experimental verification of the modeling 

parameters they employ.  In particular, a parameter common to virtually all models of 

diffusion in tissue, but to date, not directly measured, is the intrinsic diffusion coefficient 

of water in the intracellular space.  This is the diffusion coefficient that would be 

measured inside the cell before water has time to be restricted by the cell membrane.   

The diffusion coefficient of pure water at body temperature is approximately 3.1 

μm
2
/ms. By estimating the viscosity of intracellular water due to protein content of the 

intracellular space, one might expect that the intrinsic diffusion would be significantly 

reduced from that value [13].  On the other hand, structural association of proteins within 

the cell or the energy dependent mixing of intracellular water would lead to an increase in 

the intrinsic “diffusion” of water molecules. Unfortunately, hardware limitations in MR 

systems, e.g. limitations in gradient strength, gradient slew rate and RF power, provide a 

minimum diffusion time over which diffusion can be investigated within conventional 

pulsed-field gradient spin-echo (PGSE) diffusion experiments. To alleviate this problem, 

alternate diffusion weighting waveforms can be utilized to achieve shorter diffusion 

times. For instance, oscillating gradient spin-echo (OGSE) diffusion experiments use sine 

and cosine-like diffusion waveforms to reach diffusion times shorter than those allowed 

by standard PGSE methods [14,15].   

Another limitation of most experiments in living systems is the inability to 

selectively measure water signal from individual tissue compartments, i.e. water residing 
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in the intracellular and extracellular compartments cannot be investigated individually. 

Efforts to distinguish intracellular and extracellular water rely upon fitting compartments 

within complex models to a combined water signal [10-12,16].  In recent work, we have 

demonstrated the use of hollow-fiber bioreactors (HFBR) to investigate diffusion in the 

intracellular space of perfused cell cultures [17,18].  By infusion of a contrast agent (Gd-

DTPA) into the media supplied to the bioreactor, water in the intracellular compartment 

is spectrally shifted from the rest of the water in the cell culture, allowing the diffusion of 

intracellular water to be investigated individually.  

In this work, we have used a combination of volume selective PGSE and OGSE 

diffusion spectroscopy experiments to measure the ADC of intracellular water (iADC) in 

the same HFBR cell culture system.  This has allowed us to characterize the diffusion 

time dependence of the iADC down to very short diffusion times (<1ms) and has enabled 

determination of the intrinsic diffusivity of the intracellular space in a mammalian cell 

line.  

 

Methods 

MR Imaging and Spectroscopy 

Experiments were carried out on a 9.4 Tesla Bruker AVANCE spectrometer with 

self-shielded orthogonal imaging gradients (1000 mT/m maximum) and a 27 mm 
1
H 

birdcage RF coil used for both transmission and reception. Cell growth was monitored by 

diffusion-weighted MRI (DWMRI), using a standard spin-echo pulse sequence. The 
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DWMRI parameters were: slice thickness = 1.5 mm, FOV = 26.5x26.5 mm
2
, TR = 1500 

ms, TE = 35 ms,  = 20 ms,  = 4 ms, and b = 2000 mm
2
/ms. 

Diffusion-weighted point resolved spectroscopy (PRESS) was used to measure 

water diffusion within an 8 x 8 x 8 mm
3
 voxel within the center of the HFBR.  As shown 

in Fig. 1, diffusion-weighted spectra were acquired by inserting PGSE or modulated 

cosine OGSE diffusion gradients around the first 180° localization pulse, where the 

diffusion gradients were applied simultaneous in the Y and Z axes. The b-value for 

OGSE and PGSE experiments are given by  

 

 

and 

 

 

respectively, where  is the gyromagnetic ratio and G is the gradient strength. In the 

PGSE experiment,  is the duration between gradient pulses and  is the duration of the 

pulses. In the OGSE experiment N is the number of lobes and T is the duration of the 

oscillating gradient pulse.  Both PGSE (  = 10, 15, 20, 30, and 40 ms,  = 4 ms) and 

OGSE (N = 6, 4, 2, and 1, T = 20 ms) diffusion measurements (TE = 56 ms, TR = 2500 

ms) were acquired with 8 b-values between 0 and 350 s/mm
2
 by varying the gradient 

strength. The effective diffusion time, eff, for the OGSE experiments is given by eff = 
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T/4N [14]. The combination of OGSE and PGSE experiments produce eff = 0.83, 1.25 

2.5, 5 (OGSE), 10, 15, 20, 30 and 40 ms (PGSE).   

 

HFBR Cell Culture 

The HFBR cell culture system has been described in detail elsewhere [17,18].  Briefly, 

the HFBR used in this study consists of a cylindrical polycarbonate casing (80 mm in 

length, 27 mm outer diameter) containing approximately 450 microporous hollow fibers 

(650 μm outer diameter, 100 μm wall thickness) with a pore size of 0.2 μm.  Cells are 

grown in the extrafiber spaces and are supplied with nutrients by continuous flowing of 

oxygenated media (60% O2: 5% CO2; 35% N2) through the lumen of the fibers at a flow 

rate of 150 ml/min.  Rat glioma (C6) cells were obtained from American Type Culture 

collection and routinely cultured in Dulbecco’s modified Eagles medium (DMEM) 

Figure 1: PRESS pulse sequence with added PGSE or OGSE diffusion gradients. 

Diffusion gradients are applied simultaneously in both the Y and Z directions. In the 

PGSE diffusion waveform, eff is the duration between the gradients, and eff is the 

duration of the gradient pulse. In the OGSE diffusion waveform, T is the length of the 

waveform, and N is the number of lobes, displayed here with N = 4.  
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supplemented with 10% fetal bovine serum (FBS). Approximately 4  10
8
 C6 cells were 

infused into the extrafiber space at the beginning of the experiment through an 

inoculation port in the side of the HFBR casing. 

Infusion of 5 mM Gd-DTPA into the media supplying the HFBR causes the water 

signal to separate into three spectral peaks, which have been assigned to water in the 

extracellular and intraluminal fiber space (+200 Hz) , water residing within the fiber wall 

(+135 Hz), and intracellular water (+15 Hz) [18]. 

 

Data Analysis and Modeling 

1
H spectra were individually phased and fit to the sum of three Lorentzian line shapes 

corresponding to the spectral peaks at +200 Hz, +135 Hz, and +15 Hz. Intracellular 

ADCs were determined by fitting the intensity of the peak assigned to intracellular water 

(+15 Hz) to an single exponential decay between b = 0 and 350 s/mm
2
.  

Intracellular ADC as a function of effective diffusion time were collectively fit to 

two models of intracellular diffusion, Balinov et al. [19] and Murday and Cotts [20], to 

estimate the intrinsic intracellular diffusion coefficient (Dint) and the cell size. Using the 

Gaussian Phase Distribution approximation [21], the Balinov et al. model calculates 

signal decay for diffusing signal between two parallel membranes (appropriate for a cubic 

cell geometry), while the Murday and Cotts model considers diffusion within spherical 

cells.  Both of these models account for the finite width of the gradient pulse, which is 

important when the pulse width becomes similar to the diffusion time.  PGSE data were 
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fit with  = 4 ms, and  = 10, 15, 20, 30, and 40 ms. For OGSE experiments, analogous  

and  were calculated as  =  = T/4N.  

 

Results 

The spatial distribution of cells and cell growth within the HFBR are shown in Fig. 2. In 

these diffusion-weighted images (b = 2000 s/mm
2
), signal is only obtained from water 

that is slowly diffusing or is restricted by cell membranes - i.e. signal from freely 

diffusing water at 37° C is dephased. At day 21 after inoculation the extrafiber space is 

completely filled with cells. Signal voids around the perimeter of the images are due to 

B1 inhomogeneity from the RF birdcage coil elements.  The gray box in the figure 

indicates the voxel selected for PRESS excitation, which is in a region of high cell mass 

Figure 2: Cell growth assessed by DWMRI images obtained at b = 2000 s/mm
2
. Cell 

confluency is reached 21 days after inoculation. The gray box represents the voxel 

selected for PRESS excitation.   
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and RF field homogeneity.  Example PRESS localized spectra (TE = 16 ms, TR = 10 s) 

from this voxel before and after Gd-DTPA infusion are shown in Fig. 3. Due to Gd-

DTPA injection, the signal from water is split into three spectral peaks, corresponding to 

the water in the extrafiber + intraluminal space, water within the fiber wall, and 

intracellular water [18]. Due to the flow of media through the fibers within the voxel 

volume, signal within the lumen of the fiber is suppressed. The uppermost spectrum was 

obtained with the flow of media temporarily interrupted, in which signal from the lumen 

of the fibers is recovered.  

The signal decay of intracellular water is plotted vs. b-value in Fig. 4 for eff  = 

0.83,  5, 20 and 40 ms. Filled and empty symbols are data acquired from PGSE and 

OGSE experiments, respectively.  Lines in the figure represent fits of the data to a single 

exponential decay to quantify the iADC. These data indicate that the diffusive signal 

decay and fitted iADC is heavily dependent upon the time over which diffusion is 

measured.   

Figure 3: 
1
H spectra before and after 

injection of 5 mM Gd-DTPA. Gd-DTPA 

splits the water signal into 3 spectral 

peaks, corresponding to intraluminal + 

extracellular water (+200 Hz), water 

within the fiber wall (+135 Hz), and 

intracellular water (+15 Hz). In the top 

spectrum water within the lumen of the 

fiber is present, which is ordinarily 

suppressed due to flow.  
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The ADC vs. effective diffusion time of pure water at 25° C (square symbols) and 

of intracellular water (round symbols) measured by both OGSE (open symbols) and 

PGSE (filled symbols) are shown in Fig. 5a. In Fig. 5b, iADCs were calibrated to the 

known diffusivity of water at 25° C (2.3 μm
2
/ms) [22] to correct for the effects of eddy 

currents. Eddy currents are evident in the diffusivity of free water in the PGSE 

experiments as an increase in the measured diffusivity with decreasing diffusion time, 

and in the OGSE experiments as a decrease in the measured diffusivity with an increasing 

number of lobes (i.e. decreasing diffusion time). Eddy currents decrease the diffusivity in 

OGSE experiments by acting as a low-pass filter – slightly attenuating the OGSE 

waveform at the higher frequencies used in this experiment. The data were fit by the 

Murday and Cotts model of intracellular diffusivity [20] which is shown as a line in the 

figure.  The data were also fit by Balinov et al. model [19].  Fitting parameters from these 

models are listed in Table 1. Other common models of intracellular diffusion, such as that 

Figure 4: Signal vs. b-value at eff = 

0.83, 5, 20 and 40 ms. Solid symbols are 

PGSE and empty symbols are OGSE 

acquired data. Lines are fits to single 

exponential decays. The data and the fit 

iADCs exhibit a large dependence upon 

the diffusion time. 
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developed by Tanner and Stejskal [8], neglect the effects finite pulse widths on diffusion 

experiments, and therefore do not adequately match the experimental protocol.  

 

Discussion 

For the first time, we have estimated the intrinsic value of intracellular diffusivity by 

measuring the diffusion time dependence of intracellular water down to a eff as low as 

0.83 ms. The value of 2.5 μm
2
/ms for Dint determined here is slightly less than the 

intrinsic diffusivity of free water at body temperature, but markedly larger than some 

previous published estimates of Dint. Stanisz et al. [10] and Vestergaard-Poulsen et al. 

[11] both fit diffusion data to differential models of diffusion to estimate Dint of 1.2 and 

0.7 m
2
/ms, respectively.  Previous experiments from our group in similar cell cultures 

Figure 5: (a) Diffusivity of a water 

phantom at 25°C and iADC vs. effective 

diffusion time. The diffusivity within the 

water phantom is used to calibrate iADCs 

to offset the effects of eddy currents, and 

calibrated iADCs are shown in (b). The 

fitted line is the Murday and Cotts model 

of restricted intracellular diffusion, the 

results of which are given in Table 1. 
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also estimated Dint to be approximately 1.0 μm
2
/ms [17].  Importantly, all of these 

previous estimates were based upon diffusion measurements at longer diffusion times 

than employed here, causing the measurements to be less sensitive to Dint and more 

sensitive to restriction. In fact, performing a similar fit of the present data using only 

diffusion times of at least 20 ms results in a fitted Dint of 1.3 μm
2
/ms.  Also, most of these 

previous estimates of Dint [10,11] are based upon models which fit the intracellular and 

extracellular signal within a combined water signal. More recently, Zhao et al. measured 

the intracellular ADC in perfused HeLa cells down to a diffusion time of 3 ms and 

estimated Dint to be 2.0 μm
2
/ms [23], which is similar to the  value estimated in this work. 

There are likely several biophysical factors affecting Dint.  As mentioned in the 

introduction, a uniform protein solution will tend to increase the viscosity and decrease 

the diffusion of water [13]. Based upon the model by Mackie and Mears [24], a reduction 

of Dint from its free value at body temperature (3.1 m
2
/ms) to 2.5 m

2
/ms, as predicted 

from our data, would suggest an intracellular water content of 95%. A more realistic 

value for intracellular water content in glial cells of ~80% [25], would result in a value of 

Dint  1.4 m
2
/ms. This agrees with Latour et al. who estimated Dint ~ 1.5 μm

2
/ms by 

measuring the ADC in packed erythrocytes down to a diffusion time of 2.5 ms. Within 

Table 1: Dint and restriction length from fitted iADC vs. diffusion time data to models 

of intracellular diffusivity. Values are given as mean +/- st. dev. 

 

Intracellular Diffusion Model Dint ( m
2
/ms) Restriction Length ( m) 

Balinov et al. [19] 2.55 +/- 0.10 11.5 +/- 0.3 

Murday and Cotts [20] 2.44 +/- 0.10 14.8 +/- 0.4 (diameter) 
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metabolically active cells, the organizational structure of proteins or any mechanical 

mixing of water would increase Dint. Several DWMRI experiments investigating changes 

in ADC following ischemia have suggested that the diffusivity of intracellular water in 

has an energetic contribution [26-28]. It is possible that Dint predicted by intracellular 

protein concentration could be raised to our experimentally determined value by such 

energy dependent factors.  

The restriction length estimated from fitting the Balinov et al. [19] model is 11.46 

μm, which is near the average 12 μm cell length that these C6 cells are known to take in 

cell culture [17]. The Murday and Cotts model [20] (which assumes a spherical cell), 

estimated a cell diameter of 14.75 μm. Assuming an isotropic tissue, the results of these 

two fits are equivalent in regards to mean squared displacement at long diffusion times, 

which is 4.7 m. In reality, cells in this tissue culture are likely neither cubes nor spheres, 

but some continuum between these two extremes. The similarity of the predicted Dint and 

mean squared displacement resulting from these two models, however, suggests that the 

specific shape of cell may not be critical to the measurement. 

An assumption inherent in both models is that there is no exchange between 

intracellular and extracellular space. At short diffusion times, there is little time for 

exchange to occur, and will likely have little effect on diffusion results. However, at 

longer diffusion times, exchange in this cell culture system would tend to underestimate 

the iADC - any water which leaves the cell will not be refocused due to the change in 

resonant frequency. Still, physiologically relevant exchange rates [29] are likely low 
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enough, compared to Dint and the cell size, that exchange should not significantly affect 

the iADC in this model cell system. 

Clinically measured ADCs in brain tissue are usually calculated from b-value 

ranges 0 and 1000 s/mm
2
. Due to limits of gradient strength, the iADC in this work is 

only determined from b-values between 0 and 350 s/mm
2
.  However, tests on PGSE 

experiments showed no bias in iADC estimation when fitting b-values between 0 and 350 

s/mm
2
 vs. 1000 s/mm

2
.  

Introducing a contrast agent, like Gd-DTPA, which does not enter the cell, will 

likely cause susceptibility gradients at the cell boundary. The existence of background 

gradients will cause an underestimation of an experimental diffusivity [30]. However, the 

overestimation of the ADC will be diffusion time dependent – less sensitive at short 

diffusion times – and therefore will not greatly influence the estimated Dint from this data.  

It is possible that existing susceptibility gradients could underestimate the iADC at longer 

diffusion times, which would therefore result in an underestimation of the restriction 

length.  However, there is reasonably good agreement between model fitting and cell size 

determined in cell suspensions, suggesting this underestimation is not significant. 

 

Conclusions 

By using a HFBR perfused cell culture system in conjunction with OGSE and PGSE 

diffusion experiments, the diffusion of intracellular water has been measured down to sub 

millisecond diffusion times. Intracellular ADCs were strongly dependent on diffusion 
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time, and were fit to models of intracellular diffusion that predicted a value of the 

intrinsic intracellular diffusivity, Dint = 2.5 m
2
/ms.  This value of Dint is lower than that 

of pure water, but higher than that predicted by a uniform protein solution of the 

intracellular space.  Therefore, Dint is likely also increased by either protein organization 

or the energy dependent mixing of water within the cell. 
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Abstract 

The apparent diffusion coefficient (ADC) is a quantitative measure of water diffusion in 

tissue, and is known to decrease 30-50% following the onset of ischemic stroke. 

Although this decrease is consistently measured in clinical imaging, there is still debate 

over the biophysical mechanisms responsible for the drop in ADC. This work reports 

results of experiments in hollow-fiber bioreactor cell cultures where the diffusivity of 

intracellular water is measured at a wide range in diffusion times before and after the 

onset of ischemia. Results indicate that the biophysical mechanisms which determine the 

ADC of intracellular water depend upon the diffusion time used in the experiment. At 

short diffusion times, the ADC of intracellular water decreases after the onset of ischemia 

as a result of a decrease in the intrinsic diffusivity of intracellular water. At long diffusion 

times, an increase in the intracellular ADC is measured, which is likely the result of cell 

swelling.  
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Introduction 

Diffusion-weighted MRI (DWMRI) allows non-invasive measurement of water motion in 

living tissue.  DWMRI results are often quantified via the apparent diffusion coefficient 

(ADC) of water, which is sensitive to the microstructural features of tissue. For instance, 

it is known that the ADC of water rapidly decreases in regions of the brain affected by 

ischemic stroke. Within minutes after the onset of ischemia, a 30 – 50% drop in the ADC 

is measured in the affected tissue [1,2].  Although this finding has was initially reported 

nearly two decades ago, there is still active debate over the biophysical mechanisms 

responsible. In the initial reporting of ADC measurements after ischemia, Moseley et al. 

concluded that the ADC drop is likely related to an increase in the intracellular volume 

fraction (IVF) associated with cell swelling [1], a known cellular response to ischemia 

[3]. An increase in the IVF results in a decrease of the ADC as a larger fraction of water 

is surrounded and trapped by the cell membrane. However, some studies have suggested 

that cell swelling alone is insufficient to explain the drop in ADC measured in ischemia 

[4,5]. Experimental models of cell swelling found only a ~20% decrease in ADC, which 

is less than the 30-50% measured in ischemia. In response to these and other studies, 

alternative mechanisms have been proposed to explain the drop in ADC. 

Experiments have shown that the ADC of some intracellular ions and metabolites 

decreases following ischemia [6-8]. Since the majority of water in tissue resides within 

the cell, IVF  80% [9], it has been hypothesized that the ADC of tissue water is 



115 

 

primarily influenced by the diffusive properties of intracellular water, and that the 

intrinsic diffusivity of intracellular water decreases after ischemia. However, the 

diffusivity of intracellular metabolites and ions may not correspond directly to the 

diffusivity of water. In recent work from our laboratory, we measured an increase in the 

ADC of intracellular water following the onset of permanent ischemia in bioreactor cell 

cultures [10].  

A number of other mechanisms have been hypothesized to influence the ADC in 

brain tissue. The extracellular space is known to be tortuous and increases in IVF 

associated with ischemia would increase the tortuosity of this compartment [9]. This 

would further decrease the ADC of water associated with cell swelling. A decrease in 

membrane permeability following ischemia has also been hypothesized, which would 

increase the restriction experienced by intracellular water and decrease the ADC [11].  

With the large number of mechanisms proposed to influence the ADC, it would 

be useful to investigate these mechanisms individually and assess how these mechanisms 

are affected by ischemia. We have previously measured the diffusion of intracellular 

water in bioreactor cell cultures over a wide range in diffusion times to estimate an 

intrinsic intracellular diffusion coefficient, Dint, and restriction length [12]. In this work, 

we use the same experimental protocols to monitor the time course of changes in Dint, 

restriction length and T2 relaxation times before and after the onset of permanent 

ischemia.  The results from these experiments provide useful insight into the biophysical 
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mechanisms responsible for the values of ADC measured in living tissue as well as the 

changes in ADC observed following ischemia. 

 

Methods 

Cell Cultures 

C6 rat glioma cells (American Type Culture) were grown in a hollow-fiber bioreactor 

(HFBR) cell culture system as described previously [10,13]. The cylindrical HFBR (80 

mm in length, 27 mm outer diameter), is constructed of polycarbonate casing, and 

contains approximately 450 microporous hollow fibers with an average pore size of 0.2 

μm. Cells are infused into the extrafiber spaces through an inoculation port on the side of 

the HFBR casing. Glucose and oxygenated media (60% O2, 5% CO2, 35% N2) heated to 

37 °C, is pumped through the porous fibers and exchanges with the extafiber space. The 

bioreactor is maintained at 37°C before and after the onset of ischemia by running heated 

water through the MRI gradient coils surrounding the HFBR.  

 

MR imaging and Spectroscopy 
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All MR experiments were carried out on a 9.4 Tesla Bruker AVANCE spectrometer, with 

shelf-shielded orthogonal imaging gradients (1000 mT/m maximum) and a 27 mm 
1
H 

birdcage RF used in both transmission and reception. In Fig. 1A, time-off-flight MR 

angiography (TE = 3.5 ms, TR = 12 ms, NEX = 2) is shown and was used to verify a 

uniform delivery of media through the hollow-fibers. A diffusion weighted image is 

shown in Fig. 1B (TE = 35 ms, TR = 1500 ms,  = 4 ms,  = 20 ms, where  is the length 

of each diffusion gradient pulse and  is the separation between them) collected 21 days 

after inoculation at a b-value of 2000 s/mm
2
. At this b-value, free water at body 

temperature is over 99% dephased, and only signal from slowly diffusing or restricted 

water remains (i.e. where cells are present). At 21 days after inoculation, cells have 

reached confluence within the bioreactor. Modulations in signal intensity around the edge 

of the bioreactor in both DW and angiograph images are due to B1 inhomogeneity caused 

by the RF birdcage coil elements. 

Figure 1: A) Time-of-flight angiography through the center of the HFBR, showing a 

uniform delivery of media through the porous hollow fibers. B) DWMRI at b = 2000 

s/mm
2
, revealing the distribution of cells within the bioreactor. 
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Point-resolved spectroscopy (PRESS) was used to collect localized spectra within 

an 8 x 8 x 8 mm
3
 voxel within the center of the bioreactor. As described previously [12], 

diffusion-weighted spectra are acquired by inserting diffusion-weighting gradients around 

the first 180° localization pulse. Both modulated-cosine oscillating gradient (OGSE) [14] 

and pulsed-gradient (PGSE) [15] diffusion measurements were acquired at 8 b-values 

between 0 and 350 s/mm
2
 by varying the gradient strength (TE1 = 50 ms, TE2 = 6 ms, TR 

= 2500 ms). The effective diffusion time for each diffusion waveform, eff, is given by 

eff =  for PGSE diffusion gradients, and eff = T/4N for OGSE diffusion experiments 

[14] where T is the time duration of the oscillating gradient waveform and N is the 

number of lobes in the waveform. OSGE experiments were carried out at N = 6, 4, 2, and 

1 and T = 20 ms.  PGSE experiments were carried out at  = 10, 15, 20, 30, and 40 ms 

and  = 4 ms.  These parameters provide a range in eff between 0.83 ms (OGSE) and 40 

ms (PGSE). A CPMG echo train [16] was appended to the PRESS localization sequence 

(TE1 = TE2 = 8 ms, TR = 2500 ms, TECPMG = 5 ms), and localized spectra were acquired 

at TE = 16 to 166 ms in increments of 10 ms.  

When 5mM Gd-DTPA is infused into the system, the 
1
H spectrum is split into 3 

peaks. As previously reported, these peaks have been assigned to 3 separate 

compartments within the bioreactor system [13]. The leftmost peak represents 

extracellular water + water which resides within the lumen of the fibers. The middle peak 

originates from water that resides directly within the porous fiber wall, and the rightmost 

peak is intracellular water. 
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All diffusion and CPMG measurements were repeated 3 times pre-ischemia. 

Ischemia was induced by shutting off the flow of media to the bioreactor.  After the onset 

of ischemia, diffusion and CPMG measurements were acquired continuously for two 

hours in a 5 minute and 40 second loop.  

 

Data Analysis 

Each localized 
1
H spectrum was individually phased, and fit to the sum of three 

Lorentzian line shapes, corresponding to each of the three peaks. Signal from the 

intracellular peak was fit to a single-exponential decay vs. b-value to quantify an 

intracellular ADC (iADC). IADC vs. eff curves were calibrated to offset the effects of 

eddy currents [12], and were fit to the Balinov et al. model of intracellular diffusivity [17] 

to provide estimates of the intrinsic intracellular diffusion coefficient, Dint, and restriction 

length. The Balinov et al. model uses the Gaussian phase distribution approximation [18] 

to model the diffusion of water between parallel plates (i.e. cubic cells in an isotropic 

tissue), and assumes no exchange between intracellular and extracellular compartments. 

Signal from the intracellular and extracellular water peaks of CPMG measurements were 

fit to a single exponential decay between TEs of 16 and 116 ms to quantify intracellular 

and extracellular T2 coefficients, respectively. 
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Results 

1
H spectra obtained from within an 8 x 8 x 8 mm

3
 voxel are shown in Fig. 2.  

Spectra are shown that were obtained prior to ischemia and at 20, 40 and 120 min 

following the onset of ischemia.  For simplicity, the time after the onset of ischemia will 

be referred to henceforth as time post-ischemia. Prior to ischemia, the localized spectrum 

is comprised of three individual peaks, consistent with prior experiments [10,13], which 

can be assigned to extracellular water (leftmost peak), water within the porous fiber wall 

(small central peak), and intracellular water (rightmost peak).  Post-ischemia, there is an 

increase in the spectral separation of the intracellular and extracellular water peaks where 

the extracellular peak shifts to the left (upfield) and the intracellular peak shifts to the 

right (downfield). There is also a slight broadening of the extracellular water peak, and a 

narrowing of the intracellular water peak.  It is important to note that the localized spectra 

were collected at a TE = 16 ms, and peak areas do not directly indicate compartment 

volumes. When considering the geometry of the bioreactor system and correcting for the 

Figure 2: 
1
H spectra from PRESS 

localized spectroscopy (TE = 16 ms, TR 

= 2500 ms), of the HFBR showing a 

splitting of the water signal into three 

peaks corresponding to water in the 

extracellular and intraluminal space 

(+200 Hz), water residing in the fiber 

wall (+135 Hz), and intracellular water 

(+15 Hz). Spectra are shown that were 

obtained pre-ischemia, and 20, 40 and 

120 min post-ischemia. 
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finite TE using T2 measurements,  the calculated extrafiber IVF changes from a pre-

ischemia value of approximately 0.92 to a post-ischemia value of 0.97.  

Intracellular signal is plotted vs. b-value in Fig. 3, at representative eff values of 

0.83 (OGSE), 5 (OGSE), and 30 ms (PGSE). Single exponential fits of the data are 

shown as solid lines. The iADC calculated from this data is plotted vs. time post-ischemia 

in Fig. 4. Consistent with trends found previously in these cell cultures [10], the iADC at 

the long diffusion time, eff = 30 ms, increases within the first 50 min after ischemia, 

changing from approximately 0.35 to 0.5 μm
2
/ms. In contrast to this, the iADC at the 

short diffusion time, eff = 0.83 ms, decreases from approximately 2.0 μm
2
/ms to 1.5 

Figure 3: Intracellular water signal vs. b-

value at eff = 0.83, 5 and 30 ms. Solid 

black lines represent single exponential 

fits to the data.  

Figure 4: iADC at eff = 0.83 (OGSE), 

10, and 30 ms (both PGSE) vs. time post 

ischemia. Pre-ischemia values are shown 

at 0 min +/- SD. The iADC at short eff 

decreases after ischemia, while it 

increases at long eff. At an intermediate 

diffusion time, eff = 10 ms, no 

significant change in the iADC is 

observed post-ischemia. 
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μm
2
/ms during the same time period. At an intermediate diffusion time, eff = 5 ms, 

almost no change in the iADC is observable following the onset of ischemia.  

After approximately 50 minutes post ischemia, the iADC appears stable at all 

diffusion times. Pre-ischemia and post-ischemia (50 min) iADC values obtained at a 

number of diffusion times are plotted in Fig. 5. Consistent with the trends present in Fig. 

4, the iADC at short diffusion times decreases post ischemia, while the iADC at long 

diffusion times increases post-ischemia. IADC vs. eff curves were individually fit to the 

Balinov et al. model of intracellular diffusivity [17] and fits are shown as solid lines. 

Values of the two fitting parameters of this model, Dint and restriction length, are plotted 

as a function of time post ischemia in Fig. 6. Dint drops from its pre-ischemia value of 2.5 

μm
2
/ms to a value of approximately 1.7 μm

2
/ms in the first 50 min after the onset of 

ischemia. This decrease in Dint correlates very well to the decrease in ATP measured by 

31
P spectra in identical bioreactor experiments [10]. The signal from -ATP is depleted 

within the first hour after ischemia, and the -ATP signal is included in Fig. 6A as a solid 

gray line. During this same time, the predicted restriction length increases from a value of 

12 μm to approximately 14 μm.  

Figure 5: Pre-ischemia (black circles) 

and 50 min post-ischemia (white squares) 

values of iADC vs. eff. Data were fit to 

the Balinov et al. model of intracellular 

diffusion, and fits are shown as black 

lines.  
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Intracellular and extracellular T2 relaxation times are plotted vs. time post 

ischemia in Fig. 7. The intracellular T2 increases from approximately 26 ms to 41 ms 

post-ischemia, with the largest changes occurring in the first 50 minutes. Extracellular T2 

decreases from approximately 36 ms to 30 ms over the same time period.  

 

Discussion 

The results of these experiments yield insight into the measurement of ADCs in 

living tissue and into the mechanisms underlying observed changes in the ADC following 

Figure 6: Dint (A) and restriction length 

(B) parameterized from the Balinov et al. 

model plotted vs. time post ischemia. The 

estimated Dint decreases 32%, from 2.5 

μm
2
/ms pre-ischemia to about 1.7 

μm
2
/ms in the first 50 min post-ischemia. 

The fitted restriction length increases 

from 12 μm to about 14 μm post 

ischemia. 

 

Figure 7: Intracellular and extracellular 

T2 relaxation times from CPMG 

measurements vs. time post ischemia. 

Intracellular T2 increases from 26 ms to 

41 ms, while extracellular T2 decreases 

from 36 ms to about 30 ms post-

ischemia.  
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ischemic events. First and foremost, the results of iADC measurements carried out at 

short and long diffusion times indicate that the biophysical mechanisms responsible for 

changes in ADC can depend on the diffusion time at which it is measured. 

 

Changes in iADC at long diffusion times 

The increase in the iADC observed at long diffusion times agrees with previous 

measurements made in these same cell cultures [10]. This trend is consistent with an 

increase in the restriction length, or cell size, predicted from the model fitting shown in 

Fig. 6. The model of intracellular diffusivity used within this work [17] predicts that the 

iADC at long diffusion times is sensitive to the restriction length, and very insensitive to 

changes in Dint. This can be observed in the correlation between the measured iADC at 

long diffusion times and the predicted restriction length. Still, an increase in the iADC 

measured at long diffusion times is not in conflict with a decrease in the global ADC of 

tissue. It is possible that the iADC at long diffusion times increases with an increase in 

cell size, while the ADC (i.e. the sum of both intracellular and extracellular water) 

decreases due to a larger fraction of the water in tissue is bounded by the cell membrane 

[10].  

The mechanisms of cellular swelling in response to ischemia are generally 

understood [3]. Normally, a low intracellular Na
+
 concentration is maintained as Na

+
 is 

actively pumped out of the cell by the Na
+
/K

+
 ATPase. Under ischemic conditions, there 

is no ATP to power the Na
+
/K

+
 ATPase and the intracellular Na

+
 concentration increases.  
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This causes water to enter the cell osmotically [3], thereby increasing the cell size and the 

IVF. In the present study, increases in the iADC at long diffusion times and  increases in 

restriction length are measured over the course of the first 50 min. As seen in Fig. 6A, 

these cells are also depleted of ATP over this same time frame. Therefore, it is probable 

that the increase in iADC found in this model cell system at long diffusion times is 

caused by cell swelling due to the loss of ATP to power the Na
+
/K

+
 ATPase. 

 

Changes in iADC at short diffusion times 

Measurements at short diffusion times exhibit an opposite trend. In the first 50 

minutes following the onset of ischemia, a 25% decrease in the iADC measured at the 

shortest diffusion times is observed. The length scale over which intracellular water is 

diffusing at these short diffusion times is much smaller than the cell size, with a mean 

squared displacement of less than 2 μm at eff = 0.83 ms. Therefore, the reduction in 

iADC at the short diffusion times will be most sensitive to the intrinsic diffusivity of 

intracellular water, Dint.  

The pre- and post-ischemia values of Dint estimated in this work are of great 

biophysical interest. Both pre- and post-ischemic Dint values are lower than the diffusivity 

of free water at body temperature, 3.1 μm
2
/ms [19]. The decrease in Dint from its pre-

ischemia value of 2.5 μm
2
/ms to its post-ischemia value of 1.7 μm

2
/ms is highly 

correlated with the reduction of energetic metabolites within the cells as seen in Fig. 6A 

[10]. The value of Dint measured post-ischemia is consistent with the uniform solution of 
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proteins and other molecules within the intracellular environment. Using a model by 

Mackie and Meares which estimates the diffusivity of water given the water content of 

macromolecular solution [20], an intracellular water content of approximately 85% is 

predicted in the C6 cells. This is close to the water content of 80% that has previously 

been measured in glial cells [21]. The post-ischemia value of Dint is also very close to that 

estimated from experiments on packed erythrocytes, ~ 1.6 μm
2
/ms [22]. Since 

erythrocytes are not metabolically active, it is expected that energy-dependent 

mechanisms would not be present. The pre-ischemia value of Dint, 2.5 μm
2
/ms, however, 

is significantly higher than the value predicted by the protein concentration of the 

intracellular space [20,21]. The correlation between Dint and ATP suggests either an 

energy dependent structural association of proteins within the cell or the presence of 

some mechanically induced motion of water inside the cell, which would cause the 

measured Dint to increase. 

The observed decrease in the iADC at short diffusion times is also consistent with 

previous measurements of the ADC of intracellular metabolites. Van der Toorn et al. 

found a 29% decrease in the ADC of creatine, and a 19% decrease in the ADC of NAA in 

rat brain after ischemia [7]. A 40% decrease in the ADC of intracellular 2FDG-6P 

following ischemia was also observed in globally ischemic rat brain [8]. The diffusion 

coefficients of these intracellular metabolites are much smaller than that of water. At the 

diffusion time employed in those measurements, these molecules have a mean squared 

displacement of less than 3 μm, and will be highly sensitive to intrinsic properties of the 
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intracellular space while being minimally affected by the cell membrane. Assuming these 

metabolites are free to diffuse within the intracellular space, the ADC of these molecules 

at long diffusion times should be sensitive to the same biophysical mechanisms 

responsible for the diffusion of water measured at short diffusion times.  In both cases, a 

decrease in molecular movement is observed following the onset of ischemia. 

The estimates of Dint and the restriction length found in the present work 

obviously depend upon the validity of the Balinov et al. model [17] employed to 

determine these parameters. In particular, exchange between the intracellular and 

extracellular compartments will likely affect the results of this model fitting, particularly 

at long diffusion times. Further work is needed to assess the effect of exchange on these 

fitted parameters. Still, the trends in the iADC at short and long diffusion times should 

correlate to the biophysical intrinsic diffusivity and cell size, respectively, as is indicated 

by the fitting results presented herein.  

 

Effects of extracellular Gd-DTPA on diffusion measurements 

To achieve the spectra separation of the intracellular and extracellular space, the 

culture is perfused with media containing 5 mM Gd-DTPA. When interpreting the results 

of this study, it is important to understand the effects that Gd-DTPA will have on 

diffusion measurements within the cell culture. Since Gd-DTPA causes the extracellular 

compartment to be at a different magnetic susceptibility than the intracellular 

compartment, it is possible that susceptibility gradients exist near the cell membrane. 
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Such gradients have been shown to cause an underestimation of the ADC [23]. However, 

the underestimation of the ADC due to susceptibility gradients is diffusion time 

dependent and will be diminished at short diffusion times [24]. Therefore, the iADC 

measured at short diffusion times will be insensitive to susceptibility gradients, and the 

value of Dint estimated in this work should not be greatly affected by the presence of Gd-

DTPA.  

At long diffusion times, susceptibility gradients, and the change in susceptibility 

gradients associated with ischemia, will have a greater affect on diffusion measurements. 

Since Gd-DTPA does not cross the cell membrane, the cell swelling that occurs following 

the onset of ischemia causes a decrease in the extracellular volume and therefore an 

increase in the Gd-DTPA concentration in the extracellular space. The increased 

concentration of Gd-DTPA in the extracellular space causes an increase of the 

susceptibility difference between the intracellular and extracellular space, which 

translates into a greater separation in the 
1
H spectrum as shown in Fig. 2. A greater 

susceptibility difference would cause a greater underestimation of the iADC. However, in 

the context of ischemia, this effect is mitigated by the concomitant cell swelling which 

decreases the relative spatial extent of susceptibility gradients within the cell. Overall, the 

observed increase in the measured iADC at long diffusion times is indicative of an 

increase in the cell size, but could be partially accounted by a decrease in the effect of 

susceptibility gradients.   
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Effects of Gd-DTPA on T2 relaxation measurements 

Since Gd-DTPA does not cross the cell membrane, the decrease in the 

extracellular T2 after ischemia is likely caused by an increase in the Gd-DTPA 

concentration in the extracellular space as water is shifted from the extracellular space to 

the intracellular space. Increases in the concentration of Gd-DTPA in the extracellular 

space are also reflected in the increase in spectral separation between the intracellular and 

extracellular peaks seen in Fig. 2.   

The intracellular T2 was measured to increase from a pre-ischemia value of 

approximately 26 ms to a post-ischemia value of 41 ms.  This is reflected in the spectral 

changes seen in Fig. 2 where the linewidth of the intracellular peak is reduced after the 

onset of ischemia, and could be caused by a decrease in the energy dependent structuring 

of water around proteins inside the cell. It is also possible that the change in intracellular 

T2 is influenced by the change in susceptibility gradients across the boundary of the cell 

[25,26]. However, the CPMG refocusing scheme used in these experiments should make 

changes in T2 due changes in susceptibility gradients insignificant compared to the 

intrinsic T2 of the intracellular space. It should be noted that susceptibility gradients may 

still play a role in the determining the value of intracellular T2 measured in this work. 

While these results indicate that the intrinsic T2 of intracellular water increases post-

ischemia, the absolute value of the intracellular T2 relaxation times measured in this cell 

culture system may be affected by the presence of Gd-DTPA in the extracellular space.  
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The increase in intracellular T2 immediately following ischemia observed in this 

work might seem to be in conflict with measurements in clinical and experimental stroke, 

where the T2 of brain water is not observed to change until many hours after ischemia 

[27]. However, precise values of intracellular and extracellular T2 are not known and 

several reports have suggested that the intracellular T2 may be lower than the 

extracellular T2 in brain tissue [4,28-30]. If the intracellular T2 was indeed lower than the 

extracellular T2, a simple change in IVF would result in a change of the global T2 of 

tissue, due to an increased in the volume of tissue at the lower T2 relaxation time. 

However, a simultaneous decrease in the extracellular T2 and/or an increase in the 

intracellular T2, as measured in this work, could counteract this change and maintain a 

constant T2 of tissue as cells swell.  

 

Proposed mechanisms of ADC changes in ischemic stroke 

The results from this study indicate that the decrease in the iADC measured at 

short diffusion times is likely related to a decrease in the diffusivity of intracellular water 

within the cell, while the iADC measured at long diffusion times is insensitive to a 

change in Dint, and is indicative of an increase in cell size. Further, these results suggest 

that the decrease in metabolic activity within the cell is responsible for both a drop in the 

diffusivity of intracellular water and an increase in the IVF, which would cause a 

decrease in the ADC independent of the diffusion time at which experiments are being 

evaluated. This suggests that the decrease in tissue ADC following an ischemic stroke 



131 

 

measured at clinically relevant diffusion times, i.e. 30 ms and longer, is primarily due to 

an increase in the IVF due to cell swelling. While this is consistent with some previous 

work [22,31], it is in conflict with other experiments that have limited the influence of 

IVF on the ADC of water. For instance, Buckley et al. perfused ouabain, which causes 

cell swelling without changing metabolic activity by blocking the Na
+
/K

+
 ATPase, into 

hippocampal slices and found only a 20% decrease in the ADC [4]. Similarly, van Pul et 

al. measured the ADC in hippocampal slices and found only a 20% decrease in ADC due 

to osmotic cell swelling, and a ~40% decrease in the ADC after ischemia [32]. However, 

both of these studies were performed at relatively short diffusion times, 10 and 7 ms 

respectively. Results from the current work indicate that, at these diffusion times, the 

ADC will be only partially sensitive to changes in the IVF, and will be sensitive to 

changes in Dint. This is consistent with the 20% and 40% decrease in ADC measured cell 

swelling and in ischemia, respectively, in these model systems.  

A few previous studies have reported results that conflict with the post-ischemia 

increase in iADC observed at long diffusion times in this study. One study injected 

contrast agent into the cerebrospinal fluid of rats to selectively remove the signal from 

extracellular water and reported a decrease in the intracellular ADC after ischemia [5]. In 

another study, 
133

Cs
+
, a K

+
 analog, was used as a marker of intracellular diffusion [6] and 

a 28% drop in the ADC of 
133

Cs
+
 was measured after global ischemia in rat brain.  Both 

of these studies carried out diffusion experiments at relatively long diffusion times. The 

disagreement between these previous results and the results in the present study may be 
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related to assumptions made on the relative contribution of signal from the intracellular 

and extracellular compartments (since these studies do not resolve these compartments 

individually) or to the differences between water diffusion and ion diffusion within the 

cell. 

 

Conclusion 

In this work, the diffusive properties of intracellular water in bioreactor cell cultures have 

been measured over a wide range in diffusion times, before and after the onset of 

ischemia. At short diffusion times, a decrease in the intracellular ADC is measured that is 

directly correlated to a loss of ATP within the cells. At long diffusion times, an increase 

in the intracellular ADC is measured which is related to an increase in the cell size. This 

work suggests that the biophysical mechanisms responsible for the drop in ADC 

following ischemia are diffusion time dependent. At short diffusion times, the ADC is 

heavily influenced by the intrinsic diffusive properties of intracellular water, while at 

long diffusion times the ADC is primarily influenced by changes in cell size and the 

cellular volume fraction.  
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APPENDIX E: MATHEMATICAL BASIS AND NUMERICAL MODELING OF 

DIFFUSION 

 

Diffusion 

The diffusion equation describes the conserved flux of a continuous medium 

down its concentration gradient, and is given by 

 

where C is the concentration of the medium, and D is the diffusion coefficient. The 

solution of this equation is known for special geometries. For instance, in the case of free 

diffusion in one dimension, Eqn. 1 is solved by 

 

where C0 is the initial distribution of concentration, and * is the convolution operator.  

The numerical approximation of Eqn. 1 is useful in computationally evaluating 

diffusion within defined geometries. The solution is temporally and spatially discretized, 

and a finite difference method of numerically solving differential equations is used to 

approximate the solution of the diffusion equation derivative into very small steps. For 

example, the time derivate can be approximated by 
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for small t. This approximation is called a ‘forward’ approximation since it 

approximates the derivative with a forward time step. On the right side of the diffusion 

equation, spatial derivatives can be approximate with a centered approximation, which is 

the average of the forward and backward step. In one dimension, 

 

for small x, where Dx x+ x is the diffusion coefficient is between C(x+ x) and C(x). By 

substituting these approximations into the diffusion equation, and solving for C(x,t+ t) 

 

where jx x+ x is the unitless jump probability from x to x+ x due to diffusion. 

 

This is called an explicit solution, since it allows the computation of the concentration at 

the next time step, C(x,t+ t), given only the concentrations at the previous time step.  
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Membrane Permeability 

The finite permeability of a restricting membrane will affect the jump probability 

given previously due to simple diffusion. The membrane permeability, P, is given in units 

of μm/ms. As P 0, the membrane is impermeable, while high P is associated with no 

restriction. The jump probability due to permeability can be given by 

 

When a membrane is present, the jump probability due to both diffusion and permeability 

is given by  

 

 

T2 Decay 

The T2 relaxation time can be incorporated into the diffusion equation by adding an 

exponential decay term 

 

which creates a T2 term when solving for the concentration at the next time  
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Convergence 

Convergence of the previous equation as a solution to the diffusion equation requires the 

approximations used therein to be valid. In the case of diffusion, the finite difference 

approximations must be valid, which is strictly given by 

 

where n is the spatial dimensionality of the simulation. 

 

T2 is approximated as a truncated Taylor expansion of an exponential decay   

 

which is a good approximation when the higher order terms are negligible 

 

In both cases, the approximation can be made valid or improved by decreasing the time-

step, t.  
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Effective Propagator 

The effective propagator represents the average water displacement within a model 

geometry, and is found by starting water at each location along the diffusion-weighted 

direction 

 

Solutions to the diffusion equation are calculated to a specified diffusion time, t= , given 

this initial condition, and these solutions are averaged relative to the staring location x0. 

 

The signal decay within a DWMRI experiment is the expectation on the phase of 

signal within the volume, and using the short gradient pulse approximation the phase is 

proportional to displacement. Therefore  

 

To incorporate a finite TE that is longer than the diffusion time, , the effective 

propagator is weighted to account for the decay of signal outside of the diffusion-

weighting gradient pulses 
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where the weights, w1 and w2, are the weights for T2 decay regimes before and after the 

diffusion-weighting gradients, respectively.  

 

 

The variables x1 and x2 represent the starting location for water distributions within the 

T2-weighting regimes. The signal decay, S(q), then undergoes a change of variables 

 

to obtain, S(b). 
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