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Abstract 25 

Background: Infants born to mothers with hypertensive disorders of pregnancy (HDP) have 26 

adverse neurodevelopmental consequences in later life. Magnetic resonance spectroscopy 27 

(MRS) is used to predict subsequent neurodevelopment in the field of perinatology.  28 

Aim: We aimed to determine whether exposure to HDP in utero leads to alterations in brain 29 

metabolites in preterm infants using multi-voxel proton MRS at term-equivalent age. 30 

Study design: Retrospective cohort study. 31 

Subjects: A total of 103 preterm infants born before 34 weeks of gestation at Nagoya 32 

University Hospital between 2010 and 2018 were eligible. Twenty-seven infants were born to 33 

mothers with HDP (HDP group), and 76 were born to mothers without HDP (non-HDP group).  34 

Outcome measures: The peak area ratios of N-acetylaspartate (NAA)/choline (Cho), 35 

NAA/creatine (Cr), and Cho/Cr were evaluated at 10 designated regions of interest (bilateral 36 

frontal lobes, basal ganglia, thalami, temporal lobes, and occipital lobes). 37 

Results: The peak area ratios of NAA/Cho and NAA/Cr in the bilateral thalami were 38 
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significantly higher in the HDP group than in the non-HDP group after adjustment for 39 

covariates (postmenstrual age at MRS assessment and infant sex). No significant differences 40 

were observed in other regions. Preeclampsia, abnormal umbilical artery blood flow, and fetal 41 

growth restrictions were significantly associated with increased NAA/Cho and NAA/Cr ratios 42 

in the thalami. 43 

Conclusions: Based on the evidence that NAA/Cho and NAA/Cr ratios constantly increase 44 

with postmenstrual age in normal brain development, exposure to maternal HDP in utero may 45 

accelerate brain maturation and increase neuronal activity in preterm infants. 46 
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Introduction 58 

Hypertensive disorders of pregnancy (HDP) are common pregnancy-related complications that 59 

occur in 5%–10% of all pregnancies and can contribute to detrimental and enduring 60 

consequences in both the affected mothers and their infants in later life (1, 2). There is growing 61 

evidence regarding elevated subsequent risks for various neurodevelopmental disorders (e.g., 62 

cerebral palsy, autism spectrum disorder, attention deficit/hyperactivity disorder, epilepsy, and 63 

intellectual disability) in infants born to mothers with HDP (3, 4). This is accounted for in part 64 

by hostile intrauterine environments, such as undernutrition, hypoxia, inflammation, 65 

angiogenic imbalance, and increased levels of various cytokines, which are attributed to 66 

uteroplacental insufficiency at the early stage of pregnancy (1). 67 

 68 

The prevalence of HDP is estimated to increase steadily due to various factors, 69 

including lifestyle changes (e.g., unhealthy dietary habits and insufficient physical activity) and 70 

increased rates of high-risk pregnancies (5-8). Recently, with the increase in extremely and 71 

very preterm infants worldwide, long-term neurodevelopmental follow-up systems and support 72 

for these infants and their families are of growing importance and have attracted attention in 73 

recent perinatal medicine (9). Additionally, the identification of high-risk infants for such 74 

neurodevelopmental disorders at an early stage of life (e.g., before discharge from the neonatal 75 

intensive care unit) is required for timely and individualized interventions and social support; 76 
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however, it is quite challenging (10). 77 

 78 

During the past two decades, accumulating evidence has highlighted that proton 79 

magnetic resonance spectroscopy (MRS) is a promising non-invasive neuroimaging technique 80 

that can provide in vivo metabolic information and insight into clinically relevant information 81 

in various fields, such as neurology, oncology, and perinatology (11, 12). In perinatology, MRS 82 

is used to predict subsequent developmental outcomes in infants with hypoxic ischemic 83 

encephalopathy (HIE), preterm birth, and brain injury (13-17). 84 

 85 

Whether exposure to maternal HDP in utero contributes to neurological alterations 86 

(e.g., structural, metabolic, and functional aspects) in infants is largely uncertain (4). Recently, 87 

we demonstrated no significant volumetric alterations in the global and regional brain in 88 

preterm infants exposed to HDP using voxel-based morphometry analyses (18). Therefore, this 89 

study aimed to investigate whether exposure to HDP in utero leads to altered brain metabolites 90 

in preterm infants using multi-voxel proton MRS at term-equivalent age. Additionally, we 91 

sought to examine what contributes to metabolite alterations by analyzing the clinical 92 

characteristics and several biomarkers associated with infant neurodevelopment. This study 93 

may provide insight into the underlying mechanism of the effect of HDP on neurodevelopment 94 

in infants. 95 
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 96 

Material and Methods 97 

Study population 98 

This retrospective cohort study was conducted in preterm infants born between 220/7 and 336/7 99 

gestational weeks at Nagoya University Hospital between 2010 and 2018. During the study 100 

period, 304 infants were included (Figure 1). We excluded (1) multiple pregnancies, (2) infants 101 

with known chromosomal abnormalities and major congenital defects, (3) infants without MR 102 

imaging or with 1.5 Tesla MR imaging, (4) infants without MRS at term-equivalent age (36–103 

45 gestational weeks), (5) infants with low quality MRS, and (6) infants with severe brain 104 

injury (e.g., intraventricular hemorrhage (IVH) grade III/IV, periventricular leukomalacia 105 

(PVL), and hydrocephalus). This study was approved by the Institutional Ethics Committee of 106 

Nagoya University Hospital (approval number: 2018–0026). Written informed consent was 107 

obtained from the parents of all neonates. 108 

 109 

Definitions 110 

HDP was defined as hypertension during pregnancy (systolic blood pressure: ≥140 mmHg 111 

and/or diastolic blood pressure: ≥90 mmHg), including preeclampsia, gestational hypertension, 112 

superimposed preeclampsia, and chronic hypertension (19). Preeclampsia was diagnosed when 113 

hypertension was present with either proteinuria, maternal organ damage (e.g., eclampsia, 114 
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thrombocytopenia, coagulation abnormality, liver dysfunction, and renal impairment), or 115 

uteroplacental insufficiency (e.g., fetal growth restriction and abnormal umbilical artery blood 116 

flow) (19). Small for gestational age (SGA) was defined as birth weight and height below the 117 

10th percentile for gestational age according to a sex-specific Japanese neonatal 118 

anthropometric chart in 2000 (20). Neonatal complications such as respiratory distress 119 

syndrome, chronic lung disease, IVH, patent ductus arteriosus banding, necrotizing 120 

enterocolitis, and retinopathy of prematurity were defined as previously described (21-26). 121 

 122 

MR imaging and MRS acquisition 123 

Conventional MR imaging and MRS were performed using a 3.0 Tesla scanner system 124 

(MAGNETOM Verio and Trio; Siemens, Erlangen, Germany) with a 32-channel head coil at 125 

Nagoya University Hospital. The multi-voxel sections consisted of 8 × 8 voxels, as shown in 126 

Figure 2A. The MRS settings were as follows: repetition time, 1700 ms; echo time, 135 ms; 127 

field of view, 160 mm; matrix, 16 × 16; slice thickness, 15 mm; voxel size, 1×1×1.5 cm3 (15). 128 

MR imaging and MRS were performed at term-equivalent age (36–45 weeks postmenstrual 129 

age) after the infants were stable for respiratory and circulatory systems and reached 130 

approximately 2,000 g to reassure infants’ safety. Conventional MR images were assessed to 131 

exclude cases of severe brain injury (e.g., IVH grade III/IV, PVL, HIE, and hydrocephalus) 132 

from this study by a single experienced pediatric neurologist (H.K.). 133 
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 134 

MRS assessment 135 

We selected the following key MRS metabolites and regions of interest (ROIs): N-136 

acetylaspartate (NAA), choline-containing compounds (Cho), and total creatine (Cr) at 10 137 

designated ROIs (bilateral frontal lobes, basal ganglia, thalami, temporal lobes, and occipital 138 

lobes) (Figure 2A). The peak area ratios of NAA/Cho, NAA/Cr, and Cho/Cr were calculated 139 

for each ROI. Each peak area (NAA, Cho, and Cr) in the waveforms was collected by a single 140 

examiner who was blinded to the infants’ characteristics (S.K.) (Figure 2B). Cr is commonly 141 

used as a metabolite reference to normalize signals because the Cr concentration has been 142 

reported to be relatively stable (27). Thus, the relative concentration ratios were assessed based 143 

on the peak area ratios of NAA/Cr and Cho/Cr. 144 

 145 

Data acquisition of clinical characteristics and measurement of umbilical cord blood 146 

biomarkers 147 

Clinical characteristics (antenatal corticosteroid treatment, magnesium sulfate, preeclampsia, 148 

abnormal umbilical artery blood flow, SGA, and histological chorioamnionitis) were collected 149 

by medical chart review. Umbilical cord blood biomarkers related to subsequent 150 

neurodevelopment (cytokines [IL-6, IL-17A, and IL-1β] and a potential early marker of brain 151 

damage [S100B]) were evaluated (28-32). Umbilical cord blood samples were collected during 152 
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the delivery. The concentrations of cord cytokines were measured using a high-sensitivity 153 

multiple immunoassay using electrochemiluminescence (K151C3S and K151A0H, Meso 154 

Scale Discovery, Tokyo, Japan). The cord S100B concentration was measured using a 155 

commercial enzyme-linked immunosorbent assay kit (YK151, Yanaihara Institute Inc., Japan). 156 

 157 

Developmental follow-up 158 

Developmental quotient (DQ) was assessed at 1.5 years of corrected age and 3 years of 159 

chronological age using the Kyoto Scale of Psychological Development (KSPD) by 160 

experienced clinical psychologists. The KSPD is comparable to the Bayley Scales of Infant 161 

and Toddler Development (third edition) (33). 162 

 163 

Statistical analysis 164 

Statistical analyses were conducted using IBM SPSS version 27.0 (SPSS Inc., Chicago, IL). 165 

On multivariate analysis, the peak area ratios of NAA/Cho, NAA/Cr, and Cho/Cr were 166 

adjusted for three types of covariates (#1: postmenstrual age at MRS assessment, #2: 167 

postmenstrual age at MRS assessment and infant sex, and #3: postmenstrual age at MRS 168 

assessment, infant sex, and postnatal steroid use). Correlations between brain metabolites and 169 

umbilical cord measurements were assessed using the Pearson or Spearman coefficients. 170 

Statistical significance was set at p <0.05. 171 
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 172 

Results 173 

During the study, 103 preterm infants underwent MRS (Figure 1). Among them, 27 infants 174 

were born to mothers with HDP (HDP group) and 76 were born to mothers for reasons other 175 

than HDP (non-HDP group). The baseline maternal and neonatal characteristics of the two 176 

groups are shown in Table 1. Women in the HDP group were significantly older, more likely to 177 

receive antenatal magnesium treatment, and less likely to have complications such as 178 

histological chorioamnionitis than those in the non-HDP group. No significant difference was 179 

observed in the gestational age between the groups. Neonates in the HDP group had 180 

significantly lower birth weights and were more likely to be SGA. No significant differences 181 

were observed in the short-term neonatal complications between the groups. Neonates in the 182 

HDP group were more likely to receive steroid treatment for chronic lung disease or late-onset 183 

circulatory collapse than those in the non-HDP group. Supplementary Table 1 shows the 184 

postmenstrual age and physical assessments of the MRS assessment. 185 

 186 

Supplementary Table 2 shows the crude and adjusted peak area ratios of NAA/Cho, 187 

NAA/Cr, and Cho/Cr at 10 designated ROIs (covariate #1: postmenstrual age at MRS 188 

assessment, covariates #2: postmenstrual age at MRS assessment and infant sex, and covariates 189 

#3: postmenstrual age at MRS assessment, infant sex, and postnatal steroid use). Figure 3 190 
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shows that the crude and adjusted (covariate #1) peak area ratios of NAA/Cho and NAA/Cr in 191 

the bilateral thalami were significantly higher in the HDP group than in the non-HDP group. 192 

This was consistent with the results obtained after adjusting for covariates #2 and #3 193 

(Supplementary Table 2). Although the crude ratios at several ROIs (NAA/Cho in the right and 194 

left basal ganglia and right temporal lobe, NAA/Cr in the left basal ganglia, and Cho/Cr in the 195 

right frontal lobe) were significantly different between the HDP and non-HDP groups, all were 196 

not significantly different after adjustment for covariates (#1, # 2, and # 3). No significant 197 

difference in the peak area ratio of Cho/Cr was found in any ROI after adjustment for covariates. 198 

 199 

Next, we performed an additional analysis to investigate the associations between 200 

metabolites in the bilateral thalami and clinical characteristics (Figure 4). We found that 201 

preeclampsia, abnormal umbilical artery flow, and SGA were significantly associated with 202 

increased NAA/Cho or NAA/Cr ratios in the thalami after adjustment for postmenstrual age at 203 

MRS assessment. Additionally, antenatal corticosteroid treatment, antenatal magnesium sulfate 204 

administration, chorioamnionitis, and postnatal steroid use were not associated with these 205 

metabolite alterations. 206 

 207 

We then performed an additional analysis to investigate what contributes to the altered 208 

metabolites observed in the bilateral thalami by comparing umbilical cord blood biomarkers 209 



12 

 

associated with infant neurodevelopment. We found no significant differences in IL-6, IL-17, 210 

IL-1β, and S100B levels between the two groups (Supplementary Table 3). Additionally, no 211 

significant correlations were found between the adjusted NAA/Cho and NAA/Cr ratios in the 212 

bilateral thalami and umbilical cord blood biomarkers (Supplementary Figure 1). 213 

 214 

Finally, we compared DQ at 1.5 years of corrected age and 3 years of chronological 215 

age between the groups. No significant differences were observed between the two groups at 216 

either time point (Supplementary Table 4). 217 

 218 

Discussion 219 

This study investigated whether HDP exposure in utero leads to alterations in brain metabolites 220 

in preterm infants. Our study reports that metabolite alterations in the bilateral thalami were 221 

observed in infants born to mothers with HDP. Our additional analyses indicated that these 222 

alterations may be attributed to maternal HDP itself, more specifically, preeclampsia, which is 223 

a severe type of HDP and often accompanied by abnormal umbilical artery blood flow and fetal 224 

growth restrictions. 225 

 226 

NAA is thought to be involved in myelination, brain fatty acid metabolism, and 227 

neuromodulation; thus, it is considered a marker of neuronal integration and density (34, 35). 228 
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NAA shows an age-dependent increase with brain maturation (36), and reduction in NAA 229 

concentration is considered as neuronal injury, neuronal loss, and delayed neuronal maturation 230 

(37). Cho is a marker of membrane structural integrity and membrane turnover, and Cho levels 231 

decrease with advancing gestational age. Therefore, increased ratios of NAA/Cho and NAA/Cr 232 

indicate maturation of the brain and an increase in neuronal integrity (36-38). Conversely, 233 

lower NAA/Cho and NAA/Cr ratios in the thalami are surrogate markers for the early 234 

prediction of subsequent neurodevelopmental disorders (15, 17). 235 

 236 

We experienced an unexpected finding that higher NAA/Cho and NAA/Cr ratios in 237 

the bilateral thalami were observed in the HDP infants than in the non-HDP infants despite 238 

seemingly adverse intrauterine conditions in the HDP infants. Our study indicates that exposure 239 

to HDP may accelerate brain maturation and increase neuronal activity, and that HDP infants 240 

may have better neurodevelopmental outcomes than non-HDP infants. Although we could not 241 

demonstrate a significant difference in DQ at 3 years of age between the groups in this cohort, 242 

the favorable metabolite alterations observed in the HDP group are consistent with those in our 243 

previous population-based retrospective study demonstrating that extremely and very preterm 244 

infants with maternal HDP exposure showed lower odds of in-hospital death, severe IVH, PVL 245 

in the short-term, and adverse neurodevelopmental outcomes at 3 years of age compared with 246 

those without HDP exposure (39). 247 
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 248 

The mechanism underlying the favorable metabolite alterations in the HDP group 249 

remains to be fully elucidated. Additional analyses demonstrated that increased NAA/Cho and 250 

NAA/Cr ratios were associated with preeclampsia, abnormal umbilical artery blood flow, and 251 

SGA, but not with intrauterine inflammation, brain injury, and antenatal neuroprotective 252 

treatments such as antenatal corticosteroids and magnesium sulfate. Possible explanations for 253 

these favorable metabolite alterations include the following: First, an intrauterine stressful 254 

environment may stimulate endogenous production of fetal glucocorticoids (40, 41), resulting 255 

in accelerated brain maturation and protection from severe brain injury. Second, there may be 256 

more infants with moderate-to-severe brain injury in the non-HDP group. However, we 257 

excluded cases with IVH (grade III/IV) and PVL. Our additional analysis also revealed that 258 

chorioamnionitis, which has a negative impact on neurodevelopment, did not significantly 259 

affect brain metabolites. Third, magnesium sulfate is reported to have fetal neuroprotective 260 

effects, and mothers in the HDP group were more likely to receive magnesium sulfate treatment 261 

for the prevention of eclampsia; therefore, it may protectively affect brain metabolites (42, 43). 262 

However, our study revealed that magnesium sulfate did not affect brain metabolites in the 263 

thalami (Figure 4). Finally, brain sparing, which is an in utero hemodynamic adaptation of 264 

essential and vital organs, including the brain, may be associated with metabolite alterations 265 

(30). In fact, more mothers with abnormal umbilical artery blood flow, which is closely related 266 
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to brain sparing, were observed in the HDP group. Birth weight/head circumference ratio at 267 

birth was significantly lower in the HDP group than in the non-HDP group. However, further 268 

studies investigating the clinical implications and mechanisms of these metabolite alterations 269 

caused by exposure to HDP are required. 270 

 271 

The thalamus is located at the core of the diencephalon and relays and integrates motor 272 

and sensory signals from various receptors to the cerebral cortex and is involved in various 273 

physiological functions such as sensory, motor activity, emotion, memory, and consciousness 274 

(44, 45). The clinical and physiological implications of the metabolite alterations observed in 275 

the thalami alone remain poorly understood. A previous study demonstrated morphological 276 

alterations in the thalami of infants diagnosed with autism spectrum disorders (46). Increasing 277 

evidence suggests that infants born to mothers with preeclampsia have an increased risk of 278 

autism spectrum disorders later in life (3, 4). Therefore, altered metabolites in the thalami may 279 

be correlated with an elevated risk of such disorders. 280 

 281 

This study had several strengths. To our knowledge, this is the first study to evaluate 282 

brain metabolites in preterm infants exposed to maternal HDP. Additionally, we performed 283 

MRS at term-equivalent age, which is an early stage of life. Thus, brain metabolites were less 284 

affected by postnatal factors than those in early childhood. Second, we explored the 285 
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associations between metabolite alterations, clinical information, and umbilical cord blood 286 

biomarkers. Finally, we applied multi-voxel MRS to evaluate brain metabolites instead of 287 

single-voxel MRS, which has several advantages over single-voxel MRS in terms of a wide 288 

coverage area and higher spatial resolution (47). However, multi-voxel MRS requires longer 289 

imaging time and has spectral contamination from adjacent voxels. 290 

 291 

This study has several limitations. First, we focused on preterm infants born at less than 34 292 

gestational weeks; therefore, both preterm birth and HDP can affect brain metabolites. Ideally, 293 

term infants would be more adequate to differentiate the effects of these two factors. However, 294 

gestational age and neonatal complications were comparable between the two groups in our 295 

study. Second, numerous postnatal variables, including the number of procedures and stressful 296 

stimuli during the neonatal intensive care unit (e.g., intubation, blood test, and various 297 

medications) may also affect postnatal brain metabolism. In this study, we only evaluated 298 

typical neonatal complications and treatment. Third, the sample size of our additional analyses 299 

was insufficient for the power of tests, and our additional analyses were more exploratory. 300 

Finally, we could not investigate the clinical implications and phenotypes of increased 301 

NAA/Cho and NAA/Cr ratios. 302 

 303 

Conclusion 304 
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Our study provided evidence that preterm infants born to mothers with HDP showed altered 305 

brain metabolites in the bilateral thalami compared to those born to mothers without HDP. 306 

Although the clinical implications and underlying mechanism behind the increased peak area 307 

of NAA/Cho and NAA/Cr ratios are yet to be elucidated, exposure to HDP in utero may 308 

accelerate brain maturation and increase neuronal activity. 309 
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 457 

 458 

Figure legends 459 

Figure 1. Flow diagram of the study population. 460 

Data on 304 infants born between 2010 and 2018 are available. MRS was performed on 103 461 

infants, and umbilical cord blood analysis was performed in 63 infants. Neurodevelopmental 462 

assessment was performed at two time points (1.5 years of corrected age and 3 years of 463 

chronological age). MR imaging, magnetic resonance imaging; MRS, magnetic resonance 464 

spectroscopy; IVH, intraventricular hemorrhage; PVL, periventricular leukomalacia; HDP, 465 
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hypertensive disorders of pregnancy. 466 

 467 

Figure 2. Multi-voxel proton MRS and a representative waveform. 468 

The peak area of each metabolite was evaluated at 10 designated regions of interest (bilateral 469 

frontal lobes [a], basal ganglia [b], thalami [c], temporal lobes [d], and occipital lobes [e]) 470 

(Figure 2A). The representative waveform of the MRS demonstrates the peak areas of Cho (a), 471 

Cr (b), and NAA (c) (Figure 2B). MRS, magnetic resonance spectroscopy. 472 

 473 

Figure 3. Box plots of crude and adjusted NAA/Cho and NAA/Cr ratios of the bilateral thalami 474 

in the non-HDP and HDP groups. 475 

Box plots show the spread of the data points overlying the median and interquartile ranges. The 476 

median and mean are indicated by the horizontal lines and ×, respectively. Boxes outline the 477 

interquartile range, and the whiskers indicate a 1.5 × interquartile range from the upper and 478 

lower quartiles. The NAA/Cho and NAA/Cr ratios were adjusted by postmenstrual age at the 479 

MRS assessment. * p<0.05, ** p<0.01. HDP, hypertensive disorders of pregnancy; MRS, 480 

magnetic resonance spectroscopy. 481 

 482 

Figure 4.  483 

Association between metabolites in the bilateral thalami and clinical characteristics. 484 

Box plots show the median and interquartile range of adjusted NAA/Cho and NAA/Cr ratios 485 

in the bilateral thalami. The median and mean are indicated by the horizontal lines and ×, 486 

respectively. The NAA/Cho and NAA/Cr ratios were adjusted by postmenstrual age at the MRS 487 

assessment. * p<0.05. ACS, antenatal corticosteroid; Mg, magnesium sulfate, HDP, 488 

hypertensive disorders of pregnancy; PE, preeclampsia; UA flow, umbilical artery flow; SGA, 489 

small for gestational age; CAM, chorioamnionitis. 490 

 491 

Supplementary Figure 1. Association between metabolites in the bilateral thalami and 492 

umbilical cord blood biomarkers. 493 

Relationships between metabolites in the bilateral thalami and umbilical cord blood biomarkers. 494 

Blue and orange dots indicate the data points of the right and left thalami, respectively. The 495 

blue and orange dotted lines indicate the approximated linear curves of the data points in the 496 

right and left thalami, respectively. 497 

 498 

 499 

  500 
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Table 1. Baseline maternal and neonatal characteristics in the non-HDP and HDP groups. 501 

  Non-HDP HDP   

 
(n = 76) (n = 27) p-value 

Maternal characteristics       

 Maternal age (year) 34.0 (29.0–38.0) 37.0 (35.5–40.5) <0.01 

 Gestational age (weeks) 30.9 (28.3–32.9) 29.6 (27.4–31.7) 0.18 

 Primiparous (%) 39 (51.3) 16 (59.3) 0.48 

 Pre-pregnancy BMI (kg/m2) 20.5 (18.6–22.8) 21.3 (20.3–24.2) 0.05 

 Cesarean section (%) 65 (84.2) 27 (100) 0.02 

 Preeclampsia (%) NA 21 (77.8) NA 

 Abnormal umbilical artery flow (%) 7 (9.2) 16 (59.3) <0.01 

 GDM/DM (%) 4 (5.3) 0 (0.0) 0.29 

 ACS treatment (%) 41 (53.9) 16 (59.3) 0.63 

 Antenatal magnesium treatment (%) 16 (21.1) 13 (48.1) <0.01 

 Histological chorioamnionitis (%) 26 (34.2) 2 (7.4) <0.01 

Neonatal characteristics       

 Male (%) 38 (50.0) 15 (55.6) 0.62 

 Birth weight (g) 1,381 (1,084–1,726) 936 (693–1,229) <0.01 

 Birth height (cm) 39.0 (37.1–42.0) 34.0 (30.8–36.8) <0.01 

 Head circumference (cm) 28.0 (26.0–29.8) 25.8 (24.1–27.6) <0.01 

 Birth weight/HC ratio 51.1 (43.1–59.5) 35.7 (30.2–44.1) <0.01 

 Small for gestational age (%) 9 (11.8) 19 (70.4) <0.01 

 Respiratory distress syndrome (%) 42 (55.3) 16 (59.3) 0.72 

 Days of intubation (day) 1 (0–6) 1 (0–21) 0.86 

 Chronic lung disease (%) 17 (22.4) 8 (29.6) 0.45 

 IVH grade I or II (%) 3 (3.9) 0 (0.0) 0.40 

 PDA banding (%) 3 (3.9) 1 (3.7) 0.72 

 Inotrope use (%) 7 (9.2) 4 (14.8) 0.32 

 Postnatal steroid use (%) 5 (6.6) 8 (29.6) <0.01 

 Necrotizing enterocolitis (%) 0 (0) 0 (0) 1 

 Infection (%) 7 (9.2) 1 (3.7) 0.33 

 Treated ROP (%) 8 (10.5) 4 (14.8) 0.39 

 Days of hospitalization (day) 62 (45–98) 82 (63–120) 0.05 

Data are presented as median (interquartile range) or number (%). HDP, hypertensive disorders 502 

of pregnancy; BMI, body mass index; GDM, gestational diabetes mellitus; DM, diabetes 503 

mellitus; ACS, antenatal corticosteroid; HC, head circumference; IVH, intraventricular 504 

hemorrhage; PDA, patent ductus arteriosus; ROP, retinopathy of prematurity; NA, not 505 

applicable. 506 
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Supplementary Table 1. Postmenstrual age and physical assessment at MR imaging 509 

  Non-HDP HDP   

  (n = 76) (n = 27) p-value 

PMA at MR imaging assessment (weeks) 38.4 (37.6–40.0) 39.9 (38.9–41.7) 0.02 

 Body weight (g) 2,363 (2,151–2,581) 1,986 (1,793–2,285) <0.01 

 Height (cm) 44.2 (42.4–46.0) 42.2 (38.3–44.3) 0.05 

 Head circumference (cm) 32.5 (31.4–34.0) 32.0 (31.1–33.0) 0.27 

Data are presented as median (interquartile range). HDP, hypertensive disorders of pregnancy; 510 

PMA, postmenstrual age. 511 
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Supplementary Table 2. Peak area ratios of NAA/Cho, NAA/Cr, and Cho/Cr at the 10 525 

designated regions of interest in the non-HDP and HDP groups. 526 

  Non-HDP HDP   Adjusted #1 Adjusted #2 Adjusted #3 

 
(n = 76) (n = 27) p-value p-value p-value p-value 

Right frontal lobe       
   

 NAA/Cho 0.43 (0.37–0.53) 0.46 (0.42–0.56) 0.17 0.73 0.80 0.81 

 NAA/Cr 0.94 (0.76–1.05) 0.94 (0.64–1.05) 0.37 0.24 0.20 0.20 

 Cho/Cr 2.05 (1.81–2.27) 1.72 (1.60–2.08) 0.03 0.21 0.16 0.14 

Left frontal lobe 
      

 NAA/Cho 0.41 (0.35–0.53) 0.47 (0.39–0.54) 0.14 0.69 0.63 0.49 

 NAA/Cr 0.89 (0.67–1.05) 0.96 (0.68–1.11) 0.32 0.34 0.33 0.34 

 Cho/Cr 2.01 (1.72–2.30) 2.05 (1.70–2.32) 0.90 0.89 0.86 0.97 

Right basal ganglia 
      

 NAA/Cho 0.64 (0.57–0.70) 0.67 (0.64–0.72) 0.02 0.84 0.75 0.66 

 NAA/Cr 1.06 (0.97–1.18) 1.12 (1.00–1.17) 0.37 0.80 0.82 0.93 

 Cho/Cr 1.67 (1.54–1.91) 1.63 (1.46–1.75) 0.09 0.22 0.20 0.19 

Left basal ganglia 
      

 NAA/Cho 0.61 (0.55–0.66) 0.64 (0.62–0.75) 0.03 0.59 0.51 0.29 

 NAA/Cr 1.02 (0.91–1.17) 1.14 (1.01–1.22) 0.04 0.65 0.59 0.54 

 Cho/Cr 1.71 (1.57–1.89) 1.57 (1.50–1.83) 0.21 0.76 0.79 0.64 

Right thalamus 
      

 NAA/Cho 0.61 (0.56–0.68) 0.70 (0.65–0.77) <0.01 0.05 0.04 0.04 

 NAA/Cr 0.97 (0.84–1.07) 1.06 (1.01–1.14) <0.01 0.03 0.02 0.03 

 Cho/Cr 1.60 (1.36–1.74) 1.46 (1.36–1.59) 0.19 0.63 0.66 0.59 

Left thalamus 
      

 NAA/Cho 0.61 (0.56–0.66) 0.71 (0.65–0.82) <0.01 0.01 0.01 0.01 

 NAA/Cr 0.91 (0.84–0.98) 1.02 (0.93–1.16) <0.01 0.02 0.02 0.01 

 Cho/Cr 1.55 (1.34–1.66) 1.51 (1.27–1.57) 0.22 0.57 0.65 0.62 

Right temporal lobe 
      

 NAA/Cho 0.49 (0.39–0.66) 0.62 (0.52–0.69) 0.02 0.41 0.42 0.35 

 NAA/Cr 0.86 (0.64–1.08) 1.01 (0.89–1.08) 0.11 0.70 0.72 0.62 

 Cho/Cr 1.69 (1.50–1.90) 1.67 (1.50–1.74) 0.54 0.82 0.88 0.85 

Left temporal lobe 
      

 NAA/Cho 0.57 (0.45–0.66) 0.61 (0.54–0.70) 0.20  0.76 0.81 0.81 

 NAA/Cr 0.90 (0.72–1.05) 0.98 (0.86–1.18) 0.07 0.95 0.92 0.99 

 Cho/Cr 1.56 (1.44–1.86) 1.78 (1.47–1.91) 0.29 0.34 0.35 0.46 

Right occipital lobe 
      

 NAA/Cho 0.79 (0.63–0.94) 0.88 (0.69–1.11) 0.41 0.31 0.27 0.37 
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 NAA/Cr 0.96 (0.79–1.26) 1.04 (0.80–1.23) 0.89 0.21 0.22 0.29 

 Cho/Cr 1.28 (1.03–1.56) 1.26 (0.92–1.39) 0.41 0.85 0.90 0.89 

Left occipital lobe 
      

 NAA/Cho 0.89 (0.71–1.10) 0.91 (0.72–1.01) 0.95 0.22 0.28 0.34 

 NAA/Cr 1.05 (0.76–1.31) 1.19 (0.81–1.37) 0.60 0.52 0.62 0.61 

 Cho/Cr 1.14 (0.93–1.41) 1.10 (0.89–1.43) 0.71 0.89 0.89 0.95 

Data are presented as median (interquartile range). The peak area ratios of NAA/Cho, NAA/Cr, 527 

and Cho/Cr in each region of interest between the two groups were compared after adjustment 528 

for covariates #1 (postmenstrual age at MRS assessment), #2 (postmenstrual age at MRS 529 

assessment and infant sex), and #3 (postmenstrual age at MRS assessment, infant sex, and 530 

postnatal steroid use). HDP, hypertensive disorders of pregnancy; NAA, N-acetylaspartate; 531 

Cho, choline; Cr, creatine. 532 
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Supplementary Table 3. Concentration of umbilical cord blood cytokines and S100B in the 550 

non-HDP and HDP groups. 551 

  Non-HDP HDP   

 
(n = 48) (n = 15) p-value 

Umbilical cord blood analysis 
  

  

 IL-6 (pg/mL) 2.9 (1.1–8.3) 1.8 (1.1–5.0) 0.45 

 IL-17 (fg/mL) 55.7 (33.6–120.1) 86.1 (44.8–126.2) 0.48 

 IL-1β (pg/mL) 2.3 (0.6–10.5) 3.4 (0.3–6.3) 0.73 

 S100B (ng/mL) 0.9 (0.8–1.2) 0.9 (0.8–1.2) 0.86 

Data are presented as median (interquartile range). HDP, hypertensive disorders of pregnancy. 552 
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Supplementary Table 4. Neurodevelopmental assessment in the non-HDP and HDP groups. 564 

  Non-HDP HDP p-value 

1.5 years of corrected age (n = 54) (n = 18)   

 Postural and motor area 90 (76–96) 94 (72–101) 0.80 

 Cognitive and adaptive area 94 (81–104) 86 (79–99) 0.26 

 Language and social area 90 (74–96) 93 (72–97) 0.82 

 Total 94 (80–100) 85 (82–100) 0.56 

3 years of chronological age (n = 39) (n = 12)   

 Postural and motor area 100 (82–103) 100 (78–103) 0.65 

 Cognitive and adaptive area 86 (78–95) 81 (74–86) 0.08 

 Language and social area 91 (76–96) 86 (76–99) 0.52 

 Total 89 (76–99) 83 (79–92) 0.18 

Data are presented as median (interquartile range). HDP, hypertensive disorders of pregnancy. 565 
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