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methods such as Dynamic Susceptibility Contrast (DSC), 
Dynamic Contrast Enhanced (DCE), and Arterial Spin 
Labeling (ASL). However, concerns about radiation expo-
sure and the safety of exogenous contrast agents [2] have 
limited the use of PET, SPECT, and dynamic gadolinium-
dependent MRI in pediatric populations. This has increased 
interest in using ASL as a safer alternative for pediatric neu-
roimaging. ASL stands out as the only method that allows 
regional CBF quantification without the need for exogenous 
contrast agents, making it optimal for routine perfusion 
scanning, especially in clinical groups at risk. ASL offers 
additional advantages such as more straightforward clinical 

Introduction

Metabolic demands in the developing brain change in the 
early years, yet age-related hemodynamic changes in infants 
and children remain understudied. Maintaining adequate 
cerebral blood flow (CBF) is essential for delivering oxy-
gen and nutrients to the brain while removing metabolic 
waste, making CBF a critical parameter in brain physiology 
[1]. Various modalities exist for measuring CBF, including 
[15O]H2O positron emission tomography (PET), Xenon-133 
single photon emission computed tomography (SPECT), 
and several magnetic resonance imaging (MRI) perfusion 
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Abstract
Background  Arterial spin labeling (ASL) MRI is a non-invasive perfusion imaging technique with potential for assessing 
hemodynamics in children. However, understanding hemodynamic changes in developing brains remains challenging. This 
study investigates the impact of normal brain development on ASL-derived cerebral blood flow (CBF) and arterial transit 
time (ATT) in MR-negative children.
Methods  Thirty-two pediatric subjects (ages 0.7–17.9 years, mean 9.3 ± 5.3y, 19 male) with MR-negative findings were 
retrospectively included. Four pseudo-continuous ASL (PCASL) scans were acquired: single-delay (PLD 1525 or 2025 ms) 
and multi-delay (3 or 7 delays). CBF and ATT in supratentorial gray matter (GM), white matter (WM), and total-brain (TB) 
regions were analyzed using paired t-tests, Cohen’s d, Spearman correlation, and mixed linear regression models.
Results  Single-delay CBF was significantly higher than 3-delay CBF in GM and WM (p < 0.001 PLD 2025 ms; p = 0.02 
PLD 1525 ms). WM and TB CBF correlated negatively with age (rho=-0.56, p < 0.001), whereas GM CBF showed no 
significant correlation (rho=-0.03, p = 0.87); the trends differed significantly (p = 0.01). GM and TB ATT increased with age 
(r2 > 0.11, p < 0.021). WM and TB CBF correlated with WM and combined WM/GM volumes (rho=-0.42, p = 0.02; rho=-
0.46, p = 0.008).
Conclusion  GM and WM exhibit distinct age-related hemodynamic patterns. WM perfusion declines with age and correlates 
with WM volume, while GM perfusion remains stable. The progressive increase in GM ATT highlights the need for cautious 
interpretation of single-delay ASL data in pediatric studies.

Keywords  Perfusion · ASL · Pediatric · Brain Development · Arterial Transit Time

Received: 26 March 2025 / Accepted: 20 September 2025
© The Author(s) 2025

Age-related changes in cerebral blood flow and arterial transit time  
in children: insights from single- and multi-delay ASL

Yeva Prysiazhniuk1,2 · Rui Duarte Armindo3 · Sasha Alexander4 · Michael Moseley5 · Kristen W. Yeom4 · 
Jakub Otáhal1 · Martin Kynčl2 · Elizabeth Tong5 · Jan Petr6,7 · Moss Y. Zhao4 · Gary K. Steinberg4

1 3

https://doi.org/10.1007/s00234-025-03794-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s00234-025-03794-9&domain=pdf&date_stamp=2025-10-7


Neuroradiology

implementation, applicability to preterm infants and neo-
nates, and suitability for longitudinal studies as it allows 
absolute CBF quantification [3].

Several review articles have emphasized the need to 
adapt pediatric protocols from adult standards, noting the 
importance of accounting for greater age-related variability 
in CBF and arterial transit time (ATT) in developing brains 
[4, 5]. They have highlighted the emerging relevance of 
advanced ASL techniques, such as Hadamard-encoded and 
multi-delay methods, to better understand and standardize 
perfusion measurements in pediatric populations [6]. While 
previous studies have investigated CBF variance in pre-ado-
lescent and adolescent cohorts, age-related changes in ATT 
still need to be studied [7, 8]. ATT is defined as the dura-
tion for the tagged blood to flow from the labeling region to 
the brain tissue. Our insufficient understanding of hemody-
namic changes in the developing brain represents a signifi-
cant challenge to the precise quantification of CBF and ATT 
maps in typical subjects and patients with brain diseases. 
Moreover, understanding age-related changes in different 
brain regions is crucial for accurate ASL interpretation in 
pediatric populations [9].

This study examines CBF and ATT changes measured 
by single- and multi-delay ASL in 32 typically-developing 
pediatric subjects. We compare CBF and ATT in supratento-
rial gray matter, white matter, and total brain regions (GM, 
WM, and TB, respectively) and their correlations with age. 
Additionally, we explore the association between regional 
CBF and age with brain volumetric changes.

Materials and methods

This retrospective study included 32 pediatric subjects (19 
males, aged 0.7–17.9 years, mean ± SD: 9.3 ± 5.3 years) 
who underwent routine MRI examination between July 
2021 and March 2022 at Lucile Packard Children's Hospital 
Stanford. The protocol included ASL as part of the diag-
nostic setup to assess cerebral perfusion. Additional ASL 
sequences were included within the same scanning session 
when increased scanning capacities were available. Inclu-
sion criteria were: age under 18 years, MR-negative status 
(defined as the absence of structural or functional abnormal-
ities), and availability of single- and multi-delay ASL data. 
MR-negative status was confirmed by an experienced pedi-
atric neuroradiologist (ET, 7 years of expertise) based on the 
structural imaging scans and sedation data were retrieved 
from the database. The study received ethics approval from 
Stanford IRB’s Administrative Panel on Human Subjects in 
Medical Research (IRB-72827). Written informed consent 
for secondary data use in the present study was obtained 

from the parents or guardians of all participants, in accor-
dance with the Declaration of Helsinki [10].

MRI data was acquired on a 3 T GE Premier (GE Health-
care, Milwaukee, USA) with a 21-channel head and neck 
coil. All included subjects underwent T1-weighted (3D 
SPGR, TR/TE 6.8/2.9 ms, flip angle 15°, voxel size isomet-
ric 1 mm3) and T2-weighted (2D FSE, TR/TE 4882/103.2 
ms, flip angle 111°, voxel size 0.5 × 0.5 × 2.5 mm3) scans. 
Four types of background-suppressed pseudo-continuous 
ASL (PCASL) scans were obtained: single-delay PCASL-
PLD2025 (labeling duration (LD) 1450 ms, post-labeling 
delay (PLD) 2025 ms) and PCASLPLD1525 (LD 1450 ms, 
PLD 1525 ms), as well as multi-delay PCASL7PLD (LD 550 
ms, PLDs 700, 1250, 1800, 2350, 2900, 3450, and 4000 ms) 
and PCASL3PLD (LD 1700 ms, PLDs 300, 2000, and 3700 
ms). Further details of the MRI acquisition protocol are pro-
vided in Table  1. A sensitivity analysis was performed to 
assess potential differences in age, sex, and sedation among 
populations scanned with the four modalities. ANOVA was 
used for the continuous variable (age), while chi-squared 
tests were applied to the categorical variables (sex and seda-
tion status).

For multi-delay sequences, scanner-reconstructed arte-
rial-time (AT)-corrected and uncorrected CBF, as well as 
ATT maps were extracted [11]. For single-delay PCASL, 
only scanner-reconstructed, uncorrected CBF was retrieved. 
Image processing, including T1-weighted segmentation, 
spatial normalization, and population-level analysis, was 
performed using ExploreASL v1.12 [12]. ASL data quality 
was assessed independently by two researchers with 10+ 
and 3 years of ASL experience (JP, YP) according to the 
previously described methodology [13]. Scans were catego-
rized as “good” (well-distributed gray matter perfusion sig-
nal without motion or labeling.

artifacts), “acceptable” (minor motion or macrovascular 
artifacts causing regional signal loss), or “vascular” (domi-
nant macrovascular artifact due to delayed arterial arrival). 
Mean CBF and ATT values in supratentorial GM, deep 
WM, and TB (supratentorial GM and WM) regions were 
extracted in native space using CAT12 [14]; examples of 
ROI selection are shown in Supplementary Fig. 1. Addition-
ally, absolute volumes and volumes relative to intracranial 
volume (ICV) were extracted for GM and WM.

Statistical analysis

Statistical analyses and visualizations were performed using 
R statistical software (version 4.3.0; R Foundation for Statis-
tical Computing, Vienna, Austria. ​h​t​t​p​s​:​/​/​w​w​w​.​R​-​p​r​o​j​e​c​t​.​o​r​g​
/​​​​​​)​.​ Paired t-tests and Cohen’s d with Hedge’s correction were 
applied to compare mean CBF and ATT values across GM, 
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WM, and TB between ASL variants. Specifically, CBF val-
ues from PCASL2025ms, PCASL1525ms, and PCASLATC−7PLD 
were compared to those from PCASLATC−3PLD due to the 
larger sample sizes of the overlapping datasets. To assess 
the effect of AT-correction on absolute CBF quantification, 
both corrected and uncorrected CBF values from PCASL-
3PLD and PCASL7PLD sequences were analyzed. Student 
t-tests were used to assess the impact of sex and sedation on 
GM CBFATC−3PLD.

A Spearman correlation was employed to investigate 
the relationship between age and AT-corrected or uncor-
rected CBF values in GM, WM, and TB for the PCASL-
3PLD and PCASL7PLD sequences. Differences in correlation 
strength across GM, WM, and TB were assessed using a 
combined linear regression model, with the significance of 
the interaction term indicating differences between the lin-
ear models. The differences in the correlation between GM 
CBFATC−3PLD and age across sedated/non-sedated and male/
female subpopulations were evaluated using ANOVA tests 
applied to the corresponding linear regression models. A 
two-parameter linear regression model was estimated using 
both PCASL3PLD and PCASL7PLD ATT and age in GM, WM, 
and TB, with the acquisition approach included as a sepa-
rate parameter. The significance of the models was evalu-
ated using ANOVA, and r2 was reported as the correlation 
coefficient. Voxel-wise Spearman correlation analyses of 
PCASL3PLD ATT and CBF with age were performed, incor-
porating false discovery rate (FDR) correction and cluster 
correction to visualize the regional effects.

A Spearman correlation was used to compare regional 
CBF (GM, WM, TB), regional volumes (GM, WM, and 
combined GM and WM, respectively), and age. Volumetric 

markers included absolute regional volumes and regional 
volumes relative to the absolute intracranial volume. Voxel-
wise quantification of population mean PCASLATC−3PLD 
CBF and ATT maps was performed alongside the voxel-
wise population coefficient of variation (CoV) for 
PCASLATC−3PLD CBF and ATT, defined as the ratio of the 
voxel-wise standard deviation to the voxel-wise mean. A 
statistical significance threshold of p < 0.05 was applied, 
with a family-wise error rate (FWER) correction using the 
Holm method implemented throughout the study [15].

Results

All subjects had PCASL3PLD acquired. 81 scans were 
obtained, of which 86.4% were classified as good, 12.3% 
as acceptable, and 1.2% exhibited vascular features; no 
scans were excluded due to poor quality. Figure 1 provides 
an overview of the experimental data, and Fig. 2; Table 2 
describe the CBF and ATT distributions across ROIs and 
PCASL variants. More detailed information on the distribu-
tion of sex, sedation status, and clinical indication is pro-
vided in Supplementary Table 1. The sensitivity analysis did 
not reveal any significant differences in age, sex, or sedation 
among subjects scanned with the four methods (Supplemen-
tary Table 2).

Hemodynamic parameters in multi-delay ASL

No significant difference was observed in ATT between 
PCASL3PLD and PCASL7PLD (p > 0.51) (Table  3). In 
PCASL3PLD, ATT was significantly higher in WM compared 

Table 1  MRI acquisition parameters of structural and perfusion data
PCASL7PLD
(n = 18)

PCASL3PLD
(n = 32)

PCASL2025ms
(n = 19)

PCASL1525ms
(n = 10)

Labeling and Readout 3D PCASL FSE 
stack-of-spiral

3D PCASL FSE 
stack-of-spiral

3D PCASL FSE 
stack-of-spiral

3D PCASL FSE 
stack-of-spiral

FOV 240 mm 240 mm 240 mm 240 mm
Acquired resolution 512 points/4 arms 512 points/8 or 4 arms 512 points/8 arms 512 points/8 arms
Slice thickness/spacing between  
slices mm

3/3 3/3 4/4 4/4

TR/TE ms, FA° 7100/23.2 ms, 111° 7100/23.2 ms, 111° 4890/52.9 ms, 111° 4680/52.9 ms, 111°
Number of excitations (NEX) 1 2 3 3
(Effective) LD 550 ms 1700 ms 1450 ms 1450 ms
PLD 700, 1250, 1800, 2350, 

2900, 3450, 4000 ms
300, 2000, 3700 ms 2025 ms 1525 ms

Other parameters: M0 scan included, 4 background suppression pulses, labeling plane was fixed to 2 cm below the FOV without manual adjust-
ment. Perfusion data acquisition parameters
T1w  T1-weighted, T2w  T2-weighted, SPGR  spoiled gradient echo, FSE fast spin echo, FOV  field of view, PCASL  pseudo-continuous ASL, 
TR  repetition time, TE  echo time, FA  flip angle, LD  labeling duration, PLD  post labeling delay, M0  equilibrium magnetization, BS  back-
ground suppression
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significantly raised PCASL3PLD TB-CBF by 10.1% on aver-
age, with no notable effect on TB-CBF in PCASL7PLD. After 
AT-correction, there was no significant difference between 
PCASLATC−3PLD and PCASLATC−7PLD TB-CBF. Therefore, 
we will use PCASLATC−3PLD as a reference for multi-delay 
parameters in further analysis. No significant differences 
in GM CBFATC−3PLD were observed between male and 
female or between sedated and non-sedated participants 
(p = 0.78, d = 0.11; p = 0.47, d = 0.25, respectively). Overall, 

to GM (p = 0.004, d = 0.29) and higher in WM compared to 
TB (p = 0.005, d = 0.28). In PCASL7PLD, ATT was also sig-
nificantly higher in WM than in GM and TB (p < 0.001, 
d = 0.63 and p < 0.001, d = 0.56, respectively).

In GM, AT-correction significantly increased PCASL-
3PLD GM-CBF by 11.6% while having no significant 
effect on PCASL7PLD GM-CBF. In WM, AT-correction 
did not impact PCASL3PLD WM-CBF but significantly 
increased it in PCASL7PLD by 10.2%. For TB, AT-correction 

Fig. 1  Venn diagram of analyzed datasets. “n” indicates the sample sizes, and age is presented as mean ± standard deviation
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PCASLATC−3PLD GM-CBF. Similar trends in WM were 
observed; PCASLPLD2025 WM-CBF and PCASLPLD1525 
WM-CBF were significantly higher than PCASLATC−3PLD 
WM-CBF. On average, PCASLPLD2025ms and PCASL-
PLD1525ms WM-CBF were 24% and 31.7% higher than 
PCASLATC−3PLD WM-CBF. Finally, in TB, there was again a 
significant difference between PCASLPLD2025 TB-CBF and 
PCASLPLD1525 TB-CBF compared to PCASLATC−3PLD TB-
CBF. On average, PCASLPLD2025 and PCASLPLD1525 TB-
CBF were 24.6% and 30.2% higher than PCASLATC−3PLD 
TB-CBF.

PCASLATC−3PLD CBF in GM was significantly higher than 
in TB (p < 0.001, d = 4.7), and CBF in TB was significantly 
higher than in WM (p < 0.001, d = 5.7).

Comparison of regional multi- and single-delay ASL 
CBF

PCASLPLD2025 GM-CBF and PCASLPLD1525 GM-CBF 
were significantly higher than PCASLATC−3PLD GM-
CBF (Table  3). On average, PCASLPLD2025 and PCASL-
PLD1525 GM-CBF were 23.6% and 25.4% higher than 

Fig. 2  (A) Boxplots of CBF distributions in the TB, GM, and WM 
regions. (B) Boxplots of ATT distributions in the TB, GM, and WM 
regions. Red stars indicate significant differences with p-values < 0.05 

after FWER correction. Black stars indicate significant differences 
with p-values < 0.05 before FWER correction
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difference was observed between the linear models of 
female and male participants (p = 0.002) (Supplementary 
Fig.  2). GM and TB ATT showed a positive linear corre-
lation with age (r2 = 0.12, p = 0.019 and r2 = 0.11, p = 0.021, 
respectively), but there was no significant correlation 
between WM ATT and age (r2 = 0.08, p = 0.075) (Fig. 4).

The voxel-wise analysis results for the correlation 
between PCASLATC−3PLD CBF and ATT with age are pre-
sented in Fig. 5. Regions with significant negative correla-
tions between CBF and age were primarily localized in the 
WM and cerebellum. In contrast, regions with significant 
positive correlations between ATT and age were located in 
the cerebellum and GM.

Tissue volume trends across age

Figure 6 shows the correlation of absolute and relative GM 
and WM volumes with age, while Table 4 presents the cor-
relation analysis results between volumetric parameters, 
age, and PCASL3PLD CBF. Relative GM volume (to ICV) 
correlated negatively with age, without a significant correla-
tion with PCASL3PLD GM-CBF. In WM, PCASL3PLD WM-
CBF correlated negatively with both absolute and relative 
WM volumes, while age correlated positively with both. For 
TB, there was a significant negative correlation between the 

Hemodynamic trends in age

Figure 3 depicts the distribution of CBF across age, and 
Fig. 4 shows the distribution of ATT across age. The cor-
relation analysis revealed a negative association between 
PCASLATC−3PLD CBF and age in both WM and TB (rho = 
−0.56, p < 0.001 and rho = −0.56, p < 0.001, respectively), 
but no significant linear correlation in GM (rho = −0.03, 
p = 0.87). The combined model analysis demonstrated 
significant differences in the linear regression slopes 
between GM and TB (p = 0.01) and between GM and 
WM (p = 0.01). In the uncorrected PCASL3PLD and both 
AT-corrected and uncorrected PCASL7PLD sequences, 
no significant correlation with age was found across all 
ROIs, except for uncorrected PCASL7PLD CBF in TB  
(rho = −0.52, p = 0.03).

Furthermore, significant differences were identified in 
the linear regression models between AT-corrected and 
uncorrected CBF for both WM (p = 0.02) and TB (p = 0.02). 
No significant differences were observed when comparing 
the linear regression models between PCASLATC−7PLD and 
PCASLATC−3PLD CBF across GM, WM, and TB (p = 0.85, 
p = 0.71, p = 0.95, respectively). There was no significant 
difference between the linear models of the sedated and 
non-sedated populations (p = 0.07); however, a significant 

Table 3  Comparative analysis of CBF and ATT parameters between PCASL types, reported as cohen’s d and p-values
ROI PCASLATC−3PLD vs. 

PCASLPLD2025 CBF
PCASLATC−3PLD vs. 
PCASLPLD1525 CBF

PCASLATC−3PLD vs. 
PCASLATC−7PLD 
CBF

PCASLATC−3PLD vs. 
PCASLUncorrected_3PLD 
CBF

PCASLATC−7PLD vs. 
PCASLUncorrected_7PLD 
CBF

PCASLATC−3PLD vs. 
PCASLATC−7PLD 
ATT

GM d = 1.31, p < 0.001* d = 0.56, p = 0.004* d = 0.15, p = 0.27 d = 0.49, p = 0.004*, d = 0.11, p = 0.21 d < 0.1, p = 0.51
WM d = 0.61, p < 0.001* d = 0.67, p = 0.02 d = 0.52, p = 0.003 d = 0.16, p = 0.29 d = 0.32, p = 0.03 d < 0.1, p = 0.62
TB d = 1.26, p < 0.001* d = 0.95, p = 0.002* d < 0.1, p = 0.44 d = 0.43, p = 0.01 d < 0.1, p = 0.86 d < 0.1, p = 0.82
“*” indicates p-values < 0.05 after FWER correction

PCASL3PLD PCASL7PLD PCASLPLD2025 PCASLPLD1525

Sample size n = 32 n = 19 n = 19 n = 10
Uncorrected CBF [ml/100 g/min]
GM CBF 68.3 ± 12.7 73.2 ± 8.0 91.9 ± 15.0 91.0 ± 19.8
WM CBF 13.5 ± 4.9 16.6 ± 5.0 21.8 ± 6.3 19.4 ± 5.9
TB CBF 42.7 ± 7.8 45.2 ± 4.7 58.8 ± 10.0 56.7 ± 12.2
AT-corrected CBF [ml/100 g/min]
GM CBF 73.9 ± 6.2 72.3 ± 6.9 - -
WM CBF 15.6 ± 4.5 17.8 ± 5.0 - -
TB CBF 45.8 ± 5.2 45.2 ± 4.7 - -
ATT [s]
GM ATT 1.39 ± 0.18 1.44 ± 0.20 - -
WM ATT 1.46 ± 0.22 1.57 ± 0.21 - -
TB ATT 1.40 ± 0.19 1.45 ± 0.21 - -

Table 2  Mean ± standard devia-
tion of CBF and ATT in pediatric 
population
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Fig. 3  Changes of cerebral perfusion with age. (A) GM CBF distribution in age. (B) WM CBF distribution with age. (C) TB CBF distribution 
with age
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Fig. 4  Changes of hemodynamic parameters with age. (A) GM ATT distribution in age. (B) WM ATT distribution in age. (C) TB ATT distribution 
in age
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PCASL3PLD CBF, highlighting caution in interpreting abso-
lute CBF quantification from single-delay ASL in children. 
Additionally, we analyzed age-related ATT and CBF tra-
jectories in GM and WM to investigate physiologic hemo-
dynamic changes and provide a basis for ASL protocol 
standardization in pediatric cohorts.

Despite comparable data quality control outcomes 
between single- and multi-delay datasets, significant dif-
ferences in absolute CBF were observed, with multi-delay 
CBF values aligning more closely with results from other 
modalities [16]. These discrepancies may be attributed to 
factors such as: (i) scanner-specific post-processing algo-
rithms, (ii) the consideration of longer PLDs in the multi-
delay approach, and (iii) lower accuracy in CBF estimation 
linked with the single-delay approach [17, 18]. Further-
more, the magnitude of the difference between single- and 
multi-PLD ASL was dependent on the specific PLD selected 
for the single-delay acquisition, with longer PLDs gener-
ally yielding CBF values that were closer to those obtained 
with the multi-PLD approach. Notably, AT-correction also 
significantly affected absolute CBF values, likely due to 
reduced vascular artifacts [17], highlighting the crucial role 
of accounting for arterial transit time in accurately quantify-
ing CBF through ASL methods. Although the recommended 
post-labeling delay for ASL in children is 1500 ms [3], our 
findings indicate that mean ATT in WM is higher than in 
GM, which is consistent with previous studies [18, 19]. 
Despite the consensus white paper recommendation [3] of a 
1500 ms PLD for pediatric populations, our results suggest 
that this may be insufficient for capturing the CBF signal 
in WM, given the PCASL7PLD ATT value of 1.57 s. These 
findings support the need to further refine ASL sequence 
parameters for pediatric cohorts, with the goal of improv-
ing regional perfusion quantification and standardization 
in future studies. Our study found age-related variations 
between GM and WM. WM CBF decreased with age and 
increasing WM volume, while the trend was significantly 
different for GM, with no significant correlation between 
age and GM volume.

Although age-related declines in WM [20] and GM [21–
23] CBF after peaking at 7–10 years have been reported in 
previous studies, our cohort showed no significant negative 
linear correlation between GM-CBF and age. Instead, we 
only observed a negative linear correlation in WM, with sig-
nificantly divergent trends between GM and WM, as seen 
in all ASL variants. One possible explanation for this dis-
crepancy from previous studies is the use of a linear regres-
sion model across all age groups. Another factor could be 
the confounding effect of age-related increases in GM-ATT, 
which we addressed by using multi-PLD PCASL, unlike 
prior studies that used single-delay PCASL or PASL. Addi-
tionally, we excluded the cerebellum from the GM analysis 

absolute volume of combined GM and WM with PCASL-
3PLD TB-CBF and a positive correlation with age.

Hemodynamic variations in the pediatric population

Population mean CBF and ATT are visualized in Fig.  7. 
Population analysis of CoV (Supplementary Fig. 3) points 
out the increased variance of perfusion in WM and some 
deep GM structures such as the thalami and putamen.

Discussion

This study compared hemodynamic parameters derived 
from multi- and single-delay ASL in typically-developing 
children. Single-delay CBF was significantly higher than 

Fig. 5  Voxel-wise correlation between PCASL3PLD CBF (A) and ATT 
(B) with age, overlaid on the population T1-weighted image. Only 
voxels with statistically significant correlations (corrected for FWER) 
are displayed
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signal-to-noise ratio typically observed in WM ASL. Inter-
estingly, both CBF and ATT analyses revealed significant 
age-related trends in the cerebellum, highlighting the need 
for further investigation of regional hemodynamic changes. 
Previous studies have shown that cerebellar development 

due to its considerable confounding effect, as shown in Sup-
plementary Fig. 2.

We identified a significant positive correlation between 
age and GM-ATT, but not between age and WM-ATT. The 
absence of a correlation in WM may be due to the low 

Table 4  Correlation analysis of WM and GM volumes with age and regional CBF
Absolute GM 
volume

GM ICV ratio Absolute WM 
volume

WM ICV ratio Absolute GM + WM 
volume

GM + WM 
ICV ratio

Age rho = −0.13, 
p = 0.46

rho = −0.75, 
p < 0.001*

rho = 0.72, 
p < 0.001*

rho = 0.71, 
p < 0.001*

rho = 0.36,  
p = 0.046

rho = 0.26, 
p = 0.15

PCASLATC−3PLD GM CBF rho = −0.34, 
p = 0.057

rho = 0.10, 
p = 0.59

PCASLATC−3PLD WM CBF rho = −0.42, 
p = 0.02

rho = −0.36, 
p = 0.046

PCASLATC−3PLD TB CBF rho = −0.46, 
p = 0.008*

rho = 0.08, 
p = 0.68

Highlighted in bold are results with p < 0.05
“*” indicates p-values < 0.05 after FWER correction. rho – Spearman rank correlation coefficient

Fig. 6  Absolute and relative GM and WM volume trends in age
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cerebellum from the primary analysis. Nonetheless, these 
findings underscore the importance of future research focus-
ing on cerebellar hemodynamics in pediatric populations.

Moreover, volumetric analysis offers key insights into 
the differential development of WM and GM in children. 

in children follows a distinct trajectory compared to the 
cerebrum, with structural maturation completing later and 
cerebellar volume peaking after cortical regions [24, 25]. 
To specifically isolate the effects of cortical versus cerebel-
lar contributions to hemodynamic trends, we excluded the 

Fig. 7  Population-averaged 
PCASL3PLD CBF (A) and ATT 
(B) images. Blue arrows (middle 
row, second from left) indicate 
watershed regions with elevated 
ATT. Yellow arrows (bottom row, 
first on the left) highlight areas of 
deep white matter with elevated 
ATT. Green arrows (bottom row, 
third from left) point to regions 
of elevated ATT in superior brain 
areas
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CBF. Although common pitfalls in ASL data analysis were 
carefully addressed in this study, CBF measurement was 
not validated against gold-standard modalities such as O15-
water PET or other contrast agent-dependent methods, due 
to the ethical and safety concerns associated with exposing 
pediatric subjects to these procedures. Instead, ASL with 
three delays was used as a reference for all comparisons, as 
this sequence was acquired for every participant according 
to the study protocol. We acknowledge that our approach 
does not represent a true gold standard, because potential 
imbalances in age, sex, and sedation across cohorts scanned 
with different sequences may serve as confounding factors. 
However, our sensitivity analysis did not reveal any signifi-
cant differences. However, it has been demonstrated that 
multi-PLD PCASL achieved a high and strong correlation in 
CBF measurements with PET in normal and affected brain 
regions, at least in adults [32]. Additionally, this study’s 
single-center, single-vendor design may limit its generaliz-
ability, and further research is warranted to validate these 
findings against established reference standards, incorporate 
age-specific developmental modeling, and confirm applica-
bility across multi-center, multi-vendor settings.

Conclusion

This study is the first to directly compare multi-delay and 
single-delay ASL and report ATT in MR-negative pediatric 
subjects. Our findings demonstrate the need for careful inter-
pretation of single-delay ASL in children and emphasize the 
importance of selecting an appropriate PLD for accurate 
CBF quantification. Future studies on regional cerebral per-
fusion trends may help further investigate developmental 
dynamics in typically-developing children.
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GM-CBF was independent of absolute GM volume, which 
exhibited no linear correlation with age, consistent with 
previous studies reporting an inverted U-shaped relation-
ship [26–28]. In contrast, both absolute and relative WM 
volumes positively correlated with age and were inversely 
related to WM-CBF changes. Considering the documented 
decline in total CBF starting at age four [22], these findings 
shed light on distinct developmental patterns in WM and 
GM perfusion. Additionally, the population CBF CoV map 
visually highlights a contrast in hemodynamic variability 
between WM and GM, with WM exhibiting significantly 
greater CBF variance in the pediatric cohort compared to 
GM. These findings underscore the complex interplay 
between perfusion and brain maturation, with potential 
implications for pediatric neuroimaging protocols.

Limitations

Sex and sedation are well-established factors influenc-
ing pediatric cerebral hemodynamics [29, 30]. Our results 
demonstrate different age-related trends in mean GM CBF 
between male and female participants, as illustrated in Sup-
plementary Fig. 2. This finding aligns with the observations 
of Satterthwaite et al. [8], who reported that puberty and 
sex-specific developmental trajectories critically shape the 
evolution of cerebral perfusion during adolescence, with 
females typically exhibiting increased CBF after pubertal 
onset, whereas males show a relative decline. Larger cohort 
studies are needed to establish sex-related trajectories in 
hemodynamics in pediatric cohorts. Additionally, no sig-
nificant differences were observed between sedated and 
non-sedated groups, as the effects of sedation remain incon-
clusive [7]. Larger cohort studies could explore the effects 
of different sedation types and levels on pediatric perfusion 
metrics. Hemodynamic parameters were analyzed across 
the entire cohort to account for the non-linear relationship 
between age and cerebral perfusion [21]. Despite not per-
forming age-specific analyses, we observed significant cor-
relations between age and WM-CBF or GM-ATT, providing 
valuable insights for ASL standardization in pediatric popu-
lations and warranting further investigation. Alternative 
ASL post-processing methods, such as FSL BASIL [31], 
which incorporates Bayesian modeling and arterial blood 
volume correction to minimize bias from elevated vascular 
signal in PWIs acquired with short PLDs, may be valuable 
for future studies. However, its reliance on parameter ini-
tialization is challenging, particularly in pediatric cohorts 
where such values have yet to be well established. Hence, 
we used the scanner reconstruction, which applies a nonlin-
ear least-square curve fitting to a perfusion kinetic model 
[17]. This approach provided a robust and clinically appli-
cable framework for the initial investigation of ATT and 
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