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Abstract

Pulsed gradient spin echo (PGSE) complex signal behavior becomes dominated by attenuation
rather than oscillation when displacements due to flow are similar or less than diffusive
displacements. In this “slow-flow” regime, the optimal displacement encoding parameter g for
phase contrast velocimetry depends on the diffusive length scale g0, = 1/1p = 1//2DA rather than

the velocity encoding parameter v,,. = r/(gA). The minimum detectable mean velocity using the
difference between the phase at + s/ and —Gs/ow IS {vmin) = 1/SNRy/D/A. These theories are then

validated and applied to MRI by performing PGSE echo planar imaging experiments on water
flowing through a column with a bulk region and a beadpack region at controlled flow rates.
Velocities as slow as 6 um/s are detected with velocimetry. Theories, MRI experimental protocols,
and validation on a controlled phantom help to bridge the gap between porous media NMR and
pre-clinical phase contrast and diffusion MRI.
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1. Introduction

A single pair of magnetic gradient pulses provides sensitivity to flow through both the signal
phase shift and signal attenuation [1]. The phase shift measures the mean velocity of spins
within the excited region. The signal attenuation measures the enhanced mixing and
spreading in space due to incoherent motion. The lowest detectable velocity is limited by
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what coherence or added attenuation can be observed in the presence of motion due to self-
diffusion.

Slow flows through the brain have recently been identified as part of a mechanism of waste
clearance termed glymphatic transport [2]. There is a strong interest to measure slow flows
associated with advective transport in the glymphatic system because many
neurodegenerative diseases stem from the accumulation of waste products [3, 4].
Researchers have attempted to measure these flows with pulsed gradient spin echo (PGSE)
methods [5], however it is still not clear whether these can be detected via MR. Knowledge
of the lower limit of velocity resolution, as well as understanding how to best measure slow
velocities with PGSE MRI may open the door for imaging glymphatic clearance and other
transport processes.

Packer presented the lowest detectable velocity from signal phase in 1969 [6]. We derive a
similar equation and provide the optimal sampling strategies for phase contrast velocity
measurement in the slow-flow regime. These theories are experimentally validated for MRI
applications.

The outline of the paper is as follows. First, a general theory of PGSE NMR is introduced.
Then background, literature review, and theory for slow flow measurement with phase
contrast velocimetry are provided. Materials and methods are presented to describe the
beadpack flow phantom PGSE MRI experiments used for validating the theory and
determining the slow flow limits. Methods were tailored towards pre-clinical experiments
with considerations towards scan time including the use of PGSE echo planar imaging (EPI)
and investigation of the most basic routine for measuring velocity. Then experimental results
are provided for phase contrast velocimetry. Significant attention is paid to the phase
contrast images. Statistical analysis of regions of interest provide validation of the theory.
The Discussion provides suggestions for slow-flow measurements with EPI and /n vivo, as
well as realistic slow flow limits. Then the Discussion focuses on the current understanding
of velocities in the glymphatic system, allowing for an assessment of aspects of glymphatic
flow which might be measurable with phase contrast MRI.

2. Theory

2.1. Pulsed gradient spin echo

One beautiful aspect of magnetic resonance is the multitude of information which can be
encoded in its complex signal. Pulsed gradient spin echo (PGSE) NMR exemplifies this in
the solution to the Bloch-Torrey equations for the normalized complex signal £(g) arising
from a fluid undergoing self-diffusion and coherent flow [1, 7, 8, 9, 10],

E(q) = exp(iquA — ¢*DA), o

in which g sensitizes the signal to displacements during an observation time A. With
rectangular gradient pulse shapes of amplitude gand duration &, in the case that §<< A, g=
g6 where  is the gyromagnetic ratio of the nuclei. Equation (1) shows that the phase shift
between the real and imaginary channels and the attenuation of the signal intensity provide a
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means to measure both mean coherent velocity, v, and diffusion, D, using a single
experiment. More generally, the signal describes the sum of the phase shifts associated with
molecular displacements, .2, during A,

E(g,A) = / P(Z, Nexp(iqZ)dZ, )

o]

where P(Z, A) is the average propagator [11]. In the case of Brownian diffusion and coherent
flow, the propagator is a Gaussian distribution with mean VA and standard deviation /2DA,

P(Z,A) = (4xDA)” 2exp(—(Z — vA) /(4DA)), ®)

and Eq. (2) becomes equivalent to Eq. (1). Advective (coherent) and dispersive (random)
components of mass transport can both be measured with PGSE.

The dispersive component is described by a dispersion coefficient. Flow may not be
coherent, i.e. the velocity may be zero when averaged over the voxel. In such situation, the
dispersion coefficient may be used as a proxy for the mean velocity (V) due to their
connection through the Péclet number [12]. The dimensionless Péclet number is the ratio
between advective and diffusive mass transport, Pé= (V)4 Dy where /is the characteristic
length scale of the flow. Consistent with transport theory, PGSE measurements performed at
Pé<< 1 are sensitive only to diffusion. For Pé>> 1, the dispersion coefficient scales with Pé.
The transition from Brownian motion to flow-enhanced dispersion which occurs near Pé= 1
was studied in the longitudinal direction by Ding and Candela [13] and by Kandhai ef a/.
[14] and transverse to flow by Scheven [15, 16].

2.2. Introduction to phase contrast velocimetry

Coherent velocity is related to the phase, 6, the angle between the real and imaginary
channels [17, 18], through

0 =q(v)A. @

Using the difference between the phase from multiple ¢-points subtracts phase offsets
caused by factors other than coherent displacement [19, 20, 21, 22, 23, 24]. This method is
called phase contrast velocimetry [25]. The most basic routine for measuring velocity in 1-D
is a two-point method [22, 23]:

-0
O =G—ah ®

The 3-D velocity vector can be measured using a minimum of 4 g-points [25], and Pelc et al.
have developed and tested such methods [19].

When velocity displacements VA are similar to diffusive displacements /2D/A, the signal
may attenuate with increasing g before showing a measurable phase shift. From this
standpoint, a simple estimate of the minimum detectable mean velocity is (v) = 2DIA [26].
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For reasons which become apparent below, the separation between the slow- and fast-flow

regimes is defined as
UgFp = %4 '% . (6)

Particularly slow flows have been imaged in plants, where water velocities between 10 and
100 pm/s have been mapped in wheat grain [27], in plant stems [28, 29, 30, 31, 32], in
individual giant algae cells [33], in living trees [34, 35], as well as in model soil with the
goal of measuring water uptake by roots [36]. Packer developed sequences based on the
CPMG which were capable of detecting coherent velocities on the order of 10 zm/s from the
buildup of coherent phase shifts [6]. Velocimetry of industrially relevant systems involving
slow flows include petrophysics [37, 38], microfluidics [39, 40, 41, 42], chromatography
[43, 44], filtration [45, 46] and membrane biofouling [47], and catalytic reactors [48].

In many systems preferential flow directions are known such that displacement encoding
gradients and image resolution can be chosen accordingly. Measurement time is not usually
limited, and full propagator measurements can be performed to separate mobile and
immobile components as well as to obtain mean velocities. Biological systems, in particular
mammalian ones, do not provide these luxuries. Likely for these reasons, as well as other
confounds, velocimetry in animals has been used mostly to measure velocities in the fast-
flow regime. Soon after the first implementation of NMR velocity imaging in humans by
Moran in 1982 [21], a number of clinical applications were found [49], including measuring
cerebral [25, 50] and aortic [23, 24, 51, 52, 53] blood flow as well as cerebrospinal fluid
(CSF) pulsation [54, 55, 56]. One exception was a study of slow velocity fluid flow in
tumors by Walker-Samuel et a/. [57]. They noted that the velocity encoding parameter v,
(discussed below) needed to be larger than predicted to avoid “crushing” the signal. A better
understanding of phase contrast velocimetry measurement in the slow-flow regime could
lead to new clinical applications.

Displacements due to coherent flow scale with A and eventually become visible with respect
to displacements due to random motions, which scale with /A. However, the maximum A is
limited by 7, (for a spin echo) or 77 (for a stimulated echo) and is typically somewhere in
the window of 10 milliseconds to 1 second for protons in non-viscous fluids. Therefore, in a
simple sense, the minimum detectable velocity is limited by the relaxation time and the
diffusion coefficient of the nuclei. For a gas, e.g., propane with D~ 1076 m2/s [58], (V5 is
on the order of 1 mm/s. Macromolecules and large particles can act as tracers and be
sensitive to coherent displacements that are just larger than the particles themselves [59],
e.g., for colloids with D~ 10713 m2/s [60] { v/, ~ 100 nm/s.

For free water, at room temperature with D=2 x 1079 m2/sand A = 1 s, the simple estimate
V2D7A predicts (V) ~ 60 um/s. However, Magdoom er al. recently measured velocities of
water as slow as 1 pym/s [61]. In practice, the simple estimate significantly over-estimates the
true experimental {V;;). This is because (v, is also dependent on the signal-to-noise
ratio (SNR), as a few researchers have shown [6, 59, 61].

J Magn Reson Open. Author manuscript; available in PMC 2020 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williamson et al.

Page 5

2.3. Limits to flow detection with phase contrast velocimetry

Detection limits and the optimal g for phase contrast velocimetry in the slow-flow regime
are now derived. The limit to flow detection with Eq. (5) is equivalent to the limit associated
with taking the mean of the propagator in the case that the propagator is symmetric about the
mean displacement [38, 62]. Well-known detection limits for phase contrast velocimetry in
the fast-flow regime are also provided [19].

When the limitation is viewed as the ability to resolve the signal phase shift above the noise
floor, connection to the signal-to-noise ratio (SNR = |£(g)|/ o0ise) DeCOMeS apparent. Fig. 1
shows complex signal simulated from Eq. (1) with the addition of zero-mean Gaussian noise
such that SNR = 100. g is non-dimensionalized by the diffusive length scale /p = \/2DA. vis

non-dimensionalized by vge At Vvse=0.01 the imaginary signal lobes are slightly greater
than the standard deviation of the noise, indicating that this velocity can be resolved with
SNR = 100. With increasing velocity, the heights and depths of the imaginary lobes increase
such that velocity can be measured in the presence of noise with increasing precision.

U vse= 1 separates the slow- and fast-flow regimes. In the fast-flow regime, multiple
imaginary lobes are resolvable. The imaginary signal lobes peak at g = £7(1 + 2N)/(2 D).
N=0 defines the g of the first lobe in the fast-flow regime:

Gfast = 7/ (QUA) = Ugpe/2. )

Flow aliasing (wrapping of the phase by intervals of ) occurs when g > 2@, This defines
the velocity encoding parameter v, = r/(gQ) traditionally used in phase contrast MRI [19].
Venc 1S chosen to maximize the dynamic range (= Vg < V< + Vg, While maintaining
sensitivity to smaller velocities. The standard deviation of the phase from a single g-point
equals 1/SNR [63]. Pelc ef al. showed that the standard deviation of velocity measured from
two g-points is o, = +/2/(SNR(g> — q1)A) [19]. Therefore, in the fast-flow regime and with ¢;

= —@h = Grg, the minimum detectable velocity for a given ggg OF Ve iS

> _ 1 _ Uenc
V2SNRq oA 427SNR

®

<Umin
Thus, in the fast-flow regime, measuring slow flows requires smaller v,,.and/or higher SNR
[61]. The necessity for smaller v,,. does not hold in the slow-flow regime.

In the slow-flow regime, diffusive attenuation shifts the first imaginary lobe inwards and
attenuates the signal before additional lobes are resolved. The imaginary signal is most
resolvable above a noise floor at the peak of the first lobe, and thus this corresponding value
of g provides the greatest sensitivity to flow.

From Euler’s formula, the imaginary component of Eq. (1) is
Im(E(q)) = sin(quA)exp(—g>DA). )

The zero of the first derivative,
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v
0= 24D~ tan(quA), (10)
provides the maximum of the first imaginary lobe. This is valid for both the slow- and fast-
flow regimes. In the slow-flow regime, tan(gvA) is approximately gvA, the first term in a
Maclaurin series expansion. Therefore, the imaginary component peaks at approximately

1 1
siow = ﬁ =1 (11)

where /p is the diffusive length scale. The optimum two-point method for 1-D velocimetry
of slow flows involves phase contrast measurements at +gs/o,,and —gs/on- NO prior
knowledge of velocity is needed. At g, the signal is attenuated to exp(—1/2) ~ 0.6 when &
<< A.

The slowest detectable velocity for a given SNR is the velocity at which the imaginary
signal is equal to oy,yjse EQ. (11) and (9) can be combined and set equal to 1/SNR to provide

.= 1 D
(i =72

(Vimin is divided by 4/2 to take into account the doubling of the phase difference but the
doubling of the variance when using the two-point method (as in Eq. 8). With SNR >> 1, by
series expansion, { v, simplifies to

1 D
(Umin) = m\/; . (13)

The simple estimate provided by .2 p7a will overestimate (Vimin) by a factor of 1/(y/2SNR).

The numerical solution to Eq. (10) for the g value associated with the maximum of the first
imaginary lobe is presented in Fig. 2a. The solution converges with ggj, 3s W Ve
approaches zero and converges with gggwhen W vse>> 1. Ggipy and Grsr Cross at Wvge= 1.
Below Vvse= 1, ggsrOverestimates the g necessary for slow-flow measurement and ggyo,,
should be used. Above Vvse= 1, the situation is reversed and parameters are more
appropriately defined using g, Flow aliasing will occur when gy, is used to measure
velocities W vge> 2.

Velocity is detectable when the difference in imaginary signal between £(qy) — &) is
greater than the standard deviation of the noise. This defines the 1/SNR necessary to detect a
given () when using the two-point method. The 1/SNR necessary for detection of velocities
U vsewhen using gsoms Grass and the g associated with the maximum of the first imaginary
lobe are compared in Fig. 2b. The optimal g can be chosen based on gy, in the slow-flow
regime and based on ggs Or Vepein the fast-flow regime. However, velocity measurements
become imprecise when ggo,, OF Grasrare used outside of their regimes. Detection of W vge=
0.1 requires SNR > 7 when g/, is used, but SNR > 1 x 1019 when g (O Vo) is used.
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Note that the derivations and Fig. 2 are valid under simplifying assumptions of a shifted
Gaussian propagator resulting from a time-independent diffusion coefficient and coherent
flow at a single velocity. Additional considerations may be necessary in other flows such as
those involving restriction, acceleration, pulsatility, multiphase flow, etc.

2.4. |Interstitial and superficial velocity

It is necessary to define the average velocity which phase contrast velocimetry measures.
The interstitial velocity {v) is averaged only over the cross-sectional area taken up by the
interstitial fluid; (v) = V/(eA) where V is the flow rate, eis the porosity, and A is the entire
cross-sectional area. The superficial velocity {v;) is the velocity of the flowing liquid phase
averaged over the entire cross-sectional area, (vs) = V/A. The two averages are related

through {vg) = €{V).

PGSE is sensitive to all proton-bearing fluid in the system. In the case of a beadpack, fluid is
only in the interstitial space and PGSE measures the interstitial velocity. In the case of
tissue, extracellular (interstitial) water and intracellular water together fill the entire cross-
section, and PGSE measures the superficial velocity. The SNR between the two cases of a
porous beadpack and a tissue are related through e. The superficial velocity of the tissue is
less than the interstitial velocity of the beadpack by a factor of ¢, but the SNR is greater by a
factor of 1/e. The detection limits for these two conditions are theoretically equal.

2.5. Phase errors

Experimental phase errors may limit the detection of slow velocities. Many systematic phase
errors will cancel out upon taking the phase difference between +gand —¢gimages (or with
whatever encoding scheme is used). For instance, magnetic field inhomogeneity will cause
phase errors which are equal for both +gand —gand hence will cancel out. Phase errors
which do not cancel out will lead to an additional phase shift which appears as velocity.
Gradient hardware imperfections are a common source of such velocity errors.

For example, magnetic eddy currents induced in surrounding conductive material when
ramping gradients lead to unwanted gradients persisting after gradient pulses. Eddy currents
can depend on gradient preemphasis calibration and gradient pulse shapes. Persistent
unwanted gradients can cause phase shifts [64]. Additionally, mechanical vibrations of the
gradients can cause motion of the imaging volume [65]. Pulsed gradients result in
concomitant fields which cause phase shifts [66].

Slice and crusher gradients which are in the same direction as the velocity encoding
gradients can add or subtract from flow sensitization depending on whether the velocity
encoding gradients and slice/crusher gradients are pulsed with the same or reversed polarity.
With slice and crusher gradients using positive gradient pulses this unintentionally result in
partial flow compensation for —g but increased flow sensitivity for +g.

Phase errors can differ depending on the location within the sample [66]. Certain corrections
may be possible depending on the situation. For example, a mask of phase errors for the
entire image can be made by interpolating between pixels known to have no flow [66, 67].
Magdoom et al. presented and discussed a stimulated echo (SE) sequence as being beneficial
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williamson et al.

Page 8

for overcoming phase error introduced by gradient hardware imperfections [61]. Phantoms
for which there is known to be no flow can be imaged to determine the extent of the phase
errors and to optimize imaging parameters to reduce those errors.

3. Materials and methods

A beadpack flow phantom was made from polystyrene microspheres with a 10.03 £ 0.09 ym
diameter (Duke Standards, 4000 Series Monosized particles, Thermo Fisher Scientific,
USA) packed in water in a 5 mm inner diameter Tricon 5/100 Column (GE Healthcare,
USA). Packing occurred by combined sedimentation and a steady flow of 100 z4/min
through the column. The porosity e = 0.4 was calculated by minimizing the difference
between measured flow rates through the bulk and beadpack regions. This beadpack was
used as a phantom of glymphatic flow through the brain interstitium, with the bead size
chosen to approximate the cell size [68]. The column contained a region of bulk water above
the beadpack to mimic paravascular flow. Rigid 1/16” PEEK tubing was used to connect a
pump to the phantom and the phantom to the drain. The experimental setup is shown in Fig.
3. A syringe pump (Harvard Apparatus, USA) was used for experiments at flow rates

V =1[0,06, 1,2, 3,6, 10, 20, 30, 60, 100, 100, 200, 300] ¢4/min. The maximum flow rate
corresponds to Reynolds number Rex 4 for the bulk region and Re~ 0.02 (i.e., creeping
flow) for the beadpack region. Flow was turned on or varied at least 10 minutes prior to the
start of an experiment.

MRI experiments were performed with an Avance Il spectrometer, a 7T vertical wide-bore
magnet, a micro2.5 gradient set and three-axis GREAT 60 amplifiers resulting in a nominal
gradient strength of 24.92 mT/m/A (Bruker BioSpin, Germany). The magnet bore
temperature was 16.8 °C. The diffusion coefficient in the bulk and beadpack regions of the
phantom were measured to be Dy = 1.89 and 1.2 x 1072 m?/s respectively. The setup is
shown in Fig. 3. Image analysis was performed in MATLAB R2020a (MathWorks, USA).
All experimental data and in-house analysis routines are provided as supplementary
material.

A standard diffusion tensor imaging with echo planar imaging (DTI-EPI) sequence was
used with A/6 = 25/2.69 ms, diffusion gradients played out in the zdirection, and TE/
TR=34/2000 ms. 3D images were obtained with double sampling, 8 EPI segments, 1.5 x 1.5
x 2.2 cm field of view and 0.234 x 0.234 x 0.688 mm resolution. No crusher gradients were
used. Table 1 shows the z diffusion gradient and g values used, including g x /pwhere /p=
7.75 um for the beadpack region. g x /pcan be calculated for the bulk region by using /p =
9.72 im. Vg, values are also shown. For reference, ¢; and g correspond to 6=69 and b=
900 mm?/s respectively. At each flow rate, an experiment was performed using the positive
(+g) values and then a second experiment was performed with the same values set negative
(-g). Each experiment was 42.7 min long.

For each set of +gand —g experiments, 3-D magnitude and phase images were
reconstructed. A mask was made from the +¢; magnitude image based on a signal threshold
of roughly 12% the maximum voxel signal. The mask was used to omit voxels not within the
flow column for magnitude and phase images from the same experiment set.

J Magn Reson Open. Author manuscript; available in PMC 2020 December 17.
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Phase difference images were calculated from the difference between +¢gand —g phase
images. A simple unwrapping algorithm was developed where + was added to voxels with
a phase less than 65% of the median of all bordering voxels. The unwrapping algorithm was
looped multiple times in order to correct clusters of wrapped voxels as well as voxels which
were wrapped by —2z. Then the same was done to unwrap by -, but only one loop was
needed.

z velocity images were calculated from the phase difference images using Eq. (5). Beadpack
and bulk regions of interest (ROI) were defined. Both ROIs encompass voxels within three
axial slices (shown by dotted lines in Fig. 4). SNR was calculated as the mean signal
magnitude from these ROIs divided by the standard deviation of signal magnitude from a
region outside of the flow column. The SNR for [¢1, &, @&, Gu, g5] was [70, 70, 70, 60, 50]
for the beadpack and [200, 200, 170, 130, 80] for the bulk, similar for both +gand —gand
for all flow rates.

4. Experimental results

4.1. Phase contrast MRI in the slow-flow regime

This Section presents the behavior of the phase and velocity for images acquired at variable
flow rates in the slow-flow regime. Figures are presented using £g, because this is found
minimize the velocity offset (discussed below). MRI using additional g and at additional
flow rates are presented in the supplementary figures Fig. S1-S11.

Sagittal magnitude and phase images are shown in Fig. 4 for a representative flow rate of
100 //min and £g4. In magnitude images, the beadpack region is less intense than the bulk
region due to the decreased volume fraction of water. Signal magnitude is similar at +g, and
—qu as indicated by the near-zero intensity of the difference image. Phase images appear
pixelated an uninformative. However, the phase difference image appears well-behaved.
Additional saggital and axial images of magnitude and phase for measurements with and
without flow show similar behavior (Figs. S1-S5). Phase difference images acquired at

Vv =0 (Fig. S6) show phase offsets ranging between - /16 < 8 < +7/16 which depend on ¢
and location within the image. Phase offsets lead to velocity offsets when the actual velocity
is zero. It is therefore important that the phase offset be near zero.

Sagittal and axial velocity images and velocity profiles for representative flow rates in the
low-flow regime and g are presented in Fig. 5. The magnitude images in Fig. 4 can be used
as reference for identifying the beadpack and bulk regions. Nonzero velocity offsets in the
V = 0 images are due to phase offsets. The velocity offset is particularly apparent when
comparing the experimental and theoretical velocity profiles. The offset is constant with
increasing flow rate. Therefore, the velocity offset can be corrected in images acquired with
flow by subtracting the phase images acquired at V = 0, as shown in Fig. S8). Although this
is viable for a flow phantom it is not possible for most systems. At faster flow rates the
velocity offset is less significant and the measured and theoretical velocity profiles appear
similar (shown in Fig. S9).

J Magn Reson Open. Author manuscript; available in PMC 2020 December 17.
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A hot spot is seen in the upper right region of axial beadpack images at zero and all flow
rates. The hot spot is also seen in the magnitude images (Figs. S3 and S5). The presence of
the hot spot at zero flow indicates that it is an imaging artifact.

With increasing flow rate, a parabolic velocity profile develops in the bulk region, as
expected for Poiseuille pipe flow. The profile would be expected to deviate and be more
blunted than a parabolic profile with increasing proximity to the beadpack interface. This
deviation can be seen in the slice just above the beadpack in the sagittal image at 30 z4/min
and becomes more apparent at faster flow rates (shown in Fig. S9). This is related to a
hydrodynamic entrance length effect which scales with Reynolds number and pipe diameter.
The hydrodynamic entrance length of the beadpack is on the order of the bead size and is
thus not present in slices below the bulk-beadpack interface. Velocity in the beadpack region
is greater than in the bulk region due to the decreased cross-sectional area taken up by the
interstitial fluid. The beadpack velocity profiles are relatively constant (plug flow) due to the
random packing of the small beads leading to homogeneous coherent displacements when
averaged over the length scale of the voxel. At faster flows, a ring of slower velocity is seen
at the edge of the tube (Fig. S9).

Although shifted to lower values than theoretically predicted, a parabolic velocity profile is
observed for the bulk region at V = 3 zd/min. The difference between the velocity at the
center and the velocity at the edge is 7 4m/s and is statistically significant. The standard
deviation of velocity from groups of three voxels adjacent in the axial direction is 2 ym/s.

4.2. Experimental validation of the limits to flow detection

ROI statistics provide a more quantitative perspective on the lowest experimentally
detectable velocity. Fig. 6 shows the mean and standard deviations of velocities from all
voxels within the beadpack ROI for g3 and compares them to the theoretically predicted
(actual) velocities, assuming plug flow. (See Fig. S10 for other g values.) The measured
velocities are overall consistent with the actual velocities. In the fast-flow regime, flow
aliasing wraps velocity measurements to lower values.

Statistical significance can be defined as when the difference between the means of the
velocity measured at a given flow rate and the velocity measured at zero flow exceed the
standard deviation. This first occurs when the actual velocity is 5.8 ym/s at which the
measured velocity in the beadpack is 11.8+5.4 ym/s. The theoretical minimum detectable
velocity for these conditions is 3.1 ym/s. It is anticipated that there would be additional
sources of experimental errors which are not accounted for in the theoretical minimum
velocity. Therefore Eq. (13) stands as a close estimate of the lowest detectable velocity with
two-point phase contrast velocimetry.

Standard deviations of velocity measurements in the beadpack ROI at zero flow for ¢1—gs
are [6.8, 5.5, 5.5, 5.7, 8.0] pum/s. Theory indicated that in the low-flow regime the standard
deviation should be minimized at g x /5= 1. Experimentally, g3 (¢ x /p=0.998) provided
the minimum standard deviation, although ¢, (g x /p=0.665) and ¢z (g x /p=1.25) were
only slightly increased. The approximate similarity between the theoretical and experimental
optimum g validates Eq. (11).
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The g should also be chosen to minimize the velocity offset. The velocity offsets for g1—gs
are [19, 17, 11, 1.9, 5.0] um/s, calculated from the mean of velocities in the beadpack ROI at
zero flow. g, is optimal by a large margin. This indicates that although Eq. (11) provides a
rough estimate of the optimum g value, it may be necessary to test nearby values to find both
the minimum standard deviation and the minimum velocity offset.

The flow rates averaged over each axial slice should equal the pump flow rate. Comparisons
of experimentally measured and actual flow rates for the beadpack and bulk ROIs using ¢3
are presented in Fig. 7. (Fig. S11 shows similar plots for the other g values.) Measured flow
rates in the beadpack and bulk ROls agree well with one another and with the actual flow
rate. Deviation at fast flows is due to flow aliasing. Again, the offset at zero flow is apparent
and varies with g and location within the sample.

5. Discussion

5.1. Phase contrast velocimetry

An offset in phase difference images was found to be dependent on A, crusher gradients and
slice gradients. Best results were obtained with relatively small A, no crusher gradient, and
with 3D EPI which minimizes slice gradients. The velocity offset is due to hardware
imperfections associated with the slice and crusher gradients, as discussed in Section 2.3.
Although theoretically, longer A should lead to greater flow sensitivity, experiments
indicated that the need to minimize the effective g from slice and crusher gradients was more
important for the detection of slow flows, and thus A =25 ms was used.

5.2. Apparent diffusion/dispersion measurement

Dispersion is the spreading of molecules that are initially adjacent in the flow path [12]. The
measurement of dispersion with PGSE is well known in the porous media NMR community
because it characterizes mass transport without the need for tracers and on length scales
which are on the order of the pore size [12, 13, 69, 70, 71, 14, 72, 73, 74, 75, 15]. Diffusion
across shear fields, mechanical mixing due to tortuous flow paths around obstacles, and
holdup of molecules in stagnant regions all cause dispersion. As discussed in the theory
section, the apparent diffusion or dispersion coefficient from signal attenuation can be used
as a proxy for velocity.

The slowest velocity which is detectable by diffusion/dispersion measurements is roughly
defined by Pé= 1 [13, 14]. The value of the slowest velocity for a certain application
depends on a characteristic length scale of the flow /which is ambiguous for heterogeneous
media. Enhanced dispersion is seen when 42DA > [ [70, 73]. Therefore, at best, the
minimum detectable velocity with diffusion/dispersion measurement is greater than
JDI(2A). It is seen that the factors limiting the detection of flow with diffusion/dispersion
measurement are similar to those affecting phase contrast velocimetry. Under the same
conditions, the minimum velocity for phase contrast velocimetry is less than that of
diffusion/dispersion measurement.

However, diffusion/dispersion measurements may be advantageous over phase contrast
velocimetry due to the magnitude signal being prone to less artifacts than the phase,
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particularly in the presence of sample motion and when combined with fast imaging
methods. Additionally, it may not always be possible to reach sufficiently high resolution to
observe coherent flow associated with the process of interest.

Some of the first diffusion MRI studies performed on human brains observed dispersion
caused by tissue perfusion [76, 77]. In particular, the microcirculation of blood in capillary
networks produced intravoxel incoherent motion (IVIM) in addition to the random Brownian
motion of water molecules diffusing through the tissue. Diffusion tensor imaging (DTI)
methods have also been developed to assess cerebrospinal fluid motion along perivascular
spaces [78, 5] (a key component of glymphatic clearance [79]).

5.3. Other PGSE methods

There are alternative experimental and analysis methods based on PGSE which can be useful
in certain slow-flow applications. The asymmetric component of the propagator has been
used to measure slow flows in plants [80]. There are methods of reducing the data
requirements of propagator measurements which are applicable to slow flows [81, 82]. A
propagator provides more information about flow than D, and (V) in instances where it
cannot be simply described by a shifted Gaussian. This commonly occurs in multiphase flow
where there is a slower or stagnant phase and a more mobile phase as well as flow through
porous materials where length scales of the material heterogeneity are longer than the length
scales of fluid displacement.

This experimental study used pulsed gradient spin echo for velocity encoding. Use of a
stimulated echo such that the maximum A is limited by 7; rather than 7, can be a strategy
for detecting slow flows with phase contrast velocimetry [83, 28, 84, 61]. Gradient echo
flow encoding has also been used for slow-flow measurement although this significantly
reduces the maximum A [57].

Alternative pulse sequences may be useful for detecting or isolating slowly moving fluid.
Flow compensated double PGSE NMR refocuses signal from spins with locally coherent
velocities such that attenuation is only caused by stochastic fluctuations [70, 73]. This
experiment has been used to isolate biologically relevant IVIM parameters [85], and may
also be useful for detecting local coherence associated with slowly flowing fluid. Sequences
built off of the CPMG such as the ones proposed by Packer [6] are able to amplify phase
shifts of slowly moving fluid, although combining them with imaging may be difficult.

5.4. Limits to flow detection in vivo

The theory above provides useful approximations of slow-flow detection limits for /in vivo
phase contrast MRI. With water Dy = 3 x 1079 m?/s at 37°C[86], SNR = 100, and A=1 s,
velocities as slow as (V) = 1 zm/s may be detectable with phase contrast velocimetry. The
velocity must be coherent on the length scale of the voxel.

Here, phase contrast velocimetry experiments were capable of detecting velocities as slow as
6 um/s. These experiments can be performed in a pre-clinical setting with very little
adjustment. However, here the direction of flow was known a priori. Only g, was utilized
for phase contast velocimetry and therefore only v, was measured. (Note that propagator
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measurements in the xand y directions showed no measurable coherent vy or v, flow in the
phantom [68].) Standard phase contrast encoding methods can be combined with the theory
here to measure the velocity vector [19]. Based on the significant phase errors caused by
slice and and crusher gradients it is worthwhile investigating different encoding strategies. In
particular a more conservative six-g-point method involving +gand —q for the three
Cartesian directions may subtract more phase errors than the faster four-g-point method
(sometimes referred to as Hadamard encoding) [87].

Minimum detectable velocities can be compared to published values for the velocities
associated with 77 vivo mass transport for a preliminary assessment of future applications.
Future developments such as methods which enhance SNR, or which select signal of
endogenous molecules with smaller diffusion coefficients or spins with longer relaxation
times may be able to push these limits even further and provide opportunity for new low-
flow applications.

5.5. Preliminary assessment of the applicability of phase contrast MRI to imaging
glymphatic clearance

The glymphatic system may play a critical role in prevention and recovery from
neurodegenerative diseases and injuries. Currently, there is no clinical measure of
glymphatic function. Dynamic contrast enhanced (DCE) MRI methods show promise [88],
however intrathecal gadolinium contrast agent injection may be considered too invasive and
risky in most cases. PGSE MRI may have the potential to image features of glymphatic
clearance without requiring exogeneous contrast agents. For a preliminary assessment,
minimum detectable velocities observed with PGSE MRI can be compared to literature
values for velocities associated with glymphatic clearance (which were recently compiled in
a review article [89]). Note that there are very few experiments in which velocities
associated with glymphatic clearance are reported (also highlighting the need for developing
quantitative non-invasive velocimetry methods). With much unknown about the glymphatic
system, the reported velocities are placeholders for future experimental findings.

In the glymphatic hypothesis, fluid moves into the brain along periarterial spaces, through
the brain interstitium, and out of the brain along perivenous spaces [2]. Glymphatic
clearance has been shown to increase during sleep [90]. DCE MRI measurements on live rat
brains indicate diffusion and advection both contribute to interstitial transport of the contrast
agent [91]. This and other research [92] suggests that the Pé of the contrast agent is in an
intermediate regime (near Pé= 1), but that the Pé of water is less than 1. Finite element
models were found to give the best comparison with real-time iontophoresis experiments of
tetramethylammonium transport in brains of anesthetized young adult mice when a
superficial velocity of {vg) = 10 zm/s was included [92]. An upper bound for superficial
velocity was estimated at { v) < 50 zm/s. During wakefulness, {vs) < 1 um/s was estimated.

In tissue, PGSE measures a mean velocity which is similar to the superficial velocity { vs).
Therefore, detection limits can be compared to the { ;) values quoted above. Phase contrast
velocimetry may be able to measure interstitial glymphatic flow. High resolution would be
necessary to avoid the influence of partial volume effects from blood and CSF and for
directed flow to not be averaged out. In particular, voxel sizes may need to be smaller than
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the distance between arterioles and venules, which has been measured at roughly 175 gm in
mice [93] and 280 xm in primates [94].

Perivascular CSF flow is another point in the proposed mechanism of glymphatic clearance
to which PGSE MRI might be sensitive. CSF in the annular spaces between vascular walls
and astrocytic endfeet is connected to CSF in the subarachnoid space and the ventricles
which bathes the brain [95, 96]. Tracer movement into the brain occurs along periarterial
spaces faster than would be predicted by diffusion alone [97]. Pulsation of arterial walls
causes motion of CSF [95, 79]. The glymphatic hypothesis is that there is peristaltic flow of
CSF in the direction of blood flow and that the flow continues out of the brain on the
perivenule side [2, 79]. Particle tracking velocimetry of fluorescent microspheres by two
photon spectroscopy measured pulsatile flow of CSF in periarterial spaces of mice with
velocities between 17 — 19 um/s in the direction of blood flow [98, 99]. These velocities are
averaged over many cardiac cycles. The velocity profile was parabolic, as expected for
laminar flow [98]. Microspheres in periarterial spaces of mice oscillated back and forth Ax=
14+2m per cycle with approximately 360 bpm heart rate [99]. Instantaneous velocities
reached greater than 100 um/s. These velocities could be detectable with phase contrast
velocimetry. Perivascular spaces were seen to be 40 gm wide [98]. Although such high
resolution can be difficult to achieve /n vivo, there are image processing approaches to
enhance perivascular space conspicuity and quantification [100].

6. Conclusion

Velocity detection with single pulsed gradient spin echo (PGSE) NMR is known to be
limited by the smearing of the phase coherence by diffusion and signal loss by dispersive
attenuation. Detection limits and the optimal g for phase contrast velocimetry in the slow-
flow regime are derived. The theory points out that the v, parameter is intended for the
fast-flow regime and can lead to the signal being attenuated into noise if used in the slow-
flow regime. Theories are experimentally validated with PGSE EPl measurements on a
beadpack flow phantom using methods available in a pre-clinical setting. The lowest
detectable velocities /n vivo are discussed and are used to preliminarily assess the
applicability of PGSE MRI to imaging glymphatic clearance based on a survey of literature
values for glymphatic flows. This study is intended to aid in the translation of porous media
NMR concepts to applications of slow-flow measurement in pre-clinical phase contrast and
diffusion MRI.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Complex PGSE signal of fluid undergoing flow and diffusion.
Real (blue) and imaginary (red) signal simulated from Eq. (1) with SNR = 100 at variable

velocities, non-dimensionalized by /pand vse
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Figure 2: Phase contrast velocimetry in the slow- and fast-flow regimes.
(a) The gat which the imaginary signal is maximized (numerical solution to Eq. (10), black

line), compared to the limiting cases gy, (EQ. (11), green line) and gz (EQ. (7), blue line).
The axes are non-dimensionalized using the diffusive length scale /yand the velocity
separating the slow and fast flow regimes vsz (b) The 1/SNR necessary to detect a given v/
vsewhen using the g from (a) and the two-point method. The dashed green line is the simple
expression provided by Eq. (13), valid for SNR >> 1.
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Figure 3: Experimental setup.
a) Schematic of flow system with the beadpack flow phantom inside the 7 T vertical bore

magnet. b) Picture of beadpack flow phantom and proton density weighted MR images of
the bulk water and beadpack region.
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Figure 4: Magnitude and phase images.
Sagittal images of magnitude and phase at +gs, —g, and the difference between +¢; and —g,

for flow rate V = 100 z4/min. Signal magnitude clearly differentiates Beadpack (dark) and
bulk (light) regions. Blue and red dotted lines show the slices included in beadpack and bulk
ROIs respectively. Water flow is directed downwards relative to the image.
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Figure 5: Velocity images and profiles of the beadpack flow phantom.
Heat maps of z velocity using g, at variable flow rates. Columns 1, 3, and 4 show sagittal,

axial bulk, and axial beadpack images respectively. Column 2 shows velocity profiles for the
bulk region (red circles) and beadpack region (blue diamonds). The locations from which the
profiles are taken are shown by the dashed lines in the axial images. Symbols and error bars
are means and standard deviations of three rows of pixels shown by the dashed lines in the
saggital image. Solid lines are theoretical velocity profiles for Poiseuille flow and plug flow
using the known flow rate, porosity, and tube diameter.
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Figure 6: Experimental limits to flow detection with phase contrast velocimetry.
Comparison of experimentally measured and actual velocities for flow through the beadpack

using gs. Symbols and errorbars show means and standard deviations from the beadpack
ROI defined in Fig. 4. Inset zooms in on the transition from unmeasurable to measurable
velocities. Shaded regions show the transitions from theoretically unmeasurable velocities
(pale yellow) to the slow-flow regime (pale teal) to the fast-flow regime (pale lilac). Aliasing

was observed in the fast-flow regime (marked with arrows).
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Figure 7: Validation of measured flow rates.
Comparison of the actual flow rates to experimentally measured flow rates in the beadpack

(blue diamonds) and bulk (red circles) using g3. Means and standard deviations are from the
flow rates measured through three slices for both the beadpack and bulk ROIs, shown in Fig.
4. Shaded regions showing the transitions from theoretically unmeasurable flow rates (pale
yellow) to the slow-flow regime (pale teal) to the fast-flow regime (pale lilac) are valid for
the beadpack but are slightly different for the bulk (due to different SNR and D). Aliasing
was observed in the fast-flow regime (marked with arrows).
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z gradients and associated gand v, values. g x /p uses the diffusive length scale of water in the beadpack.

Point g[G/cm] q[rad/um] qXxlp  Vene [UM/s]
¢ 7.46 0.0537 0.416 2,340
@ 11.9 0.0859  0.665 1,460
@} 17.9 0.129  0.998 975
A 224 0161 125 780
"3 26.9 0.193 1.50 650
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