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Background: Cerebellar hemorrhage (CBH) is a major form of cerebellar injury in preterm infants. We aimed to investigate the risk factors and neurodevelopmental outcomes of isolated CBH and performed volumetric analysis at term-equivalent age.

Methods: This single-centered nested case-control study included 26 preterm infants with isolated CBH and 52 infants without isolated CBH and any significant supratentorial injury.

Results: Isolated CBH was associated with PCO2 fluctuation within 72 h after birth (adjusted odds ratio 1.007, 95% confidence interval 1.000–1.014). The composite score in the motor domain of the Bayley Scales of Infant and Toddler Development at 24 month of corrected age was lower in the punctate isolated CBH group than that in the control group (85.3 vs. 94.5, P = 0.023). Preterm infants with isolated CBH had smaller cerebellum and pons at term-equivalent age compared to the control group. Isolated CBH with adverse neurodevelopment had a smaller ventral diencephalon and midbrain compared to isolated CBH without adverse neurodevelopmental outcomes.

Conclusions: In preterm infants, isolated CBH with punctate lesions were associated with abnormal motor development at 24 months of corrected age. Isolated CBH accompanied by a smaller ventral diencephalon and midbrain at term equivalent had adverse neurodevelopmental outcomes.
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Introduction

Structural abnormalities of the cerebellum in premature infants can be characterized as destructive lesions with underdevelopment of the infratentorial structures. Major forms of destructive cerebellar disease include hemorrhage and infarction (1). Advances in neuroimaging techniques, such as ultrasound by mastoid fontanel view and magnetic resonance imaging (MRI) are used for diagnosing cerebellar hemorrhage (CBH), which is not an uncommon complication of preterm birth (1, 2).

There have been controversies over the neurodevelopmental outcomes of CBH based on the location and size of the lesions, such as punctate lesions in the cerebellum of preterm infants. In a retrospective study, punctate CBH was not associated with neurodevelopmental outcomes at 24 months of age (3). On the other hand, a multicenter study reported that 40% of infants with punctate CBH had abnormal developmental outcomes (4). The location of CBH is also an important determinant for neurodevelopmental outcomes as involvement of the cerebellar vermis showed global developmental delay (5, 6). As CBH often occurrs concomitant with supratentorial injury of the brain such as intraventricular hemorrhage (IVH) and periventricular leukomalacia (PVL), effect of CBH on neurodevelopmental outcomes could be biased by supratentorial lesions (7). Although there have been other studies regarding outcomes of CBH, most studies were performed with patients of CBH plus supratentorial injury (5, 8–10). Therefore, studies investigating neurodevelopmental outcomes of CBH without significant supratentorial injury are needed for better understanding of CBH in preterm infants.

Neurodevelopmental outcomes of preterm infants are not only mediated by acute destructive events of the brain but also by adverse development in regions close to and distant from the original injury (9, 11). Previous studies with volumetric analysis showed associations of reduced volume of the cerebellum and that of the total brain with poor neurological outcome at 24 months of corrected age in preterm infants (12, 13). Growth of the cerebellum is influenced by both direct damage to the cerebellum and by the growth of the contralateral cerebral hemisphere (14, 15).

In this study, we aimed to explore factors associated with isolated CBH and their neurodevelopmental outcomes and to conduct a volumetric analysis of brain structures, including the cerebellum, other infratentorial structures, and supratentorial structures of the brain, to assess the impact of isolated CBH on the volume of the cerebellum and other brain regions.



Materials and methods


Participants

This was a nested case-control study of preterm infants who were admitted to the neonatal intensive care unit (NICU) of Seoul National University Children's Hospital and ha0d brain MRI examination between January 2010 and December 2019. Infants with major congenital anomalies and significant supratentorial lesions such as severe IVH, PVL, and infarction were excluded from the study population. Isolated CBH was defined based on MRI at term equivalent age, when supratentorial lesions were not present, except for low-grade (I-II) IVH (16). Infants with isolated CBH were compared with double the number of preterm infants with gestational age (GA), birth weight, and sex-matched controls without CBH and significant supratentorial lesions to assess the risk factors and neurodevelopmental outcomes of isolated CBH. Medical records of perinatal factors, including Apgar score, preterm premature rupture of the membrane, placental abruption, histologic chorioamnionitis, chest compression in the delivery room, body temperature at admission, intubation within 3 days after birth, inotrope use within 3 days after birth, and blood gas analysis within 3 days after birth were collected. Degree of PCO2 fluctuation was calculated by subtracting the trough PCO2 level from the peak PCO2 level from results of all blood gas analysis during first 72 h life. In preterm infants, brain sonography was first conducted within 3 days after birth and subsequently performed weekly or bi-weekly according to the baby's conditions and previous sonography results during the first month of life. During the study period, there were 3,294 preterm infants admitted to Seoul National University Children's Hospital NICU between 2010 and 2019. Among them, 59 (1.8%) infants were diagnosed with CBH, with 26 (0.8%) being diagnosed with isolated CBH (Figure 1).
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FIGURE 1
 Study cohort.


To evaluate the neurodevelopmental outcomes, Bayley Scales of Infant and Toddler Development 3rd Edition (BSID-III) results were gathered for each group at a corrected age (CA) of 18–24 months. On BSID-III, scores of <85 (< -1 SD) in both cognitive and language domains, or a motor score of < 85, were defined as developmental delay (17). Infants who had delay in BSID-III, hearing impairment, blindness or cerebral palsy (CP) at a CA of 18–24 months were defined as having combined neurodevelopmental impairment (NDI) (18). Hearing impairment was defined as the need for unilateral or bilateral hearing aids. Neurodevelopmental outcomes were compared between the no CBH and CBH with punctate lesion groups.



MRI data acquisitions

The conventional neonatal brain MRI protocol includes sagittal 3d gradient echo sequence, T2- and T1-weighted axial turbo spin echo sequences, susceptibility weighted images and diffusion weighted images. T2- and T1-weighted axial turbo spin echo images and diffusion weighted images were obtained at a slice thickness of 4 mm without a gap. The sagittal 3d gradient echo sequence was obtained at a 1 mm-iso voxel and then presented as axial, coronal and sagittal reformatted images of 1 mm-thickness. Brain MRI at term-equivalent age (TEA) was routinely conducted in all preterm infants born at <29 weeks of gestation or birth weight < 1,000 g, as well as in those with parenchymal brain injury on sonography.



MRI analysis

CBH were categorized by an experienced pediatric radiologist into four types: punctate (lesion ≤ 4 mm) CBH, limited CBH (lesion > 4 mm, involving < 1/3 of the cerebellar hemisphere), vermian hemorrhage, and massive CBH (lesion involving ≥ 1/3 of the cerebellar hemisphere), which were modified from a study by Gerda Meijler (19). Isolated CBH was defined as CBH without significant supratentorial parenchymal lesions or hydrocephalus. In present study, among 26 isolated CBH, there were 18 (69.2%) with punctate CBH (Figure 2), 7 (27.0%) with limited CBH, and 1 (3.8%) with vermian hemorrhage. No infants had massive CBH in the study population of isolated CBH.
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FIGURE 2
 Image of isolated punctate cerebellar hemorrhage. T2 weighted image of punctate cerebellar lesion (A,D). Susceptibility weighted imaging of punctate cerebellar hemorrhage (B,E) and supratentorial area (C,F).


For volumetric analysis of brain structures, the Infant Freesurfer software (https://surfer.nmr.mgh.harvard.edu/fswiki/infantFS) was used by one individual. Infant Freesurfer is a pipeline of automated segmentation and surface extraction based on Freesurfer for T1-weighted neuroimaging data for infants (20). Infant Freesurfer can calculate brain segment volumes including cerebral white matter, cerebral cortex, both cerebellar hemisphere, vermis, midbrain, pons, medulla, thalamus, hippocampus, amygdala, accumbens, and ventral diencephalon. After automatic segmentation by Infant Freesurfer, visual rechecking of each brain structure was performed. Volumetric analysis was conducted between the isolated CBH group and the control group, and then among the isolated CBH groups according to neurodevelopmental outcomes.



Statistical analysis

Statistical analysis was executed using the R statistical software v 4.1.1. Data was expressed as number (%) or mean ± standard deviation. Wilcoxon rank-sum tests were conducted for continuous data and chi-square for categorical data. Statistical significance was set at P < 0.05. Univariate logistic regression analysis of GA and factors which were different between two groups was used for isolated CBH, and factors with a P < 0.05 in univariate analysis were inserted in the multivariate analysis.




Results

The GA at birth (26.0 ± 2.0 vs. 26.2 ± 1.6 weeks) and birthweights (872.5 ± 587.2 vs. 867.5 ± 212.1 g) were comparable between the isolated CBH group and matched-control group (Table 1). The range of GA of both groups were 23.4–32.4 weeks. The Apgar score at 5 min was lower in the isolated CBH group than in the control group (4.5 ± 2.1 vs. 5.6 ± 2.0, P = 0.034). Chest compression in the delivery room, admission temperature, and intubation within 3 days after birth were comparable between the two groups. In the blood gas analysis performed within 3 days after birth, trough PCO2 levels were lower in the isolated CBH group (27.4 ± 6.5 vs. 30.8 ± 6.2 mmHg, P = 0.042) and PCO2 fluctuation levels (peak – trough) were higher in the isolated CBH group (37.9 ± 15.4 vs. 28.7 ± 14.7 mmHg, P = 0.019) (Table 2).


TABLE 1 Perinatal characteristics of study population.
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TABLE 2 Laboratory data of the study population.
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Univariate regression analysis showed that 5 min Apgar score and PCO2 fluctuation level within 3 days after birth were associated with isolated CBH (Table 3). Multivariate logistic regression showed that the PCO2 fluctuation level was significantly associated with isolated CBH [adjusted odds ratio (OR) 1.007, 95% confidence interval (CI) 1.000–1.014, P = 0.044), while the association with 5 min Apgar score became insignificant (adjusted OR 0.961, 95% CI 0.914–1.011, P = 0.126).


TABLE 3 Univariate and multivariate logistic regression analyses for factors related to isolated CBH.
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In terms of neurodevelopmental outcome, there were no cases of CP, hearing loss and blindness in the study population and overall NDI was comparable between the isolated punctate CBH and matched-control groups. The motor domain in the BSID showed lower scores in the isolated punctate CBH group (85.3 ± 10.3 vs. 94.5 ± 11.5, P = 0.023) (Table 4).


TABLE 4 Neurodevelopmental outcomes at 18–24 months corrected age.
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In the volumetric analysis of the brain structures, the isolated CBH group showed smaller cerebellum (11.7 ± 3.0 vs. 13.5 ± 3.0 ml, P = 0.007) and pons (1.5 ± 0.4 vs. 1.8 ± 0.3 ml, P = 0.001) volume compared to the control group. The estimated total intracranial and vermian volumes were comparable between the two groups (Table 5). In the subgroup analysis of isolated CBH, those with NDI had smaller ventral diencephalon (1.5 ± 0.2 vs. 1.7 ± 0.2 ml, P = 0.028) and midbrain (1.3 ± 0.2 vs. 1.4 ± 0.1 ml, P = 0.032) than those without NDI at CA 18–24 months (Table 6).


TABLE 5 Volumetric MRI analysis of brain structures of the study population.
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TABLE 6 Volumetric MRI analysis of isolated CBH with and without NDI.
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Discussion

The current study showed that preterm infants with isolated CBH had more fluctuations in PCO2 levels within 72 h after birth than those without CBH. Isolated CBH with punctate hemorrhage is associated with abnormal motor development in preterm infants. Among preterm infants with isolated CBH, the ventral diencephalon and midbrain were smaller in those with NDI than in those without NDI. The incidence of CBH and isolated CBH in the present study was 1.8 and 0.8%, respectively, which were consistent with previous studies that reported incidence ranges of CBH in preterm infants from 1.5 to 19%, and the incidence of isolated CBH from 0.9 to 5.2% depending on the imaging modality (2, 10, 21).

CBH is known to be more prevalent in smaller and more immature preterm infants, and several factors have been reported as risk factors such as preeclampsia, sepsis, prolonged mechanical ventilation, patent ductus arteriosus, lower Apgar scores, acidosis, and hypotension (8, 22–25). In the present study, we investigated the risk of isolated CBH, wherein fluctuation in PCO2 within 72 h after birth was the only factor associated with isolated CBH. Impaired autoregulation of the cerebral circulation in preterm infants is associated with CBH (4, 26). As hypercapnia alters cerebral hemodynamics by increasing blood flow and on the contrary, low PCO2 has vasoconstrictive effects (27, 28). These effects of PCO2 that alter cerebral hemodynamics might explain the association of isolated CBH with higher PCO2 fluctuation in the present study. Thus, careful ventilator strategy during the first 3 days after birth to avoid over- or under-ventilation might be helpful to avoid CBH.

The cerebellum undergoes exponential growth such that the volume expands 5-fold from 24 weeks to 40 weeks of gestation, and this growth rate is faster than any other structures of the human brain (1). Due to this exponential growth, the cerebellum of a premature infant is vulnerable to multiple insults, and large CBH are associated with poorer neurodevelopmental outcomes and cerebellar injury is associated with various degree of motor delay (1, 25). However, there is a limited understanding of the effect of CBH on neurodevelopment in preterm infants because CBH is often accompanied by supratentorial injuries of brain in this population. A systematic review by Hortensius et al. contributed to expanding the understanding of this problem to some extent and reported that isolated CBH in preterm infants was associated with neurodevelopmental delay in the cognitive, language, behavioral, and motor domains, with the highest incidence of vermian involvement and CBH with large hemorrhages (10).

Punctate hemorrhage accounts for 39–67% of isolated CBH in preterm infants (4, 29). Size of hemorrhage in CBH is one of the important determents for prognosis, as large CBH had higher incidence of motor impairment (10). These small punctate CBH are usually not found on head ultrasounds but are often diagnosed on TEA brain MRI (4). And punctate CBH are known to have more favorable neurodevelopmental outcomes (3, 4). In a retrospective study, CBH with punctate lesions was not associated with adverse neurodevelopment (3). However, the study included preterm infants with supratentorial lesions, which might mask the effect of isolated CBH. On the contrary, in a systematic review of isolated CBH, 13% of the patients with punctate CBH had significant neurodevelopmental impairment (10). The present study showed that punctate isolated CBH was associated with poorer motor function, showing NDI in 33% and BSID-III motor scores below 85 in 55% among isolated CBH with punctate lesion. However, there was no difference in the incidence of CP between the isolated CBH group and the control group. Distinguishing punctate cerebellar hemorrhage from the simple deposition of circulating blood in the cerebrospinal fluid is not simple. Disproportional deposition of hemosiderin in the posterior fossa, accompanied parenchymal hemosiderin deposits in the susceptibility weighted imaging, and parenchymal change such as atrophy might be helpful to distinguish the condition.

Decreased cerebellar volume is associated with poor neurodevelopmental outcomes, which could be mediated by effects on adverse development in regions close to and remote from the original injury (9, 11). The present study demonstrated that the isolated CBH group had smaller cerebellar and pons volumes than the control group. In a previous study, cerebellar atrophy developed after hemorrhages or infarcts with a prevalence of 20–37% in infants with CBH (2, 8). In addition, smaller pons was associated with CBH in premature infants in a case series by Parodi et al., which showed that unilateral CBH and crossed pontine hemiatrophy were related (30). In a MRI study that compared volumetric analysis of in-utero and ex-utero brain of term and preterm infants, volume of cerebellar hemisphere and pons at TEA were smaller in preterm infant than term infants (31).

Among preterm infants with isolated CBH, the ventral diencephalon and midbrain were smaller in the isolated CBH with NDI group than in the isolated CBH without NDI group. The ventral diencephalon is a combination of several structures, including the basal forebrain, ventral tegmentum, and hypothalamus. The midbrain connects the cerebellum, pons with the forebrain and the ventral midbrain, which contains the pyramidal and corticopontine tracts, which are related to motor functions (32). Also, the ventral tegmentum is known to play an important role in dopamine-related functions, including motor functioning (33). As shown in the present study, if isolated CBH is accompanied by a reduced volume of specific brain structures, including the ventral diencephalon and midbrain, the probability of developmental impairment might increase. This was also well-demonstrated in the study by Limperopoulos et al., which reported that neurodevelopmental impairment in preterm infants with cerebellar injury was accompanied by remoted growth restriction of cerebral cortical growth (34).

The current study had several limitations. This was a retrospective study, and brain MRI was performed in the selected high-risk population of preterm infants. In addition, only two-thirds of the infants were evaluated by Bayley-III at 18–24 months of CA, although data regarding CP, hearing loss and blindness were well-collected. Those who was not tested by Bayley-III among the study population were those whose parents thought that their child had normal development during the follow-up period. In addition, there is a possibility that some punctate CBH lesions may not be visible on TEA brain MRI in the study population and this may influence the results. However, the risk factors, neurodevelopmental outcomes, and brain structure volumetric analysis of isolated CBH were thoroughly analyzed. Volumetric MRI analysis of isolated CBH with or without NDI was also performed. This retrospective case-control study suggests that isolated CBH is associated with higher fluctuations in PCO2 levels within 72 h after birth. Additionally, when isolated CBH was combined with a reduced volume of the ventral diencephalon and midbrain, poorer neurodevelopmental outcomes were observed. Further studies with larger populations are required to clarify the neurodevelopmental outcomes of isolated CBH.
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