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Abstract

The authors report the case of a 25-month-old boy who underwent endoscopic third
ventriculostomy (ETV) for hydrocephalus resulting from aqueductal stenosis. The patient’s
recovery was monitored longitudinally and prospectively using MR diffusion tensor imaging
(DTI) and formal neuropsychological testing. Despite minimal change in ventricle size,
improvement in the DTI characteristics and neurodevelopmental trajectory was observed
following ETV. These data support the use of DTI as a biomarker to assess therapeutic response in
children undergoing surgical treatment for hydrocephalus. In the patient featured in this report,
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DTI appeared to provide more information regarding postoperative neurodevelopmental outcome
than ventricle size alone.
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Introduction

Hydrocephalus results from a pathological imbalance between CSF production and CSF
absorption. Through increased intracranial pressure and related pathophysiological
processes, hydrocephalus may affect the health and/or development of key white matter
tracts, potentially with long-term neurological consequences. Surgical treatment is indicated
to limit injury to neural structures and prevent neurological sequelae. Approaches for the
treatment of hydrocephalus include CSF diversion with a conventional shunt or ETV. While
ETV offers several potential advantages over shunts in select patients, including possibly
lower long-term failure rates and the avoidance of shunt hardware,1>-17 shunting is
generally associated with a smaller posttreatment ventricle size. It remains to be determined
whether this difference in ventricle size in shunting versus ETV has functional or
developmental implications.

Magnetic resonance DTI provides a noninvasive quantifiable assessment of white matter
microstructure. 11.22.26-28 By measuring the anisotropic diffusion properties of water
molecules, DTI provides information about white matter tract integrity under normal or
pathological conditions.11:22:26-28 Recent studies have shown significant changes in FA and
MD in the corpus callosum and internal capsule of pediatric patients with hydrocephalus,3:39
with a trend toward normalization of these parameters occurring after shunting.2-3 The
relationship between FA and MD, and neurodevelopmental outcome in pediatric
hydrocephalus is under active investigation by us and others.

Herein, we report a longitudinal case study of a 25-month-old boy with aqueductal stenosis
and hydrocephalus who underwent ETV. We compare preoperative and postoperative
ventricle sizes, DTI parameters, and neuropsychological data to assess structural and
functional response to therapy. To our knowledge, this report represents the first
prospective, longitudinal investigation of ETV using DTI, as well as the first longitudinal
study with parallel DTI and neuropsychological evaluations in hydrocephalus.

Case Report
Data were prospectively acquired after informed consent was obtained according to

Cincinnati Children’s Human Research Protection Office guidelines.

History and Examination

A 25-month-old boy was evaluated for progressive macrocephaly noted by his pediatrician.
His parents reported a history of morning irritability and an aversion to lying flat. He had
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walked independently and spoke several words at 1 year of age. His medical history was
unremarkable. He had been born at term via vaginal birth and had no relatives with
macrocephaly or hydrocephalus. Physical examination showed a well-appearing child with
frontal bossing and an OFC measuring 53.5 cm (> 99% percentile for age). No focal
neurological deficits were appreciated, but papilledema was observed on examination by an
ophthalmologist.

Initial CT scanning demonstrated marked enlargement of the lateral and third ventricles with
a moderately sized fourth ventricle (Fig. 1). A giant cisterna magna was also observed.
Conventional MRI confirmed the above findings and demonstrated proximal aqueductal
narrowing with triventricular enlargement. No cine phase-contrast CSF flow study was
performed on initial MRI.

The patient was placed supine on the operating room table, and his head was secured in 3-
point fixation. The hair in the right frontal area was clipped, and the scalp was prepared in
the standard fashion. A 3-cm linear incision was made 2.5 cm lateral to the midline at the
level of the coronal suture. A bur hole was made using a high-speed air drill, and the dura
mater was coagulated and opened sharply. The right lateral ventricle was cannulated, and a
rigid 30° Minop endoscope (Aesculap) was placed into the right lateral ventricle and through
the foramen of Munro to inspect the third ventricular anatomy. Through a working channel,
dissecting forceps were used to thin and open the floor of the third ventricle. The
ventriculostomy was subsequently dilated with a neuroballoon catheter (Integra
Neurosciences). Excellent to-and-fro flow was noted. No intraventricular hemorrhage was
observed, and no immediate operative complications were identified.

Postoperative Course

The patient was observed overnight in the pediatric intensive care unit and discharged home
on postoperative Day 2. He made an excellent recovery and his symptoms resolved. He was
followed serially in an outpatient setting and required no additional neurosurgical
procedures. At the last follow-up 14 months postoperatively, his family reported no
irritability or fussiness attributable to headaches, and they described continued language and
motor progress. On physical examination, his OFC was 56 cm (> 99% percentile for age),
and his neurological examination remained normal. An ophthalmologist verified resolution
of his papilledema postoperatively. Neuroimaging with conventional MRI and DTI was
performed 14 months postoperatively and demonstrated no change in his frontooccipital
horn ratio (0.59 both preoperatively and postoperatively; Fig. 2A and B).21 Volumetric
analysis of the ventricular system revealed a slight increase in ventricular volume as
assessed using the ventricle/brain ratio following ETV (preoperative 0.30, postoperative
0.36). Assessment of the third ventricular shape using the third ventricular morphology
index showed improvement postoperatively, which was consistent with successful ETV
(preoperative 0.47, postoperative 0.41).9 Of note, a cine phase-contrast CSF flow study on
the 14-month postoperative scan demonstrated excellent flow through the ventriculostomy
(Fig. 2C).
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Diffusion Tensor Imaging

Preoperative and postoperative DTI data were acquired with a 1.5-T scanner (Signa, GE
Healthcare). A diffusion-weighted spin echo sequence with single-shot echo planar imaging
was used with the following specifications: field of view = 240 x 240 mm, matrix = 96 x 96,
in-plane resolution = 2.5 x 2.5 mm, slice thickness = 2.5 mm, number of slices = 76, TR =
9400 msec, TE = 93.2 msec, and ASSET factor = 2. Diffusion weighting was applied with b
= 1000 seconds/mm? along 15 independent, noncollinear orientations. One additional image
with no diffusion weighting (b =0) was also acquired. Two averages were used to increase
the signal-to-noise ratio. Image reconstruction, image processing, and ROI-based DTI
parameter calculations were performed using the DtiStudio 2.4 software.18 Diffusion tensor
imaging metrics were calculated using the standard formula given by Basser and Pierpaoli.#
Delineation of the ROIs was based on the approach described by Hermoye et al.12 and used
in our previous work.22%:30 The ROIs studied were the gCC, sCC, ALIC bilaterally, and
PLIC bilaterally (Fig. 3A). The observed ROI data were compared with a previously
described population of age-matched controls undergoing MRI for a headache or other
nonspecific neurological symptom but without documented disease after at least 4 months of
followup. 30 These control data were used to develop 99% prediction intervals for the
studied ROIs at the preoperative (25 months) and follow-up (39 months) time points. The
ROI data for the current patient were then assessed to determine whether they fell above,
below, or within the calculated prediction interval (Table 1).

Preoperative (Fig. 3B) and 14-month post-ETV (Fig. 3C) DTI images are shown.
Assessment of the preoperative DT data demonstrated FA values lower than age-matched
99% prediction intervals in gCC and sCC, whereas ALIC and PLIC FA values were elevated
(Table 1). In addition, MD was elevated in the gCC. On followup DTI 14 months after
successful ETV, FA values for gCC and PLIC returned to the 99% prediction interval. Mean
diffusivity in the gCC also returned to control levels. Fractional anisotropy in the ALIC
remained above the 99% prediction interval following treatment in the boy.

Neuropsychological Testing

A baseline, preoperative developmental assessment was retrospectively performed using the
Adaptive Behavior Assessment System, Second Edition (ABAS-11) and Child Behavior
Checklist (CBCL). The ABAS-II is a parent-reported measure of a child’s independence in
conceptual, practical, and social skills, whereas the CBCL is a parent-reported measure of a
child’s general emotional, behavioral, and social functioning. 110 These measures were
repeated postoperatively at 3 and 14 months post-ETV. The patient also nderwent
developmental testing using the Bayley Scales of Infant and Toddler Development, Third
Edition (Bayley-I11) at 3 months postsurgery and the Wechsler Preschool and Primary Scale
of Intelligence, Third Edition (WPPSI-III) at 14 months postsurgery.>-?> Postoperative
assessments also included a measure of visual motor skills, the Beery-Buktenica
Developmental Test of Visual-Motor Integration.®

Retrospective parent-reported measures suggested relative strengths in conceptual skills
(particularly communication skills) and relative weaknesses in self-care and leisure skills
preoperatively (Table 2). Postsurgery, parent responses on the ABAS-II suggested a trend
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toward improved independence skills overall, most notably related to social skills. Similarly,
parent responses on the CBCL suggested a trend toward a reduction in internalizing
symptoms of emotional distress. For each measure, the changes reached significance at the
3-month time point only but remained evident at 14 months postsurgery. Formal cognitive
testing postsurgery revealed a pattern of relative verbal strengths (in the high average range
or above) in the context of otherwise average abilities. Postsurgical testing also showed a
relative weakness in visualmotor integration (in the low average to borderline range).

Discussion

We present the results of a longitudinal examination of DTI characteristics and
neuropsychological assessment in a young patient undergoing ETV for hydrocephalus due to
aqueductal stenosis. The patient’s preoperative DTI demonstrated changes in FA and MD
consistent with those previously observed in hydrocephalus.

One year after successful ETV, follow-up DTI demonstrated a return of the FA and MD
values for gCC and PLIC to the 99% prediction interval, which was consistent with the
resolution of white matter tract compression. It is not clear why FA in the ALIC remained
elevated; this finding may suggest limitations in the resilience of this white matter tract, a
requirement for a longer interval for recovery, or irrecoverable injury prior to ETV. It is also
possible that the ETV did not provide sufficient decompression for the recovery of this
white matter tract. Of note, in prior studies of surgically treated hydrocephalus (ETV or
shunting), the recovery of FA values for the ALIC was inconsistent.23

Long-term intellectual disability is common in hydrocephalic patients.13 Despite this risk,
neuropsychological assessment in the patient in the present case was consistent with a
normal developmental trajectory and appropriate cognitive functioning following ETV, even
though his ventricular volume was minimally changed postoperatively. Thus, ventricle size
may be less predictive of developmental outcome than DTI characteristics and white matter
tract integrity. Of note, the patient’s relative verbal strengths suggest a potential emerging
pattern of stronger verbal than nonverbal reasoning abilities, as is often seen in children with
treated hydrocephalus.”-8 We also observed a relative weakness in visual-motor integration;
this has been previously reported as a common area of weakness in children with treated
hydrocephalus at ages similar to our patient.24 While there are challenges to conducting
neuropsychological testing in very young children, as well as developmental attributes that
limit the predictive power of neuropsychological tasks at the earliest age ranges (for
example, wider normal variation), we are confident that our data captured this patient’s
abilities for several reasons. First, the selected measures are most commonly used for his age
at each time point, with proven reliability and validity. Second, although different measures
were used at 3 and 14 months postsurgery, those selected have an acceptable level of
correlation: Bayley-111 Cognitive and WPPSI-III FSIQ r(57) = 0.79; Bayley-11l Language
and WPPSI-I11 VIQ r(57) = 0.82.5 Finally, the use of certain tasks to test the current
patient’s emerging strengths and weaknesses has precedence in the literature on young
children and correlates well with commonly used measures in studies demonstrating similar
findings in older children with hydrocephalus.
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How the observed DTI changes in the gCC and PLIC—and their resolution after ETV—
might affect long-term neurodevelopment remains speculative, and definitive conclusions
regarding this association will require additional study. However, it is worth noting that
anatomical studies have shown that the gCC contains crossing fibers from the prefrontal
cortex, a region that has long been implicated in cognition, executive function, verbal
fluency, and memory.1419 Accordingly, pathology within the gCC has been associated with
low 1Q as well as developmental and psychiatric illnesses, including autism and
depression.1419 Alternatively, the PLIC contains descending corticospinal fibers, and
abnormalities in DTI parameters in this region would be expected to have implications for
motor function. While no motor deficits were noted preoperatively in the patient featured in
this report, formal psychomotor testing was not performed until after ETV. Thus, our ability
to comment on the resolution of FA values in the PLIC is limited.

Successful ETV may be associated with long-term persistent enlargement of the ventricular
system when compared with normal controls or hydrocephalic patients treated with shunts.
Endoscopic third ventriculostomy often results in stability or, in some cases, an increase in
ventricular size.2923 This report shows for the first time improvements in white matter tract
DTI parameters and strong intellectual development following ETV, despite minimal change
in ventricular size—although, notably, the third ventricular morphology index improved. We
believe this report provides additional support for the role of DTI as a candidate biomarker
of subtle neurobehavioral and cognitive deficits not evident on clinical examination. While
this patient’s preoperative symptoms were limited to morning irritability and an aversion to
lying flat (physical signs included macrocephaly and papilledema), neuropsychological
testing and DTI identified evidence of subtle preoperative deficits and white matter tract
damage, respectively. In patients with a relatively mild clinical presentation such as that
described in our case, DTI may have utility in complementing clinical examination and
close monitoring in assessing therapeutic response and postoperative outcomes. Further
work with a larger sample size will be required to define the relationship between
ventricular size and neurodevelopmental outcome and, in particular, the efficacy of ETV
versus shunting in the recovery of white matter tracts and the optimization of
neurodevelopmental potential. Importantly, this report supports the key role of DTI in
assessing white matter recovery and anticipating neurodevelopmental outcomes in clinical
studies evaluating surgical approaches for the treatment of hydrocephalus.

Conclusions

We present evidence to support the use of DTI as a biomarker to assess treatment response
in young children undergoing surgical treatment for hydrocephalus. In this case report, DTI
appeared to provide more accurate information regarding postoperative neurodevelopment
than basic ventricular size.
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Abbreviations

ABASH | Adaptive Behavior Assessment System, Second Edition

ALIC anterior limb of the internal capsule

Bayley-111 Bayley Scales of Infant and Toddler Development, Third Edition

CBCL Child Behavior Checklist

DTI diffusion tensor imaging

ETV endoscopic third ventriculostomy

FA fractional anisotropy

gCC genu of the corpus callosum

MD mean diffusivity

OFC occipitofrontal circumference

PLIC posterior limb of the internal capsule

ROI region of interest

sCC splenium of the corpus callosum

WPPSI ] Wechsler Preschool and Primary Scale of Intelligence, Third Edition
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Figure 1.
Conventional neuroimaging in a 25-month-old boy with hydrocephalus resulting from

aqueductal stenosis. Left: Preoperative axial CT scan showing enlargement of the lateral and
third ventricles with a moderately sized fourth ventricle. Right: Preoperative sagittal T1-
weighted MR image demonstrating proximal aqueductal narrowing. A giant cisterna magna
was also observed.
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C

Figure2.
Stable ventricular size following successful ETV. Preoperative (A) and 14 months post-ETV

(B) T2-weighted MR images used to calculate the frontooccipital horn ratio, which was 0.59
for both the preoperative and postoperative scans. Postoperative sagittal cine phase-contrast
CSF flow study (C) demonstrating flow through the ventriculostomy.
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Figure 3.
Recovery of DTI characteristics in the gCC and PLIC after ETV. A: Delineation of ROIs in

key white matter tracts. B: Preoperative FA color map of the patient at 25.6 months. C:
Postoperative FA color map at 39.1 months. White arrows denote areas of the gCC and
PLIC, with the most improvement in DTI characteristics following ETV. L ALIC = left
ALIC; L PLIC = left PLIC; R ALIC =right ALIC; R PLIC = right PLIC.
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