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(range 127–198 min, SD = 30.6). Intracranial and ventricular 

volumes increased by an average of 77.01 and 4.85 ml, re-

spectively. Nonventricular intracranial volumes increased by 

5.91%, 71.67 ml following distraction. All postoperative vol-

ume changes were statistically significant (p  ̂   0.000025). 

The ability to use the same methodology to quantify ven-

tricular volume changes was unexpected. The fact that all 

ventricles expanded after distraction at approximately 10% 

of the total intracranial volume increase indicates that com-

pensatory mechanisms had been activated. We conclude 

that this occurs at the expense of cerebral blood flow. 

 Copyright © 2012 S. Karger AG, Basel 

 Background 

 Cephalocranial disproportion is a term to describe an 
imbalance between cranial vault size and brain volume. 
Children with craniosynostosis develop growth restric-
tions of the skull and may ultimately become symptom-
atic. In a few cases, children may show signs of recurrent 
cephalocranial disproportion years after appropriate ini-
tial treatment for premature suture fusion. Symptomatic 
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 Abstract 

 The purpose of this study was to provide an objective analy-

sis and quantify the intracranial volume change produced by 

cranial vault distraction osteogenesis. We recently published 

a technique to expand the cranial vault by distraction in 

symptomatic patients with findings of cephalocranial dis-

proportion. Resolution of symptoms was documented in 

that publication. In this current study, we analyzed postdis-

traction intracranial volume changes in 11 consecutive pa-

tients retrospectively from 10/2001 to 11/2010 with institu-

tional review board approval. These 11 patients were treated 

by cranial vault distraction osteogenesis for symptomatic 

cephalocranial disproportion. Pre- and postoperative CT

DICOM data were analyzed using specialized software to 

generate finite element models. Intracranial and ventricular 

volumes were calculated. Topographical surface maps were 

generated to document and quantify areas of change. Pos-

sible effects on brain physiology are discussed. Pre- and 

postoperative CT scans were obtained at an average of 3.5 

months prior to, and 4.2 months following distraction, re-

spectively. Average age at distraction was 55.72 months 

(range 26–104 months). Operative time averaged 2 h 44 min 

 Received: June 22, 2011 

 Accepted after revision: March 2, 2012 

 Published online:July 7, 2012 

 Arlen D. Denny, MD, FACS, FAAP 
 Medical College of Wisconsin, Children’s Hospital of Wisconsin 
 9000 W Wisconsin Ave C340 
 Milwaukee, WI 53201 (USA) 
 Tel. +1 414 266 2825, E-Mail adenny   @   CHW.org 

 © 2012 S. Karger AG, Basel
1016–2291/11/0476–0396$38.00/0 

 Accessible online at:
www.karger.com/pne 

1 Presented at the International Society of Craniofacial Surgery,XIV Bi-
ennial International Congress,  Victoria Falls, Zambia, August 15, 2011

D
o
w

n
lo

a
d
e
d
 b

y
: 

B
ir
d
 L

ib
 O

U
H

S
C

  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 



Volumetric Analysis of Cranial Vault
Distraction

Pediatr Neurosurg 2011;47:396–405 397

cephalocranial disproportion suggests insufficient room 
for intracranial contents to behave in a normal physiolog-
ic manner. Three of 11 patients had documented elevated 
intracranial pressure (ICP). These children are often 
treated by traditional cranial vault remodeling. Distrac-
tion osteogenesis of the cranial vault has been shown to 
relieve increased ICP and appears to remove the patho-
physiologic intrusion upon normal brain function.

  Ilizarov and Soĭbel’man  [1]  developed the technique 
and science of distraction osteogenesis. They applied the 
technique to lengthen long bones that ossify by endo-
chondral replacement. Since the original report in ortho-
pedic literature, applications for distraction have broad-
ened to include the entire craniofacial skeleton  [2–4] .

  A number of reports of successful distraction osteo-
genesis of membranous bones of the cranial vault have 
been published. Recently, a technique for cranial vault 
volume expansion by distraction to correct cephalocra-

nial disproportion has been published ( fig. 1 )  [5] . This 
technique was devised as a safe and reliable method to 
correct cephalocranial disproportion resulting from pre-
mature sagittal suture fusion.

  The goal of distraction for symptomatic patients is to 
increase the amount of intracranial volume for the phys-
iologically active brain parenchyma and its vascular sup-
ply. The ventricular system acts as a volume buffer and 
provides capacitance in response to changes in intracra-
nial volume. Knowing the extent of ventricular volume 
changes after cranial vault distraction is important to un-
derstanding the dynamics of intracranial physiology. The 
effect of intracranial volume expansion on the size of the 
ventricles will be discussed. Without assessing the ven-
tricular system volume changes, it is not possible to de-
termine whether expansion of the intracranial space 
causes a meaningful increase in the other two intracra-
nial compartments: brain parenchyma and vascular vol-

a b

c d

Corticotomy

 Coronal craniotomy

 Occipital craniectomy

 S
a

g
it

a
l

cr
a

n
io

to
m

y

 Internal

distractor

  Fig. 1.  Preoperative ( a ,  c ) and postopera-
tive ( b ,  d ) CT scans of internal distraction 
osteogenesis for cephalocranial dispro-
portion. Note: Differential expansion of 
the posterior parietal bones. 
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ume. Using mathematically generated finite element 
models and sophisticated segmentation tools, we demon-
strate that these two compartments increase in volume 
differentially after cranial vault distraction.

  Methods 

 Approval from the Children’s Hospital of Wisconsin Institu-
tional Review Board for this study was obtained prior to initiating 
data collection. Eleven consecutive cases of cranial vault expan-
sion using transverse asymmetric distraction osteogenesis were 
retrospectively reviewed from 10/2001 to 11/2010. Three-dimen-
sional pre- and postoperative CT DICOM (Digital Imaging and 
Communications in Medicine) data were then analyzed using 
Amira !  software (Visage Imaging, San Diego, Calif., USA). We 

calculated both intracranial and ventricular volumes ( tables 1 ,  2 ). 
Two patients with incomplete postoperative CT scan data were 
excluded from this study. Operative indication, estimated blood 
loss, operative time, and postoperative complications are noted. 
Relief of symptoms was also documented.

  Accurate analysis of irregular three-dimensional structures 
and their contained volumes is now possible. Borrowing from es-
tablished engineering techniques, we constructed finite element 
models which are a series of triangles assembled into a mesh. This 
converts the analysis of complex surfaces into a series of linear 
equations. Accuracy increases in proportion to the density of the 
mesh. For this study, each CT scan was divided into over 2 million 
triangles, or finite elements ( fig. 2 ). Surface mesh maps were gen-
erated from each patient’s CT DICOM data using high-powered 
graphics processing. These data were then used to calculate the 
total volume of the intracranial space and the ventricles separate-
ly, before and after distraction of the cranial vault.

Table 1.  Intracranial volume changes before and after distraction

Patient Diagnosis Age at time of dis-
traction, months

Preoperative intra-
cranial volume, ml

Postoperative intra-
cranial volume, ml

Change in 
volume, ml

1 sagittal synostosis 62 1,315.60 1,387.00 71.40
2 sagittal, B/L lambdoid 33 1,212.10 1,304.50 92.40
3 sagittal, B/L lambdoid 82 1,192.20 1,237.90 45.70
4 sagittal synostosis 53 1,364.00 1,445.00 81.00
5 sagittal synostosis 47 1,235.00 1,302.00 67.00
6 sagittal synostosis 76 1,478.70 1,567.30 88.60
7 sagittal synostosis 48 710.26 741.80 31.54
8 sagittal synostosis 104 1,463.80 1,559.40 95.60
9 sagittal synostosis 27 1,207.51 1,327.38 119.87

10 sagittal synostosis 55 1,319.56 1,368.46 48.90
11 sagittal synostosis 26 1,055.45 1,155.11 99.66

Average 58.8 1,232.20 1,308.71 77.01

Table 2.  Ventricular volume changes before and after distraction

Patient Diagnosis Preoperative ven-
tricular volume, ml

Postoperative ven-
tricular volume, ml

Ventricular vol-
ume change, %

1 sagittal synostosis 22.82 22.86 0.20
2 sagittal, B/L lambdoid 28.02 29.58 5.00
3 sagittal, B/L lambdoid 9.61 15.06 56.00
4 sagittal synostosis 16.41 25.70 57.00
5 sagittal synostosis 6.15 9.36 52.00
6 sagittal synostosis 15.27 19.63 28.50
7 sagittal synostosis 5.86 8.51 46.00
8 sagittal synostosis 17.36 29.28 68.00
9 sagittal synostosis 15.85 21.40 35.02

10 sagittal synostosis 14.97 18.92 26.38
11 sagittal synostosis 17.00 22.30 31.17

Average 15.39 20.24 36.84
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  The intracranial space was segmented from the surrounding 
bone using variations in tissue density expressed as Hounsfield 
units. The ventricles were separated from the parenchyma using 
the same technique. Cranial defects and foramina were manually 
closed. We calculated the volume of the combined brain paren-
chyma and vascular space by subtracting the ventricular reservoir 
from the intracranial volume ( fig. 3–5 ). Paired Student’s t test was 
performed on pre- and postoperative measurements.

  Topographic mapping provides a visual tool which depicts 
three-dimensional changes between pre- and postdistraction in-
tracranial mesh surface models which are mathematically accu-
rate. This is accomplished by overlaying and precisely aligning 
these finite element models. The analysis aligns the models using 
a contour analysis algorithm which ensures that unchanged areas 
of the skull are precisely aligned. Then the software determines 
the linear change in surface distance between pre- and postdis-
traction using a mathematical algorithm called iterative closest 
point analysis. This process then calculates the distance between 
the millions of matched points on the two surface models and 
generates a color map. Each different color represents a specific 
postdistraction displacement of surface points away from the pre-
distraction model. The surface changes correlate with underlying 
volume increases. These color maps provide a clear visual image 
to allow specific understanding of where and to what degree vol-
ume change has occurred.

  Surgical Technique 

 The patient is prepped and draped in the prone position. A 
posterior scalp flap is raised through a standard bicoronal inci-
sion. A subperiosteal dissection is carried out from anterior to the 
coronal suture to posterior to the lambdoid sutures. A paramid-
line sagittal osteotomy is made from the coronal sutures to the 
lambdoid sutures. Vertical osteotomies are made parallel and 
posterior to the coronal, and anterior to the lambdoid sutures on 
each side. These osteotomies extend from parasagittal to near the 

skull base. A linear corticotomy is made along the base of the pa-
rietal bone flaps connecting the coronal and lambdoid osteoto-
mies. This functions as a hinge just above the skull base and al-
lows outward rotation of the parietal flaps. An osteosynthesis 
plate is placed across the parasagittal osteotomy slightly behind 
the coronal suture. This plate functions to preferentially create 
expansion in the posterior parietal region and preserve an aes-
thetic result in the temporal region.

  To decrease the AP diameter in selected cases, a wedge may be 
removed along the lambdoid sutures with a horizontal wedge 
closing osteotomy at the base of the occipital bone flap. A corti-
cotomy is made across the base of the occipital bone flap allowing 
the posterior bone flap to be flexed anteriorly to decrease the an-
terior-posterior diameter if needed  [5] .

  An internal distractor is mounted across and perpendicular to 
the parasagittal osteotomy. The distractor may be placed at vary-
ing distances from front to back. The distractor placement con-
trols the maximum distance of distraction at the lambdoid suture 
osteotomies and may be accurately predicted using standard lever 
equations. All distractors were activated 0.5 -1.0 mm/day to a 
maximum of 20 mm at the device.A Stryker MIDS device was 
used in all patients.

  Results 

 Thirteen cases underwent cranial vault distraction. 
Eleven patients had complete DICOM data sets from CT 
imaging studies. Nine patients had sagittal synostosis 
and 2 had pansynostosis. Symptomatic cephalocranial 
disproportion secondary to absent sagittal suture was 
the indication for operation in all patients. Symptoms 
included intractable headaches, behavioral disturbanc-
es, and vision changes. Three patients allowed ICP mon-
itoring with Richmond screw prior to surgery. All were 

Close-up mesh

  Fig. 2.  View of high-density mesh frame-
work with close-up of the surface. 
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significantly elevated. Two patients had severely abnor-
mal optic disk changes which resolved after distraction 
and remained normal more than 5 years later. Average 
age at the time of operation was 55.7 months (range 26–
104 months). Average operative time was 153.9 min 
(range 93–198 min) with an average blood loss of 272.7 
ml (range 50–400 ml).

  Preoperative CT scans were performed an average of 
3.5 months prior to distraction (range 1–7 months). Aver-
age preoperative intracranial volume was 1,232.2 ml 
(range 710.3–1,478.7 ml) ( table 1 ). Postoperative CT scans 
were performed an average of 4.2 months following dis-
traction (range 1–13 months). Average postoperative in-
tracranial volume was 1,308.7 ml (range 741.8–1,567.3 
ml). Preoperative ventricular volume averaged 15.4 ml 
( table  2 ), while postoperative ventricular volume aver-
aged 20.2 ml ( table 2 ). Changes in pre- and postoperative 
intracranial and ventricular volumes were statistically 
significant (p values of 0.006 and  ! 0.00002, respective-
ly). Preoperative nonventricular intracranial volume av-
eraged 1,216.8 ml (range 704.4–1,463.4 ml), while post-
operative nonventricular intracranial volume averaged 
1,288.5 ml (range 733.3–1,547.7 ml) ( table 3 ). This equals 
an increase in nonventricular intracranial volume of 
5.9%. This increase adjusts to 4.5% when considering 
normal calvarial growth between pre- and postoperative 
CT scans ( table 4 ).

  Only a small percentage of the increase in intracranial 
volume achieved by distraction is attributable to in-
creased ventricular volume (15.39 ml preoperative vs. 
20.24 ml postoperative, p = 0.00568) ( table 2 ). The percent 
increase in ventricle size is 36.84%. Accounting for inter-
val growth of the cranium and expansion of the ventri-
cles, we demonstrate that the brain parenchyma and vas-
cular space increased on average by 4.46% ( table 4 ; 57.46 
ml; p  ̂   0.00002).

  Fig. 3.  Postdistraction skull model with yellow areas expected to 
undergo volume changes. Color refers to the online version only. 

  Fig. 4.  Postdistraction with skull removed and intracranial space 
and ventricles demonstrated. 

  Fig. 5.  Ventricle and intracranial compartment contours. 
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Table 3.  Nonventricular intracranial volume changes before and after distraction

Patient Diagnosis Preoperative intracranial 
compartment minus ventricular 
volume, ml 

Postoperative intracranial 
compartment minus ventricular 
volume, ml

Increase in 
nonventricular 
intracranial 
volume, %

1 sagittal synostosis 1,292.78 1,364.14 5.60
2 sagittal, B/L lambdoid 1,184.08 1,274.92 7.70
3 sagittal, B/L lambdoid 1,182.59 1,222.85 3.40
4 sagittal synostosis 1,347.59 1,419.30 5.30
5 sagittal synostosis 1,228.85 1,292.64 5.20
6 sagittal synostosis 1,463.43 1,547.67 5.80
7 sagittal synostosis 704.40 733.29 4.10
8 sagittal synostosis 1,446.44 1,530.12 5.80
9 sagittal synostosis 1,191.66 1,305.98 9.60

10 sagittal synostosis 1,304.59 1,349.54 3.45
11 sagittal synostosis 1,038.45 1,132.81 9.09

Average 1,216.81 1,288.48 5.91

Table 4.  Nonventricular intracranial volume changes accounting for growth before and after distraction

Patient Diagnosis Normal growth between pre-
and postoperative CT scans, %

Increase in nonventricular intracranial 
volume accounting for normal growth, %

1 sagittal synostosis 0.90 4.70
2 sagittal, B/L lambdoid 3.90 3.80
3 sagittal, B/L lambdoid 0.20 3.20
4 sagittal synostosis 0.10 5.20
5 sagittal synostosis 2.20 3.00
6 sagittal synostosis 0.20 5.60
7 sagittal synostosis 0.20 3.90
8 sagittal synostosis 0.20 5.60
9 sagittal synostosis 1.10 8.50

10 sagittal synostosis 3.00 0.45
11 sagittal synostosis 4.00 5.09

Average 1.45 4.46

Table 5.  Results of ICP monitoring in 3 patients

Patient Intracranial pressure 
before distraction, mm Hg

Intracranial pressure 
after distraction, mm Hg

Intracranial vol-
ume change, %

Intracranial pres-
sure change, %

6 35 17 5.9 51.4
7 30 5 4.4 83.3

10 29 4 3.7 86.2

Average 31.3 8.7 4.7 73.6
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  In 3 patients, we observed normalization of elevated 
ICP verified by invasive ICP monitors. Significant long-
term improvement in clinical symptoms was also ob-
served. The total intracranial volume changes and ventric-
ular volume changes in those patients with corrected ICP 
were congruent with all other unmonitored patients. De-
spite these relatively small percent intracranial volume 
changes (4.46% corrected average), it was sufficient to re-
duce ICP in monitored patients by more than 50% ( table 5 ).

   Figures 6–9  are color maps that demonstrate graphi-
cally the volume changes in the intracranial space and 
ventricular spaces in 1 patient. These changes in volume 
predominantly occur in the posterior portions of the ven-
tricle.  Figure 10  depicts an additional patient with very 
similar changes. In both patients, areas of change are pre-
dominantly located in the posterior parietal regions. The 
skull base color map in  figure 11  demonstrates an unex-
pected increase in volume in that area.

Yellow areas are scaled to 4-mm change or greater
Yellow areas represent 4-mm or greater displacement

  Fig. 6.  Color map showing changes in in-
tracranial volume in a single patient. 

  Fig. 7.  Color map showing changes in ventricular volume. Yellow 
areas represent 4-mm or greater change. Color refers to the online 
version only. 

  Fig. 8.  Color map showing intracranial volume changes in situ. 
Color refers to the online version only. 
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  Discussion 

 Distraction Technique Advantages 
 The data presented indicate that cranial vault expan-

sion by asymmetric distraction consistently increases in-
tracranial volume and that it can be accurately measured. 
It also shows that there is a small but measurable increase 
in the volume of the ventricular system in each patient 
after cranial vault expansion by distraction.

  Treatment for patients 3 years of age and older with cra-
niosynostosis and symptomatic cephalocranial dispropor-
tion becomes increasingly difficult as the bones are no lon-
ger readily pliable. Published techniques, e.g. the ‘FLAG’ 
 [6]  procedure for sagittal synostosis in infants, are not ap-
plicable for that reason. Children in this older group also 
fail to reliably ossify large full-thickness calvarial defects. 
This prompted the design of a distraction technique appli-
cation which reliably stimulates bone formation in areas 
controlled by the technique design. Transverse asymmet-
ric distraction also maintains dural contact with the over-
lying bones by utilizing a gradual distraction process. The 
slow progressive expansion maintains blood supply to the 
bones being distracted and creates minimal ‘dead space’ 
 [5] . The slow progressive movement is also the key to stim-
ulating osteogenesis to fill the calvarial defects created.

  PET Scan Analysis 
 David et al.  [7]  demonstrated that all patients in their 

series with single-suture craniosynostosis have regional 

cerebral metabolic derangement demonstrated by PET 
scan. These disturbances localized to the occipital cortex. 
Regional perfusion and metabolic function were improved 
in all cases after traditional cranial vault remodeling and 
expansion. This is consistent with findings of visuospatial 
impairment in children with craniosynostosis and subse-
quent improvement after cranial vault remodeling  [8] . The 
PET scans indicate that chronically deficient intracranial 
volume appears to result in reduction of cerebral blood 
flow. Symptoms of chronic headache and learning disabil-
ity seen in our patients with cephalocranial disproportion 
may originate from decreased parenchymal perfusion.

  Only a fraction of children with single-suture cranio-
synostosis have elevated ICP  [9] . Despite this, all of Dr. 
Argenta’s patients demonstrated correction of metabolic 
derangement after cranial vault expansion. ICP cannot 
be solely relied on to assess the adequacy of intracranial 
volume or cerebral blood flow. It appears from this study 
that there is a therapeutic role for cranial vault remodel-
ing in patients with symptomatic cephalocranial dispro-
portion that do not have elevated ICP.

  Intracranial Volume Impact on Cerebral Perfusion 
 The Monro-Kellie doctrine describes the volume-

pressure relationship that exists intracranially  [10, 11] . 
The doctrine proposed that the intracranial compart-
ment is a closed space containing three discrete compo-
nents. These are brain parenchyma, vascular supply, and 
the ventricles. Volume change in one of the components 
must be accommodated by an inverse change in the oth-
er two. The brain parenchyma occupies 8% of the intra-
cranial space, while the blood and cerebrospinal fluid 
(CSF) each occupy 10%. 

  The adult cranial contents can only compensate for 
approximately 100 ml of volume restriction or mass effect 
prior to decompensation of function. Beyond this thresh-
old, minimal additional intracranial volume decreases in 
the space normally available for brain parenchyma result 
in logarithmic increases in ICP. Acute significant eleva-
tions of ICP result in gross parenchymal dysfunction, 
tonsillar herniation and ultimately death. The average 
volume change in these pediatric patients after trans-
verse asymmetric distraction osteogenesis was 57.46 ml.

  The intracranial compartment contains a capacitance 
system to accommodate changes in intracranial volume 
while maintaining homeostatic ICP. This system is com-
posed of the ventricular system and the dural venous sys-
tem. The ventricles are in continuity with the subarach-
noid space surrounding the spinal cord and can shunt 
CSF to the spinal column where a distensible reservoir 

Yellow areas represent 4-mm or greater displacement

  Fig. 9.  Translucent color map demonstrating intracranial volume 
changes with volume changes also shown for the ventricle in situ 
(also color mapped). Color refers to the online version only. 
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exists. As the intracranial volume becomes increasingly 
deficient relative to its contents, CSF is shunted out of the 
ventricles to fill the subarachnoid space around the spinal 
cord. It is estimated that 70% of intracranial volume
capacitance is provided by the ventricular system. Our 
measurements show this volume to be approximately 25 
ml. The vascular system can provide the remaining 30% 
of capacitance but does so with increasing risk of physi-
ologic consequences.

  Pediatric Intracranial Capacitance 
 In a normal pediatric skull with functioning sutures, 

compliance within the intracranial compartment is high. 
As the brain grows, the sutures in the calvarium respond 
by allowing expansion to produce more intracranial vol-
ume. Capacitance from the ventricles is not utilized. 
Growth restriction from premature sutural fusion causes 
redistribution of CSF to maintain perfusion and progres-
sively decreases the remaining capacitance of the ventric-
ular system. Once the capacitance of the ventricles and 
vascular system is exceeded, minimal additional restric-
tion in intracranial volume results in rapidly rising ICP 
 [12] .

  The perfusion control mechanisms of the intracranial 
vascular compartment in response to decreased intracra-
nial space are not completely understood. The majority 
of intracranial blood volume is found on the venous side 
of the system. The venous component is the most respon-
sive capacitor within the skull and preferentially uses its 
available capacitance before the ventricular system. The 

Yellow areas represent 4-mm or greater displacement

  Fig. 11.  Unexpected distant effect of cranial vault distraction on 
skull base. 

  Fig. 10.  Color map showing another pa-
tient. Preferential expansion identified in 
the posterior parietal areas. Color refers to 
the online version only. 
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dural sinuses progressively flatten in response to growth 
restriction. This occurs prior to major shifts in CSF.

  Normal cerebral blood flow ranges between 45 and 50 
ml/100 g/min of brain tissue and is directly proportional 
to metabolic demand. Arterioles vasoconstrict in response 
to elevated cerebral perfusion pressure and vasodilate in 
response to decreases in cerebral perfusion pressure. This 
is the mechanism by which cerebral blood flow is main-
tained across a range of cerebral perfusion pressures. The 
basic equation expressing cerebral blood flow is CBF = 
CPP/CVR (cerebral blood flow is equal to cerebral perfu-
sion pressure divided by the cerebral vascular resistance). 
Cerebral vascular resistance decreases in response to de-
creases in cerebral perfusion pressure to maintain cerebral 
blood flow. Oxygen and glucose delivery is maintained by 
higher volumes of blood flowing at a slower rate. However, 
in the presence of inadequate intracranial volume, the ce-
rebral vascular resistance will be increased thus decreasing 
cerebral blood flow. When the normal physiologic limits 
are exceeded, degradation of brain function is the result.

  Intracranial capacitance is a necessary function of the 
ventricle. The ventricles serve as a safeguard to prevent 
critical pressure, and associated decreases in cerebral 
blood flow within the intracranial space. The ventricles 
increased in size following cranial vault distraction in all 
cases in our series. This supports the diagnosis of cepha-
locranial disproportion and may indicate that a nonphys-
iologic state is occurring.

  When sufficient growth restriction exists to affect the 
size of the ventricle, vascular alterations have already oc-
curred. It appears that elevated ICP is a late finding which 

occurs only after prolonged and progressive degradation 
of normal physiologic brain function. This is the likely 
etiology of reported symptoms associated with cephalo-
cranial disproportion.

  Conclusion 

 Quantitative analysis of cranial vault expansion by 
distraction shows a reproducible increase in total intra-
cranial volume, as well as ventricular, and nonventricular 
volume. The ventricles expanded in all cases supporting 
the diagnosis of cephalocranial disproportion and the
assumption that compensatory mechanisms have been 
activated in these patients. ICP in measured patients 
dropped to normal after cranial vault expansion by inter-
nal distraction osteogenesis. Significant abnormal optic 
disk changes have resolved within weeks and have re-
mained normal for over 5 years. Symptomatic cepha-
locranial disproportion may exist in the absence of
increased ICP. All distracted patients report sustained 
improvement in symptoms. Expansion of insufficient in-
tracranial volume should have positive implications for 
cerebral perfusion and function in the developing brain.
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