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Purpose: To address the long echo times and relatively weak diffusion sensitiza-
tion that typically limit oscillating gradient spin-echo (OGSE) experiments, an 
OGSE implementation combining spiral readouts, gap-filled oscillating gradient 
shapes providing stronger diffusion encoding, and a high-performance gradient 
system is developed here and utilized to investigate the tradeoff between b-value 
and maximum OGSE frequency in measurements of diffusion dispersion (i.e., 
the frequency dependence of diffusivity) in the in vivo human brain. In addition, 
to assess the effects of the marginal flow sensitivity introduced by these OGSE 
waveforms, flow-compensated variants are devised for experimental comparison.
Methods: Using DTI sequences, OGSE acquisitions were performed on three 
volunteers at b-values of 300, 500, and 1000 s/mm2 and frequencies up to 125, 100, 
and 75 Hz, respectively; scans were performed for gap-filled oscillating gradient 
shapes with and without flow sensitivity. Pulsed gradient spin-echo DTI acquisi-
tions were also performed at each b-value. Upon reconstruction, mean diffusivity 
(MD) maps and maps of the diffusion dispersion rate were computed.
Results: The power law diffusion dispersion model was found to fit best to MD 
measurements acquired at b = 1000 s/mm2 despite the associated reduction of 
the spectral range; this observation was consistent with Monte Carlo simulations. 
Furthermore, diffusion dispersion rates without flow sensitivity were slightly 
higher than flow-sensitive measurements.
Conclusion: The presented OGSE implementation provided an improved de-
piction of diffusion dispersion and demonstrated the advantages of measuring 
dispersion at higher b-values rather than higher frequencies within the regimes 
employed in this study.
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1   |   INTRODUCTION

The diffusion of water molecules is commonly exploited 
in MRI for the characterization of microstructural systems 
within which this motion occurs. In particular, there has 
been recent interest in detecting diffusion restrictions in 
such systems. A manifestation of this phenomenon can 
be observed in the spectral representation of diffusivity: as 
frequency ω increases (or, equivalently, as diffusion time 
decreases), spins encounter fewer and fewer microstruc-
tural entities, rendering diffusion less obstructed and ap-
parent diffusivity higher. In order to detect this dispersion 
of diffusion,1 the oscillating gradient spin-echo (OGSE) 
sequence2,3 is often used. In contrast to a more typical 
pulsed gradient spin-echo (PGSE) experiment,4 which 
employs a pair of monopolar, trapezoidal gradient pulses 
and sensitizes MR signal to diffusion at zero frequency, 
an OGSE measurement utilizes an oscillating diffusion-
encoding gradient waveform and sensitizes the signal to 
diffusion at the frequency of the oscillations. Therefore, 
by piecing together a series of OGSE acquisitions, each 
with a unique frequency, the dependence of diffusivity on 
frequency can be observed, and the effects of diffusion re-
strictions relating to spectral properties can be quantified.

The translation of OGSE to in vivo human imaging 
occurred relatively recently due to practical consider-
ations; gradient systems have only recently become strong 
enough to achieve both adequate diffusion sensitivity (i.e., 
moderate b-values) and high frequencies. In the first stud-
ies of the diffusion spectrum in the human brain, it was 
observed that diffusivity increased with frequency in gray 
and white matter regions.5,6 Recent works have aimed to 
quantify this relationship more concretely in accordance 
with microstructural models: Arbabi et al7 showed evi-
dence of a ω0.5 dependence of the apparent diffusion coef-
ficient consistent with either highly correlated structural 
disorder or short-range disorder along one dimension,8 
and Tan et al9 found a linear dependence of diffusivity 
with respect to frequency in agreement with short-range 
disorder in two dimensions.10

This apparent discrepancy may be attributed in part to 
methodological factors (e.g., modeling choices), but the 
noise susceptibility endemic to OGSE measurements un-
derlies such influences as a key confound; in relation to 
the clinical standard for diffusion imaging, OGSE severely 
lacks sensitivity. Clinical diffusion-weighted (DW) scans 
of the brain typically use b-values of 1000 s/mm2, which 
optimizes sensitivity to variations among normal diffusiv-
ities in the brain, and can achieve such b-values in an echo 
time (TE) of about 50 ms for PGSE sequences using a mod-
ern clinical gradient system (80 mT/m amplitude). On the 
contrary, OGSE works focusing on the measurement of 
ω-dependent diffusivity in the in vivo human brain have 

only reached b-values up to 450 s/mm2 with TEs in the 
range of 110-125 ms. Evidently, OGSE implementations 
will require upgrades in various domains to yield more re-
liable diffusion dispersion measurements and become bet-
ter suited for clinical studies from a sensitivity standpoint.

Toward higher b-values, OGSE can be helped by using 
a high-performance gradient system, which can achieve 
greater diffusion sensitivity (and/or higher frequencies) 
for otherwise equivalent acquisition parameters. The 
aforementioned Tan et al study utilized such a gradient,11 
achieving b = 450 s/mm2 for frequencies up to 100 Hz. 
Using a specialized gradient with similar specifications12 
for human brain OGSE imaging, we reached a b-value of 
nearly 1000 s/mm2 in a similar echo time but at a lower 
maximum frequency (75 Hz),13 albeit a frequency that has 
still not been reached with a standard gradient system. 
These examples represent the upper limits of frequency 
and b-value that have been achieved in published OGSE 
human brain experiments to date and highlight that there 
is an implicit tradeoff between these two parameters for a 
given TE: the highest oscillation frequency within a series 
of spectral measurements limits the b-value. It is worth 
noting that this compromise has yet to be explored ex-
perimentally in terms of sensitivity to the underlying fre-
quency dependence.

Hardware aside, OGSE would benefit from improve-
ments to acquisition and general sequence design in order 
to mitigate inherent weaknesses.14 In the direction of 
enhancements to diffusion encoding, we have proposed 
gap-filled OGSE shapes, which extend the innermost gra-
dient lobes in order to increase the b-value and frequency 
specificity at no cost to the echo time.13 This improve-
ment, however, adds a marginal flow sensitivity, which 
has not been fully investigated. In the direction of read-
out efficiency, a diffusion-prepared 3D gradient spin-echo 
sequence for oscillating diffusion gradients has been pro-
posed to reduce overall scan time and improve the SNR.15 
Another potential avenue for readout-based sensitivity 
improvements would be to use spiral trajectories; to date, 
EPI is the only single-shot readout trajectory that has been 
used with OGSE. Compared with EPI, spiral readouts can 
provide a considerable SNR advantage because spirals 
have shorter TEs and better readout efficiency, among 
other favorable effects.16

Overall, various prospects exist with which oscillat-
ing gradient diffusion acquisitions can be enhanced. 
To realize the associated benefits, improvements to 
OGSE methodology in the domains of hardware and 
sequence design are implemented in this work for DTI 
of the in vivo human brain, as presented in recent con-
ference abstracts:17,18 we combine a high-performance 
gradient insert, gap-filled oscillating gradient wave-
forms, and, for the first time, spiral readouts. Using this 
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implementation, the spectral behavior of mean diffusiv-
ity (MD) is studied for frequencies up to 125 Hz and b-
values up to 1000 s/mm2, using a TE of only 95 ms for 
all scans. In particular, the tradeoff between b-value and 
maximum OGSE frequency is investigated by compar-
ing diffusion dispersion fitting across different combina-
tions of b-value and maximum frequency. Additionally, 
to explore the effect of the flow sensitivity introduced 
by gap-filled shapes, flow-compensated variants of these 
shapes are developed, and results are compared between 
the two cases.

2   |   THEORY

2.1  |  Oscillating gradient waveforms and 
power spectra

The logarithmic signal attenuation induced by an arbi-
trary diffusion-sensitizing gradient sequence g(t) can be 
expressed as19

where S and S0 are signals with and without diffusion 
weighting, respectively, D(ω) is the diffusion coefficient as a 
function of frequency ω, and F(ω) is the Fourier transform of 
the q-space trajectory q(t),

The q-space trajectory is the zeroth moment of g(t),

where γ is the gyromagnetic ratio. In effect, F(ω) is like a 
sampling function that dictates how contributions of D(ω) 
are weighted into the attenuated signal.20 Therefore, to spec-
trally localize the signal loss and infer D(ω) at the desired fre-
quency ω0 with high precision, the gradient moment power 
spectrum |F(ω)|2 should consist of a pair of narrow lobes 
at frequencies ±ω0 and have minimal spectral power else-
where. Moreover, the b-value, which is given by the integral 
of the power spectrum,

should be maximized relative to the gradient amplitude be-
cause the diffusion-encoding strength achieved in OGSE 

experiments is typically suboptimal, especially for the gradi-
ent strengths of a clinical scanner.

To attain these specifications, trapezoidal21 cosine-
modulated OGSE shapes with apodized external lobes3 
and a timing correction6 are often used, for which the 
power spectra consist of lobes at ±ω0 with no zero-
frequency contribution and minimal harmonics else-
where. The modification to this sequence that we 
recently proposed13 furthers this specificity by filling the 
oft-used half-period gap between pulses with elongated 
internal gradient lobes, thereby increasing both the b-
value and the relative power in the ±ω0 lobes; however, 
this alteration introduces a small contribution at zero 
frequency.

The introduction of a zero-frequency component en-
tails that gap-filled OGSE waveforms have a non-zero 
first moment and, therefore, lack flow compensation; on 
the contrary, OGSE shapes without the modification are 
insensitive to flow. Importantly, flow-sensitive gradient 
sequences induce spin dephasing for microcirculatory 
flows in the ballistic regime (i.e., the second model of 
capillary networks in Le Bihan et al),22 but this contam-
ination reduces as the b-value increases and should be 
rather small in the brain due to the low perfusion frac-
tions23 and the small first moments of gap-filled OGSE 
waveforms.

To eliminate the residual flow sensitivity, a further 
modification to gap-filled OGSE shapes is developed here 
in the form of a timing correction: the penultimate lobe of 
the first gradient pulse is extended by a duration ΔFC, and 
the final lobe of the first pulse is shortened by the same 
amount, thereby maintaining the pulse duration. The 
value of ΔFC can be positive or negative (i.e., extending 
or shortening the penultimate lobe, respectively) and is 
defined by the condition that the integral of q(t) reaches 
zero at the center of the refocusing RF pulse; a formula 
for ΔFC in terms of other OGSE parameters is given in the 
Appendix. A time-reversed version of this timing correc-
tion is applied to the second gradient pulse, thereby guar-
anteeing that the q-space trajectory has zero integral over 
the entire diffusion-weighting gradient sequence and, 
therefore, that the sequence is flow-compensated.

As a further adjustment to the original gap-filled OGSE 
shapes, the external lobes of the diffusion-sensitizing gra-
dient waveforms are no longer extended because the pen-
ultimate lobe modification achieves the same objective in 
reducing the zero-frequency spectral contribution.

To illustrate the OGSE waveform modification devel-
oped here as well as preexisting OGSE shapes, Figure 1 
depicts examples of two-period oscillating gradient wave-
forms, corresponding q-space waveforms and their cumu-
lative integrals, and power spectra for three variants of 
OGSE shapes. The transition from a standard OGSE shape 
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to the original gap-filled shape provides greater diffusion 
sensitization and a more specific measurement because 
the power spectrum of the latter has more energy and a 
more highly concentrated lobe at the target frequency; 
the enhanced spectral selectivity arises from the improved 
regularity of q(t), particularly where the gap is filled. The 
ensuing flow-compensation timing correction to the orig-
inal gap-filled shape results in a nulled zero-frequency 
component in the power spectrum owing to the zeroed 
integral of q(t). At the expense of this improvement, how-
ever, the energy of the low-frequency lobe located be-
tween 0 and ω × T/2π increases, which results in a slight 
increase in the b-value. Aside from these differences, the 
power spectra are practically identical for both gap-filled 
shapes. The relative spectral properties between gap-filled 
variants remain similar for waveforms with more oscil-
lations, but the difference in low-frequency lobe energy 
between the two versions reduces as more periods are in-
troduced. Additionally, ΔFC becomes smaller then has its 
sign inverted as the number of oscillations increases.

2.2  |  Advantages of spiral readouts

For general imaging considerations, spiral readouts inher-
ently have shorter TEs than EPI readouts because of the 
center-out nature of the former. Furthermore, for spiral 
sequences combined with gap-filled OGSE shapes, the 
diffusion-encoding period exhibits temporal symmetry 
with respect to the 180° RF pulse, which is not the case 
for EPI sequences. This symmetry brings about two ad-
ditional noteworthy advantages for spirals: the simplified 
construction of diffusion-sensitizing gradient waveforms 
that are immune to errors caused by concomitant gradi-
ent fields24 and, of particular interest here, the possibility 
to eliminate the dead time before the onset of the diffu-
sion gradients, thereby providing a further potential TE 
reduction relative to EPI scans. The total TE reduction of 
spiral acquisitions using gap-filled OGSE waveforms with 
respect to otherwise equivalent EPI acquisitions approxi-
mately equals the duration of the EPI readout; this feature 
is illustrated in Figure 2.

F I G U R E  1   Comparison of OGSE gradient waveforms, their zeroth moments (q-space trajectories), and q-space cumulative integrals 
(left) and gradient moment power spectra (right). Each quantity is plotted for: (A) a standard OGSE waveform with a half-period gap and a 
correction to the external lobes to null the cumulative gradient area, (B) an original gap-filled OGSE shape with gap duration Tgap, and (C) a 
further modified gap-filled shape providing flow compensation. Like quantities are plotted to the same scale with units arbitrary. All OGSE 
gradient shapes have the same oscillation period T (corresponding to oscillation frequency ω0 = 2π/T) and amplitude. The second gradient 
pulse for each shape is a time-reversed and inverted version of the first gradient pulse, as gradient plots show effective shapes by accounting 
for the inversion of the first gradient pulse by the refocusing RF pulse. The outer lobes of gradient shapes (A) and (B) are specified as 
having durations of T/4 and T/2 for simplicity, but the timing corrections (which cannot be discerned on this scale) slightly alter their true 
durations. These shapes are plotted for 30 Hz waveforms with gradient amplitude 80 mT/m, slew rate 200 mT/m/ms, and gap duration 
4.4 ms. Relative differences between the power spectra have only minor dependencies on these parameters and principally depend on the 
relative durations of a period, a ramp, and the gap
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F I G U R E  2   Sequence diagrams for gap-filled OGSE acquisitions with EPI (top) and spiral (bottom) readout. The timings of the diffusion 
gradients and the 180° RF pulse are identical for both readouts. Note that the 180° RF pulse cannot be repositioned within the diffusion-
sensitizing gradient waveform

b-Value (s/mm2)
Frequency 
(Hz)

Oscillation 
periods

Gradient 
amplitude 
(mT/m)

Flow 
compensation

300 30 1+1 46.2 Yes

47.5 No

300 50 2+2 75.9 Yes

76.8 No

300 75 3+3 118.5 Yes

118.4 No

300 100 4+4 161.5 Yes

160.2 No

300 125 5+5 199.8 Yes

202.1 No

500 30 1+1 61.4 No

500 50 2+2 99.3 No

500 75 3+3 153.3 No

500 100 4+4 207.9 No

1000 30 1+1 84.5 Yes

86.9 No

1000 50 2+2 139.4 Yes

140.7 No

1000 75 3+3 218.6 Yes

218.0 No

Note that gradient amplitudes slightly vary between flow-sensitive and flow-insensitive OGSE shapes of 
the same b-value and frequency. The gap duration was 4.36 ms for all scans except for the 125 Hz scans, 
for which the gap duration was 4 ms.

T A B L E  1   Parameters for all OGSE 
waveforms used for phantom and human 
scanning
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3   |   METHODS

3.1  |  Human brain and phantom 
scanning

Three healthy adult males volunteered for scanning in 
accordance with applicable ethics policy. A 5-L bottle-
shaped water phantom doped with NaCl and CuSO4 
was also scanned for sequence calibration. Scanning was 
performed with a Philips 3T Achieva system (Philips 
Healthcare, Best, the Netherlands) equipped with a high-
performance insert gradient coil that can reach gradi-
ent amplitudes up to 200 mT/m and slew rates up to 600 
mT/m/ms at 100% duty cycle and an eight-channel RF 
transmit-receive array coil specifically designed for brain 
imaging with the gradient system.25 The sequences used 
here, however, required a lower duty cycle, so the ampli-
tude limit could be exceeded by up to 10%.

To evaluate the tradeoff between b-value and maxi-
mum frequency in diffusion dispersion measurements, 
an acquisition block was devised consisting of a series of 
OGSE DTI spiral sequences at different b-values and over 
different frequency ranges: acquisitions were performed 
at b-values of 300, 500, and 1000 s/mm2 with all frequen-
cies from a predetermined set (30, 50, 75, 100, and 125 Hz) 
up to 125, 100, and 75 Hz, respectively, using the original 
gap-filled waveforms with flow sensitivity. The gap dura-
tion, Tgap, was 4 ms for 125 Hz scans and 4.36 ms for scans 
at all other OGSE frequencies. The block also included 
PGSE DTI spiral sequences (representing 0 Hz, with an 
effective diffusion time of 39.1 ms) at all three b-values 
and was performed twice for each volunteer over separate 
scanning sessions to evaluate test–retest repeatability.

To assess the effects of flow compensation, additional 
b  = 300 and 1000 s/mm2 OGSE DTI spiral acquisitions 
with the flow-insensitive gap-filled waveforms devised 
here were performed during the initial scanning sessions 
of two of the volunteers using the same sets of frequencies 
and gap durations.

Finally, to compare the two readout trajectories, the 
flow-compensated OGSE DTI acquisition at b = 1000 s/
mm2 and 50 Hz was repeated using EPI readouts with the 
shortest possible TE for two of the volunteers in an addi-
tional scanning session.

For the three experiments described above, the total 
scan time per subject was 33 minutes (each session), 26 
minutes, and 5 minutes, respectively. Table 1 provides 
parametric information about all OGSE waveforms used 
in these experiments. Additionally, it is worth noting that 
the first moment of each PGSE sequence was more than 
5× larger than the greatest first moment among flow-
sensitive OGSE sequences at the same b-value.

Each DTI protocol employed a multislice acquisition 
scheme and acquired 16 diffusion directions (the same di-
rection scheme was used for each scan) and five b = 0 im-
ages. Other acquisition parameters were the same across 
all scans: 10 slices, 2 mm nominal in-plane resolution, 3 
mm slice thickness, 2 mm interslice gap, TR = 5600 ms, 
TE = 95 ms (spiral) or 128 ms (EPI), and 2:03 minutes 
scan time. For all sequences, peripheral nerve stimulation 
(PNS) was reported to be minimal by all volunteers.

3.2  |  Field monitoring and image 
reconstruction

Following scanning of both subjects and the phantom, a 
field camera based on 1H NMR probes26 (Skope Magnetic 
Resonance Technologies, Zurich, Switzerland) was placed 
in the scanner, and all sequences were repeated in order 
to monitor the spatiotemporal magnetic field evolution 
during each application of imaging gradients. Third-order 
spherical harmonic models were fitted to these data for 
each such instance and were used in conjunction with off-
resonance maps in a higher-order algebraic reconstruc-
tion algorithm.27 Reconstructed images were smoothed 
with a Hamming filter to mitigate Gibbs ringing and co-
registered to correct for in-plane rigid body motion.

3.3  |  b-Value correction

For each DTI image set, complete diffusion tensors were 
computed voxel-wise using the ordinary linear least-
squares approach,28 and maps of MD (i.e., the average of 
the three tensor eigenvalues)29 were produced. The phan-
tom MD data were then used to assess the fidelity of differ-
ent diffusion-sensitizing gradient sequences. Differences 
between intended and actual b-values can occur due to 
gradient waveform inaccuracies, like those observed via 
field monitoring for imaging gradient sequences with 
the gradient system used here,30,31 and manifest in dif-
ferences between the measured and ground-truth diffu-
sivity. Accordingly, the average MD in the phantom was 
computed for each OGSE and PGSE sequence (denoted 
MDseq) and compared with the ground-truth frequency-
independent phantom MD (denoted MDGT), which was 
taken as the average MD among the three PGSE datasets 
at the center of the gradient coil. The apparent differ-
ences indicated deviations between actual and intended 
b-values. Consequently, in vivo diffusion tensors were 
isotropically scaled by the ratio MDGT/MDseq to provide a 
unique correction for each diffusion-sensitizing gradient 
shape.
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3.4  |  Data analysis

3.4.1  |  Comparison of EPI and spiral results

For the matched EPI and spiral acquisitions, pure DW 
images for each DTI direction were computed, as well as 
the average DW image over all directions. To compare the 
noise susceptibility of OGSE acquisitions between the two 
readout trajectories, maps of the root-mean-square devia-
tion (RMSD) of apparent diffusivity across DTI directions 
were computed. The RMSD calculation is given by

where b is the b-value, Sn is the attenuated signal for the 
nth DTI direction, which has an associated normalized b-
tensor Bn, N is the number of DTI directions, and D is the 
(uncorrected) least-squares fitted diffusion tensor. It should 
be noted that 6 is subtracted in the denominator because a 
diffusion tensor has 6 degrees of freedom.

3.4.2  |  Diffusion dispersion quantification

Using the flow-sensitive OGSE data, the spectral behav-
ior of MD was modeled by the diffusion dispersion power 
law relationship based on recent results.7 The power law 
model was fitted voxel-wise using the equation

where Λ is the diffusion dispersion rate, MD(ω) is MD at 
frequency ω, MDω=0 is the PGSE (0 Hz) MD, and structural 
disorder parameter θ = 0.5 is assumed. In the model, Λ and 
MDω=0 were the only free variables and were fitted to MD 
values from spiral acquisitions across all frequencies (includ-
ing 0 Hz, per the convention of the model used to determine 
θ = 0.5) as the least-squares solution. So-called diffusion dis-
persion maps depicting Λ were created based on the results 
of these fits. Separate fits/maps were computed for each b-
value in order to compare results for different combinations 
of b-value and maximum frequency.

The diffusion dispersion model was also fitted to aver-
age MD values of manually segmented white matter tracts 
(guided by the ICBM-DTI-81 atlas),32 once again sepa-
rately for each b-value. The tract-wise results were used 
to assess test–retest repeatability by computing the differ-
ences in MD at each frequency and Λ between repetitions 
of the same subject for each b-value and tract. Squared 
differences were averaged across all subjects and tracts, 
and across all frequencies for MD, to provide cumulative 

measures for each metric and b-value, given as the nor-
malized root-mean-square deviation (NRMSD).

3.4.3  |  Effects of flow compensation

The diffusion dispersion mapping procedure was repeated 
for the flow-insensitive OGSE data, once again incorporat-
ing the PGSE measurements. The results were compared 
with the flow-sensitive data by performing paired t-tests 
using voxel-wise Λ for both cases as the paired samples; 
separate t-tests were performed for each subject and b-
value. Equivalent t-tests were also performed to compare 
75 Hz MD values. To omit CSF regions from the compari-
sons, the t-tests only included voxels for which MD ≤ 1.2 × 
10−3 mm2/s across all measurements of the voxel used in 
the respective comparisons.

For reference, the systematic bias in measured MD 
caused by impurities in the spectral encoding profiles of 
flow-sensitive and flow-insensitive oscillating gradient 
shapes were compared between the two cases, as were the 
resulting biases in Λ estimated from multiple-frequency 
dispersion fits. These biases compare expected MD mea-
surements that would result from the employed encoding 
profiles to MD values that reflect Dirac delta encodings, 
assuming that MD obeys pure ω0.5 dispersion.

3.5  |  Diffusion dispersion 
error evaluation

As a complement to the in vivo diffusion dispersion fit-
ting at different b-values, Monte Carlo simulations were 
performed to estimate the theoretical sensitivity of Λ 
measurements for the same b-value and frequency sets. 
MD measurements were simulated for each combination 
of the two parameters by sampling values from Gaussian 
distributions with means based on in vivo MD values and 
SDs computed using33

where SNR0 is the SNR of the b = 0 image, Nb=0 is the num-
ber of b = 0 acquisitions, and Nb>0 is the number of b > 0 
acquisitions. For each b-value, all corresponding spectral 
measurements were simulated 100,000 times, where for 
each repetition the power law model in Eq. 6 was fitted to 
the simulated data. Subsequently, the mean and SD of the 
fitted dispersion rates could be computed for each b-value, 
from which respective dispersion-to-noise ratios (ΛNR) 
could be derived.
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4   |   RESULTS

4.1  |  Comparison of spiral and EPI 
images

Figure 3 displays example images obtained from OGSE ac-
quisitions at b = 1000 s/mm2 and 50 Hz for both EPI and 
spiral readouts. The T2- and diffusion-weighted image has 
higher intensity for the spiral sequence, and the individual 
and average diffusion-weighted images are smoother for 
the spiral acquisitions. Additionally, the MD map is less 
grainy for spiral readout, indicating a higher diffusion-to-
noise ratio (DNR) for spiral than for EPI. The DNR advan-
tage of the spiral acquisition can also be seen by its RMSD 
map, for which the average value is 26% lower than that of 
the EPI RMSD map, indicating less noise susceptibility in 
diffusivity measurements for spirals.

4.2  |  Mean diffusivity against 
frequency and b-value

Figure 4 depicts MD maps for a representative imaging 
slice of one subject across all sampled b-values and fre-
quencies for gap-filled OGSE waveforms without flow 
compensation; equivalent maps for the other two sub-
jects are shown in Supporting Information Figure S1. 
Diffusivity of brain tissue increases as frequency increases 

and as b-value decreases; CSF MD, on the other hand, 
decreases with both increasing frequency and b-value. 
Moreover, the DNR of these maps noticeably improves 
with stronger diffusion encoding, as the underlying re-
gions are less speckled at higher b-values.

The observed trends can be seen more concretely in 
Figure 5, in which frequency-dependent MD values are 
plotted for example white matter regions of all volunteers 
and repetitions, and power law models are fitted for each 
b-value; plots showing these data averaged over volunteers 
and repetitions are shown in Supporting Information Figure 
S2. The MD values conform to the power law relationship 
at all b-values, with some minor exceptions likely result-
ing from parameter uncertainty and model imperfections. 
Across repetitions for each subject, the NRMSDs of the met-
rics were 7.1%, 5.1%, and 4.1% for MD and 38.0%, 17.4%, and 
15.2% for Λ at b = 300, 500, and 1000 s/mm2, respectively, 
indicating decreased variability with increasing frequency. 
Also, diffusivities are once again noticeably lower for higher 
b-values; the difference is exceptionally large going from b = 
500 to 1000 s/mm2. Plots of additional diffusion tensor met-
rics (e.g., fractional anisotropy) in these regions are provided 
in Supporting Information Figure S3.

Applying the power law model on a voxel-wise basis, 
Figure 6 shows diffusion dispersion maps of a representa-
tive imaging slice for each volunteer across all b-values for 
flow-sensitive OGSE data. In these maps, negative diffu-
sion dispersion rates are masked, as this case is unphysical 

F I G U R E  3   EPI (top row) and spiral (bottom row) images for flow-compensated OGSE DTI acquisitions at 50 Hz with b = 1000 s/mm2. 
First column: T2- and diffusion-weighted images. Second column: Diffusion-weighted images (i.e., T2-weighting removed) for a single DTI 
direction. Third column: Mean diffusion-weighted images over all DTI directions. Fourth column: MD maps. Fifth column: Maps of the 
RMSD of apparent diffusivity measurements. Both rows of images depict approximately the same brain volume of one subject, but slight 
anatomical differences can be seen between rows because acquisitions of the different readout trajectories were acquired in separate scan 
sessions, leading to minor differences between the imaging volumes
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in tissue without flow where diffusion is hindered.34 The 
masking condition used to omit CSF in the dispersion 
comparison is also applied. The parametric map quality 
greatly improves with increasing b-value; going from left 
to right, there is a strong tendency toward increasing local 
homogeneity in the diffusion dispersion rate. Additionally, 
the coverage of spurious regions, which are characterized 
by abnormally high diffusion dispersion rates or masked 
pixels, reduces with increasing b-value.

Figure 7 reports results of the Monte Carlo simulations, 
which yielded results consistent with the in vivo findings. 
Both ΛNR and ΛNR efficiency rise with increasing b-value, 
and the latter increments by greater margins due to the im-
proved time-efficiency of sampling fewer frequencies.

4.3  |  Impact of flow sensitivity on OGSE 
measurements

Figure 8 depicts example MD (75 Hz) and diffusion dis-
persion maps for both flow-sensitivity cases at b = 300 
and 1000 s/mm2. In the MD maps, areas with CSF have 
slightly higher diffusivities in the flow-insensitive case. 
Apart from CSF regions, MD maps at both b-values are 
qualitatively similar between the flow-sensitive and 
flow-insensitive data, such that relative contrast be-
tween different brain areas appears nearly the same for 
both cases. Likewise, diffusion dispersion rates appear 
similar between both cases at both b-values, with rela-
tive contrast maintained, but some differences can be 

seen, especially in regions adjacent to masked areas, 
in which dispersion is incongruously high in only one 
case. Similar observations were made across all slices of 
both volunteers.

The quantitative comparisons, on the other hand, in-
dicated statistically significant differences between the 
two cases: MD and Λ values were greater for the flow-
insensitive data in all t-tests (with p < 0.001) by 1.22 ± 
0.56 × 10−5 mm2/s and 0.37 ± 0.23 µm2/s0.5, respectively. 
By comparison, the systematic bias analysis yielded 
higher expected MD for the flow-sensitive shapes at 
most frequencies and higher flow-sensitive Λ, and the 
same tendencies for b = 300 and 1000 s/mm2; however, 
the theoretical errors were very small (≤ 0.4% for MD 
and ≤ 0.75% for Λ, with respect to a ground truth rep-
resenting MDω=0 and Λ values measured in vivo) and 
correspond to differences between flow-sensitive and 
flow-insensitive metrics about an order of magnitude 
smaller than those observed in the brain. Therefore, sys-
tematic biases induced by spectral impurities do not ex-
plain the observed differences.

5   |   DISCUSSION

The OGSE implementation presented here deployed spi-
ral readouts for the first time in oscillating gradient diffu-
sion imaging and used an improved diffusion sensitization 
scheme, forming an altogether time-efficient realization of 
the technique. The application of this methodology with 

F I G U R E  4   Representative MD maps across all b-values (different rows) and frequencies (different columns) for OGSE acquisitions 
without flow compensation
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strong gradients permitted an assessment of diffusion dis-
persion in a regime of previously unreached frequencies 
and b-values.

In comparison to previous in vivo human brain OGSE 
studies, the data presented here correspond to comparable 

dispersion rates and are consistent with the relative 
steps in MD, namely, a larger step from 0 Hz to the first 
OGSE frequency than between OGSE frequencies.5–7,9,13 
Moreover, the data indicate a clear advantage of favor-
ing higher b-values instead of a broader spectral range 
in measuring diffusion dispersion among the regime ex-
plored here (i.e., maximum frequency ≤ 125 Hz, b ≤ 1000 
s/mm2), which encompasses the parameter ranges used in 
all human OGSE studies to date. Evidently, the reduced 
noise sensitivity of the underlying MD maps outweighs 
the benefits of reaching higher frequencies: in particu-
lar, the increased maximum difference in diffusivity val-
ues and, based on what is typically done in practice, the 
increase in the number of intermediate frequencies that 
are sampled. This observed advantage is the first experi-
mental demonstration involving the tradeoff between b-
value and maximum frequency in OGSE measurements 
and suggests that further quantifications of diffusion 
dispersion (e.g., for different pathologies) will benefit by 
favoring b-value over maximum frequency to maximize 
sensitivity, an implication that is supported by the Monte 
Carlo error propagation analysis. This finding is also con-
sistent with the linear error propagation analysis used by 
Arbabi et al, which indicated an advantage of compromis-
ing maximum frequency to increase b-value in a similar 

F I G U R E  5   (A) Diffusion dispersion models (solid lines) fitted to region-wise average MD data (points) in example white matter regions. 
(B) Delineated white matter areas for an example colored fractional anisotropy map of one volunteer. In (A), the region-wise averages are 
plotted for both repetitions of all volunteers and b-values, and one curve is fitted per b-value for each region based on the average over all 
repetitions and volunteers. MD data at non-zero frequencies come from OGSE acquisitions without flow compensation. PLIC, posterior limb 
of the internal capsule; PTR, posterior thalamic radiation; L/R, left/right

F I G U R E  6   Diffusion dispersion maps for all b-values (different 
columns) for flow-sensitive OGSE acquisitions. A representative 
slice of each volunteer is shown (rows A, B, and C)
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frequency regime but for a more simplified consideration 
in which a single PGSE and a single OGSE scan are per-
formed.7 The scenario represented here, however, is likely 

more practical when the measurement of intermediate 
frequencies is necessary, such as when θ is not assumed.

The preference toward higher b-values is also supported 
by the associated reduction in degradation of the disper-
sion maps. As b-value increases, masked regions (which 
predominantly occur in or near CSF) reduce, and various 
areas adjacent to the masked regions exhibit fewer abnor-
malities: in particular, anomalously high dispersion rates 
that are not repeated across acquisitions. The abnormalities 
conceivably occur due to cardiac pulsation. Pulsatile mo-
tion can alter a voxel’s CSF volume fraction across scans, 
thereby impacting its frequency-dependent MD because 
CSF has a notably higher diffusivity than brain tissue.35 As 
such, dispersion rates in vulnerable regions may fluctuate 
across acquisitions due to these pulsation-induced CSF vol-
ume variations; however, dispersion maps are less suscep-
tible to this effect as b-value increases because CSF regions 
become smaller and have lower MD, as in Figure 4.

b-Values much higher than 1000 s/mm2 will likely re-
duce sensitivity to diffusion dispersion because the DNR of 
individual diffusivity measurements will deteriorate (based 
on Eq. 7), but such measurements are necessary to evaluate 
the dispersion of diffusion kurtosis.36 Reaching frequencies 
beyond 125 Hz, on the other hand, will also result in DNR 
deficiencies, assuming that lower b-values would be used; 
however, because the best-fitting model for D(ω) depends 
on the sampled spectral regime,37 higher frequencies may be 

F I G U R E  7   Relative ΛNR and ΛNR efficiency of multiple-
frequency PGSE/OGSE acquisitions at different b-values. 
Parametric values assumed for the simulated MD measurements 
represent the data shown in Figure 5: MDω=0 = 8.0 × 10−4 mm2/s 
at b = 1000 s/mm2 with increments of 0.5 × 10−4 mm2/s for the two 
reductions in b-value, Λ = 6 µm2/s0.5 at all b-values, SNR0 = 65, and 
T2 = 80 ms. ΛNR, dispersion-to-noise ratio

F I G U R E  8   Maps of MD at 75 Hz (top row) and diffusion dispersion (bottom row) for a single slice of one subject for OGSE acquisitions 
with and without flow sensitivity at b = 300 and 1000 s/mm2
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preferred to assess potential differences in behavior. That said, 
the new maximum frequency achieved in this work did not 
reveal anomalous behavior with respect to previous results, 
and the frequencies required to significantly expand this 
range, hardware permitting, will likely be limited by PNS.9

The OGSE measurements acquired using flow-
compensated gap-filled shapes had higher MD (by 1-
2%) and Λ (by 5-10%) with respect to the measurements 
using the flow-sensitive variants. This experimental result 
may seem unexpected because flow compensation elimi-
nates the attenuation caused by ballistic flow and should 
thereby lead to lower MD and, thus, to lower apparent dis-
persion. However, the flow compensation may also lead 
to an opposing effect, which could result in greater MD 
and Λ for the flow-compensated measurements, because 
of the resulting increase of the sub-ω0 sidelobe in |F(ω)|2 
(see Figure 1). Importantly, this low-frequency spectral 
impurity may also contribute to perfusion-based signal at-
tenuation because the effective D(ω) of microcirculation 
may contain sufficient power in this spectral range; the 
microcirculatory spectrum is expected to consist of a pos-
itive peak at zero frequency with a bandwidth up to tens 
of Hz.38 As such, it may happen that the increase in at-
tenuation caused by the larger low-frequency sidelobe in 
the flow-compensated |F(ω)|2 outweighs the reduction in 
attenuation caused by omitting the zero-frequency contri-
bution, thereby leading to greater apparent diffusivity and, 
subsequently, higher dispersion for the flow-compensated 
measurements as a result of perfusion. That said, to as-
certain whether perfusion is responsible for the observed 
MD and Λ differences would require further knowledge 
of the microcirculation spectrum, which has not yet been 
measured. It should also be noted that, even without per-
fusion, differences between diffusivities measured with 
flow-compensated and ordinary gap-filled OGSE pulses 
are expected due to differences between the spectral pro-
files of the pulses because D(ω) is not constant; however, 
as previously indicated, such expected differences are in-
consistent with the observed differences in magnitude and 
direction when representative ω0.5 dispersion is assumed.

Eddy currents induced by strong oscillating gradient 
pulses can give rise to deviations between true and in-
tended b-values and to signal losses through dephasing39,40 
in a way that depends on the extent of both forms of aber-
ration and, therefore, on the specific diffusion-sensitizing 
gradient sequence. The phantom measurements indi-
cated that such discrepancies occurred here, which were 
accounted for by correcting measured diffusion tensors 
via isotropic scaling; the phantom MD data are shown in 
Supporting Information Figure S4. Based on these data, 
the applied b-values were between −1.7% and +3.3% of the 
intended b-values and generally increased with increasing 
frequency and increasing b-value. The correction factors 

did not account for potential temperature variations of the 
phantom during the experiment, but a subsequent analysis 
confirmed that diffusivity changes related to temperature 
variation occupied a range almost an order of magnitude 
narrower than those represented by the b-value correc-
tions and could therefore be safely neglected.

A disadvantage of isotropic scaling is that b-tensor 
shape errors, such as those caused by gradient current mis-
calibration, are not accounted for. However, spatially aver-
aged diffusion tensors of the phantom scans had fractional 
anisotropy values of 0.048 ± 0.014, which are an order of 
magnitude lower than the observed values in white mat-
ter and could therefore not greatly affect derived metrics. 
Moreover, although the spatial dependence of the applied 
b-value was neglected in this work, high-performance gra-
dients are known to have stronger gradient nonlinearities 
and concomitant fields;41 correcting for these spatial de-
pendencies42,43 would yield more accurate results.

An inter-slice gap was used here to cover a large por-
tion of the brain while saving scan time, considering that 
the repetition rate of the diffusion gradients neared the 
gradient amplifiers’ duty cycle limit. This approach is lim-
ited by sensitivity to through-plane motion, which may 
result in imperfect coincidence of the imaging volume 
across scans. For a gap-free acquisition in the same scan 
time, the maximum gradient amplitude would need to be 
reduced by about 10%, corresponding to a penalty in the 
b-value or maximum OGSE frequency.

6   |   CONCLUSIONS

The OGSE implementation employed here, which utilized 
a high-performance gradient system with spiral readouts 
and improved oscillating diffusion-encoding gradient 
waveforms, permitted spectral diffusion measurements at 
higher b-values and frequencies and shorter TEs than can 
otherwise be achieved, thereby boosting diffusion sensitiv-
ity. Diffusion dispersion fits based on these measurements 
were found to particularly benefit from higher b-values. 
The improved reliability of diffusion dispersion measure-
ments demonstrated here can facilitate further explora-
tion of human brain microstructure and paves the way for 
broader implications of the spectral behavior of diffusion.
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FIGURE S1 Representative MD maps for two volunteers 
(A and B) across all b-values (different rows) and 
frequencies (different columns) for OGSE acquisitions 
without flow compensation
FIGURE S2 Frequency-dependent MD (points) and 
respective diffusion dispersion models (solid lines) for 
white matter areas (shown in Figure 5B). Points are 
plotted for each b-value, representing the averages over 
volunteers and repetitions of region-wise means, based 
on the data shown in Figure 5, and one curve is fitted 
per b-value based on these points. MD data at non-zero 

frequencies come from OGSE acquisitions without flow 
compensation. PLIC, posterior limb of the internal 
capsule; PTR, posterior thalamic radiation; L/R, left/
right
FIGURE S3 Additional frequency-dependent diffusion 
tensor metrics for white matter areas (shown in Figure 5B). 
Points are plotted for each volunteer and b-value, indicating 
the average over both repetitions of the region-wise mean. 
A line is drawn for each b-value, connecting the subject-
wise average metric at each frequency. Data at non-zero 
frequencies come from OGSE acquisitions without flow 
compensation. AD, axial diffusivity; RD, radial diffusivity; 
FA, fractional anisotropy; PLIC, posterior limb of the 
internal capsule; PTR, posterior thalamic radiation; L/R, 
left/right
FIGURE S4 Frequency dependence of MD in the water 
phantom. Mean MD is plotted for each frequency and 
b-value (with and without flow compensation), taken as 
the average MD over the imaged volume of the phantom. 
Plotted values were used in the b-value corrections. FC, 
flow-compensated; NFC, not flow-compensated
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APPENDIX 
The duration (in seconds) by which the penultimate gra-
dient lobe of the first pulse must be extended to achieve 
flow insensitivity is given by

where p is the number of periods in each pulse (i.e., an inte-
ger or an integer and a half), T is the period of the oscillating 
waveform in seconds, s is the slew rate in T/m/s, G is the 
duration of the gap between gradient pulses in seconds, and 
a is the gradient amplitude in T/m.
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