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drill bit. Subsequently, the skull could be successfully re-
duced to the desired shape under continuous navigational 
control (Fig. 8). The surgery could be performed within 
the desired time frame of < 12 hours. Immediately post-
operatively the patient was kept under intensive care for 
an additional 18 hours. He constantly exhibited stable vi-
tal parameters.

During the extended postoperative course, the pa-
tient exhibited excellent healing without any complica-
tion (Fig. 9). Superimposing the postoperative CT scan 
onto the virtual plan shows correspondence with the 3D 
plan (Fig. 10). The patient continues to be clinically ex-
amined every 6 months. A CT scan obtained 1 year after 
surgery showed no regrowth of bone in the area where 
the ablation was performed. Furthermore, no progressive 
obstruction of the foramina in the skull base could be de-
tected.

Discussion
The presented workflow enables the accurate and 

straightforward reduction of skull bone in a predefined 
way. Our experience with this clinical case proved the 
durability and suitability of the surgical instruments after 
thorough consideration of the specifications derived from 
the mechanical tests and estimations. The reduction of 
bone thickness is the basis for potential treatments, an-
swering esthetic as well as neurosurgical, that is, func-
tional, criteria. We want to emphasize that the presented 
workflow itself can never be a stand-alone treatment op-
tion for CD. It provides the planning, surgical, and navi-
gational tools to remodel a skull in all dimensions as a 

Fig. 5.  Mathematically generated and optimized “new” surface in 
6- to 7-mm distance to a smoothed and integrated inner bony surface 
(green). The virtual skull is divided into plan squares to allow controlled 
reduction of the bone into smaller units.
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module in a stepwise treatment chain for complex bony 
disorders with thickening of the skull inside and out. In 
patients with CD, the normalization of calvarial bone 
thickness is clearly more than an esthetical goal. It is a re-
liable approach for performing potentially life-saving in-
tracranial neurosurgical procedures—decompression of 
the cranial foramina and reduction of the inner surface of 
the calvarial bone—within a reasonable time frame and 
with the use of commonly available surgical instruments 
in a second step. Computer-based planning and naviga-
tion controlled the precise intraoperative transfer of this 
surgical plan to the operating room site. Considering the 
inhomogeneity and variability of bone thickness typical 
in patients with CD is mandatory to avoid lesions of the 
meninges or the brain. The effort expended in terms of 
manpower and technical equipment to realize this sur-
gery was relatively high. Just the identification of suit-
able drill bits and propulsion equipment took an engineer 
several weeks to perform conclusive tests on comparable 
bovine and porcine bone specimens. Fortunately, we were 

able to use excellent infrastructure for 3D planning and 
intraoperative navigation techniques.

Because the planning system is built up in a modu-
lar way, it can be easily adopted for widespread use for 
other indications requiring corrective or even ablative 
surgery of the cranial vault: osteopetrosis, fibrous dys-
plasia, Paget disease, hyperostoting meningiomas, or 
other less frequent diagnoses like Proteus syndrome or 
conditions in which the lateral skull base is affected as 
in villonodular synovitis of the temporomandibular joint 
or Camurati-Engelmann disease.1,5,9,16,21–23 Especially in 
ablative interventions, this kind of workflow could allow 
future merging of the removal of bony pathologies in the 
anatomically and geometrically challenging region of 
the skull base as well as the upper viscerocranium and 

Fig. 6.  Upper: Intraoperative photograph of the passive marker 
shields mounted on a detachable footplate (Face-o-meter, according 
to Prof. C. Krenkel, Salzburg, Austria) to allow removal and reposition-
ing of the markers without losing the registration.  Lower: Screenshot 
from the display of the 3D real-time navigation prototype system. The 
pointer-tip indicates one of the plan square corner points.

Fig. 7.  Screenshot (upper) and intraoperative view (lower) showing 
transfer of the surgical plan to the patient.
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immediate reconstruction, for example,  in patients with 
specific alloplastic implants.6,24

The recorded CT data for the preoperative planning, 
visualization, simulation, and navigation are the baseline 
for follow-up diagnostics. The first follow-up diagnostic 
was done 1 year after the bone resection to exclude any 
changes in the area of the surgical field as well as in the 
skull base region and foramen magnum. The patient is 
regularly examined every 6 months and he will undergo 
further CT studies after 3 years, unless a neurological 
deficit or subjective changes occur. This wait-and-see ap-
proach was chosen because of the substantial side effects 
of foramen magnum decompression via suboccipital cra-
niectomy and C-1 and C-2 laminectomy combined with 
dural augmentation, as they are described in the litera-
ture.10,25 As a consequence, we see no reason to perform 
any kind of prophylactic or preventive intracranial sur-
gery either in the foramen magnum region or at the skull 
base until we register any neurological deficiency. The as-
pect of genetic predisposition, whether the CD is autoso-
mal dominant or autosomal recessive, does not influence 
the decision to perform surgery or adopt a wait-and-see 
strategy. The autosomal dominant type is characterized 
by facial distortion and cranial nerve compression.11,12,19,26 
The autosomal recessive type is characterized by an even 
more extensive form of sclerosis of the cranial bones than 
is the autosomal dominant type.17 In both types there is 
no need for functional treatment as long as the patient 
is without symptoms: our approach prepares affected 
patients for any neurosurgical intracranial approaches 
needed. Besides the functional aspects, it is obvious that 
the patient also benefits from an aesthetic improvement 
via normalization of the shape of the cranium. If no 
neurological impairment occurs, the next surgical steps 

in our patient will be dedicated to improving his facial 
appearance: a reduction of the cheek bones, correction 
of the telecanthus, correction of the nasal skeleton, and 
reduction of the bony overgrowth in the mandible. These 
efforts will be undertaken to allow the patient better so-
cial integration, knowing that a potentially life-saving 
neurosurgical intervention could be performed now with 
a lower risk.

Conclusions
The presented workflow is a safe method of normal-

izing the shape of calvarial bone in patients with thicken-
ing bony disorders as a modular step in the treatment of, 
for example, CD. It can serve as a first step in a multistage 
surgical treatment of affected patients. Our experience 
shows that patients and surgeons clearly benefit from the 
intensive use of planning in an interdisciplinary team 
with engineers. The gathered results are germane to all 
concepts in which neurosurgical intracranial approaches 
in such patients are needed, especially to reach the skull 
base region. The workflow can also apply to all other in-
dications for which bone thickening of the cranial skull 
should be treated in a safe and predictable way.

Fig. 8.  Images demonstrating the stepwise reduction of calvar-
ial bone.  A: Situation after ablation in the left frontoparietal region 
(above left). In case reregistration was needed, the squares containing 
the marker screws were left until the end of the surgery.  B: Point-
er-tip indicating the “new” bony surface.  C: Corresponding screen-
shot.  D: Situation immediately before wound closure: the calvarial 
bone is ground and the supraorbital region is molded.

Fig. 9.  Photographs of the patient 12 days after surgery.

Fig. 10.  Three-dimensional reconstructions of the postoperative CT 
scan superimposed on the virtual plan demonstrates excellent match-
ing between corresponding data sets. Green indicates the planning, 
light gray, the postoperative CT scan.
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