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Introduction: Preterm neonates are vulnerable to brain injuries from disrupted cerebral blood flow (CBF).
Achieving high-quality MRI remains a major challenge in neonatal neuroimaging. Arterial Spin Labeling (ASL)
MRI offers non-invasive, quantitative CBF assessment, but is understudied in neonates. This study evaluates the
feasibility of ASL in non-sedated preterm neonates.

Methods: Preterm neonates (n=48, 25 male, post-natal age 9.74+4.96 weeks, gestational age 28.74+2.6 weeks)
underwent T1-weighted (T1w), T2-weighted (T2w), and single- and multi-delay (3 and 7 delays) ASL scans.
Image quality was rated as “good”, “acceptable”, or “unusable” and compared across modalities. Cortical CBF
and arterial transit time (ATT) were quantified and analyzed using paired t-tests and Cohen’s d. Associations with
sex and age were assessed using correlation and regression models.

Results: Multi-delay ASL demonstrated the highest rate of acceptable images (<10% “unusable”), T2w scans
outperformed T1w in quality (4.2% vs. 25% “unusable”, p<0.01). Single-delay ASL yielded significantly lower
cortical CBF compared to multi-delay ASL (p<0.001, d>1.12), with sex differences observed: single-delay CBF
was lower in females (p=0.035, d=0.72), and ATT was longer in males (p=0.045, d=0.60). CBF positively
correlated with postmenstrual and postnatal age, especially for three-delay ASL.

Conclusions: Multi-delay ASL is the favorable technique for neonatal neuroimaging based on image quality and
hemodynamic measurements. Sex- and age-related hemodynamic variations underscore the importance of
techniques distinguishing ATT and CBF components for improved neonatal perfusion neuroimaging. Despite
frequent motion artifacts, ASL quality was comparable to structural scans. These findings support broader clinical
adoption of multi-delay ASL in neonatal imaging protocols.

1. Introduction

Preterm birth, defined as delivery before 37 completed weeks of
gestation, is the leading cause of neonatal mortality and morbidity
worldwide (Ohuma et al., 2023). Survivors of preterm birth frequently
experience long-term neurodevelopmental impairments, including
cognitive and motor deficits. A key physiological hallmark for these
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impairments is the reduced cerebral blood flow (CBF), which has been
strongly correlated with severe brain injuries such as intraventricular
hemorrhage (IVH) and periventricular leukomalacia (PVL) (Hak et al.,
2022, Fukuda et al., 2008, Langley et al., 2022), as well as the long-term
risks of neurodevelopmental impairments (Davis et al., 2014, Sarda
et al., 2021). Notably, preterm neonates demonstrate distinct CBF pat-
terns compared to their full-term counterparts (Bouyssi-Kobar et al.,
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2018), particularly during the first postnatal weeks. This highlights the
need for robust, non-invasive techniques capable of accurately moni-
toring cerebral perfusion during early neonatal care.

Several imaging and monitoring modalities have been used to assess
cerebral hemodynamics in neonates. Near-infrared spectroscopy (NIRS)
is commonly employed for assessing cerebral perfusion and autor-
egulation in preterm infants, but its indirect CBF measurement, lack of
clinical consensus on its routine use, and inter-vendor variability limit
its reliability (Singh et al., 2020, Kleiser et al., 2016). Doppler ultra-
sound, while accessible, is constrained by its location dependence and
inability to provide direct or regional CBF measurement (Zamora et al.,
2014). Xenon-133 and 150-water PET, though historically significant
and important for validating results, are invasive and unsuitable for
routine use in newborns (Andersen et al., 2019, Younkin et al., 1988,
Younkin et al., 1987). These limitations have motivated increasing in-
terest in MRI-based approaches, however, obtaining high-quality MR
images in neonates remains challenging (Hu et al., 2025).

Arterial spin labeling (ASL) MRI enables non-invasive absolute
quantification of regional CBF. Specifically, ASL has proven effective in
assessing the hemodynamic status of preterm infants, distinguishing
between degrees of prematurity and associated brain perfusion abnor-
malities (Bouyssi-Kobar et al., 2018, Dubois et al., 2021, Tuura et al.,
2024, Zun et al., 2021). Single-delay ASL, though the most common
option, can misestimate CBF in cases of delayed blood arrival, which is
common in this population. Multi-delay ASL techniques, particularly
Hadamard-encoded protocols, enable estimation of both CBF and ATT
by sampling a broader range of post-labeling delays (PLDs), potentially
offering more robust quantification (Woods et al., 2024). However, ASL
is fundamentally a subtraction method, making it particularly sensitive
to motion artifacts — a significant concern for neonatal imaging where
sedation is typically avoided. Despite growing interest in applying ASL
in neonatal neuroimaging, several critical knowledge gaps remain: the
comparative performance, image quality, and physiological sensitivity
of single- versus multi-delay ASL have not been fully elucidated; the
feasibility of ASL in non-sedated preterm neonates has not been sys-
tematically investigated; and it remains unclear how ASL data quality in
this population compares to conventional structural scans. Furthermore,
CBF correlations with clinical factors including postmenstrual age
(PMA), gestational age (GA), postnatal age (PNA), and birth weight, sex,
and etiology of premature birth have not been comprehensively evalu-
ated or compared between single- and multi-delay ASL acquisition
methods in this vulnerable population.

In this study, we evaluate hemodynamic measurements in 48 non-
sedated preterm neonates using single- and multi-delay ASL tech-
niques. We assess and compare the quality of ASL data alongside T1-
weighted (T1w) and T2-weighted (T2w) structural scans. Our analysis
compares cortical gray matter CBF measurements of single- and multi-
delay ASL methods acquired within a single session, investigates arte-
rial transit time (ATT) as a confounder in CBF quantification, and ex-
plores correlations with clinical parameters, such as sex, cause of
premature birth, PMA, GA, and PNA. Additionally, we examine hemi-
spheric asymmetry and how fetal-type posterior cerebral artery variants
influence CBF patterns.

2. Methods
2.1. Participant information
This study included subjects scanned at Lucile Packard Children’s

Hospital Stanford between August 2022 and December 2023. All par-
ticipants were scanned using a standardized clinical protocol for preterm
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neonates that incorporated structural and perfusion MRI sequences.
Inclusion criteria were: (1) gestational age at birth <37 weeks, (2)
successful completion of the ASL protocol, and (3) absence of major
structural abnormalities on diagnostic MRI evaluated by board-certified
pediatric neuroradiologists (KWY and ET). Due to scanner upgrades or
protocol changes during the study period, some neonates did not un-
dergo the complete ASL protocol. However, these variations did not
introduce any systematic bias. A total of 48 neonates met all inclusion
criteria and were analyzed. Ethics approval was granted by Stanford
IRB’s Administrative Panel on Human Subjects in Medical Research, and
informed parental consent for secondary use of the data was obtained in
accordance with the Declaration of Helsinki.

2.2. C(linical information

Clinical records were reviewed to determine the cause of preterm
labor, which was classified into the following categories: spontaneous
labor with intact membranes, preterm premature rupture of membranes
(PPROM), labor induction or cesarean delivery due to maternal in-
dications, and labor induction or cesarean delivery due to fetal in-
dications (Goldenberg et al., 2008).

2.3. MRI acquisition

MRI data acquisition was conducted on a 3T GE Premier (GE
Healthcare, Waukesha, USA) with a 48-channel head coil. The "feed and
bundle" method was employed for imaging without the use of sedation
in all participants. All included participants underwent T1-weighted (3D
FSPGR, TR/TE 6.3/2.5 ms, flip angle 12°, voxel size isotropic 1 mm?>)
and T2-weighted (2D FSE, TR/TE 2700,/110.5 ms, flip angle 111°, voxel
size 0.5 x 0.5 x 2.5 mm3) scans.

Three types of background-suppressed pseudo-continuous ASL
(PCASL) with MO were acquired:

o single-delay - PCASLiprp (post-labeling delay (PLD) 1525 ms; label-
ing duration (LD) 1450 ms; acquisition duration 4 min 15 s);

e Hadamard-encoded three-delay - PCASLgp;p (PLD 700, 2000, and
3300 ms; LD 1300 ms; acquisition duration 4 min 50 s);

e Hadamard-encoded seven-delay - PCASLyp;p (PLD 700, 1250, 1800,
2350, 2900, 3450, and 4000 ms; LD 550 ms; acquisition duration 4
min 20 s).

Further details of the MRI acquisition protocol are provided in
Supplementary Table S1.

2.4. Image analysis

T1lw, T2w, raw ASL files, and scanner-reconstructed CBF (CBF;prp,
and arterial-time corrected CBF3prp and CBFp;p) and ATT (ATT3prp and
ATTy7pLp) were exported from the scanner. Cases with missing raw ASL
files were excluded from the analysis (n=2). Brain segmentation in the
native space was performed using the BIBSnet (Baby and Infant Brain
Segmentation Neural Network) pipeline (Hendrickson et al., 2025).
Maps of total gray matter (GM), white matter (WM), and cortical GM
(excluding the deep GM regions) were extracted from the resulting
segmentations. CBF maps were registered to T1w scans in the native
space using affine transformation as a part of the standard processing
pipeline. Effective resolution of ASL scans was estimated to be able to
account for through-slice blurring as well as different FOV of the se-
quences, using the implementation available in the ExploreASL pipeline
(Mutsaerts et al., 2020). A Gaussian point spread function (PSF) was



Y. Prysiazhniuk et al.

assumed and its full-width at half maximum was estimated iteratively by
minimizing the root mean square difference between the CBF maps and
pseudo-CBF image. In the first step, GM and WM masks were used to
calculate partial-volume corrected GM and WM CBF maps and a
pseudo-CBF image was then created. In the second step, Gaussian PSF
parameters were optimized to minimize the error between the CBF and
resolution-adapted pseudo-CBF map. Afterwards, GM and WM CBF
maps were updated using the estimated resolution and the two steps
were iterated until convergence. Finally, weighted mean CBFjpp,
CBF3prp, and CBFypp values were extracted in left, right, and total
cortex regions of interest (ROIs) using MATLAB (Mathworks, Natick,
MA, USA, version R2023a), with partial volume values from the
smoothed segmentations used as voxel-wise weights for the mean
estimation.

2.5. Image quality assessment

The quality of structural scans (T1w and T2w) and the presence of
fetal-type posterior cerebral artery variations were evaluated by a
neuroradiologist with 8 years of experience (RDA), who was blinded to
the rest of the dataset and clinical markers. Scans were categorized as
“good” for excellent image quality or minor artifacts without significant
degradation, “acceptable” for moderate artifacts visibly reducing image
quality but not preventing diagnostic interpretation, and “unusable” for
severe artifacts compromising diagnostic utility. The quality of ASL
scans and the presence of artifacts were assessed by two researchers with
10+ and 4 years of ASL experience (JP and YP) based on the subtracted
ASL images. To further ensure clinical relevance, all ASL scans were also
reviewed by board-certified pediatric neuroradiologists (KWY and ET)
as part of routine diagnostic workflow, and none were found to
compromise or mislead diagnostic interpretation. Scans were classified
as “good” if the perfusion signal was well-distributed in gray matter with
no visible artifacts, “acceptable” if there were minor motion or macro-
vascular artifacts causing regional signal decrease but maintaining
acceptable overall quality, and “unusable” if there were strong motion
or macrovascular artifacts, or failed labeling rendering the scan non-
diagnostic.

2.6. Statistical analysis

Statistical analyses and visualizations were performed using R
(version 4.3.0). A sensitivity analysis of sex, PNA, GA, weight during
scanning, birth weight, and causes of preterm birth among subdatasets
of three ASL methods was performed using a chi-squared test and
ANOVA. To assess the consistency of QC rating of within-session T1w
and T2w scans, weighted Cohen’s kappa with squared weights was
calculated. To assess differences in scan quality distribution among ASL
sequences, the Kruskal-Wallis test was used to account for the ordinality
in classes. To assess the difference in the abundance of artifacts, a chi-
squared test was used. A p-value<0.05 was considered statistically sig-
nificant for all analyses.

ASL data marked as “unusable” were excluded from the consequent
analysis of CBF and ATT distribution in preterm neonates. Paired t-tests
with Satterthwaite correction for unequal variances and Cohen’s d with
Hedge’s correction were applied to compare mean cortical CBF and ATT
values among ASL variants and between sexes. To assess whether the
difference between single- and multi-delay CBF values is associated with
ATT variation, Pearson correlation analysis was performed between the
differences in CBF3pp or CBF7prp and CBF1prp, and the corresponding
ATTsprp or ATTyprp values, respectively.

Pearson correlation analysis was performed to assess the association
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of CBF and ATT with GA, PNA, and PMA. Age parameters with a sig-
nificant correlation to hemodynamic parameters were then used in a
linear regression model to predict cortical CBF or ATT.

CBF asymmetry between hemispheres was computed as:

CBFy; — CBFigh;

A =
symmetry CBFuy

Positive values indicate higher CBF in the left cortex.
3. Results
3.1. Subject information

As shown in Fig. 1, forty-eight subjects were included in the analysis
(25 males, mean GA 28.7 + 2.6 weeks, mean PNA 9.7 + 5.0 weeks,
mean PMA 38.5 + 3.4 weeks, mean weight at scanning 3.25 + 1.20 kg,
mean birth weight 1.13 + 0.35). There was a significant correlation
between GA and PNA age in the analyzed dataset (r =-0.77, p < 0.001).
Overall, 10 (20.8%) participants were born due to spontaneous labor
with intact membranes, 12 (25%) due to PPROM, 17 (35.4%) due to
maternal indications, and 8 (16.7%) due to fetal indications. One
participant (2.1%) had an unknown cause of birth, as the participant
was transferred from another medical facility. All participants were
scanned with PCASLyp;p, 47 with PCASL,p;p, and 37 with PCASL3p;p;
36 subjects were scanned with all 3 sequences. Sensitivity analysis has
not shown any significant differences in sex, PNA, GA, or weight at
scanning among the subdatasets, as shown in Supplementary Table S2.

3.2. Image quality assessment

As shown in Table 1, quality control analysis of ASL data showed a
significant difference both in scan quality and the abundance of artifacts
among the sequences. PCASLgprp sequence was least prone to artifacts
and led to the best quality, while PCASL;p;p was the only sequence that
suffered from an insufficient signal-to-noise ratio (SNR). PCASL;p;p was
most prone to evident motion artifacts. The consistency of ASL scan
quality among sequences is visualized in Fig. 2. Examples of quality
assessment are shown in Supplementary Fig. S1.

Structural quality control showed much better quality for T2w scans
(70.8% “good”, 25% “acceptable”, 4.2% “unusable”) than for T1w scans
(27% “good”, 47.9% “acceptable”, 25% “unusable”), with a fair agree-
ment of within-session scores (kappa = 0.246, p = 0.0079). In the pa-
tients with “unusable” quality of T1w scans, the quality of ASL scans was
below average (only

50% of PCASLlpLD, 41.6% of PCASLgpLD, and 66.6% of PCASL7PLD
scans were of “good” or “acceptable” quality). Patients with “unusable”
quality of T2w scans had 50% of PCASL;p;p and PCASL;prp of “good”
and “acceptable” quality.

3.3. CBF measurements

Cortical CBFp;p (mean 13.08 + 4.28 ml/100 g/min) was signifi-
cantly lower than cortical CBFspp (mean 18.69 + 5.56 ml/100 g/min, p
< 0.001, d = 1.12), as well as cortical CBFyp;p (mean 20.64 + 6.06 ml/
100 g/min, p < 0.001, d = 1.43), see Fig. 3. Cortical CBF1pp was
significantly different between females (11.39 + 4.14 ml/100 g/min)
and males (14.37 £+ 4.01 ml/100 g/min, p = 0.035, d = 0.72), but there
was no significant difference between sexes in cortical CBF3prp nor in
CBF7pp (p = 0.16, d = 0.43 and p = 0.67, d = 0.14, respectively), as
shown in Supplementary Fig. S2. There was no significant difference
between cortical CBF3prp and CBFypp (p = 0.16, d = 0.33).



Y. Prysiazhniuk et al.

As shown in Fig. 4, Bland-Altman plots indicate the biggest differ-
ence in cortical CBF was observed between PCASL;p;p and PCASL;prp,
also with the largest variance (mean bias 8.12 ml/100 g/min, 95% CI
5.85-10.40 ml/100 g/min, limits of agreement -4.14 — 20.39 ml/100 g/
min). There was no significant correlation in the difference between
CBF3p;p and CBFyprp and ATTspyp (r = -0.13, p = 0.51), and no signif-
icant correlation in the difference between CBF;p;p and CBFiprp and
ATT7PLD (l‘ = 0.35, p= 0.07).

3.4. ATT distribution

As shown in Supplementary Fig. S2, group analysis of ATT showed no
significant difference between ATTsprp (mean 1297.6 + 160.8 ms) and
ATT7prp (mean 1314.5 + 308.6 ms, p = 0.77, Cohen’s d = 0.06). There
was a trend for longer ATT in males than females in both PCASLspip
(male: 1331.8 + 168.7 ms; female: 1238.4 + 113.2 ms; p = 0.0519,d =
0.61) and PCASL7p;p (male: 1441.3 + 418.3 ms; female: 1244.5 4+ 165.1
ms; p = 0.0453, d = 0.60). There was no significant difference in ATT
between subjects born prematurely due to fetal indications and subjects
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Table 1
Results of ASL quality control. The p-value indicates significance for the Kruskal-
Wallis test (QC) and the chi-squared test (Artifacts).

PCASL7p1p PCASL3p1p PCASLip1p p-value
QC Good 33 (68.8%) 31 (83.8%) 26 (55.3%) 0.0299
Acceptable 5 (10.4%) 3(8.1%) 11 (23.4%)
Unusable 10 (20.8%) 3 (8.1%) 10 (21.3%)
Artifacts No artifacts 33 (68.8%) 31 (83.8%) 26 (55.3%) 0.0076
Lacking signal 3 (6.25%) 0 0
Motion 12 (25%) 6 (16.2%) 21 (44.7%)

born due to other causes (ATTsprp: p = 0.26; d = 0.54; ATT7pp: p =
0.14, d = 0.43).

3.5. Relationship between hemodynamic values and age
As shown in Fig. 5, cortical CBFsp;p and CBF;pp showed a signifi-

cantly positive correlation with both PMA and PNA, while the rela-
tionship between CBF and age was insignificant for CBF;p p. Based on
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Fig. 1. Demographic characteristics of the analyzed dataset. A. Scatterplot showing the distribution of PNA and GA in the study population, along with data
availability. B. Histogram illustrating the distribution of PMA in the analyzed population. Dashed lines indicate the mean PMA for female and male populations. C.

Venn diagram representing the availability of data across sequence types.
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Quality consistency among ASL sequences
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Consistency of quality between T1w and T2w scans
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Cortical CBF in preterms
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Cortical ATT in preterms
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Fig. 3. Distribution of cortical CBF and ATT among acquisition methods. The central horizontal line represents the median, the box indicates the interquartile range,
and the whiskers extend to the data points that lie within 1.5 x the interquartile range from the quartiles. Individual dots represent outliers beyond this range.

the correlation analysis, PNA and PMA were selected as predictors for
linear regression modeling. Neither ATT3p p nor ATT7p.p showed sig-
nificant correlation with age (Supplementary Fig. S3). Participants
prematurely born with fetal variants of the intracranial vasculature did
not show a distinct trend in cortical CBF change with PNA (Supple-
mentary Fig. S4).

In predicting CBFprp, the linear regression model incorporating
PNA explained a higher proportion of variance compared to the model
using PMA (PNA: R? = 17.7%, p = 0.009; PMA:

R? = 13.5%, p = 0.025). Similarly, the model using PNA was more
robust in predicting cortical CBFspyp than the model using PMA (PNA:
R? =30.9%, p < 0.001; PMA: R% = 28.4%, p = 0.001). However, neither
PNA nor PMA emerged as statistically significant predictors for cortical
CBF7p1p (PNA: p = 0.09; PMA: p = 0.06).

3.6. CBF asymmetry

The distribution of relative CBF asymmetry is shown in Fig. 6. No
significant variation from 0 in CBF asymmetry was observed (PCASL1p1p
p = 0.89, PCASL3p1p p = 0.40, PCASLypp p = 0.11) with respect to PMA
or fetal-type posterior cerebral artery variants. The distributions of
relative CBF asymmetry remained consistent across all measurements:
the mean relative asymmetry was -0.0018 + 0.0755 for CBF;p.p, 0.0107
+ 0.0742 for CBF3PLD; and 0.0178 + 0.0653 for CBF7PLD-

4. Discussion

In this study, we compared hemodynamic values measured by single-
and multi-delay ASL with matched acquisition times in a healthy pre-
term neonatal cohort. Our results show that multi-delay ASL sequen-
ces—particularly the three-delay protocol—achieved higher image
quality and more consistent cortical CBF estimates compared to single-
delay ASL. PCASL3p;p was shown to deliver the highest overall qual-
ity. Our CBF findings indicate that PCASL;p;p consistently yields lower
cortical absolute CBF values compared to multi-delay acquisitions.
CBF1prp and ATT7prp demonstrated significant differences in sex.

4.1. Neonatal MR imaging quality evaluation

Achieving high image quality remains a major challenge in many
neonatal neuroimaging methods using MRI (Dubois et al., 2021). Our

systematic assessment of scan quality demonstrated that PCASLgprp
achieved an optimal compromise between the number of repetitions and
a limited range of post-labeling delays, yielding over 90% of scans rated
as "good" or "acceptable" in quality. Although Hadamard-encoded ASL is
generally expected to be more sensitive to motion artifacts compared to
single- or sequential multi-PLD acquisitions (Woods et al., 2024), we
observed a lower incidence of motion-affected scans in multi-delay ASL
compared to ASLyprp. This may reflect not only physiological factors,
such as unstable CBF and insufficient labeling delay in preterm neonates
(Vesoulis & Mathur, 2017), but also the higher number of spiral arms in
ASLiprp, which increases its sensitivity to motion. Although motion
artifacts were less pronounced in PCASL;p;p compared to PCASL;pip,
these scans were uniquely affected by signal deficiencies, suggesting a
potential need for an increased number of repetitions to enhance signal
robustness - an improvement that was observed in the PCASL3pyp pro-
tocol, which included more scans with longer PLD. Importantly, in
addition to incorporating more scans with longer PLD, the PCASL3prp
protocol employed a substantially longer LD compared to PCASLypyp.
This increased labeling duration likely contributed to the improved
signal observed in PCASLgpyp, underscoring the importance of LD as a
key determinant of scan quality. As the overall acquisition quality de-
pends on the exact scanning procedure, we have compared the quality of
the structural scans with prior findings. Our findings exhibited increased
overall quality (95% of T2w scans and 74% of T1w scans rated as "good"
or "acceptable) compared to earlier studies reporting motion artifacts in
56% of MPRAGE and 50% of T2 TSE scans in non-sedated neonates
(Hughes et al., 2017). Importantly, ASL scans were often interpretable
even when T1w and T2w images were rated as unusable, supporting the
complementary role of perfusion imaging when structural quality is
limited. To further ensure clinical relevance, all ASL scans were
reviewed by board-certified pediatric neuroradiologists as part of
routine diagnostic workflow, and none were found to compromise or
mislead diagnostic interpretation.

4.2. Comparing neonatal hemodynamic values across ASL techniques

A key contribution of our study is systematically comparing CBF
values obtained from single- and multi-delay ASL within a single scan-
ning session in preterm neonates. Significant differences were observed
between CBF;prp and multi-delay CBF. While CBF;p;p aligns with pre-
viously reported GM CBF values in similar populations, multi-delay CBF
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Fig. 4. Bland-Altman plots of cortical CBF agreement among methods. “Mean” indicates mean bias, and “+1.96xSD” indicate limits of agreement.

values are consistent with those obtained from sonographic flowmetry,
Xe-133 imaging, NIRS (Leon et al., 2022, Proisy et al., 2016), and
another multi-delay ASL study (Kim et al., 2022). Discrepancies between
single- and multi-delay CBF have also been noted in full-term newborns
(Hu et al., 2025), though differences in multi-delay values may reflect
the impact of advanced large-vessel signal suppression techniques,
which may be due to large-vessel signal artifacts. Comparing neonatal

ASL techniques with and without vascular artifacts suppression may be
pursued in future studies.

The divergence between single- and multi-delay CBF in preterm
neonates likely stems from slower blood flow and impaired cerebral
autoregulation, leading to regional CBF variability. This variability,
most pronounced in the early postnatal period, may persist for months,
contributing to long-term neurodevelopmental deficits (Kooi et al.,
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2017) and is particularly relevant in neonates at elevated risk of brain
injury (Pfurtscheller et al., 2023). Variability in CBF can also be linked
with ATT variability, reducing SNR in PCASL1p;p, which may not be
adequately compensated by increased repetitions. This issue is exacer-
bated by ATT values, which are higher in neonates than in adult pop-
ulations, consistent with previous studies (Hu et al., 2025, Kim et al.,
2022). This limitation may reduce the clinical utility of PCASL1p;p in
at-risk preterm neonates, suggesting the potential benefit of incorpo-
rating longer PLDs in this population.

PCASL1 pLD VS GA

PCASL1PLD vs PNA
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4.3. Impact on neonatal hemodynamics due to sex, age, and vascular
anatomical variations

Our results indicate that ATT may be longer in males compared to
females (ATT7pp p = 0.0453, ATT3pp p = 0.0519), suggesting sex-
related differences in blood arrival times, which may influence CBF
quantification. These findings align with previous Doppler ultrasound
studies in full-term infants following chorioamnionitis, which reported
sex-related differences in blood velocities and vessel resistance (Koch
et al., 2014). highlighting complex, sex-specific hemodynamic varia-
tions in neonates. In addition to ATT differences, significant sex-related
differences in CBF;p;p were also observed in this study. However, prior
research on sex-related CBF differences has been inconsistent: while
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higher CBF in males has been reported using NIRS and Xenon-133 im-
aging, consistent with our findings (Baenziger et al., 1994, Lin et al.,
2013). lower CBF in males has been observed with single-delay pseu-
do-continuous ASL (Wang et al., 2019) and pulsed ASL (Zheng et al.,
2021). These discrepancies may be attributed to quantification bias
related to differences in ATT, with males typically exhibiting prolonged
ATT. This difference is particularly relevant in studies using single-delay
ASL techniques, which are more sensitive to variations in arrival time.
These results underscore the advantages of using multi-delay ASL to
account for such variability and accurately characterize cerebral
perfusion. The established male disadvantage in neonatal brain injury
and encephalopathy outcomes (Kelly et al., 2023) further emphasizes
the importance of investigating sex-related differences in CBF and ATT
to better understand underlying mechanisms and guide -clinical
interventions.

Positive correlations between both cortical CBF;p;p and CBF3prp and
both PNA and PMA were found, consistent with prior studies (Zun et al.,
2021, Benders et al., 2011, Meng et al., 2021). Only CBF3p;p showed a
significant negative correlation with GA, supporting earlier findings of
higher CBF in preterm compared to full-term neonates (Tortora et al.,
2017). However, as reported in a seven-delay ASL study, no significant
correlation with GA was observed (Kim et al., 2022). The lack of cor-
relation between CBF7pip, as well as ATT parameters and age may
reflect the complex interplay between perfusion and neurovascular
development during the early postnatal adaptation period.

Our results on CBF differences due to cerebral vascular variations
showed no significant contralateral asymmetries, despite previous re-
ports of right hemisphere metabolic dominance in smaller newborns
(Lin et al., 2013). Fetal-type posterior cerebral artery variants exhibited
an ambiguous influence on cerebral perfusion laterality. Future studies
investigating perfusion changes across vascular territories are recom-
mended to better understand the impact of fetal-type PCA variants on
early-life hemodynamics.

4.4. Clinical implications

The findings of our study have direct clinical relevance for the
evolving role of ASL in neonatal brain imaging. As preterm neonates
often undergo MRI for early detection of brain injury and prognostic
evaluation, incorporating multi-delay ASL protocols would offer more

accurate and interpretable hemodynamic outcomes. Improved sensi-
tivity to ATT and reduced susceptibility to motion artifacts, particularly
in PCASL3prp, may allow clinicians to assess cerebral hemodynamics
even when structural sequences are degraded. This is crucial for non-
sedated, medically fragile neonates where imaging time is con-
strained. Moreover, as CBF patterns increasingly inform risk stratifica-
tion, neuroprotective interventions, and follow-up planning,
standardizing delay-sensitive ASL protocols across institutions could
help translate advanced imaging techniques into actionable clinical in-
sights. Future studies may focus on validating standardized multi-delay
ASL protocols across centers.

In clinical practice, distinguishing between technical factors, such as
motion artifacts or poor labeling efficiency, and true hypoperfusion is a
critical challenge in interpreting neonatal ASL images, as both can
produce similarly low CBF signals. To improve diagnostic confidence, it
is recommended that ASL CBF maps are assessed alongside structural
MRI images to provide anatomical context and help identify regions
where low perfusion may correspond to injury or artifact. Reviewing the
raw perfusion-weighted images of individual PLDs for outliers or scans
with pronounced artifacts can also be valuable, as these may skew CBF
values. Assessing the homogeneity of CBF spatial distribution can help
detect technical failures; for example, missing signal in a specific
vascular territory or hemisphere may suggest failed labeling, while halo
effects around the brain are often indicative of motion. However, reli-
ably distinguishing true pathology from technical artifacts remains
challenging, particularly for neuroradiologists without specialized ASL
training. Incorporating standard quality control steps and providing
dedicated ASL training may help increase the reliability and broader
clinical utility of ASL in preterm neonates.

4.5. Limitations

This study has several limitations. First, the single-delay ASL proto-
col employed a short post-labeling delay (PLD) of 1525 ms. Although the
ASL consensus white paper recommends a PLD 2000 ms for neonates
(Alsop et al., 2015), we used a shorter PLD as it is the default setting in
our single-PLD ASL sequence, which was not optimized specifically for
this population. Using a longer PLD could improve the signal-to-noise
ratio and reduce discrepancies between single- and multi-delay CBF
measurements. Although T2w images had better scan quality, ASL scans
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were registered to T1w scans despite their susceptibility to artifacts.
However, the 2D acquisition and thicker slices of T2w scans can intro-
duce partial volume effects, potentially reducing registration precision.
While large-vessel signal can inflate regional CBF values (Hu et al.,
2025), we excluded deep GM regions to minimize this artifact, focusing
instead on cortical perfusion. In neonates, ASL is particularly susceptible
to macrovascular contamination due to slower flow velocities and pro-
longed ATT, which can cause labeled spins to dwell in large vessels and
generate spurious hyperintensities, even at long post-labeling delays. In
addition, different acquisition parameters were used for PCASLipip,
PCASLsprp, and PCASLyp;p sequences. We addressed practical differ-
ences in effective resolution by applying appropriate smoothing to the
segmentation maps, aiming to reflect typical clinical scenarios using
default scanner settings. Future work may focus more specifically on
optimizing acquisition parameters for improved ASL performance in
preterm neonates. The aim of this study was to evaluate the quality of
neonatal neuroimaging rather than the performance of the raters;
therefore, inter-rater agreement was not assessed. However, further
studies evaluating inter-rater variability are recommended to better
understand the stability of clinical ASL image evaluation in neonates.
Neonatal blood T1 values are higher and more variable than in adults
due to lower hematocrit levels in early life (Varela et al., 2011). Ideally,
CBF quantification should incorporate individual hematocrit or blood
T1 measurements. In this study, however, scanner-reconstructed ASL
images were processed using a fixed blood T1 value for both single- and
multi-PLD protocols, which may have introduced bias in the absolute
CBF estimates. Nevertheless, since both ASL sequences were acquired
within the same session, intra-subject hematocrit variation is unlikely to
have affected within-subject comparisons. Furthermore, sensitivity an-
alyses showed no significant differences in GA, PNA, sex, or birth weight
across subgroups — factors potentially impacting hematocrit (Jopling
et al., 2009) - suggesting minimal inter-group hematocrit variability.
We recommend that future studies systematically collect hematocrit
data to support individualized quantification and improve the accuracy
and standardization of ASL in neonatal populations. Excluding outlier
scans with pronounced artifacts and manually quantifying CBF and ATT
maps could further improve perfusion image quality. While these ap-
proaches require additional processing time and expertise and are not
routinely available in standard clinical-scanner software, they may be
especially beneficial in populations prone to motion or other artifacts.
Nonetheless, scanner-reconstructed CBF and ATT maps were used in this
study to assess the clinical applicability of ASL with minimal
post-processing, in line with current clinical practice. Finally, the
limited sample size may have constrained the statistical power of certain
analyses, such as age correlations for ASL;p;p and sex-related differ-
ences, where positive correlation coefficients and large effect sizes
suggest potential trends warranting further investigation. Larger cohort
studies are recommended to comprehensively analyze the impact of
causes of preterm birth on hemodynamic changes and the influence of
structural variants of posterior cerebral artery on perfusion asymmetries
in a neonatal brain.

As the field of ASL in neonates remains in early stages, there is a wide
range of unresolved methodological and clinical questions. We inten-
tionally explored multiple acquisition strategies and analytical ap-
proaches to address key variables—such as ATT, labeling parameters,
age effects, and image quality—that influence clinical utility. While
some analyses may be exploratory in nature, this broader approach re-
flects the current need for foundational data in this population. We hope
that these findings will guide both clinical application and the design of
future targeted investigations.

5. Conclusions
A key contribution of our study is the systematic evaluation of scan

quality and artifact prevalence across three ASL acquisition techniques
matched for acquisition time, offering a foundation for their clinical
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implementation in preterm neonates. Our findings demonstrate that a
three-delay ASL protocol provides an optimal compromise between the
limited number of PLDs and scan repetitions, while T2w scans exhibited
superior image quality compared to T1w. Motion artifacts, a prominent
challenge in neonatal imaging, were less pronounced in Hadamard-
encoded ASL compared to single-delay ASL, highlighting its potential
robustness for this population. We found that single-delay ASL consis-
tently yielded lower cortical CBF values compared to multi-delay ASL.
Furthermore, significant sex-based differences in CBF and ATT were
identified, underscoring the importance of accounting for these varia-
tions, particularly in studies utilizing single-delay ASL.
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