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Abstract
Arterial spin labeling (ASL) is a non-invasive magnetic resonance imaging (MRI) method that enables the assessment and 
the quantification of perfusion without the need for an exogenous contrast agent. ASL was originally developed in the early 
1990s to measure cerebral blood flow. The utility of ASL has since then broadened to encompass various organ systems, 
offering insights into physiological and pathological states. In this review article, we present a synopsis of ASL for quantita-
tive non-contrast perfusion MRI, as a contribution to the special issue titled “Quantitative MRI—how to make it work in the 
body?” The article begins with an introduction to ASL principles, followed by different labeling strategies, such as pulsed, 
continuous, pseudo-continuous, and velocity-selective approaches, and their role in perfusion quantification. We proceed 
to address the technical challenges associated with ASL in the body and outline some of the innovative approaches devised 
to surmount these issues. Subsequently, we summarize potential clinical applications, challenges, and state-of-the-art ASL 
methods to quantify perfusion in some of the highly perfused organs in the thorax (lungs), abdomen (kidneys, liver, pancreas), 
and pelvis (placenta) of the human body. The article concludes by discussing future directions for successful translation of 
quantitative ASL in body imaging.
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Introduction

Perfusion plays a pivotal role in the delivery of oxygen 
and nutrients to the tissue and facilitates the removal of by 
products such as carbon dioxide. Quantifying perfusion is 
essential to understand various pathological conditions for 
effective clinical management. Diseases affecting organs in 
the body, such as liver, kidneys, lungs, and pancreas, often 
exhibit altered tissue perfusion, highlighting the importance 
of accurate quantitative perfusion measurement techniques. 
Magnetic resonance imaging (MRI) enables measurement 
of tissue perfusion and has predominantly relied on the 
injection of gadolinium-based contrast agents (GBCAs). 
Dynamic susceptibility contrast (DSC) or dynamic contrast 
enhanced (DCE) MRI acquired following the injection of 

GBCA can quantify perfusion [1, 2]; however, the reliability 
and the reproducibility of these quantitative measurements 
are highly variable [3, 4]. The administration of GBCAs 
also limits their routine use in specific patient groups, such 
as pediatrics, pregnant individuals, and those with impaired 
renal function. Notably, gadolinium (Gd) deposition has 
been observed in several tissues including skin, bone, and 
brain, particularly in patients receiving multiple GBCA 
injections during longitudinal imaging studies [5, 6]. Given 
that the long-term consequences of these Gd depositions 
are still unclear, there are some concerns with the repeated 
administration of GBCAs [7]. These challenges associated 
with contrast agent-based perfusion measurement have 
emphasized the need for alternative non-contrast quantita-
tive perfusion imaging methods.

Arterial spin labeling (ASL) is a non-invasive proton 
MRI method that measures perfusion utilizing the water in 
the blood as an endogenous contrast agent. ASL involves 
magnetically labeling the arterial blood with radiofrequency 
(RF) saturation or inversion pulses. Two images are acquired 
in an ASL experiment: a label image, where the arterial 
blood is labeled using RF saturation or inversion, and a 
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control image, where the image is acquired without labeling 
the arterial blood. The difference between these two images 
generates a perfusion-weighted image, where the signal is 
directly proportional to the blood flow or perfusion. The 
time parameters of an ASL experiment can be optimized to 
minimize vascular signal contribution and thus accurately 
represent true perfusion signal. ASL has the advantage of 
providing absolute quantitative perfusion values in physi-
ological units of milliliters per 100 g of tissue per minute 
(mL/100 g/min).

ASL was originally developed in the early 1990s to meas-
ure cerebral blood flow (CBF) in the brain [8–10]. Subse-
quently, ASL techniques and insights gained from the brain 
application were extended to measure perfusion in other 
organs, beginning with the kidneys [11], followed by appli-
cations in the placenta [12], liver [13], pancreas [14], and 
lungs [15]. Over the past three decades, great progress has 
enabled the adaptation of ASL to body applications [16, 
17]; however, clinical applications of quantitative ASL in 
the body are still limited. There are several challenges that 
hinder the successful reproducibility of ASL in body appli-
cations. These include physiological motion, low signal-to-
noise ratio (SNR), poor labeling efficiency, lack of standard-
ized protocols, and diverse anatomy within the population. 
In this review article, we will provide an overview of dif-
ferent ASL labeling schemes, address current methodo-
logical challenges, and review state-of-the-art quantitative 
ASL-MRI in various highly perfused organs in the thorax, 
abdomen, and pelvis of the human body. The content of this 
article is aligned with the theme of this special issue, which 
is focused on “Quantitative MRI—how to make it work in 
the body?”.

ASL methods

Labeling schemes

ASL is a subtraction-based imaging technique, wherein 
the perfusion signal within both the control and the 
labeled images comprises only a small fraction, typically 
ranging from 1 to 2% of the overall tissue signal. Conse-
quently, this approach suffers from low SNR. This issue 
is further exacerbated by suboptimal labeling efficiency, 
increased off-resonance (B0) and RF transmit (B1 +) field 
inhomogeneities, and the presence of motion artifacts, 
which are particularly pronounced in body applications. 
To overcome these limitations, the design of ASL pulse 
sequences has led to various labeling schemes. The most 
commonly employed ASL labeling can be categorized into 
three groups: pulsed labeling (PASL) [18–21], continuous/
pseudo-continuous labeling (CASL/pCASL) [8, 22], and 

velocity-selective labeling (VS-ASL) [23]. Each of these 
methods has distinct advantages and may be suitable for 
specific applications.

Pulsed arterial spin labeling (PASL)

In pulsed ASL, an inversion pulse is used to label a slab 
(i.e., bolus) of arterial blood. There are several variations 
within the PASL labeling scheme; however, the most com-
monly used and a robust method for perfusion quantifica-
tion is the flow-sensitive alternating inversion recovery 
(FAIR) [20]. FAIR uses a non-selective inversion pulse 
for the label image and a selective inversion pulse applied 
in the imaging slab for the control image. After an inver-
sion time (TI), the labeled blood from outside the imaging 
plane enters and perfuses into the tissue being imaged. 
During this TI, saturation pulses are applied after certain 
time TI1, to define temporal width of the labeled bolus 
(i.e., bolus duration) and thus enabling accurate perfusion 
quantification (Fig. 1A) [20, 24].

Continuous/pseudo‑continuous arterial spin labeling 
(CASL/pCASL)

CASL involves the use of a constant RF pulse along with a 
selective gradient for longer durations to invert the inflow-
ing blood upstream of the imaging region of interest. CASL 
has improved SNR compared to PASL since CASL ena-
bles inverting the inflowing blood for longer durations [25]. 
However, performing continuous RF pulses for prolonged 
durations is challenging on commercially available whole-
body MR scanners. To overcome this hardware limitation, 
the pseudo-continuous ASL scheme was developed as an 
alternative to CASL [22]. In pCASL, a labeling plane is 
generated by a train of short RF pulses that mimics a con-
tinuous RF pulse played-out simultaneously with a slice-
selective gradient (Fig. 1B). The inflowing spins crossing the 
labeling plane are inverted following the adiabatic fast pas-
sage [26]. After a given post-label delay (PLD), the labeled 
blood perfuses into the imaging region. Phase-cycled RF 
pulses are applied in the control condition to mitigate the 
differences between the control and the labeled image due 
to magnetization transfer (MT) effects. There are two varia-
tions of pCASL, namely balanced and unbalanced schemes 
[27]. The key difference between the two variants lies in the 
mean gradient: in the balanced pCASL, the mean gradient 
is non-zero and remains the same for the label and the con-
trol schemes, while for the unbalanced pCASL, the mean 
gradient is 0 in the control scheme. The unbalanced pCASL 
has demonstrated greater robustness to off-resonance effects 
[28], and is typically preferred in the body applications.
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Velocity‑selective arterial spin labeling (VS‑ASL)

VS-ASL is a method that labels arterial blood based on its 
flow velocity, making this technique insensitive to variations 
in arterial transit times. In VS-ASL, a specific cut-off veloc-
ity (Vc) is chosen and all spins flowing above this velocity 
are labeled [23]. VS-ASL pulse sequence consists of three 
primary modules: pre-saturation module (SAT), velocity-
selective module (VSM), and vascular crushing module 
(VCM) (Fig. 1C). There are two variants for the VSM, which 
are based on either saturation pulses or inversion pulses. 
In VS-ASL, RF pulses are the same for the label and the 
control scheme; however, flow-sensitive gradients are either 
played out solely during the acquisition of the labeled image, 
or flow-compensated during the acquisition of the control 
image [29]. VS-ASL was developed as an alternative to 
pCASL and PASL, due to its increased robustness to slow 

arterial transit times and its suitability for applications where 
selective labeling of the feeding vessels is challenging.

ASL perfusion quantification

One of the major advantages of ASL is its ability to generate 
quantitative perfusion measurements in physiological values 
of mL/100 g/min. ASL perfusion values can be calculated 
following the general kinetic model [30] using the perfusion 
difference image (∆M), ASL labeling efficiency, longitudi-
nal relaxation time of blood (T1blood), and a proton density-
weighted image (M0). To quantify ASL perfusion, two pri-
mary models have been developed: a single-compartment 
model [30] and a two-compartment model [31, 32]. Due to 
its simplicity, the single-compartment model also known as 
the Buxton model, has been widely used and is mathemati-
cally described as:

Fig. 1   Schematics of commonly used ASL pulse sequences along 
with their timing definitions. A Pulsed ASL (PASL) using FAIR: 
Non-selective and selective RF pulses are depicted in blue for the 
label and control schemes, respectively. Inflow saturation pulses are 
shown in red. TI1 and TI represent the bolus duration and the inver-
sion time, respectively. B Pseudo-continuous ASL (pCASL): For 
the label condition, a train of RF pulses is used to induce a flow-
driven adiabatic inversion in a labeling plane. For the control condi-

tion, the phase of the RF pulses is alternated such that no inversion 
is achieved. τ represents the labeling duration, and PLD denotes the 
post-label delay. C Velocity-selective ASL (VS-ASL): For both the 
control and the label schemes, three modules are played out before 
signal readout: pre-saturation module (SAT), velocity-selective mod-
ule (VSM), and vascular-crusher module (VCM). Here, TI1 also rep-
resents the bolus duration, TSAT is the time between SAT and VSM, 
and TI is the time between VSM and readout



	 Magnetic Resonance Materials in Physics, Biology and Medicine

where α is the labeling efficiency, M0b is the equilibrium 
magnetization of blood, and f is perfusion. t and τ denote 
time and labeling duration, respectively. The delivery, 
residue, and magnetization relaxation functions are repre-
sented by c(t), r(t−τ), and m(t−τ), respectively. This model 
is graphically depicted in Fig. 2.

To solve Eq. (1), the following assumptions are consid-
ered: (a) all labeled arterial blood is contained within the 
tissue voxel, (b) the presence of only one compartment con-
necting the tissue and the microvasculature, and (c) the total 
longitudinal relaxation is governed by T1blood [33]. Under 
these assumptions, the solutions to quantify perfusion (f) 
for FAIR, pCASL, and VS-ASL are respectively defined as:

where λ is the blood–tissue partition coefficient, TI and TI1 
represent the inversion time and the arterial blood bolus 
duration, respectively (for FAIR); PLD is the post-labeling 
delay and τ is the labeling duration (for pCASL); TSAT is the 
time between the end of the saturation pulses and the start of 
the VSM (for VS-ASL). The T1blood is assumed to be 1.48 s 
at 1.5 T and 1.65 s at 3 T [34]. M0 is the equilibrium mag-
netization of arterial blood, which is often measured using 
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the proton density-weighted image using same acquisition 
parameters as the ASL image but without any labeling.

Methodological challenges of ASL in body 
applications

Continuous progress over the past three decades has over-
come the limitations of ASL in the brain applications. The 
implementation of ASL in the chest and abdomen, however, 
is often obstructed by physiological motion, such as cardiac 
motion, respiratory motion, and peristalsis of gastrointesti-
nal tracts. This is further worsened by increased sensitivity 
to B0 and B1 + field inhomogeneities, which are more pro-
nounced in the body and at higher magnetic field strengths. 
The main source of B0 field inhomogeneities in the body is 
the presence of air in spaces such as alveoli in the lungs or 
in the intestines. On the other hand, the B1 + field inhomoge-
neities are influenced by size and shape of the body as well 
as tissue composition. The combined impact of these factors 
leads to reduced labeling efficiency, decreased SNR, and an 
increase in image artifacts. Nevertheless, ongoing technical 
advancements over the years have been dedicated to address 
these challenges for successful translation of ASL in body 
applications. Some of these advances are discussed below.

Image acquisition methods

Several strategies have been developed to acquire ASL 
images in the body, regardless of the specific labeling strate-
gies. These include spin echo echo-planar imaging (SE-EPI), 
fast or turbo spin echo (FSE/TSE), gradient echo (GRE), 
balanced steady state free precession (bSSFP), and the com-
bined gradient and spin echo (GraSE) imaging. The majority 
of ASL images in the body has been acquired as a single 
slice 2D image. Recent work has also demonstrated multi-
slice 2D images as well as 3D images.

2D acquisitions

The majority of 2D acquisitions have primarily employed 
either SE-EPI [35] or single-shot TSE (SShTSE) [36] due 
to their fast acquisition times. Additionally, the use of a 
single excitation pulse with these sequences is particularly 
important due to its compatibility with background suppres-
sion (BGS), which is described in more detail below. Both 
SE-EPI and SShTSE acquisitions allow for an increased 
number of signal averages (NSAs), which is a crucial factor 
given that ASL images typically have low SNR and require 
multiple NSAs to achieve good image quality. While both 
SE-EPI and SShTSE acquisitions have been successfully 
demonstrated, each approach has its own set of advantages 
and disadvantages. For instance, SE-EPI images are more 

Fig. 2   Single-compartment model for ASL perfusion quantification. 
The delivery function c(t) represents the labeled arterial blood that 
perfuses into the tissue voxel at a rate f. The magnetization relaxa-
tion function, m(t−τ), considers the effects of longitudinal relaxation 
of blood (T1blood) at t−τ, and the residue function, r(t−τ), reflects the 
wash-out of labeled blood from the tissue voxel at t−τ 
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prone to B0 inhomogeneities and suffer from geometric dis-
tortions, which can significantly affect the image quality. 
SShTSE images, on the other hand, are more robust to B0 
inhomogeneities due to multiple refocusing pulses; however, 
these images often suffer from increased image blurring 
due to longer readout durations. Although parallel imaging 
methods, such as SENSE, GRAPPA, or Compressed Sense 
(CS), can be used to shorten the readout durations or reduce 
geometric distortions, they are often not recommended 
for ASL images because these acceleration methods tend 
to further reduce the SNR. SE-EPI and SShTSE have also 
been extended to acquire multiple 2D slices [37], albeit with 
slightly longer scan times. In specific cases, bSSFP has also 
been used to acquire 2D ASL images particularly for lung 
ASL studies [38].

3D acquisitions

There are several advantages in acquiring 3D ASL images 
compared to 2D images. First, 3D acquisitions enable volu-
metric coverage of the entire organ being imaged. Second, 
the increased number of slices achievable with 3D acqui-
sition allow volumetric coverage with similar SNR in the 
same acquisition time instead of the higher NSAs with 2D 
acquisition. Third, the nature of volumetric excitation in 3D 
acquisitions makes them well-suited for BGS pulses, ensur-
ing uniform background suppression throughout the volume. 
However, achieving good image quality with 3D acquisi-
tion has its own challenges. The majority of 3D acquisitions 
in body applications use either 3D rapid acquisition with 
relaxation enhancement (RARE) [39, 40], also known as 
FSE/TSE, or 3D GraSE [41]. A major challenge of these 
techniques is image blurring caused by T2 and T2* decay 
due to longer echo trains used to acquire the combined phase 
and slice encodes in the volume. Furthermore, 3D GraSE 
acquisitions are sensitive to field inhomogeneities, which 
are more pronounced in the body and cause image distor-
tions. For FSE/TSE acquisitions, higher specific absorption 
rates (SAR) due to multiple refocusing pulses that causes 
high-power deposition is a concern [42]. Addressing these 
challenges are currently an active area of research and fur-
ther developments are needed before the routine use of 3D 
acquisitions for volumetric ASL imaging in the body [43].

Post label delay (PLD)

During TI (FAIR/VS-ASL) or PLD (pCASL), two critical 
processes occur. First, the labeled blood perfuses into the 
tissue. Second, the labeled blood also recovers to its full 
magnetization. Thus, the TI/PLD is chosen at an optimal 
time that strikes a balance between being long enough to 
flow into the tissue but also short enough such that the blood 
is not completely recovered to its full magnetization. During 

this TI/PLD, two important functionalities are incorporated 
for successful quantitative ASL measurements and minimize 
artifacts: background suppression and inflow saturation.

Background suppression (BGS)

It is well-recognized that a single inversion pulse nulls the 
signal from a single tissue based on its T1 relaxation time. 
For example, STIR nulls the fat signal with a short TI of 
150–200 ms, while FLAIR nulls cerebrospinal fluid (CSF) 
with a long TI of ~2200 ms at 3 T. Similarly, the application 
of 4–5 inversion pulses with optimal TIs can suppress sig-
nals from tissues across a broad range of T1 relaxation times 
[44]. Based on this principle, the signal intensities of the 
static tissue between the control and the labeled images can 
be sufficiently suppressed using pairs of inversion pulses. 
Typically, either 2 or 4 BGS pulses are utilized to substan-
tially decrease the signal from the static background tissue, 
without affecting the signal difference between the con-
trol and the labeled image. The application of BGS pulses 
improves the image quality considerably and is highly rec-
ommended for ASL in body applications [36, 45].

Inflow saturation

During TI/PLD, it is important to note that fresh blood con-
tinues to flow even after the labeling has ended. This fresh 
blood often tends to accumulate in the major vessels due to 
shorter transit time and does not contribute to the perfusion 
signal in that specific tissue. While this signal in the major 
vasculature should ideally be identical between the control 
and the labeled images, it often differs due to variations in 
the cardiac cycle and the transit delays. To address this, 
inflow saturation pulses are applied upstream to the imag-
ing region of interest during TI/PLD to suppress the signal 
from the fresh inflowing blood. The inflow saturation pulses 
also help define the bolus width of pulsed labeling such as 
FAIR. This can be achieved using schemes such as QUIPPS 
II saturation or Q2-TIPS [46] and enables quantitative perfu-
sion measurements [47].

Post‑processing methods

Perfusion-weighted images are typically generated by 
subtracting the control and the labeled images. Certain 
retrospective methods can be employed to improve the 
image quality during this process. (1) To address the 
inherently low SNR of ASL images, signal averaging 
can be performed on a voxel-wise basis across multiple 
control-label measurements. This technique not only 
improves SNR but also provides a degree of robustness 
against motion artifacts, particularly when images are 
acquired using respiratory-triggering or guided-breathing 
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approaches [36]. (2) Another method would be to iden-
tify and either remove or assign lower weights to outlier 
measurements. Outliers are often misaligned with the 
majority of the images and can negatively impact the sub-
traction process. By minimizing their effect, the overall 
image quality can be improved. (3) Retrospective sort-
ing of images can be performed using data from external 
sensors such as respiratory bellows. This sorting helps 
align images according to respiratory or other physiologi-
cal cycles, reducing motion-related artifacts [48]. These 
post-processing steps help reduce image artifacts, reduce 
partial volume effects, and improve the SNR of the per-
fusion-weighted signal and the repeatability of perfusion 
measurements. Importantly, these methods should not 
only be applied to align ASL control and labeled images 
but also to align the corresponding M0 images, which are 
essential for accurate perfusion quantification.

Quantitative ASL‑MRI in highly perfused 
organs in the body

In this section, we have summarized potential clinical appli-
cations, challenges, and state-of-the-art ASL methods to 
quantify perfusion in some of the highly perfused organs in 
the thorax (lungs), abdomen (kidneys, liver, pancreas), and 
pelvis (placenta) of the human body. Table 1 summarizes the 
ASL applications in the body, including common readouts, 
disease focus, technical challenges, and literature footprint.

Lungs

Clinical applications

The lungs play a critical role in the delivery of oxygen and 
removal of carbon dioxide, and the perfusion is essential for 
this function. Lung is distinct from other organs since the 
lung perfusion is achieved through deoxygenated blood from 

Table 1   ASL applications in the body

*Number of published articles found in PubMed

Anatomy of interest Common readout Disease focus Technical challenges Literature 
footprint*

Interna-
tional 
consensus

Lungs SShTSE or bSSFP Pulmonary embolism, obstructive 
pulmonary disease, pulmonary 
hypertension, emphysema, 
interstitial lung disease, and cystic 
fibrosis

• B0 inhomogeneities caused by 
air/tissue interfaces

• Highly pulsatile blood flow
• Complex anatomy
• Low SNR due to low proton 

density
• Cardiac and respiratory motion

 < 65 No

Kidneys SE-EPI, SShTSE, 3D 
TSE or 3D GraSE

Chronic kidney disease, acute 
kidney injury, diabetes, hyperten-
sion, lupus nephritis, renovascular 
disease, renal transplants, and 
renal cancer

• B0 and B1 inhomogeneities 
caused by the proximity to the 
lungs

• Respiratory motion
• Measurement of perfusion in 

the medulla is challenging due 
to lower flow and longer arterial 
transit times compared to the 
cortex

 > 250 Yes [43]

Liver EPI Cirrhosis, portal hypertension, and 
monitoring the response to liver 
tumor treatments

• Respiratory motion
• Dual blood supply: 70–75% from 

the portal vein and 25–30% from 
the hepatic artery

 < 30 No

Pancreas bSSFP or SShTSE Diabetes, chronic pancreatitis, and 
pancreatic cancer

• B0 inhomogeneities caused by 
large air pockets in the surround-
ing bowels

• Peristaltic and respiratory motion
• Multiple blood supply
• Short T1

 < 10 No

Placenta SShTSE or 3D GraSE Chronic hypertension, and in 
pregnancies with congenital heart 
disease

• Multiple arterial blood supply
• Complex anatomy
• B1 and B0 inhomogeneities 

caused by the amniotic fluid

 < 20 No
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the right ventricle of the heart. ASL can measure quantita-
tive perfusion without the need for exogenous contrast agent 
and also avoids ionizing radiation compared to existing lung 
perfusion imaging methods, such as planar scintigraphy and 
contrast-enhanced computed tomography. This is particu-
larly advantageous for longitudinal monitoring, especially in 
younger and pediatric patients. ASL measured perfusion in 
lungs is an emerging area of research with potential clinical 
implications in various lung conditions including pulmonary 
embolism (PE), chronic obstructive pulmonary disease, pul-
monary hypertension, emphysema, interstitial lung disease, 
and cystic fibrosis.

Challenges

ASL perfusion imaging in the lungs is exceptionally chal-
lenging due to multiple factors. The air/tissue interfaces in 
the lungs cause high B0 field inhomogeneities impacting 
the labeling efficiency and susceptibility-induced signal loss, 
especially with SE-EPI and bSSFP acquisitions. The highly 
pulsatile blood flow in the pulmonary arteries combined 
with the complex anatomy makes it difficult for achieving 
high labeling efficiency. Further, the low proton density of 
the lungs coupled with cardiac and respiratory motion con-
tributes to low SNR.

Methodological state‑of‑the‑art

Lung ASL perfusion imaging is still a predominantly 
research focused area. Due to the aforementioned challenges, 
most lung ASL studies have been performed at 1.5 T or 
lower field strengths using FAIR labeling [49] and SShTSE 
readout [50]. The higher sensitivity to cardiac motion neces-
sitates the use of cardiac gating for data acquisition, espe-
cially with SShTSE sequences [51]. The implementation 
of BGS has enabled multi-slice acquisitions during free 

breathing using FAIR to cover the entire lungs in <5 min 
of acquisition time with demonstrated clinical utility in 
PE [52]. Recent technical advancements have also made it 
possible to use pCASL labeling of right or left pulmonary 
arteries and the measurement of lung perfusion using either 
SShTSE (Fig. 3) [51] or bSSFP acquisitions [53, 54].

Kidneys

Clinical applications

Assessment of kidney function is critical for effective man-
agement in clinical care, and glomerular filtration rate (GFR) 
is considered the gold standard measurement [55]. However, 
GFR provides a global measure of the kidney function and is 
suboptimal to detect local lesions or dysfunction as observed 
in tumors, ischemia, or sepsis. Many kidney diseases includ-
ing chronic kidney disease (CKD) and acute kidney injury 
(AKI), involve impaired kidney function and hence are often 
contraindicated for use of GBCAs due to potential risks [56]. 
Therefore, ASL measured non-contrast perfusion serves as 
a safe and reliable alternative method for the assessment 
of kidney function. Renal ASL has been applied across a 
variety of kidney diseases including CKD, AKI, diabetes, 
hypertension, lupus nephritis, renovascular disease, renal 
transplants, and renal cancer [57].

Challenges

Several factors pose risk for successful ASL measurements 
in the kidneys, which include B0 and B1 field inhomoge-
neities, along with motion. Motion is a common challenge 
across all labeling strategies; however, B0 and B1 field inho-
mogeneities are particularly problematic for pCASL due to 
the proximity of labeling to the lungs [58, 59]. While 3D 
pCASL has the potential to achieve whole-kidney coverage, 

Fig. 3   Individual dynamics of 
perfusion-weighted lung ASL 
images acquired in a volunteer 
using cardiac-triggered pCASL 
labeling of right pulmonary 
artery and BGS (top row) and 
the corresponding perfusion-
weighted images acquired 
using FAIR (bottom row). The 
quantified perfusion maps from 
the three signal averages show 
similar values between the two 
labeling schemes, with each 
approach acquired in an 18 s 
breathhold.  Reproduced from 
ref. [51] with permission from 
Elsevier
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it suffers from reduced labeling efficiency leading to lower 
SNR or complete signal loss in some cases [60]. On the 
other hand, labeling with FAIR is more robust but is often 
restricted to 2D images due to the inclusion of aorta only in 
the label image but not in the control image. This constrains 
the labeling slab coverage and thus the field-of-view cover-
age in the slice orientation (Fig. 4). An additional challenge 
is the reliable measurement of perfusion in the medulla as it 
exhibits lower flow and longer transit times compared to the 
renal cortex. This results in both reduced SNR and partial 
volume contamination with the cortical perfusion signal.

Methodological state‑of‑the‑art

Outside of brain, the majority of ASL development has been 
focused on kidney imaging given its higher perfusion. Based 
on the recommendations of PARENCHIMA [61], both FAIR 
and pCASL are considered optimal labeling strategies for the 
assessment of kidney perfusion [43]. SE-EPI and SShTSE 
acquisitions are commonly used, often with multiple signal 
averages and with BGS to achieve sufficient SNR (Fig. 4). 

While substantial progress has been made in achieving volu-
metric coverage of whole kidneys, 3D ASL of kidneys is 
still a challenging endeavor. Current methods are matured 
to measure renal cortical perfusion, and further research is 
needed to improve the measurement of medullary perfusion 
with greater confidence.

Liver

Clinical applications

The liver is a vital abdominal organ involved in various met-
abolic functions. Abnormal blood flow in the liver has been 
observed in a wide spectrum of hepatic diseases including 
cirrhosis, hepatocellular carcinoma, hemangiomas, meta-
static disease, liver transplantation, and cholangiocarcinoma 
[62]. While contrast-enhanced imaging methods can reli-
ably detect perfusion abnormalities in the liver, they are 
often contraindicated in patients with kidney dysfunction, 
a common comorbid condition seen in advanced liver dis-
eases [63]. ASL offers a promising alternative for assessing 

Fig. 4   Top row (A) FAIR labeling scheme for kidneys. In the control 
scheme, the inversion pulse (purple slab) is applied in the imaging 
region (orange slab) without overlapping the aorta (indicated by red 
arrow) in the axial plane; for the label scheme a non-selective inver-
sion pulse is applied. Given the proximity of the aorta to kidneys, 
full coverage is challenging to achieve with FAIR. Bottom left (B) 
pCASL labeling scheme for kidneys. The labeling plane (purple) is 

applied axially across the abdominal aorta for both control and label 
schemes and the imaging slab (orange) can cover the entire kidneys. 
Bottom right (C) examples of perfusion-weighted images (PWI) and 
quantitative renal blood flow (RBF) maps acquired in a healthy vol-
unteer using FAIR (top) and pCASL (bottom). The PWI and RBF 
maps were reproduced from the open source article Nery F et. al. [43] 
under the Creative Commons CC BY license
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liver perfusion and has shown initial feasibility in evaluating 
conditions, such as cirrhosis [64], portal hypertension [65], 
and monitoring the response to liver tumor treatments [66].

Challenges

Liver has a remarkable dual blood supply with 70–75% from 
the portal vein and the remaining 25–30% from the hepatic 
artery [67]. This creates a challenge for ASL in positioning 
the labeling planes to independently assess the contributions 
from portal vein and the hepatic artery (Fig. 5, top left) [68]. 
Alternative methods include combining FAIR and pCASL 
(Fig. 5, top middle), or careful placement of the pCASL 
labeling plane covering both portal vein and hepatic artery 
(Fig. 5, top right) can generate global liver perfusion images 
[69, 70]. However, the placement of the labeling plane is 
sensitive to breathing motion, which is a major source of 
artifacts in liver ASL imaging.

Methodological state‑of‑the‑art

The majority of liver ASL studies were performed using 
FAIR labeling to circumvent the challenges associated 

with dual blood supply. pCASL labeling with multiple 
PLDs have also been successfully used to measure liver 
perfusion along with blood transit times within clinically 
feasible scan times [71]. Ongoing efforts have focused on 
developing free-breathing protocols and incorporating vari-
ous motion correction algorithms. For example, a promis-
ing motion-compensation technique using 2D-EPI naviga-
tors has been implemented in a 3D pCASL sequence [69]. 
Despite these developments, liver ASL imaging remains 
primarily a research tool and is not yet widely adopted in 
clinical practice.

Pancreas

Clinical applications

Pancreas plays a critical role in producing hormones that 
are responsible for regulating blood sugar levels (endocrine 
system) as well as enzymes that are implicated in maintain-
ing digestive functions (exocrine system). Hence, measuring 
pancreatic perfusion can be highly valuable in various condi-
tions, such as diabetes, chronic pancreatitis, and pancreatic 
cancer. Few research groups have used ASL to study the 

Fig. 5   Top row: Liver labeling schemes. Left: pCASL labeling 
scheme with two labeling planes to independently label the aorta 
and the portal vein. Middle: Combined PASL and pCASL scheme 
to selectively label the portal vein and the aorta, respectively. Right: 
pCASL scheme with careful placement of labeling plane to label 
both the hepatic artery and the portal vein. Bottom row: Liver proton 

density-weighted image (PD), perfusion-weighted image (PWI), and 
hepatic blood flow (HBF) map acquired with a pCASL-EPI sequence 
with BGS at 3 T. Figure in the bottom row was reproduced from ref. 
[17] with permission from John Wiley & Sons with some modifica-
tions
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pancreatic blood flow by modulating with either intravenous 
secretin to stimulate endocrine secretions [72] or glucose to 
stimulate exocrine secretions [73] and observed increased 
perfusion in response to the modulators. Given that the 
applications of ASL in the pancreas are nascent, there are 
only limited studies in the literature demonstrating the clini-
cal applications.

Challenges

The major challenges associated with pancreatic ASL imag-
ing are the presence of large air pockets in the surround-
ing bowels, which lead to strong B0 field inhomogeneities. 
Additionally, peristaltic and respiratory motion can further 
complicate ASL imaging. Further, the arterial supply to dif-
ferent parts of the pancreas (head, body, and tail) originates 
from different branches of superior mesenteric artery and 
splenic artery, making it challenging to assess perfusion in 
different regions of the pancreas. Moreover, the T1 relaxa-
tion times of pancreas are relatively short (584 ms at 1.5 T 
and 725 ms at 3 T) [74] and results in rapid signal decay 
during ASL experiment leading to reduced SNR.

Methodological state‑of‑the‑art

Early studies in pancreatic ASL perfusion measurements 
were demonstrated using FAIR labeling and bSSFP acqui-
sition in healthy volunteers at 1.5 T [75]. More recent work 
has used pCASL labeling with BGS and SShTSE readout 
to achieve pancreatic perfusion at 3 T due to its longer T1 
(Fig. 6) [73]. Nevertheless, additional development and opti-
mization are warranted for routine use of ASL for the assess-
ment of pancreatic perfusion.

Placenta

Clinical applications

The placenta is a temporary organ formed in the uterus dur-
ing pregnancy, with key functions including the supply of 
oxygen and nutrients to the developing fetus, waste elimina-
tion, and support placental–fetal immunological functions. 
Conditions such as chronic hypertension that leads to intrau-
terine growth restriction and pre-eclampsia are associated 
with decreased placental perfusion [76]. Since the admin-
istration of GBCAs is contraindicated in pregnancy [77], 
ASL provides the non-contrast alternative imaging method 
to measure placental perfusion in vivo. ASL measured 

Fig. 6   Top row: Labeling geometry for pCASL and FAIR pancreatic 
perfusion imaging. Bottom row: Illustration of a dataset with anatom-
ical, perfusion-weighted image, and pancreatic blood flow map in a 

healthy volunteer acquired using a pCASL-SShTSE sequence at 3 T.  
Reproduced from ref. [17] with permission from John Wiley & Sons
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placental perfusion has been successfully demonstrated in 
healthy pregnancies [78], pregnancies impacted by chronic 
hypertension [79], and in pregnancies with congenital heart 
disease [80]. ASL offers a promising technique to assess 
placenta perfusion, helping to identify and address fetal 
development issues caused by inadequate blood supply.

Challenges

One of the major challenges in placental ASL is determin-
ing optimal labeling regions. On the maternal side, placenta 
receives blood flow from the descending aorta, internal iliac 
arteries, and uterine arteries. These arterial pathways are 
complex and makes it challenging for selective labeling. 
Furthermore, the shape and the location of the placenta also 
vary substantially across individuals, further complicating 
the labeling strategies. The presence of amniotic fluid further 
adds to the challenges by increasing both B1 and B0 field 
inhomogeneities, reducing the labeling efficiency and caus-
ing susceptibility-induced signal loss.

Methodological state‑of‑the‑art

The initial demonstration of placental perfusion using ASL 
dates back two decades, using FAIR labeling and Look-
Locker imaging on a single slice at 0.5 T [12]. The launch 
of Human Placenta Project (HPP) by the National Institute 
of Child Health and Human Development [81] has renewed 
interest in multiple placental ASL studies using advanced 
labeling strategies. Due to the complexities of placental 

vascular anatomy, pCASL labeling was performed at the 
descending aorta often above the aortic bifurcation to label 
all feeding vessels to the placenta [82]. This necessitates 
longer labeling and PLDs due to increased distance of the 
placenta from the labeling plane. Nevertheless, several stud-
ies have reported successful pCASL labeling for the assess-
ment of placental perfusion (Fig. 7). VS-ASL addresses the 
challenges associated with selective labeling and has been 
successfully applied in normal pregnancies and pregnancies 
complicated by congenital heart disease [83].

Future directions

ASL perfusion imaging for body applications has made 
significant progress since its original development in early 
1990s. While a substantial portion of ASL perfusion imaging 
research outside of the brain has focused on kidney perfusion, 
the quality of kidney ASL images can still vary among dif-
ferent research groups. Similar variations were also observed 
in cerebral perfusion during the early development, until the 
ASL community came together to collaborate and establish 
a consensus recommendation for brain ASL [33]. Similar 
efforts to standardize kidney ASL have been made through 
the PARENCHIMA consortium and resulted in guidelines for 
kidney ASL [43]. However, due to the technical challenges and 
variations among different implementations, further work is 
needed to improve the robustness of ASL for kidneys as well 
as for other body applications. It is worth noting that ASL 
has also been evaluated in several other clinically important 

Fig. 7   T2-weighted images 
(left) and ASL perfusion map 
(right) acquired at the same 
imaging slice in a normal preg-
nant subject shown at 16 week 
(top row) and 28 week (bottom 
row) gestational ages (GA) 
respectively. The white dotted 
line outlines the placenta, drawn 
on the T2-weighted image 
and copied over to perfusion 
map. The arrows represent the 
vascular signal in the femoral 
arteries. The residual signal out-
side the placenta, particularly at 
28 week gestational age, shows 
variations in the background 
signal. The placental blood 
flow at visit 1 (top row) was 
140 ± 152 mL/100 g/min and 
at visit 2 (bottom row) was 
70 ± 45 mL/100 g/min in this 
normal subject.  Reproduced 
from ref. [79] with permission 
from Springer Nature
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regions within the body including heart [84], spleen [85], pros-
tate [86], and reproductive organs [87]. The emergence of arti-
ficial intelligence and machine learning holds great promise 
for improving the image quality of ASL perfusion imaging and 
enhancing the accuracy of perfusion quantification in various 
body regions [16]. Additional efforts are also being pursued to 
improve the accuracy of ASL blood flow quantification using 
new labeling strategies such as DiSpect [88] and novel quan-
tification methods such as Quantitative Transport Mapping 
(QTM) [89]. These advanced techniques may play a significant 
role in propelling the field of ASL and expanding its clinical 
applications.

Moreover, advanced methods, such as diffusion-weighted 
ASL (DW-ASL) [90] and MR-Fingerprinting (MRF-ASL) 
[91], have the potential to estimate additional hemodynamic 
parameters accounting for microstructural characteristics. For 
example, DW-ASL has been previously used in the brain to 
estimate capillary permeability [92, 93]. Interestingly, this 
technique has been extended to kidneys for successful meas-
urement of the glomerular blood transfer rate [94]. While some 
of these advanced ASL variants may not have been extensively 
explored outside the brain or validated in the existing body of 
literature, their applications look promising and can leverage 
the applicability of ASL in other organs and in the clinical 
setting.

Conclusion

ASL has evolved as a powerful tool for quantitative non-
contrast perfusion imaging across multiple organs, offering 
insights into physiological and pathological processes. The 
non-invasiveness and quantitative nature of ASL makes it an 
attractive tool for clinical research and patient care. Continued 
advancements in ASL technology and its clinical translation 
hold promise for its broader integration into routine clinical 
practice, revolutionizing the diagnosis and management of 
various diseases.
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