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Abstract

Purpose The primary objective of this study is to investigate post-operative morbidity and shunt revision rates of patients with
shunt-dependent hydrocephalus (SDH) undergoing posterior vault distraction osteogenesis (PVDO) compared to patients un-
dergoing conventional posterior vault reconstruction (PVR).

Methods A retrospective case-controlled cohort analysis of all patients with SDH undergoing PVDO and PVR for syndromic or
complex craniosynostosis was performed. Demographic information, perioperative variables, distraction protocols, and shunt-
related complications—infection, surgical revision of shunt, increased length of stay (LOS), and readmission within 90 days of
surgery—were compared using the appropriate statistical tests.

Results Fourteen patients with ventricular shunts who underwent PVDO and eight patients with shunts who underwent PVR
were identified. Shunt-related complication rates were significantly higher with PVDO (n = 5) compared to PVR (n = 0), p =
0.0093. Among the five patients who suffered complications, the most common were shunt infection (n = 4), shunt malfunction
(n = 4), and wound infections (n = 3). All patients with complications required additional operations for shunt revision and/or
replacement; four patients required multiple takebacks for such procedures, with an average of three additional procedures per
patient.

Conclusions In complex or syndromic craniosynostosis patients who have previously undergone ventricular shunting, PVDO is
associated with higher shunt-related complications and need for additional procedures when compared to traditional PVR. While
the benefits of PVDO in the treatment of syndromic craniosynostosis are well documented, the risks of PVDO in the face ofa VP
shunt must be considered. Further investigation into patient-specific risk factors and risk reduction strategies is warranted.
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Introduction

Patients with syndromic craniosynostosis often require cranial
expansion to allow for brain growth and prevent development
of raised intracranial pressure (ICP) [1-3]. Among the com-
monly used techniques are fronto-orbital advancement, ex-
tended strip craniectomy with helmet therapy, spring-assisted
cranial expansion, and open cranial vault remodeling. Each of
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these techniques has advantages, disadvantages, and indica-
tions that may differ based on the timing of surgery and loca-
tion of fused suture [4—6]. Posterior cranial vault distraction
osteogenesis (PVDO) is a newer method, first described in
2009 [7], that has gained in popularity as an initial interven-
tion in patients with syndromic craniosynostosis to expand
intracranial volume, prevent or relieve increased ICP, and im-
prove cranial morphology [8—11]. PVDO has been shown to
provide for greater expansion per unit volume [12], greater
expansion overall compared to conventional remodeling tech-
niques [13], and a favorable perioperative morbidity profile
[14]. Utilization of PVDO potentially delays surgical interven-
tion of the anterior cranium which may preserve frontal
growth and improve frontal morphologic changes over the
long term.

Some patients with premature closure of the cranial sutures
develop progressive hydrocephalus requiring shunting of
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cerebrospinal fluid (CSF) irrespective of cranial expansion
[15—17]. This presentation is most common in patients with
syndromic craniosynostosis or complex non-syndromic cra-
niosynostosis [17, 18]. Ventricular shunting is historically the
main treatment for hydrocephalus [19]. Ventricular shunting
provides a rapid means to normalize increased ICP and in turn
minimize neuronal damage and alleviate immediate symp-
toms such as vomiting, sleepiness, poor feeding, irritability,
or seizures [20]. Unfortunately, ventricular shunts have a high
complication and revision rate [21]. Shunt failure and infec-
tion require urgent surgical attention to prevent significant
neurological sequelae of acute elevated ICP and meningitis
[22]. Thus, shunt exposure and manipulation is a significant
consideration for patients undergoing any surgical procedure
that may put the shunt at risk.

Within this past decade in our unit, PVDO has been utilized
as a first-line expansion technique to manage patients with
multi-suture and syndromic craniosynostosis [23], some of
whom have concomitant hydrocephalus. Thus, we have en-
countered patients who require cranial expansion that have
already had placement of a ventricular shunt. The surgical
technique for placement of the posterior vault distractors often
requires the temporary exposure of a portion of the shunt that
lies on the cranial surface [24]. As an artificial implant, the
ventricular shunt is expected to be subject to the same risks of
infection when exposed to the external environment.
However, the rates of complications and subsequent revisions
related to the temporary exposure of the ventricular shunt in
PVDO are unknown and are of importance in the appropriate
management, surgical or non-surgical, of this complex patient
population.

Methods
Data collection

This study was designed as a retrospective cohort study.
PVDO and posterior vault reconstruction (PVR) cases were
identified by reviewing case logs of the Division of Plastic
Surgery from 2003 to 2017. Cases were included if the patient
underwent PVDO or PVR at the Children’s Hospital of
Philadelphia (CHOP) between January 1, 2003 and
December 31, 2017 and had pre-existing ventricular shunts
or initial shunt placement at the time of surgery. Follow-up
information through October 31, 2018 was reviewed. From
this list, subjects who had ventricular shunts at the time of
surgery were isolated. Patients were divided into two cohorts
based on whether they had PVDO or PVR.

Subject demographics were examined, including age at the
time of surgery, sex, primary diagnosis, syndromes/comorbid-
ities, and previous surgeries. Tables 1 and 2 summarize the
study demographics in each cohort. Other data elements that
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were included were perioperative variables, pertinent surgical
history, distraction protocols, and post-operative complica-
tions as detailed in Tables 3, 4, 5, 6, and 7. Shunt-related
complications included prolonged CSF leaks, shunt infec-
tions, surgical site infections, and surgical revision of the
shunt. Complications were only included if they were initially
documented within the distraction period. Surgical revisions/
replacements of shunts were included outside of the distrac-
tion period only if the initial insult occurred within the distrac-
tion period (i.e., internalization of a shunt after distractor re-
moval would be included if the shunt was externalized during
the distraction period). Other post-operative complications
studied were readmissions, wound infections, and wound de-
hiscence. Perioperative variables included length of surgery,
estimated blood loss, transfusion volume, type and location of
shunt, length of stay in the ICU, and length of stay in the
hospital. Distraction protocols included time (days) of distrac-
tion, distance distracted, and complications with distractors.
Shunt locations were determined for all patients. The locations
of shunts were described as frontal, parietal, parieto-occipital,
or occipital, as well as laterality.

Surgical technique for PVDO in the face of a VP shunt

An exhaustive description of our surgical technique for
PVDO has been published previously, and the following
is a brief description highlighting the key technical aspects
[20]. Posterior circumferential cranial osteotomy is per-
formed such that the posterior cranium can be driven pos-
teriorly in the desired vector, which for syndromic patients
is antero-posterior with slight downward angulation to im-
prove turricephaly. In non-syndromic patients, the vector
of distraction is more variable given the increased variabil-
ity of the cranial dysmorphology. Barrel stave osteotomies
and greenstick out-fracturing of the inferior occiput are
used to prevent occipital bone interference or an inferior

Table 1  Comparison of demographics for both study cohorts

PVDO PVR p value
N (%) 14 8
Mean age (years) 4.15+3.15 237+1.81 0.9168
Sex (% male) 5(35.7%) 6 (75%) 0.0381
Diagnosis (% syndromic)® 12 (85.7%) 4 (50% 0.0352
Prior cranial surgery (%)° 12 (85.7%) 6 (75%) 0.8475

Description of the basic demographic characteristics of both cohorts
# Syndromic vs non-syndromic. Further breakdown of specific diagnoses
can be found in Table 2

® This row includes only prior cranial vault or intracranial neurosurgical
operations other than initial VP shunt placement. Shunt revisions, exter-
nalizations, or replacements done prior to PVDO or PVR were included
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Table2  Summary of diagnoses Table 4  Description of shunt locations at the time of surgery

PVDO PVR Total (%) Shunt location PVDO PVR Total
Syndromic 12 4 16 (72.7%) Right side 10 8 18
Crouzon 5 1 6 (27.3%) Occipital 3 3 6
Pfeiffer 2 2 4 (18.2%) Parieto-occipital 1 2 3
Apert 2 0 2(9.1% Parietal 4 1 5
Saethre-Chotzen 2 0 2 (9.1%) Frontal 3 2 5
Slit ventricle 1 0 1 (4.5%) Left side 4 0 4
Craniocephalic disproportion 0 1 1 (4.5%) Occipital 1 0 1
Non-syndromic 2 4 6 (27.3%) Parieto-occipital 0 0 0
Pansynostosis 1 1 2 (33.3%) Parietal 2 0 2
Multi-suture 1 1 2 (33.3%) Frontal 1 0 1
Lamboid® 0 1 1 (16.67%)
Sagittalb 0 | 1 (16.67%) This table provides a breakdown of shunt locations as described in the

This table compares the patients’ diagnoses in each cohort. At our insti-
tution, PVR is utilized in SSS patients with a posterior morphology

#Lamboid closure likely secondary to shunting in early infancy. This
resulted in closure and subsequent growth abnormality. He had flattening
of the left occipital region and a mastoid bulge and thumbprinting. This
suggested restriction and cranial vault expansion and reshaping was
indicated

® Patient underwent shunting at an outside institution and came to us with
dolichocephaly with transverse narrowing and an occipital bullet

step-off deformity, and we occasionally place resorbable
fixation across patent lambdoid sutures to prevent diastasis
of the suture during distraction. After completing
osteotomies, the ventriculoperitoneal (VP) shunt tubing is
reconnected, and thorough irrigation of the operative site is
performed. Semi-buried, co-linear distraction devices are
placed bi-temporally, with barrels often exiting the
scalpthrough separate stab incisions immediately anterior
to the coronal incision. Distractor base plates are fixated
with non-self-drilling, self-tapping screws to minimize po-
tential injury to the underlying dura. After testing the
distractors to ensure completeness of the osteotomy, the
scalp is closed in layers.

Table 3 Comparison of perioperative variables

PVDO PVR p value
Mean operative duration (min) 188.5 219 0.2447
Mean EBL (cc)* 589 386 0.0768
Mean transfusion volume (cc) 659 381 0.0525
PICU LOS (days) 4.08 2.63 0.2088
Hospital LOS (days) 6.5 425 0.1112

This table compares several perioperative variables, indicating no signif-
icant differences between the two cohorts

* Although difference in EBL approaches significance, within the PVDO
cohort were two outliers with 1200 cc and 2300 cc EBL. Without those
outliers, the mean EBL was 420 cc

operative reports and compares them by cohort

Surgical technique for PVR

The technique used for PVR involves a posterior 2/3 remod-
eling with reconstruction of the cranium posterior to the cor-
onal sutures. With the patient in prone position, a coronal
incision is opened, and the posterior and middle vaults are
exposed in the sub-galeal plane. The cranial bone removed
is generally divided into segments, often two or three, so as
to allow for maximal freedom for surgical remodeling and
positioning. The low occipital bones, temporal bones, and
anterior aspects of the parietal bones are generally barrel-
staved and greensticked in order to allow for reshaping, as
desired, in those areas. The bone flaps that have been re-
moved, once reshaped, are rigidly fixed to the occipital, tem-
poral, and parietal bones with a combination of resorbable
plates and screws and resorbable sutures.

Statistical analysis

Data were stored in Excel (Microsoft Corp, Redmond, WA,
USA) and analyzed with STATA (Stata Corp, College Station,
Texas, USA).

Results

Twenty-two patients met the inclusion criteria: 14 (63.6%)
patients underwent PVDO, and 8 (36.4%) underwent PVR.
Four of eight patients in the PVR cohort underwent operations
between 2003 and 2010, the period prior to routine use of
PVDO at our institution. The remaining four patients in the
cohort underwent traditional PVR instead of PVDO due to a
greater need for reshaping. All patients had VP shunts either
present before (n = 20, 90.9%) or placed during (n = 2, 9.1%)
posterior vault expansion surgery. One patient from each
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Table 6 Summary of
complications by patient Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Total
Shunt-related complications 2 2 1 2 3 10
Prolonged CSF leak 1 0 0 0 1 2
Shunt malfunction 0 1 1 1 1 4
Shunt infection 1 1 0 1 1 4
Post-operative complications 0 1 1 1 1 4
Wound infection 0 1 0 1 1 3
Wound dehiscence 0 0 1 0 0 1
Hospital readmissions 3 4 3 4 3 17

This table breaks down and quantifies the shunt-related complications, shunt-unrelated complications, and hos-
pital readmissions for each of the five patients with complications

time of distraction. Within the PVR cohort, 100% (n = 7) of
pre-existing shunts were encountered during surgery. All
shunts placed at our institution were the Codman antibiotic-
impregnated system; for nine patients (40.9%), the system
could be further classified as a Delta or Strata II system with
valves set between performance levels 1.0 and 2.0 (Valve
performance levels range from 0.5 to 2.5) [25]. Some patients
had shunts placed at outside facilities, and therefore, the shunt
characteristics are unknown.

Patients in the PVDO cohort were more likely to suffer
from shunt-related or post-operative complications (n = 5)
when compared with PVR (n = 0), (p = 0.0093.) Each of the
five patients required a repeat operation for either shunt

revision, externalization, or replacement. Of the patients who
required additional surgery, four (80%) required multiple ad-
ditional operations as a direct result of their shunt-related com-
plication (Table 5).

All of the patients who had complications were found to
have more than one. In the sub-analysis of the patients who
had complications, each of these five patients had multiple
readmissions (Table 6) (n = 5). In total, they accounted for
17 hospital readmissions. The most common complications
were shunt malfunctions (n = 4, 80%) and shunt infections
(n =4, 80%). Other complications included wound infections
(n =3, 60%), prolonged CSF leaks (n = 2, 40%), and wound
dehiscence (n = 1, 20%). Further, of the patients with

Table 7 Comparison of PVDO

patients with and without Variable With complications Without complications p value

complications
n 5 9
Mean age (year) 236 +1.99 5.14+4.50 0.0686
% male 60% 22.2% 0.1575
% syndromic 80% 88.89% 0.7100
Mean shunt revisions prior to PVDO? 3 1.11 0.1114
Days in distraction 24.80 24.75 0.9927
Distance distracted (mm) 32 27.28 0.5410
EBL (cc) 360 716 0.0569
Amount transfused (cc) 508 742 0.1866
Mean PICU LOS 7.40 2.11 0.0753
Mean hospital LOS 11.20 3.89 0.0237
Mean readmissions” 3.4 0 0.0001
Mean reoperations® 3.6 1 0.0035

Using only the patients within the PVDO cohort, this table compares characteristics of those with and without
complications. There were no significant differences in distraction time or distance. Certain variables approached
significance such as mean age, EBL, and PICU LOS

* All documented shunt revisions in our medical records prior to PVDO were included. Revisions after PVDO are

not included in this figure

®Readmissions were only considered if they were related to a post-operative or shunt-related complication

¢ Reoperations were considered if they required anesthesia and were the result of complications from PVDO.
Additionally, all patients required at least one reoperation for distractor removal. If patients in the complication
group had any shunt-related reoperations that were performed at the time of distractor removal, this was only

counted as one takeback
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complications, two used a Delta system and one used a Strata
system, while the remaining two patients had no documenta-
tion of their shunt type due to initial placement at an outside
facility.

Variables were compared between PVDO patients with and
without complications (Table 7). There were no significant
differences in the demographics, although the mean age of
patients with complications was 2.36 years (+ 1.99) compared
to 5.14 years (+4.50) which approaches significance (p =
0.0686). Patients with complications also had an average of
three prior surgeries to revise or replace existing VP shunts
while the patients without complications had and average of
1.11 (p = 0.1114), which again approaches significance.
Despite complications, patients with complications had no
significant reduction in distraction distance or days in activa-
tion of distraction. Patients with complications had a signifi-
cantly longer length of stay (LOS) compared to those without
complications (11.20 days vs 3.89 days, p = 0.0237). Of note,
PICU LOS trended towards longer in the complications group
(7.4 days vs 2.11 days, p = 0.0753)

Discussion

Since PVDO was first described by White et al. [7] in 2009, it
has become a popular technique for volumetric expansion of
the posterior cranial vault. Its safety [12, 14, 24] and efficacy
[26, 27] for the syndromic craniofacial population has been
well documented, and the clinical applications have since
been expanded to include non-syndromic patients [28].
Despite a wealth of encouraging literature over the past de-
cade, our unit was able to identify a unique subset of patients
that seemed to have higher rates of complications than would
have been expected. This manuscript is the first to detail the
complication rates and profile associated with PVDO in pa-
tients with pre-existing VP shunts.

The reported complication rates in relevant literature on
PVDO patients (without shunt-dependent hydrocephalus) is
about 30%, with the two most common complications being
CSF leaks (10%) and local infections +/— incisional wound
healing difficulties (6.9%) [29]. The complication rates of pa-
tients in our PVDO cohort were slightly more frequent
(35.7%), with similar frequency of CSF leaks (14%) but con-
siderably higher rates of wound infection +/— dehiscence
(28.5%).

VP shunt infection rates have been reported as 5-20%
[30-33], while the infection rate in our cohort was 28.5%. A
sub-analysis of shunt type and location did not provide insight
into potential causes for the high rates of complications. In all
patients that had shunt placements at CHOP, the Delta or
Strata II systems were used with Codman antibiotic-
impregnated shunt tubing. Two of the five patients that
sustained complications after PVDO had their initial VP
shunts placed at other facilities.
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We chose to compare patients with PVR and shunts to
patients with PVDO and shunts because of the similar surgical
soft tissue manipulations and cranial osteotomies; important
differences between these two procedures include presence of
vascularized bone and transcutaneous hardware in the PVDO
cohort and devascularized bone and indwelling hardware in
the PVR cohort. Thus, while the PVR group can serve as a
control, it is important to note the differences between the
techniques. Additionally, the indications for surgery may be
different between the two groups, and this is an important
factor that may lead surgeons to choose one procedure over
another despite our data. As hypothesized and clinically rec-
ognized, patients with VP shunts who underwent PVDO were
significantly more likely to have complications than those
with shunts who underwent traditional PVR. Patients that
sustained complications had significantly longer hospital
LOS, multiple readmissions, and multiple return trips to the
OR. It is difficult to explain the differences in complication
rates, but the fact that infection was so prevalent in the PVDO
cohort leads us to hypothesize a role for seeding of the shunt
by the transcutaneous route given the presence of transcuta-
neous hardware. The high rates of shunt malfunction may be
hypothesized to occur due to gradual repositioning of the
shunt tubing during the activation phase of distraction.
Neither hypothesis for infections nor malfunctions can be
proven by our study methodology—we can only report asso-
ciations given the retrospective nature—and other hypotheses
must be entertained.

Shunt location, type, surgical soft tissue, and cranial ap-
proach were not significant predictive variables for shunt
malfunctions after PVDO in our cohort. In a recent multivar-
iate analysis, a study of over 1500 pediatric VP shunt patients
listed multiple prior shunt revisions and an age less than 5
years as independent risk factors of shunt revisions [34]. In
our PVDO group, shunt revisions as an independent factor of
malfunction or infection may indicate that multiple exposures
to the external environment may predispose the shunt to con-
tamination by bacteria [34, 35]. The authors consider whether
anteriorly placed shunts are less likely to be encountered,
thereby contaminated, during PVDO. Our data indicate that
12/13 pre-existing shunts were exposed during surgery. The
single unexposed shunt was frontally placed and was not
among the patients with shunt infections. Still, there were
two frontally placed shunts that were exposed in this cohort,
one of whom did have shunt infections. Within the PVR co-
hort, operative reports and 3D reconstruction CT images indi-
cated that all pre-existing shunts within this cohort were ex-
posed, including those that were frontally placed.

An alternative theory for the increased incidence of
shunt infection with PVDOs is that a semi-buried
distractor arm creates a path to the external environment
that may create a hostile environment for the shunt. In
contrast, PVR represents a one-time exposure that is



Childs Nerv Syst (2020) 36:1009-1016

1015

recovered without the same continued source of external
contamination. In addition, the distraction process in-
volves micro movement of the cranial bones that house
the extracranial valve and tubing of the VP shunt. This
micro motion and eventual displacement of the posterior
segment may result in a small but consequential move-
ment of the shunt itself. In a review of neurosurgery op-
erative reports for shunt-related procedures after distrac-
tion, there was no indication that shunts had moved or
become dislodged.

The average age of the shunted PVDO patients (4.15 years)
in this study is considerably higher than PVDO without
shunts. It is difficult to completely determine the need for
shunts in all these patients. Some were referrals from outside
institutions that managed elevated ICP with shunts primarily
instead of offering cranial expansion. In addition, in some
patients, there is an inherent hydrocephalus component that
cannot be corrected with just expansion alone and requires the
utilization of shunting the excess CSF production or facilitate
appropriate removal. In our protocol, the utilization of PVDO
in the syndromic multi-suture synostosis patient has two ben-
efits: 1. It allows maximum cranial expansion to remove any
doubt of increased intracranial pressure and impairment of
brain development due to craniosynostosis. 2. This also allows
us to bypass a front-orbital advancement (at age 1-2) in cer-
tain cases and treat the forehead retrusion, exophthalmos, and
midface concavity with a monobloc distraction. It has been
our experience that reducing the number of frontal surgeries
allows for a better aesthetic contouring and integrity of bone in
the forehead.

There are significant limitations to our study, the most
important of which are its retrospective nature, variability
in cohorts, and small sample size. We were unable to
identify statistical significance in perioperative variables
or surgical indications that would help identify specific
risk factors for complications, a problem that may be
solved by increasing numbers. For example, the average
number of shunt revisions prior to PVDO in patients with
complications (3) was higher than those without compli-
cations (1.11); however, we are unable to demonstrate
significance. The PVDO and PVR cohorts had statistically
significant differences in proportion of syndromic pa-
tients, not surprising given the difference in hydrocepha-
lus rates between syndromic and non-syndromic cranio-
synostosis [16, 17]. Since syndromic patients have a
higher propensity toward shunt dependency and made up
the majority (80%) of the complications in our study, un-
derrepresentation in one cohort is certainly limiting. This
study also includes data from multiple craniofacial sur-
geons and multiple neurosurgeons who each have slight
variations in technique. The small cohort size precludes
analysis by individual surgeon team, but it is possible that
such variability in technique may bias results.

Conclusion

In complex or syndromic craniosynostosis patients who have
previously undergone ventricular shunting, PVDO is associ-
ated with higher shunt-related complications and need for ad-
ditional procedures when compared to traditional PVR. While
the benefits of PVDO in the treatment of syndromic cranio-
synostosis are well documented, the risks of PVDO in the face
of a VP shunt must be considered. Further investigation into
patient-specific risk factors and risk reduction strategies is
warranted.
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