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Abstract

OBJECTIVE—The objective of this study was to evaluate whether volumetric measurements 

on early cranial ultrasound (CUS) in high-grade germinal matrix hemorrhage–intraventricular 

hemorrhage (GMH-IVH) are associated with hydrocephalus and neurodevelopmental metrics.

METHODS—A retrospective case series analysis of infants with high-grade GMH-IVH admitted 

to the St. Louis Children’s Hospital neonatal intensive care unit between 2007 and 2015 

who underwent neurodevelopmental testing using the Bayley Scales of Infant and Toddler 

Development, 3rd Edition (Bayley-III) at 2 years of corrected age was performed. GMH volume, 

periventricular hemorrhagic infarction volume, and frontotemporal horn ratio were obtained from 
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direct review of neonatal CUS studies. Univariate and multivariable regression models were used 

to evaluate the association between hemorrhage volumes and hydrocephalus requiring permanent 

CSF diversion with ventricular shunt or endoscopic third ventriculostomy with or without choroid 

plexus cauterization and composite Bayley-III cognitive, language, and motor scores.

RESULTS—Forty-three infants (29 males, mean gestational age 25 weeks) met the inclusion 

criteria. The mean age at time of the CUS with the largest hemorrhage volume or first diagnosis 

of highest grade was 6.2 days. Nineteen patients underwent treatment for hydrocephalus with 

permanent CSF diversion. In multivariable analyses, larger GMH volume was associated with 

worse estimated Bayley-III cognitive (left-sided GMH volume: p = 0.048, total GMH volume: 

p = 0.023) and motor (left-sided GMH volume: p = 0.010; total GMH volume: p = 0.014) 

scores. Larger periventricular hemorrhagic infarction volume was associated with worse estimated 

Bayley-III motor scores (each side p < 0.04). Larger left-sided (OR 2.55, 95% CI 1.10–5.88; 

p = 0.028) and total (OR 1.35, 95% CI 1.01–1.79; p = 0.041) GMH volumes correlated with 

hydrocephalus. There was no relationship between early ventricular volume and hydrocephalus or 

neurodevelopmental outcomes.

CONCLUSIONS—Location-specific hemorrhage volume on early CUS may be prognostic for 

neurodevelopmental and hydrocephalus outcomes in high-grade GMH-IVH.
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Germinal matrix hemorrhage–intraventricular hemorrhage (GMH-IVH) is the most common 

cause of brain injury in very preterm infants and is responsible for the worst neurocognitive 

outcomes of all preterm brain injuries.1 This condition affects up to 25% of low-birth-weight 

(< 1500 g) preterm infants, and its incidence correlates inversely with gestational age 

(GA).2,3 GMH-IVH severity is standardly graded based on a diagnostic cranial ultrasound 

(CUS),4 with the worst outcomes occurring in neonates with high-grade GMH-IVH (Papile 

grades III and IV).5 As the germinal matrix is the site of ongoing neuro- and gliogenesis,6,7 

it is imperative to understand how hemorrhage within this area is associated with outcome.

At the time of high-grade GMH-IVH diagnosis, there are three potential regional 

hemorrhagic components: GMH (usually within the ganglionic eminence),4,8 IVH, and 

periventricular hemorrhagic infarction (PVHI). These pathologies are frequently grouped 

together for the purpose of outcome studies, although the pathophysiology underlying 

each is different. Early ultrasound features of high-grade GMH-IVH, especially bilateral 

pathology, have been associated with cognitive and language outcomes.9–12 While 

ultrasound features of PVHI have been associated with motor and cognitive outcomes, 

the majority of these studies are restricted to linear measurements and/or lack detailed 

neurodevelopmental testing.13–15 Furthermore, no studies have evaluated the volume of 

hemorrhage within the progenitor-rich germinal matrix or PVHI and their relationship 

to neurodevelopmental outcomes. Posthemorrhagic hydrocephalus (PHH) occurs in up to 

25%–30% of infants with high-grade GMH-IVH and is defined as elevated intracranial 

pressure with clinical signs of enlarging head circumference, bulging anterior fontanelle, 

splayed cranial sutures, poor feeding, irritability, and lethargy with accompanying 
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radiological evidence of progressive ventricular dilation.16 PHH may require surgical 

intervention with permanent CSF diversion, such as ventriculoperitoneal shunting, which 

requires lifelong monitoring and may further worsen neurocognitive outcomes.1,17–20 

However, there are no metrics for assessing the risk for hydrocephalus in high-grade GMH-

IVH. Furthermore, while animal models support IVH as a key factor in the pathophysiology 

of hydrocephalus,21 how each hemorrhagic component within high-grade GMH-IVH 

contributes to the development of hydrocephalus remains unknown.

This study is the first to address the relationship between volumetric measurements of 

GMH and PVHI components in high-grade GMH-IVH on CUS with neurodevelopmental 

and hydrocephalus outcomes. These measurements are readily obtainable using 2D CUS 

studies acquired on a routine clinical basis, which has important implications for early 

outcome prediction, particularly in settings with limited access to higher-resolution imaging, 

and for understanding the pathophysiology of poor neurodevelopmental and hydrocephalus 

outcomes in high-grade GMH-IVH.

Methods

Participants

All aspects of this retrospective study of a prospectively recruited, longitudinal cohort 

were approved by the IRB at the Washington University in St. Louis. This larger 

prospectively recruited cohort included patients born at ≤ 30 weeks of GA without 

evidence of chromosomal abnormality or suspected/proven congenital infection admitted 

to the St. Louis Children’s Hospital neonatal intensive care unit from 2007 to 2015. 

Neurodevelopmental testing using the Bayley Scales of Infant and Toddler Development, 

3rd Edition (Bayley-III) at 2 years of corrected age1 was performed on all participants as 

a part of the research program (i.e., not obtained clinically). Those with grade III and/or 

IV GMH-IVH diagnosed on CUS within the 1st month of life were selected for analysis in 

this study. Patients with grade II GMH-IVH (without higher contralateral grade and without 

subsequent progression to higher grade) were also identified from the same cohort for 

comparison of GMH volume and ventricular size. Clinical information was used to generate 

a clinical medical risk index, as previously published, which includes factors related to 

prematurity-related complications such as intrauterine growth restriction, prolonged oxygen 

supplementation, antenatal steroid exposure, necrotizing enterocolitis, sepsis, patent ductus 

arteriosus, retinopathy of prematurity, relative weight, and duration of parenteral nutrition.22 

Parents or legal guardians provided standardized sociodemographic information that was 

used to calculate sociodemographic stressor index scores, as previously published.23–26 

Informed consent was obtained from parents or legal guardians prior to inclusion in the 

study.

CUS Image Analysis

Quantification of GMH and PVHI—CUS studies for all participants were obtained 

according to clinical protocols at our institution.4 Preset settings for frequency, scan depth 

(field of view), and initial dynamic range, as set by hospital standards, were used for image 

acquisition and were similar between all scans (frequency 8–10 MHz, dynamic range 70, 
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depth 7–10 cm). CUS images were directly reviewed by one trained physician blinded 

to the outcome (P.H.Y.). All CUSs starting from the initial CUS to the first CUS with 

resolving hemorrhage were reviewed. The earliest CUS scan with the highest grade or, 

if the hemorrhage enlarged, the CUS scan with the largest hemorrhage volume was used 

for analysis. Measurements and locations for both the GMH and PVHI components were 

determined based on hyperechoic signal consistent with blood products and estimated to 

have spherical or ellipsoid geometries. SmallMeasure software27 was used to perform linear 

measurements of hemorrhage in pixels, and then each image was scaled using embedded 

depth calibration markers. For each location of hemorrhage (GMH [Fig. 1A] or PVHI [Fig. 

1B]), the coronal and sagittal views with the largest hemorrhage diameters were used to 

calculate volume:28 Volume = (a × b × c)/2, where a, b, and c are the left-to-right, superior-

to-inferior, and anterior-to-posterior lengths, respectively. For hemorrhages with indistinct 

borders between GMH and PVHI, only the component confined to the anatomical limits 

of the subependymal germinal matrix within or adjacent to the caudothalamic groove was 

considered as GMH, while any hemorrhage outside this anatomical region was considered 

PVHI.

An analysis of linear versus volumetric GMH and PVHI measurements used the longest of 

the three linear measurements described above to correlate with outcome.

Quantification of Ventricular Size—The frontotemporal horn ratio (FTHR)29 was 

obtained using coronal images at the level of the foramina of Monro (Fig. 1C), defined 

as FTHR = (d + e)/(2 × f), where d, e, and f are the bifrontal distance, bitemporal distance, 

and biparietal distance, respectively.

Neurodevelopmental and Behavioral Testing—All subjects underwent assessments 

using Bayley-III testing30 at 2 years of age, corrected for prematurity, by blinded 

psychometricians. Composite scores for the motor, language, and cognitive domains were 

reported.

Statistical Analysis

Two-sample t-tests, one-way ANOVAs, or Wilcoxon rank-sum tests were used to assess the 

differences of continuous variables as appropriate. Chi-square tests or Fisher’s exact tests 

were used to assess the relationship between categorical variables. Unadjusted and adjusted 

linear regression models were performed to test associations between clinical factors and 

Bayley-III scores. Unadjusted and adjusted logistic regression models were performed to 

assess the effect of risk factors on shunt placement. Pearson’s correlation analysis was 

conducted to detect correlations between continuous variables. Data were analyzed using 

IBM SPSS Statistics version 29.0.0.0 (IBM Corp.). A p value < 0.05 was considered 

statistically significant. FTHR, estimated GA, sex, and clinical variables with p < 0.05 in 

univariate analysis were used as covariates in multivariable analyses.
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Results

Clinical Characteristics

Fifty-eight patients with grade III and/or IV GMH-IVH were identified from a prospectively 

studied cohort of 213 very preterm infants. Fifteen patients were excluded due to missing/

incomplete Bayley-III scores or CUS imaging unavailable for direct review in the case 

of outborn infants. A total of 43 infants (29 males, mean 25.0 weeks estimated GA, 

mean birth weight 835 g) met the inclusion criteria (Table 1). Nine had bilateral grade 

III GMH-IVH, 6 had bilateral grade IV, 3 had unilateral grade III, 5 had unilateral grade 

IV, and 20 had some combination of bilateral grade III and IV. Nine with grade III or 

IV GMH-IVH had either no contralateral GMH-IVH or grade I GMH-IVH. Two had 

unilateral subcentimeter cerebellar hemorrhages. The mean age at GMH-IVH diagnosis 

was 3.0 days (range 0–13 days). The mean age at the time of the CUS with the largest 

hemorrhage volume or initial highest grade was 6.2 days (range 1–20 days). Nineteen 

patients underwent temporary CSF diversion with ventricular reservoir (n = 17) or subgaleal 

shunt (n = 2) placement (mean 27.5 days after birth, SD 13.4 days). One patient underwent 

permanent CSF diversion without temporization. One patient with temporary CSF diversion 

did not require permanent CSF diversion. Therefore, 19 patients underwent permanent CSF 

diversion surgery; of these, 2 patients initially underwent endoscopic third ventriculostomy 

with choroid plexus cauterization (ETV-CPC) and 1 had ETV without CPC, but all 3 

returned with hydrocephalus and ventricular shunts were placed. Therefore, all 19 patients 

who had permanent CSF diversion had ventricular shunts. There was no difference in 

baseline clinical characteristics, neurodevelopment, or shunt outcomes between patients with 

grade III and grade IV GMH-IVH (Table 1). A higher medical risk index was associated 

with worse motor outcomes (p = 0.027), and a greater number of general anesthesia events 

in the study period was associated with worse cognitive (p = 0.030) and motor (p = 0.006) 

outcomes (Table 2).

Hemorrhage Quantification

The mean GMH volume was 0.14 cm3 on the left and 0.29 cm3 on the right (Table 1). 

GMH volumes were larger in patients with grade IV GMH-IVH compared with those with 

grade III GMH-IVH (0.17 cm3 vs 0.07 cm3 on the left [p = 0.006] and 0.36 cm3 vs 0.09 

cm3 on the right [p = 0.004]). The mean PVHI volume was 1.68 cm3 on the right and 

0.98 cm3 on the left. There was a positive correlation between right-sided GMH volume 

and PVHI volume (p = 0.02) and between left-sided GMH volume and FTHR (p = 0.04) 

(Supplementary Table 2).

Hemorrhage Volume and Neurodevelopmental Outcomes

In the unadjusted linear regression analysis, larger left-sided and total GMH volumes were 

associated with lower Bayley-III cognition (left-sided p = 0.009, total p = 0.029) and 

motor (left-sided p = 0.003, total p = 0.017) scores (Table 2). For every cubic centimeter 

increase in total GMH volume, the cognitive score decreased by 9 points and the motor 

score decreased by 10 points. The motor score decreased by 3.3 points with every cubic 

centimeter increase in right PVHI volume (p = 0.03). The estimated GA, sex, birth weight, 
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sociodemographic stressor index, and ventricular size (FTHR) were not associated with 

Bayley-III scores.

After controlling for medical risk index, number of general anesthesia events, and 

contralateral grade III hemorrhage, we found that greater left-sided GMH volume remained 

associated with Bayley-III cognitive scores (p = 0.048), in which there was a decrease 

by 28.8 points with every cubic centimeter increase in left-sided GMH volume. Greater 

left-sided GMH volume was associated with Bayley-III motor scores (p = 0.010), in which 

there was a decrease by 35.8 points with every cubic centimeter increase in left-sided GMH 

volume. Greater total GMH volume was independently associated with worse cognition (p = 

0.023) and motor (p = 0.014) scores when controlling for medical risk index and number of 

general anesthesia events.

Larger PVHI volume was associated with worse motor outcomes when controlling for 

contralateral hemorrhage volume (right PVHI when controlling for left GMH volume: p = 

0.039, left PVHI when controlling for right PVHI volume: p = 0.038). However, the impact 

of PVHI volume on motor outcomes was smaller than the impact of left-sided and total 

GMH volumes.

In addition to Bayley-III scores, we also evaluated several clinical outcome metrics that 

relate to global performance and found similar results (Supplementary Table 1). Information 

regarding gross motor function and cerebral palsy was similarly collected retrospectively in 

this prospectively curated database. In the multivariable analysis, larger left GMH volume 

was associated with asymmetrical gait (p = 0.012) and toe-walking (p = 0.041), larger total 

GMH volume was associated with needing assistance with activities of daily living (ADLs) 

(p = 0.038), and right PVHI volume was associated with the inability to walk freely without 

assistance (p = 0.042). Cerebral palsy diagnosis was not associated with hemorrhage volume 

on multivariable analysis.

Hemorrhage Volume and Hydrocephalus Outcomes

In unadjusted logistic regression analysis, both left-sided (OR 2.42, 95% CI 1.22–4.79; p = 

0.011) and total (OR 1.31, 95% CI 1.03–1.673; p = 0.030) GMH volumes were associated 

with permanent CSF diversion (Table 3). Estimated GA, sex, weight, medical risk index, 

and sociodemographic stressor index were not associated with the need for permanent CSF 

diversion. There was no association between early FTHR and shunted hydrocephalus in 

high-grade GMH-IVH patients; however, there was a positive correlation between left GMH 

volumes and ventricular size (p = 0.04) (Supplementary Table 2). After controlling for 

FTHR, GA, sex, and contralateral GMH volume, we found that left-sided GMH volume 

remained associated with the need for permanent CSF diversion (OR 2.55, 95% CI 1.10–

5.88; p = 0.028) (Table 3). The total GMH volume was associated with permanent CSF 

diversion after controlling for FTHR, GA, and sex (OR 1.35, 95% CI 1.01–1.79; p = 0.041).

To further investigate the relationship between GMH volume, ventricular size, and 

hydrocephalus outcomes, we evaluated a separate cohort of patients with grade II GMH-

IVH, a population in which PHH rates are known to be low (Supplementary Table 3).31,32 

Fifteen patients (9 with bilateral GMH and 6 with unilateral GMH, totaling 12 right-sided 
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GMHs and 12 left-sided GMHs) in the recruited cohort had grade II GMH-IVH without 

contralateral higher-grade or progression to higher-grade hemorrhage, and none underwent 

CSF diversion surgery. As expected, FTHR was lower in patients with grade II GMH-IVH 

than in high-grade GMH-IVH patients. Interestingly, right- and left-sided GMH volumes 

were also smaller in grade II patients (p < 0.001 and p = 0.001, respectively). Because both 

GMH volume and FTHR were lower in grade II patients, one cannot definitively say that 

hydrocephalus outcomes are strictly due to one or the other.

Shunt Complications and Neurodevelopmental Outcomes

We assessed whether complications related to hydrocephalus treatment within the study 

period (number of revision surgeries and infections by 2 years of corrected age) were 

associated with neurodevelopmental outcomes (Supplementary Table 4), which may offer 

an alternative explanation for the differences seen in Bayley-III scores. There were 2 shunt 

infections out of the 19 patients with shunted hydrocephalus. There was no statistically 

significant association between number of shunt revisions or shunt infections with Bayley-

III cognition, language, or motor scores.

Comparison of Volumetric and Linear Hemorrhage Measurements With Outcome

To compare our findings with prior reports using linear measurements of PVHI size,33 we 

compared Bayley-III scores and hydrocephalus outcomes with both volumetric and linear 

measurement techniques. Our linear measurement approach revealed a negative correlation 

between total GMH length, left- and right-sided PVHI lengths, and motor outcomes in 

the unadjusted linear regression model (Supplementary Table 5). In the multivariable 

analysis, after controlling for medical risk index, number of general anesthesia events, and 

contralateral GMH length, we found that left GMH length was negatively correlated with 

motor scores (p = 0.028) and right GMH length was negatively correlated with cognitive 

(p = 0.024) and language (p = 0.031) scores. Total GMH length was negatively correlated 

with language (p = 0.030) and motor (p = 0.013) scores. Left- and right-sided PVHI lengths 

were negatively associated with motor scores when controlling for contralateral hemorrhage, 

and right PVHI lengths were associated with motor scores (p = 0.005) when controlling for 

medical risk index. Finally, GMH and PVHI lengths were not correlated with hydrocephalus 

outcomes in the multivariable analysis (Supplementary Table 6).

Discussion

Preterm infants with high-grade GMH-IVH are often clinically unstable, resulting in 

difficulty acquiring high-resolution cross-sectional cranial images at the time of GMH-IVH 

diagnosis, which has contributed to the use of categorical metrics of easily identifiable 

hemorrhagic components for outcome prediction.9–12,20 In this study, we show the 

feasibility of using volumetric measurements of hemorrhagic components within the brain 

parenchyma on routine clinical 2D CUS to predict neurodevelopmental and hydrocephalus 

outcomes, expanding on prior studies that used linear measurements.13,34 Importantly, 

we also demonstrate the utility of volumetric measurements and control for predictors 

of outcome when assessing the independent prognostic value of individual hemorrhagic 

components, including GMH volume which to our knowledge has not been previously 
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assessed before in this context.2,3 Our findings suggest that hemorrhage burden within the 

progenitor-rich germinal matrix and developing subcortical regions may play an important 

role in the pathophysiological mechanisms of brain injury after neonatal GMH-IVH, with 

implications for early outcome prediction.

Role of GMH and PVHI Volume in Cognition

The germinal matrix (including the ganglionic eminence) is a site of progenitor cells for the 

developing brain that lies subjacent to the brain ventricles and harbors neuronal and glial 

precursor cells essential for healthy brain development.6 Blood products in these progenitor-

rich regions have been shown to suppress oligodendrocyte progenitor cell proliferation 

and subventricular zone maturation35 via gliosis and microglia infiltration.6,36 Larger 

hemorrhages within the germinal matrix and surrounding structures may therefore produce 

a greater degree of suppression of cellular proliferation, cellular growth, and myelination, 

leading to a proportional disruption in brain development, and result in worse cognitive 

outcomes. Thus, we chose to evaluate GMH in the clinical setting.

Specifically, larger left-sided and total GMH volumes correlated with worse cognitive 

outcomes in our study. Prior work has shown that a high PVHI severity score—for 

which one criterion is involvement of more than one lobar region—is associated with 

cognitive deficits.18 Our study is not directly comparable to this prior investigation as 

different outcome scales were used and the PVHI severity score did not include volumetric 

measurements. However, the results from these studies suggest that the extent of injury to 

the subcortical brain parenchyma contributes to early brain development and ultimately to 

cognitive outcomes in GMH-IVH. To our knowledge, this is the first study to correlate 

hemorrhage volume within the germinal matrix to neurodevelopmental outcomes, including 

cognition, language, and motor function.

Role of GMH Volume in Hydrocephalus Outcomes

Hydrocephalus requiring permanent CSF diversion develops in approximately 30% of 

infants with high-grade IVH.37 We showed that left-sided and total GMH volumes, but 

not PVHI volume or early ventricular size, were associated with permanent CSF diversion. 

In our study, 19 of 43 patients ultimately required permanent CSF diversion with ventricular 

shunting (3 patients initially underwent endoscopic third ventriculostomy but later required 

ventricular shunting). Our findings are consistent with prior work in adults showing an 

independent association between thalamic hemorrhage and permanent shunting, outside 

of IVH burden alone.38 These findings have implications for the pathophysiology of 

hydrocephalus, in which germinal matrix injury specifically may impact CSF circulation due 

to specific injury to cells that mediate CSF circulation. Recently, whole-exome sequencing 

of neurosurgically treated infants with congenital hydrocephalus revealed de novo mutations 

in key regulators of neurogliogenesis, suggesting that altered early brain development is a 

major contributor to the development of hydrocephalus.39 Hemorrhage within the germinal 

matrix may also disrupt maturation of nearby ventricular ependymal cells, contributing to 

impaired CSF circulation and to the pathogenesis of PHH.40 Further study in preclinical 

models is needed to evaluate these pathways.
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The observation that GMH volume was associated with the development of hydrocephalus, 

while controlling for ventricular size, prompted us to evaluate GMH volumes in grade II 

GMH-IVH, which, by definition,5 differs from grade III GMH-IVH only by ventricle size 

and patients are much less likely to develop hydrocephalus.31,32 In this analysis, similar 

GMH volumes between grade II and high-grade GMH-IVH would have suggested that the 

difference in early ventricular size alone accounts for the difference in rates of permanent 

CSF diversion. Interestingly, we found that GMH volumes were smaller in patients with 

grade II GMH-IVH. This finding indicates that there may be additional factors beyond 

ventricular size, such as region-specific injury within the germinal matrix, that contribute to 

impaired CSF circulation and later development of hydrocephalus.

Evaluating IVH Burden on 2D CUS

The extent of IVH and its role in neurodevelopment and hydrocephalus outcomes was not 

evaluated in our study. Our method for estimating hemorrhage volumes based on 2D CUS 

images relies on the assumption of spherical or ellipsoid shapes of the object of interest, 

making it possible to measure GMH and PVHI. However, IVH can often contour to the 

C-shape of the ventricles, resulting in irregular shapes and precluding the use of our volume 

estimation technique. To overcome these challenges, 3D CUS systems have been developed 

and have reliably produced 3D quantifications of the neonatal ventricular system containing 

hemorrhage,41,42 but this modality is not standard of care and the associations between 

these IVH volumes and clinical outcomes require further investigation. We asked whether 

2D CUS measurements could be used to estimate IVH burden. In our study, FTHR was 

measured at an early time point, prior to maximum ventricular dilation, and when the 

hemorrhage burden was the most significant. Given the minimal CSF within the ventricle 

at the time, we used FTHR as an estimate of ventricle size. We found that FTHR was not 

associated with neurodevelopmental and hydrocephalus outcomes. Assuming that the FTHR 

measures in our study were proportional to IVH burden, it may be reasoned that IVH burden 

is not directly associated with these outcomes, a conclusion consistent with prior work.38 

However, this approach assumes a simple linear relationship between early ventricular size 

and IVH burden, which must be further validated.

Role of GMH and PVHI Volume in Motor Outcome

Impairment in motor outcomes is seen in approximately two-thirds of PVHI survivors.14 

While preclinical models of GMH-IVH have implicated striatal gray matter injury in 

impaired motor coordination,43 the specific contribution of each hemorrhagic component 

to motor outcomes has not been clearly demonstrated. Here we show that left-sided and total 

GMH volumes and bilateral PVHI volumes were correlated with worse motor outcomes. 

PVHI characteristics have been associated with neurodevelopmental outcome, particularly in 

conjunction with grade III GMH-IVH.9–12,20 Bilaterality of PVHI has been associated with 

poor neurological outcomes at 12 months of age, including increased seizure risk and motor 

deficits.15,33 Patients with PVHI also exhibit abnormal MR diffusion parameters within the 

white matter, such as the internal capsule and corpus callosum, that correlate with motor 

scores, suggesting that PVHI may disrupt functionally connected brain regions.44,45 PVHI 

may therefore impair the developing corticospinal tracts and other motor and premotor 

pathways depending on volume and extent of injury.
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Furthermore, we evaluated the association between hemorrhage volume and global 

performance metrics, such as cerebral palsy diagnosis, requiring assistance with ADLs, 

walking with assistance, gait asymmetry, and toe-walking, and found that GMH and PVHI 

volumes were independently associated with several of these outcomes. While Bayley-III 

scores offer a measure against normative controls, the above metrics offer insight into 

overall functional status and impact on quality of life.

Limitations

This was a single-center study with a small sample size. The inclusion criteria required 

all patients to undergo standardized neurodevelopmental testing, and therefore potentially 

selected for patients with better outcomes (i.e., no mortality). Future studies should focus 

on volumetric IVH calculations, which was not possible given the irregular shape of 

IVH and the use of 2D CUS in our study. The amount of intraventricular blood may 

play a role in hydrocephalus and neurodevelopmental outcomes.46 Cerebellar hemorrhage 

was not quantified given the constraints of CUS through the anterior fontanelle to image 

the posterior fossa;47 however, this finding was limited to 2 patients with subcentimeter 

cerebellar hemorrhages in our cohort. Future clinical studies may expand on this work 

by using early MRI or 3D CUS, when feasible, to quantify and map hemorrhage after 

GMH-IVH.

Conclusions

To our knowledge, this is the first study to associate volumetric measurements of the 

germinal matrix and periventricular hemorrhagic components with neurodevelopmental and 

hydrocephalus outcomes using routine bedside CUS. As CUS has several advantages, 

including safety and efficacy in the diagnosis and monitoring of GMH-IVH as well as 

familiarity in routine neonatal care, these findings may help in early prognostication for 

neonates with GMH-IVH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
CUS measurements of hemorrhage volumes and ventricular size. A: Measurements obtained 

along the three major axes of a right-sided GMH. B: Measurements obtained along the three 

major axes of a right-sided PVHI. C: Measurements obtained to calculate FTHR.
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