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Abstract
This review article provides an overview of developments for arterial spin label-
ing (ASL) perfusion imaging in the body (i.e., outside of the brain). It is part of a
series of review/recommendation papers from the International Society for Mag-
netic Resonance in Medicine (ISMRM) Perfusion Study Group. In this review,
we focus on specific challenges and developments tailored for ASL in a variety
of body locations. After presenting common challenges, organ-specific reviews
of challenges and developments are presented, including kidneys, lungs, heart
(myocardium), placenta, eye (retina), liver, pancreas, and muscle, which are
regions that have seen the most developments outside of the brain. Summaries
and recommendations of acquisition parameters (when appropriate) are pro-
vided for each organ. We then explore the possibilities for wider adoption of body
ASL based on large standardization efforts, as well as the potential opportuni-
ties based on recent advances in high/low-field systems and machine-learning.
This review seeks to provide an overview of the current state-of-the-art of ASL
for applications in the body, highlighting ongoing challenges and solutions that
aim to enable more widespread use of the technique in clinical practice.

K E Y W O R D S

arterial spin labeling (ASL), body MRI, perfusion imaging

1 INTRODUCTION

Arterial spin labeling (ASL) perfusion imaging was origi-
nally developed for cerebral blood flow measurements.1,2

From the beginning, it was clear that this technique bore

tremendous advantages over contrast-based and/or ion-
izing methods, and would also be useful throughout the
body.3 In the 30 years since its introduction, ASL has
become sufficiently mature to be used routinely for neu-
rological applications, as highlighted by the 2015 “white
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paper” which set recommendations and guidelines for
clinical use.4

Body ASL, herein defined as application of ASL to
any part of the human body outside of the brain, is a
work-in-progress and not yet suitable for routine clinical
use. This is in part due to unique application-specific imag-
ing challenges. But the desire for exogenous contrast-free
perfusion imaging outside of the brain is very high because
of the promise of a method capable of providing abso-
lute, reproducible, and quantitative blood flow measure-
ments, which would be potentially useful in a variety
of applications including oncology, nephrology, cardiol-
ogy, endocrinology, and many others. Particularly, ASL is
a promising MRI alternative in cases where dadolinium
(Gd)-based contrast agents cannot be administered due
to contra-indications as well as in the context of recent
concerns regarding Gd retention, which further justifies
seeking non-contrast alternatives.5

This paper seeks to offer a comprehensive review of
recent advances in human perfusion imaging with ASL
outside of the brain. After reviewing some of the com-
mon challenges associated with using ASL in the body,
organ-specific challenges and developments are presented
covering the majority of extracranial ASL applications. In
addition, national and international initiatives are high-
lighted which promote the use of ASL for body appli-
cations by offering technical recommendations and stan-
dardization guidelines, ending with a discussion on poten-
tial future directions for body ASL in the years ahead.
This manuscript is part of a wider effort arising from the
International Society for Magnetic Resonance in Medicine
(ISMRM) Perfusion Study Group meeting in 2020. Indeed,
several years after the original ASL “white paper” for brain
imaging, the ASL imaging community identified the need
to provide an updated perspective on various aspects of
ASL technical development and use.

2 GENERALITIES AND COMMON
CHALLENGES IN BODY ASL

2.1 ASL methods summary

ASL uses arterial blood water as an endogenous tracer,
by modifying the longitudinal magnetization of arterial
blood with RF pulses and gradient fields. Throughout
this review, three labeling methods are addressed as high-
lighted in Figure 1:

• Pulsed ASL (PASL), using short (≈10 ms) single
time-point inversion pulses applied to a large volume of
blood with varying control strategies.

• (Pseudo)-continuous ASL (CASL/PCASL), using
flow-driven adiabatic inversion through a labeling

plane during longer periods of time (≈1–2 s) compared
to PASL.

• Velocity-selective ASL (VS-ASL), exploiting velocity
selectivity rather than spatial selectivity to achieve
labeling.

2.2 Challenges in body ASL

The implementation of ASL in the chest and abdomen is
often hindered by physiological motion, such as myocar-
dial motion between systolic and diastolic cardiac phases,
respiration-induced movement during exhalation and
inhalation, and peristalsis of the gastrointestinal tract with
involuntary constriction and relaxation. Acquiring data
from moving organs inevitably leads to displacement and
blurring of images. Recorded abdominal organ motion
throughout respiration showed averaged displacements
of kidney, liver, and spleen of 1.10–1.30 cm, 0.14–0.25 cm,
and 0.44–0.61 cm in superior–inferior, left–right, and
anterior–posterior directions, respectively.6 Varying
motion effects between label and control ASL images
result in mismatch of the paired raw images and subse-
quent subtraction errors in qualitative and quantitative
perfusion maps.

Furthermore, the descending aorta typically exhibits
large variations of flow velocities through cardiac cycles,
ranging from 40 to 120 cm/s during systole to <10 cm/s
during diastole,7,8 with occurrences of retrograde flow.9
This is likely to considerably reduce ASL labeling effi-
ciency, especially with flow-driven adiabatic inversion
methods (e.g., PCASL).10

The sensitivity to off-resonance (B0) and RF transmit
(B1

+) inhomogeneities limit the performance of body ASL
at high field. The main source of B0 inhomogeneities in
the body are air spaces for example the alveoli in the lungs
or air in the intestines. Large B0 offsets are primarily dis-
played within the chest and near the lung–liver interface,
which can lead to image dropout and distortion, as well
as reducing the labeling efficiency. The macroscopic fre-
quency shift of the lung can be up to 3.6 ppm relative to
adjacent myocardial or esophageal muscle.11 The maximal
respiration-induced B0 field fluctuation has been shown to
reach 0.6 ppm at the lower cervical spinal cord.12

The B1
+ field inhomogeneities within the abdomen are

influenced by both body geometry and tissue composition.
Due to the RF wavelength shortening in water-containing
tissue, more severe B1

+ inhomogeneity could be induced
at higher field strength by larger body size with less
fat fraction.13,14 B1

+ drops up to −40% to 70% of pre-
scribed flip-angles at 3T have been measured in some
areas of the heart,15 kidney,16 and breast17 as illustrated
in Figure 2. This again will cause inaccuracies in blood
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F I G U R E 1 Illustration of FAIR, PCASL, and VS-ASL as well as advantages/drawbacks of the different labeling methods

(A) (B)

F I G U R E 2 Illustration of B0/B1 distributions in the abdomen in two different volunteers at 1.5T (top) and 3T (bottom)

flow quantification, and therefore must be addressed
appropriately.

3 ASL IN SPECIFIC ORGANS

This section offers a review of ASL challenges and devel-
opments in specific organs and anatomical regions.

3.1 Kidneys

The kidneys are abdominal organs supplied by the renal
arteries that branch directly from the abdominal aorta,
below the celiac trunk. They are unique organs, in that
perfusion drives metabolic activity rather than the oppo-
site. With reduced perfusion, the glomerular filtration
rate (GFR) decreases,18 reducing the kidneys’ vital task of
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filtering excess fluid and waste products from the blood.
Currently, abnormal GFR is the most accepted measure
to define and diagnose kidney pathology,19,20 but its use-
fulness is limited because it is a global measure of kidney
function. Perfusion imaging enables evaluation of local
kidney function. However, the use of contrast agents is
restricted in patients with severe chronic kidney disease
(CKD), acute kidney injury (AKI), or in patients who
have previously experienced a severe reaction to contrast
material,21 making ASL particularly valuable in kidney
applications.

Another important characteristic of the kidney is the
presence of two compartments: cortex and medulla, with
circulations that are independently regulated.

3.1.1 Challenges

There are three major factors that affect ASL measure-
ments in the kidneys: B0 and B1 inhomogeneities and
motion. The first two can degrade the labeling efficiency,
especially for PCASL, because of the necessary proxim-
ity of the labeling plane to the lungs. PCASL efficiency is
also affected by the fast and highly pulsatile flow in the
abdominal aorta.22 When considering FAIR labeling, the
proximity of the aorta to the kidneys must be carefully
checked for positioning.

Respiratory motion is a challenge common to all
abdominal organs. The kidneys move in a tilted orienta-
tion, with the largest motion being in the craniocaudal
direction and varying from a few mm to 2–3 cm during
normal respiration.23 This can generate subtraction errors
due to the organ displacement between label and control
images in single-shot 2D acquisitions and also hamper the
use of long or segmented 3D readouts.

Another challenge specific to the kidney is to obtain
reliable measurements in the medulla because of lower
flow and longer transit time relative to the cortex, which
both result in reduced SNR and partial volume contamina-
tion with the cortical signal.

3.1.2 Developments

The kidney is the extracranial body organ where ASL has
been most successful due to the high perfusion levels in
the renal cortex. Several comprehensive reviews of renal
ASL studies have been published18,24,25; therefore, we will
limit our reporting to the current developments. A recent
consensus paper by an expert panel reported guidelines
for clinical translation of renal ASL,26 with the goal of
promoting the widespread standardized use. To that end,

the panel proposed a default protocol, considered robust
and reproducible for most applications presented in the
Recommendation section below.

Optimization of PCASL parameters specifically for
renal applications has been shown to considerable
improve labeling efficiency.22 The “unbalanced” imple-
mentation of PCASL is more robust to field inhomogeneity
at the labeling location, compared to the “balanced”
approach27 although eddy current differences between
label/control are minimized in balanced PCASL. Studies
directly comparing PCASL and FAIR have yielded mixed
results.28,29 An exhaustive comparison between FAIR and
a kidney optimized PCASL implementation is warranted.

An alternative labeling approach is VS-ASL, which
has shown promising results30 despite lower tempo-
ral SNR (tSNR) than spatially selective approaches.31

Velocity-selective inversion prepared ASL (VSI-ASL),
where labeling of blood is based on inversion of the magne-
tization, is the most promising technique in terms of SNR
in brain,16,32 although issues with B0 robustness need to be
addressed for renal applications.16 Recent developments
to improve robustness to field inhomogeneities include
dynamic phase cycling33 and use of a motion-insensitive
control module (instead of motion-compensated).32,34

However dynamic phase cycling is likely not suitable for
moving organs like the kidneys, because it depends on
spatial averaging of signal over dynamics.33

Various 3D readout approaches have been proposed to
address the challenges of long acquisition times, move-
ment between segments, and off-resonance sensitivity.35–37

Different approaches have been reported to reduce the
acquisition time of 3D-FSE readouts, while maintain-
ing robustness to off-resonance. Taso et al. combined
3D-FSE with Compressed-Sensing37 while Greer et al.
implemented 3D-FSE with Cartesian acquisition and spi-
ral profile reordering (CASPR).36 In addition, single-shot
3D-GRASE was optimized for pediatric patients, with
shorter scan time and thus less motion sensitivity,
achieved at the cost of imaging resolution.35 Figure 3
shows two example datasets acquired using PCASL with
both SE-EPI and SSFSE readouts.

With regard to quantification, although single time-
point methods can accurately measure cortical blood flow,
provided that the entire labeled bolus is delivered to the
tissue,4 multiple timepoint strategies (e.g., multi TI/PLD)
methods have also been implemented mostly relying on
FAIR labeling,38,39 yielding simultaneous blood flow and
transit-time measurements that can be valuable in patient
populations with slowed and/or delayed flow. An extensive
detailed list of ASL studies and blood flow ranges can be
found in an earlier review18 with a range of cortical blood
flow measures found between 139 and 427 ml/100 g/min.
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(A) (B)

F I G U R E 3 (A) Illustration of labeling geometry for FAIR and PCASL experiments. (B) Two sets of ASL difference and quantitative
RBF acquired with a PCASL-SSFSE sequence at 3T (top) and PCASL SE-EPI at 3T (bottom) in two different healthy volunteers on two
different scanners

3.1.3 Recommendations

Following the PARENCHIMA initiative detailed later in
this manuscript, the following are recommended:

• Both FAIR and PCASL are adequate labeling methods
for renal imaging.

• if PCASL is used, the ‘unbalanced’ implementation is
recommended for robustness to B0 offsets, with labeling
positioned 8–10 cm above the kidneys in the descending
aorta.

• Spin-echo EPI is the recommended readout as it is
widely available across platforms, although other read-
outs such as SSFSE or bSSFP have also been successfully
used and shown satisfactory results.

• Coronal oblique acquisitions are recommended.
• Free-breathing acquisitions with retrospective realign-

ment for motion-correction.
• Single timepoint (i.e., TI or PLD) imaging with single

compartment modeling is recommended for its ease of
use.

• Only cortical blood flow should be reported as
medullary blood flow measurements are not considered
reliable.

3.2 Lungs

Lungs perform an essential function in delivering oxygen
and removing carbon-dioxide from the blood, through the

perfusion of the lungs. In contrast to other organs, per-
fusion of the lungs is achieved by deoxygenated blood
from the right ventricle of the heart. Variations in per-
fusion and/or ventilation cause compromised lung func-
tion in diseases such as chronic obstructive pulmonary
disorders (COPD) and pulmonary embolism (PE). Pla-
nar scintigraphy or contrast-enhanced computed tomog-
raphy (CT) are often used to measure lung perfusion,
but these approaches suffer from exposure to ionizing
radiation. This is of significant concern for longitudinal
monitoring, particularly in younger and pediatric patients.
Non-contrast perfusion measurement using ASL provides
an ideal strategy enabling perfusion imaging across a
broader age group and repeated measurements for quanti-
tative assessments without requiring contrast administra-
tion, as highlighted in pioneering studies which demon-
strated the utility of ASL perfusion in the lungs to under-
stand lung physiology40 and characterize various patholo-
gies such as cystic fibrosis.41

3.2.1 Challenges

Pulmonary ASL is particularly challenging due to sev-
eral factors. The highly pulsatile blood flow combined
with the complex anatomy of the pulmonary vasculature
makes it challenging to achieve high labeling efficiency
and collect data with minimal contribution of intravascu-
lar signal. In addition, the low proton density of the lungs
reduces the SNR. The presence of air/tissue interfaces also
degrades image quality because of susceptibility-induced
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dropouts especially with gradient-echo and EPI acquisi-
tions. Finally, both cardiac and respiratory motion have to
be considered when designing acquisitions.

3.2.2 Developments

Because of these challenges, the majority of the ASL work
in lungs has been performed at 1.5T and below41 using
mostly SSFSE acquisitions37 and global labeling strategies
(e.g., FAIR).39,40 Because of the potential impact of car-
diac cycle on imaging signal, cardiac gating has been used
especially for SSFSE.42

Because of the complex vascular anatomy, a strategy
relying on PCASL labeling in the inferior vena cava (IVC)
to measure lung perfusion was also proposed. However,
the long transit time from IVC to the lungs combined with
variations in the heart rate contributed to random signal
variations beyond perfusion. Nevertheless, this approach
has shown clinical value in single ventricle patients who
had undergone Fontan procedure to measure the differ-
ential perfusion to the lungs.43 Subsequent developments
included labeling the right pulmonary artery (RPA) com-
bined with background suppression to improve the SNR
and image robustness. This labeling strategy has been
used in combination with cardiac-triggered bSSFP acqui-
sitions at 1.5T44 and SSFSE at 3T.45 Challenges associ-
ated with reduced PCASL labeling efficiency due to B0
inhomogeneities are more relevant for this RPA label-
ing and could benefit from unbalanced PCASL label-
ing approaches, which increases off-resonance robustness.
Recently, a combination of ECG-triggered PCASL of the
main pulmonary artery and bSSFP readout at 1.5T enabled
perfusion imaging of the lung even under free-breathing.44

Low SNR has necessitated multiple signal averages and
prolonged acquisition times, thus the majority of prior ASL
lung perfusion studies were restricted to a single slice.
Recent advances using optimized background suppression

has enabled multi-slice acquisitions during free-breathing
using FAIR to cover the entire lungs in <5 min of acquisi-
tion time.46 This approach has demonstrated clinical util-
ity in measuring lung perfusion in pediatric patients with
PE47 and could be potentially used in longitudinal moni-
toring without the concerns of Gd contrast administration
or exposure to ionizing radiation.

Figure 4 shows a dataset acquired with a FAIR-SSFSE
sequence at 3T in a healthy volunteer.

3.2.3 Summary

Lung ASL perfusion imaging is still a heavily
research-oriented technique, therefore recommenda-
tions are premature. However, the following can be
summarized:

• Both FAIR and PCASL have been implemented and
shown to be feasible, although careful planning of label-
ing plane positioning has to be considered for PCASL as
highlighted in Figure 4.

• Because of susceptibility effects, 1.5T field strength has
been more widely used in lung ASL studies.

• Non-EPI readouts such as SSFSE and bSSFP are heavily
favored.

3.3 Placenta

The placenta plays an important role in delivery of oxy-
gen and nutrients from the mother to the fetus during
pregnancy. Early in pregnancy, migration of trophoblast
cells to the lumen of the spiral arteries in the uterus leads
to 5- to 10-fold terminal dilation of the arteries, thereby
supplying adequate blood flow required for normal fetal
development.48 Abnormal placentation associated with

(A)
(B)

F I G U R E 4 (A) Schematic showing the positioning of the labeling plane for pCASL (red) over the main pulmonary artery (arrow) and
the coronal imaging slice (light green) for lung perfusion imaging. For FAIR, the selective labeling is also applied across the imaging slice
(light green). (B) Example of dataset acquired with a FAIR-SSFSE sequence at 3T in a healthy volunteer

 15222594, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29609 by U

niversidad de N
avarra, W

iley O
nline L

ibrary on [05/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1760 TASO et al.

failure of this conversion of spiral arteries results in the
condition of placental insufficiency, which is the most
common cause of maternal-fetal complications such as
fetal growth restriction and preeclampsia. Measurement
of placental perfusion therefore may be used for early
detection of placental insufficiency. ASL is well suited for
such measurements because it does not require contrast
agents, which are contraindicated during pregnancy.

3.3.1 Challenges

The main challenge of placental ASL with
spatially-selective labeling is to determine the optimal
labeling region. The major path of maternal arterial blood
flow to the placenta is via the descending aorta, internal
iliac arteries, and uterine arteries. There is also another
route from the descending aorta to the ovarian arteries,
which accounts for about 15% of maternal-placental circu-
lation.49 Both of these arterial paths are highly circuitous
and complex. Coupled with variation in location and shape
of the placenta across subjects, labeling in the descend-
ing aorta may be necessary to capture all these inflow
contributions without detailed, subject-specific labeling
positioning, However, this location may be a significant
distance from the placenta, leading to SNR loss due to sig-
nal decay during the potentially long transit-time. Slower
blood velocity (∼11.5 cm/s) in the descending aorta may
also affect the labeling efficiency of PCASL (∼77%),50

unless the PCASL labeling pulses are modified to account
for this.

3.3.2 Developments

The first placental ASL study was reported more than
two decades ago using FAIR labeling and Look-Locker
imaging on a single slice.51 More recently, the Human Pla-
centa Project (HPP) launched by the National Institute of
Child Health and Human Development52 has prompted
multiple placental ASL studies from different research
groups, which utilized more advanced forms of labeling
and imaging methods.50,53–59 Application of PCASL in the
placenta was a logical choice and was demonstrated using
a labeling plane placed at the bifurcation of the descending
aorta to selectively label maternal placental perfusion.50

In a follow-up study using this approach, high-risk preg-
nancies manifested significantly lower placental perfusion
than healthy pregnancies in regions with high placental
perfusion, which are mainly the center of the placental
lobules.59

Another labeling approach for the placenta that was
studied in parallel with PCASL was VS-ASL, in which
signal is sensitive to the movement of blood even within

the placenta and is contributed to by both maternal and
fetal flow.54,55,57,58 The initial study on the feasibility of
placental VS-ASL demonstrated that ASL SNR was signif-
icantly higher in VS-ASL than PCASL.55 A clinical study
of placental VS-ASL also showed that global placental
perfusion significantly decreased with advancing gesta-
tional age in pregnancies complicated with fetal heart
disease whereas there was no association between placen-
tal perfusion and gestational age in healthy pregnancies.54

Placental VS-ASL was further studied to optimize acquisi-
tion parameters, such as cut-off velocity, velocity encoding
direction, and inflow time.58 In addition, VS-ASL has been
combined with T2* mapping, enabling simultaneous mea-
surement of perfusion and oxygenation.57

Figure 5 shows examples of placental images acquired
with PCASL and VS-ASL in normal pregnancies.

3.3.3 Summary

The feasibility of both PCASL and VS-ASL in the pla-
centa have been successfully demonstrated and their
potential for detecting abnormal placental perfusion in
small cohorts has been reported. Follow-up studies are
warranted in a large-scale clinical setting to determine
whether these approaches can be used as early screening
and diagnostic tools for identifying pregnancies at risk.
A list of placental perfusion studies is summarized in
Table S1.

3.4 Heart (i.e., Myocardium)

Myocardial perfusion is an important index for the assess-
ment of coronary artery disease, one of the most common
causes of cardiovascular related deaths.60,61 As a first sign
of the ischemic cascade, perfusion abnormalities can be
detected earlier during hyperemia, when healthy coronary
arteries experience an increase of three to five times the
resting blood flow but diseased vessels do not.62 This leads
to a reduction in the ratio of stress to rest perfusion, known
as myocardial perfusion reserve (MPR), which is a critical
parameter for the detection of significant coronary steno-
sis. Patients with suspected coronary artery disease are
often referred for a first-pass stress-rest cardiac MRI study
in which the injection of at least two doses of Gd contrast
agent is required.

3.4.1 Challenges

The main obstacles to the application of ASL in the heart
include the difficulty in labeling blood prior to entering
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(A)

(B)

F I G U R E 5 (A) Placenta PCASL planning. (B) ASL images acquired using PCASL and VS-ASL (top) and corresponding T2-weighted
anatomical images (bottom) modified from Shao et al. 2018 and Zun et al. 2017 (reproduced under a Creative Commons Attribution 4.0
International License - http://creativecommons.org/licenses/by/4.0/)

the coronary arteries due to the circuitous path of blood
through the heart, the presence of both cardiac and res-
piratory motion, and the short scan time available during
peak vasodilation.63

3.4.2 Developments

Most studies have used FAIR as labeling method. Quan-
tification models fall into two groups, known as inten-
sity difference64 and apparent T1

65 approaches. The first
employs the intensity difference between label and control
images acquired at a single TI for quantification, assum-
ing that the T1 of blood and myocardium are nearly equal.
In this context, both single66–70 and double71–74 ECG gat-
ing techniques have been used. The former allows gating
of the readout to a particular cardiac phase with the use
of a fixed TI. Double ECG gating allows gating of both

labeling and readout to the same cardiac phase separately,
which is more robust to heart rate variations but leads
to T variability that must be considered for quantifica-
tion. The apparent T1 approach requires the acquisition
of images at different TIs, selected as an integer num-
ber of the RR interval.75–78 Quantification is based on
the myocardial T1 ratio between control and label con-
ditions. This approach allows the simultaneous quantifi-
cation of arterial transit time, which has been estimated
to be ∼400 ms in healthy subjects.77 Different respira-
tory strategies have been used to minimize motion, such
as breath-holding,66–68,78,79 synchronized-breathing,70,71

navigator-gating or free-breathing combined with motion
correction,69,77,80 and segmentation81 algorithms.

Myocardial FAIR ASL has been validated in a porcine
model by comparison to radiolabeled microspheres,71

showing the strongest correlation in the septum (r = 0.86)
and the weakest in the anterior wall (r = 0.67). In human
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studies, perfusion measurements obtained at rest are in
agreement with the ranges published in PET.82

Various technical improvements have been published
in healthy subjects. Scan time efficiency of free-breathing
FAIR ASL was improved using a TR of ∼4 s, which had
similar mean signal and tSNR compared to longer TR
sequences, allowing the acquisition of more images in the
same scan time.69 Systolic and diastolic perfusion mea-
surements have been compared using compressed-sensing
techniques in combination with a bSSFP readout.74 EPI
readout has been shown to facilitate the coverage of three
myocardial slices (basal, midventricular, and apex), at the
expense of lower tSNR than that obtained with bSSFP.73

The validity of myocardial FAIR ASL to detect hyper-
emia in healthy subjects has been tested with mild forms
of stress66,77,83 and pharmacological vasodilation.68,76,84

In the clinical setting, ASL has been shown to detect an
MPR reduction in patients with suspected coronary artery
disease in agreement with invasive coronary angiog-
raphy between anterior and posterior myocardium,76

between normal and the most ischemic segments,67 and
between normal and hypoperfused segments (including

both ischemic and infarcted), in correlation with
semi-quantitative first-pass imaging.70

In addition to FAIR, other labeling strategies have been
investigated. Steady-pulsed ASL85 was implemented by
labeling a thin slab covering the aortic root, followed by
a bSSFP readout within the same cardiac cycle. Control
scans were acquired with the labeling slab positioned sym-
metrically to the imaging slice. This allowed a more spe-
cific labeling of arterial blood perfusing the myocardium at
every cardiac cycle improving scan efficiency. VS-ASL34,86

was applied to avoid signal loss in the presence of slow flow
and long transit delays. Labeling pulses were optimized
for this particular application to achieve higher efficiency
and prevent labeling of the moving myocardium. Myocar-
dial ASL studies to date are summarized in Table S2. An
example dataset using a FAIR-bSSFP sequence is shown in
Figure 6.

3.4.3 Summary

• FAIR, steady-pulsed, and VS approaches have been suc-
cessfully applied to quantify myocardial perfusion. In

(A)

(B)

F I G U R E 6 (A) Labeling geometry for myocardial FAIR and steady-pulsed ASL. (B) Illustration of anatomy, perfusion-weighted, and
quantitative myocardial blood-flow in a healthy volunteer using a FAIR-bSSFP sequence at 3T
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addition, FAIR has revealed its potential to detect hyper-
emic changes in the clinical practice.

• Further research on the development of myocardial
ASL should be undertaken to allow for whole-heart
coverage, automated analysis and improved sensitivity;
these technical advances need to be achieved before it
can replace first-pass perfusion measurements in the
clinical setting.

3.5 Liver

The liver is one of the largest internal organs in the
human body, composed of two lobes of unequal size and
shape. It is a vital organ, involved in multiple metabolic
functions. Liver diseases (both diffuse and focal) are
relatively frequent and imaging perfusion is crucial for
their detection and characterization. MRI, in particular
contrast-enhanced techniques, play an important role in
the clinical evaluation of liver disease.

3.5.1 Challenges

Liver perfusion imaging raises the unique challenge of
a dual blood supply coming from the hepatic artery and
the portal vein, which present anatomical variants across
individuals.87,88 The common hepatic artery branches
from the aorta and delivers oxygenated blood to the liver
parenchyma, which constitutes about 25% of the total liver
supply, while the other 75% comes from the portal vein, a
low pressure, high capacity vessel, which delivers deoxy-
genated blood and nutrients with slower blood flow.89

There is clinical interest in obtaining separate mea-
surements of hepatic and portal perfusion because liver
disease can affect both the global and relative flow rates
in the two vessels.90 When labeling blood in the portal
vein, the blood is not arterial but venous; however ASL
acronyms are still used in the text below.

3.5.2 Developments

Hepatic ASL reports are sparse. The first attempt used
CASL at 1.5T91 to separately label arterial and venous
blood. Arterial blood was labeled at the aorta by placing the
labeling plane in suprahepatic axial orientation. Venous
blood was labeled using a left medial sagittal plane that
mainly labeled the splenic vein blood flow. A third label-
ing plane in right medial sagittal orientation was used to
simultaneously label blood in the portal vein and hepatic
artery to obtain a global perfusion measurement. Results
of this preliminary study were promising, although venous
flow measurements were underestimated.

Hoad et al. reported measurements of total liver
perfusion and transit times using FAIR.92 Although
intra-subject reproducibility in healthy subjects was good,
there was a wide inter-subject variation in blood flow, in
both healthy and chronic liver disease populations. This
technique was subsequently used to evaluate patients with
compensated and decompensated cirrhosis, demonstrat-
ing a significant decrease in perfusion compared to healthy
controls.93 A similar approach combined with a multi-
phase Look-Locker sampling scheme was employed to
assess hepatic hemodynamic changes and their correla-
tion with portal hypertension94 and to study alterations in
liver perfusion due to physiological stress challenges.95

Portal perfusion measurements were reported by
Katada et al., using multi-delay PASL-PICORE with
Q2TIPS to selectively label the mesenteric and portal
venous area, avoiding the celiac trunk.96 Portal perfusion
signal reached a peak value at TI = 3 s. The MR measure-
ments were compared with CT perfusion during superior
mesenteric artery portography, yielding a significant fair
correlation, even though MR values were systematically
higher than CT values.

Using two different sequences, PASL-EPISTAR and
PCASL, Schalkx et al. were able to quantify portal venous
and arterial perfusion in separate acquisitions.97 EPISTAR
was employed to label the venous blood (with an oblique
labeling slab positioned caudal of the liver covering the
portal vein and its feeding vessels and a TI = 2500 ms),
while PCASL was used to label the arterial blood in
the descending aorta (with a PLD = 1500 ms), to avoid
re-tagging of spins after incomplete relaxation in the lungs
and the heart. Using this strategy, the authors showed a
significant increase in portal perfusion after meal intake,
and a good correlation between portal perfusion mea-
sured with ASL and phase contrast. However, the chal-
lenge of measuring hepatic arterial flow was revealed by
the low relative signal changes (ΔM) of 0.12± 0.08% and
0.08± 0.11% pre and post meal intake respectively.

Two separate multi-delay PCASL acquisitions were
employed by Pan et al.98 to quantify portal venous and
arterial perfusion at 3 T. During the first acquisition, the
labeling plane was located approximately perpendicular to
the suprahepatic descending aorta, to label the blood in
the hepatic artery, while for the second, the labeling plane
was positioned approximately perpendicular to the portal
vein, but also intersected the hepatic artery and descend-
ing aorta. In this configuration, arterial blood experienced
a double inversion, resulting in minimal labeling.

Two PCASL acquisitions were also used by Martirosian
et al.99 In this case, first the labeling plane was positioned
intersecting the portal vein and hepatic artery (nearly par-
allel to the aorta) to measure total flow, while for the
second scan the labeling plane was below the hepatic
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artery, intersecting the superior and inferior mesenteric
and splenic veins to measure portal venous flow. Arterial
perfusion was then computed by subtraction. In this work,
background suppression was implemented, and transit
time measurements were performed with multiple PLDs.
Liver ASL studies to date are summarized in Table S3
and an example dataset is shown in Figure 7 using a
PCASL-EPI sequence.

3.5.3 Summary

• PASL and PCASL approaches can be used to measure
total liver perfusion. However, PCASL is the method
of choice for the separate estimation of portal and / or
arterial perfusion.

• Because of the short liver T1, multiple timepoints and
more complex models can be used for accurate perfu-
sion quantification.

• Background suppression and retrospective motion
correction are strongly recommended, especially in
free-breathing examinations.

3.6 Eye (i.e., retina)

The retina, an extremely thin organ, receives its blood sup-
ply through two branches of the ophthalmic artery: the
central retinal artery that is its primary source of blood and
irrigates the inner retinal layers (known as retinal circu-
lation), and the posterior ciliary arteries, which feed the
outer layers of the retina (choroidal circulation).

3.6.1 Challenges

Imaging retinal perfusion is challenging due to the organ
thinness that requires high spatial resolution, the large
magnetic field gradients in the eye area caused by air in
the nearby sinuses and the motion of the eye globe. Reti-
nal blood flow imaging has high clinical potential as most
retinal pathologies are associated with perfusion irregular-
ities.

3.6.2 Developments

Alsop et al. first evaluated the feasibility of imaging human
retinal perfusion100 in a preliminary study at 1.5T using
multi-delay FAIR with a 2D SSFSE readout, to reduce sus-
ceptibility effects, and heavy background suppression, to
minimize motion artifacts.

Employing a similar readout strategy, with strong
background suppression, retinal flow measurements were
demonstrated at 3T using multi-delay PCASL as high-
lighted in Figure 8.101 An axial labeling plane was posi-
tioned 5 cm beneath the level of the optic nerve, to label
blood in the carotid and other arteries below the Circle of
Willis. Images were acquired in a single axial slice passing
through the optic nerve heads. Perfusion signal peaked for
PLD = 1500 ms. Absolute blood flow was calculated per
unit area by fitting the ASL signal as a function of time
delay. With this technique vascular reactivity in the retina
has also been assessed, using induced hypercapnia.102

A custom-made receiver eye coil was used to improve
SNR and achieve high in-plane spatial resolution by Peng

(A) (B)

F I G U R E 7 (A) Labeling schemes for measuring global, portal-venous, and arterial liver perfusion with a PCASL sequence. (B)
Representative anatomical (PD-weighted), perfusion-weighted and quantitative hepatic blood flow images. ASL data were acquired with a
background suppressed PCASL-EPI sequence at 3T (2 s labeling/2 s PLD)
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TASO et al. 1765

F I G U R E 8 (A)
Illustration of planning for
retinal perfusion imaging with
PCASL and single-slice readout.
(B) Example of multi-delay
PCASL-SSFSE data in the
retina (courtesy of D. Alsop)

(A)

(B)

et al.103 minimizing motion by eye fixation on a target and
synchronizing breathing and eye blinking to the end read-
out. Using this approach, a marked reduction in retinal
blood flow was observed in patients with retinitis pigmen-
tosa, compared with healthy controls.104 Finally, intra and
inter session reproducibility of retinal blood flow values
was assessed using PCASL with a 3D-GRASE readout,
with thin slices.105

3.6.3 Recommendations

• Both PASL and PCASL labeling strategies are appropri-
ate for retinal ASL.

• The labeling plane should be positioned 5–7 cm below
the imaging volume to label blood in the internal carotid
arteries.

• A readout sequence with low sensitivity to magnetic
field inhomogeneities is recommended. An approxi-
mately axial slice orientation is adequate. High in-plane
resolution and thin slices are desirable.

• Background suppression is required to minimize
motion effects and increase tSNR.

• The use of stable visual fixation during scanning
and motion correction during post-processing can also
reduce motion artifacts.

3.7 Pancreas

The pancreas is a unique organ with major endocrine
(responsible for producing hormones for blood-sugar

control) and exocrine (secretion of digestive enzymes)
functions. This explains the numerous conditions in
which imaging pancreatic perfusion would be relevant,
from diabetes to chronic pancreatitis or pancreatic cancer.

3.7.1 Challenges

The main challenges related to pancreatic imaging are
presence of large air pockets in surrounding bowels lead-
ing to strong local susceptibility gradients as well as peri-
staltic motion, in addition to respiratory motion. In addi-
tion, the arterial supply to the pancreas originates from
branches of the superior mesenteric artery (SMA) but also
from the splenic artery, with different regions of the pan-
creas (head, body and tail) being supplied by different
arteries. Finally, the pancreas has a very short longitudi-
nal relaxation time T1, measured to be 584 ms at 1.5T and
725 ms at 3T106 causing very rapid signal decay during the
time course of an ASL experiment.

3.7.2 Developments

Several reports have successfully measured pancreatic
blood flow using ASL in healthy volunteers at rest and
during stimulation. Using a FAIR-bSSFP sequence at 1.5T,
the first reports of pancreatic ASL were published in 2006
and 2008107,108 in healthy volunteers, reporting initial val-
ues for resting pancreatic blood flow that were comparable
to CT-perfusion and DCE-derived measurements.109,110

More recently, Taso et al. used a background-suppressed
SSFSE-PCASL at 3 T111 to take advantage of the longer T1
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1766 TASO et al.

for measuring blood flow and transit-time using a sequen-
tial multi-delay strategy, reporting an average ATT of 1 s.
A representative dataset is shown in Figure 9. Consistency
of pancreatic ASL has been assessed in several studies
showing good scan-rescan reproducibility.111–113

In parallel, several groups designed and executed
studies looking at modulation of pancreatic blood flow
using either intravenous secretin (a hormone respon-
sible for stimulating pancreatic exocrine secretions) or
oral/IV glucose (to stimulate endocrine secretions). In
both secretin112,113 and glucose studies,111 significant
increases in pancreatic perfusion were reported ranging
from 16 to 81%. Details are found in Table S4. An impor-
tant variability can be observed between different studies
that can be attributed partially to different technical imple-
mentations but also different pancreatic regions scanned
(head or tail). However, besides a single study in Type-1
diabetes,114 no clinical study has been reported using ASL
in pancreatic diseases.

3.7.3 Summary

Although the literature on pancreatic ASL has been sparse,
the following can be extracted from up-to-date evidence:

• Both FAIR and PCASL labeling strategies are appropri-
ate and have been successfully used to measure pancre-
atic blood flow.

• Choice of orientation might depend on the application.
• Longer pancreatic T1 might favor the use of 3T although

successful 1.5T studies have been reported.
• Blood flow quantification using two-compartment

models (blood and tissue) is more accurate.
• Subject preparation has to be considered as the pancreas

is heavily impacted by peristalsis.
• Background suppression is desirable to minimize phys-

iological motion impact.

3.8 Muscle

More than any organ, skeletal muscle perfusion
varies widely between rest and maximal hyperemic
states, increasing from <5 ml/min/100 g at rest115 to
80 ml/min/100 g or more following exercise.115–117 In addi-
tion, in contrast to many vital organs discussed herein,
perfusion to skeletal muscle may be interrupted for min-
utes to hours without lasting consequences. For instance,
a proximal tourniquet may be applied to halt the arte-
rial inflow and create a bloodless surgical field for lower
extremity surgery.118 This resilience of muscle to with-
stand periods of arterial occlusion opens the door to probe
not only the response to exercise but also the dynamic
response following induced ischemia as highlighted in
Figure 10, somewhat akin to cardiac stress testing or cere-
brovascular reactivity measurements, where the temporal

(A)

(B)

F I G U R E 9 (A) Labeling geometry for FAIR and PCASL pancreatic perfusion imaging and (B) illustration of a dataset with anatomical,
perfusion-weighted and pancreatic blood-flow in a healthy volunteer acquired using a PCASL-SSFSE sequence at 3T
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TASO et al. 1767

F I G U R E 10
Representative anatomical (A)
and perfusion images at rest
(B), following induced ischemia
(C), and after plantar flexion
exercise (D) in a healthy
participant. Note the global
hyperemia observed during
reactive hyperemia in C, while
only the activated
gastrocnemius muscle is
hyperperfused in D. ASL data
were acquired with vPIVOT, an
interleaved PASL, phase
contrast, and multi-echo GRE
sequence as detailed in
Englund et al, Magn Reson
Med 2018 (Reference 117)

(A) (B) (C) (D)

kinetics of the muscle blood flow response provide insight
into endothelial function.119,120

3.8.1 Challenges

Since baseline muscle perfusion is extremely low, it may
be under the detection limit of conventional ASL. Further-
more, with the recruitment of collateral arteries, resting
perfusion is typically maintained even in mild to moder-
ate disease such as peripheral artery disease and diabetes.
Functional deficits in these diseases are revealed when
measuring the perfusion response to a vasoactive stimu-
lus119–123 and therefore methodologically, high temporal
resolution is needed to evaluate dynamic responses. For
ASL acquisitions which are heavily T2*-weighted, under-
lying signal changes (e.g., linked to oxygenation) that
occur during these vasoactive stimuli can bias the quanti-
fied perfusion unless corrected. This signal variation is typ-
ically corrected by interpolating the control series to cre-
ate temporally-matched acquisitions of label and control
data,116,124 or more recently through the use of background
suppression.125

In contrast to some other organs with straightforward
feeding vessels (e.g., brain or kidneys), the muscle blood
supply may branch off large arteries at several points
while the conduit artery continues past the muscle of
interest to distal locations. In addition, while the capillar-
ies are primarily aligned with the long axis of the muscle
fiber,126 the orientation of the feeding vessels with respect

to the muscle varies. For example, the lumbar arteries that
supply the paraspinal muscles of the low back enter the
muscle perpendicularly, while the sural branches of the
popliteal artery that supply the gastrocnemius muscle run
parallel with the muscle’s long axis.

In addition to these geometric differences, there is also
variability in the arterial flow waveform between rest and
hyperemic states as highlighted in Figure 10. In healthy
individuals, resting blood flow in the large arteries sup-
plying skeletal muscle is typically triphasic, with forward
flow during systole and retrograde then antegrade flow
during diastole.127 As blood flow increases during exer-
cise or following induced ischemia, the arterial flow profile
becomes monophasic (i.e., entirely antegrade).128 These
differences may be important when using ASL methods
that rely on flow-driven adiabatic inversion, though rela-
tive agreement has been observed when comparing PASL
and PCASL-based perfusion measurements.129

3.8.2 Developments

To overcome these obstacles related to slow and recir-
culating flow and achieve high temporal resolution,
many investigators have recently opted for PASL over
CASL/PCASL. However, PASL,116 CASL,130 PCASL,123

and VS-ASL131 have all been employed to evaluate muscle
perfusion. Most studies quantified perfusion in muscles of
the leg, with notable exceptions in the masseter muscle,132

as well as muscles of the feet,133,134 and forearm.133,135
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From a technical development standpoint, many of the
sequences are adapted from those developed for other
organs, however analysis strategies focus on the dynamic
changes associated with exercise or reactive hyperemia
rather than quantification of steady-state perfusion in rest-
ing or active state.

There have been a few sequences that were specifically
developed to quantify skeletal muscle perfusion, includ-
ing Flow-driven Arterial Water Stimulation With elimi-
nation of Tissue Signal (FAWSETS), a CASL variant that
utilizes adiabatic excitation rather than inversion,136,137

and saturation inversion recovery (SATIR), an adaptation
of FAIR employing a saturation pulse to ensure identi-
cal initial magnetization in the imaging slice.116 These
sequences, however, are limited to single-slice acquisi-
tions. Recently, Baligand, et al. demonstrated multi-slice
perfusion quantification using FAIR with a split-labeling
scheme,125 which may provide insight into the spatial het-
erogeneity of perfusion along a muscle.

Additional technical developments have focused
on acquiring complementary functional parame-
ters, providing a comprehensive evaluation of muscle
blood flow, oxygen extraction, and metabolic changes.
For example, Duteil et al. used an interleaved ASL,
1H/31P-MRS sequence to simultaneously measure perfu-
sion, deoxymyoglobin concentration and phosphocreatine
resynthesis rate following ischemic exercise.138 In addi-
tion, ASL has been combined with BOLD to evaluate
the relationship between relative oxygenation and blood
flow changes,124,139,140 or more recently combined with
quantitative oximetry methods such as T2*-,141,142 T2-143,
or susceptibility-based oximetry,117,124 for the evalua-
tion of muscle oxygen consumption. One such method,
termed vPIVOT uses an interleaved ASL, multi-echo GRE,
and phase contrast acquisition strategy to simultane-
ously quantify perfusion, bulk arterial/venous blood flow,
venous oxygen saturation in a large draining vein, and
relative T2* changes, together yielding a comprehensive
sequence to evaluate micro- and macro-vascular blood
flow and oxygenation responses in muscle.117 Muscle
ASL studies to date are summarized in Table S5 and an
example dataset is shown in Figure 10.

3.8.3 Summary

Based on previous studies of ASL in skeletal muscle, we
can summarize the following:

• Quantification of muscle perfusion is possible with both
PASL and PCASL methods, however PASL yields higher
temporal resolution which may be desirable for measur-
ing the response kinetics.

• Muscle perfusion at rest is extremely low and largely
preserved in pathologic states, therefore most studies
evaluated the perfusion dynamics following a vasoac-
tive stimulus (e.g., exercise or induced ischemia).

• When quantifying time-resolved perfusion, correction
of underlying T2*-weighted signal intensity changes
must be performed, either requiring temporal match-
ing of tag and control images or efficient background
suppression.

3.9 Other regions

In addition to the regions mentioned above, it is worth
mentioning that several other clinically important regions
have been explored with ASL, including the spinal cord,144

thyroid gland,145 spleen,93,146,147 prostate,148 and reproduc-
tive organs.149

3.10 ASL validation against reference
methods

Although critical, validation of blood flow measurements
with ASL in human subjects are challenging especially
in the body where gold-standard reference methods are
usually not well established. While several studies cited
in specific sections have performed correlation analyses
of ASL with other methods sensitive to perfusion such as
DCE or CT-perfusion, validation against methods referred
to as gold standards such as [15O]-H2O-PET or micro-
sphere counting are scarce. Of interest, a few animal
studies have compared ASL blood flow quantification to
fluorescent microspheres demonstrating very good corre-
lations between ASL and microspheres for kidney150 and
myocardial blood flow measurements.151

4 FUTURE DEVELOPMENTS FOR
WIDER AVAILABILITY AND
ROBUSTNESS OF BODY ASL: WHAT
IS NEXT?

4.1 Toward standardized body ASL
implementations

Initial ASL experiments in some abdominal and thoracic
body organs were carried out soon after the first brain
ASL studies.3,71 However, as already mentioned, body ASL
methods have until recently evolved at a slower pace than
brain ASL. In some organs (especially kidney), the amount
of accumulated data is substantial and shows that these
techniques have great potential for clinical application.
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However, efforts must be made to standardize implemen-
tations and processing methods and to assess and improve
measurement reproducibility in order to push ASL use into
clinical trials and ultimately routine practice.

For renal imaging, RENALMRI.org* is a multidisci-
plinary network of clinical and basic scientists, stem-
ming from the PARENCHIMA project (funded as a Euro-
pean COST action between 2017 and 2021, footnote 1)
which aimed to eliminate barriers to the clinical transla-
tion of functional renal MRI techniques, including ASL.
PARENCHIMA’s efforts translated into a comprehensive
review paper highlighting the potential of renal ASL for
clinical applications18 and into a consensus paper on tech-
nical recommendations for clinical use26 as a first step
toward standardization. Those recommendations have
already been implemented in a project carried out in the
United Kingdom, UKRIN-MAPS (UK Renal Imaging
Network - MRI Acquisition and Processing Standard-
ization), which was funded in 2018 by the UK Medical
Research Council to develop and validate a comprehen-
sive optimized and harmonized acquisition protocol and
data analysis pipelines for multiparametric renal MRI.
Following the guidelines proposed in the PARENCHIMA
consensus renal ASL paper,26 harmonized ASL sequences
have been implemented on various vendor platforms (GE,
Philips, and Siemens), and are currently being tested and
compared in healthy subjects through a multi-site travel-
ing volunteer study. It is worth noting that ASL is also a
focus of the Quantitative Imaging Network (QIN), which
is a consortium of research groups with funded grants
from the National Cancer Institute (NCI) of the United
States’ National Institutes of Health (NIH).132 The QIN
promotes research, development, and validation of quan-
titative imaging tools for the measurement or prediction
of tumor response to therapies in clinical trial settings. In
addition, QIN also facilitates collaborative projects for test-
ing protocols and processing algorithms across platforms
and sites. These efforts will facilitate the transition of ASL
as an imaging biomarker into clinical settings.

4.2 Perspectives at high- and/or
low-field for body ASL

The choice of field strength for body ASL is an important
one. Reasons for higher field (>3T) are increased magneti-
zation152 and longer T1 relaxation times,153 both of which
provide a stronger ASL signal. However, this also brings
technical issues, such as stronger off-resonance effects
(including susceptibility-related signal loss, artifacts, and
image distortion), B1

+ variation, and SAR limits. Lower
field strength (<1.5T) provides lower ASL signal but sub-
stantially fewer artifacts, and increased flexibility in the

design of the ASL experiment. Researchers are also lim-
ited by what equipment is accessible, with 1.5T and 3T
being the dominant whole-body platforms worldwide at
this time. Ultimately when choosing a field strength for
body ASL, one must consider the temporal SNR efficiency
that will be achieved.

Most body ASL studies discussed have been performed
on clinical scanners (≤3T). Recently 7T ASL has drawn
much attention in the brain, and some studies have
demonstrated the feasibility to acquire high spatial res-
olution ASL.154,155 7 T can also benefit body ASL in sev-
eral aspects. For example, image acquisition times can be
reduced and motion-associated artifacts minimized due to
increased SNR and potentially better parallel imaging per-
formance.156 Li et al. demonstrated the feasibility of single
breath-hold renal ASL at 7T with multiple strategies to
address both B0/B1 and SAR challenges.157 7 T may also
be suited to ASL studies in low blood flow organs such as
knee bone marrow158 and skeletal muscle.140,159 PASL is
currently the most popular strategy at 7 T, due to its lower
SAR compared to PCASL. It is worth noting that specific
RF pulses160 and/or array coil designs161 are necessary to
improve transmit efficiency, field homogeneity, and SAR
performance at 7T.

At the other extreme, Martirosian et al. demonstrated
the feasibility of lung perfusion imaging using FAIR ASL
at 0.2T, where results showed less signal dropout com-
pared to images acquired at 1.5T.162 ASL may also be used
to monitor blood flow during MR guided therapy, such
as RF ablation of renal cell carcinoma, on interventional
low field scanners.163 Recently, Campbell-Washburn et al.
proposed a high-performance low-field (0.55T) MR scan-
ner with strong gradient system to compensate for the
intrinsic reduced SNR, and demonstrated that high qual-
ity lung perfusion imaging can be obtained with minimal
distortion.164

4.3 Increasing role of AI/ML

The use of artificial intelligence (AI) in computer vision
and medical imaging has exploded in recent years, with
a wide range of powerful applications in MRI. From data
sampling to image reconstruction, artifact correction, and
segmentation, AI is bringing a paradigm shift to medical
imaging, and body ASL is no exception.

AI and machine learning (ML) methods, especially
deep-learning, have shown excellent potential for improv-
ing body ASL, facilitating free-breathing or volumetric
imaging, and automating downstream quantitative anal-
ysis. For renal imaging, unrolled deep-learning networks
have shown the potential for reconstructing heavily under-
sampled 3D volumes acquired with a variable-density FSE
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sequence up to 14-fold acceleration, leading to effective
scan times of under 1 min.165 In cardiac ASL, segmenta-
tion of the left ventricular myocardium has always been
an incredibly challenging problem, due to the variations
in contrast between labeled control and baseline images,
and the presence of a large spurious ASL signal in the
ventricular blood pool on one side and epicardial fat on
the other side. AI/ML methods have provided an efficient
solution for segmenting the myocardium,166,167 and also
providing estimates of uncertainty in resulting perfusion
maps.81

The use of AI/ML can also be expected to improve
body ASL spatio-temporal resolution, through undersam-
pled acquisitions, once the research community has accu-
mulated sufficient training data or with the develop-
ment of AI/ML methods that are less dependent on large
dataset sizes. More general use of deep-learning in ASL
for reconstruction, denoising or parameter quantification
is extensively described in the recently published review
on advanced ASL techniques.168

5 CONCLUSIONS

Applications of ASL in the body have blossomed in
recent years, approaching institutional standard-of-care
for example in renal imaging. From basic developments
to clinical applications in specific pathologies, ASL is now
a technique capable of imaging perfusion from head to
toe. While implementations vary greatly based on spe-
cific organ requirements especially with regards to labeling
schemes, this group of experts consider that the follow-
ing are consistent features to consider when implementing
body ASL methods:

• Background-suppression is desirable for body applica-
tions and is potentially enabling in some cases.

• Both 1.5T and 3T field strengths are appropriate. While
3T offers higher intrinsic SNR, reduced dielectric and
susceptibility effects might favor 1.5T for some applica-
tions.

• Motion mitigation strategies are often critical. The
choice between prospective, retrospective, and a com-
bination of both depends on the target organ and
sequence implementation.

Finally, as is already underway in the renal imaging
field, large initiatives for reproducible, standardized imag-
ing as well as validation strategies are key in facilitating
wide deployment and adoption of ASL for contrast-free,
quantitative body perfusion imaging.
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