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Synopsis (100 words)

Motivation.
Diffusion frequency-dependence offers a direct probe to tissue microstructure at diffusion length
scale. Oscillating-gradient-spin-echo (OGSE) sequence provides very short effective diffusion
time and length for evaluating fine structures but poses challenges in simultaneously achieving
high diffusion-weighting and high frequency on human scanners.

Goal(s).
To validate the potential of OGSE sequences on the high-gradient-performance Connectome 2.0
scanner.

Approach.
We measured diffusivity frequency-dependence (30-100Hz) in an anisotropic solid-fiber phantom
on Connectome 2.0 and estimated surface-to-volume ratio and fiber radius, whose value was
corrected for non-ideal cosine-OGSE waveform.

Results.
Estimated fiber radius matched the ground-truth (error<5%), demonstrating the potential of in
vivo microstructural imaging using OGSE.



Impact (35 words)
We performed diffusion frequency-dependence using oscillating-gradient-spin-echo (OGSE)
sequence (≤100Hz) and accurately estimated fiber radius in an anisotropic fiber phantom on the
Connectome 2.0 human scanner, demonstrating the potential of in vivo microstructural imaging
using OGSE.



Abstract Body (750 words)

Introduction (119 words)

Diffusion time($$$t$$$)/frequency($$$\omega$$$)-dependence offers a direct probe to tissue
microstructure at diffusion length $$$\propto\sqrt{t}$$$1. For pulsed-gradient-spin-echo (PGSE)
sequence, the shortest diffusion time is limited by the width of refocusing RF pulse2, leading to a
minimum diffusion time~10ms on human scanners. On the other hand,
oscillating-gradient-spin-echo (OGSE) sequence offers a much shorter effective time scale3,4; in
surface-to-volume ratio (SVR) limit, the OGSE has an effective diffusion time
$$$t_{\rm{OGSE}}=(9/64)\cdot(2\pi/\omega)$$$1,5, yielding a time scale~1.4ms at 100Hz. Here
we performed diffusion measurements using cosine-OGSE of varying frequency=30-100Hz in an
anisotropic solid-fiber phantom6,7 on Connectome 2.0 scanner8 (Gmax=500mT/m, SRmax=600T/m/s)
and accurately estimated the fiber radius through the frequency-dependent diffusivity in SVR limit
of OGSE, demonstrating the potential of in vivo microstructural imaging using OGSE 9-11.

Theory (285 words)

SVR limit in OGSE. At very short diffusion time $$$t$$$, diffusion is restricted around barriers
within a layer of diffusion length $$$\propto\sqrt{t}$$$, leading to a diffusivity decrease with
$$$SVR\cdot\sqrt{t}$$$12. However, identifying this $$$\sqrt{t}$$$-term requires very short
$$$t$$$, making it almost impossible to observe using PGSE due to very low diffusion weighting
(b-value) at short $$$t$$$1,5,13. Therefore, this SVR regime is best observed using OGSE. The
dispersive diffusivity $$${\cal{D}}(\omega)$$$ at frequency $$$\omega$$$ in this limit is1,13

$${\cal{D}}(\omega)\simeq\,D_0\left(1-{\rm{SVR}}\cdot\frac{e^{i\pi/4}}{d}\cdot\sqrt{\frac{D
_0}{\omega}}\right)\quad\quad(1)$$

with intrinsic diffusivity $$$D_0$$$, and dimensionality $$$d$$$. Under Gaussian phase
approximation, normalized diffusion signal is given by

$$-\ln\frac{S}{S_0}=\int\frac{{\rm{d}}\omega}{2\pi}{\cal{D}}(\omega)|q(\omega)|^2\quad\qua
d(2)$$

where $$$q(\omega)$$$ is the Fourier transform of diffusion wave vector $$$q(t)$$$ (Figure 1).
For an ideal cosine-OGSE waveform, the power spectrum $$$|q(\omega)|^2$$$ has two
delta-function peaks at $$$\omega$$$ and $$$-\omega$$$, leading to an apparent diffusivity

$$D_{\rm{OGSE}}(\omega)\equiv-\frac{1}{b}\ln\frac{S}{S_0}={\rm{Re}}\,{\cal{D}}(\omega)
\quad\quad(3)$$

with $$${\cal{D}}(\omega)$$$ in Eq.(1). Performing a linear fit of $$$1/\sqrt{\omega}$$$ to



apparent diffusivity measured by OGSE yields an estimate of SVR in Eqs. (1) and (3).

Fiber radius estimation. Considering a phantom composed of randomly-packed parallel
solid-fibers submersed in water, the SVR of extra-fiber space transverse to fibers is5

$${\rm{SVR}}=\frac{2}{R}\frac{f}{1-f}$$

or

$$R=\frac{2}{\rm{SVR}}\frac{f}{1-f}\quad\quad(4)$$

where the solid-fiber volume fraction $$$f$$$ is estimated through b=0 image signals
$$$S_0$$$ in the fiber bundle and free water area5 (Figure 3)

$$f=1-\frac{S_0({\rm{fiber\,bundle}})}{S_0({\rm{free\,water}})}\,.\quad\quad(5)$$

Fiber radius correction curve. To account for the trapezoidal shape in the actual OGSE
waveform with finite oscillation number $$$N$$$ (Figures 1-2) 1, we numerically simulated the
diffusivity frequency-dependence of OGSE by substituting Eq.(1) and actual gradient waveform
$$$q(t)$$$ into Eq.(2). We fitted the SVR limit (Eq.(3)) to simulated frequency-dependent
diffusivity to estimate the SVR. By comparing the ground truth and fitted value of SVR, we
created a correction curve for SVR and fiber radius estimate (Eq.(4)) (Figure 4A).

Methods (215 words)

Fiber phantom. We used a phantom composed of highly aligned Dyneema® solid fibers
submersed in water, with a fiber radius $$$R$$$=8.5±1.4µm6,7 (Figure 3A).

MRI. We performed diffusion MRI measurements in the fiber phantom by using an OGSE
sequence featuring a trapezoidal-cosine gradient waveform (Figure 1). We varied OGSE
frequency=30-100Hz with the cycle number $$$N$$$=1 or 2 over each side of the refocusing RF
pulse. Other parameters: b-value=[400, 850] s/mm2 (20 directions/b-shell), TR/TE=2100/105ms.
More details are in Figure 2.

Image Processing. dMRI data were processed based on DESIGNER pipeline14 (Figure 3B). At
each frequency, we performed diffusion kurtosis imaging fitting15 and estimated radial diffusivity
(RD) transverse to the fiber bundle. The masks of fiber bundle and free water area were manually
segmented. We computed the median of RD in the fiber bundle at each frequency and averaged
b=0 signals in the fiber bundle and free water to estimate the solid-fiber volume fraction (Eq.(5)).

Model fitting. Empirically, to estimate SVR, the frequency-dependent RD was fitted to

$$D_{\rm{OGSE}}(\omega)=D_0\left(1-{\rm{SVR}}\cdot\frac{1}{d\sqrt{2}}\cdot\sqrt{\frac{D



_0}{\omega}}+\frac{\alpha}{\omega}\right)\quad\quad(6)$$

where a higher order $$$1/\omega$$$-term accounts for surface relaxation of Dyneema fibers6,7,
$$$d=2$$$ transverse to fibers, and $$$D_0$$$ is derived from the intercept of the fitted equation
(3). Then we estimated the fiber radius from SVR value (Eq.(4)) and correct radius estimates
using the correction curve (Figure 4A).

Results (59 words)

In simulations of realistic OGSE waveform (Figure 4A, left), RD linearly decreased with
$$$1/\sqrt{\omega}$$$. By using a simple linear correction curve for fiber radius estimate (Figure
4A, right), the estimation error is<5% when ground truth radius>0.4μm.

In phantom scan, RD decreased non-linearly due to an additional $$$1/\omega$$$-term (Eq.(6))
with an estimated radius=8.91±1.93μm, consistent with the Dyneema fiber radius=8.5±1.3μm
(error=4.8%).

Discussion and Conclusion (65 words)

We measured frequency-dependent diffusivity using OGSE up to 100Hz and accurately estimated
fiber radius in an anisotropic fiber phantom on the Connectome 2.0 human scanner, whose
high-gradient performance enabled us to achieve high b-values over a wide frequency range while
maintaining a reasonable SNR.

We conducted preliminary in-vivo experiments and observed that diffusivity increases and
kurtosis decreases with frequency, consistent with previous results10,11 (Figure 5).
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Figures and caption

Fig 1. (A) Diffusion module in OGSE sequence, with refocusing RF pulse and field gradient in
frequency encoding (Gf), phase encoding (Gp), and slice selection (Gs) directions, and diffusion
gradient applied in the Gp direction as an example. (B) Diffusion gradient waveform γG(t) of
OGSE sequence at frequency = 100 Hz with 2 cycles over each side of refocusing RF pulse. The
mixing time in the middle accommodates the refocusing RF pulse. (C) Q-space waveform q(t),
defined as the integration of γG(t) over time. (D) Power Spectrum |q(ω)|2, defined as the square of
the Fourier transform of q(t).



Fig 2. Diffusion MRI Protocol in phantom scan. The gradient strength and slew rate of OGSE are
set conservatively to avoid the hardware damage on Connectome 2.0 scanner. Advanced protocol
will be tested in the future. The frequency of OGSE varied from 30 to 100 Hz, with as many cycle
numbers as possible for the given TE. The optimal mixing time is adaptively calculated to
minimize side lobes in the power spectrum of gradient waveform. FOVread=field of view in
readout direction, TR=repetition time, TE=echo time



Fig 3. (A) Solid fiber phantom which has a fiber bundle composed of densely packed solid
Dynemma® fibers (water-free inside) submersed in water, mimicking extra-axonal space in brain
white matter. (B) Raw dMRI data at various frequencies are processed using DESIGNER pipeline.
Masks for fiber bundle and free water areas are manually drawn. Volume fraction f of solid fibers
is calculated using b=0 signals. DKI fitting yields RD maps at each ω. Fitting of RD in the fiber
bundle v.s. 1/ √ω yields the SVR value. Using SVR, f and correction curve in Fig. 4A, the fiber
radius R is estimated.



Fig 4. (A) Left: Simulations at fiber radius R=8.5 μm show strong RD vs. 1/√ω linearity. Right:
Correction curve is created for imperfect sequence by estimating R values with various ground
truth R values in simulation. After correction, error < 5% for ground truth R >0.4 μm. (B) Left:
Phantom experiment (red) and simulation at ground truth R=8.5 μm (blue) are compared;
experimental data show an additional 1/ω term due to surface relaxation. Using right panel in A,
estimated R=7.63 μm is corrected to R=8.91 μm (error=4.8%). Right: From the fit’s variance
matrix, σ(R)=1.93 μm is calculated.



Fig 5. In-vivo Experiment. (A) Protocol in human scan. (B) Results for human scan. The
images exhibit reasonable SNR, enabling detailed subsequent analysis. DKI fitting reveals that
diffusivity increases with frequency and kurtosis decreases with frequency, which is consistent
with previous findings. Future experiments aim to extract microstructural metrics from frequency
dependence, striving to use OGSE for in vivo brain microstructure modeling.


