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OBJECTIVE  Direct injury to the corpus callosum (CC) due to neurosurgical interventions in infants with posthemor-
rhagic ventricular dilatation (PHVD) has not been reported in the literature. The authors observed a subset of infants who 
had suffered penetrating CC injury after neurosurgical interventions for PHVD and hypothesized that this pattern of injury 
may result in suboptimal CC maturation and neurodevelopmental impairment.
METHODS  In this multicenter, retrospective, observational study, 100 preterm and 17 full-term infants with PHVD were 
included and compared with 23 preterm controls. Both neonatal and postneonatal brain MRI scans were assessed for 
injury, and measurements were performed on postneonatal MRI scans at 2 years’ corrected age. Neurodevelopmental 
outcome was assessed at 2 years’ corrected age.
RESULTS  A total of 269 brain MRI scans of 140 infants were included. Of infants with PHVD, 48 (41%) had penetrating 
CC injury following neurosurgical interventions. The median (IQR) CC midsagittal surface area was smaller in infants 
with CC injury when compared with infants with PHVD who had intact CC and controls (190 mm2 [149–262 mm2] vs 268 
mm2 [206–318 mm2] vs 289 mm2 [246–320 mm2], respectively; p < 0.001). In the univariate analysis, the area of the CC 
was associated with cognitive Z score (coefficient 0.009 [95% CI 0.005–0.012], p < 0.001) and motor Z score (coefficient 
0.009 [95% CI 0.006–0.012], p < 0.001). In the multivariable model, CC injury was not independently associated with 
cognitive and motor Z score after adjusting for gestational age and presence of periventricular hemorrhagic infarction 
(coefficient 0.04 [95% CI −0.36 to 0.46] and −0.37 [95% CI −0.83 to 0.09], p = 0.7 and 0.1, respectively).
CONCLUSIONS  CC injury was not uncommon following neurosurgical interventions for PHVD in both preterm and full-
term infants. At the age of 2 years, the CC midsagittal surface area was smaller in infants with injury, but CC injury was 
not independently associated with cognitive and motor outcomes at 2 years’ corrected age.
https://thejns.org/doi/abs/10.3171/2022.2.PEDS21577
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Germinal matrix hemorrhage–intraventricular hem-
orrhage remains a common complication in pre-
term infants and is associated with increased risk 

of adverse neurodevelopmental outcomes—particularly 
when high-grade general matrix hemorrhage–intraven-
tricular hemorrhage is complicated by posthemorrhagic 
ventricular dilatation (PHVD).1,2 Although the question 
of when best to treat PHVD remains unanswered, recent 
studies and a meta-analysis showed that later timing of 
neurosurgical interventions predicted higher rates of ven-
triculoperitoneal shunt (VPS) placement and moderate to 
severe neurodevelopmental impairment (NDI), emphasiz-
ing the importance of timely intervention.3–6 After docu-
mentation of enlargement of the ventricles beyond defined 
thresholds with the use of cranial ultrasonography, inter-
ventions for PHVD generally start with lumbar punctures 
to decompress the ventricles.2 This relatively less invasive 
intervention is followed by more invasive temporizing neu-
rosurgical measures if stabilization or regression of ven-
tricular size does not occur.4 For this purpose, placement of 
a ventricular reservoir (VR) as a ventricular access device 
with the aim to serially aspirate CSF is a commonly used 
technique.2 Beyond the VR, VPS placement is considered 
in infants who require ongoing VR aspirations.2,4

The corpus callosum (CC) is the principal commissural 
pathway connecting the cerebral hemispheres and linking 
cortical and subcortical regions of the brain.7 Complica-
tions of neurosurgical interventions for PHVD such as 
mechanical obstruction, hemorrhage, and infection are 
well documented; however, direct injury to the CC due to 
the insertion of a VR and VPS has not been reported in 
the neonatal population.8 We observed a subset of infants 
who had penetrating CC injury after neurosurgical inter-
ventions for PHVD and hypothesized that this pattern of 
injury may result in suboptimal CC maturation and NDI. 
In this study, we assessed the neuroimaging features of 
penetrating CC injury, while also studying its relation to 
neurodevelopmental outcomes at 2 years’ corrected age.

Methods
Study Participants

In this multicenter, retrospective, observational study, 
preterm and full-term neonates with PHVD who were 
admitted to the level III neonatal intensive care unit of 
the Wilhelmina Children’s Hospital, University Medical 
Center Utrecht (UMCU), between January 2005 and De-
cember 2018 were eligible when they developed PHVD 
and required neurosurgical intervention. PHVD was di-
agnosed when infants had progressive measurements of 
the ventricular index > 97th percentile and anterior horn 
width > 6 mm on at least 2 cranial ultrasound scans using 
reference charts described by Levene9 and Davies et al.,10 
respectively. Interventions for PHVD were initiated with 
lumbar punctures and followed by VR and VPS inser-
tion when required. Treatment thresholds for neurosurgi-
cal interventions are described in detail in a previous ar-
ticle.5 Neurosurgical interventions were performed using 
anatomical landmarks by experienced pediatric neurosur-
geons without ultrasonography guidance. Catheters were 
inserted from the outermost lateral corner of the anterior 

fontanelle. The direction of the catheter was toward the 
midline, and the catheter tip was aimed to remain slightly 
above the level of the foramen of Monro. A database search 
of brain MRI of enrolled infants was conducted. Because 
brain MRI is not routinely performed at 2 years of age at 
UMCU in infants without brain injury and/or NDI, the 
control group was selected from a different cohort. The 
control group comprised preterm infants < 32 weeks’ ges-
tation without PHVD who were prospectively recruited at 
the level III neonatal intensive care unit of the Hospital for 
Sick Children, University of Toronto. These infants were 
recruited between January 2008 and December 2011 and 
were routinely scanned at 2 years’ corrected age. Neonates 
with evidence of a chromosomal anomaly, congenital mal-
formation of the CNS, hydrocephalus due to anatomical 
issues, and congenital infection were excluded. Demo-
graphic data were obtained from the patients’ files and/or 
electronic hospital databases. Data on antenatal and peri-
natal factors including gestational age, birth weight, sex, 
hemorrhage severity, and comorbidities including the use 
of postnatal steroids, prolonged mechanical ventilation for 
> 7 days, sepsis, necrotizing enterocolitis, patent ductus 
arteriosus, and retinopathy of prematurity were collected. 
The study was approved by the research ethics boards at 
both centers, and a waiver of consent was provided for the 
study because of the use of anonymous data analysis.

Neuroimaging Protocol
Participating centers followed a predefined MRI proto-

col according to their institutional guidelines. At UMCU, 
until 2010, brain MRI was performed on a 1.5T system 
(Intera; Philips Healthcare) with an age-appropriate head 
coil, and the protocol included sagittal T1-weighted and 
axial T2-weighted images for both neonatal and 2-year 
scans. Between 2010 and 2018, a 3T system (Achieva; 
Philips Healthcare) was used and sagittal T1-weighted 
and axial T2-weighted images were obtained. The Uni-
versity of Toronto followed a similar brain MRI proto-
col according to the institutional guidelines using a 1.5T 
system (SIGNA; GE Healthcare) with an age-appropriate 
head coil for the neonatal and 2-year scans. In both cen-
ters, infants were sedated as per institutional protocols and 
received hearing protection for the procedure.

Assessment of the CC
MRI scans were acquired from infants in the study at 

two time points. Neonatal MRI scans were obtained in 
all infants who required a neurosurgical intervention at 
approximately 30 weeks’ postmenstrual age and/or term-
equivalent age (TEA). Both neonatal and postneonatal MR 
scans were used for the detection of injury to the CC. All 
assessments were performed by an investigator (M.N.C.) 
with formal training in neonatal neurology, who was 
blinded to the infants’ clinical history and neuroimaging 
report. In equivocal cases, a senior investigator (L.S.D.V.) 
was consulted.

Postneonatal MRI scans were obtained routinely at 2 
years of age in infants who required a VPS, and in infants 
with VR who developed NDI. Measurements were per-
formed on postneonatal MRI scans obtained at 2 years 
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of age. The CC was manually traced on the midsagittal 
slice created from the 3D T1-weighted image at 2 years of 
age by using Osirix Lite for Macintosh software version 
10.0.2 (Pixmeo). Linear measurements of the genu and 
splenium length were performed at their widest distance 
in the anteroposterior direction as described by Vannucci 
et al.11 Midportion thickness was assessed by measuring 
the height of the CC body at its widest distance vertical 
to the CC axis. Total cross-sectional CC surface area was 
measured in the midsagittal plane. The CC was traced 3 
times per MRI scan, and the mean values were used for 
each analysis. In infants with a penetrating injury to the 
CC, cross-sectional areas were measured separately and 
their sum was calculated. Patterns of injury are presented 
in Fig. 1. Intrarater reliability was tested in the first 15 
scans to assess the consistency of measurements.

Neurodevelopmental Assessment
Neurodevelopmental outcomes were assessed at each 

center as part of the standard neurodevelopmental follow-
up programs. Assessments were performed by develop-
mental specialists, and cognitive and motor outcomes were 
assessed with either the Bayley Scales of Infant Devel-
opment, Second Edition (BSID-II); the Bayley Scales of 
Infant and Toddler Development, Third Edition (BSITD-
III); or Griffiths Mental Development Scales (GMDS). 
BSID-II and BSITD-III tests were routinely used to as-
sess outcomes of infants who were born at < 28 weeks’ 
gestation, and those born at > 28 weeks’ gestation were 

tested with GMDS at UMCU, whereas at the University of 
Toronto, BSITD-III testing was the standard approach re-
gardless of the gestational age. Cognitive and motor index 
or composite scores were corrected for prematurity. The 
conversion from the BSID-II mental developmental index 
to the BSITD-III composite cognitive score was calculated 
by the formula (59% of the BSID-II mental developmental 
index score plus 52) suggested by Lowe et al.12 To include 
children who had an index score < 50 on the BSID-II or a 
cognitive or motor composite score < 55 or < 46, respec-
tively, on the BSITD-III, developmental quotients were cal-
culated (developmental age equivalent [in months, based 
on raw test scores] divided by the corrected test age and 
multiplied by 100).13 The composite cognitive and motor 
scores at 24 months’ corrected age were categorized as the 
normal range (mean ± 1 SD), subclinical range (< −1 SD), 
and clinical range (< −2 SD). Standardized Z scores were 
calculated for cognitive and motor scores for each infant to 
compare different test types. Cerebral palsy (CP), and type 
of CP if applicable, was defined based on the definition by 
Rosenbaum et al.14 CP was classified as spastic, ataxic, or 
dyskinetic, and it was topographically categorized as uni-
lateral or bilateral.15 The gross motor function classifica-
tion system was used to grade the severity of CP.16

Statistical Analysis
Statistical analyses were performed using IBM SPSS 

Statistics version 27 (IBM Corp.). Categorical variables 
were presented as numbers and percentages. The chi-

FIG. 1. MRI findings in 3 cases, with arrows pointing to the lesions in each image. A and B: A 300/7 preterm infant with PHVD 
following VR insertion. Coronal T2-weighted MRI scan demonstrates CC injury (arrow) following VR insertion (A); and parasagittal 
T1-weighted image shows piercing injury to the CC (B). C and D: A 293/7 preterm infant with PHVD following VPS insertion. Mid-
sagittal T2-weighted image shows injury to the splenium of the CC (arrow, C); and midsagittal T1-weighted image shows the effect 
of injury to the splenium of the CC (arrow) at 2 years of age (D). E–H: A 262/7 preterm infant with PHVD following 2 VR insertions. 
Parasagittal T2-weighted image shows the intact CC after the first VR insertion (E); midsagittal T2-weighted image demonstrates 
the piercing injury to the CC following the second VR insertion (arrow, F); parasagittal T2-weighted MRI scan shows apparent CC 
injury (arrow) at TEA (G); and midsagittal T1-weighted MRI scan demonstrates piercing injury with a significant gap in the body of 
the CC (arrow) at 2 years of age (H).
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square and Fisher exact tests were used to compare cat-
egorical variables among groups. Continuous variables 
were presented as the mean (± SD) and the median (IQR) 
depending on their distribution. The Mann-Whitney U-
test was used to compare nonparametric variables and 
the Student t-test for comparison between variables with 
gaussian distribution. The Kruskal-Wallis test and 1-way 
ANOVA test were used to determine the difference in sub-
group analysis. A post hoc analysis was performed to de-
termine the statistical differences in multigroup compari-
sons. Univariate linear regression was used to determine 
risk factors for an adverse neurodevelopmental outcome, 
and multiple linear regression and logistic regression were 
applied for the significant variables detected with the 
univariate analysis. Adjustment for gestational age, sex, 
and presence of periventricular hemorrhagic infarction 
(PVHI) was performed in the multivariable regression 
models. Statistical significance was set at p < 0.05.

Results
Study Participants

A total of 140 infants were included in the final analy-
sis, of whom 117 had PHVD and 23 were controls. The 
median (IQR) gestational age and birth weight were simi-
lar between infants with CC injury and intact CC groups 
(p = 0.3 for both), whereas infants in the control group 
had a lower birth weight when compared to infants with 
PHVD (p = 0.005). Characteristics of included infants and 
distribution of the clinical factors and comorbidities are 
presented in Table 1.

Characteristics of CC Injury
A total of 269 brain MRI scans were assessed, of which 

84 were obtained at 30 weeks’ gestation, 112 at TEA, and 
73 at 2 years of age. Of infants with PHVD, 48 (41%) had 
penetrating CC injury. Forty-six (94%) of the injuries were 
due to VR placement, and 3 (6%) occurred due to VPS in-
sertion. All injuries due to VR insertion were observed in 
the body of the CC, whereas all injuries due to VPS place-
ment were in the splenium. In infants with PHVD, all indi-
viduals had a VR insertion, and 60 (51%) of those with a VR 
required a VPS for permanent CSF diversion. The median 
(IQR) number of interventions including VR and/or VPS 
insertion was greater in infants with CC injury compared 
to the intact CC group (2 [1–2] interventions vs 1 [1–2] in-
tervention, p = 0.005). Eleven (23%) with CC injury and 9 
(13%) with intact CC had revision surgery for VPS or > 2 
surgical interventions (p = 0.1). In 9 (19%) infants with CC 
injury and in 11 (16%) with intact CC, the VR tip was lying 
in the basal ganglia and thalamic region (p = 0.6). None of 
the infants showed ischemic findings of cystic white matter 
injury on cranial ultrasound or brain MRI scans.

Measurements of CC
The MRI scans were performed at a median age of 23.5 

months in infants with CC injury and controls, and at 23.3 
months in the intact CC group (p = 0.9). The intrarater 
reliability values for the linear measurements of the genu, 
midportion, splenium, and midsagittal CC surface area 
were 0.92, 0.86, 0.93, and 0.89, respectively. Genu length 
was similar across the groups (p = 0.2), whereas midpor-
tion thickness and splenium length were smaller in infants 
with PHVD when compared with controls (p < 0.001 for 
both). In the post hoc analysis, the median (IQR) midsagit-
tal CC surface area was smaller in infants with CC injury 
when compared with infants with PHVD who had intact 
CC and controls (190 mm2 [149–262 mm2] vs 268 mm2 

TABLE 1. Demographic and clinical characteristics of the study population

PHVD w/ CC Injury, n = 48 PHVD w/ Intact CC, n = 69 Control Group, n = 23 p Value

Gestational age, wks 29.9 (26.6–33.9) 31.0 (27.7–35.1) 29.1 (27.3–30.3) 0.08
Gestational age category 0.1
  Born <370/7 wks 41 (85) 59 (85) 23 (100)
  Born ≥371/7 wks 7 (15) 10 (15) 0 (0)
Birth weight, g 1508 (968–2304) 1635 (1105–2725) 1100 (955–1390) 0.005
Sex 0.4
  Male 32 (67) 38 (55) 15 (65)
  Female 16 (33) 31 (45) 8 (35)
Accompanying PVHI 20 (41) 19 (28) 1 (4) 0.003
Reservoir placement 48 (100) 69 (100) 0 (0) <0.001
VPS placement 30 (63) 30 (44) 0 (0) <0.001
Mechanical ventilation >7 days 13 (27) 15 (22) 9 (39) 0.3
Culture-positive late-onset sepsis 5 (10) 6 (9) 6 (26) 0.08
Surgical treatment for NEC 0 (0) 3 (4) 0 (0) 0.2
Surgical treatment for PDA 3 (6) 2 (3) 0 (0) 0.4
Surgical treatment for ROP 0 (0) 2 (3) 0 (0) 0.3
Death 0 (0) 5 (7) 0 (0) 0.07

NEC = necrotizing enterocolitis; PDA = patent ductus arteriosus; ROP = retinopathy of prematurity.
Data are presented as the median (IQR) or number (%). Boldface type indicates statistical significance.
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[206–318 mm2] vs 289 mm2 [246–320 mm2], respectively; 
p < 0.001). The results of the post hoc analysis are pre-
sented in Table 2.

Neurodevelopmental Outcomes
Five (4%) infants died in the neonatal period of causes 

unrelated to the neurosurgical intervention. Two (2%) 
were lost to follow-up, and 11 (9%) had incomplete fol-
low-up data and were removed from the outcome analysis. 
Of the 122 (87%) infants who were included in the final 
neurodevelopmental outcome analysis, 60 (49%) were as-
sessed with the GMDS, 17 (14%) with BSID-II, and 45 
(37%) with BSITD-III. Details of the neurodevelopmental 
outcomes in the post hoc analyses are presented in Table 
3. The mean ± SD cognitive Z score was −0.33 ± 0.9 in 
infants with PHVD and 0.90 ± 0.8 in the control group; 
the motor Z scores were −0.54 ± 1.2 and −0.26 ± 0.8, re-
spectively. Cognitive Z scores were lower in infants with 
PHVD when compared with controls (mean difference 
−1.24 [95% CI −1.7 to −0.76], p < 0.001). In the univari-
ate analysis, the midsagittal surface area of the CC was 
associated with cognitive Z score (coefficient 0.009 [95% 
CI 0.005–0.012], p < 0.001) and motor Z score (coefficient 
0.009 [95% CI 0.006–0.012], p < 0.001). In the multivari-
able model, CC injury was not independently associated 
with cognitive and motor Z scores after adjusting for ges-
tational age and presence of PVHI (coefficient 0.04 [95% 
CI −0.36 to 0.46] and −0.37 [95% CI −0.83 to 0.09], p = 
0.7 and 0.1, respectively). PVHI was an independent risk 
factor associated with lower cognitive and motor Z scores 
after adjusting for gestational age (coefficient −0.53 [95% 
CI −0.96 to −0.09] and −0.84 [95% CI −1.34 to −0.35], p 
= 0.02 and 0.001, respectively). In infants with PHVD, 12 
(29%) infants with CC injury and 6 (11%) with intact CC 

developed CP (p = 0.02). In the multivariable model, the 
presence of PVHI was the only independent risk factor for 
CP after adjusting for gestational age, CC injury, and sex 
(OR 7.7 [95% CI 2.2–27.3], p < 0.002).

Discussion
In this multicenter observational study, we assessed 

the effect of neurosurgical interventions in infants with 
PHVD, with a specific focus on macroscopic integrity and 
development of the CC. Our findings show that CC injury 
can occur due to neurosurgical interventions for PHVD in 
both preterm and full-term infants. The majority of these 
injuries were due to VR insertion; however, we also ob-
served that a small proportion (6%) of the cases had injury 
to the posterior part of the CC following VPS insertion. 
In keeping with our hypothesis, the midsagittal surface 
area of the CC was smaller in infants with CC injury com-
pared to that of infants whose CC remained intact after 
neurosurgical interventions and that of controls, reflecting 
underdevelopment of these essential commissural nerve 
fibers following the insult. Of note, infants with PHVD 
had smaller linear measurements and CC surface area 
when compared with controls regardless of injury to the 
CC. Although the CC surface area was positively associ-
ated with cognitive and motor outcomes at 2 years of age 
and CP was more common in infants with CC injury in 
the univariate analysis, these associations did not persist 
after adjusting for gestational age, sex, and the presence 
of PVHI. As expected, PVHI was found to be an indepen-
dent risk factor that was negatively associated with both 
cognitive and motor outcomes; however, contrary to our 
hypothesis, CC injury was not independently associated 
with cognitive and motor outcomes at 2 years’ corrected 

TABLE 2. Characteristics of the CC injury

PHVD w/ CC Injury, n = 48 PHVD w/ Intact CC, n = 69 Control Group, n = 23 p Value

Total no. of MRI scans 112 134 23
  No. of neonatal MRI scans 82 114 0
  No. of post-neonatal MRI scans 30 20 23
Age at 2-yr MRI, mos 23.5 (20.9–27.0) 23.3 (20.9–27.3) 24.0 (24.0–24.2) 0.9
Genu length, mm 6.2 (5.4–7.4) 6.4 (5.3–8.2) 5.8 (5.0–6.4) 0.2
Midportion thickness, mm 1.4 (1.1–2.1) 3.0 (1.5–4.2) 4.2 (3.5–4.5) <0.001
  CC injury vs intact CC 0.004
  CC injury vs controls <0.001
  Intact CC vs controls 0.02
Splenium length, mm 4.4 (2.6–4.8) 5.0 (3.9–5.8) 8.0 (7.1–8.5) <0.001
  CC injury vs intact CC 0.6
  CC injury vs controls <0.001
  Intact CC vs controls <0.001
Midsagittal CC area, mm2 190 (149–262) 268 (206–318) 289 (246–320) <0.001
  CC injury vs intact CC 0.04
  CC injury vs controls 0.001
  Intact CC vs controls 0.9

All measurements are performed at 2-year MRI scans. Data are presented as median (IQR) or number (%). Boldface type indicates statistical 
significance.
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age. Although complications of neurosurgical interven-
tions have been reported in the literature, to the best of 
our knowledge this is the first neonatal study to describe 
penetrating CC injury as a distinct entity following neuro-
surgical interventions for PHVD and to assess the associa-
tion between metrics of CC development and neurodevel-
opmental outcomes.

Surgery for shunt placement is among the most com-
mon neurosurgical interventions in neonates, and most 
interventions are performed freehand using anatomical 
landmarks.17 In the present study the interventions were 
performed without ultrasound guidance by pediatric neu-
rosurgeons with many years of experience in performing 
this procedure. This intervention approach, which is per-
formed without seeing the tip of the catheter during inser-
tion, has been reported to have inaccuracy rates ranging 
between 15% and 40% in the pediatric literature, and may 
also explain the high rate of CC injury we observed in our 
cohort.17 Of note, a proportion of infants in both groups 
(overall 17%) had their VR catheter tip positioned in the 
basal ganglia and thalamic region. To address this issue, 
Kellnar et al.18 described the use of intraoperative cranial 
ultrasonography in newborns to optimize the position of 

the shunt catheter, and since the first description, multiple 
studies have shown the efficacy of neuronavigation, in 
which ultrasonography is used for real-time visualization 
of the ventricles.17,19 A prospective controlled study by the 
Hydrocephalus Clinical Research Network investigated 
the use of ultrasound guidance in the pediatric popula-
tion during neurosurgical interventions for hydrocephalus. 
Accurate placement was observed in 59% of the infants; 
however, this rate was well below the study goal of 80% 
and was only slightly better than the success rate (49%) in 
the control group.20 We speculate that using ultrasonogra-
phy for real-time visualization of the ventricles might be a 
promising technique to avoid CC injury during neurosur-
gical interventions for PHVD if supported by future well-
designed studies. Our data also show that overall, 17% of 
infants with PHVD required either a revision surgery or > 
2 surgical interventions due to VR/VPS dysfunction. Simi-
lar to our findings, in a population-based database, Donoho 
et al.21 found that the 30-day readmission rate of pediatric 
patients undergoing ventricular shunting was 18%.

The blood supply of the CC derives from the branches of 
both anterior and posterior circulations that anastomose to 
form a pericallosal pial plexus, and in approximately 80% 

TABLE 3. Subgroup analysis of the neurodevelopmental outcomes of the study infants

PHVD w/ CC Injury, n = 42 PHVD w/ Intact CC, n = 57 Control Group, n = 23 p Value

Corrected age at FU, mos 24.2 (23.5–25.4) 24.1 (23.5–26.3) 27.2 (26.8–28.4) <0.001
  CC injury vs intact CC >0.99
  CC injury vs controls <0.001
  Intact CC vs controls <0.001
Cognitive Z score −0.36 ± 1.09 −0.33 ± 0.94 0.90 ± 0.88 <0.001
  CC injury vs intact CC 0.9
  CC injury vs controls <0.001
  Intact CC vs controls <0.001
Motor Z score −0.84 ± 1.3 −0.33 ± 1.1 −0.26 ± 0.9 0.09
  CC injury vs intact CC 0.1
  CC injury vs controls 0.2
  Intact CC vs controls 0.9
Cognitive score category* 0.06
  Normal range 30 (75) 41 (73) 21 (100)
  Subclinical range 4 (10) 10 (18) 0 (0)
  Clinical range 6 (15) 5 (9) 0 (0)
Motor score category† 0.06
  Normal range 24 (63) 36 (68) 16 (80)
  Subclinical range 4 (11) 11 (21) 4 (20)
  Clinical range 10 (26) 6 (11) 0 (0)
CP 12 (29) 6 (11) 0 (0) 0.004
Type of CP 0.08
  Unilat spastic CP 9 (75) 4 (66) 0 (0)
  Bilat spastic CP 3 (25) 1 (17) 0 (0)
  Ataxic 0 (0) 1 (17) 0 (0)

FU = follow-up.
Data are presented as the median (IQR), mean ± SD, or number (%). Boldface type indicates statistical significance.
* Cognitive scores were available in 117/122 infants.
† Motor scores were available in 111/122 infants.
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of humans, additional blood supply comes from the ante-
rior communicating artery.22,23 Because of the dominance 
of the anterior circulation, anterior portions of the CC are 
more resilient to ischemia.22,24,25 Several neonatal studies 
using Doppler examinations have demonstrated impair-
ment of the cerebral circulation in infants with PHVD.26,27 
We observed thinning of the midportion and splenium re-
gions of the CC in infants with PHVD compared to find-
ings in controls. This probably reflects the fact that the cir-
culation of the CC was impaired, leading to thinning in the 
middle and posterior parts, but not necessarily in the an-
terior part of the CC due to the aforementioned preserved 
circulation pattern. It has also been shown that white mat-
ter injury in the context of PHVD causes microstructural 
changes in the CC, which may also explain thinning in the 
CC found in the present study.28,29 PVHI, which was the 
only independent risk factor for adverse cognitive and mo-
tor outcomes in the present study, may also have played a 
role in the underdevelopment of the CC. Additionally, we 
found that infants with CC injury had smaller CC body 
thickness than that of infants with intact CC, whereas sple-
nium length was similar across these groups. This may be 
explained by the effect of penetrating injury leading to im-
paired circulation in the CC areas that are adjacent to the 
injury, but relatively preserved posterior circulation of the 
splenium. It is important to emphasize that we were not 
able to use volumetric analysis in the present study and 
applied 2D surface area and linear measurements instead. 
Although 2D measurements can be conducted with high 
reliability, further studies using volumetric analysis are 
warranted to confirm our findings.30

We were not able to document a negative effect of pen-
etrating CC injury on cognitive and motor outcomes at 2 
years in our study. The positive association between CC 
injury and cognitive and motor scores as well as CP did not 
persist after accounting for clinical factors. However, it is 
important to underline the fact that three different neurode-
velopmental tests were used in the present study, given that 
the study infants were recruited over a 14-year period. Al-
though we used Z scores to be able to compare scores ob-
tained by different test types, ideally outcomes should have 
been compared using the same test for all infants. Also of 
note, unlike adults with CC injury and pediatric patients 
with developmental anomalies of the CC who commonly 
exhibit cognitive impairments, language delay, visuospatial 
integration issues, dyslexia, and behavioral issues, newborn 
infants with penetrating CC injury did not show impair-
ments in the cognitive and motor domains.7,22,31,32 We spec-
ulate that this may be reflective of the higher neuroplastic 
capacity of the developing human brain. It is also possible 
that cognitive impairments may first become apparent 
later in childhood when the cognitive demands increase 
at school age. It is important to reemphasize the fact that 
our follow-up data only represent neurodevelopmental out-
comes during infancy, and it is not possible to draw firm 
conclusions about later childhood outcomes. Therefore, the 
effect of penetrating CC injury on the cognitive domain and 
higher cognitive functions should be further investigated in 
children at school age. Also of note, cognitive assessment at 
2 years of age may not accurately measure cognitive func-
tioning as compared with school-age testing.

The present study has several limitations. First, we 
were not able to use volumetric analysis to calculate the 
CC volume and instead used CC surface area and linear 
measurements. However, volumetric measurement of the 
CC is technically challenging, limiting its application in 
clinical practice—and it has been shown that measure-
ment of the CC area does not require sophisticated image 
processing and can be conducted with high reliability.30 
Second, we used standard neurodevelopmental tests to as-
sess cognitive and motor outcomes at 2 years’ corrected 
age. However, we did not use neurodevelopmental tools 
specifically developed to assess cognitive domain and vi-
suospatial integration that are commonly affected in CC 
injury, because these infants were not old enough to be 
assessed with these specific tests. Also of note, infants 
were evaluated with various neurodevelopmental tests, 
and comparisons could only be made by using standard-
ized Z scores. Third, because this was a multicenter study, 
scanning protocols were not the same in the two centers, 
which could have led to varying image qualities. Fourth, 
the effect of noncystic white matter injury, which is a risk 
factor for adverse neurodevelopmental outcomes, was not 
taken into account in the present study. However, we did 
not observe major ischemic findings of cystic white matter 
injury in this cohort on cranial ultrasound or brain MRI 
scans. Finally, although their numbers are small, the inclu-
sion of full-term infants adds heterogeneity to the present 
study. The major strength of this study is the inclusion of 
a considerable number of infants with PHVD with a high 
follow-up rate to document the neuroimaging aspects and 
neurodevelopmental consequences of this clinical entity.

Conclusions
Although timely neurosurgical interventions are re-

quired to prevent NDIs in infants with progressive PHVD, 
we report for the first time that CC injury can occur in 
neonates due to neurosurgical interventions for PHVD, 
and that this can potentially result in underdevelopment 
of these essential commissural nerve fibers. However, CC 
injury was not independently associated with cognitive 
and motor outcomes at 2 years of age in the present study. 
PVHI was the only independent risk factor for adverse 
cognitive and motor outcomes. Given that a wide range of 
NDIs due to CC injury may manifest later in childhood, 
further studies are warranted to investigate the impact of 
this pattern of injury on multiple neurodevelopmental out-
come domains beyond infancy.
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