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INTRODUCTION

Since the first description of a surgical correction of craniosynostosis by Lane in 18921,
various techniques have fallen in and out of favor. Initially, high rates of complications
caused surgeons to abandon the procedure altogether2. But, gradually, surgical treatment
again resurfaced3, mostly in the form of strip craniectomy and removal of the affected
suture. Surgeons found, however, that this approach frequently resulted in re-stenosis,
inadequate correction, and unacceptable aesthetic results despite a multitude of efforts to
prevent re-fusion?. The advent of craniofacial surgery by Paul Tessier®, brought with it a
more reliable and reproducible approach which was quickly popularized and has become the
standard of care.

Over the past decade, craniofacial surgeons have witnessed a resurgence of strip
craniectomies for the treatment of single and multi-suture craniosynostosis. The literature is
now replete with descriptions of craniosynostosis treatment involving endoscopy’-18,
springs1®-26 and distraction devices39-3% in conjunction with strip craniectomies. The
rationale frequently given for this reversion is shorter, safer operations with less blood loss.
The studies which tout “minimally invasive approaches” often denegrate open cranial vault
expansion.

The current approach of open cranial vault expansion still shares many similarities to Dr.
Tessier's descriptions, but it too has evolved over the past decades. What was initially a
lengthy, bloody surgery3®: 37 with a long recovery and relatively high risk38 39 has become a
routine procedure at many craniofacial centers worldwide. But, previous research into the
safety of these procedures has either focused mainly on blood loss, or has relied upon
surgeon recall via surveys. Craniofacial teams and the treatment protocols they created have
improved the outcomes, shortened the procedures and the recovery, and decreased the risk to
the patient. At Seattle Children's Hospital, patients with craniosynostosis are evaluated by a
multi-disciplinary team and are offered cranial vault expansion. The type of expansion is
tailored to the age of the patient, type of synostotic suture and the shape of the resulting
deformity. Those patients who elect to undergo cranial vault expansion are placed on a
pathway that is meant to optimize their care from diagnosis through surgery to discharge
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from the hospital. Since 2002, this pathway has included the same team of pediatricians,
surgeons and anesthesiologists who care for this condition. The aim of this study is to
describe the multidisciplinary protocol for single suture craniosynostosis care at SCH and
more rigorously analyze the safety of open cranial vault expansion in the setting of this
paradigm.

PATIENTS AND METHODS

A retrospective chart review was performed for patients with craniosynostosis treated
through the Craniofacial Center at Seattle Children's Hospital between the years of 2002 and
2006. Patients with single suture craniosynostosis diagnosed by physical exam and
confirmed by CT scan who underwent cranial vault expansion were included. Patients with
multi-suture involvement, syndromes, neurologic problems, premature patients (34 weeks
gestation or earlier), and those who elected not to undergo surgery were excluded. We
identified 123 eligible participants during the recruiting period and 96 were enrolled (10
families actively and 17 passively declined participation). Among the 96 enrolled patients,
seven had surgery at institutions other than SCH (and were therefore ineligible for this
study) and one had incomplete records for a total of 89 participants.

This cohort was identified as part of the ongoing infant learning project and therefore does
not represent all patients treated during this timeframe. Patients selected for this study were
approached for consent and then underwent a variety of neurodevelopmental assessments
both before and after cranial vault expansion. It is for this reason we chose to exclude
premature patients and those with pre-operative neurological problems to avoid bias within
the neurodevelopmental testing. The outcome data from the infant learning project study
will be presented elsewhere. The focus of this study is the safety of the operative
intervention. The research was approved by the Seattle Children’s Hospital human subjects
IRB #10998.

SURGICAL AND MEDICAL CARE
PRE-OPERATIVE CARE

The initial diagnosis was made by physical exam by multiple members of the craniofacial
team including a craniofacial pediatrician, craniofacial plastic surgeon, and a pediatric
neurosurgeon. A CT scan confirmed the diagnosis and aided in surgical planning. A pre-
operative consultation with the anesthesia team was made to review medical and family
history, physical exam, laboratory and other diagnostic test results and anesthetic risks.
Additionally, patients are referred to the regional blood bank to discuss transfusion risks and
the possibility of direct donation of blood.

Once the diagnosis was made, the planned surgical intervention and timing of the procedure
was tailored to the suture affected. Isolated sagittal craniosynostosis diagnosed early (before
9 months of age) was treated with a modified pi procedure (fig.1). Late presenting sagittal
craniosynostosis (after 9 months of age) was treated with a total cranial vault expansion (fig.
2). Patients with lambdoid craniosynostosis were treated at 6 months of age by expanding
and re-shaping the posterior cranial vault with a switch cranioplasty (fig.3). Both metopic
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and unicoronal craniosynostosis were treated with anterior vault expansion via frontal-
orbital advancement between 9 and 12 months of age (fig.4 a&b). Operations were
performed by one of two pediatric neurosurgeons in conjunction with one of two
craniofacial plastic surgeons.

INTRA-OPERATIVE CARE

On the day of surgery, anesthesia was provided by a pediatric anesthesiologist who is a
member of the craniofacial group. After induction of anesthesia, intravenous access was
obtained (generally with two peripheral catheters), along with intra-arterial access. The
endotracheal tube was placed and secured with a circum-mandibular wire; hyperventilation
was initiated to reduce intracranial pressure until craniotomies were complete. Cross-
matched packed red cells and fresh frozen plasma were available at the start of the case and
generally, the first unit of blood was begun at the time of the first burr-hole craniotomy
unless otherwise indicated. Administration of blood components was performed throughout
the procedure based on vital signs, serial iISTAT® (Abbott Laboratories, Princeton, NJ)
hematocrits, and other laboratory tests as well as observed blood loss.

Patients with sagittal craniosynostosis underwent a variation of the pi procedure described
by Jane??, then modified by others*1-49, The patient was placed prone, the scalp reflected,
and parasagittal osteotomies were made to elevate the central strip of bone containing the
fused suture. The dura was separated from the lambdoid and coronal sutures and multiple
barrel stave osteotomies were made around these and within the parietal bones. Opening
osteotomies were made along the occiput to flatten it and the barrel staves are outfractured
just inferior to the squamosal suture. The central strip of bone was then shortened, rounded,
and replaced in situ. The barrel staves were then shaped with a dissolvable suture, or fixed
with resorbable plates. A sub-galeal Jackson-Pratt drain is placed in all patients and the scalp
is closed in layers.

If a patient with sagittal craniosynostosis presented late (after 9 months), the surgeons
expanded the cranial vault without utilizing the modified pi procedure. Depending on the
location of the deformity, either the anterior and middle cranial vault were expanded or the
posterior and middle cranial vaults using a comb expansion cranioplasty.

Patients with lambdoid craniosynostosis were also placed in prone position. After making
the coronal incision and reflecting the scalp flaps, osteotomies are designed from the torcula
posteriorly to the vertex anteriorly. The posterior calvarium is removed and halved. The two
sides are then switched and fixated in an expanded, more rounded position using a
resorbable plating system. The mastoid bulge is corrected with barrel stave osteotomies as is
parietal asymmetry.

Patients with metopic or unicoronal craniosynostosis were positioned in the supine position
for a frontal orbital advancement. The scalp was first reflected in the sub-periosteal plane,
raising the temporalis muscles up with the scalp flap. The orbits were then freed superiorly
from medial canthal tendon to the inferio-lateral orbital floor. C-shaped cuts were made
from the inferior orbital rim up the lateral sidewall to the skull base. The bandeau was
advanced at the affected supraorbital rim (unicoronal) or supraorbital rims (metopic) to
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correct brow flattening and better protect the globe. In metopic craniosynostosis, the
bandeau was widened with bone grafts. The bandeau was then advanced and fixated with
stainless steel wires at the lateral orbits and nasion and with resorbable plates at the temporal
extensions. Further points of fixation were made by creating buttress grafts which extend
from the sphenoid bone to the bandeau along the orbital roof. The frontal bones was then
reshaped and fixated to the bandeau and parietal bones with wires and/or resorbable sutures.

POST-OPERATIVE CARE

Upon completion of the operation, the patient's airway was extubated and they were
admitted to the ICU for close monitoring. Laboratory evaluations were obtained at the
discretion of the intensivists based on hemodynamics, drain output, and the decision to
transfuse blood products was made by the team based on the same parameters. Generally, a
hematocrit of <20%, an INR of >1.4, a platelet count of <100,000/cm?3, a fibrinogen of <100
m@% and/or active bleeding prompted transfusion of appropriate blood products. Once
stable, patients were transferred from the ICU to the surgical in-patient ward to complete
their recovery. Criteria for hospital discharge included adequate po intake, adequate po
analgesia, discontinuance of the jp drain, declining edema such that at least one eye can be
opened, and general medical stability.

DATA ANALYSIS

Patients within the cohort were grouped into the following categories based on diagnosis and
operation performed: 1. Modified pi procedure 2. Total cranial vault expansion 3. Posterior
vault switch cranioplasty, and 4. Frontal orbital advancement (FOA). Age and weight were
determined at time of surgery as was the pre-operative hematocrit. Operative notes,
anesthesia records and nurse's notes were reviewed to determine intra-operative
complications and to estimate blood loss. Blood products transfused during and after surgery
were recorded as were laboratory values. Postoperative events and laboratory results were
extracted from the medical record into a standard data sheet (Table 1)

RESULTS

Of the eighty eight patients who fulfilled the inclusion criteria, 58% were male (n=51); 48%
had sagittal (n=42), 26% metopic (n=23), 22% unicoronal (n=19), and 4% (n=4) had
lambdoid craniosynostosis (Table 2). Forty two patients underwent frontal orbital
advancement (FOA) at 10.5 months on average, 39 underwent modified pi procedure
(average age 4.5months), 3 underwent total cranial vault(average age 9.75 months), and 4
underwent a posterior switch cranioplasty (average age 6 months).

Length of procedure was recorded from time of induction until extubation and also varied
between procedures (Table 3): FOA 5.2 hours; Modified pi 2.5 hours; Total Vault 4.9 hours;
Switch Cranioplasty 4.6 hours. Blood loss was estimated by nursing records (suction
canisters, sponge count) and anesthesia record (intra-operative hematocrit, hemodynamics
and transfusion amounts) and the average differed between procedures as follows: FOA 385
mL; Modified pi 216 mL; Total Vault 600 mL; Switch Cranioplasty 207 mL. Intra-operative
transfusion amounts of both packed cells (pRBC) and plasma (FFP) depended on procedure:
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FOA 385 mL pRBC and 110 mL FFP, Modified pi 200mL/33 mL, Total Vault 480 mL/165
mL, Switch Cranioplasty 385 mL/110 mL. No patients received platelets or cryoprecipitate
intraoperatively. All but one patient received a transfusion of pRBC, FFP or both(99%).
(Table 3)

Fortunately, there were no deaths and no major intra-operative complications (Table 2). One
patient unintentionally extubated; another desaturated (FiO2 < 80%) and became acidotic
(pH < 7.2). Nine patients (10%) became hypothermic (T<35°C), usually during induction
prior to draping. Two patients were coagulopathic by lab values and 55 (63%) had a
hematocrit of 25 or less at some time during the operation. There were no transfusion
reactions (Table 4).

Post-operatively, patients stayed in the ICU for just over 1 day (1.2-1.5 days, mean = 1.4)
and in the hospital for just over 3 days (3.2-3.6, mean = 3.4). There were no major post-
operative complications (Table 5). One patient became apneic after a morphine bolus and
required Narcan and readmission to the ICU and one patient had a seizure. One scalp
hematoma was drained in the ICU, another was re-admitted on POD #4 with elevated
temperature and was found to have transiently increased liver function tests, requiring no
intervention. Post-operatively, 34% of the patients received a transfusion of blood, FFP, or
both (Table 6). No patients returned to the operating room within the first 6 months after
cranial vault expansion.

DISCUSSION

Open cranial vault expansion has been the standard of care for treatment of craniosynostosis
for over 4 decades. It has proven effective in treating the functional and aesthetic deformities
of the various single suture craniosynostoses®1-56. The safety of the open procedure seems to
have improved since its first description, but recent research into the safety of these
procedures has relied upon surveys and surgeon recall rather than rigorously investigating
the factors contributing to safety®’.

In this study, every pre-op, intra-op and post op record was reviewed twice by unbiased
anesthesiologists to record the data elements in Table 1 as well as all medications
administered to the patients throughout their care. All variables which affect safety were
reported here. In doing so, we aim to provide a rigorous analysis of the safety of open
cranial vault surgery and the factors which lead to it.

In this cohort, there were no major intra-operative complications. In one patient, the
endotracheal tube became dislodged and the patient required prompt re-intubation. The
operation was then completed without further modification. More commonly, patients
became hypothermic between induction and surgical draping. Although no patients found to
be hypothermic went on to become coagulopathic, these may be causally related®8 so the
team has instituted use of heating lamps during this portion of the procedure to maintain
euthermia.

Nearly all patients received transfusion of blood products. The anesthesia team has made a
conscious effort to transfuse patients early, rather than after they have become hypovolemic,
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anemic or coagulopathic®®, because previous studies regarding safety of cranial vault
surgery have found under-resuscitation a primary factor leading to intra-operative
complications®0. Thus, since 2007, our anesthesia team has initiated blood transfusion at
time of the craniotomy regardless of baseline hematocrit and has utilized plasma in addition
to crystalloid to maintain intravascular volume toward the end of the case to minimize
dilution coagulopathy. While this approach clearly increases our transfusion rate, it may
contribute positive safety profile in this cohort.

Transfusion risks are fairly well known and often cited as an impetus to avoiding
transfusions®?: 62 and altering surgical techniques!® 30. 83 in craniofacial surgery. Current
transfusion risks range from 1:5000 (TRALI) to 1:2,000,000 (HIV). While no transfusion
complications occurred in this cohort, the sample size is admittedly small given the
published incidence. That being said, no reported disease transmission has occurred at the
Puget Sound Blood Center since testing began in 198564,

Much as surgical techniques for craniosynostosis have evolved over the decades, so too has
the overall care provided to patients being treated with cranial vault expansion. In the past,
solo practitioners may have been responsible for making the diagnosis, creating the surgical
plan, implementing it, and then providing post-operative care. Increasingly, children with
craniosynostosis are being treated through experienced, multi-disciplinary teams who create
standardized protocols for pre-operative assessment, intra-operative care and post-operative
recovery. Team care at SCH involves a standardized protocol of pre-operative imaging,
blood work and consultation with anesthesiology and the blood bank in attempt to minimize
complications. During surgery, the anesthesiologist and operating room staff are selected
from a “craniofacial OR team” in order to maximize the experience level of all providers
involved in the procedure. After surgery, ICU admission and specific discharge criteria are
additional components instituted to maximize safety. Our team's approach to patients with
craniosynostosis capitalizes upon the involvement of multiple experienced practitioners
from the time of initial diagnosis until treatment is complete in order to maximize safety.

Since the creation of craniofacial surgery by Dr. Tessier, surgeons have continually
modified and improved their technique in order to minimize risk to the patient. Equally
important has been the development of a team approach. Our study's lack of a direct
comparison cohort of patients cared for outside of the team setting prohibits the conclusion
that the multidisciplinary approach is safer. Further studies directly comparing the outcomes
of patients with single suture craniosynostosis treated within a team and those treated by
solo practitioners are not only necessary, they may be mandatory in the future environment
of managed or capitated health care. We believe that the team approach, with development
of protocols and adherence to continual product improvement, contributed to the overall
safety of cranial vault surgery in this cohort. Also not emphasized here, but likely as
important is the overall number of cranial vault procedures performed per annum as high
volume centers have shown improved outcomes in the treatment of other disorders®-71,

This study presents only a percentage of all the patients treated for craniosynostosis during
this timeframe at our institution. Some may argue that the true risk of open cranial vault
surgery is actually higher if syndromic and multi-suture craniosynostosis patients were
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included. We would agree as these cases tend to be more variable, more likely to display
elevated intracranial pressure and often have other comorbidities most notably involving the
airway. But, these patients are precisely the ones who would benefit most from
multidisciplinary team care, peri-operative protocols and the experience provided by a high
volume center. Surgical techniques will continue to evolve in order to improve patient
safety. So, too must the craniofacial team evolve as they provide care before, during, and
after cranial vault surgery.
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Figure 1.
Intra-operative view of markings for modified pi procedure for early treatment of sagittal

craniosynostosis. The patient is positioned face down on a Mayfield headrest.
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Figure 2.
Intra-operative view of bony segments removed during total cranial vault expansion for late

treatment of sagittal craniosynostosis. These bones are re-shaped, expanded and replaced in
situ to correct scaphocephaly.
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Figure 3.
Intra-operative markings for switch cranioplasty for treatment of left lambdoid

craniosynostosis. After craniotomy, the two occipital halves are rotated and exchanged to
correct the posterior plagiocephaly.
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Figure4a.
Intra-operative view of the orbital bandeau before (left) and after (right) reshaping for

treatment of metopic craniosynostosis. The bandeau is widened with an interpositional
calvarial bone graft and the lateral orbits are advanced with closing osteotomies to correct
the trigonocephaly.
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Figure4b.
Intra-operative view of the orbital bandeau before (left) and after (right) reshaping for

treatment of right unicoronal craniosynostosis. The bandeau is untwisted to advance the
affected side and setback the “unaffected” side. The lateral orbit on the affected side is
advanced with a closing osteotomy. The harlequin eye is corrected by shortening the lateral
orbit and dropping the superior orbit with an onlay bone graft to correct the anterior
plagiocephaly.
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Data points collected by independent anesthesiologists, then compared for accuracy. Intra-operative events/

PACU and complications

Low O2 Saturation/O2 tension (< 80%)
Low HCT (25 or less)

Low PH/acidosis (7.20 or less)

Low Glucose (< 60)

Maintenance FiO2 (check one)

Air embolism

Hypothermia (T < 35 degrees)

Hypotension requiring pressor or resuscitation

Cardiac arrest requiring pressor or resuscitation

Complete extubation requiring reintubation and/or repositioning
Timing of planned

extubation:

Other:

Laboratory coagulopathy (INR > 1.5, platelets < 100, fibrinogen < 100)

Post-oper ative events (24 hour period after surgery)
Unplanned extubation requiring immediate reintubation
Respiratory failure requiring reintubation & ventilator support:
Hypotension requiring pressor resuscitation
Air embolism
Seizures
Abnormal CT scan
Notes on CT scan:
Sepsis
Laboratory coagulopathy
Other:

Post-oper ative events (during remainder of hospital stay)
Re-admit to ICU

Respiratory failure requiring reintubation & ventilator support
Seizures

Sepsis

Other:
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Demographics

Table 2

casesin cohort =88 number  percentage
male 51 58%
female 37 42%
sagittal synostosis 42 47%
metopic 23 26%
unicoronal 19 22%
lambdoid 4 5%
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Comparison of surgical timing, duration, blood loss and transfusion amounts between various open cranial

vault procedures.

Ageat surgery (mos) Duration (hours) EBL (mL) pRBC FFP platelets
Modified Pi 4.5 25 216 200 33 0
Total Vault  9.75 4.9 600 480 165 0
FOA 10.5 52 385 385 110 0
Switch 6 4.6 207 282 0 0
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Table 4

Comparison of intra-operative events between procedures.

Pi  Total Vault FOA  Switch
02 sat < 80% 0 o0 1** 0
Hct < 25 25 1 25 4
pH<7.2 0 0 1** 0
glucose <60 0 o0 0 0
laboratory coagulopathy 1o 1 0
hypothermia (T<35 C) 6 0 2 1
extubation 0 0 1** 0
hypotension (requiring pressors) 0 0 0 0
air embolism 0 0 0 0
cardiac arrest 0 0 0 0

*
laboratory coagulopathy = INR >1.5, platelets < 100, fibrinogen < 100

*%

represents a single patient who experienced an unplanned extubation, desaturated and became temporarily acidotic.
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Table 5

Comparison of post-operative events between procedures.

Pi  Total Vault FOA  Switch

readmission to ICU 1* 0 0 0
unplanned extubation 0 0

respiratory failure 1* 0

hypotension 0 0 0 0
seizure 0 0 1 0
sepsis 0 0 0 0
laboratory coagulopathy 11 2 11 0

*
this patient had respiratory failure due to morphine overdose and required readmission to the ICU

J Craniofac Surg. Author manuscript; available in PMC 2016 October 01.

Page 20



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Birgfeld et al.

Table 6

Number of patients receiving post-operative transfusions by surgery type.

pRBC FFP Platelets Cryoprecipitate

Pi 10 7 0 0
Total Vault 1 0 0 0
FOA 2 10 1 0
Switch 0 0 0 0
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