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Diagnostic performance of arterial spin-labeled perfusion
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We evaluated the performance of arterial spin-labeled perfusion
imaging and diffusion-weighted imaging in diagnosing full-term
neonatal hypoxic-ischemic encephalopathy. Arterial spin-labeled,
diffusion-weighted imaging and conventional magnetic resonance
imaging (T1-weighted imaging, T2-weighted imaging and T2 fluid-
attenuated inversion recovery) were performed in 23 full-term
neonates with hypoxic-ischemic encephalopathy group 10 normal
neonates (Control group). The cerebral blood flow and the appar-
ent diffusion coefficient were measured in the bilateral basal gan-
glia, thalamus and frontal white matter. The effect of neonatal age
on the CBF and apparent diffusion coefficient values were further in-
vestigated after dividing the 23 ischemic encephalopathy cases into
three subgroups (1-3 days, 4—7 days, and 8—15 days). The cerebral
blood flow values in the thalamus and lenticular nucleus were sig-
nificantly higher. The apparent diffusion coefficient values in the
thalamus, frontal white matter and lenticular nucleus head were
significantly lower in the hypoxic-ischemic encephalopathy group
than those in the Control group (p < 0.05). There were no signifi-
cant differences between the ischemic encephalopathy and Control
groups in the cerebral blood flow values in the caudate nucleus head
and frontal lobe white matter (p > 0.05). The cerebral blood flow
and apparent diffusion coefficient values in the thalamus and lentic-
ular nucleus were negatively correlated. Comparison among dif-
ferent age subgroups of hypoxic-ischemic encephalopathyneonates
showed that the cerebral blood flow value was higher. In compar-
ison, the apparent diffusion coefficient value was lower in the 1-3
days old neonates than those in the older neonates (p < 0.05). Ar-
terial spin-labeled and diffusion-weighted imaging could reflect the
ischemic encephalopathy pathological processes more comprehen-
sively. The cerebral blood flow measurement and apparent diffusion
coefficient values in the thalamus and the lenticular nucleus may
represent a novel way to diagnose ischemic encephalopathy early.
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1. Introduction

Hypoxic-ischemic encephalopathy (HIE) is a common rea-
son for the early death of neonates. HIE occurs in 1 to 8 per
1000 live births in developed countries [1]. Some asphyxi-
ated newborns have decreased cerebral blood flow (CBF) on
the first day of life, which may be related to the development
of their brains and hypoxic-ischemic injury, and hyperperfu-
sion usually reaches the peak on days 2-3 of their lives [2, 3].

Magnetic resonance imaging (MRI) is the preferred
method for HIE diagnosis. The water content in brain tis-
sue increases after hypoxia, leading to prolonging T1 and
T2 values on the MR image [4]. Studies have shown that
T1-weighted (T1WI) and T2-weighted (T2W1I) imaging is
sensitive to the pathological processes of neuronal necrosis
and water changes in neonates of 3-7 days and 6-10 days,
respectively [4, 5]. In clinical practice, dynamic susceptibil-
ity contrast-enhanced perfusion MRI is commonly used to
evaluate the microcirculation of brain tissue. With this tech-
nique, the hemodynamics, such as CBF, mean transit time,
cerebral blood volume, and time to peak, can be evaluated
through the time-signal intensity curve following the admin-
istration of contrast agents. However, its application in pe-
diatrics is limited because of the administration of contrast
agents, and few studies are using perfusion-weighted imag-
ing in the very immature brain [6, 7].

Arterial spin labeling (ASL) is a new MR technique by
which the regional CBF can be quantified using CBF images.
It has been reported that ASL can evaluate abnormal brain
perfusion in neonatal brain injury [8, 9]. Diffusion-weighted
imaging (DW1) is to date the only non-invasive method to
detect water molecule diffusion in vivo. Compared with the
conventional MRI, DWI can detect the pathological process
of early hypoxic-ischemic lesions and quantitatively measure
the apparent diffusion coefficient (ADC) [10-13], which is
positively related to the diffusion rates of water molecules. In
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the case of restricted diffusion, the signal intensity exhibits an
increase on the DWI image and a decrease on the ADC map.

‘We measured the CBF and ADC values of the full-term
HIE neonates to determine the diagnostic performance of
ASL and DWI for HIE.

2. Materials and methods
2.1 Patients

Neonates who were clinically diagnosed with HIE and
underwent MRI examination from October 2018 to August
2020 were enrolled. They were diagnosed with HIE accord-
ing to the HIE diagnostic criteria developed by the American
Society of Obstetrics and Gynecology (ACOG) in 2014 [14].
The main causes for the HIE included birth asphyxia, cord
entanglement, aspiration pneumonia, and the application of
obstetric forceps or ventouse extraction for birth. Inclusion
criteria: (a) gestational age >38 weeks; (b) age was within
15 days; (c) availability of MR DW1I and ASL images. Exclu-
sion criteria: (a) acute encephalopathy resulting from causes
other than hypoxic-ischemic events, i.e., chromosomal ab-
normality, electrolyte abnormality, hypoglycemia, metabolic
disease, neurocutaneous syndrome, neuromuscular disease,
idiopathic stroke, intracranial hemorrhage, and central ner-
vous system infection; (b) suffering from congenital brain
malformation, bleeding diathesis, prolonged neonatal pul-
monary hypertension, and imminent death; (c) the image
quality was unsatisfying with susceptibility or motion arti-
facts. The HIE cases were further divided into three sub-
groups based on their ages (i.e., 1-3 days, 4-7 days, and 8-
15 days) to determine the influence of age on the CBF and
ADC values. During the same period, full-term newborn
infants who underwent MRI for non-neurologic conditions
(including icterus, esophageal atresia or facial vascular mal-
formations without intracranial involvement) were included
in the Control group. They were without any signs of en-
cephalopathy and were with normal brain MRI images. The
research was approved by the Ethics Committee (approval
no. 12184). Informed consent was obtained from the par-
ents of all neonates.

2.2 MRI sequences and imaging parameters

Oral chloral hydrate (5%, 50 mg/kg) was used for se-
dation 15-20 minutes (min) before the MRI examination.
The cotton ball was plugged into neonates’ ears for hearing
protection. Heart rate and oxygen saturation were moni-
tored during MR imaging by an intensive care neonatolo-
gist. The neonates were kept warm during the MRI exam-
ination. Magnetic field intensity was 3.0-T, and the scan-
ner was equipped with an 8-channel head coil (Verio, post-
processing workstation, syngo MMWP VE36A, Siemens,
Germany). The brain MRI scans included the axial T1WI,
T2WI, T2FLAIR, sagittal T2W1, ASL, and DWI1. Q2TIPS
(QUIPSS II with thin-slice TI1 periodic saturation) perfusion
pattern based on PICORE (proximal inversion with control
for off-resonance effects) labeled scheme was adopted for the
ASL. The imaging parameters of ASL were TR = 4000 ms,
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TE = 17 ms, slice thickness = 6 mm, interslice gap = 0.6 mm,
slice number = 4, labeling pulse flip angle = 90°, bandwidth
= 1002 Hz, excitation = 1, TI1 = 700 ms, and T12 = 1400 ms.
Scanning ranged from the thalamus to the level of the supe-
rior edge of the lateral ventricle with an acquisition number
of 51, and the scan duration was 3 min and 48 sec. Echo pla-
nar imaging sequence was applied for DW1I with TR = 6600
ms, TE = 100 ms, gradient magnetic field from the three di-
rections of X, Y, and Z-axis, b value = 0, 1000 s/mm?, slice
thickness = 6 mm, number of excitations = 3, and scan dura-
tion of 1 min and 20 sec.

2.3 Image analysis and data process

Two pediatric neuroradiologists (with 12 years and 16
years of experience, respectively) blinded to the grouping in-
formation reviewed the MRI data. Disagreement was re-
solved through discussion. ADC and CBF quantitative maps
were generated online via vendor-sourced software and dis-
played as DICOMS in PACS. The ADC maps in the same
geometry as the ASL maps were acquired. The colors of
the CBF map were regulated manually in a post-processing
workstation (Syngo MMWP VE36A). On the ADC maps, the
bilateral caudate nucleus head, lentiform nucleus, thalamus,
frontal and parietal white matter (at the level of the superior
edge of the lateral ventricle) were selected as the region of in-
terest (ROI), and the ADC was measured. The cerebrospinal
fluid area was avoided from the edge of ROI, and the size of
ROI was set depending on the location of the ROIs [3]. The
ROI on the CBF map was determined by drawing on the orig-
inal ASL images (Fig. 1). The ROIs on the CBF maps were
consistent with those on the ADC maps. The CBF and ADC
values between the HIE and Control groups and the relation-
ship between the CBF and ADC were analyzed.

Fig. 1. ASL perfusion-weighted imaging of a control neonate. (A) CBF

image. (B) The label source ASL image. The circled area indicates the region

of interest (ROI) at the left caudate nucleus head level.
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Table 1. Normal and abnormal performance in conventional MRI and DWI of neonates in the HIE group.

Location Abnormal signal on

conventional MRI and

Abnormal signal on

conventional MRI and normal

Normal signal on conventional Normal signal on conventional

MRI and abnormal signal on MRI and normal signal on

abnormal signal on DW1I image signal on DWI image DWI image DWI image
Lentiform nucleus 2 1 1 1
Thalamus 1 0 0 2
Frontal white matter 2 4 3 3
Parietal white matter 0 0 3 0
Total 5 5 7 6

2.4 Statistical analysis

Data were analyzed with the SPSS software (version 19.0,
SPSS Inc., Chicago, IL, USA). Data are expressed as mean +
standard deviation (SD). Two independent samples ¢-test was
used to compare the CBF and ADC values between the HIE
and Control groups. Pearson correlation was used to assess
the relationship between CBF and ADC. One-way analysis
of variance (ANOVA) and SNK-q test were used to analyze
the influence of age on CBF and ADC. ROC curves calculated
sensitivity and specificity. p < 0.05 was considered to be sta-
tistically significant.

3. Results
3.1 Clinical characteristics

There were 23 full-term neonates (10 males and 13 fe-
males) in the HIE group and 10 full-term neonates (6 males
and 4 females) in the Control group. Their age was from 1 to
15 days. The median age was 9.1 days in the HIE group and
10.3 days in the Control group. The gestational age range
in the HIE group was 37-41 weeks, with an average of 40.2
weeks, and in the Control group was 37-42 weeks, with an
average of 39.7 weeks. The average weight was 2.8 kg in the
HIE group and 3.1 kg in the Control group. For the HIE cases,
9 patients suffered from acute asphyxia and the other 14 pa-
tients suffered from prolonged asphyxia. Intracranial bleed-
ing occurred in 5 cases. There were no significant differences
between the HIE and Control groups regarding sex, age, ges-
tational age, and weight.
3.2 Sensitivity and specificity of conventional MRI, ASL, and
DWT in the diagnosis of HIE

The sensitivity and specificity were measured to deter-
mine the different diagnostic values of conventional MRI,
ASL and DWTI in HIE. There was a consensus read between
two neuroradiologists. Of the 23 cases with HIE, 10 were
positive on conventional T1WI, T2W1, and T2FLAIR (sen-
sitivity: 41.6%; specificity: 54.5%). The lesions detected with
conventional MRI were located in the lentiform nucleus in 3
cases, the frontal white matter in 6 cases, and the thalamus in
1 case, exhibiting hyperintensity on T1WI and T2FLAIR hy-
pointensity on T2W1I. On the DWTI and ADC maps, 12 cases
showed abnormal signal intensity in the frontal and parietal
white matter, thalamus, or lentiform nucleus. The distribu-
tion of the cases is shown in Table 1. The sensitivity and
specificity of DWI were 50.0% and 45.4%, respectively.
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The CBF maps displayed CBF in the gray matter, white
matter, and deep nuclei in the Control group. The CBF in
the gray matter was significantly higher than that in the white
matter. The blood flow in the basal ganglia was between
the levels in the gray and white matter (Fig. 2). In the HIE
group, hypoperfusion areas in the CBF maps were identified
in the frontal lobe, parietal lobe, or basal ganglia in 5 cases,
and no significant change was observed in the other 18 cases
(Figs. 3,4). The sensitivity and specificity of ASL were 33.3%
and 90.9%, respectively. These results indicate that ASL has
a high specificity and a low sensitivity.

Fig. 2. The CBF images in different slices of a control neonate (7 days

old, gestational age of 38 weeks and 4 days, and weight of 4.3 kg). (A-
D) CBF images showed different blood perfusion in different areas. The red
areas in the cerebral cortex indicate high perfusion. The blue areas in the
white matter illustrate low perfusion. The green areas in the basal ganglia

region show the perfusion between red and blue.
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Fig. 3. Images of a male HIE neonate (3 days old, gestational age of 37

weeksand 6 days,and weight of 2.45kg) with a history of perinatal as-
phyxiadue toan intertwined umbilical cord. (A) T2WI showed hyper-
intensity at the bilateral corona radiata area (arrows). (B) DW1 showed hy-
perintensity in the same regions (arrows). (C) ADC map showed hypointen-
sity in the same regions (arrows). (D) No abnormal perfusion was observed
on the CBF images, but the CBF value in the circled area was higher than
that of the control group.

3.3 Significance of CBF and ADC values

To determine the diagnostic value of ASL and DWI in
HIE, the quantitative values of CBF and ADC were measured.
Tables 2,3 showed the CBF and ADC values of the bilat-
eral caudate nucleus head, lentiform nucleus, thalamus, and
frontal white matter. The CBF values in the thalamus and
lentiform nucleus in the HIE group were significantly higher
than those in the Control group (p < 0.05). There were no
statistical differences between the two groups’ CBF values in
the caudate nucleus head and frontal white matter (p > 0.05).
In contrast to CBF values, the ADC values in the thalamus,
frontal white matter and lentiform nucleus in the HIE group
were significantly lower than those in the Control group (p
< 0.05). Similar to CBF values, there was no significant dif-
ference for the ADC value in the caudate nucleus head be-
tween the two groups (p > 0.05). Pearson correlation analysis
showed that the CBF and ADC values were negatively corre-
lated in both thalamus and lentiform nucleus (R = -0.355, p
< 0.01;and R = -0.471, p = 0.02; respectively). There was no
significant correlation between the CBF and ADC values in
the frontal white matter and caudate nucleus head (R = 0.028,
p=0.91; and R = 0.065, p = 0.34, respectively).
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Fig. 4. Images of a 10-day old female HIE infant (with a history of in-

trauterine infection and neonatal asphyxia). There was no signal ab-
normality on TIW1I (A), T2WI (B) and DW1I images (C). (D) The perfusion

was reduced at the left basal ganglia region on CBF maps (arrow).

3.4 The effect of age on the CBF and ADC values in the HIE
neonates

Based on their age, the 23 HIE cases were divided into
three subgroups of 1-3 days, 4-7 days, and 8-15 days, based
on their age to determine the effect of age on CBF and
ADC. The CBF values in all analyzed areas were significantly
higher. In comparison, the ADC values were significantly
lower in the group of 1-3 days than those in the other two
groups (p < 0.05, Tables 4,5). There were no significant dif-
ferences for both CBF and ADC values in the analyzed areas
between the groups of 4-7 days and 8-15 days (p > 0.05).

4. Discussion

ASL is an MR perfusion imaging method, first proposed
and applied in animal experiments by Detre et al. in 1992
[15]. It was used in evaluating human brain perfusion for
the first time in 1994 by Roberts et al. [16]. ASL employs
magnetic marked arterial blood as an endogenous contrast
medium and involves pulsed arterial spin labeling (PASL) or
continuous arterial spin labeling (CASL) [17]. We adopted
PASL technology, safe, non-invasive, convenient, no need
for exogenous contrast agent, allowing repeated measure-
ments, and less post-processing. However, PASL is relatively
limited by the low signal-to-noise ratio (SNR) and poor spa-
tial resolution. The CBF is lower, and the blood water con-
tent is higher in neonates than in adults, resulting in a higher
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Table 2. The average CBF values in different brain areas of neonates (mean =+ SD).

Average CBF value (mL/100 g/min)

ROI

HIE group (n = 23)  Control group (n = 10) t p value
Caudate nucleus head 28.33 £+ 13.42 30.73 £ 22.20 -0.66 0.522
Lentiform nucleus 55.34 £+ 24.16 47.47 £23.93 2.74 0.010
Thalamus 51.96 &+ 42.24 42.04 £ 26.74 2.93 0.004
Frontal white matter 20.51 £ 11.29 20.52 4+ 10.17 -0.14 0.198

Table 3. The average ADC values in different brain areas of neonates (mean + SD).

Average ADC value (x10~3 mm?/s)

ROI

HIE group (n =23)  Control group (n = 10) t p value
Caudate nucleus head 1.27 £ 0.05 1.23 £0.11 0.16 0.87
Lentiform nucleus 1.21 £ 0.05 1.25 4+ 0.07 2.25 0.04
Thalamus 1.12 £ 0.07 1.16 = 0.12 2.44 0.03
Frontal white matter 1.43 £0.11 1.50 £ 0.16 2.39 0.03

Table 4. The CBF values in different age groups of HIE neonates.

The average CBF value (mL/100 g/min)

Age (days)

Caudate nucleus head  Lentiform nucleus Thalamus Frontal white matter
1to3(n=9) 30.19 £ 12.74 57.49 + 23.65 53.28 £ 24.39 26.54 + 14.76
4t07 (n=12) 21.05 £ 11.26 49.36 £+ 21.47 47.39 4 20.74 21.87 £ 10.43
8to15(n=2) 27.54 + 16.83 52.13+27.32 44.93 + 25.08 22.75 + 12.66
F value 3.799 6.915 4.763 5.625
p value 0.041 0.006 0.021 0.013

Table 5. The ADC values in different age groups of HIE neonates.
The average ADC values (x10~2 mm?/s)

Age (days)

Caudate nucleus head  Lentiform nucleus Thalamus Frontal white matter
1to3(n=9) 0.987 4 0.086 1.169 +0.124 1.104 4 0.055 1.403 4 0.261
4t07 (n=12) 1.208 £ 0.103 1.486 £ 0.073 1.625 £ 0.232 1.874 £ 0.433
8to15(n=2) 1.315 4+ 0.139 1.465 4+ 0.071 1.817 +0.142 1.727 + 0.079
F value 4.145 4.970 4.383 5.168
p value 0.031 0.018 0.026 0.016

T1 value and lower SNR [18-20]. Although CASL has been
shown to generate a higher SNR and provide a better per-
fusion contrast than PASL, it may lead to neonatal radiofre-
quency burn because of the high specific absorption rate [21].
In addition, CASL may overestimate the perfusion because
its longer labeled pulse could produce a magnetization trans-
fer effect. Little is known for recently developed ASL meth-
ods such as pseudo-continuous arterial spin labeling for their
application in pediatrics due to their complexity [22]. The
PASL was used to measure the CBF, showing a sensitivity of
33.3% and a specificity of 90.9% in the diagnosis of HIE. The
sensitivity of CBF was lower than that of conventional MRI
and DW1 (41.6% and 50%, respectively), which may be due to
the poor resolution of PASL. The low sensitivity and speci-
ficity for DW1I are likely due to the wide time range of the
MRI.

Additionally, the sensitivity and specificity of ASL were
different in our work, which was carried out by de Vis et al.
[9]. The sensitivity was 85.7%, and the specificity was 100%.
This may be due to the performance time of MRI. The MRI
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was performed within 15 days after birth, while, in de Vis et
al. [9] results, the MRI was performed 2-7 days after birth.
The HIE lesions in 7 cases showed high signal intensity
on DWI images and low signal intensity on ADC maps. In
contrast, their signal intensity was normal in the conven-
tional T1WI, T2WI and T2FLAIR sequences. These results
indicated that DWI was more sensitive to the pathological
changes in HIE than conventional MRI sequences, which is
consistent with previous studies [12, 23]. Previous studies
have reported that brain perfusion may be affected by devel-
opmental and postnatal age [16-18]. Reduced CBF and oxy-
gen supply may result in a series of biochemical reactions and
ultimately lead to cell damage in HIE [24]. For acute cell in-
jury, the diffusion rate of water molecules in cells may reduce
due to cytotoxic edema, thus showing decreased ADC val-
ues and high DWT signal intensity [25]. At the early stage
of HIE, conventional MRI sequences may not detect the le-
sions because there is neither a significant change of the water
molecule content nor necrosis in the damaged brain tissue.



However, 5 HIE cases showed no abnormalities on DW1I
images and ADC maps but the abnormal signal intensity in
conventional MRI sequences. This result may be explained
that the hypoxic-ischemic lesion may be in the subacute or
early recovery stage. In this stage, selective necrosis of the
cortex and proliferation of glial cells can cause the increase
of water molecule diffusion and ADC values. Thus the high
signal intensity in the infarction area may gradually develop
into an isointensity signal on DW1I images [12, 26]. Another
possible explanation might be that the lesions may be in the
period of ADC pseudonormalization. The cerebral vessels
could automatically adjust the blood flow in 5 to 10 days,
which may cause reperfusion injury and blood-brain barrier
damage [27]. Therefore, water molecular diffusion increases
and the ADC values return to normal [28]. Winter et al. [29]
have demonstrated that ADC may show the “pseudonormal-
ization” phenomenon in the HIE neonates 10 days from birth
in the areas of frontal and occipital white matter, thalamus,
lentiform nucleus, and posterior limb of the internal capsule.
During this period, DWI may not exhibit abnormal signal in-
tensity.

Comparative analysis showed that the CBF values in the
thalamus and lentiform nucleus were higher. The ADC val-
ues in the thalamus, frontal white matter, and lentiform nu-
cleus were lower in the HIE cases than those in the Con-
trols. The CBF and ADC values changes in the thalamus and
lentiform nucleus were more significant than in the other re-
gions. There was a negative correlation between the CBF and
ADC values. These results indicate that the CBF and ADC in
the hypothalamus and lentiform nucleus are more sensitive
to the pathological processes of ischemia and hypoxia. The
hypothalamus and lentiform nucleus vessels may be dilated,
accompanied by short-term high perfusion and restricted dif-
fusion of water molecules [30]. Pienaar et al. [31] have also
shown that the decreased ADC value was correlated with in-
creased CBF value in the hypoxic-ischemic region, consistent
with our results. These indicate that ASL and DWI can help
early diagnosis of HIE.

In addition, the CBF value in HIE neonates aged 1-3 days
was higher than those in elder HIE neonates, but there was
no significant difference among neonates aged 4 days and
older. The hypoxic-ischemic cerebral injury is acute in the
HIE neonates aged 1-3 days, and the blood flow compensa-
tion increases [3]. However, three days later, the brain tis-
sue is already at the stage of ischemia-reperfusion, and auto-
regulation of cerebral blood vessels is decompensated, leading
to reduced cerebral blood flow and CBF values [3]. There-
fore, CBF might reflect the pathological process of brain in-
jury in HIE, which is consistent with the previous report [31].
Aslan et al. [32] have demonstrated that regional CBF was
more sensitive in detecting small CBF changes than absolute
CBF. In addition, the ADC values in the HIE neonates aged
1-3 days were also lower than those in the other age groups.
Barkovich et al. [11] have suggested that the DW1 sequence
was sensitive to cytotoxic edema induced by early cerebral is-

chemia and could reflect the severity and range of brain in-
jury earlier than conventional MRI sequences. They also ob-
served that some HIE cases showed decreased ADC values but
no abnormal findings on the DW1 images, indicating that the
ADC value measurement is more accurate and sensitive than
the DWIimage. These indicate that CBF and ADC values are
important in the 1st-3rd days of life. Liauw et al. [33] and
Rutherford et al. [34] have obtained similar results, show-
ing reduced ADC values but no abnormal signal intensity on
DWI images in some hypoxic-ischemic lesions. Neverthe-
less, it was noticed that the scan range of ASL was small and
the scan time was relatively long, so that the temporal and
spatial resolution of pulse ASL is relatively low.

We encountered some limitations apart from the small
sample size, and there was a low sensitivity and specificity
for DWI and low sensitivity for ASL. This is likely due to
the wide time range of performing the MRI. In addition, due
to instrumental limitations, the slice thickness of the MRI
scan used was thicker. Finally, only a few available follow-
up data were acquired from these babies, and further analysis
is needed to be performed.

5. Conclusions

Our findings show that ASL noninvasively reflects the
CBF changes, while DW1I demonstrates the early diffusion
changes in brain tissues. These two techniques could pro-
vide more detailed information on the pathological processes
of HIE.
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