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Introduction

Complex craniosynostosis is a congenital malformation with multiple 
prematurely fused cranial sutures and often associated with 
syndromes, such as Apert and Crouzon. Children with multi-suture 
craniosynostosis are at high risk of developing increased intracranial 
pressure (ICP) and consequent sequelae, such as optic nerve atrophy 
and neurocognitive deficits. Surgical techniques to expand the cra-
nial vault and consequently increase intracranial volume (ICV) aim to 
improve head shape and reverse ICP. Posterior skull expansion with 
circumferential occipital craniectomy was first described by Sgouros 
et al. [1]. During this procedure, removal of a 2-cm-wide strip of occip-
ital bone creates a free-floating bone flap. Modifications to the proce-
dure include the size and area of the posterior skull included in the 
bone flap, as well as the methods used for fixation. Recent methodo-
logical evolutions include the use of dynamic techniques assisted by 
distractors or springs [2, 3]. Di Rocco et al. [4] demonstrated posterior 
cranial vault expansion with internal distractors using distraction 
osteogenesis as an efficient surgical treatment for patients up to 15 
years of age with craniosynostosis and elevated ICP. Other reports 
also suggest spring-assisted posterior vault expansion (SA-PVE) as 
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an effective technique for surgical correction of multi-suture cranio-
synostosis during the first years of life [5–8]. In these studies, the 
caudal osteotomy lines are placed above the torcula and the poste-
rior bone flap is partially attached to the occipital bone or statically 
fixed with wires. These strategies aim to avoid the torcula area (i.e. 
the confluence of sinuses) and detachment of the bone flap.

In the present study, we describe a version of the SA-PVE technique 
developed at the craniofacial unit at Sahlgrenska University Hospital, 
Gothenburg, Sweden. This approach encompasses the torcula in the 
bone flap to facilitate expansion in the posterior/occipital skull, 
thereby enhancing subsequent increases in ICV. Furthermore, we 
present the results of this form of SA-PVE in children aged > 2 years 
with complex craniosynostosis and signs of high ICP.

Materials and methods

Patient selection and data

We retrospectively analysed all consecutive patients aged > 2 years of 
age and operated with SA-PVE between 2018 and 2020 at the 
Craniofacial Unit at Sahlgrenska University Hospital. Demographic 
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data and perioperative outcomes, including operation time, 
estimated blood loss, blood transfusion volumes and length of stay 
(LOS), were collected. Blood loss as a percentage of total blood vol-
ume was calculated assuming a total blood volume of 75 mL/kg body 
weight for children aged between 2 and 8 years and 70 mL/kg body 
weight for those aged > 9 years of age. The presence of symptoms 
and objective signs of high ICP, such as headache, nausea and oph-
thalmoscopic findings (e.g. papilledema), were evaluated before and 
after surgery and up to 1-year post-surgery.

Surgical technique

Patients were placed in a prone position, and a circumferent occipital 
osteotomy was performed, with the caudal osteotomy extending 
below the torcula (Figure 1). The occipital bone flap remained 
attached to the dura, and six manually manufactured 8N springs were 
placed along the osteotomy.

Radiologic evaluation and intracranial volume measurement

Low-dose computed tomography (CT) was performed prior to the 
operation, at the time of spring removal, and at 1-year post-surgery. 
Intracranial volumes were calculated from the CT images using Syngo.
Via 30 software (Siemens, Berlin, Germany) at the Imaging and 
Intervention Centre at Sahlgrenska University Hospital. The upper and 
lower boundaries of the volume determinations were established at 
the inside of the vertex to the foramen magnum according to the 
point at which the dens appeared in the coronal section (Figure 2).

Statistical analysis

Patient-specific data, as well as peri- and post-operative outcomes, 
are presented as medians, interquartile ranges (IQRs), and ranges 
because of the absence of a normal distribution in the data. All vol-
ume measurements were performed in triplicate by a single 
observer, with the mean value presented for each patient and 
median values with an IQR and range presented for the cohort. 
Cronbach’s alpha was calculated to evaluate the intra-rater reliability 
of the volume measurements. Statistical analyses were performed 

using Statistical Package for the Social Sciences (SPSS) (v29.0; IBM 
Corp., Armonk, NY, USA). Pre- and post-operative volumes were 
compared using the Wilcoxon signed rank test. For sensitivity analy-
sis, we employed a mixed-effect model with individual random 
effects to estimate the effect of treatment. This allowed use of all 
original measurements (six measurements for each patient) and 
accounted for fluctuations between different measurements for the 
same individual. All p-values were two-sided, and a p  < 0.05 was 
considered statistically significant.

Ethical considerations

The study was approved by the Gothenburg Ethics Committee 
(approval No. 748:11).

Results

Patient population and characteristics

We identified a total of 15 patients aged > 2 years and operated with-
SA-PVE. Four patients lacked adequate CT imaging prior to surgery 
and three of the identified patients underwent concomitant fron-
to-orbital advancement (FOA) during the procedure and were thus 
excluded. The remaining eight patients [Crouzon/Pfeiffer (n = 4), mul-
tiple/complex craniosynostosis (n = 3), and secondary synostosis 
because of shunt over-drainage in a patient with benign tumour in 
corpus pineal and aqueductal stenosis (n = 1)] were included in the 
analysis (Table 1). Indications for surgery were diagnosis with high ICP 
using invasive measurements (n = 4), presence of papilledema (n = 3) 
and/or Chiari malformation (n = 3). Five of the included patients pre-
sented with severe headache and four with hydrocephalus, of which 
two also required ventriculoperitoneal shunt treatment. Seven of the 
patients had previously undergone cranioplasty, with five of those 
procedures including FOA.

Perioperative and surgical outcomes

We observed no major perioperative complications, such as bleed-
ing or dural tears, according to Leeds classification [9]. Tables 1 and 

Figure 1. Illustrated description of the surgical procedure, including osteotomies and positioning of the springs.
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2 summarise the perioperative outcomes. The median age at SA-PVE 
was 3.8 years (IQR: 6.7 years; range: 2.5–12.8 years). Median body 
weight at surgery was 15.5 kg (IQR: 20.9 kg; range: 11–42 kg) and 
median operation time was 164 min (IQR: 81 min; range: 102–221 
min). The median estimated blood loss was equivalent to 4.5 mL/kg 
body weight (IQR: 13.0 mL/kg body weight; range: 1.4–59.1 mL/kg 
body weight) representing 6.5% (IQR: 18.5%; range: 1.9–78.8%) of the 
estimated blood volume of each child. Intraoperative transfusion vol-
ume was 78.5 mL (IQR: 434 mL; range: 0–520 mL) equivalent to 1.9 
mL/kg body weight (IQR: 16.2 mL/kg body weight; range: 0–47.3 mL/
kg body weight). Four patients (50%) did not require a blood transfu-
sion during the peri- or post-operative period, and one patient 
received a blood transfusion (100 mL) during the post-operative 
period. Median hospital LOS after SA-PVE was 5 days (IQR: 4.3 days; 
range: 3–9 days).

The median springs removal was 5.5 months (IQR: 3.4 months; 
range: 2.3–8.3 months) after insertion. In two patients, the springs 
were removed early because of exposure or risk from exposure of the 
springs, and one patient had a superficial wound over one spring 
after receiving minor head trauma. We observed no clinically relevant 
post-operative infections. The median LOS after spring removal was 1 
day (IQR: 1 day; range: 0–12 days). In one patient, spring removal was 
performed during a hospital stay because of shunt-related problems 
that resulted in an LOS of 12 days.

The median pre- and post-operative ICVs were 1,215 cm3 (IQR: 421 
cm3; 910–1,535 cm3) and 1,453 cm3 (IQR: 438 cm3; 1,097–1,772 cm3), 
respectively. The increase in ICV was 206 cm3 (IQR: 76 cm3; range: 122–
344 cm3) representing a volume increase of 18.7% (IQR: 7.7%; range: 
7.9–24.1%) from spring insertion to removal (p = 0.01) (Table 3; 
Figure  3; and Figure, Supplemental Digital Content 1). Sensitivity 

analysis estimated the treatment effect at 215.875 [standard error (SE) 
= 12.886; p < 0.001], which remained consistent following the addition 
of age as a control variable. The effect remained evident at 1-year 
post-surgery.

Analyses of pre- and post-operative ICV measurements resulted in 
an overall Cronbach’s alpha of 0.995. Hence, excellent consistency 
and high intra-rater reliability of the ICV measurements. We also 
tested the interaction between treatment effect and age (−6.220; 
SE = 3.407; p = 0.076). Although the results suggested that the 
difference in ICV between pre- and post-surgery depended on age, 
the small sample size of the cohort was insufficient to allow a rigorous 
determination of such an association (Figure, Supplemental Digital 
Content 2).

Symptoms related to high ICP, such as headache, nausea and 
irritability, improved significantly or were absent during clinical 
follow-up at 4-weeks and 1-year post-surgery. Additionally, the 
papilledemas present before the operation (n = 4) were normalised 
post-surgery. Computed topography and magnetic resonance 
imaging (MRI) scans at 1-year post-surgery showed good bone 
healing across the osteotomies and either regression of or no changes 
to the Chiari malformation. None of the three patients presenting 
Chiari malformation required foramen magnum decompression 
following surgery nor have they undergone FOA/anterior expansion 
during the 3–5-year follow-up period.

Discussion

Dynamic posterior vault expansion (PVE) via distraction osteogenesis 
or spinal spinal anesthesia (SA) surgery has become a commonly 
used technique in craniofacial centres based on its ability to achieve 
greater volume expansion relative static techniques [10]. Dynamic 
expansion of the posterior vault requires less-extensive dural 

Table 2. Perioperative outcomes after SA-PVE.
Perioperative outcomes Median IQR
Operation time (min) 164, 81 102–221
Estimated blood loss (mL/kg body weight) 4.5, 13.0 1.4–59.1
Blood transfusion 
 Intraoperative (mL) 78.5, 434 0–520
 Intraoperative (mL/kg body weight) 1.9, 16.2 0–47.3
 Total perioperative (mL/kg body weight) 1.9, 16.2 0–56.4
LOS after SA-PVE (days) 5, 4.3 3–9
Data are presented as median values with IQR and range. SA-PVE: spring-
assisted posterior vault expansion; IQR: interquartile range; LOS: length of stay.

Table 1. Characteristics of the patient cohort.
Clinical characteristics n % Median IQR

Sex
 Female, n (%) 5 62.5
 Male, n (%) 3 37.5
Diagnosis 
 Crouzon/Pfeiffer syndrome, n 4
 Multiple synostosis, n 3
 Secondary synostosis, n 1
Spring-related outcomes
 Age at operation, y 3.8, 6.7 2.5–12.8
 No. of springs, n 6
 Duration of spring insertion, mo. 5.5, 3.4 2.3–8.3
Outcomes data are presented as median values with IQR and range. IQR: 
interquartile range.

Figure 2. Illustrated description of the axial (a), sagittal (b), and coronal (c) limitations.
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dissection, decreases subsequent risk for perioperative bleeding 
requiring transfusion, and is, therefore, considered a much less inva-
sive surgical method. Its use as a first-stage procedure in infants with 

complex craniosynostosis to prevent elevated ICP is currently gaining 
popularity.

Children with complex craniosynostosis are at high risk of 
developing elevated ICP and consequently suffering from related 
symptoms. The present study shows that SA-PVE can be safely 
performed later in life to treat fortified, fully developed, elevated ICP. 
Our study cohort included a consecutive series of eight children aged 
>2 years (up to 13 years) with complex craniosynostosis and 
radiographic and/or clinical signs of elevated ICP. The surgical strategy 
was SA-PVE, which created a bone flap encompassing the torcula and 
remaining attached to the dura. The median increase in ICV following 
this procedure was 18.7% (206 mL) in the absence of major bleeding 

Figure 3. Illustration with 3D photos (a, b) and reconstructions of CT scans (c, d) and volume measurements (e, f ) before (a, c, e) and after (b, d, f ) surgery in a 
patient with multiple craniosynostoses operated with SA-PVE at 4.3 years of age. Post-surgery ICV increased by 272 cm3 representing a 22.9% expansion. CT: 
computed tomography; SA-PVE: spring-assisted posterior vault expansion; ICV: intracranial volume.

Table 3. ICV outcomes.
Preoperative 
volume (cm3)

Postoperative 
volume (cm3)

Δ (cm3) Δ (%)

Median 1,215 1,453 206 18.7
IQR 421 438 76 7.7
Range 910–1,535 1,097–1,772 122–344 7.9–24.1
Data are presented as medians. ICV: intracranial volume; IQR: interquartile 
range.
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and requiring low total perioperative blood transfusion volume 
(1.9 mL/kg body weight). Furthermore, only 50% of the patients that 
underwent this procedure required blood transfusion during the 
perioperative period, and all patients showed considerable 
symptomatic and radiographic improvements post-surgery.

Conventional static expansion of the posterior vault requires 
extensive dural dissection and presents a subsequent risk of blood 
loss. In these procedures, the skin envelope also restrains the 
underlying PVE. By contrast, dynamic expansion is less damaging to 
soft tissue and conceivably allows more expansion. Different dynamic 
strategies for PVE using internal distractors or springs have been 
developed and are frequently used in children with craniosynostosis 
[2, 4, 11, 12]. However, there remains no consensus on the correct 
timing, surgical sequence or technical aspects of these procedures.

An evaluation by Di Rocco et al. [4] of outcomes of 12 children 
(median age: 8.6 months; range: 3 months to 15 years) with 
craniosynostosis treated with PVE using internal distractors revealed 
a median increase in ICV of 13.9% (132 mL) at 117 days post-surgery. 
In the present study, we identified an increased ICV of 18.7% (206 mL) 
in a significantly older population (mean age: 3.8 years; range:  
2.5–12.8 years) in which the calvarial growth is less. In the first review 
of SA-PVE outcomes relative to those of conventional techniques in 
children with craniosynostosis aged < 2 years, Jong et al. [5] found 
larger increases in skull circumference and anterior–posterior length, 
as well as decreased blood loss, in those undergoing SA-PVE. 
Moreover, a recent study from Great Ormond Street Hospital (GOSH) 
identified SA-PVE as an effective technique for increasing ICV and 
resolving elevated ICP in a cohort of children from their craniofacial 
unit (mean age: 2.3 years; range: 3 months to 5.6 years) [7]. They also 
reported a significant increase in ICV of 248 ± 172 cm3 (27 ± 22%) 
following SA-PVE, which is consistent with our findings (206 cm3, IQR: 
76 cm3; 18.7%, IQR: 7.7%). However, that study performed a slightly 
different surgical technique in a younger cohort relative to the 
present study. Furthermore, they concluded that younger patients 
with a markedly brachycephalic head shape showed higher 
volumetric increases, suggesting that this cohort might benefit from 
additional surgery. Notably, the present study found that age-related 
trends were negatively correlated with volume increases; although, 
the small sample size did not allow for proper testing of this 
association.

Although there is substantial risk of bleeding and a need for 
transfusion during PVE, the methods used to estimate blood loss and 
required transfusion volumes are inexact. In a cohort of > 1,000 
patients that underwent cranial vault remodelling for craniosynostosis, 
Chow et al. [13] identified that perioperative blood transfusion of > 60 
mL/kg body weight was associated with increased risk for 
complications and prolonged hospital LOS. Additionally, this 
threshold was identified as an independent predictor of complications, 
whereas transfusion volumes of 25 mL/kg body weight had no 
significant effect on postoperative outcomes. The Leeds classification 
of complications in craniosynostosis surgery applies a threshold for 
excessive blood transfusion at > 60 mL/kg body weight [9]. In the 
present study, we reported a total perioperative blood transfusion 
volume of 1.9 mL/kg body weight and identified no major bleeding 
according to the Leeds classification.

In a comparison of children with syndromic craniosynostosis 
treated with expansion of the posterior cranial vault using distraction 
osteogenesis or conventional posterior vault remodelling, 
Steinbacher et al. [11] reported significantly less blood loss in the 
group undergoing distraction. However, the mean estimated blood 
loss after dynamic expansion was 487 mL (range: 300–2,000 mL), 
corresponding to 52% of total blood volume, and seven of eight 
patients received perioperative blood transfusion. In the present 
study, we reported a median estimated blood loss of 125 mL (range: 

20–650 mL) representing 6.5% of total blood volume, and only four of 
eight children required perioperative blood transfusion (median 
volume: 78.4 mL). Our findings are in line with those of a large 
retrospective study of 200 patients (mean age: 19 months; range: 
2–131 months) that underwent SA-PVE, in which 122 patients 
received a median blood transfusion volume of 196 mL [8]. In the 
present study, only one patient presented a high estimated volume of 
bleeding (59.0 mL/kg body weight; 78.8% of total blood volume) and 
consequently received a blood transfusion of 56.4 mL/kg body weight 
during the perioperative period.

Among the advantages of SA-PVE relative to posterior expansion, 
the latter involves semi-buried distractor devices. In SA-PVE, the 
springs are fully buried and less prone to infections or other types of 
trauma. A recent systematic review reported a wound-infection rate of 
27% following posterior cranial vault distraction osteogenesis [12]. In 
the present study, we identified no clinically relevant wound infections 
following SA-PVE. Additionally, the absence of transcutaneous pins 
encourages a better quality of life for school-aged patients and does 
not require parental compliance for daily activation of the device. 
Furthermore, the operation time was considerably longer in the 
cohort undergoing expansion with distractors (mean: 3.8 h; range: 
2.6–5.0 h) [11] relative to that of the cohort in the present study 
undergoing SA-PVE (mean: 2.7 h; range: 1.7–3.7 h) and the large 
cohort from the GOSH study (mean: 2.5 h; range: 1.0–5.5 h) [8].

In some studies reporting SA-PVE outcomes, the osteotomies are 
incomplete and left attached to the bone and dura as a 1-cm strip [5] 
or the occipital part of the flap remains interconnected to the 
posterior skull [7,8]. Misier et al. [7] reported six patients with a fully 
excised osteotomy above the torcula, with the flap fixed to the 
surrounding skull with wires. This differs from the surgical strategies 
used in the present study, which entailed a completely released 
occipital bone flap that remained attached to the dura (Figure 1) in 
order to retain dura-periosteal/bone circulation.

In the study cohort, we observed no evidence of a collapsed bone 
flap or development of a large occipital ridge during clinical follow-
up. However, three patients had titanium plates or resorbable plates 
inserted across the osteotomies during spring removal in order to 
stabilise the remaining ossification defects. Additionally, some studies 
using SA-PVE report positioning the caudal horizontal osteotomies 
above the torcula [5, 7]. In the present study, we found that performing 
osteotomies below the torcula resulted in an estimated blood loss of 
4.5 mL/kg body weight (6.6% of total blood volume) and a blood 
transfusion volume of only 1.9 mL/kg body weight in 50% of the 
children. These findings are relative to those reported in previous 
studies using dynamic procedures and despite the occipital bone flap 
encompassing the torcula.

Conclusions

This study is the first describing SA-PVE using a technique encom-
passing the torcula in a cohort of consecutively operated children 
and adolescents. The results of surgical intervention included a vol-
ume expansion of 18.7%, no indications of local or systemic complica-
tions or infections and low levels of perioperative blood loss. The 
patient cohort demonstrated substantial improvements in objective 
and symptomatic signs of high ICP along with sustained improve-
ments observed during clinical and radiological follow-up at 1-year 
post-surgery. Furthermore, none of the patients with Chiari malfor-
mation needed foramen magnum decompression following surgery, 
and none of the patients has undergone FOA/anterior expansion dur-
ing the follow-up period (3–5 years). Our findings suggest that SA-PVE 
with circumferential osteotomy is a safe and effective surgical inter-
vention to treat craniosynostosis and elevated ICP in children up 13 
years of age.
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