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Introduction. Susceptibility effects in a microvascular network are the origin of the BOLD contrast, and consequently models based on a Hahn spin-
echo (SE) and gradient-echo (GE) type of experiment have a long history and are profoundly investigated (1-8). Only recently the question was raised
whether other type of sequences may have a better sensitivity to mesoscopic paramagnetic structures (8). Here we derive a model based on Monte
Carlo simulations and experiments that describes susceptibility-based contrast in a balanced SSFP type of sequence — prototypic for all steady state
protocols. Susceptibility effects show up as an overall reduction in steady state amplitude that depends on the repetition time and susceptibility
difference, as well as on relaxation times and on flip angle.

Steady State Perturbation. Figure 1A depicts a spin moving through local A . B os
field inhomogeneities AB, generated by microparticles of radius R. The field =g oab
perturbation (in cgs units) from a microsphere is of form Y
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where (r,?)) are spherical coordinates between the proton’s and perturber’s
location and Ay is the susceptibility difference between the spheres and the
surrounding medium. Diffusion in mesoscopic field inhomogeneities lead to
the transition of the unperturbed steady state to a new “averaged” state <SS>,,
on the order of T; (Fig. 1B). It can be shown that perturbation effects can be
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incorporated into an effective steady state relaxivity Rss~E-R,, E€[0...1], Fig. 1: (A) The bSSFP signal relaxes to a new “averaged” steady state
where & describfis the fraction of spin experiencing uncorrelated spin  when random motion through magnetic field inhomogeneities starts (B).
dephasings and R, is the GE relaxivity. A simple substitution in the “normal”  The parameters are By=1.5T, {=2%, Ay=0.6x10", D=2pum?*ms, R=3.5um,
T, relaxation, 1/T, — 1/T, + Rsg can then be used to extrapolate <SS>( to a set  Ax=0.6x10"°, TR=10ms, T;=590ms, T,=490ms, 0:=70°.

of other flip angles or relaxation times.

Methods. (Monte Carlo Simulations) For bSSFP signal simulation Monte Carlo methods as described elsewhere (9) were combined with numerical
application of 3x3 rotation and relaxation matrices, according to the piecewise constant, integrated Bloch equation (10). (Experiments) 3D bSSFP
experiments were performed with a cylindrical plastic bottle filled with doped water (11mM Dy-DTPA, T,=590ms, T,=490ms) that embeds a test
tube containing an equally doped {=2% dispersion of impenetrable microspheres (11mM Dy-DTPA, Ay=0.6x107).

Results & Discussion. In contrast to simple GE or SE protocols, where microscopic 100 :
susceptibility variations shows up as an enhanced transverse relaxation, steady state amplitude Az=06x10"°
is drastically reduced (Fig. 1). This reduction is quantified by the amount 80

Ass =1-1im(s5), /(55),) £ w "
and Figure 2 summarizes the effect of size (R) and TR on ASS at peak susceptibilities found g - 0™ e
during bolus passage (=20mM Gd-DTPA). The shape of ASS is rather similar to the well- — SR
known SE relaxivity curve. However, striking is the pronounced 7R dependence of ASS in the 20 g;mr:s o
L

static diffusion regime (SDR), whereas in the diffusion narrowing regime (DNR) ASS is
virtually independent on repetition time. 0
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Sample images with TR=4ms are displayed on top of Fig. 3 for various radii and show an sphere diameter [um]

average image of the two central slices. The susceptibility induced signal loss is clearly visible
in the inner tube containing microspheres. The lower panels in Fig. 3 show ASS from perturber size and TR from Monte Carlo simulations
measurements and Monte Carlo simulations. The overall dependence of ASS on R and TR is (circles) at Ay=0.6x10°. The parameters are By=1.5T,
evident and the very good agreement between simulation and experiment is striking. It can  {=2%, D=2pum’*/ms, T;=590ms, T,=490ms, 0:=70°.
further be shown, that based on the Bloch-Torrey (11) equation and some general arguments

Fig. 2: Dependence of the apparent signal change ASS on

on steady state systems, scaling leads to R=0.5um R=1.5um R=3.5um R=5.0um R=10um

=]

TR R

t—>1/B,Ay = BAY,JBR>R = ﬁ-MS(TR,Ax,JE-R):ASS(F,B-Ax,R) ()
Conclusion. Reduction in steady state amplitude not only depends on micro A8

particle properties causing the magnetic field perturbations, but also on

relaxation times and sequence specific properties. Due to the high sensitivity 4, 100

of bSSFP type of sequences to susceptibility variations in combination with R=3.5um R=5.0um
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fast acquisition times and excellent SNR, steady state sequences may become _ ) — | _ _ ——

an important role in susceptibility-based MRI contrast applications to & 60| - fet.5m £ 80 ‘_/:"_/‘—"S”__';?:m_..m

quantify tissue hemodynamics, especially in the brain 2 ol 7 g ;;, -
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