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ARTICLE INFO ABSTRACT

Keywords: Purpose: This study aimed to evaluate the amide proton transfer (APT) values in neonates with mild hypoxic-
APT imaging ischemic encephalopathy (HIE) using APT imaging.

Neonatal Method: A total of 30 full-term neonates with mild HIE (16 males and 14 females; mean postnatal age 4.2 days,
Mild

age range 2-7 days) and 12 normal neonates (six males and six females; mean postnatal age 3.3 days, age range
2-5 days) underwent conventional magnetic resonance imaging and APT imaging. APT measurements were
performed in multiple regions of interest (ROIs) in the brain. APT values were statistically analyzed to assess for
significant differences between the mild HIE and normal neonates in different regions of the brain, and corre-
lation with neonatal gestational age.

Results: In 30 neonates with mild HIE, 10% (3/30) of the HIE patients had normal conventional MRI. There were
significant differences in APT values of the HIE group in bilateral caudate, bilateral thalamus, bilateral centrum
semiovale and left globus pallidus/putamen (p < 0.05), and no statistical difference was observed in right
globus pallidus/putamen (p = 0.051) and brainstem (p = 0.073) between the two groups. Furthermore, APT
values in bilateral caudate, bilateral globus pallidus/putamen, bilateral thalamus, and brainstem regions
(p < 0.05) exhibited positive linear correlations with gestational age in the control group, except for bilateral
centrum semiovale (right: Pearson’s r = 0.554, p = 0.062; left: Pearson’sr = 0.561, p = 0.058). In the mild HIE
groups, no significant correlation with gestational age was found in all regions.

Conclusions: APT imaging is a feasible and useful technique with diagnostic capability for neonatal HIE.

Hypoxic-ischemic encephalopathy

1. Introduction treatment, can use to counsel parents, and to evaluate the effect of

neuroprotective therapies.

Neonatal hypoxic-ischemic encephalopathy (HIE) is a major com-
plication of perinatal asphyxia, with high mortality and morbidity, and
occurs in 1-6 per 1000 live births [1,2]. Neonatal HIE results in adverse
neurodevelopmental outcomes, such as cerebral palsy, mental re-
tardation and epilepsy [3]. The underlying pathophysiological me-
chanisms in HIE are inadequate blood flow and oxygen supply to the
brain resulting in focal or diffuse brain injury. Infants with mild HIE
were previously considered to have a good prognosis, without long-
term disability. Therefore, there has been very limited published MRI
data on neonatal mild HIE cases. However, there is increasing evidence
that abnormal outcomes (such as death, and motor or developmental
delay at 18 months follow-up) occur in some infants with mild HIE
[4,5]. Timely diagnostic and prognostic information for mild HIE is
critical, as this can aid in determining the appropriate level of
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Conventional magnetic resonance imaging has been widely used in
neonatal HIE. It can help in identification and characterization of the
exact location, extent, and severity of the brain injury. Newer imaging
techniques have a potential role in early diagnosis and timely inter-
vention. For example, diffusion-weighted imaging (DWI) can detect
changes in the diffusion capacity of microscopic motion of water mo-
lecules. It is sensitive to early hypoxic-ischemic brain injury [6]. Mag-
netic resonance spectroscopy (MRS) is capable of detecting changes in
concentration of metabolites in vivo [7], and can be used as a read out
of metabolic activity which is in turn linked with metabolic function.
For instance, Lactate/N-acetyl-aspartic acid (Lac/NAA) level was con-
sidered the most accurate MR biomarker. Increase in Lac concentration
is an indication of increased anaerobic metabolism. The NAA level
decreases in neuronal necrosis [8]. Furthermore, diffusion tensor
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imaging (DTI) can provide detailed information about brain white
matter microstructure, such as fiber orientation, white matter integrity,
and degree of myelination [9,10]. Moreover, susceptibility-weighted
imaging (SWI) can show microscopic hemorrhage in neonatal brain
[11], while arterial spin labeling (ASL) can provide information on
cerebral perfusion [12]. These MR modalities have been studied in
neonates. However, MRI modalities are not well studied for detecting
changes in the internal environment in neonatal HIE. The internal en-
vironment and brain metabolism are altered during hypoxic-ischemia.

Amide proton transfer (APT) imaging is a chemical exchange sa-
turation transfer-based molecular MRI approach that is capable of in-
direct measurement of pH levels and endogenous mobile proteins at the
cellular and molecular levels [13]. Therefore, APT imaging is a poten-
tial modality for in vivo characterization of the internal environment
during hypoxic-ischemic brain injury.

Although APT imaging studies have been performed in animal hy-
poxic-ischemia models [14,15], and a marked change in pH in lesions
before and after ischemic insult was found, no discernible variation in
amide content was found during a short period, but to the best of our
knowledge, no study has been done in human neonatal. The purpose of
this study was to investigate whether APT imaging can differentiate
neonatal mild

HIE from normal age-matched infants, and to explore the changes in
pH or protein concentration in neonatal mild HIE.

2. Subjects and methods
2.1. Subjects

This study was approved by the medical ethics review board, and
written informed parental consent was obtained before scanning. A
total of 30 full-term infants with HIE (16 males and 14 females; mean
postnatal age 4.2 days, age range 2-7 days; mean gestational age 39.5
weeks, range 37-42 weeks; and mean birth weight 3296 g, range
2460-4540 g), were recruited from the Department of Pediatrics in
Nanfang Hospital between May 2017 and January 2018. All cases had
perinatal asphyxia, and were defined by the presence of at least three of
the following criteria: (1) fetal heart rate abnormalities; (2) meconium
staining of amniotic fluid; (3) delayed onset of respiration; (4) early
postnatal blood pH level < 7.1; (5) Apgar score at 5min of < 5; (6)
multi-organ failure, followed by symptoms of encephalopathy [16].
Encephalopathy was independently graded by two neonatologists using
Siben HIE scores [17]. HIE was classified as mild, moderate or severe,
and each evaluated item varied according to the degree of severity, as
previously described [17], if a slight change in the level of conscious-
ness, a change in posture with mild distal flexion and weak suction are
found in a newborn with a history of a hypoxic ischemic insult, we
could classify this newborn as presenting mild HIE. Furthermore, all
cases were diagnosed as mild HIE. Neonates with congenital mal-
formations, trauma, central nervous system infections, and those born
prior to reaching 36-week gestational age, were not included in the
study. In all neonates, prescribed supportive treatment was im-
mediately started after clinical diagnosis of HIE was established. None
of mild HIE infants was treated with therapeutic hypothermia.

Twelve healthy neonates (six males and six females; mean postnatal
age 3.3 days, age range 2-5 days; mean gestational age 39.5 weeks,
range 37-42 weeks; and mean birth weight of 3136.67 g, range
2170-4000 g) with no evidence of birth asphyxia were recruited in the
control group. In all neonates, conventional MRI and APT imaging were
performed within 2-7 days after birth.

Neurodevelopmental assessment was done using a 20-item neonatal
behavioral neurological assessment (NBNA) [18] at approximately 28
days of ages, administered by a trained pediatric developmental spe-
cialist with six years of experience, in conjunction with a neurodeve-
lopmental pediatrician with > 10 years’ experience.
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2.2. MRI

During the MRI procedures, all neonates requiring sedation were
sedated with oral chloral hydrate (10 mg/Kg), MR-compatible pulse
oximetry and ECG data were monitored. Vacuum pillows were utilized
to minimize subjects’ movements during MRI. Ear protection from noise
exposure was provided by earplugs and/or earmuffs. To ensure optimal
monitoring and reduce the risk during transfer to the MRI room and
MRI procedures, all investigations were performed under the super-
vision of a neonatologist.

MRI was performed on a 3T MRI scanner (Achieva; Philips
Healthcare, Best, the Netherlands), using a dual-channel body coil for
transmission and an eight-channel sensitivity-encoding head coil for
reception. Conventional MRI included axial T1-weighted (repetition
time, 600 ms; echo time, 10 ms; slice thickness, 4 mm; no gap between
slices), T2-weighted (repetition time, 3000 ms; echo time, 100 ms; slice
thickness, 4 mm; no gap between slices), fluid-attenuated inversion
recovery (FLAIR; repetition time, 9000 ms; echo time, 130 ms; inversion
recovery time, 2300 ms; slice thickness, 4 mm; no gap between slices)
and diffusion-weighted (repetition time, 3463 ms; echo time, 114.3 ms;
b factors, 0 and 800 s/mm?2; slice thickness, 4 mm; no gap between
slices) images.

2.3. MRI scores

Neonatal brain injury on MRI (T1WI, T2WI, and DWI) was scored as
previously described [1]. In the scoring system, five regions were
qualitatively assessed including: (i) the subcortical region (caudate
nucleus, globus pallidus/putamen, thalamus, and posterior limb of the
internal capsule PLIC) (ii) white matter, (iii) cortex, (iv) cerebellum and
(v) brainstem. Each subcortical component was independently scored.
Each region was scored based on signal abnormality in each hemisphere
on T1WI, T2WI and DWI. The brainstem was scored from O to 2 in all
three sequences, because it is smaller than the other regions. A cumu-
lative score was the summation of the five regional subscores, and
classified as no (score: 0), mild (score: 1-11), moderate (score: 12-32),
and severe injury (score: 33-138).

2.4. APT image acquisition

APT imaging was implemented using a fat-suppression, three-di-
mensional TSE-Dixon pulse sequence. The saturation pulse with a
duration of 2s (40 X 50 ms, sinc-Gauss-shaped elements) and power
level of 2uT was obtained with two alternated RF transmission chan-
nels, which enable long RF irradiation. The saturation frequency offsets
(£ 3.5, £3.42, £ 3.58, —1540 ppm) were acquired via TSE-Dixon
scanning with intrinsic BO mapping and online reconstruction of BO-
corrected APT images. BO map was derived from three acquisitions at
+ 3.5 ppm with different echo shifts. The remaining parameters were as
follows: TR/TE = 6835/6,8 ms; FOV, 140 X 119 x 68 mm3; voxel size,
1.2 X 1.2 X 4mm3; matrix, 116 X 99; SENSE factor, 2.25; scan dura-
tion, 5min 20s.

2.5. Selection of ROIs

Previous MRI studies have demonstrated the distribution and fre-
quency of brain injury associated with neonatal HIE. The most common
injury patterns involve either injury to the watershed region, or the
deep grey nuclei consisting of the basal ganglia and thalamus [4].
Therefore, nine ROIs were selected including bilateral caudate, bilateral
globus pallidus/putamen, bilateral thalamus, bilateral centrum semi-
ovale, and brainstem (Fig. 1). The acquired APT images and all con-
ventional MRI studies were evaluated by two blinded senior radi-
ologists, and then quantified. ROIs were manually drawn on the APT
images, avoiding interference of the skull, CSF, and cerebral ventricles.
The APT value of the ROI indicated the signal intensity. MTRusym
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Fig. 1. ROIs selection. Images from T2WI (a—c) and APT sequences (d-f) are referenced for the selection of ROIs in this study. For all neonates, ROIs are chosen
bilaterally in the caudate (green), the putamen (blue), the thalamus (red), the centrum semiovale (purple), and the brainstem (yellow).

analysis was employed for the calculation of APT values. The APT
weighted images were calculated according to the equation:

MTRasym(%) = (S—Aw —SAw)/S0,

where S—Aw is BO corrected signal at -3.5 ppm, and SA® is BO
corrected signal at 3.5 ppm, and SO is the normalization factor acquired
at —1540ppm [19].

2.6. Statistical analysis

The statistical analysis was performed using SPSS version 13.0 sta-
tistical software for Windows (SPSS, Inc., Chicago, IL, USA). Data was
presented as mean + standard deviation. The difference in APT values
between the mild HIE neonates and the control group was analyzed
with the independent-samples t-test. The correlation between APT va-
lues and age-related changes for each region was analyzed by Pearson’s
correlation analysis. P < 0.05 indicated statistically significant differ-
ence.

3. Results
3.1. Clinical characteristics

All neurological examinations were performed by pediatricians.
Study populations are comprised of 30 full-term neonates with mild HIE
as cases and 12 full-term neonates as controls. All the 42 neonates had
normal NBNA at approximately 28 days of ages. There was no statistical
difference in gender, birth weight, gestation age, and postnatal age.
Cord blood pH was significantly reduced and lactate was significantly
increased in HIE as compared to the controls. Clinical characteristics of
the study participants are summarized in Table 1.

3.2. MRI

By definition, the conventional MRIs were read by a senior radi-
ologist in the control group no significant incidental or pathological

Table 1
Baseline characteristics of the infants and Neurodevelopmental outcomes.
Control group Mild HIE group statistics P-value
(N =12) (N = 30)
Gender
Male 6 16 X2 = 0.038 0.845
Female 6 14

Birth weight
@

3136.67(476.28) 3296.00(464.93) t=-0.997 0.325

GA at birth 39.45(0.87) 39.52(1.20) t=-0.185 0.854
(weeks)

GA at scan 40.16(0.86) 40.13(1.31) t = 0.055 0.957
(weeks)

Cord blood 7.34(0.10) 7.23(0.10) t = 3.097 0.004
pH

Lactate 3.17(1.64) 5.73(2.42) t= —3.351 0.002

Apgar score < 5 [n (%)]

At 1 min 0(0) 1 (3%)

At 5min 0(0) 0(0)

MR scores 0(0) 5.67(3.76) t=1.939 0.06

NBNA scores 39.17(0.83) 38.43(1.19) t=1.939 0.06

GA, gestational age; HIE, hypoxic-ischemic encephalopathy; NABA, neonatal
behavioral neurological assessment.
Data are mean (standard deviation).

* < 0.05.

findings were observed. Of the 30 mild HIE neonates, 10% (3/30) had a
normal conventional MRI. MRI score was 5.67 * 3.76 in the HIE
group.

Individual APT values per region in all neonates were shown in
Table 2. Fig. 2 and Table 3 exhibits the APT values of the control group
and mild HIE group in all ROIs. APT values of the control group and the
HIE group differed significantly in right caudate, right thalamus, left
caudate, left globus pallidus/putamen, left thalamus, right centrum
semiovale, and left centrum semiovale (p < 0.05). No statistical dif-
ference in APT values was observed in right globus pallidus/putamen
(p = 0.051) and brainstem (p = 0.073) between the two groups.
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Table 2
Individual APT values per region in all neonates.
Right Right globus Right Left Caudate Left globus pallidus/ Left Thalamus Brainstem Right centrum Left centrum
Caudate pallidus/Putamen Thalamus Putamen semiovale semiovale
Control
Subject 1 1.77 2.52 1.98 1.53 1.50 1.56 2.41 1.67 1.88
Subject 2 3.34 3.67 3.78 3.73 3.67 3.37 3.19 2.25 2.39
Subject 3 1.09 2.78 3.74 1.71 0.89 2.74 2.94 3.13 2.16
Subject 4  2.82 2.92 3.16 3.02 3.18 3.35 2.74 1.97 2.21
Subject 5  2.79 3.26 3.52 2.02 2.56 2.80 2.89 2.66 291
Subject 6 2.82 2.81 3.02 2.54 2.62 3.01 2.82 2.37 2.32
Subject 7 3.24 3.24 3.41 2.99 3.27 3.31 3.11 2.42 2.95
Subject 8  0.07 0.45 0.34 0.36 0.00 0.19 1.54 0.53 1.15
Subject 9 0.03 0.63 0.62 0.56 0.32 0.91 1.32 0.29 0.07
Subject 10 2.90 3.48 3.59 3.06 2.90 2.89 3.43 2.76 2.38
Subject 11  2.65 3.03 3.00 2.82 3.06 2.61 2.63 3.07 2.84
Subject 12 2.48 2.22 2.39 2.19 2.36 2.37 2.87 2.77 2.44
Mild HIE
Subject 1 2.09 3.13 4.04 3.68 3.76 4.89 3.83 3.92 2.32
Subject 2 3.88 3.42 4.95 2.75 3.69 4.74 3.94 3.16 3.42
Subject 3 2.70 2.84 2.26 2.78 2.86 3.27 2.20 2.75 2.55
Subject 4 3.24 3.38 3.69 3.06 3.70 3.98 3.42 2.79 3.10
Subject 5  2.59 2.69 3.23 2.75 2.24 2.49 2.80 2.90 3.10
Subject 6  2.75 3.33 2.95 3.06 2.97 2.97 2.06 2.70 2.29
Subject 7 3.12 3.01 3.47 2.27 3.06 3.04 1.91 291 2.83
Subject 8  3.82 4.11 6.81 5.88 5.37 4.31 4.59 4.77 4.45
Subject 9 2.00 2.07 2.60 2.42 2.15 2.44 2.82 2.27 1.98
Subject 10 2.09 3.03 4.22 2.23 2.88 3.14 2.61 2.27 2.30
Subject 11  2.70 3.02 3.34 2.41 2.88 3.15 2.64 2.64 2.84
Subject 12 3.26 2.98 3.52 3.34 3.27 3.35 3.54 2.30 2.49
Subject 13  2.88 3.12 3.28 2.30 2.71 3.15 3.39 2.53 2.36
Subject 14 2.71 5.80 7.78 3.40 6.14 3.98 3.41 4.69 3.14
Subject 15 3.72 3.95 4.55 4.31 4.32 4.62 2.74 3.85 3.61
Subject 16 2.86 3.01 2.85 2.51 2.73 3.39 2.44 215 2.46
Subject 17 2.88 3.01 3.25 2.64 2.63 3.04 3.61 2.51 2.60
Subject 18 2.69 3.06 3.35 2.65 3.10 3.29 2.50 2.68 3.02
Subject 19 2.73 2.87 3.13 3.08 2.54 3.42 3.64 2.87 2.88
Subject 20 2.94 3.19 3.05 3.79 3.52 3.26 3.27 2.66 1.91
Subject 21  2.66 2.81 2.70 2.45 2.78 3.07 217 2.55 2.73
Subject 22 3.66 3.94 4.53 3.65 3.75 4.20 4.01 3.56 3.50
Subject 23  3.75 3.81 4.24 4.28 4.33 4.23 4.45 3.56 3.38
Subject 24 2.88 2.66 2.56 1.69 2.78 2.60 1.88 2.94 3.10
Subject 25 2.38 2.25 2.71 2.75 2.72 2.53 3.90 2.59 2.65
Subject 26 2.71 2.76 2.37 1.57 1.89 1.49 2.44 2.45 1.39
Subject 27 5.03 2.98 3.80 2.51 3.27 4.29 4.90 3.21 3.61
Subject 28 4.79 2.58 5.08 3.72 2.69 4.29 3.30 2.18 2.52
Subject 29 2.78 2.71 2.42 2.89 2.56 2.60 2.26 2.67 2.56
Subject 30 2.13 2.47 2.48 2.00 2.17 2.28 3.71 2.10 2.09
61
*
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Fig. 2. Comparison of ROI-based APT values between healthy control group and neonates with mild HIE group. *p < 0.05; **p < 0.01.
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Table 3
APT measurements at different ROIs.
ROIs Control group (N = 12) Mild HIE group(N = 30) t-value p-value
Right Caudate 2.17(1.16) 3.01(0.72) —2.859 0.007
Right globus pallidus/Putamen 2.58(1.03) 3.13(0.69) —2.009 0.051
Right Thalamus 2.71(1.17) 3.64(1.26) —2.194 0.034
Left Caudate 2.21(1.03) 2.96(0.88) —2.383 0.022
Left globus pallidus/Putamen 2.19(1.22) 3.18(0.92) —2.850 0.007
Left Thalamus 2.43(1.02) 3.38(0.82) —-3.195 0.003
Right centrum semiovale 2.16(0.92) 2.90(0.68) —2.892 0.006
Left centrum semiovale 2.14(0.82) 2.77(0.62) —-2.727 0.009
Brainstem 2.66(0.63) 3.15(0.83) —1.841 0.073
HIE, hypoxic-ischemic encephalopathy.
* < 0.05.
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3.3. Correlation between APT values and age

The relation between APT values and age is shown in Fig. 3. De-
scriptive statistical outcomes are summarized in Table 4. In the control
groups, the Pearson correlation coefficient between APT values and age
showed positive correlation in most regions except for right (Pearson’s
r = 0.554, p = 0.062) and left centrum semiovale (Pearson’sr = 0.561,
p = 0.058). In the mild HIE groups, there was no significant correlation
between APT values and gestational age in all regions.

4. Discussion

The neonatal brain development is a continuous process, with a
large oxygen demand. Normally, energy required for brain activity is
supported from the aerobic metabolism of glucose [20,21]. However,
exposure to a hypoxic-ischemic environment alters the aerobic meta-
bolism of carbohydrates in the brain. Whereby cellular metabolism uses
anaerobic oxidation as opposed to the usual process of oxidative

Table 4

Pearson Correlations betweem gestation age (days) and APT values in different

regions in two groups.

ROIs

Control group (N = 12)

Mild HIE group(N = 30)

Right caudate

Right globus pallidus/
putamen

Right thalamus

Left caudate

Left globus pallidus/
putamen

Left thalamus

Right centrum semiovale

Left centrum semiovale

Brainstem

R2
0.673
0.680

0.702
0.664
0.695

0.798
0.554
0.561
0.604

P-value
0.016
0.015

0.011
0.019
0.012

0.002
0.062
0.058
0.037

R2
0.328
—0.090

0.002
0.015
—0.068

0.023
—0.088
—0.083
0.146

P-value
0.077
0.637

0.992
0.937
0.720

0.903
0.643
0.662
0.441

HIE, hypoxic-ischemic encephalopathy.

* < 0.05.
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phosphorylation. In this case, energy is derived primarily from glyco-
lysis. During glycolysis, lactate acid is produced, lactate accumulation
further causes acidosis, thus suppressing glucose metabolism and con-
suming ATP, which aggravate intracellular acidosis [21,22].

APT imaging is a Chemical Exchange Saturation Transfer technique,
which explores proteins and peptides containing protons that resonate
at 3.5 ppm downfield from water. In theory, APT signal intensity pri-
marily depends on the exchange rate between amide protons and water
protons, and is associated with the protein content, pH, and tempera-
ture [14,23]. Therefore, APT imaging enhances the direct evaluation of
molecular pathophysiological changes in the brain during hypoxia-
ischemia. Zhou et al. [14,15] developed a mouse model of middle
cerebral artery occlusion. They found a significant change in pH in le-
sions before and after ischemic insult, and a pH change of 0.5 units
corresponded to a 50-70% change in the exchange rate. Thus, this
finding supported the application of APT imaging in hypoxic-ischemic
insult.

The present study showed that APT values were higher for neonates
with mild HIE during days 3-7. In the hypoxic-ischemic brain injury
animal model, APT signals initially decreased and reached the lowest
level at 0-2 h, thereafter, the signals gradually increased, recovered to
the level of the control group at 12-24h, and then continued to in-
crease. They were higher than the control group levels at 48-72h [24].
The timing of hypoxic-ischemic brain injury is often difficult to accu-
rately estimate. It is known that the majority of hypoxic-ischemic in-
juries occur intra-partum, while a minority occurs ante-partum and
post-partum [4]. In the vast majority of infants with mild neonatal
encephalopathy, the hypoxic-ischemic injury occurred during intra-
partum [4]. Therefore, MRI of most neonates with mild HIE was in-
itially conducted during hypoxemia and ischemia. Perhaps brain tissues
undergo reperfusion after hypoxic-ischemia. Locally accumulated me-
tabolites in brain tissue are excreted by reperfusion, and accompanied
by the restoration of aerobic metabolism. Studies have also found that
when brain tissue undergoes hypoxic-ischemia, pH transiently de-
creases and then increases, inducing rebound alkalosis [24]. This may
be the reason for higher APT values in mild HIE in our study.

Ongoing brain development is also affected in neonates with HIE
[25,26]. In the normal controls, we found that the APT values in most
regions except for bilateral centrum semiovale exhibited a linear, po-
sitive correlation with gestational age. However, APT values were not
significantly correlated with gestational age at all regions in the mild
HIE group. The neonatal brain development is a dynamic process,
which manifests as neuroglial cell proliferation and myelination [27].
Neuroglial cell proliferation is observed as an increase in cell density,
and generally accompanied by the synthesis of numerous proteins for
myelination [28-30]. Myelination is a process during which the oli-
godendroglial cell membrane curls and encloses nerve fibers to form the
myelin sheath, and neuroglial cell proliferation is observed with the
synthesis of several proteins [26,28,31]. Therefore, the process of
myelination is associated with continuously increasing protein content
during the course of brain development and maturation, which stabi-
lizes in adulthood. Higher APT values reflect relatively higher semisolid
macromolecular and protein contents. However, when energy meta-
bolism is disrupted during the process of brain development in HIE,
protein synthesis will be inevitably affected. Thus, the linear relation-
ship between APT values and gestational age ceases to exist in neonates
with HIE. Furthermore, APT measurements showed no significant dif-
ferences in bilateral centrum semiovale (right: Pearson’s r = 0.554,
p = 0.062; left: Pearson’s r = 0.561, p = 0.058) in this study. This may
be partially limited by the smaller size of the control population. The-
oretically, the small number of subjects could have fostered a slight bias
in the measured correlation between APT values and different gesta-
tional ages [26].

In this study, the basal ganglia, thalamus, centrum semiovale, and
brainstem were selected as ROIs for APT imaging. MRI studies have
documented that the commonest brain injuries in neonatal

European Journal of Radiology 119 (2019) 108620

encephalopathy involved either the watershed region, or the deep grey
nuclei consisting of the basal ganglia and thalamus [4]. Watershed re-
gion injury is classically associated with sub-acute asphyxia, hypoten-
sion and impaired autoregulation [32,33]. It occurs in 40-60% of hy-
poxic-ischemic cases. Basal ganglia and thalamus injury is associated
with acute severe asphyxia, and occurs in 40-80% of hypoxic-ischemic
cases [32,33]. Furthermore, a less potentially catastrophic pattern of
injury following severe asphyxia is associated with basal ganglia, tha-
lamus and brainstem injury, occurring in 15-20% of cases [4]. There-
fore, such an ROI can increase the sensitivity of biochemical tests.

Since the limited published data have focused on mild neonatal
encephalopathy, it has been difficult to detail the true incidences of a
MRI abnormality in hypoxic-ischemia. A recent study found that of 132
infants with mild neonatal encephalopathy, 59% (79/132) had an ab-
normal MRI in the Children’s Hospital Neonatal Database [34]. In our
study, we found that three infants with mild neonatal encephalopathy
had a normal conventional MRI. Therefore, some infants with mild HIE
cannot be detected with conventional MRI in the neonatal stage.
However, APT imaging can play a complementary role in detecting
patients with mild HIE.

There were several limitations to this study. Firstly, APT imaging is
highly sensitive to changes in protein contents and pH values. We did
not measure the pH values in the brain tissues. The brain internal en-
vironment is also somewhat complicated. Therefore, simple APT ima-
ging analysis cannot distinguish between pH effects and protein in-
formation. Secondly, myelination during brain development will have
varying influence on the APT values in the neonatal brain. Thus, APT
imaging of HIE should be evaluated based on neonate gestational age
[26]. Thirdly, the small sample size may have restricted our power to
detect the relationship between APT values and different gestational
ages. Finally, APT imaging is technically limited by a low signal-to
noise ratio, so it is not widely used to assess the intracellular environ-
ment. Therefore, it is necessary to optimize scan sequence parameters
[13,35], reduce artifacts, and develop new imaging algorithms [14,36]
in the application of APT imaging.

5. Conclusions

In summary, our study indicated that APT imaging for neonatal mild
HIE is a useful and feasible technique with diagnostic capability. APT
imaging offers effective new tools for the characterization of brain in-
ternal environment that could enhance our understanding of the pa-
thogenesis of neonatal HIE.
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