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ARTICLE INFO ABSTRACT

Background: 3D pseudocontinuous arterial spin labeling (pCASL) with a single post-labeling delay time is
commonly used to measure cerebral blood flow (CBF). Multi-phase pCASL has been developed to simultaneously
estimate CBF and arterial transit time (ATT).

Purpose: To evaluate the clinical feasibility of multi-phase 3D pCASL in pediatric patients, and to compare the
estimation of ATT and CBF via linear weighted-delay and traditional non-linear iterative curve-fitting routines.
Material & methods: Forty patients (average age: 8.6y, 5d-22.4y) referred for routine brain MRI underwent
additional 5-7 min of pCASL scans at 3T using 5 PLDs between 300 and 2300 ms. Data were post-processed by
two algorithms for estimating CBF and ATT. Average CBF and ATT values were computed for vascular territories
including the anterior, middle and posterior cerebral arteries as well as regions based on the Alberta Stroke
Program Early CT Score template. Pearson correlation coefficients and linear regression were used for statistical
analysis. The clinical value of multi-phase CASL was evaluated by a neuroradiologist based on asymmetric CBF
and ATT maps in patients.

Results: All pCASL scans were successfully completed, generating diagnostic results. CBF computed from
weighted-delay and curve-fitting methods agreed strongly, with Pearson correlation coefficients ranging from
0.97-0.99 across the measured regions (p < 0.05). Correlation coefficients for ATT ranged from 0.87-0.96
(p < 0.05). CBF and ATT maps were found to add valuable information to clinical diagnosis in 17 of 40 pe-
diatric patients.

Conclusion: Our preliminary results demonstrate the feasibility and potential clinical utility of multi-phase
PCASL for simultaneous CBF and ATT quantification in pediatric patients.
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1. Introduction

The use of arterial spin labeling (ASL) MRI to quantify tissue per-
fusion (in units of ml/100 g/min) has become increasingly popular over
the past decade [1-9], as ASL facilitates non-invasive and repeatable
examinations without the use of contrast agents. In a recent consensus
paper endorsed by the International Society for Magnetic Resonance in
Medicine and the European consortium for ASL in dementia, the use of
a background suppressed 3D pulse sequence in conjunction with a
pseudocontinuous ASL (pCASL) strategy has been recommended as the
standard approach for clinical ASL applications [10]. ASL is particularly
suitable for measuring cerebral blood flow (CBF) in children since no

exogenous contrast agent is required and the signal-to-noise ratio of
pediatric ASL is known to be higher in children than that in adults due
to increased blood flow (except in newborns) and brain water. A
growing number of studies have applied ASL to measure CBF in pe-
diatric populations, including Moyamoya patients [11] and in patients
with sickle cell anemia [12]. Additionally, ASL has been used to es-
tablish normative values during growth and development [13-15].

In the typical implementation of pCASL MRI, a single post-labeling-
delay (PLD) is used. The PLD signifies the time between the labeling of
blood by radiofrequency (RF) pulses, typically at the level of the carotid
arteries, and the time when 3D data acquisition starts at the imaging
volume. In the consensus paper by Alsop et al., a PLD of 2000 ms is
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Table 1

Summary of pertinent multi-delay pCASL pulse sequence parameters.
Parameter Setting
Acquired orientation Axial
Base sequence 3D GRASE
In-plane voxel size (mm) 2.5
Field-of-view (mm) 240
Matrix size 96-112
Number of slices in acquisition 30-40
Slice thickness (mm) 3-4
Slice oversampling 10%
Repetition time TR (msec) 4100
Echo time TE (msec) 36
Fat suppression Frequency-selective
Partial echo/ None

partial Fourier

Bandwidth/pixel (Hz) 2480
EPI factor/turbo factor 63/4
Label bolus duration (ms) 1500
Label offset (mm) 75 for infants; 90 otherwise
Parallel imaging None
Post labeling delays (PLD) (ms) 300, 800, 1300, 1800, 2300
Number of signal averages 3 per PLD
Number of label/control pairs 16
Scan time for given parameters (min) 5-7
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recommended for neonates, 1500 ms for children, and 1800 ms for
adults [10]. One limitation of the single-PLD pCASL exam is the po-
tential appearance of low signal regions more distal to each perfusion
territory. The low signal can be ambiguous, reflecting either low CBF or
alternatively a prolonged arterial-transit-time (ATT) to that region from
the RF labeling plane. Similarly, a single-PLD approach may be in-
adequate in capturing CBF in patients with asymmetric flow where one
region or side of the brain has significantly different ATT than the rest
or other side of the brain.

To overcome this limitation, multi-phase or multi-delay ASL
methods have recently been introduced and are becoming increasingly
used in clinical settings [16-20]. With data from multiple PLDs, the
technique can provide simultaneously an ATT-corrected CBF map as
well as a quantitative map of ATT. The product of CBF and ATT is ar-
terial cerebral volume, or aCBV. Multi-phase ASL has been successful
demonstrated in Moyamoya disease [21], and a recent study by Wang,
et al. showed significant associations between ASL-derived CBF, arterial
cerebral blood volume (CBV), ATT parameters and CT perfusion mea-
surements of CBF, CBV, and mean transit time (MTT) [22]. Another
study by Wang, et al. compared multi-delay ASL results with values
derived from dynamic susceptibility contrast (DSC) MRI in acute is-
chemic stroke patients, showing statistically significant correlations
between perfusion parameters by ASL and DSC [23]. Lou, et al. has

ml/100g/min sec

100. 2

50 1

0 0

Fig. 1. Exemplary data from a 17 y female patient with a history of stroke. There are two perfusion deficits in the posterior right frontal lobe, which corresponds to
foci of cystic encephalomalacia (arrows). Left top panel shows individual PLD data for two slices (from top to bottom: PLD = 500 ms + 500 ms increments).
Remainder of figure shows the flow chart of how a weighted-delay routine (dashed arrow path) and an iterative curve fitting routine (solid arrow path) are used to
generate CBF and ATT maps. CBF and ATT are shown using the same colorbar, but from 0 to 100 ml/100 g/min or 0-2s, respectively. The weighted-delay is
computed from the individual PLD data and is also in units of time (sec), shown on the same color scale as the ATT map. In the weighted-delay approach, individual
CBFs are also computed for each PLD, and the final CBF is the group mean of the five estimated CBFs at each of the five PLDs (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.).
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A summary of Pearson correlation coefficients (r*) for regional CBF between linear weighted-delay mapping and non-linear iterative fitting
computations. For each entry, slope (m) and intercept (b) are provided. Also provided in brackets are the 95% confidence intervals of the slope
(m) and the intercept (b). Confidence intervals (CIs) that contain 1 for slope and 0 for intercept are italicized. All correlations were statistically

significant with p < 0.05.

Perfusion territory

Left brain
r’/m/b
[m: 95% CI], [b: 95% CI]

Right brain
r’/m/b
[m: 95% CII, [b: 95% CI]

Anterior cerebral artery
Anterior choroidal artery
Posterior cerebral artery
Middle cerebral artery
Posterior communicating artery
Insula

Caudate nucleus

Lentiform nucleus

Internal capsule

0.99/0.94/1.49

[m: 0.90, 0.97], [b: 0.10, 2.85]
0.99/0.94/1.48

[m: 0.91, 0.98], [b: 0.39, 2.55]
0.98/0.96/1.51

[m: 0.92, 1.01, [b: —0.01, 3.04]
0.99/0.91/2.27

[m: 0.87, 0.94], [b: 1.05, 3.48]
0.98/0.95/1.10

[m: 0.91, 0.99], [b: —0.18, 2.37]
0.98/0.91/2.12

[m: 0.87, 0.96], [b: 0.36, 3.88]
0.98/0.91/1.42

[m: 0.87, 0.96], [b: —0.14, 2.99]
0.97/0.88/2.98

[m: 0.83, 0.92], [b: 1.18, 4.78]
0.97/0.86/2.81

[m: 0.80, 0.911, [b: 1.07, 4.55]

0.99/0.94/1.64

[m: 0.90, 0.97], [b: 0.36, 2.92]
0.99/0.94/1.72

[m: 0.91, 0.98], [b: 0.68, 2.77]
0.99/0.95/1.76

[m: 0.91, 0.98], [b: 0.42, 3.10]
0.98/0.89/2.26

[m: 0.85, 0.94], [b: 0.74, 3.78]
0.99/0.97/0.86

[m: 0.93, 1.00], [b: —0.19, 2.0]
0.98/0.88/2.99

[m: 0.84, 0.93], [b: 0.95, 5.03]
0.97/0.90/2.11

[m: 0.85, 0.95], [b: 0.52, 3.70]
0.98/0.89/2.84

[m: 0.85, 0.93], [b: 1.42, 4.27]
0.98/0.90/2.08

[m: 0.85, 0.94], [b: 0.57, 3.58]

M1 0.99/0.96/1.37 0.98/0.95/1.75
[m: 0.92, 1.0], [b: —0.1, 2.83] [m: 0.90, 0.99], [b: 0.02, 3.47]

M2 0.99/0.92/2.16 0.98/0.90/2.61
[m: 0.89, 0.95], [b: 0.68, 3.63] [m: 0.87, 0.94], [b: 0.85, 4.38]

M3 0.99/0.96/1.13 0.99/0.94/1.87
[m: 0.92, 1.0], [b: —0.50, 2.76] [m: 0.90, 0.96], [b: 0.20, 3.54]

M4 0.98/0.98/1.15 0.99/0.99/1.01
[m: 0.93, 1.03], [b: —0.68, 2.99] [m: 0.94, 1.03], [b: —0.61, 2.63]

M5 0.98/0.97/1.28 0.98/0.96/1.25
[m: 0.92, 1.01], [b: —0.40, 2.97] [m: 0.92, 1.00], [b: —0.36, 2.86]

M6 0.99/1.01/0.20 0.99/0.99/0.69

[m: 0.97, 1.04], [b: —1.25, 1.64]

[m: 0.95, 1.03], [b: —0.80, 2.18]

applied multi-phase ASL to identify leptomeningeal collateral perfusion
in stroke patients [24], while Chen G, et al. recently reported using this
technique to study patterns of postictal cerebral perfusion in patients
with idiopathic generalized epilepsy [25]. In a recent study by Choi,
et al., the investigators demonstrated the clinical utility of multi-phase
ASL in predicting cerebrovascular reserve [26], while MacIntosh, et al.
has investigated the influence of remifentanil on CBF and ATT [27].

The primary purpose of this work was to demonstrate the feasibility
of concurrent measurements of CBF and ATT in pediatric patients un-
dergoing clinical 3T MRI exams at our tertiary pediatric referral hos-
pital. A secondary purpose of this study was to compare two post-
processing algorithms for estimating CBF and ATT using a linear
weighted-delay approach and a nonlinear iterative least-squares curve-
fitting approach from multi-delay 3D pCASL data. Such a comparison of
CBF and ATT estimations has not been previously reported.

2. Material and methods
This HIPAA-compliant MRI study was approved by our institution's

research and ethics board as a minimum-risk quality improvement
project. Informed consent of parents and assent by child subjects (if
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applicable) were obtained to add the multi-phase 3D pCASL sequence to
a standard-of-care morphological brain MRI exam, which included
conventional T1, T2, fluid-attenuated T2, and diffusion weighted ima-
ging. Data from 40 patients (18 boys, 24 girls, age range:
5 days—22.4 years, average age: 8.6 years) were included in this study
from July 2017 to April 2018. All patients were referred for a standard
brain MRI for clinically indicated reasons. Seventeen patients received
general anesthesia following institutional protocol. Of the 40 patients,
13 were referred for tumor assessment, 6 for vascular related issues
including arteriovenous malformations, stroke, vasculitis, and venous
thrombosis, and 5 for hypoxic ischemic encephalopathy and premature
birth. The remainder included referrals for headaches from unknown
sources, sickle cell anemia, neurofibromatosis type 2, deafness and
tinnitus, hemiparesis, esotropia, seizures, and preseptal cellulitis/da-
cryocystitis. Data from 37 cases were acquired on a 3 Tesla Siemens
Prisma® scanner (software version VE11C, Siemens Medical Solutions,
Erlangen, Germany), using a 64-channel head coil array. Three cases of
data were acquired on a 3 Tesla Siemens Skyra® platform. Patients were
in a standard supine position with head-first entry into the magnet bore.
Imaging parameters for the multi-delay pCASL 3D Gradient and Spin
Echo (GRASE) pulse sequence are summarized in Table 1, and are
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A summary of Pearson correlation coefficients (r?) for regional ATT between linear weighted-delay mapping and non-linear iterative fitting
computations. For each entry, slope (m) and intercept (b) are provided. Also provided in brackets are the 95% confidence intervals of the slope
(m) and the intercept (b). Confidence intervals (CIs) that contain 1 for slope and 0 for intercept are italicized. All correlations were statistically

significant with p < 0.05.

Perfusion territory

Left brain
r*/m/b
[m: 95% CI], [b: 95% CI]

Right brain
r*/m/b
[m: 95% CI], [b: 95% CI]

Anterior cerebral artery
Anterior choroidal artery
Posterior cerebral artery
Middle cerebral artery
Posterior communicating artery
Insula

Caudate nucleus
Lentiform nucleus
Internal capsule

M1

M2

M3

M4

M5

M6

0.92/1.01/0.09

[m: 0.91, 1.11], [b: 0.02, 0.16]
0.93/1.02/0.09

[m: 0.93, 1.11], [b: 0.02, 1.56]
0.90/1.01/0.07

[m: 0.90, 1.11], [b: —0.02, 0.16]
0.99/0.91/2.27

[m: 0.87, 0.94], [b: 1.05, 3.48]
0.95/1.03/0.07

[m: 0.96, 1.11], [b: 0.01, 0.13]
0.93/1.04/0.10

[m: 0.94, 1.13], [b: 0.04, 0.16]
0.88/0.97/0.12

[m: 0.85, 1.08], [b: 0.03, 0.21]
0.87/1.02/0.09

[m: 0.90, 1.15], [b: 0.00, 0.17]
0.89/1.04/0.06

[m: 0.95, 1.16], [b: —0.02, 0.15]
0.90/0.98/0.10

[m: 0.88, 1.09], [b: 0.02, 0.18]
0.93/1.02/0.08

[m: 0.94, 1.11], [b: 0.02, 0.14]
0.93/0.96/0.10

[m: 0.87, 1.04], [b: 0.03, 0.17]
0.96/1.08/0.02

[m: 1.01, 1.15], [b: —0.04, 0.08]
0.95/1.05/0.05

[m: 0.98, 1.12], [b: —0.01, 0.12]
0.96/0.97/0.10

[m: 0.91, 1.03], [b: 0.04, 1.55]

0.95/1.03/0.08

[m: 0.95, 1.11], [b: 0.02, 0.14]
0.93/1.05/0.07

[m: 0.96, 1.14], [b: —0.01, 0.14]
0.90/1.03/0.05

[m: 0.92, 1.13], [b: —0.04, 0.14]
0.98/0.89/2.26

[m: 0.85, 0.94], [b: 0.74, 3.78]
0.93/1.04/0.07

[m: 0.94, 1.13], [b: —0.00, 0.14]
0.92/1.02/0.11

[m: 0.92, 1.12], [b: 0.05, 0.17]
0.91/1.03/0.09

[m: 0.92, 1.13], [b: 0.01, 0.17]
0.90/1.04/0.08

[m: 0.93, 1.15], [b: 0.01, 0.15]
0.90/1.00/0.10

[m: 0.90, 1.11], [b: 0.02, 0.18]
0.93/1.02/0.07

[m: 0.93, 1.11], [b: 0.01, 0.14]
0.93/1.02/0.07

[m: 0.94, 1.11], [b: 0.01, 0.14]
0.90/0.98/0.08

[m: 0.88, 1.08], [b: —0.01, 0.17]
0.96/1.09/0.02

[m: 1.02, 1.16], [b: —0.03, 0.08]
0.96/1.07/0.03

[m: 1.00, 1.14], [b: —0.03, 0.08]
0.96/1.01/0.06

[m: 0.94, 1.08], [b: —0.01, 0.12]

similar to previous literature descriptions [23]. An image set (without
RF labeling) was also acquired. The sequence was acquired prior to
Gadolinium contrast administration.

Post-processing of the multi-phase 3D GRASE pCASL data was
performed offline using a Java-based software package called CereFlow
(Translational MRI, LLC, Los Angeles, CA). First, label and control
paired ASL images were corrected for motion and physiological noise
using principal component analysis [28]. Subsequently, pairwise sub-
traction between label and control images was performed, followed by
averaging to generate the mean difference data set for each of the five
PLDs. Two algorithms were then employed to quantitatively compute
the CBF and the ATT. The first is a standard nonlinear iterative curve-
fitting approach based on the classic single-compartment perfusion
model [10,29-31]. The second approach is a linear method using a
weighted-delay approach that leverages a monotonic function between
the weighted-delay and the ATT [22,23,32]. Fig. 1 provides a simplified
schematic of the two algorithms.

The computed CBF and ATT maps from both iterative and linear
weighted-delay approaches were then normalized into a canonical
space of the Montreal Neurological Institute template for children
3 years of age and above using the normalization function implemented
in SimpleITK (http://www.simpleitk.org/). For subjects below 3 years
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of age, the CBF and ATT maps were normalized into the University of
North Carolina “0-1-2 infant atlas” (https://www.nitrc.org/projects/
pediatricatlas) based on their respective age. Once normalized, an ad-
ditional template of cerebral vascular territories was applied to extract
the average CBF and ATT values in the following regions: leptome-
ningeal and perforating anterior cerebral artery, leptomeningeal and
perforating middle cerebral artery, posterior cerebral artery, anterior
choroidal artery and posterior communicating artery on both hemi-
spheres respectively [23]. Furthermore, the Alberta Stroke Program
Early CT Score system was applied to extract average CBF and ATT
values in M1-M6 perfusion territories, the caudate nucleus, the lenti-
form nucleus, and the internal capsule [33,34]. All post-processing
steps were performed on a personal computer operating with a 3.6 GHz
processor and 24 GB of memory.

The STATA statistical software package (Version 13, College
Station, Texas) was used to perform linear regression and compare CBF
and ATT measurements between the two estimation methods. A p-value
of 0.05 was chosen to reflect statistical significance. Finally, a pediatric
neuroradiologist with over 25years of clinical experience retro-
spectively reviewed all ASL data along with conventional MRI data to
determine in which cases the CBF and ATT information provided added
diagnostic value.


http://www.simpleitk.org
https://www.nitrc.org/projects/pediatricatlas
https://www.nitrc.org/projects/pediatricatlas
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Fig. 2. Representative correlation plots of anterior cerebral artery, the middle cerebral artery, and the posterior cerebral artery perfusion regions for CBF (top) and
ATT (bottom). Data from both left and right hemispheres are plotted together. Iterative fitting results plotted on x-axis, weighted-delay results plotted on y-axis.

3. Results

CBF and ATT maps were successfully reconstructed in all cases and
were deemed of diagnostic quality based on review by a neuroradiol-
ogist. Average reconstruction time for the iterative curve-fitting ap-
proach was 3.2min, in comparison to the weighted-delay method,
which averaged 3.4 min, for each data set. Table 2 provides a summary
of linear regression results between weighted-delay and curve-fitting
estimates of CBF. Data is presented for the entire patient cohort, but
separated based on left and right brain hemispheres as well as perfusion
territories. ATT results are similarly presented in Table 3. In each table,
the correlation coefficient, the regression line slope, and the regression
line intercept, are presented. A perfect correlation between the esti-
mates would yield a coefficient of 1, a slope of 1, and an intercept of 0.
In brackets, the 95% confidence interval of the slope and the intercept
are provided. Those entries that include 1.0 within the confidence in-
terval for slope and O within the confidence interval for intercept are
italicized. Overall, weighted-delay CBF measurements slightly under-
estimate those from iterative curve-fitting, with the greatest differences
(poorest correlations) seen in the lentiform nucleus and the internal
capsule. In contrast, weighted-delay ATT measurements in general
slightly overestimated those from curve-fitting. Fig. 2 shows
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representative correlation plots of CBF and ATT for a few of the mea-
sured vascular territories, while accompanying Fig. 3 shows the corre-
sponding Bland-Altman plots.

Figs. 4 through 7 subsequently illustrate representative examples
from the patient cohort. Of the 40 cases, the neuroradiologist found CBF
and ATT maps to be useful in providing additional diagnostic value in
17 patients. The quantitative ASL data highlighted asymmetric regional
CBF and ATT patterns in cases involving stroke, sickle cell anemia,
headaches, esotropia, photophobia, contusions, post-surgical venous
infarct, premature birth, hypoxic ischemic encephalopathy, septic
shocks, seizures, cerebral vasculitis, and hydrocephalus. In the re-
maining cases, the reviewing neuroradiologist noted normal appearing
and symmetric CBF and ATT results, which did not provide additional
diagnostic value beyond conventional morphological imaging.

4. Discussion

The primary goal of this work was to determine whether quantita-
tive multi-phase 3D pCASL could be clinically utilized in children at our
tertiary pediatric referral hospital. Our pilot study contributes knowl-
edge to the literature, as multi-phase ASL has not been routinely ap-
plied in pediatric patients who possess significant CBF and ATT
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Fig. 3. Bland-Altman plots of CBF (top) and ATT (bottom) corresponding to the data presented in Fig. 2. Plots shown in a similar format.

variations. In this preliminary series of cases, data from all patients
were successfully acquired, reconstructed, and presented to the re-
viewing neuroradiologist, and as a result, we are integrating multi-
phase 3D ASL into our routine brain MRI protocols. The secondary
purpose of this study was to compare estimations of CBF and ATT using
a linear weighted-delay approach against a benchmark iterative non-
linear curve-fitting technique. The former was originally proposed as an
alternative means of estimating ATT when a limited number of delay
times (< 5 PLDs) were used [22,23]. Our results herein suggest that
both weighted-delay and curve-fitting methods can be reliably applied
to pCASL data with 5 PLDs and yield comparable results in pediatric
patients. Additionally, the computational and processing speed of both
algorithms as implemented in the CereFlow software was comparable,
at around 3-4 min per data set, and was deemed adequately quick for
clinical workflow.

The optimal number of PLDs to employ in multi-phase ASL remains
an active area of research as it needs to balance CBF and ATT accuracy,
precision, and fidelity with scan time. In a recent study by van der
Thiel, et al., the investigators showed systematic differences in CBF
measurements between protocols using three versus seven PLDs [35]. In
the literature, studies have reported using a broad range in the number
of PLDs, from three in placental imaging [6], to four [22-25], six [18],
seven [26], nine [27], and sixteen [16] in brain applications. Currently,
there remains no consensus recommendation on the number of PLDs to

use. It is likely dependent on anatomy and specific applications, as well
as the underlying signal-to-noise ratio (SNR) of the underlying data and
the magnitude of the anticipated CBF and ATT values. Studies towards
standardization of application-specific multi-delay ASL protocols
should be a direction of future work. Studies employing < 5 PLDs have
used exclusively used the weighted-delay approach for CBF and ATT
estimation, while those employing > 5 PLDs typically use iterative
curve-fitting. In this work, we selected a protocol using five PLDs to
achieve a reasonable scan time of 5-7 min. In the present work focusing
on brain perfusion, we did not observe any major discrepancies or er-
rors between the computed CBF and ATT maps from both weighted-
delay or iterative curve-fitting algorithms. This is supported by the
correlation plots in Fig. 2, the Bland-Altman plots in Fig. 3, and the
linear regression statistics in Tables 2 and 3. The neuroradiologist on
the study who reviewed all of the data was able to gain diagnostic in-
formation from either results.

We note several limitations in this study. First, we did not compare
multi-phase ASL to dynamic susceptibility contrast MRI, the latter re-
quiring an administration of Gadolinium contrast agent. Additional
comparisons or sequences were not possible due to limited overall scan
time, our patient volume, and clinical MRI schedule. Second, we did not
involve a cohort of age- and gender-matched control subjects to com-
pare CBF and ATT across groups. Having normative age- and gender-
matched regional CBF and ATT values for comparison would have
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CBF ATT
ml/100g/min sec

70!2

35

0

Fig. 4. Representative results from 7.5 years old female. (A) Patient is diagnosed with a mass lesion centered in the medial aspect of the right thalamus (arrow in A),
as seen on FLAIR T2-weighted image. (B) CBF and (C) ATT from weighted-delay results. Note overall reduced CBF (global average is 31.8 + 16.5ml/100 g/min).
CBF and ATT are shown using the same colorbar, but from 0 to 70 m1/100 g/min or 0-2 s, respectively. Note asymmetric ATT, with delayed transit notably on the left
side (M4-MB6 territories) (open arrow) and the right M1 and caudate regions (arrow in C) (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.).

strengthened our work and provided clinical context into the various
regional hypoperfusion, hyperperfusion observed in our patient cohort.
Relatedly, we did not assess any patients longitudinally, and recognize
that multi-phase ASL may be particularly useful in highlighting regional
changes in CBF and ATT due to natural disease progression or ther-
apeutic intervention. Third, although our sample size is arguably small,
we do not feel that additional data will significantly alter the correla-
tions we observed in CBF and ATT estimation between weighted-delay
and curve-fitting routines. However, we acknowledge that additional
studies are needed to expand and identify potential clinical applications
of multi-phase ASL.

Fourth, arguably our current implementation of the imaging ac-
quisition is relatively long at 5-7 min for whole-brain coverage. While
most of our non-sedated patient cohort were able to cooperate and
minimize head motion during this time period, shorter scan times can
be had with additional data acceleration techniques, including single-
shot pulse sequences with parallel imaging and compressed sensing
[18,36], simultaneous multi-slice MRI [37] and MR fingerprinting
[38,39]. Relatedly, we did not readily assess whether the linear
weighted-delay or the nonlinear iterative least-squares curve-fitting
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algorithms for multi-phase 3D pCASL data was more robust in CBF and
ATT estimation in regions of reduced SNR and in areas of extremely low
CBF (i.e. white matter) and ATT. In the current work, we employed a
signal averaging of two to three to achieve a scan time of 5-7 min with
5 PLDs. To achieve more SNR and improved robustness with either
fitting algorithm, we believe that additional signal averaging in com-
bination with a greater number of PLDs should be employed, at the
expense of increased scan time or reduced slice coverage.

Lastly, we recognize that a portion of our patient cohort underwent
their MRI exam under sedation and general anesthesia. The use of se-
dation and general anesthesia was solely determined based on patient
condition by the attending anesthesiologist and the referring physician.
The current study staff was not involved in any decision regarding se-
dation and anesthesia. While we recognize that sedation and anesthesia
may impact a patient's brain perfusion characteristics [40], we do not
believe such influence will affect the performance of multi-delay ASL as
an imaging pulse sequence or the reconstruction algorithms that gen-
erate quantitative CBF and ATT maps. However, whether or not per-
fusion metrics were obtained in the absence or presence of sedation and
general anesthesia should definitely be considered when comparing
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Fig. 5. Representative results from a 3 years old male, referred for assessment of afebrile seizures. MRI brain exam reported negative findings. Note global CBF in (A)
is quite robust 37.1 * 13.6 ml/100 g/min across the brain. ATT shows slightly increased transit times in the M3 territories and the leptomeningeal areas perfused by
PCA (arrows).
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CBF
ml/100g/min sec

130! 2

Fig. 6. Representative example from a 1.6 years old female referred to MRI for evaluation of brain trauma and cerebrovascular concerns. (A) Susceptibility weighted
MRI demonstrates several punctate hemorrhagic foci within the contusion (circled region). (B) A region of hyperintensity (circled region) is seen on T2 FLAIR images
in the left parietal cortex immediately beneath the patient's scalp edema. Comparative results of (C, D) CBF and (E, F) ATT maps derived from (C, E) iterative fitting
and (D, F) weighted-delay methods. Abnormal increased perfusion within the left parietal cortex extending into the left occipital and temporal cortices (arrows) can
be seen. Patient has normal vessel patency of all intracranial arteries with no concerns for stenosis, truncation, or dissection. Note the similarity of maps between
iterative fitting and weighted-delay methods. ATT maps appear symmetric overall, but with a slight hint of asymmetry in the affected regions (i.e., increased CBF
region appears to have slightly reduced ATT).
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Fig. 7. Representative example from (A) a 6.5 years old female with complaints of severe headaches one day prior to MRI exam and history of photophobia. ATT
maps show longer transit times in the watershed zones including the occipital areas (arrows). (B) 13.7 years old female with complaints of bifrontal lobe headaches.
CBF and ATT maps show abnormal increase in both parameters in the frontal lobe (arrows). Same color scales for CBF and ATT as Fig. 5 (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

measurements cohorts, both serially and longitudinally.

In conclusion, 3D multi-phase ASL has provided our neuroradiology
practice with an additional tool that can be reliably applied in pediatric
patients to estimate multi-parametric perfusion measurements in as-
sessing neurological, vascular, and developmental disorders.
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