
RESEARCH ARTICLE Open Access

Application value of three-dimensional
arterial spin labeling perfusion imaging in
investigating cerebral blood flow dynamics
in normal full-term neonates
Jia-Ning Wang1†, Jia Li2†, Huai-Jun Liu1*, Xiao-Ping Yin3, Huan Zhou3, Ya-Ting Zheng3, Na An4, Si Liang5 and
Zuo-Jun Geng1

Abstract

Background: This study aims to investigate the application value of three-dimensional arterial spin labeling (3DASL)
in investigating cerebral blood flow dynamics in full-term neonates.

Methods: A total of 60 full-term neonates without known intracranial pathology were recruited for 3DASL
examination. These neonates were divided into three groups: 1–3 day group, 4–7 day group, and 8–15 day group.
On the cerebral blood flow (CBF) images, regions of interest (ROI) were selected from the frontal white matter,
parietal white matter, basal ganglia, corona radiata, thalamus and brainstem, and the CBF values of each ROI were
recorded. The CBF values of ROIs at bilaterally symmetric locations, the values of each ROI between males and
females, and the values of each ROI among these three different age groups were compared.

Results: The difference in CBF values of the frontal white matter, parietal white matter, basal ganglia, corona radiata
and thalamus at the bilateral symmetric positions were not statistically significant. There was no statistical difference
in the CBF values of each brain region between the male and female groups. The CBF values at the basal ganglia
region, corona radiata and parietal white matter were higher in the 8–15 day group, when compared to the 1–3
day and 4–7 day groups (P < 0.05). The CBF value at the basal ganglia region was higher in the 4–7 day group,
when compared to the 1–3 day group (P < 0.05). The CBF value at the frontal white matter was lower in the 4–7
day group, when compared to the 1–3 day and 8–15 day group (P < 0.05). The CBF value at the brainstem was
higher in the 4–7 day group, when compared to the 1–3 day and 8–15 day groups (P < 0.05).

Conclusion: The 3DASL can quantitatively measure CBF, and be used to evaluate cerebral hemodynamics in
neonates. The basal ganglia region and corona radiata CBF increases with the increase in neonatal diurnal age.
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Background
Arterial spin labeling (ASL) uses magnetically labeled ar-
terial blood as an endogenous contrast agent, and uses
water molecules as a free diffused internal tracer. It first
induces reverse blood spin labels on the imaging plane.
When blood flows to the imaging slices and exchange

with tissues, the signals are reduced and images are pro-
duced and collected [1–3]. According to different label-
ing methods, ASL can be classified into continuous
arterial spin labeling (CASL) and pulsed arterial spin la-
beling (PASL) [4].
Three-dimensional arterial spin labeling (3DASL) im-

aging is a functional magnetic resonance imaging (MRI)
that reflects cerebral blood perfusion, the continuous la-
beling of arterial blood flow in the brain, and three-
dimensional (3D) rapid imaging of the whole brain and
measurement of cerebral blood flow (CBF) changes after
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the labeling of blood flow in brain tissues [5]. This tech-
nique has the following advantages: non-invasiveness, no
need to inject the contrast agent, high safety, and its appli-
cation to the neonatal brain perfusion imaging method
[6]. At present, 3DASL has been widely used in central
nervous system diseases, but studies on the value of
3DASL technology have mostly focused on adults, and
few studies have been conducted on neonates [7, 8]. Be-
fore the 3DASL sequence was used to analyze diseases, it
was crucial to understand the hemodynamic performance
of this sequence in normal human brains.
At present, reports on cerebral hemodynamics in full-

term neonates are rare. The aim of the present study
was to investigate the characteristics of cerebral perfu-
sion in full-term neonates, and the impacts of different
age groups on cerebral perfusion in full-term neonates.

Methods
Study design and participants
From December 2016 to March 2018, the data of 60 full-
term neonates without known intracranial pathology (34
males and 26 females, chronological age of 2–15 days),
who received head MRI scans and 3DASL examinations
due to neonatal jaundice, poor feeding and other diseases,
did not receive cerebral perfusion imaging, and needed to
stay in the hospital for observation, were collected. New-
borns with abnormal brain development or intracranial
hemorrhage due to birth injury were excluded. “Full term”
means a gestational age ≥ 37 weeks. Inclusion criteria: (1)
Patients who were full-term neonates; (2) newborns who
finished the skull MRI scan; (3) patients who had no ab-
normalities revealed by the skull MRI scan. These full-
term neonates were divided into three groups according
to the MRI scan: chronological age: 1–3 day group, 19 ne-
onates (11 neonates in the male group and eight neonates
in the female group); 4–7 day group, 21 neonates (12 neo-
nates in the male group and nine neonates in the female
group); 8–15 day group, 20 neonates (11 neonates in the
male group and nine neonates in the female group). The
present study was approved by the hospital ethics com-
mittee, and all neonatal family members provided a signed
informed consent.

Inspection methods
All data were collected using a GE Discovery 750B 3.0 T
magnetic resonance scanner, and the acquisition coil was a
16-channel coil. The scanning sequences included T1WI,
T2WI, DWI, T2-flair and 3DASL imaging. The 3DASL se-
quence parameters: repetition time (TR) = 4376ms, echo
time (TE) =11ms, flip angle = 111°, field of view (FOV) =
16 × 16 cm, thickness = 4.0mm, and excitation = three
times. T1WI parameters: TR = 540ms, TE = 10ms, FOV=
16 × 16 cm, and slice thickness = 4.5mm. T2WI parame-
ters: TR = 3880ms, TE = 85ms, FOV= 16 × 16 cm, and

slice thickness = 4.5mm. T2-flair parameters: TR = 9000
ms, TE = 90ms, FOV= 16 × 16 cm, and slice thickness =
4.5mm. The 3D-ASL was a 3D-PCASL, which was realized
through the 3D-FSE sequence, and this has a single delay
time. For pulsed laser deposition (PLD), 1025ms was
chosen for the following reasons: first, newborn babies have
rapid blood flow; second, the marked position is relatively
short from the collection position (small head, short relative
distance); third, it has a short PLD time and good signal
strength, because newborn babies have thin blood vessels.
The pediatrician gave an intramuscular injection of

phenobarbital at a dose of 5mg/kg in the ward at 15–20
min before the scan. After the patient fell asleep, the pa-
tient was carried to the MRI room for examination. The
patient was placed in the supine position, and the head
was placed safely in the head coil for fixation. A pediatric
nurse was present during the examination.

Data processing
The CBF plots were obtained using a GE AW 4.6 worksta-
tion and the FunctooI software. CBF = (Mean arterial pres-
sure [MAP]-Intracranial pressure [ICP]) /Cerebrovascular
resistance (CVR). The CBF values in the area of interest
were measured. The regions of interest (ROI) of all patients
included the bilateral basal ganglia, thalamus, corona
radiata, frontal and parietal white matter and brain stem.
ROI was approximately 50 square millimeters. In order to
ensure the consistency and comparability of the ROI, the
mirror copy ROI method was adopted for measuring each
brain area. Each brain area was measured for three times
and averaged. Attempts were made to ensure that all new-
borns had the same ROI and the same shape. The level of
ROI was determined according to the anatomical mark,
and the consistency of the level was ensured.

Statistical analysis
SPSS statistics 17.0 was used for the data analysis, and
the data were expressed as mean ± standard deviation.
For multiple comparisons, each value was compared
using one-way analysis of variance (ANOVA) following
the Dunnett’s test, when each datum was normally dis-
tributed, while non-normally distributed continuous data
were compared using non-parametric tests. Counting
data were analyzed using Chi-square test. The data that
needed to be compared were tested for normal distribu-
tion and homogeneity of variance. The difference in CBF
values in the symmetrical areas of the bilateral brain re-
gions was determined by paired t-test. The CBF values
for males and females were compared by independent
sample t-test. ANOVA was used to determine the differ-
ences in CBF value among age groups, and P < 0.05 was
considered statistically significant (Figs. 1 and 2).
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Results
The non-enhanced MRI scan and 3DASL of 60 full-term
neonates without known intracranial pathology revealed
no clear abnormalities. The 3DASL diagram could
clearly show the different blood flow signals in each
brain region, which were bilaterally symmetric, and the
visual cortex blood flow signals were higher than those
in the white matter. The CBF values of the basal ganglia,
brainstem, thalamus and corona radiata were higher
than those of the white matter in the frontal lobe and

parietal lobe. However, there was no statistically signifi-
cant difference in CBF values in the same area between
both sides (P > 0.05, Table 1).
The CBF values of ROIs in various brain regions be-

tween male and female genders were compared. The
CBF values of the basal ganglia region, corona radiata,
hypothalamus and brainstem were slightly higher in fe-
males than in males, while the CBF values of the frontal
and parietal white matter were slightly higher in males
than in females. However, the differences in CBF values

Fig. 1 A female, 6 days old, and full-term. a-c present the CBF diagrams that show the cerebral hemisphere cerebral blood flow perfusion
bilateral symmetry: ROIs 1 and 2, for the frontal white matter; ROIs 3 and 4, for the parietal white matter; ROIs 5 and 6, for the corona radiata;
ROIs 7 and 8, for the basal ganglia; ROIs 9 and 10, for the thalamus. The purple line represents the central axis of the symmetry. The color bars on
the left in red, yellow, green and blue indicate the perfusion from high to low

Fig. 2 A male, 2 days old, and full-term. a-l present the CBF charts. No obvious abnormal perfusion could be observed in the CBF diagram
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in ROIs in the bilateral basal ganglia, thalamus, corona
radiata, frontal lobe and parietal lobe white matter, and
brain stem between males and females were not statisti-
cally significant (P > 0.05, Table 2).
In comparing the CBF values in various regions among

the three different age groups, the basal ganglia region,
corona radiata, and parietal white matter CBF values were
higher in the 8–15 day group, when compared to the 1–3
day and 4–7 day groups (P < 0.05). The basal ganglia re-
gion CBF values were higher in the 4–7 day group, when
compared to the 1–3 day group (P < 0.05). The frontal
white matter CBF values were lower in the 4–7 day group,
when compared to the 1–3 day and 8–15 day groups (P <
0.05). The brainstem CBF values were higher in the 4–7
day group, when compared to the 1–3 day and 8–15 day
groups (P < 0.05). However, there was no statistically sig-
nificant difference in thalamic CBF among the three
groups (Table 3).

Discussion
In the present study, the 3DASL sequence used was for
whole-brain volumetric perfusion imaging, which can ef-
fectively overcome the magnetic sensitivity artifacts and
motion artifacts brought by the echo-planar imaging (EPI),
in order to obtain high-resolution images. ASL does not
need an injection of a contrast agent, and can be repeatedly
performed in the short term [9]. Recently, 3DASL has been
widely used in diagnosing central nervous system diseases
among adults. In particular, it can be widely used in diag-
nosing diseases of the central nervous system in newborns,
such as neonatal hypoxic-ischemic encephalopathy (HIE)
[10], premature white matter injury, hypoglycemic enceph-
alopathy, etc. The eventual potential value of these se-
quences is for HIE, white matter injury, etc. Therefore, full-
term neonates were included.
In the present study, the CBF values were evaluated by bi-

lateral comparison. The ROIs were selected in the right basal

ganglia region, thalamus, corona radiata, white matter in
frontal lobe and white matter in parietal lobe, while the left
ROIs were automatically selected through the symmetry axis.
The results revealed that there was no statistically significant
difference in CBF values among the bilateral symmetrical
brain regions, which is consistent with previous studies on
adults [11]. The CBF values measured by ASL greatly varies
among individuals [12, 13]. Hence, the left-right comparison
is a practical method for determining disease status.
In the present study, the CBF values of the basal ganglia,

corona radiata, thalamus and brainstem were higher, when
compared to those of the white matter in the frontal lobe
and parietal lobe. However, the increase in CBF values
had no statistically significant difference. Domestic and
foreign literature reports on cerebral blood perfusion in
adult human brains have revealed that female cerebral
blood perfusion is higher, when compared to that in males
[14–17]. The CBF values of the basal ganglia area, brainstem,
thalamus and corona radiata were slightly higher in the fe-
male group, when compared to the male group, and the CBF
values of the white matter in the frontal lobe and parietal lobe
were slightly higher in the male group, when compared to
the female group, but the differences were not statistically sig-
nificant. This is inconsistent with previous reports, but is con-
sistent with some reports on adults in China. The first reason
for this result may be that the CBF value of female neonates
is indeed higher than that of male neonates. However, the
sample size in the present study was small, and there was no
significant statistical difference. The second possibility is that
the difference in CBF value between male and female neo-
nates is indeed not as significant as that between male and
female adults, and the differences in estrogen level [18],
hematocrit [19] and blood viscosity [20] between male and fe-
male neonates are not as significant as that among adults.
In the present study, 60 neonates were divided into

three groups. The results revealed that the CBF values of
the basal ganglia area, corona radiata and parietal lobe

Table 1 comparison of CBF values of ROI in each symmetric brain region (mean ± standard deviation) (ml/100 g/min)

basal ganglia thalamus corona radiata frontal white matter parietal white matter

Left 31.59 ± 6.53 28.80 ± 5.61 24.76 ± 4.58 22.47 ± 3.64 11.23 ± 2.31

Right 29.87 ± 7.00 28.34 ± 6.43 23.34 ± 4.98 22.78 ± 3.36 11.26 ± 2.12

t 1.38 0.42 1.63 0.48 0.08

P 0.17 0.67 0.11 0.63 0.94

Table 2 comparison of CBF values in neonates of different genders (mean ± standard deviation) (ml/100 g/min)

basal ganglia thalamus corona radiata frontal white matter parietal white matter brain stem

male(N = 34) 29.95 ± 6.52 27.36 ± 5.63 23.59 ± 4.80 22.92 ± 3.71 11.36 ± 2.08 33.64 ± 7.06

female(N = 26) 31.33 ± 5.84 29.64 ± 4.98 24.70 ± 2.96 22.37 ± 2.87 10.94 ± 1.29 34.93 ± 4.35

t 0.85 1.63 1.04 0.63 0.91 0.82

P 0.40 0.19 0.30 0.53 0.37 0.41

Note: The CBF values of basal ganglia, thalamus, radial crown, frontal white matter and parietal white matter were the bilateral average values
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white matter were higher in the 8–15 day group, when
compared to those in the 1–3 day and 4–7 day groups (all,
P < 0.05), and the CBF values of the basal ganglia area
were higher in the 4–7 day group, when compared to the
1–3 day group (all, P < 0.05). These supports that the CBF
values of these brain areas exhibit an upward trend with the
increase in age. A recent gadolinium bolus-tracking study in
young children revealed that perfusion increased with age,
supporting the link between perfusion and synaptic density,
which also increases during childhood [21]. Subcortical white
matter and watershed are more sensitive to chronic hypoxic
ischemia [22, 23]. The decrease in CBF in adults with age is
caused by brain atrophy [24, 25], while the brain tissue of
newborns presents a process of rapid growth. With the in-
crease in age, the metabolism and oxygen consumption in
the brain increases, which can increase CBF. Hence, in the
clinical application of neonatal brain ASL, the influence of
age on CBF values should be considered.
Limitations of the present study: (1) The sample size was

small, the range of daily age covered by the sample was nar-
row, and merely newborns of 1–15days old were collected. In
the future, the sample size and range of daily age would be ex-
panded for research. (2) The choice of ROI was subject to the
subjective influence of the operators. The blood vessels and
cerebral sulci of newborns could not be completely avoided
when selecting the ROI. The method of taking the average
value of three times of the measurement was adopted to en-
sure the reliability of the data, as far as possible. (3) The influ-
ence of CBF maps on the anatomical reference should be
further researched. (4) A comparison of whole brain CBF
values between different groups was lacking, and should be
further evaluated. (5) The PLD used in the present study ap-
peared to be shorter than the ASL white paper. Blood in the
vessels could show better signals, but the measured signals
were not perfused, which should be further researched. (6)
The pixel of the ASL was usually larger than 3× 3mm2. The
manually selected ROI (50mm2) only has 4–5 pixels, which is
an unstable measurement, and should be further researched.

Conclusion
In summary, ASL has the characteristics of noninvasive-
ness and simplicity, and has unique advantages in the

clinical application of neonates. In clinical application,
gender has no significant effect on the CBF value. Hence,
the effect of age on the CBF value should be considered,
and a bilateral comparison method should be adopted.

Abbreviations
3D: Three-dimensional; 3DASL: Three-dimensional arterial spin labeling;
ASL: Arterial spin labeling; CASL: Continuous arterial spin labeling;
CBF: Cerebral blood flow; EPI: Echo-planar imaging; MRI: Magnetic resonance
imaging; PASL: Pulsed arterial spin labeling; ROI: Regions of interest

Acknowledgements
We would like to acknowledge the hard and dedicated work of all the staff
that implemented the intervention and evaluation components of the study.
The authors thank Dr. Lizhi Xie from GE Healthcare for help in solving
technical problems.

Authors’ contributions
JNW, JL and HJL conceived the idea and conceptualised the study. XPY and
HZ collected the data. YTZ, NA, SL and ZJG analysed the data. JNW, JL and
HJL drafted the manuscript, then YTZ, NA, SL and ZJG reviewed the
manuscript. All authors read and approved the final draft.

Funding
1. Key Research and Development Program of Hebei Province Self-funded
Project Number: 172777186.
2. Medical Science Research Project of Hebei Province in 2019 Project
Number: 20190933.
3. Baoding Social Development Project Number: 18ZF290.
The funding body had no role in the design of the study and collection,
analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
All data generated or analysed during this study are included in this
published article.

Ethics approval and consent to participate
I confirm that I have read the Editorial Policy pages. This study was
conducted with approval from the Ethics Committee of our hospital. This
study was conducted in accordance with the declaration of Helsinki. Written
informed consent was obtained from all patient Guardians.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Radiology, The Second Hospital of Hebei Medical University,
215 Heping West Road, Shijiazhuang 050005, China. 2Department of
Otolaryngology Head and Neck Surgery, Baoding Second Hospital, Baoding
071000, China. 3Department of Radiology, Affiliated Hospital of Hebei
University, Baoding 071000, China. 4Department of Pediatric, Affiliated

Table 3 comparison of CBF values in each brain region of the three groups at different ages (mean ± standard deviation) (ml/100 g/
min)

basal ganglia thalamus corona radiata frontal white matter parietal white matter brain stem

1-3d(N = 19) 25.93 ± 3.39 27.15 ± 5.68 22.58 ± 3.54 23.154 ± 3.75 10.767 ± 1.43 31.54 ± 4.06

4-7d(N = 21) 30.26 ± 5.96* 28.57 ± 6.08 22.67 ± 3.85 21.03 ± 2.18* 10.66 ± 1.37 37.22 ± 6.49*

8-15d(N = 20) 35.24 ± 5.24*# 29.24 ± 4.45 26.97 ± 3.41*# 23.96 ± 3.40# 12.12 ± 2.11*# 33.54 ± 5.93#

F 16.78 0.74 9.66 4.71 4.79 5.28

P < 0.01 0.48 < 0.01 0.01 0.01 0.01

Note: The CBF values of basal ganglia, thalamus, radial crown, frontal white matter and parietal white matter were the bilateral average values. * means that
compared with the 1–3 day group, P < 0.05; # means that compared with compared with the 4–7 day group, P < 0.05

Wang et al. BMC Pediatrics          (2019) 19:495 Page 5 of 6



Hospital of Hebei University, Baoding 071000, China. 5Department of
Anesthesiology, Affiliated Hospital of Hebei University, Baoding 071000,
China.

Received: 30 June 2019 Accepted: 5 December 2019

References
1. van Laar PJ, van der Grond J, Hendrikse J. Brain perfusion territory imaging:

methods and clinical applications of selective arterial spin labeling MR
imaging. Radiology. 2008;246:354–64.

2. Zhang N, Gordon ML, Goldberg TE, et al. Cerebral blood flow measured by
arterial spin labeling MRI at resting state in normal aging and Alzheimer’s
disease. Neurosci Biobehav Rev. 2017;72:168–75.

3. Lindner T, Larsen N, Jansen O, et al. Selective arterial spin labeling in
conjunction with phase-contrast acquisition for the simultaneous
visualization of morphology, flow direction, and velocity of individual
arteries in the cerebrovascular system. Magn Reson Med. 2017;78:1469–75.

4. Edelman RR, Siewert B, Darby DG, et al. Qualitative mapping of cerebral
blood flow and functional localization with echo-planar imaging and signal
targeting with alternating radio frequency. Radiology. 1994;192:513–20.

5. Pollock JM, Tan H, Kraft RA, et al. Arterial spinlabeled MR perfusion imaging:
clinical Applications. Magn Reson Imaging Clin N Am. 2009;17:315–38.

6. Detre J, Rao H, Wang D, et al. Applications of arterial spin labeled MRI in the
brain. Magn Reson Imaging. 2012;35:1026–37.

7. Jia R, Xu X, Liu X, et al. Value of 3D Pseudo- continuous Arterial Spin
Labeling Magnetic Resonance Perfusion Imaging in Evaluating Posterior
Circulation Ischemia in the Elderly. Zhongguo Yi Xue Ke Xue Yuan Xue Bao.
2017;39(2):272–9.

8. Hu HH, Rusin JA, Peng R, et al. Multi-phase 3D arterial spin labeling brain
MRI in assessing cerebral blood perfusion and arterial transit times in
children at 3T. Clin Imaging. 2019;53:210–20.

9. Alsop DC, Detre JA, Golay X, et al. Recommended implementation of
arterial spin-labeled perfusion MRI for clinical aplications: a consensus of the
ISMRM perfusion study group and the European consortium for ASL in
dementia. Magn Reson Med. 2015;73:102–16.

10. Meng LL, Wang Q, Wang F, et al. Application of 3.0T MR arterial spin-labeling
and diffusion-weighted imaging in full-term neonatal hypoxicischemic
encephalopathy. Chin Med Imaging Technol. 2015;31:518–52.

11. Gan M, Chen F, Dai ZY, et al. Application of magnetic resonance three-
dimensional arterial labeling perfusion imaging in blood flow analysis of
normal human brain in different age groups. J Med Imaging. 2016;2:2059–163.

12. Chugh BP, Bishop J, Zhou YQ, et al. Robust method for 3D arterial spin
labeling in mice. Magn Reson Med. 2012;68:98–106.

13. Parkes LM, Rashid W, Chard DT, et al. Normal cerebral perfusion
measurements using arterial spin labeling: reproducibility,stability, and age
and gender effects. Magn Reson Med. 2004;51:736–43.

14. Miranda MJ, Olofsson K, Sidaros K. Noninvasive measurements of regional
cerebral perfusion in preterm and term neonates by magnetic resonance
arterial spin labeling. Pediatr Res. 2006;60:359–63.

15. Chugani HT, Phelps ME. Maturational changes in cerebral function in infants
determined by 18FDG positron emission tomography. Science. 1986;231:840–3.

16. Liu YN, Zhu XP, Feinberg D, et al. Arterial spin labeling MRI study of age
and gender effects on brain perfusion hemodynamics. Mag Reson Med.
2012;68:912–22.

17. Floyd TF, Maldjian J, Gonzales-Atavales J, Alsop DC, Detre JA. Testre-test
stability with continuous arterial spin labeled (CASL) perfusion MRI in
regional measurement of cerebral blood flow. In: Proceedings of the 9th
annual meeting of ISMRM, Glasgow, Scotland; 2001. p. P1569.

18. Baxter LR, Mazziotta JC, Phelps ME, Selin CE, Guze BH, Fairbanks L. Cerebral
glucose metabolic rates in normal human females versus normal males.
Psychol Res. 1987;21:237–45.

19. Podreka I, Baumgartner C, Suess E, Müller C, Brücke T, Lang W, Holzner F,
Steiner M, Deecke L. Quantification of regional cerebral blood flow with
IMP-SPECT. Stroke. 1989;20:183–91.

20. Shaw T, Meyer JS, Mortel K, Cutaia M, Sakai F, Yamaguchi F. Effects of
normal aging, sex and risk factors for stoke on regional cerebral blood flow
(rCBF) in normal volunteers. Acta Neurol Scand. 1979;60:462–3.

21. Perthen JE, Scott R, Calamante F, Gadian DG, Connelly A. Age dependence
of MR perfusion measures in children under two years old. In: Proceedings
of the 10th Annual Meeting of ISMRM, Honolulu; 2002. p. p426.

22. Robertson RL, Ben-Sira L, Barnes PD, et al. MR Linescan DiffuSion-weighted
imaging of term neonates with perinatal brain is Chemia. AJNR Am J
Neuroradiol. 1999;20:1658–70.

23. Rivkin MJ. Hypoxic-ischemic brain injury in the newborn. Neuropathology,
clinical aspects, and neuroimaging. Clin Perinatol. 1997;24:607–25.

24. Bokkers RP, Bremmer JP, van Berckel BN, et al. Arterial spin labeling
perfusion MRI at multiple delay times: a correlative study with H2

15O
positron emission tomography in patients with symptomatic carotid artery
occlusion. J Cereb Blood Flow Metab. 2010;30:222–9.

25. Takahashi H, Ishii K, Hosokawa C, et al. Clinical application of 3D arterial
spin-labeled brain perfusion imaging for Alzheimer disease: comparison
with brain perfusion SPECT. AJNR. 2014;35:906–11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Wang et al. BMC Pediatrics          (2019) 19:495 Page 6 of 6


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study design and participants
	Inspection methods
	Data processing
	Statistical analysis

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

