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Purpose: To evaluate pseudo-continuous arterial spin labeling (pCASL) and
velocity-selective arterial spin labeling (VSASL) for quantification of spinal cord
blood flow (SCBF) in the rat thoracolumbar spinal cord.
Methods: Labeling efficiency (LE) was compared between pCASL and three
VSASL variants in simulations and both phantom and in vivo experiments at
9.4 T. For pCASL, the effects of label plane position and shimming were system-
atically evaluated. For VSASL, the effects of composite pulses and phase cycling
were evaluated to reduce artifacts. Additionally, vessel suppression, respiratory,
and cardiac gating were evaluated to reduce motion artifacts. pCASL and VSASL
maps of spinal cord blood flow were acquired with the optimized protocols.
Results: LE of the descending aorta was larger in pCASL compared to VSASL
variants. In pCASL, LE off-isocenter was improved by local shimming posi-
tioned at the label plane and the anatomical level of labeling for the thoracic
cord was only viable at the level of the T10 vertebra. Cardiac gating was essential
to reduce motion artifacts. Both pCASL and VSASL successfully demonstrated
comparable SCBF values in the thoracolumbar cord.
Conclusion: pCASL demonstrated high and consistent LE in the thoracic aorta,
and VSASL was also feasible, but with reduced efficiency. A combination of
cardiac gating and recording of actual post-label delays was important for accu-
rate SCBF quantification. These results highlight the challenges and solutions
to achieve sufficient ASL labeling and contrast at high field in organs prone to
motion.
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1 INTRODUCTION

Imaging and quantification of perfusion in the spinal cord
after injury has the potential to characterize impairment
and monitor progressive secondary injury. Arterial spin
labeling (ASL) permits non-invasive quantification of per-
fusion by labeling blood water spins as an endogenous
tracer. ASL is an established technique for perfusion mea-
surements of the brain and other organs such as kidney,
lung, placenta, and liver.1–4 However, its application to the
spinal cord is largely limited to animal models, and few
studies of ASL exist in spinal cord injury (SCI)5–7 despite its
potential use to monitor blood flow changes common after
SCI. Pseudo-continuous arterial spin labeling (pCASL) is
the recommended MRI approach to measure perfusion
in the brain because of its high SNR.8 pCASL uses a
train of RF pulses to invert spins flowing perpendicular
to the labeling plane. pCASL was recently optimized for
the rat cervical spinal cord to evaluate spinal cord blood
flow (SCBF) as a biomarker for acute SCI6 by labeling
the ascending vertebral arteries. The goal of the current
work was to refine ASL methods in the rodent thoracic
spinal cord. Spinal cord imaging, in general, is vulnera-
ble to artifacts due to bulk motion from the heart, lung,
and abdomen, which causes artifacts and degrades label-
ing efficiency and image quality. Imaging of the thoracic
cord experiences increased artifacts and degraded label-
ing efficiency resulting in poor image quality compared
to the cervical cord, likely because of the proximity to the
heart and lungs. Therefore, specialized strategies to sup-
press motion might be important for spinal cord ASL in
the thoracic segments, which are often the most-examined
region in animal SCI models.

The vasculature of the spinal cord is complex. pCASL
depends on a discrete labeling plane located on large
feeding arteries. In the thoracic cord, multiple segmental
arteries branch from the descending aorta and supply the
cord making it difficult to identify a labeling plane for the
feeding arteries. Velocity-selective ASL (VSASL) has been
proposed9 to overcome the challenges of labeling plane
location, and has been applied successfully in other body
organs such as the heart,10,11 kidney,12 and placenta.13

VSASL labels arterial blood with flow faster than a cut-
off velocity (VC) regardless of spatial position. Because it
labels blood closer to the target organ, it is less sensitive to
transit time effects compared to other ASL techniques. Tra-
ditional VSASL has been extensively studied, especially in
the brain in which tissues are well-perfused with relatively
less motion compared to other organs.9,14–16 Nevertheless,
VSASL faces its own technical challenges. It is highly sen-
sitivity to eddy currents and B0/B+1 inhomogeneity.15,17

Advanced velocity-selective preparation techniques have
been developed to minimize these effects, including an

eight-segment B+1 insensitive rotation (BIR-8) with sym-
metric RF and gradient layouts.18 Qin et al.19 demon-
strated improved robustness to B0/B+1 inhomogeneity and
gradient imperfections using the Fourier-transform-based
velocity-selective saturation (VSS) and inversion (VSI)
techniques.20 Despite the technical advancements in
VSASL,21 its application to the spinal cord and in animals
at high field has not been studied.

The main goal of this work was to systematically com-
pare and optimize pCASL and VSASL to measure SCBF
in the rat thoracolumbar spinal cord at 9.4 T. First, we
compared labeling efficiencies between ASL variants in
a flow phantom and in vivo in the descending aorta, the
main feeding artery to the thoracolumbar spinal cord.
Next, we evaluated pCASL labeling efficiency based on
the label plane position relative to the spine anatomy
and magnet isocenter with local or global shim correc-
tions. Next, we aimed to minimize motion artifacts using
velocity-encoded vessel suppression, retrospective respi-
ratory gating or prospective cardiac gating. For VSASL,
VSS and VSI were further optimized using composite refo-
cusing RF pulses and phase-cycling to remove the stripe
artifacts before SCBF quantification. The optimized pro-
tocol included either pCASL or VSI labeling with cardiac
gating and recording of variable delays for accurate SCBF
quantification in the thoracolumbar spinal cord of the rat.

2 METHODS

2.1 Animals

All animal procedures were approved by the Institutional
Animal Care and Use Committees at the Medical Col-
lege of Wisconsin and the Clement J. Zablocki Veterans
Affairs Medical Center. A total of 3 male and 12 female
Sprague–Dawley rats (Charles River Laboratories) with an
average weight of 400 g were used for the experiments.
Group sizes are reported for each set of results.

2.2 MRI

MRI was performed on a Bruker 9.4 T Biospec System
(Bruker Biospin) operating Paravision version 6.0.1. A 9 cm
diameter quadrature volume transmit coil and a 4-channel
surface receive coil were centered at isocenter at the T10
thoracic vertebrae. Animals were positioned supine in a
custom head holder with a bite bar and ear bars with a
respiratory pillow and electrocardiogram (ECG) electrodes
for respiratory and cardiac gating, respectively. Rats were
anesthetized with 3%–4% isoflurane and maintained at
2%–3% during imaging with a target of 40–50 breaths per



LEE et al. 2307

F I G U R E 1 Pulse sequence timing diagrams. (A) Pseudo-continuous arterial spin labeling (pCASL) pulse sequence timing diagram
with non-selective presaturation (3850 ms) and selective inversion (1550 ms) pulses. pCASL module shows two successive RF pulses and
gradients for each condition. (B) velocity-selective arterial spin labeling (VSASL) pulse sequence timing diagram with presaturation
(3850 ms) pulse. Symmetric BIR-8 scheme consists of 90–180–180–180–90 adiabatic RF pulses. Velocity-selective saturation (VSS) and
velocity-selective inversion (VSI) have a 180◦ hard pulse that is broken into nine 10◦ or 20◦ segments. For B+1 inhomogeneity correction and
off-resonance refocusing, additional 180◦ pulses were interspersed in between 10◦ or 20◦ segments. Velocity-selective gradients are turned off
in the control condition for all VSASL variants.

T A B L E 1 Parameters for the VSASL labeling modules

TVS (ms) Texc (ms) Tref (ms) TG (ms) Tramp (ms) Gmax (mT/m) Tgap (ms) 𝚫 (ms) VC (cm/s)

BIR-8 26.60 1.0 2.0 0.4 0.2 55.18 0.25 – 4

VSS 38.67 0.2 1.0 0.4 0.2 34.62 0.25 2.5 4

VSI 38.94 0.2 1.0 0.4 0.2 34.62 0.25 2.5 4

Note: TVS = duration for the entire VS module; Texc = excitation pulse duration; Tref = refocusing pulse duration; TG = gradient duration; Tramp = gradient ramp
time; Gmax = maximum gradient strength; Tgap = duration between gradient and the following RF pulse; Δ = separation between gradient lobes of the same
polarity; VC = cutoff velocity.

minute for stable physiology. Animal body temperature
was maintained at 37± 1◦C with heated air.

2.3 Arterial spin labeling

Four ASL variants were evaluated as described in Figure 1.
pCASL labeling used parameters identical to prior opti-
mization in the rodent spinal cord6: 400 μs Hanning pulse,
1 ms repetition time, B1ave = 5 μT, Gmax = 45 mT/m,
and Gave = 5 mT/m. Three VSASL variants were eval-
uated, with detailed parameters listed in Table 1. BIR-8
used tanh/tan adiabatic RF pulses previously described for
diffusion preparation22 (Table 1). Fourier transform-based
VSS and VSI methods20 were also used, and included nine

excitation pulses of 10◦ or 20◦, respectively. A pair of refo-
cusing pulses between each excitation pulse followed a
MLEV-16 phase cycling scheme20 was implemented. All
VSASL labeling used a Vc of 4 cm/s and velocity encod-
ing gradients parallel to the spinal cord main axis with
gradients set to 0 for the control condition.

2.4 Labeling efficiency

Labeling efficiency (LE) was first measured in a flow
phantom consisting of 4 mm diameter tubing con-
nected to a peristaltic pump placed outside of the
magnet room. Flow velocity was measured as 13.5 cm/s
using Fourier-based phase contrast angiography, which
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approximates the mean velocity in the rodent descend-
ing aorta.23 Each ASL preparation module was combined
with a flow-compensated gradient-echo readout with
a short post-label delay (10 ms): TR/TE = 509/2.5 ms,
resolution = 1 mm2 × 1 mm2, FOV = 96 mm2 × 96 mm2,
slice-thickness = 8 mm, number of excitation (NEX) = 1.
For pCASL, the labeling plane was perpendicular to the
flow direction and positioned at magnet isocenter with a
200-ms label duration.

LE was also evaluated in the descending aorta in vivo
(N = 3). Phase contrast angiography (TR/TE= 117.5/3 ms,
velocity max= 80 cm/s) was acquired with the volume coil
in transmit/receive mode to capture the anatomy of the
spinal cord, heart, and lungs to highlight the location of
the label plane. For LE evaluation, combined respiratory
and cardiac gating was used with a trigger occurring 15 ms
after the R-R wave to initiate the ASL preparation mod-
ule with a short post label delay (PLD = 5 ms). The pCASL
labeling plane was positioned at the T10 vertebral level
perpendicular to the descending aorta.

LE was also simulated to evaluate each ASL variant
using MATLAB (The MathWorks) and using the blochsim
set of tools24,25 with the exact label and control modules
incorporating parameters used for in vivo experiments. To
simulate the phantom experiments, T1 ≈ T2 = 3400ms
for pure water was used,26 and it was assumed Mz = 1
before tagging because the tube with flowing water exited
the magnet bore. Simulations to replicate the in vivo
experiments used literature values for arterial blood T1
(2380 ms) and T2 (40.8 ms) at 9.4 T.27,28 In pCASL, only a
small proportion of the overall blood in the animal expe-
riences inversion at the local tagging plane, and therefore
Mz = 1 was assumed immediately before tagging. However,
VSASL uses non-selective tagging pulses and the volume
coil contained most of the body of the rat. It was therefore
assumed that Mz immediately before tagging was depen-
dent on the prior spin history. Simulations for VSASL used
multiple repetitions and updated Mz at each step. Label or
control conditions used separate repetitions because the
label/control experimental images were collected sequen-
tially, and at least 10 TRs were used to reach a steady state
to obtain the final simulated LE value.

2.5 pCASL labeling optimization

pCASL labeling conditions were optimized in the aorta in
six animals. First, the effect of off-isocenter position was
evaluated by maintaining the label plane at vertebral level
T10 and repositioning the animal cradle 0, 1, or 2 cm from
isocenter and measuring LE at each position. Under these
conditions, a global shim was compared to local shim-
ming. For local shimming, a voxel of 2 cm was centered

over the intersection of the label plane and the aorta. An
automated map-based shimming estimated the appropri-
ate settings up to second order shim values to minimize
heterogeneity over the voxel, and this step was redone each
time the animal cradle was moved. Subsequently, the effect
of anatomical placement of the labeling plane was evalu-
ated by positioning it at vertebral levels between T8 and
T10 while keeping the same cradle position. Based on these
experiments, the T10 label plane with local shimming con-
sistently demonstrated the highest LE and was used for
subsequent pCASL experiments.

For perfusion imaging, pCASL used a longer label
duration (1100 ms) along with a global pre-saturation
pulse to reset magnetization 2300 ms before the ASL mod-
ule. Background suppression used an inversion pulse
at 1550 ms before imaging to null CSF. The acquisition
used an 8-shot rapid acquisition with refocused echoes
(RARE) readout using center-out k-space line ordering
(TR/TE = 4000/7 ms, resolution = 0.5 mm2 × 0.5 mm2,
FOV = 48 mm2 × 32 mm2, slice-thickness = 4 mm). A spa-
tial saturation band was placed anterior to the spinal
cord over the aorta for all subsequent experiments. Resid-
ual motion artifacts prompted several different motion
reduction strategies. First, vessel suppression used a
velocity-encoded BIR-8 ASL module immediately before
image acquisition with the encoding direction parallel to
the aorta. Respiratory gating used a prospective gating
strategy to discard and immediately repeat an acquisition
in which the image was acquired outside of the quiescent
respiratory period based on the external respiratory gating
signal. Prospective cardiac gating was evaluated by gat-
ing the image acquisition after a fixed delay (80 ms) from
the R-R wave in addition to a minimal PLD (Figure 2).
Because this led to variable PLDs, an external device (Lab-
Jack Model U3-LV, LabJack Corporation) was connected
to the scanner console through a USB and configured with
a custom python routine (https://github.com/mdbudde/
PVTriggerCapture) to record the actual delays with ∼1 ms
temporal resolution. pCASL images were first acquired
across a range of 8 PLDs and 5 NEX in a scan time of
44 min. Subsequently, to be consistent with VSASL acqui-
sitions, 3 PLDs were acquired synchronized to the cardiac
cycle period of 200 ms with 4 NEX in a time of 12 min.

2.6 VSASL optimization

Velocity-selective labeling was combined with the same
centric RARE readout used with pCASL. Previous stud-
ies29,30 and initial experiments demonstrated stripe
artifacts in VSS and VSI likely caused by imperfect
B0/B+1 homogeneity, which was particularly noticeable
with velocity encoding (rostral-caudal) orthogonal to the

https://github.com/mdbudde/PVTriggerCapture
https://github.com/mdbudde/PVTriggerCapture
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F I G U R E 2 Timing diagram of the post-label delay (PLD) recording system with cardiac gating. Trigger delay is variable based on the
cardiac phase after minimum PLD played. Post RR delay is fixed as prescribed by the user (80 ms). PLD is recorded using a LabJack device
connected to the console transitor-transitor logic (TTL) port and interfaced with Python. Time is recorded at end of labeling period and
immediately before image acquisition at <1 ms temporal resolution.

imaging plane (sagittal). Hard refocusing pulses were
first compared to composite (90x−180y−90−x) refocusing
pulses in both VSS and VSI sequences.31 Additionally,
phase cycling was implemented,32,33 which consisted of
changing the phase of all composite refocusing pulses
relative to the excitation pulses, noting that the MLEV-16
phase cycling of each individual refocusing pulse was
maintained. Phase cycling used 0◦, 90◦, 180◦, and 270◦
increments across successive image label and control
pairs, resulting in an effective NEX of four per pair. For
control of motion in VSASL, the tagging module was car-
diac gated and occurred with a delay of 80 ms from the
R-R wave, with image acquisition also gated and occur-
ring 80 ms from the R-R wave. Three PLDs were acquired
with approximate PLDs equal to 1, 2, or 3 cardiac periods
(200, 400, or 600 ms, respectively), and actual PLDs were
recorded.

2.7 Data analysis

Data were analyzed using customized MATLAB routines.
Maps of labeling efficiency were calculated as the differ-
ence between label and control (ΔM = |(ML–MC)|/2M0),
where ML and MC are the complex value for label and con-
trol, respectively, and M0 is the reference proton-density
weighted signal acquired with a long TR (6000 ms). To
evaluate LE, manual regions of interest (ROIs) were drawn
as indicated in each figure.

For quantification of SCBF, the standard kinetic model
was used for pCASL34

SCBF = 6000 ⋅ λ ⋅ ΔM ⋅ e
PLD
T1b

2 ⋅ 𝛼 ⋅M0 ⋅ T1b ⋅
(

1 − e−
LD

T1b

) [mL∕100g∕min],

(1)

and for VSI21

SCBF = 6000 ⋅ λ ⋅ ΔM ⋅ e
PLD
T1b

2 ⋅ 𝛼 ⋅M0 ⋅ PLD
[mL∕100g∕min], (2)

where λ is the blood–brain partition coefficient (0.9 mL/g),
ΔM is the pairwise subtracted perfusion-weighted signal
between label and control images, and PLD is the post
label delay. For pCASL, labeling efficiency (α) was set to
0.88 based on LE simulations of the full sequence. SCBF
maps were computed separately for each PLD. For VSI,
α was obtained from simulations of the full sequence
that included effects of T2 during the labeling module
and the global presaturation pulse and was estimated at
0.58. The longitudinal relaxation time of arterial blood
(T1b = 2380 ms) used constant values from the literature
for 9.4 T.6,27 The temporal SNR (tSNR) was computed as
the mean ΔM divided by the standard deviation across
all repetitions. For voxelwise analysis of SCBF, ROIs were
determined on the M0 images that best delineated the
spinal cord using FSL.35

3 RESULTS

3.1 Labeling efficiency in pCASL
and VSASL

pCASL and three VSASL variants were evaluated for label-
ing efficiency in a flow phantom at 9.4 T. In Figure 3A,
pCASL showed strong perfusion contrast in the tubing
proximal to the labeling plane with consistently high LE
values (0.90), consistent with the simulated value of 0.89.
VSASL variants showed more spatially extensive label-
ing because they use global labeling. Among the VSASL
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F I G U R E 3 Flow phantom and in vivo labeling efficiency (LE) comparisons. (A) A phantom with flowing water and label and control
difference images (ΔM) for pseudo-continuous arterial spin labeling (pCASL) and velocity-selective arterial spin labeling (VSASL) variants.
(B) Measured and simulated LE in the phantom. (C) In vivo ΔM images of the thoracic aorta. (D) Measured and simulated (N = 3) LE in the
descending aorta. ΔM images are scaled differently to highlight contrast for each method. Dashed red rectangles represent the region of
interest (ROI) for LE measurements. Bars indicate mean± standard deviation.

methods, VSI had the highest LE (0.99) near its sim-
ulated value of 0.97. VSS (0.58) and BIR-8 (0.47) had
efficiency values near their simulated values of 0.49 for
both methods (Figure 3B). The somewhat larger value for
VSS above its theoretical maximum of 0.5 was because
of B+1 inhomogeneity, which was estimated through sim-
ulations as a B+1 scaling factor of 1.125 within the ROI,
noting the same B+1 scaling factor did not substantially
change the simulated LE values for VSI (0.96) and
BIR8 (0.49).

LE was evaluated in the descending aorta in vivo
(N = 3) (Figure 3C). All methods had lower LE values
in vivo compared to the flow phantom, with pCASL
(0.64± 0.21) outperforming the VSASL variants VSI
(0.20± 0.04), VSS (0.20± 0.08), and BIR-8 (0.21± 0.06)
(Figure 3D). Simulated LE values for pCASL (0.89), VSI
(0.24), VSS (0.20), and BIR-8 (0.22) were generally con-
sistent with the measured values, and were based on
two effects. First, simulations revealed that T2 relaxation
during the VSI, VSS, and BIR-8 modules caused LE to
decrease to 0.68, 0.33, and 0.29, respectively, compared
to their theoretical maximal values of 1.0 for VSI and 0.5
for VSS and BIR8. Additionally, with the short TR, further
reductions in LE were because of limited time for T1 relax-
ation between successive repetitions. Collectively, both
pCASL and VSI were used for further optimization and
SCBF quantification, considering the theoretically higher
LE of VSI than either of the other saturation methods,
BIR8 and VSS.

3.2 Optimization of pCASL labeling
efficiency

The pCASL labeling plane and its effect on LE was eval-
uated by changing the position of the label plane from
isocenter but maintaining its position at the T10 ver-
tebral level and using either a local shim volume over
the label plane or the whole-animal global shim settings
(N = 3) (Figure 4). The localized shimming achieved
larger LE at isocenter (0.79± 0.06), 1 cm off isocenter
(0.79± 0.06), and 2 cm off isocenter (0.66± 0.08) compared
to the global shimming at isocenter (0.57± 0.28), 1 cm off
isocenter (0.76± 0.24), and 2 cm off isocenter (0.62± 0.05)
(Figure 4C). Local shimming also had lower overall vari-
ability and was used for subsequent experiments. Next,
the label plane was moved between T8 and T10 using
a local shim. LE was largest with low variability at T10
(0.60± 0.10) with substantial reductions at T9 (0.27± 0.34)
or T8 (0.11± 0.04) (Figure 4D). Collectively, the results
indicated that the label plane at T10, magnet isocenter
and local shimming provided the highest LE and least
inter-animal variability.

3.3 Motion artifact suppression
and PLD monitoring

The optimized pCASL labeling was combined with
centric RARE readout to measure SCBF with multiple
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F I G U R E 4 Labeling efficiency (LE) change by label location relative to the magnet isocenter, shim type and vertebral levels. (A) Phase
contrast angiography acquired to identify the heart, lungs and descending aorta. (B) Representative difference images between label and
control (ΔM) and LE maps using global and localized shim at variable labeling locations. (C) Summarized quantitative LE values using
different shim strategies at variable labeling locations (N = 3). (D) Summarized quantitative LE values at T8–T10 vertebral levels using a
localized shim (N = 3). Dashed squares and blue lines represent localized shim volumes and isocenter, respectively. Dashed red rectangles
represent the ROI where the LE was measured. Bars indicate as mean± standard deviation.

strategies evaluated to minimize motion artifacts. An infe-
rior saturation pulse anterior (Figure 5A) to the spinal
cord was applied to suppress signal from the body and
aorta, but the saturation alone did not reduce the ghosting
artifacts (Figure 5B). A vessel suppression BIR-8 module
was used immediately before image readout, but also did
not effectively suppress the ghost artifact (Figure 5B).
In conjunction with vessel suppression, prospective res-
piratory gating was evaluated (Figure 5C), but it did
not reduce artifacts. Prospective cardiac gating (with-
out respiratory gating) was evaluated and substantially
reduced the qualitative ghost artifact. Cardiac gating
improved the temporal SNR to 5.32 suggesting cardiac
pulsation was the dominant source of the instability
(Figure 5D). Cardiac gating alone was used for subsequent
experiments.

Because cardiac gating introduces variable delays, the
PLD was measured in real time during the entire scan
time. In one representative animal shown in Figure 6A,
the full set of measured PLDs are plotted compared to
the minimum prescribed PLD. Each circle represents one
segment from a total of 80 (5 NEX, 8 PLDs, and label/con-
trol conditions). For any segment with a PLD above the
cutoff criterion of 200 ms, which approximately equates
to 1 cardiac period, the entire image (all 8 segments)
was omitted from SCBF quantification. In the example
shown, 7.5% of images were omitted, and the mean dif-
ference in PLDs between label and control states was
7.3 ms. In Figure 6B, the individual 𝛥M images for each
PLD were generally devoid of prominent artifacts. Tagged

blood was evident in the segmental feeding arteries at
the shortest PLD (90 ms), but gradually diminished at
longer PLDs. The perfusion signal in the spinal cord did
not appreciably change with different PLDs. Across all
animals with this protocol (N = 6), the normalized per-
fusion signal (ΔM/M0) did not vary substantially as a
function of PLD (Figure 6C), principally because of the
long label duration (>1100 ms) relative to the expected
transit times in the rodent cord. This result led the next
set of experiments to a constrained number of PLDs for
SCBF quantification in the thoracolumbar cord. Across
six animals, 17% of images were omitted in SCBF quan-
tification when pCASL scans were collected with eight
PLDs.

3.4 Optimization of VSASL

Both VSS and VSI methods using hard (180y) refocus-
ing pulses suffered from a prominent stripe artifact evi-
dent in the label images with orthogonal velocity encod-
ing and imaging directions (Figure 7A). Using composite
(90x−180y−90−x) refocusing pulses partially reduced the
artifact in VSS, but to a lesser degree in VSI (Figure 7).
For VSI, phase cycling of the refocusing pulses across dif-
ferent NEX was applied, and complex averaging across
all four phase offsets successfully removed the stripe arti-
facts (Figure 7B). Signal void artifacts were not sufficiently
resolved with either composite pulses or phase cycling and
were likely related to B0 or B+1 inhomogeneity.
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F I G U R E 5 Difference image
between label and control (ΔM) and
temporal SNR (tSNR) maps with
motion suppression (N = 1). (A) M0

map of the rat thoracolumbar spinal
cord. White box represents an inferior
saturation pulse to suppress signal from
the body and aorta. Dashed red
rectangles represent the region of
interest (ROI) where the tSNR was
measured. (B) ΔM obtained with vessel
suppression (VS) but without any
gating. (C) ΔM with a retrospective
respiratory gating and VS. (D) ΔM with
a prospective cardiac gating and VS.
Total 19 pairs of control and label scans
were used to createΔM and tSNR maps.

F I G U R E 6 Representative post-label delay (PLD) measurement with cardiac gating and spinal cord blood flow (SCBF) quantification
using pseudo-continuous arterial spin labeling (pCASL). (A) Comparison between minimum PLD and actual PLD with cardiac gating.
Measured PLDs greater than minimum PLD+ animal’s cardiac period (200 ms) were defined as outliers (red circles). (B) Difference image
between label and control (ΔM) with varying measured PLDs. (C) Mean perfusion weighted contrast (ΔM/M0) as a function of PLD at T13
across 8 animals. Dashed red rectangles represent the region of interest (ROI) where the ΔM/M0 was measured.

3.5 SCBF quantification with pCASL
and VSI

Representative SCBF maps using the optimized pCASL
and VSI with three PLDs synchronized to the cardiac cycle
are shown in Figure 8A. Both methods revealed perfu-
sion contrast in the spinal cord between T11 to L2 as
shown in the ΔM images with some differences in qual-
itative image quality and perfusion contrast across the
cord, which was also evident in the tSNR maps. PLDs for

both techniques were targeted to (200, 400, and 600 ms) to
match the expected cardiac period in the rat, and across
all animals with this protocol (N = 3), resulting in PLDs
of 201± 101, 340± 32, and 535± 18 ms for pCASL and
164± 14, 365± 29, and 560± 42 for VSI (Figure 8B). One
animal had excessively long PLDs for pCASL, resulting
in 4 of 24 images discarded, but all other pCASL and
VSI were otherwise within the 1 cardiac period crite-
rion and no images were discarded. tSNR was consis-
tently greater for pCASL at 0.85± 0.26, 1.05± 0.33, and
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F I G U R E 7 Removal of the stripe artifacts in velocity-selective saturation (VSS) and inversion (VSI) sequences (N = 1). (A) The label
images of VSS and VSI suffered stripe artifact with hard refocusing pulses (180y). Using the composite refocusing pulses (90x−180y−90−x),
the stripes were removed in the VSS label but still remained in VSI label image. (B) Stripe artifact in the VSI label was removed by phase
cycling the composite refocusing pulses by 90◦ using an MLEV scheme. M0 shows the anatomy of the thoracolumbar cord.

F I G U R E 8 The optimized pseudo-continuous arterial spin labeling (pCASL) and VSI (N = 3). (A) M0 shows the anatomy of the
thoracolumbar cord. Representative maps ofΔM, temporal SNR (tSNR) and spinal cord blood flow (SCBF) maps show clear perfusion contrast
at each measured PLD. (B) Three different PLDs were measured with cardiac gating, resulting in 1, 2, and 3 R-R intervals. (C) tSNR was
computed at each PLD. (D) SCBF was computed at each PLD. SCBF maps were masked by thresholding the M0 image. Dashed red rectangles
show the whole-cord regions of interest (ROIs) (T11-L1) used for tSNR and SCBF calculation. Bars indicate as mean± standard deviation.
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1.25± 0.32 for the three respective PLDs and 0.64± 0.14,
0.89± 0.29, 0.72± 0.13 for VSI (Figure 8C). SCBF measure-
ments in the cord showed minor trends as a function of
PLD, but they did not appreciably differ between pCASL
or VSI. The SCBF values measured with pCASL were
76± 17, 115± 53, and 92± 31 ml/100 g/min for each PLD
and 77± 13, 115± 43, and 118± 13 ml/100 g/min for VSI
(Figure 8D).

4 DISCUSSION

This study evaluated pCASL and VSASL (BIR-8, VSS, and
VSI) for the rat thoracolumbar spinal cord. All meth-
ods achieved LE values consistent with simulated values
both in a flow phantom and in vivo. In vivo labeling effi-
ciency of the velocity-selective methods was estimated to
be low. Notably, these in vivo LE values are biased by the
steady-state effects of the global labeling and the short
TR (509 ms), but are less relevant for perfusion imaging
methods with a longer TR (4000 ms). The VSASL labeling
modules used in this study had echo times of ∼30–40 ms,
which caused T2 relaxation and reductions in labeling
efficiency. For VSI, T2 relaxation reduced the labeling effi-
ciency to ∼0.68 of its maximum theoretical value of 1, and
in the SCBF experiments the presaturation pulse further
reduced overall labeling efficiency to 0.58. This is consis-
tent with the recommended value of 0.56 for human brain
applications of VSI.21 The true labeling efficiency may be
also affected by additional B0 and B+1 imperfections or
other effects such as non-laminar flow.

A main limitation of pCASL, which was clearly real-
ized in these experiments, is the dependence of the
labeling plane location. The label plane can be posi-
tioned off-isocenter using appropriate phase corrections,36

although maintaining it at isocenter avoids the need for
phase correction37 or calibration strategies38 that are typ-
ically used to minimize magnetic field inhomogeneities.
Compared to a global shim, the results presented here
demonstrated an effect in favor of a local shimming, which
relaxed the constraints of placing the label plane at magnet
isocenter. Although in principle a label plane just inferior
to the heart would potentially allow perfusion measure-
ments in more superior regions of the cord, we found that
label planes at T8 and T9 produced considerably lower
LE than at T10, which is likely because of the proximity
of the lung. Even local shimming was not able to over-
come the high susceptibility differences at these levels. The
constraint to T10 is a limitation that complicates future
thoracic spinal cord injury animal models in which T8 or
T10 injuries are common.

A known challenge with velocity-selective ASL meth-
ods, in particular VSS and VSI, is the high sensitivity to B0

and B+1 imperfections. For example, labeling efficiency in
a flow phantom was measured at 0.58 for VSS, higher than
its theoretical maximum of 0.5 and was caused by an inho-
mogeneous B+1 . Through simulations, the B+1 scaling factor
was estimated to be 1.125 within the ROI that accounted
for the higher LE value. Under these same conditions,
VSI was only marginally affected by the same B+1 inhomo-
geneity from 0.99 to 0.96, whereas the efficiency of BIR8
did not change as expected because it relies on adiabatic
pulses that are insensitive to B+1 . B+1 and B0 mapping may
be useful in future studies to properly account for these
effects in the analysis. Composite refocusing pulses rather
than hard pulses were also effective at partially remov-
ing the so-called stripe artifacts with VSS, but not with
VSI. For VSI, phase cycling across different repetitions was
necessary to remove the stripes. The culmination of these
studies was a VSASL protocol to measure thoracolum-
bar SCBF in the sagittal plane with minimized artifacts
(Figure 8).

Motion of the spinal cord is a complicating factor for
most MRI contrasts, but the long label durations and delay
times in ASL are particularly challenging. Solutions for
timing pulsed ASL across a range of respiratory periods
have been demonstrated,5 but in initial experiments respi-
ratory gating was not sufficient to reduce motion artifacts.
Additionally, neither vessel suppression nor a spatial sat-
uration band reduced motion artifacts. Instead, because
cardiac motion was the predominant source of motion,
and cardiac gating was required to improve tSNR to lev-
els similar to those acceptable for measuring SCBF as
in our prior cervical cord study.6 For pCASL, the end
of the long label duration is not easily synchronized to
the cardiac cycle. Gating introduces variable delay times,
and we used an external device to measure the actual
PLDs in real time for retrospective data screening. Because
VSASL labeling module durations are shorter (38 ms), an
advantage of VSASL was more strict control of cardiac
synchronization, which permitted PLDs to be very con-
sistently tied to the cardiac rate. Variable delays for both
methods may also be complicated by background sup-
pression. For pCASL, a single pre-labeling inversion pulse
timed to null CSF was used, and cardiac delays did not
vary considerably from the prescribed PLDs, assuming the
cardiac rate was consistent. No background suppression
was used for VSI, but additional efforts to further opti-
mize it for high field animal systems would be useful,
particularly to minimize effects of CSF contamination or
pulsation.

In a direct comparison of pCASL and VSASL in the
same animals, SCBF was similar quantitatively, although
there were notable qualitative differences in the images.
Both methods demonstrated contrast in the segmental
arteries that supply the spinal canal. pCASL had a larger
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tSNR compared to VSASL. Both methods had only minor
changes in SCBF across different PLDs from 1 to 3 cardiac
periods. The T13 level had the highest perfusion weighted
contrast (ΔM/M0), although this may be due, in part, to
the limited spatial extent of the surface coil. In the rat,
the dominant artery supplying the thoracic cord,37 the
artery of Adamkiewicz, is typically located at L2-L3 but
may be variable in location across animals. A larger coil
may be useful to visualize the full thoracic and lumbar
spinal cord. pCASL showed a greater apparent difference
between tissues, with gray matter having higher perfu-
sion compared to white matter, as expected, although a
quantitative comparison was not performed. The contrast
between tissues was less evident in the VSI images, which
is possibly related to residual artifacts from CSF pulsation.
It should be noted that the blood flow values in the rodent
brain or spinal cord are consistently greater with ASL
compared to invasive measures including microspheres39

and hydrogen clearance.40,41 A putative explanation is the
strong vasodilatory effects of isoflurane, and other anes-
thetic agents may be important for greater relevance to the
awake, normal conditions.42

Among the limitations of the study, we did not thor-
oughly investigate the effects of gating delays within the
cardiac cycle. Based on prior diffusion MRI of the spinal
cord,22 a delay of 80 ms from the R-R wave had the least
motion artifacts and highest reproducibility for the image
readout period. Beyond its effects on image artifacts, the
pulsatility of the major arteries across the cardiac cycle and
its relationship to the velocity cutoff in VSASL may have
important considerations to both maximize perfusion con-
trast and minimize other physiological artifacts such as
CSF pulsation. A Vc of 4 cm/s was used in this study based
on its use in vessel suppression,8 but a Vc of 2 cm/s is rec-
ommended for VSASL applications.21 Another limitation
for VSASL in this study was the lack of a second veloc-
ity encoding module, which is recommended to constrain
the width of the bolus for more accurate quantification.
We used only a single velocity module because of the short
PLDs and transit times. The effect of multiple VS mod-
ules as well as background suppression tailored for animal
studies with relatively short transit times needs further
examination.

5 CONCLUSION

Through systematic evaluation of pCASL and VSASL in
the rat, we demonstrated that both methods are viable
for noninvasive SCBF monitoring in the thoracolumbar
spinal cord. Importantly, pCASL has high and consis-
tent labeling efficiency in the descending aorta, but the
label plane was limited to levels below the lung even

with local shimming. Cardiac motion caused artifacts that
were reduced through cardiac gating and recording of
actual PLDs was important for quantification accuracy
and reducing outliers. VSASL had an advantage of hav-
ing more control of cardiac synchronization, resulting in
more consistent PLD measurements because of its short
label duration. However, the VSI method required a more
complex phase cycling to minimize artifacts and had lower
labeling efficiency, but similar SCBF values as pCASL.
Applications to animal models of traumatic SCI or other
disorders affecting the spinal cord are needed to appre-
ciate the implications of perfusion deficits in these mod-
els and the use of VSASL in neurological injuries. This
study may also help in guiding the translation of perfusion
MRI to human studies with similar motion-compensating
strategies.
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