Diffusion Tensor Imaging reviles the evolution of Neuronal Cell Membrane Damage in Stroke Patients: A Simulation Study
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INTRODUCTION: At acute ischemic stroke, a reduction of the apparent diffusion coefficient (ADC) has been attributed to the following reasons;
migration of water from extracellular space into intracellular space [1, 2], decreasing membrane permeability cased by collapse of transmembrane ion
gradients [3], decreasing in energy-dependent cytoplasmic circulation or increasing in water viscosity [4, 5, 6], and cell swelling [6, 7]. The eigen

values (A1>A2>A3) of diffusion tensor matrix, which are obtained from the diffusion tensor magnetic e

resonance imaging (DT-MRI) represents a condition of water molecule diffusion in a voxel. We 4/ foincheath :
postulated that the eigen values in patients with acute brain infarctions will reflect specific e b 2 5io 2o |
condition/environment of the water molecule’s in pathologic condition. Especially, we supposed that | 333233333229935  space ng}:""gfgﬁ
the transverse eigen values (A2, A3) will decrease due to failure in membrane transportation. | 28999593a905958 - Yau ko ”%gq%S@qESS%
Accordingly, we constructed a numerical diffusion model of a normal brain tissue and acute brain | 32333333%3333335 | -----------+ 08205REe00a0
infarct at tightly packed white matter bundle, and simulated water molecule diffusion in the simple | 28333995 ::‘,E,,‘IS Rendom ealk ;6;305‘ 8%
tube model by using random walk algorithm [8]. _ _ | '___ | s "?Ho' L

METHODS: We propose a two pools tube model as a simulation model based on Szafer et al [8].
Figure 1 shows the proposed model. In our model, water molecules exist in two pools, namely the
intracellular space and extracellular space. We choose the system parameters for our proposal model
as follows: a; inner diameter of intracellular space [u#m], /; size of extracellular space [um] for one
axon, 8; random walk angle. The length of axon was unlimited. Since myelin sheath is a hydrophobic

Figure 1. The simple tube model and
random walk of virtual water molecules

membrane, we controlled the water molecular thoroughfare by its velocity and the position of the ha .

pores. The pore’s positions were assumed by permeability parameter pie, pei, and pex. The pie and pe; ﬂﬁg; gﬁ;f’ﬂmﬂ
indicate that virtual water molecule permeable percentage toward intra- to extra-cellular spaces and = 03;: G ﬁ
extra- to intra-cellular spaces, respectively. The pe indicates permeable percentage among cellular §§§§E.;: 830! §§
space. At the onset, inner diameter of intracellular a will be increased to a’ by swelling (Figure 2). The 29981 8=
virtual water molecules were regularly and discretely set in the two pools model initially. Then the §§§0 M§: mgc‘ i
molecules move along the 0 at each time step. We assumed that the thickness of myelin sheath does 29008000000 %

not change before and after onset. The extracellular space is decreased by cell swelling and the — «——
migration of water molecules are limited by decreasing membrane permeability. !
We calculated diffusivity of virtual water molecules by averaged displacement of direction to  Figure 2. Inner diameter changes by cell
parallel (A1) and to perpendicular (A2, A3) to the axon. We also calculated ADC, fractional anisotropy ~ swelling after onset
(FA) by using formally mentioned A1, A2 and A3 as eigen values of the diffusion tensor. In our
proposal model, we used the random walk parameters as follows [8, 9]: dt; one time step 5.0 [um], vi;
diffusion speed in intracellular space 1.0 [um/usec], ve; diffusion speed in extracellular space 2.50 Table 1. Results of simulation

[um/psec], p; permeability parameter 20.0 [%].
RESULTS AND DISCUSSION: Table 1 shows the results of cell swelling (a=6 [um] , a’=12 [pum])

Status quo diameter FA | ADC Al A2 Pk}

normal 6 045 | 117 | 183 | 084 | 084

and decline in membrane permeability. We limited the permeability for myelin sheath only after the
onset of ischemia. We set pi. = pex= Pei = 20 [%] at the normal case and p;. = pex =0 [%], and p.; = 20 onset 12 062 | 1.00 | 1.83 | 059 [ 059

[%] at the onset case. From this Table, we can see the decrease in A2, A3, and ADC. The Al on the
other hand remained as a same value. As a result, the FA was slightly increased. This result is in

accordance with the data of Green et al [10] (FA value increases in an acute stroke (<27 hours old)). 140

The ADC reduction can be easily understood from as the reduction in the A2 and A3 due to the

restriction on membrane permeability. gt T T
Figure 3 shows the simulation results of the evolution in number of axons with membrane failure. 100 Focoooooo ot " =g

The results of this figure were obtained from interpolation between the normal condition (number of Py

abnormal fibers = 0%) and complete infarct (number of abnormal fibers = 100%).Benveniste et al. 080 Mlaapc| T T T T T

have reported that the shift of water from extra- to intra-cellular space occurs within 2 minutes when 060 F-mm—mm g @~ ®

there is breakdown of the Na*, K*-ATPase pump [11]. This report suggests that the evolution of FA N e f 7777777777777

and ADC are not caused by gradual change in the cellular diameter (swelling) of all axons within a )

voxel over several hours, but rather it is the change in ratio of axons that degenerate over time. Thus, I i

we assumed that abnormal cell ratio within a voxel will directly affect the evolution of FA and ADC. 000 ‘ ‘ ‘ ‘

CONCLUSION: We used the following three elements for our simulation model: 1) membrane 0 20 0 60 80 100

permeability, 2) cell swelling, and 3) evolution of 1) and 2). We simulated the virtual water molecule Rate of Onset [4]

diffusion in a stroke by using the two pools simple tube model. From our simulation study, we can

understand that one of the reasons for ADC reduction and slightly increase of FA at the acute stage of Figure 3. Results of permeability failure

brain infarction occurs by change in membrane permeability and population of the axons that are evolution

affected.

In this paper, we have tried to estimate the situation using limited set of parameters and events. As future works, we are planning to investigate more
parameters including the edema and viscosity of the lesion.

ACKNOWLWDGEMENTS

This research was partially supported by the Japanese Ministry of Education, Science, Sports and Culture, Grant-in-Aid for Young Scientists (B) 17700293.
REFERENCES

[1] Moseley ME et al., AJNR, 1990;11, pp.423-429, [2] Warach S et al., Neurology, 1992; 42, pp.1717-1723, [3] Helpern JA et al. , In proceedings of 11" ISMRM;
August 8-14, 1992;1, p.1201, [4] Wick M et al., Stroke, 1995;26, pp.1930-1934, [5] van der Toorm A et al., MRM, 1996; 36, pp.914-922, [6] Duong TQ et al., MRM,
1998; 40, pp.1-13, [7] van der Toorm A et al., MRM, 1996; 36, pp.52-60, [8] Szafer A et al., MRM, 1995; 33, pp. 697-712, [9] Ford JC et al., JMRI, 1998; 8,
pp.775-782, [10] Green HAL et al., Stroke, 2002; 33, pp.1517-1521, [11] Benveniste H et al., Stroke 1992;23(5), pp.746-754

Proc. Intl. Soc. Mag. Reson. Med. 15 (2007) 1545



