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ARTICLE INFO ABSTRACT
Keywords: Purpose: To identify brain regions affected by Hypoxic-Ischemic Encephalopathy (HIE) in neo-
Amide proton transfer nates using Amide Proton Transfer (APT) imaging and Apparent Diffusion Coefficient (ADC).
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Materials and methods: Twenty neonates were divided into HIE and control groups. All neonates
were undergoing MRI, including APT and DWI. Imaging analysis was performed using SPM12.
The independent-samples t-test was used to analyze the difference in APTw values and ADC
values between the mild HIE neonates and the control group. The receiver operating character-
istic (ROC) curves were established to assess the diagnostic values of APTw and ADC values in
different brain regions for HIE. Pearson’s correlation analysis was used to analyze the correlation
between APTw values and ADC values for each region.

Results: APTw values were significantly higher in 26 regions of the HIE group. ADC values were
lower in the right anterior temporal lobe and higher in bilateral Subthalamic nucleus in HIE. The
APTw values of 22 regions showed very high area under the curve (AUC), whereas the AUC of
ADC values in right anterior temporal lobe and right subthalamic nucleus were both 0.802.
Notably, the right anterior temporal lobe exhibited significant differences in both APTw and ADC
values between the HIE and control groups, additionally, APTw value was significant positive
correlated with ADC values in right anterior temporal lobe.

Conclusion: APTw and ADC are effective in detecting HIE, with APTw being more sensitive. The
right anterior temporal lobe is particularly affected by HIE, with significant changes in APTw and
ADC values and a positive correlation between them. This suggests that temporal lobe damage
may be critical in the long-term neurological consequences of HIE.

Abbreviations: HIE, Hypoxic-Ischemic Encephalopathy; APT, Amide Proton Transfer; ADC, Apparent Diffusion Coefficient; DWI, Diffusion-
weighted imaging; ROC, receiver operating characteristic; AUC, under the curve; TIWI, T1 weighted imaging; T2WI, T2 weighted imaging; T2
FLAIR, T2 Fluid Attenuated Inversion Recovery; APTw, APT weighted.
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1. Introduction

Neonatal hypoxic ischaemic encephalopathy (HIE) is a disease caused by insufficient oxygen supply to the brain tissue or reduced
cerebral blood flow [1], and is the most common neurological disease in the neonatal period, causing early neonatal death and
long-term neurological dysfunction [2]. Globally, approximately 814,000 newborns die from HIE each year [3], with 25 % of affected
children suffering permanent neurological deficits [4], significantly impacting the health and future quality of life of newborns. Many
studies have found that children with mild HIE may present with neurological impairments in school age and beyond, with approx-
imately 70 % of affected children experiencing behavioral and learning difficulties that significantly impact their daily lives [2].
Therefore, identification of brain regions damaged by neonatal HIE is important for investigating the neuropathological mechanisms of
HIE and providing appropriate therapeutic strategies.

Magnetic resonance imaging (MRI) as a biomarker of neurodevelopmental prognosis of HIE has been widely used in clinical
practices. There has been a growing trend towards defining quantitative MR biomarkers, such as the Diffusion-weighted imaging
(DWI), proton (1H) MR spectroscopy (MRS), and conventional MR scoring systems, with the aim of enhancing prognostic objectivity
[5]. DWIis a commonly used neuroimaging technique that reflects the microscopic diffusion movement of water molecules and is used
to assess the microscopic structural changes of brain tissue [6]. Diffusion-weighted imaging (DWI) is more sensitive to brain injury
caused by hypoxic-ischemic encephalopathy (HIE) than conventional MRI, and its application in the detection of HIE has been on the
rise [4,6,7]. The signal intensity of DWI is quantified by the apparent diffusion coefficient (ADC). Some studies have shown that
changes in ADC values in the basal ganglia and thalamus of children with HIE are strongly associated with prognosis. Some researchers
have suggested that a significant decrease ADC values in pontine and cerebellum represent a poor prognosis [8].

Amide proton transfer (APT) imaging is a novel imaging technique that has shown promise in the evaluation of brain injury in
neonates with HIE [9-11]. Variations in APT may reflect changes in whole brain metabolism due to perinatal hypoxia-ischemia [12].
APT-weighted (APTw) signal intensity reflects the content of endogenous proteins and peptides as well as the rate of amino proton
exchange in biological tissues, and can indirectly measure the pH level and protein concentration in tissues [13], providing us with
more valuable information about tissue metabolism and cellular integrity. APT enhances the multidimensional comprehension of the
disease process and is anticipated to bear clinical relevance in the diagnosis, treatment, and prognosis of neonatal HIE.

ADC reflects the diffusion of intracellular water and is commonly used to identify areas of acute ischemia [6,14]. In contrast, APTw
imaging sensitively captures changes in the brain’s microenvironment [10]. The pathophysiology of HIE is highly complex. Therefore,
we will leverage the strengths of both ADC and APTw to comprehensively quantify the signal changes in the brains of HIE patients. Our
goal is to identify potential neuroimaging biomarkers in neonatal HIE.

2. Materials and Methods

The study was ethically approved by the Ethics Committee of Wuhan Children’s Hospital (2021R109-E03). Written informed
consent was obtained from the parents of the participants prior to the examinations.

2.1. Participants

The data collection period spanned from May 2021 to December 2023 at our hospital. Twenty neonates were selected, we divided
the neonates into an HIE group and a control group based on their clinical history.

Our inclusion criteria of HIE group comprise: (1) History of intrauterine distress or perinatal asphyxia; (2) independent grading of
encephalopathy by two neonatologists according to modified Sarnath criteria [15]; (3) underwent conventional cranial MRI within 1
month after birth, which showed no significant abnormalities; (3) performed APT and DWI.

The inclusion criteria of control group comprise: (1) no history of fetal intrauterine distress or perinatal asphyxia; (2) no neuro-
logical diseases; (3) performed conventional cranial MRI within one month after birth, without any significant abnormalities; (4)
underwent both APT and DWI.

2.1.1. MR protocols

All newborns underwent the scans during natural sleep. Scans were performed on a 3 T MRI scanner (Ingenia; Philips Healthcare,
Best, the Netherlands), using a 32-channel sensitivity—encoding head coil.

Conventional MRI includes T1 weighted imaging (T1WI), T2weighted imaging (T2WI) and T2 Fluid Attenuated Inversion Recovery
(T2 FLAIR). In addition, all newborns were also scanned DWI and APT. For simplicity, TIWI (TR: 2000 ms; TE: 30 ms; slice thickness:
4.5 mm; gap 0.8 mm), T2WI (TR: 3500 ms; TE: 130 ms; slice thickness: 4.5 mm; gap 0.8 mm), and T2 FLAIR (TR: 8500 ms; TE: 155 ms;
TI: 2450 ms; slice thickness: 4.5 mm; gap 0.8 mm) sequences would be referred to as conventional MRI.

APT imaging was performed with a fat-suppression, 3D TSE-Dixon pulse sequence. The parameters were as follows: TR/TE: 6491/
8.3 ms; field-of-view (FOV): 180 x 122 x 70 mm3; voxel size: 1.8 x 1.8 x 5 mm3; matrix: 100 x 68; scan duration: 240 s. DWI utilised
the EPI sequence with TR/TE: 4000/103 ms; and b factor 1000 s/mm2. The APT weighted (APTw) image and ADC map were generated
by the post-processing workstations.

2.1.2. Imaging analysis
We used Statistical Parametric Mapping 12 (SPM12) and MATLAB for analyzing neonatal APT and ADC data. Preprocessing
included motion correction, co-registration, smoothing, and brain masking. T2 structural data was segmented with SPM8, and APTw
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images were normalized using the T2 segmentation transformation matrix. Brain tissue classification used the "ALBERTs atlas," which
automatically segments neonatal brain MR images into 50 regions of interest (ROIs) [16,17]. These ROIs segmented the registered APT
maps for group analysis.

2.1.3. Statistical analysis

The statistical analyses were completed by SPSS 25.0 software. The measurement data were expressed as mean =+ standard de-
viation (x + s) for accuracy and clarity. The difference in APTw values and ADC values between the mild HIE neonates and the control
group was analyzed with the independent-samples t-test. The diagnostic performance of significant APTw and ADC value for differ-
entiating mild HIE from control group was assessed by using receiver operating characteristic (ROC) curve with the area under the
curve (AUC), and the diagnostic sensitivity and specificity of APTw and ADC values in different brain regions were identified based on
Youden index. The correlation between APT values and ADC values for each region was analyzed by Pearson’s correlation analysis. P
< 0.05 indicated statistically significant difference.

3. Results
3.1. Clinical characteristics

There are 12 newborns in the HIE group, with 6 boys and 6 girls. Their gestational ages at birth were in the range of 34-39 weeks,
with an average of 35.23 + 1.57 weeks, the gestational ages at scan were 36.89 + 2.39 weeks. Birth weights were 2.66 + 0.72 kg. The
control group included 8 neonates (1 males and 7 females). Their gestational ages at birth were 39.09 + 0.84 weeks, the gestational
ages at scan were 41.05 + 1.71 weeks. Birth weights were 3.56 + 0.53 kg.

3.2. APTw and ADC values in neonatal HIE vs. control groups

We showed the conventional MRI, ADC and APTw images of the group of HIE and controls (Fig. 1) and template-based ROI
segmentation (Fig. 2). APTw values in all brain regions were elevated in the HIE group compared to the control group. There were 26
brain regions with elevated APTw values in the HIE group. These brain regions were the right hippocampus, bilateral amygdala,
bilateral caudate nucleus, bilateral lentiform Nucleus, bilateral temporal lobes, bilateral frontal lobes, right parietal lobe, left insula,
left occipital lobe, parahippocampal posterior gyrus, occipitotemporal postero-lateral gyrus, posterior medial-inferior temporal gyrus,
anterior medial-inferior temporal gyrus, bilateral cerebellums, brainstems, left posterior cingulate gyrus, and left ventricle (Table 1).

ADC values showed a different kind of pattern from APTw values in the HIE and control groups. In the HIE group, ADC values were
significantly lower in the right anterior temporal lobe than in the control group; bilateral Subthalamic nucleus were significantly
higher (Table 2).

3.3. ROC curve analysis of APTw and ADC values in neonatal HIE

We analyzed the brain regions with significant variation there by performing ROC curves. The results of the ROC curves for APTw
and ADC values are shown in Tables 3 and 4 respectively. 22 brain regions were statistically significant, and most of them had an area
under the curve greater than 0.8. The ROC curve results of ADC values showed significant differences in the right anterior temporal

A

TIWI T2WI FLAIR TIWI T2WI FLAIR

DWI ADC APTw DWI ADC APTw
Control HIE

Fig. 1. Conventional MRI, ADC and APTw images of the group of HIE and controls. A. A 7-day-old girl, born at gestational week 39*2, was pre-
sented with jaundice, and cranial MRI results showed no significant abnormality; B. A 22-day-old boy, with a gestational week of 31 at birth, was
diagnosed with mild HIE.
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Fig. 2. Template-based ROI segmentation APTw image as an example of ROI segmentation based on neonatal brain templates.

Table 1
Brain regions with significant APTw Values in Neonatal HIE vs. Control Groups.
Control HIE t P

Right Hippocampus 2.871 £ 0.14 3.216 + 0.333 —3.193 0.006
Right Amygdala 2.316 + 0.149 2.841 + 0.49 —2.914 0.009
Left Amygdala 2173 £0.14 2.492 + 0.421 —2.44 0.029
right Anterior temporal lobe, medial part 1.996 + 0.227 2.478 £ 0.315 -3.72 0.002
Left Anterior temporal lobe, medial part 1.75 £ 0.163 2.588 + 0.338 -7.39 0.0001
right Anterior temporal lobe, lateral part 2.048 + 0.242 2.638 + 0.415 —4.01 0.001
Left Anterior temporal lobe, lateral part 2.091 + 0.229 2.648 + 0.323 —4.2 0.001
Left Medial and inferior temporal gyri anterior part 2.792 + 0.418 3.29 £+ 0.387 -2.7 0.014
Right Cerebellum 2.136 £+ 0.169 2.735 £ 0.506 -3.8 0.002
Left Cerebellum 2.165 + 0.238 2.848 + 0.393 —4.39 0.0001
Brainstem 2.028 + 0.274 2.55 + 0.279 —4.14 0.001
Left Insula 2.363 £ 0.239 2.721 £ 0.455 -2.0 0.057
Left Occipital lobe 2.411 £ 0.302 3.127 £ 0.446 -3.96 0.001
Left Gyri parahippocampalis et ambiens posterior part 2.527 + 0.309 3.046 + 0.337 —3.48 0.003
right Gyri parahippocampalis et ambiens posterior part 2.495 + 0.296 3.053 + 0.665 —2.22 0.04
Left Lateral occipitotemporal gyrus, gyrus fusiformis posterior part 2.483 + 0.274 2.956 + 0.477 —2.53 0.021
Right Lateral occipitotemporal gyrus, gyrus fusiformis posterior part 2.485 + 0.343 3.481 + 0.434 —5.44 0.0001
Left Cingulate gyrus, posterior part 2.3 +0.43 2.842 + 0.629 -2.12 0.048
Left Frontal lobe 2.479 £ 0.353 3.079 £ 0.357 -3.7 0.002
Right Frontal lobe 2.363 + 0.266 2.972 £ 0.415 -3.67 0.002
Right Parietal lobe 2.45 + 0.328 3.292 + 0.502 —-4.17 0.001
Left Caudate nucleus 2.349 + 0.472 3.045 + 0.428 —3.43 0.003
Right Caudate nucleus 2.458 + 0.266 3.148 + 0.407 —4.58 0.0001
Left Lentiform Nucleus 2.427 + 0.305 2.748 + 0.341 -2.15 0.046
Right Lentiform Nucleus 2.178 £ 0.445 2.876 + 0.391 -3.71 0.002
left Lateral Ventricle 2.497 £ 0.301 3.399 £+ 0.916 -3.16 0.007

lobe and the right subthalamic nucleus, with AUCs greater than 0.8.

3.4. Correlation analysis of APTw and ADC values in neonatal HIE

We performed a correlation analysis of APTw and ADC values in various brain regions of the HIE group. Our results showed
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Table 2
Brain regions with significant ADC Values in Neonatal HIE vs. Control Groups.
Control HIE t p
right Anterior temporal lobe, medial part 1.034 + 0.346 0.588 + 0.452 2.359 0.03
left Subthalamic nucleus 1.049 + 0.254 1.296 + 0.229 —2.269 0.036
Right Subthalamic nucleus 1.052 + 0.485 1.557 + 0.368 —2.652 0.016

ADC: *10~° mm?/s.

Table 3
The diagnostic efficiency test of brain regions with significant APTw Values in Neonatal HIE.
AUC (95%CI) CUT-OFF p
Amygdala right 0.854 (0.686-1) 2.673 0.009
Anterior temporal lobe, medial part right 0.896 (0.757-1) 2.088 0.003
Anterior temporal lobe, lateral part right 0.865 (0.702-1) 2.665 <0.001
Anterior temporal lobe, lateral part left 0.906 (0.775-1) 2.404 0.007
Medial and inferior temporal gyri anterior part left 0.823 (0.617-1) 2.944 0.003
Cerebellum right 0.854 (0.681-1) 2.523 0.017
Cerebellum left 0.938 (0.836-1) 2.664 0.009
Brainstem, spans the midline 0.917 (0.797-1) 2.412 0.001
Insula left 0.771 (0.551-0.99) 2.714 0.002
Occipital lobe left 0.865 (0.705-1) 3.084 0.045
Gyri parahippocampalis et ambiens posterior part left 0.865 (0.687-1) 2.678 0.007
Gyri parahippocampalis et ambiens posterior part right 0.781 (0.577-0.986) 3.016 0.007
Lateral occipitotemporal gyrus, gyrus fusiformis posterior part left 0.802 (0.584-1) 2.562 0.037
Lateral occipitotemporal gyrus, gyrus fusiformis posterior part right 0.969 (0.901-1) 3.105 0.025
Frontal lobe left 0.906 (0.774-1) 2.645 0.001
Frontal lobe right 0.927 (0.78-1) 2.523 0.003
Parietal lobe right 0.938 (0.826-1) 2.803 0.002
Caudate nucleus left 0.885 (0.738-1) 2.746 0.001
Caudate nucleus right 0.927 (0.797-1) 2.781 0.004
Lentiform Nucleus right 0.927 (0.814-1) 2.701 0.002
Corpus Callosum 0.802 (0.6-1) 2.862 0.002
Lateral Ventricle left 0.833 (0.639-1) 2.87 0.025

Table 4
The diagnostic efficiency test of brain regions with significant ADC Values in Neonatal HIE.
AUC (95%CI) CUT-OFF p
Anterior temporal lobe, medial part right 0.802 (0.606-0.998) 0.642 0.025
Subthalamic nucleus right 0.802 (0.577-1) 1.196 0.025

ADC: *10~° mm?/s.

meaningful correlations between APTw values and ADC values in these brain regions: right anterior temporal lobe (r = 0.621, p =
0.031), left posterior hippocampal parahippocampal gyrus (r = 0.641, p = 0. 025), left posterior medial temporal-subcentral gyrus (r
= —0.768, p = 0.004), and bilateral Subthalamic nucleus (left: r = —0.685, p = 0.014; right: r = —0.618, p = 0.032).

In summary, we found that the right anterior temporal lobe was significantly different in both APTw and ADC in the comparison
between the HIE and control groups, and there was a significant positive correlation between the APTw and ADC values in the right
anterior temporal lobe.

Combining the above results, we found that both APTw and ADC values of the right anterior temporal lobe were significantly
changed in the HIE group. Meanwhile, the APTw value and ADC value of right anterior temporal lobe were significantly positively
correlated. This result prompts us that changes in the right anterior temporal lobe may have a very crucial role in the neuro-
pathophysiology of HIE.

4. Discussions

HIE is a syndrome of neonatal brain dysfunction caused by perinatal asphyxia. Cerebral hypoxic-ischemic can lead to disturbances
in energy metabolism, while infant brain development requires a large amount of energy. This can cause cellular edema and alter
protein and pH levels in the brain. DWI shows cytotoxic edema extent, while APT reveals pH changes in lesions. Therefore, we use APT
and DWI to evaluate the brains of neonates with HIE, tracing pathophysiological processes from the internal tissue environment,
helping us to understand the disease process more comprehensively, and providing more detailed information for diagnosis and
treatment.

In our study, the elevated APTw values in various brain regions of the HIE group compared to the control group. A previous study



Y. Guo et al. Heliyon 10 (2024) 38062

analyzed cranial APT in neonates with HIE, and APTw values were also elevated in most brain regions, similar to our findings [9]. In
another study, APT values in the bilateral caudate nucleus, bilateral pallidum/shell nuclei, and bilateral thalamic and brainstem re-
gions were found to be positively and linearly correlated with gestational age in non-HIE neonates [18]. In HIE animal model studies,
APT imaging was performed in a single layer at the coronal level of the basal ganglia and correlated with MRS results, which showed
that APT values decreased immediately after hypoxic-ischemic injury, remaining at their lowest level for 0-2 h. Afterwards, it
gradually increased and finally exceeded the control group at 48-72 h. After hypoxic-ischemic injury, lactate content increased
immediately, reached the maximum level in 2-6 h, and then gradually decreased to the level of the control group.APT values were
negatively correlated with lactate content. After hypoxic-ischemic injury, recovery of pH was faster than recovery of lactate ho-
meostasis [19]; some studies have shown a transient decrease in pH after ischemic-hypoxic brain injury, followed by an increase,
inducing trans-alkalosis [20]. Similarly, researchers conducted more intensive studies on the mechanisms of pH changes. Using APT
imaging, brain pH level analysis, and voltage-gated proton channel (Hv1) expression analysis, they studied the regulatory mechanisms
of brain pH after hypoxic-ischemic brain injury (HIBI). The research showed that Hv1 protein expression in the basal ganglia reached a
peak at 0-2 h after HIBI, with significant differences from other time points. The APT values in piglets reached the lowest point at 0-2 h
after HIBI, then gradually increased, and had significant differences from the control group. Brain pH decreased after HIBI, reached the
lowest point at 0-2 h, and then gradually increased. Hvl protein expression, pH, and APT values were all correlated. After
hypoxic-ischemic (HI) injury, changes occurred in the brain hydrogen ions (H+) within the neural network, leading to changes in brain
pH [11]. Therefore, we suggest that the increase in APTw values correlates with changes in the pH of the internal environment of the
brain. In our study, the neonates underwent MRI at a time when they were no longer in the acute phase, the elevated APTw values are
consistent with previous studies [9,18], and the elevated APTw values in these brain regions may be at risk of progressing to permanent
damage. The brain regions with higher APTw values include the hippocampus, amygdala, caudate nucleus, and frontal lobe, all
involved in cognitive and emotional processing. Changes in these areas may be closely linked to the future cognitive impairment in
children with HIE.

The lower ADC values in the right anterior temporal lobe of the HIE group compared to the control group indicate restricted
diffusion of water molecules in this region, suggesting microstructural changes and cellular damage. The anterior temporal lobe is
involved in various cognitive functions, including memory and language processing [21-23], and its impairment can contribute to the
cognitive deficits observed in children with HIE. The higher ADC values in the bilateral thalamic floor nuclei of the HIE group may
reflect compensatory changes in these regions in response to the injury, as the thalamus plays a crucial role in relaying sensory and
motor information to the cortex [24,25].

ROC curve analysis confirmed the diagnostic value of APTw and ADC values in identifying HIE. 20 brain regions had AUC values
greater than 0.8 in the APTw analysis, and two brain regions had AUC values greater than 0.8 in the ADC analysis.The brain regions
with AUCs greater than 0.8 in both the APTw and ADC analyses were right anterior temporal lobe, suggesting that the involvement of
right anterior temporal lobe may be important in HIE. In furthermore, we analyzed the correlation between APTw and ADC values in
each brain region. We found a significant positive correlation between APTw and ADC values in the right anterior temporal lobe.
Comprehensively, the above analyses suggest that damage in right anterior temporal lobe is crucial in HIE.

The right anterior temporal lobe is involved in cognitive functions, including language processing, semantic memory, and social
cognition [21,22,26-29]. Neonatal limbic system circuits are also susceptible to hypoxic-ischemic injury [30]. Our results showed an
increase in APTw and a decrease in ADC values in the right anterior temporal lobe, indicating an increase in pH, the appearance of
alkalosis, and cellular edema, which may be associated with metabolic disruption following hypoxia-ischemia. These changes lead to
neurodegenerative damage to neurons and are tightly correlated with the neuropathophysiological mechanisms of cognitive
dysfunction following HIE.

Our study also has limitations. Firstly, the sample size of our study was small, thus some confounding factors that may affect APT
images were difficult to analyze statistically. There are fewer clinical studies on APT in HIE, and some studies have shown that
gestational week may be related to the APT changes [18]. In our subsequent study, we will expand the sample size and include factors
such as gestational week, birth weight, and mode of delivery in the analysis of the effect on APT, which will better study the changes of
APT in HIE; secondly, we lacked information on follow-up. In the current prognostic assessment of APT for neurodevelopment in HIE
patients, there was no significant correlation between changes in APT and neurodevelopmental assessment results [9], probably due to
the short follow-up period and small sample size; whereas the prognostic assessment of ADC for neurodevelopment in HIE patients
found that changes in ADC values of the basal ganglia were more sensitive to changes in ADC values than the conventional neuro-
developmental scores [6]. We need to include a long follow-up period in addition to expanding the sample size in subsequent studies to
better assess neuroimaging for neurodevelopmental prognosis in HIE patients.

5. Conclusion

In conclusion, the APTw values were increased in most brain regions after hypoxia-ischemia, and more brain regions showed
changes in APTw values than ADC values; hence, APT may be more sensitive to hypoxic-ischemic injury than ADC. The significant
changes in the right anterior temporal lobe on APT and DWI may be closely associated with the neurological prognosis of HIE. The
Results of this study show that APT and DWI play an important role in identifying and understanding the brain damage caused by HIE.
Our study focused on analyzing brain changes in children with HIE with APT and ADC, and we analyzed the changes in APTw and ADC
values to hypothesize the impact of factors associated with the neurodevelopmental prognosis of children with HIE. By providing
meaningful insights into tissue metabolism and microstructural changes, these imaging techniques may be useful in the early diag-
nosis, prognosis and treatment planning of neonates with HIE.
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