MRI Contrast from Relaxation Along a Fictitious Field (RAFF)
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Introduction: The trend towards higher magnetic field strengths (By) in NMR has been fueled mainly by the quest for

increased signal-to-noise ratio. However, the laboratory frame longitudinal relaxation time (T;), which is dominated by @, P P P."P]
dipolar fluctuations occurring mainly near the Larmor frequency, ay = By [1] is becoming less sensitive to slow molecular

motions as By increases. Relaxations in the presence of radiofrequency (RF) irradiation characterized by the rotating frame ——
longitudinal and transverse relaxation time constants (T, and T, respectively), can provide information about slow '] E T
molecular motions at high magnetic fields. A practical limitation of rotating frame relaxation measurements is the relatively P —

high RF power required by continuous-wave (cw) spin-lock, and adiabatic methods [2,3]. The high RF power requirement of

the latter approach is a consequence of the need to satisfy the adiabatic condition, |do/dt| << @s(t), where @y is the rotating Fig. 1 Amplitude and phase
frame effective frequency (in units of angular velocity, @n(t) (=Bu)=[(@(1)* + (Aa(t))’]"%, with @=yB, and Aw = offset modulations of RAFF pulse
frequency), and «is the time-dependent angle between the vector Bg(t) and the laboratory frame z-axis. To reduce RF power segment. P is time-reverse of the
requirements, we investigated the possibility of creating a time independent fictitious effective field (E) generated under sub-
adiabatic condition. We demonstrate theoretically that RAFF provides sensitivity to the slow rotational correlation times.
Experiments on human brain demonstrate the potential of RAFF to generate contrast for MRI, while requiring less RF power
than that typically used for T, and T,, measurements. This new method is entitled relaxation along a fictitious field (RAFF).

Materials and Methods: The fictitious field is created by sine amplitude modulation @, (t) = @™ sin(@w[™*t) and cosine

P and m in sub-index designates
phase difference.

max

frequency modulation Aa(t) = @™ cos(af™t) , where @™ is the maximum amplitude of @(t) leading to the condition

|deddt] = s = constant. In the second rotating frame of reference, the amplitude of the E is E = (@ >+ (dofdt) %)

where oft) = tan”' (@ (t)/Aa(t)). To overcome problems of RF inhomogeneity, a composite version of the pulse was designed
(Fig. 1). The composite pulse follows BIR-4 scheme introduced earlier [4]. The theoretical calculations were carried out by
applying second order perturbation theory [5] for dipolar interaction transformed to the a}-frame (relaxation along E). Bloch
simulations neglecting relaxation were used to investigate the evolution of magnetization (M) during the sine/cosine pulse.
All human experiments were carried out using a 4 T magnet (OMT, Inc., Oxon, UK) with Varian UNTYINOVA console
(Varian Inc., Palo Alto, CA). Brains of healthy volunteers (n=5) were scanned using a volume TEM RF coil. Two

measurements were conducted, with and without spin inversion (HS1, T,=10 ms, @™ /(2m) = 1.3 kHz) prior to SC pulse,

= constant,

160 . (@™ / (2m) = 625 Hz, number of segments (2-64) leading to pulse train durations of

4.53-144.82 ms). Signal intensity decay and rise were measured with RAFF from one FIQ' 3 Mf’ign?tlzatlon (M)
slice in the plane including striatum structures, using TurboFLASH imaging readout trajectory (solid line), calculated
(TR/TE=10/5 ms, slice thickness = 3 mm). The fittings to data were performed using E field (0) and B field (dotted
models S.=S., exp(—Rt)—%S(l—exp(—Rsst)) and line) during sine/cosine pulse in
) o ) ) B the are-frame. The evolution of
S,=S,.7exp(-Rt)-Sys (1-exp(-Ryt)) for decaying and rising signal intensities. Here initial M along E (thick arrow)
Sz and Sz are measured signals with and without the prior spin inversion, §) is the was calculated wusing Bloch
signal intensity before the RAFF weighting and Ss the level of steady state with equations during one sine/cosine
corresponding relaxation rates R and Rgs, respectively. period.
Results and Discussion: The sensitivity of the RAFF dipolar rate
constant Ry, g for the change of the correlation times is demonstrated in
Fig. 2 Calculated longitudinal Fig. 2, being close to that obtained by on-resonance continuous wave
relaxation rate constants. The Ry spin-lock R, = R,. An intriguing property of RAFF found by the
(black) adiabatic Ry, (gray), on- theoretical calculations is that Ry, g = Ry, g. Using Bloch simulations, M
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resonance Ry, (green),  off- was found to follow E once placed along it initially (Fig. 3) showing a
. locking property of E. Signal intensity was found to end up in the same
resonance R, (red) with angle steady state independently of flip angle prior to the sine/cosine pulse in o [ma] 200
/4, and Ry (blue) are 5 mM GD-DTPA solution (data not shown). This suggests the
presented. The on- and off- necessity to use of the steady state analysis for the human RAFF
resonance R;, using model given  relaxation time mapping. The relaxation time constants in the human Fig. 4 a) RAFF relaxation time map obtained
brain were shown to be ~20 % shorter when steady state fitting (Fig. taking into account steady state b) corresponding

in[6] with &f*™" / (2m) =625 Hz, 4a) was compared to mono-exponential fitting (Fig. 4c). The fraction Steady tate map and c) relaxation time map
adiabatic R, curves (HS1) was SS (=S55/S) represents the contribution of steady state to RAFF and obtained using single mono-exponential fitting.
calculated according [2,6,7,8] varied in mid brain areas, providing potential contrast (Fig. 4b). The

P average RF power delivered into the brain tissue during RAFF per unit

and R, using model given in [6]. L . . ; i
time is 83 % of the adiabatic Ty, (HS1 pulses, @™ /(2m) = 1.3 kHz) and 61 % compared to continuous wave pulse with equal

ay/(2m) of 200 MHzand r = 158

nm were used for all power with RAFF. The lower power requirement of RAFF as compared to adiabatic and continuous wave techniques may

calculations. enable the use of RAFF contrast also in deep body structures where external RF power delivery is challenging for high field
human applications.
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