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Ventricular shape evaluation on early ultrasound predicts post-

hemorrhagic hydrocephalus

Rawad Obeid', Pooneh R. Tabrizi?, Awais Mansoor?, Juan J. Cerrolaza®, Taeun Chang?®, Anna A. Penn* and Marius George Linguraru?

BACKGROUND: To compare the ability of ventricular morphology on cranial ultrasound (CUS) versus standard clinical variables to
predict the need for temporizing cerebrospinal fluid drainage in newborns with intraventricular hemorrhage (IVH).

METHOD: This is a retrospective study of newborns (gestational age <29 weeks) diagnosed with IVH. Clinical variables known to
increase the risk for post-hemorrhagic hydrocephalus were collected. The first CUS with IVH was identified and a slice in the coronal
plane was selected. The frontal horns of the lateral ventricles were manually segmented. Automated quantitative morphological
features were extracted from both lateral ventricles. Predictive models of the need of temporizing intervention were compared.
RESULTS: Sixty-two newborns met inclusion criteria. Fifteen out of the 62 had a temporizing intervention. The morphological

features had a better accuracy predicting temporizing interventions when compared to clinical variables: 0.94 versus 0.85,
respectively; p < 0.01 for both. By considering both morphological and clinical variables, our method predicts the need of
temporizing intervention with positive and negative predictive values of 0.83 and 1, respectively, and accuracy of 0.97.
CONCLUSION: Early cranial ultrasound-based quantitative ventricular evaluation in premature newborns can predict the eventual
use of a temporizing intervention to treat post-hemorrhagic hydrocephalus. This may be helpful for early monitoring and

treatment.

Pediatric Research (2019) 85:293-298; https://doi.org/10.1038/s41390-018-0252-0

INTRODUCTION

Premature newborns are at an increased risk for intraventricular
hemorrhage (IVH) and post-hemorrhagic hydrocephalus (PHH).'
The alteration in the drainage of the cerebrospinal fluid (CSF) can
cause ventricular dilation (VD), which may or may not progress to
hydrocephalus.? PHH will lead to an ischemic injury to neighbor-
ing periventricular white matter and increased risk of cerebral
palsy.>* Certain patients with PHH will require either a temporiz-
ing or a permanent intervention to drain CSF and decrease the
intraventricular pressure.® Currently, there are no non-invasive
tools to measure the intraventricular pressure to early diagnose
PHH nor are there agreed upon early predictors of later need for
intervention to relieve pressure.

A widely available and easy to perform imaging modality used
to diagnose and follow newborns with IVH is cranial ultrasound
(CUS).57 CUS is routinely used to inspect and measure ventricular
length and/or diameter as an estimate of VD.2 The size of the
ventricles has been used as an indirect markers of PHH that
correlates with long-term outcome.’ However, the uncertainty in
the progression of VD and the lack of specificity of the
measurement methods have caused delays in initiating treatment
while waiting for unambiguous signs of persistent progressive
hydrocephalus.'®'" In the recent ELVIS trial for early intervention
for premature newborns with PHH,'? the use of a low versus high
threshold of two-dimensional measurements of the ventricular
size on CUS (the ventricular index (VI) and the anterior horn width)
did not show a significant difference in the composite outcome of

ventriculoperitoneal shunt or death. For objective evaluation,
ventricular shape analysis has been applied in adult models of
hydrocephalus, but its use in pediatric populations remains
unclear.”

We hypothesize that the identification of the cerebral
ventricular biomechanical features associated with increased
intraventricular pressure in premature newborns with IVH could
provide an early objective marker of PHH. A preliminary study by
our group suggested that quantitative morphological shape
analysis of the lateral ventricles using early CUS of premature
newborns with IVH could predict the need for interventions to
treat PHH.'® In this paper, we create and compare new predictive
models of subsequent need for PHH treatment from ventricular
morphological features seen on early CUS at the time of acute IVH,
clinical variables, and a combination of the two methodologies.
Our goal is to provide an early-risk stratification of newborns with
IVH so that PHH treatment can be initiated earlier in those at high
risk of non-resolution of their progressive ventriculomegaly.

MATERIALS AND METHODS

This is a retrospective study of extremely premature neonates who
were admitted to our tertiary Level IV neonatal intensive care unit
(NICU) at Children’s National Health System (CNHS) between the
years of 2011 and 2014. Institutional Review Board approval was
obtained. Inclusion criteria were: [1] <29 weeks gestational age
(GA) at birth, [2] <1500g birth weight (BW), [3] transferred to
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Fig. 1
(green color) shown in the right image

CNHS within 1 week after birth, [4] IVH on the CUS graded based
on Papile et al.,? and [5] survival until discharge from the NICU.
Exclusion criteria were: [1] congenital brain malformation, and [2]
significant subdural hemorrhage on CUS or skull fractures.

Clinical information

We reviewed the medical charts to collect the following clinical
variables that have been associated with increased risk for
PHH:'>'® GA, BW, gender, and head circumference at birth. The
grade of IVH (1-4) was assessed by a pediatric neurologist (R.O.)
on all CUS studies as a clinical variable that is associated with
PHH."” Clinical comorbidities related to prematurity were
recorded, including patent ductus arteriosus requiring treatment
(either medical or surgical), necrotizing enterocolitis, sepsis
(confirmed with a positive blood culture), and bronchopulmonary
dysplasia (the need for supplemental oxygen at 36 weeks
postmenstrual age). We identified newborns that needed one or
more of the procedures routinely used in our NICU to drain CSF to
temporize PHH and the age at which they were performed. These
procedures included: lumbar puncture, ventricular access device,
and ventriculoperitoneal or ventriculoatrial shunts. The decision to
perform a surgical procedure was made by the pediatric
neurosurgeon based on the finding of progressive VD on weekly
CUS and excessive head growth on daily head circumference. We
divided the cohort into two groups: with and without temporizing
intervention.

Cranial ultrasound

As part of our center’s guidelines, CUS is done on all premature
infants <32 weeks GA within 24-48 h after admission. If no IVH is
noted, CUS is repeated at 7, 14, and 42 days of life per the
American Academy of Neurology practice parameters.” In cases of
IVH, CUS is repeated weekly to monitor for VD (as a marker for
PHH), until IVH and/or VD are stable or resolved on at least two
consecutive scans. If there is progression of VD on two or more
CUS, a neurosurgical consultation is requested to evaluate if a
temporizing or permanent surgical intervention is necessary to
divert CSF. CUS are acquired using a GE LOGIQ E9 (GE Healthcare
Ultrasound, Waukesha, Wisconsin) medical ultrasound system and
interpreted by a pediatric radiologist.

All CUS reports for every neonate were reviewed by a pediatric
neurologist (R.0.) to identify the first CUS with the diagnosis of IVH
and to verify the IVH grade. Then all CUS images with first
diagnosis of IVH were blindly reviewed by the neurologist to select
a slice in the coronal plane at the level of the foramen of Monro
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Cranial ultrasound slice selection in the coronal view with manual segmentation of the lateral ventricles (red color) and bleeding area

and manually segment the frontal horns of the lateral ventricles
using the I[TKSnap (http://www.itk-snap.org) medical image
segmentation software. Areas of increased echogenicity, indicat-
ing hemorrhage, were segmented in the intraventricular and
periventricular regions on the same CUS slice. The hemorrhage
area was included as part of the clinical variables that contribute
to PHH. In Fig. 1, a representative single CUS slice in a coronal view
with manual segmentation of both ventricles and bleeding area
are shown.

Automated morphological features

Seventy morphological features were extracted initially in an
automated, unbiased manner from both ventricles on the same
CUS image using in-house software tools for quantitative imaging
(Fig. 2). The features could be categorized into three groups: [1]
size, [2] global shape, and [3] local shape. Size features are
descriptors that quantify the size of each lateral ventricle, such as
area, perimeter, and the statistics of ventricle thickness in the
vertical direction. Global shape features describe the geometry of
the ventricles and include linear factors such as VI,'®' lengths and
ratios of the axes of the circumscribed ellipses enveloping the
ventricles, and the ventricular angle.?® Intuitively, these features
reflect the ballooning shape of the ventricles. Finally, local shape
features measure the curvature of each ventricle boundary.?' To
account for inter-patient variability in head size, these features
were normalized by the size of the manually determined
bounding box encompassing the cranium (i.e., maximum length
of ventricles’ circumscribed ellipses, asymmetry of centroids
between ventricles, and circularity of ventricles) or by the size of
ventricle’s circumscribed ellipse (i.e., minimum area of the non-
hemorrhagic ventricles and maximum medial length of ventricles).
To account for the differences between the two lateral ventricles,
predictive parameters were determined from the overall max-
imum, minimum, and ratio between features computed on the left
and right lateral ventricles.

To assess the prediction ability, we compared three groups: [1]
Clinical variables (seven parameters: GA, BW, gender, head
circumference at birth, age in days when IVH was diagnosed,
IVH grade, and normalized hemorrhage area based on skull size as
segmented on the CUS image), [2] morphological features (70
parameters), and [3] the combination of clinical variables and
morphological features (77 parameters). For each of the three
groups, a best fit model was computed using the optimal set of
predictive parameters. For the clinical variables, the optimal set
was obtained by testing all possible combinations of variables
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Fig. 2 Examples of the morphological features considered from
lateral ventricles: ventricular angle (VA), ventricular index (VI), major
and minor axes (a, b) of the circumscribed ellipse, ventricle’s medial
length, ventricle's curvature, and ventricle’s thickness. The color map
illustrates the curvature measure along the normal vector to the
boundary

using the logistic regression classifier (LOG). For the morphological
features, as well as for the combination of clinical variables and
morphological features, the optimal set of predictive parameters
was obtained using the support vector machine (SVM) and the fast
forward feature selection technique.?*%*

SVM classifies data by defining a separating hyperplane that
maximizes the distance between two classes. Specifically, given a
set of training data x;,i=1,...,n with corresponding label y;&
{intervention needed (y;=1), no intervention needed (y;=—1)},
linear SVM can be determined by solving the following optimiza-
tion problem?:

Minimize w subjecttoy;(w.x; — b) > 1,fori =1, ... |n, (1)

where w is the normal vector of the hyperplane and b is the offset
of the hyperplane from the origin along the normal vector w.

LOG classifier uses a logistic function, which takes any real input
x, and outputs a probability value P [0,1].>> This probability is
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calculated using the relationship defined below,
px) = PO
1+ exp(a+ cx)

where a=0.26 and ¢=1[0.77, 0.84] are the parameters of the
model.

)

Statistical analysis
The cohort data were used to estimate the performance of each
predictive model, as described previously, using a 15-fold cross-
validation method?® applied for training and testing purposes.
Each predictive model was evaluated using the sensitivity,
specificity, and accuracy criteria.?” Accuracy is defined as the
proportion of all outcomes that are correctly predicted.
Statistical analysis was performed using the MATLAB software
(Mathworks). Wilcoxon rank-sum test was used to compare
continuous parametric variables between study groups, and
Fisher exact test used to compare nominal and categorical
variables. Continuous and categorical variables were reported as
mean + standard deviation (SD) and as percentage (%),
respectively.

RESULTS

Between 2011 and 2014, 86 premature newborns met the
inclusion criteria and were diagnosed with IVH. Sixty-two (74%)
survived until discharge from the NICU and were included in the
analysis. Mean GA was 26 +2 week, mean BW was 842+ 220
grams, and 43 (69%) were males. Mean age at first CUS was 3+
3 days; mean age at first CUS with IVH diagnosis was 4 + 4 days.
IVH grades on CUS when initially recognized were as follows:
grade 1 (20%; n = 12), grade 2 (31%; n = 20), grade 3 (14%; n =9),
and grade 4 (35%; n = 21).

Overall, 15 (24%) infants with IVH received at least one
temporizing intervention to treat PHH during their NICU course.
The first intervention was either serial lumbar punctures (14/15)
or placement of a ventricular access device (1/15). The first
intervention was performed at a mean age of 25+9 days.
Clinical differences between the interventional and non-
interventional groups are shown in Table 1. Of the 14 infants
who had serial lumbar punctures as a first temporizing
intervention, 10 needed a second intervention (8 ventricular
access devices and 2 ventriculoperitoneal shunts), 3 needed no
additional interventions, and 1 died later in their NICU course.
The infant, who had a ventricular access device as a first
intervention, rather than an initial lumbar puncture, needed a
ventriculoperitoneal shunt prior to discharge.

The optimal predictive parameters of the three groups (clinical
variables, morphological features, and the combination of both)
are shown in Table 2. When comparing the 6 selected morpho-
logical features (out of 70) to the 2 selected clinical variables (out
of 7), there was a significant improvement in the accuracy of
predicting future need for a temporizing intervention (accuracy of
0.94 compared to 0.85, p value < 0.01). The optimal parameters of
the group of the combination of morphological features and
clinical variables (10 selected features out of 77, as shown in
Table 2) increased the accuracy for treatment prediction to 0.97
with p value < 0.01 compared to the other groups. Table 3 shows
the comparative performance of the optimal parameters of the
three groups using sensitivity, specificity, positive predictive value,
negative predictive value, area under receiver operating char-
acteristic curve (ROC) curve, and accuracy criteria. Figure 3
illustrates the ROC curves obtained using clinical variables only,
morphological features only, and the combination of clinical
variables and morphological features.
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Table 1.  Clinical parameters and differences between the two patient Table 2. The optimal sets of morphological features and clinical
groups variables alone and in combination as predictive parameters, and their
differences between groups
Tl (n=15) NoTl(n= p Value®
47) Tl (n=15) NoTl(n=  p Value
47)

GA in weeks (mean + SD) 25+2 26+2 0.11

BW in grams (mean + SD) 806+263 854+207 031 Predictive clinical variables

Male gender: n (%) 11 (73%) 32 (68%) 0.1 IVH grade 4: n (%) 9 (60%) 12 (26%) 0.03°
Birth HC in cm (mean + SD) 228+22 237+19 0.14 . N s :)164) 00 :)1('):) 00 00

. emorrhage area .05 £0.05 .02 £0.04 .04

IVH grade 4: n (%) ' 9 (60%) 12 (26%)  0.03 0, 0.18) (0, 0.19)

Mean age.at CUS with first IVH 33 S5 0.07 Predictive morphological features

diagnosis in days (mean + SD) Maxi idth of e 004

aximum width of ventricles 2.58 + 1. .56 0. .
NEC: n (%) 5 (33%) 22 (47%) 0.39 in mm (0.24, 5.76) (036, 6)
ice 0, 0/ 0,

Sepsis: n (%) 6 (40%) 15 (32%) 075 Maximum length of 03+0.16  034+024 055
PDA requiring treatment: n (%) 11 (73%) 31 (66%) 0.75 ventriclss' circumscribed (0.15, 0.79)  (0.16, 1.5)

BPD: n (%) 7 (47%) 30 (64%) 0.36 ellipses

- ) A ) Minimum area of the non-  0.65+0.3 0.8+0.14 0.26

C.US cranial uItrasom{nd, GA g.estatlonal age, BW birth welght,. HC head hemorrhagic ventricles® (0.05, 0.96) (0.4, 0.97)
circumference, IVH intraventricular hemorrhage, NEC necrotizing enter- . ]

ocolitis, PDA patent ductus arteriosus, BPD bronchopulmonary dysplasia, T/ MaX|r'numc medial length of ~ 2.93+0.32 3.21+0.32 0.01
temporizing intervention ventricles (2.16, 3.36)  (2.55, 3.83)

2GA, BW, HC, and mean age at CUS were analyzed by Wilcoxon rank-sum Ratio of left to right ventricle 1.06+0.2 0.95+0.17 0.05
test. IVH grade, NEC, sepsis, and PDA requiring treatment were analyzed by medial length (0.79, 1.55) (0.64, 1.48)

Fisher exact test Ratio of left to right entropies —4.49 + 04+244 0.03

of ventricle thickness 13.82 (—12.38,
(—52.26, 8.24)

DISCUSSION 242)

In premature newborns, the lack of a reliable measure of the
ventricular changes on CUS, as a marker of progressive PHH, may
cause delay in initiating necessary treatments.’

Using the initial CUS demonstrating IVH, we were able to extract
morphological features of the lateral ventricles that were highly
sensitive in identifying neonates who subsequently developed
progressive ventriculomegaly and needed treatment for PHH.
Those features were significantly more sensitive than identified
clinical variables that have been associated with increased risk for
PHH. Not surprisingly, the severity of the hemorrhage expressed
either as the total size of the segmented hemorrhage area or as
the radiological grade of IVH was the most relevant clinical
variable. However, they were inferior to the morphological
features of ventricular shape in differentiating newborns that
would go on to have treatment for PHH.

Some of the morphological features that were very predictive
include the major axes (length and width) and circularity of the
ventricles (Fig. 2) and features that describe differences between
the left and right lateral ventricles. All of these features are
commonly described visually in the clinical practice as “balloon-
ing” of the ventricles from hydrocephalus and asymmetry in the
ventricles. We were able to quantify the subjective term
“ballooning” through an objective and reproducible geometric
model.

Although not significantly predictive on their own, the age at
which IVH was first detected on CUS and GA in weeks had the
highest predictive value of an intervention when they were in
combination with the morphological features (Table 2). Of note,
for each category (clinical variables only, morphological features
only, or the combination of clinical variables and morphological
features), the optimal set of parameters was determined
independently using the machine learning classifier with feature
selection. These methods select features that are not inter-
correlated and collectively result in the best classifier performance.
Thus the parameters selected from the combination of clinical
variables and morphological features were not a concatenation of
the clinical variables and morphological features when used by
themselves.

SPRINGERNATURE

Predictive morphological features in combination with clinical
variables

Mean age of CUS at first IVH 3+3 5+5 0.07
in days (1,9) (1,23)
GA in weeks 25+2 26+2 0.11
(23, 28) (23, 28)
Maximum width of ventricles 2.58 +£1.72 1.56 +0.9 0.04
in mm (0.24, 5.76)  (0.36, 6)
Maximum length of 03+0.16 034+024 055
ventricles’ circumscribed (0.15,0.79)  (0.16, 1.5)
ellipses®
Minimum area of the non-  0.65+0.3 0.8+0.14 0.26
hemorrhagic ventricles® (0.05, 0.96) (0.4, 0.97)
Maximum medial length of 293+032 321+032 0.01
ventricles® (2.16,3.36)  (2.55, 3.83)
Ratio of left to right ventricle 1.06+ 0.2 095+0.177  0.05
medial length (0.79, 1.55)  (0.64, 1.48)
Ratio of left to right entropies —4.49 + 04+244 0.03
of ventricle thickness 13.82 (—12.38,
(—52.26, 8.24)
2.42)
Asymmetry of centroids 0.02+£0.01 0.01£0.02 0.02
between ventricles® (0, 0.06) 0, 0.13)
Circularity of ventricles® 0.06+0.03 0.04+0.02 0.03
(0.02, 0.11) (0.01, 0.1)

The numbers represent mean+SD and the range of data unless
mentioned otherwise

CUS cranial ultrasound, GA gestational age, IVH intraventricular hemor-
rhage, Tl temporizing intervention

*Normalized by ventricle’s circumscribed ellipse area

PNormalized by brain diameter

“Normalized by ventricle’s circumscribed ellipse length

9Normalized by brain length

€All using Wilcoxon rank-sum test except for IVH grade 4 (using Fisher
exact test)
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Table 3.
designed to maximize sensitivity

Evaluation of prediction ability of clinical and morphological variables, and in combination of each other. The prediction models were

Classifier Sensitivity  Specificity PPV NPV AUC Accuracy
Clinical variables*? Logistic regression 1.0 0.70 052 1.0 083 085
Morphological features®* Support vector machine 1.0 0.88 071 1.0 096 094
Morphological features in combination with clinical variables®®  Support vector machine 1.0 0.94 083 1.0 097 097

The prediction models were designed to maximize sensitivity

PPV positive predictive value, NPV negative predictive value, AUC area under the curve

“Denotes comparison between clinical variables only and morphological features only at p value < 0.01

PDenotes comparison between clinical variables only and morphological features in combination with clinical variables at p value < 0.01

“Denotes comparison between morphological features only and the combination of morphological features and clinical variables at p value < 0.01

; ROC curve
0.8} .
2 06 .
= |
."5)
c
) 0.4} 4
= Morphological features+clinical variables
= Morphological features
02k == Clinical variables H
- — Random
0 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4

Fig. 3 ROC curves obtained using clinical variables only (green), morphological features only (blue), and

combination with clinical variables (red)

Other studies have investigated the utility of volume analysis in
detection of early changes in the lateral ventricles in neonate.?®™'
Brann et al.3" developed a method based on the lateral ventricles
volume to prospectively predict the need of intervention in
premature newborns with IVH grade 3-4. They used serial
measurements in order to predict the need for intervention.
Kishimoto et al.3° also used a three-dimensional technology on
the CUS to calculate a threshold for the ventricular volume that
correlated with subsequent interventions for VD. Our approach is
different since it focuses on the morphological analysis to better
estimate the effect of the biomechanical forces that can affect the
dimensions and shape of the ventriculomegaly due to increased
intraventricular pressure. We also used the first CUS with IVH
rather than serial measurements.

A method was previously reported by Mondal et al.>? who were
able to identify significant ventriculomegaly using limited features
for shape analysis (the anterior horn width). Our method, however,
defined multiple novel features that were very sensitive in
detecting particular ventricular shape associated with acute IVH
that later developed into PHH. Of note, some of the features we
considered included parameters that are commonly used in the
evaluation of ventriculomegaly such as the VI. However, more
complex features (see Table 2) were more strongly predictive of
PHH.

Our study has several limitations. First, our evaluation was
limited to the frontal horns of the lateral ventricles and not
including the rest of the ventricular system, like the third and
fourth ventricles. Second, the imaging evaluation could be
affected by the imaging acquisition technique, especially that

Pediatric Research (2019) 85:293 - 298
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morphological features in

CUS imaging was performed by multiple technicians and the head
position is not usually reported. Third, the evaluation was limited
to the first CUS showing IVH, which could potentially continue to
worsen after initial diagnosis. In addition, coronal sections were
used only and the full extent of the hemorrhage may have been
underestimated. The manual segmentation of the lateral ventricles
was also challenging at times and needed multiple reviews,
especially with IVH grade 4 where the IVH may have distorted the
ventricular borders.

It is important to mention that the decision for treatment for
PHH could be affected by a selection bias by the neurosurgeon,
especially given the inability to measure the CSF pressure in
newborns. We currently depend on multiple criteria (clinical,
sonographic, and the surgeon opinion) to decide the time to
perform an intervention. This may explain the delay in initiating an
intervention to treat PHH in our cohort (25+9 days). This
variability in the time of intervention in premature newborns
with PHH has been a challenge at a national and international
level.'® In the study by Bassan et al.** early CSF external diversion
(<25 days of age) was associated with a lower incidence of
cerebral palsy and better cognitive outcome.>® Using our method,
we were able to identify newborns who will need an intervention
in the future much earlier (4 +4 days).

Despite these limitations, we were able to show a good
accuracy of our quantitative approach in predicting surgical
decision, which is usually done after the consultation of multiple
services that are involved in the care of those premature
newborns (neurology, neonatology, and neurosurgery) with clear
agreement about treating hydrocephalus. In addition, since all our
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subjects were born outside of the institution, there is a potential
referral bias and our cohort may have a different distribution of
IVH severity and PHH than seen in the general NICU population.
However, the subjects we included were admitted within a week
after birth, and many of them did not have IVH on the first CUS in
our institution (18/62).

In future work, we will investigate the role of CUS with
quantitative imaging to predict the need for temporizing
intervention even before IVH is observed.

CONCLUSION

CUS-based quantitative imaging for ventricular evaluation in
premature newborns with post-hemorrhagic VD accurately pre-
dicts the need to perform a temporizing intervention to drain CSF
at the time of the first ultrasound where intra-ventricular
hemorrhage was observed. The combination of clinical variables
and morphological ventricular features significantly outperformed
the predictive accuracy of previously established clinical variables.
Quantitative analysis of CUS could be useful in identifying the
newborns with IVH who are at increased risk for complications and
assure close monitoring and early treatment.
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