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ABSTRACT

The w ork  reviews in detail the history of cranioplasty including the origin of 

the  ca lvaria l defects and the ir m eans of repair in particu lar the use of 

au togenous bone, methyl m ethacrylate and titanium . M orbid ity is reviewed 

as pub lished and the properties of titanium  as a va luable a llop lastic m ateria l 

are d iscussed. The role of the CT image and its application in cran iop lasty is 

described.

A  nove l hydraulic bench top press was designed with the capability  of 4 ,500  

psi w h ich facilita ted further developm ent and investigation of the dye 

com pressed plate. From 1986 to 1991 plates were m ade from  the external 

im pression technique. Two retrospective reviews were carried out to aud it 

the  ou tcom e and problem s which included inaccurate bone margin detail 

w here  fitting required the use of bent flanges which took 40 -  70 m inutes 

o ften w ith poor aesthetics. Incorrect investm ent and com pression produced 

m eta l strain and distortion with incorrect plate insertion. The first review  

40 /66  patients returned the ir questionnaires . . 1 8  were fina lly  reviewed at 8 

-10 years , 11 had died, 11 were lost to fo llow  up. 31 had been sym ptom  

free. 2 had severe headache, in the final cohort , 8 had mild headaches 

and 12 local pain. O nly 4 were known to have been infected. O ne w ith in  6 

m onths and 3 a fte r 6.5 years. 59%  of the fron ta l cases were regarded as 

aesthe tica lly  satisfactory. S ixty five percent of the defects were large 

(.>100cm ^ ), 1 6 / 4 5  were to repair previous bone repairs,5 were fo r in fected 

acry lic  plates

In v iew  of the poor fit and aesthetics a protocol fo r 8 anterio r cases was 

carried  out prospective ly which included the fabrication of a wax fron ta l 

tem p la te  and detailed planning w ith the surgeon. The aesthetic results were 

s ign ifican tly  im proved 7 out of 8 were exce llent and the 8^  ̂ good. This 

p ro toco l im proved the outcom e of the second study with 82%  satis factory 

aesthetica lly, but m arg inal fit and operating tim e rem ained a problem.

The in troduction of the CADCAM  system revolu tion ized ,the detection o f the 

s ite and th ickness of bone m argins but required a change in m odel 

fabrica tion  .by m illing from  CT data



The post m odel fabrication process was exam ined to e lim ina te  stages 

w here error could be elim inated. These included the trans fe r of the  p late 

m arg ina l outline from  model to dye to plate which rem ains a challenge.

The need to design m arginal overlap to w ithstand disp lacing external forces 

up to 2000psi was area related. A 5-6 mm peripheral overlap was required 

fo r every 50cm^ However th is did not have to be continuous and cou ld  be 

built into the flanges fo r fixation,

M arginal errors arise during the pressure m oulding process and can vary 

from  2-13 mm. Plate fracture can also arise especia lly when the plate was 

s tre tched to a th ickness of less 0.4 mm. This was avoided when the  plate 

was allowed to flow  by a slow com pression technique based on the insertion 

of dense rubber in the base of the dye to reduce the rate o f flow. These  are 

rem oved at intervals during a course of 3 or 4 pressings.

A no the r d istorting facto r was creep i.e. m eta llic m em ory. This w as not 

e lim ina ted even with a gradual increase in pressure , with m ain tenance of 

the pressure fo r a prolonged period of time.

This was overcom e by drilling a 8-10 mm hole in the apex of the p la te  at 

3 ,5000 psi and pressure increased to 4,500 psi Two 6mm holes 50m m  apart 

or th ree  4m m  holes 10mm apart was successful fo r plates ove r 270m m ^

W eaken ing  of the plates also resulted from  large holes to “accep t” the  flange 

cuts. Th is was overcom e by reducing the w idth to  0.5 to 0.75 mm 

Denting of the plates also would take place at lOOOpsi w ith cracks and 

fractu re  at 300psi This was resisted by titanium  sheet 0.72 mm w ith p lates 

betw een 120 and 150 mm but fo r la rger plates, 0,9m m  plate was required. 

S im ila rly  d istortion m ay occur during working o f the plate such as cutting 

drilling and polishing.

Avo ided by supporting the plate in a bed of set p laster and stone.

M eticu lous respect of these factors reduced peripheral inaccuracy and from  

6-13 m m  to 0 .5 -1 .5mm.

Such accuracy of fit has alm ost e lim inated the need fo r flanges fo r re tention.



C lin ica l outcom e was assessed by the prospective study of 148 o f 250 

C AD C AM  patients, Th is showed 97%  excellent or good fit at operation a 

fitting  tim e of IS m inutes

Range (7-40). Aesthetics; 88%  were excellent and 10% were good, 1 

sa tis factory  and 1 poor.

Postopera tive  sym ptom s afte r 1 year; 41 / 57%  had no sym ptom s, low grade 

occasiona l headache 22 /  31%  ; s ignificant d iscom fort 5/ 7% ;local pain 2 / 

2 .5%

Severe headache 2 / 2 .5%

The application and advantages of one stage cranioplasty provid ing the 

p late in antic ipation o f the surgical procedure, with tota l e lim ination of a 

second operation to e lim ina te the deform ity is described.
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CHAPTER 1 

1. INTRODUCTION

Although m ost neurosurgeons in the m ajor Neurosurgical Units in London 

Hospita ls use titan ium  for cranioplasty, acrylic (m ethylm ethacrylate) 

continues to be the most popular m aterial in use in th is country and 

worldw ide. A lso m any neurosurgeons continue to use autogenous bone 

with a consequentia l high incidence of in fection and loss. The fo llow ing 

research is in tended to challenge this serious anachronism , by establish ing 

the hypothesis that titanium  overlay plates, in a substantia l m ajority of cases 

are superior to  o ther m ethods of cranial repair.

1.1. Etiology of Cranial Defects

Etio logy facto rs that result in cranial defects fall into five categories.

i. Traum a. Through fo r example, road tra ffic  accidents and w ar wounds.

ii. C raniotom y. Sound bone removal.

iii. C raniectom y. D iseased bone removal.

iv. Failed previous attem pts at cranial repair.

V. Congenita l defects.

1.1.1. T raum a

The types o f traum a currently responsible fo r the  crania l defects now seen 

has changed from  tha t described in the 1940's to the 1980's, which were 

based largely on data  from m ilitary and veteran hospita ls (Korlo ff et al., 

1973; Rish et al., 1979; Beum er et al., 1979; Firtell et al., 1981). The 

surgical text books (Reeves, 1979; T im m ons, 1982) reflect th is early data. 

More recently pub lications listing etio logy rarely m ention w ar traum as. The 

causes cited are tum ours, in tracranial haem orrhages, tra ffic  and industria l 

accidents, and cases of assault, these now account fo r the m ajority of 

traum a cases reported (Remson et al., 1986; O sawa et al., 1990; Kulah & 

Kayaalp, 1991; Benzil et al., 1993). Some m ore recent pub lications still list 

traum a as an etio log ica l factor (Chandler et al., 1994; Lee et al., 1995;
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E ufinger et al., 1995; Sherburn et al., 1996; Eufinger et al., 1997; Heissier et 

al., 1998). These publications, however, do not m ention the cause of the 

traum a.

A ll of these form s of traum a, have a range of changes in com m on: from  

local bone splinterage and depression, to m assive destruction of tissue, 

fo llow ed by secondary brain swelling or in tercrania l bleeding, with 

heam atom a form ation. The surgical m anagem ent of such injuries, as well 

as the rem oval of sound bone fo r access, includes thorough debridgem ent. 

The resultant defects range in size from  sm all to m assive, and are 

som etim es accom panied by com plex m axillo facia l in juries.

It is universally acknow ledged tha t m odern advances and techniques result 

in g rea ter survival num bers with an increased need of secondary 

cranioplasty, recently em phasised by Benzil et al., (1992).

1.1.2. C raniotom v

Sound bone removal can be necessitated by a need to gain access to 

in tercrania l d isease such as tum ours, and abscesses or cysts. A lso, fo r the 

evacuation of pathological in tracrania l flu id accum ulations, fo r exam ple in 

cases of subdural heam atom a. W hen bone dam age is not present, as with 

heam atom a, the resultant defects are reasonable in size and shape.

As the rem oved bone was healthy, it was com m on practice to freeze and 

store the bone fo r la ter insertion, a fte r an in terval of at least 6-12 weeks. In 

m ore recent years the tendency is to replace the sam e resected bone at the 

initial surgica l intervention.

1.1.3. C raniectom v

D isease in crania l bone can be caused by, e ithe r a prim ary or secondary 

bone tum our, o r bone involvem ent in brain tum ours. The m ost com m on 

cause in th is  group is m eningiom as, which can be invasive, and which are 

sub ject to recurrence over very long periods. W hen removed, enorm ous
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defects  can result. D iseased bone can also be due to osteom yelitis, which is 

usua lly  an extension of sinus infection. The tendency into the 1980's was to 

provide secondary repair a fte r a varying interval (Mammon & Kem pe, 1971; 

C arbane lla  et al., 1972; Korloff et al., 1973; G ordon & Blair, 1974; B eum er et 

al., 1979; Rish et al., 1979).

1.1.4. Failed Previous Repairs

It is generally accepted, and m entioned in the  m ajority of studies, tha t 

G ran iop lasties can and do fail (Mammon & Kem pe, 1971; C arbanella  et al., 

1972; Korlo ff et al., 1973; Gordon & Blair, 1974; Beum er et al., 1979; Rish et 

al., 1979; Martin et al., 1984; Remson et al., 1986; Joffe  et al., 1993).

The  reasons given are:

i). A septic  necrosis o r infection o f the m ateria l used fo r the repair.

ii). T im ing, the delay suggested before undertaking crania l repair varies, and 

is an a ttem pt to avoid com plications arising from  infections.

iii). Secondary pathological incidence, which w as not open to d iagnosis at 

the tim e  of prim ary surgery.

iv). Surgical error, inadvertent penetration o f the dura, resulting in a cerebro 

sp ina l flu id  (CSF) fistula.

v). A  breakdown of scalp tissue, usually due e ither to over stre tch ing or 

p revious scarring, or caused by irritation of a lifting and cutting m argin of a 

cranioplasty.

1.1.5. Congenita l Defects

C ongen ita l defects are generally found in association with encephaloce les 

or m eningoce les, or deve lopm enta l tum ours. C ran iop lasty is also included
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in correction procedures, in m any incidences of congenita l facia l 

d isharm onies, w ithout cranial defects. In recent years there  has been an 

increase in the use of transposition cranioplasties (Jackson et al., 1978; 

Cababe, 1984; M anson et al., 1986; Young et al., 1990; Kulah & Kayaalp, 

1991 ; Habel, 1992; Moore et al., 1991 ; Benzil et al., 1992; Lee et al., 1995).

The occurrence of small defects from congenita l grow ing skull fractures in 

ch ild ren usually close spontaneously. W hen they do not they can be trea ted  

as a defect. They can remain undetected into adu lthood (Section 1.2.5). 

Early repair in cases of traum a, even in conjunction with one stage repair, is 

advantageous in m ajor cranio-m axillo facia l reconstruction (Jackson et al., 

1978; Benzil et al., 1992; Lee et al., 1995).

The study carried out here suggests the feasib ility  o f provid ing prim ary 

repa ir in both C raniotom y and C raniectom y cases, and the com parative  

success rates of acrylic, autogenous bone, and titanium  repairs is presented. 

However, early repair is avoided with infection present.

1.2. Indications and Symptoms for Cranioplasty

1.2. 1. Protection

Early repair is required as there is a need to protect the brain, particu larly  

when a defect is large or in a vulnerable area.

1.2. 2. Aesthetics

D efects can cause disfigurem ent and require repa ir fo r cosm etic  

im provem ent.

1.2.3. Anxietv

Patients som etim es feel vulnerable to injury, which can be com pounded by 

the  constant rem inder of the pulsating brain.

1.2.4. Svm ptom s of the Trephined

There  is less certa in ty on w hether the sym ptom s of the trephined can, in
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fact, be considered as indications fo r crania l repair. Sym ptom s suffe red  by 

patients with skull defects is part of th is study and include; headache, 

dizziness, aphasia, vertigo, disorientation, localised pain, in to lerance of 

vibration, fa in tness w ith sudden m ovem ent, m em ory loss and undue fa tigue. 

It has been suggested that these sym ptom s are post-operative, o r post 

traum atic, in origin, rem aining a fte r crania l repair, and are never an 

indication fo r repair, if not accom panied by o ther factors.

There would appear to be som e confusion and apparent m isunderstanding 

in the  early period of the use of alloplastic m aterials. O pinions, on the 

re lationship between sym ptom s and repairs, particu larly the use of 

allop lastic m ateria ls varied w idely and changed over tim e. The d ifficu lty  lies 

in separa ting the sym ptom s caused by the orig inal disorder, the surgery, 

those that could be psychosom atic, and those caused by the residual defect.

The early studies considered that headache, g iddiness or vertigo cou ld  be 

im proved by repair, and therefore, if su ffic ien tly  severe would be ind ica tions 

fo r repair by cran iop lasty (Grant & Norcross, 1939). O thers thought that 

vertigo and headache, w ithout localised tenderness, less com m on 

com pla ints, would be unaffected by repair, and were probably the sequel of 

the cerebral in jury (W oodhall & Spurling, 1945). There was a w ide range of 

d iffering opinions, som e even believing tha t the sym ptom s of the treph ined 

would not be apt to  occur if skull defects were repaired w ithout any delay, 

(G ardener, 1945). These views were not confirm ed in the literature in the 

fo llow ing 40-45 years.

However, the in fluence of th is earlier literature reta ins its influence; Fodstate 

(1979) still puts the sym ptom s as indications fo r cranioplasty; M artinet al., 

(1984) m ainta ins tha t the severity of pain can be suffic ient to constitu te  an 

indication; S im pson (1972), and Hockley (1990-91), m aintain that repa ir 

cures or re lieves sym ptom s; Foustanos et al., (1983) cla im ed im provem ent 

in m ood and drive.

Also, in the early years, it was found that the sym ptom  of aphasia im proved 

afte r repair (G ardener, 1945; G rantham  & Landis, 1947). This was
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substantia ted later (Mammon & Kem pe, 1971), and m entioned in T im m ons 

(1982). On the other hand, the concept that epilepsy was curable by repair 

(W e ifo rd  & Gardener, 1937; W oodhall & Spurling, 1945; W oo lf & W alker, 

1945), was unsubstantiated in two subsequent studies by W a lke r & Erculei 

(1963) citing com parative studies of nearly 300 patients.

1.2.5. Grow ing Skull Fractures

These  are usually congenital and occur in infants, in the case of grow ing 

fractures, progressive focal porencephaly has been suggested as leading to 

increasing deficit including epilepsy, and therefore  is an indication fo r 

surg ica l treatm ent (K ingsley et al., 1978; B la ir et al., 1980 ; W inston et al., 

1983 ; Hockley, 1990/91).

1.2.6. The Sinking Skin-F lap Svndrom e

H em icraniectom y has been agreed by m ost neurosurgeons as the trea tm ent 

fo r acute subdural hem atom as, since suggested by Ransohoff et al., (1971). 

The resultant large unilateral defects give rise to a particu lar problem  that is 

described by a num ber of authors as The Sinking Skin-flap Syndrom e 

(Tabaddor & Morgese, 1976; Fodstate et al., 1979; Stula, 1982). Tabaddor 

& M orgese (1976) observed the phenom ena in one of the ir patients, who 

fou r m onths post-operatively had deve loped a progressive hem iparesis. It 

was readily reversed by cranioplasty. The cause suggested is d irect 

pressure of the scalp onto the cortical brain. There was a m arked 

depression over the defect, whilst a dynam ic brain scan showed a 

decreased flow  to the contra lateral hem isphere. Angiographica lly they 

observed a shift of the m idline structures, and thought th is due to the 

grad ient between the atm ospheric and in tracrania l pressure.

M agnaes (1976) found a zero CSF pressure level and the hydrostatic 

ind iffe rent point to be crania lly shifted in 5 patients. There was a return to 

norm al levels afte r repair.

Fodstate et al. (1979) with the ir observa tions in a study of 18 patients
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concurred  with Tabaddor & M orgese (1976). They cite Yam aura  & M akino 

(1977), as having introduced the syndrom e, and blam ed the cause on 

a tm ospheric  pressure. O f the 18 patients, 8 had norm al CSF hydronam ics 

be fore  and afte r repair, all had flat and rigid scalp over the ir defects. In the 

others, there was m arked depression of the scalp with zero or low CSF 

pressure. This was corrected by cranioplasty. They also observed that 

these  patients had less headaches and vertigo.

S tula (1982 ) reported on 10 patients and clarified the observations. He 

suggested that the shrinkage and d isp lacem ent of the brain structures were 

caused by the difference in in tracrania l pressure and the external 

a tm ospheric  pressure. Exposed to a h igher atm ospheric pressure, the 

uncovered and unprotected brain collapses, its m ass is shifted and the 

ven tricu la r system  is deform ed and com pressed. As a consequence the 

C S F is expelled from  the ventricu lar system, which results in a decrease in 

in tracrania l pressure. Stula (1982) in jected saline at 37°C to increase the 

rate of norm alisation after cranioplasty.

A ll these studies advise early repair fo r large hem icran iectom y patients. 

Stula, (1982) fe lt tha t delay will decrease the rate of recovery, and can be 

dangerous if left too long. The space between the repaired skull and the 

incom plete ly extended dura can fill w ith blood, serum, or cerebro spinal fluid, 

which favours the spread of infection throughout the nervous system.

1.3. Timing in Relation to Cranial Repair, Early versus Late Repair 

O pin ions on the correct tim ing fo r crania l repair varied greatly fo r m any 

years. The rationa le fo r early repair was based on d iffe rent reasons, som e 

on the theory o f an insuffic iently im m obilised brain (Gardener, 1945; W e ifo rd  

et al., 1946; G rantham  & Landis. 1947; Spence, 1954). O thers found that 

com ple te  debridem ent and antim icrob ia l therapy favoured early healing, and 

thought tha t prim ary repairs or repairs undertaken w ithin a couple of m onths 

of the injury, resulted in only a slightly g reater risk of in fection than if de layed 

(G ardener, 1945; E lkins & Cam eron, 1945; Tabaddor & M orgese, 1976; S tula 

et al., 1982; Jackson et al., 1978; Benzil et al., 1992; Lee et al., 1995).
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There  was caution, however, over the question of early repa ir from  the late 

1960's well into the 1980's. Neurosurgeons fe lt tha t repair should be 

de layed fo r at least 6 m onths, or even after a delay of a year. This vig ilance 

was a reaction to the very early war experiences, when the m orbid ity and 

m orta lity  incidence proved to be high. An assum ption o f the safety of the 

new ly introduced a llop lastic m aterials, led neurosurgeon to undertake 

repairs of war w ounded patients, at a very early stage (G rant & Norcross 

1939; Gardener, 1945; W oodhall & Spurling, 1945; G rantham  & Landis 

1947). Delay was thought necessary too, to a llow  the tissue bed to m ature, 

so as not to com prom ise the brain during surgery, and to allow fo r the 

appropria te  organisation and revascularization of the sca lp  flap (Erculei & 

W alke r, 1963; Mammon & Kempe, 1971). Delay was thought necessary 

a lso in the presence of infection (Steinhauser, 1977; Beum er et al., 1979; 

Rish et al., 1979; M anson et al., 1986).

Ercule i & W alker (1963) com pared the results of two groups of patients:

Table 1.1. Patients repaired within 3 months versus those with the repair delayed 

for 6 months

Group Period Complications Infection Rate

1. Repair w ith in 3 m onths 84 % Nil 7%

Follow up 7-12 m onths 93%  Satis factory

2. Repair de layed fo r 6 m onths 91%  Nil 5%

Follow up 7-12 m onths 96%  S atis factory

The tendency for early repair then changed. Although the figures suggested no significant 

difference between early and later repair.

In a com prehensive study. Mammon & Kem pe (1971) described the ir
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ind ica tions and tim ing as rigid. Any com pound or infected wounds w ere not 

considered fo r cranioplasty until at least 1 year had elapsed. If, at surgery, it 

w as noticed that an a ir sinus had not been to ta lly  exenterated and m ucosa 

rem ained, sinus exenteration was com pleted, and repair not a ttem pted 

w ith in the fo llow ing year. They point out that in 2 cases w here th is  po licy 

w as not fo llowed, both patients developed cellu litis and one an osteom yelitis , 

both requiring plate removal. It was also policy not to perform  im m ediate  

cran iop lasty  fo r benign cerebral tum our removal, but to w a it several weeks. 

This a llowed a tem porary decom pression site, as well as indicating tha t no 

in fection had developed. Prim ary crania l repair was undertaken fo llow ing 

sm all e lective cranio tom ies fo r osteom as, eosinophilic  granulom as, o r o ther 

excis ional biopsies. O utstanding results w ere cla im ed. O f 417 patients, 

there were only 4 cases of infection, 1 post-operative epidural heam atom a, 1 

scalp erosion due to a rough edge, and 1 loose plate requiring rew iring. 

These results from  Mammon & Kem pe (1971) convinced a decade of 

neurosurgeons.

Later stud ies showed that the tim ing of repair m ay be in fluenced by w hether 

or not in fection had occurred previously. Repair should then be undertaken 

6 m onths afte r prim ary healing in m ost cases, (S teinhauser, 1977). 

However, Beum er et al., (1979) indicated the  necessity of a delay of 6-12 

m onths fo llow ing infection, but otherw ise a delay of only 2-3 m onths was 

suffic ien t.

Table 1.2. A comparative study of delay related to infection. (n=153)

Cases Time Infected %lnfected

51 >12 m onths 10 20%

52 <12 m onths 2 4%

O pin ions rem ained contradictory during and a fte r the 1980's. Prim ary repair 

had been found only to be acceptab le fo llow ing the excision of m ening iom as 

and o the r benign tum ours. T im m ons (1982) and S im pson (1980) both
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though t that m any factors o ther than tim ing contributed m ore to in fection. 

M anson (1986) found that in infection cases, there was a 40%  reoccurrence 

o f in fection if repaired w ithin 1 year, as opposed to only 5%  if repaired a fte r 

delaying. These authors fe lt that tim ing and m anagem ent were all im portant 

in com plex cranio facia l cases.

Experiences of o ther authors cited results that were contradictory. One 

study by Mallis (1989) indicated tha t of 100 cases with 84 as im m edia te  

insertions at prim ary surgery, and 16 secondary repairs a fte r a delay of 3-12 

m onths, there were no com plications in e ither group afte r a fo llow  up period 

w hich varied from  1 year up to 40 years. Mallis (1989) w ith 40 years 

experience, gave som e unusual deductions and advocates earlie r repair. 

He observed that the greatest num ber of cranioplasties had been carried out 

as prim ary procedures at the com pletion of removal of m eningiom as (57 of 

100 cranioplasties). W hen a m eningiom a is attached to crania l surface dura, 

the dura is resected as is the bone flap even though there is no obvious 

hyperostosis. C ranioplasty is then done as part of the closure. R egardless 

of the  type of tum our com ple te removal is a regular prerequis ite  fo r 

consideration of cranioplasty. He also states that neoplasm s such as 

osteom as, eosinophilic  granulom as, or derm oid tum ours are also rem oved 

w ith im m ediate repair, and that cran iop lasty is routinely carried out a t the 

tim e of posterio r fossa craniectom y.

In the  last 10 to 15 years views on tim ing tended to be less controversia l 

(Mallis, 1989; Benzil et al., 1992; O no et al., 1993; W ehm olle r et al., 1995; 

Lee et al., 1995; Heissler et al., 1998), but there does not appear to be any 

c lear cut directive. The indications are that, although an increasing num ber 

of neurosurgeons fee l that a w ider range of defects can now  be trea ted by 

prim ary cranioplasty, som e neurosurgeons still m aintain a ten ta tive  

approach.

1.4. Repair Methods and Materials

In the years since the w ar m any m ateria ls have been tried, som e in 

conjunction. Most did not atta in popu la r approval, only three m ateria ls



33

rem ain in substantia l use fo r cranial repair:

i. Autogenous bone

ii. Acrylic

iii. T itanium

1.4.1. The historical orig ins of skull defects and repair m ateria ls

The history of neuro logical surgery is well recorded, and deve loped w ith 

astonish ing rapidity in the 19th and 20th century, along w ith the in troduction 

of the m any aids to m edicine and general surgery (Sacks, 1947; W alker, 

1951). In contrast the data on crania l repair is sparse and assum ed to have 

com m enced at the sam e tim e as Trepanation. C ran iop lasty deve lopm ent, 

even in the 19th and 20th century, is re latively slow. A  defin itive techn ique  

or the choice of a m ateria l rem ains contentious.

1.4.1.1. Trepanation

Although neurosurgery is thought one of the youngest of the surg ica l 

specia lities, it has its origin in antiquity. In fact, the o ldest recorded 

operation was a cran io tom y (Sachs, 1947). T repanation was carried ou t by 

prim itive people as late as the beginning of the 20th Century, (W alker, 

1951). It is not in tended in th is study to  present the early history in detail. It 

is how ever of re levance and interest that holes were m ade in skulls, and tha t 

patients did survive. There m ust have been som e purpose in doing so, w ith 

an end result e ither real or expected.

Interest in prehistoric neuro logical surgery arose just a fte r the m iddle of the  

n ineteenth century, when ancient treph ined skulls were d iscovered in Peru 

and France. A large num ber of investigators unearthed archaic exam ples of 

early trephin ing in practica lly every country in Europe, in som e parts of 

A frica, Asia and North Am erica, and in m any places in South Am erica 

(Fig. 1.1 a, b, c, d, e). It was then reported that certa in prim itive people still 

practised th is surgical procedure into the 20th century. Probably, in m uch 

the sam e way as the ir ancient ancestors. It was observed by both Sachs 

(1947) and W alke r (1951) that exam ples of early  trepanation showed tha t 

single and m ultip le holes were found in the skulls, often crossing suture lines 

and the  sagital sinus (Fig 1.1a, b, & c).
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Fig 1.1. Examples of early trepanation, a, b, & c, Peruvian skulls, some defects overlapping 

suture lines; d. More recent trepanation in the 18th & 19th century; e. Trepanation 

of Sculratus 1595-1645.

*
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Trepanation  was undertaken with a variety of prim itive instrum ents, at first 

w ith a p iece of glass or a shark ’s tooth, and la ter w ith triangu la r obsidian 

cutting p ieces attached to a wooden handle. Therea fte r it was undertaken 

w ith a bronze knife or tuni (a ceram ic), or by several types of terebras (Fig 

1.2).

The drill o r terebra was whirled by a thong, and later by rotating the serra ted 

end by rapid rolling between the hands (Fig 1.3). There was a ‘pro to type ’ of 

the  m ore m odern trephine, and a lenticular, which is a kn ife  like instrum ent 

w ith a round button on the end. The button was inserted between the dura 

m ate r and the  bone and the cutting edge driven through the  bone by tapp ing 

the  back o f the blade. Galen used chisel like instrum ents and gouges. 

H ippocrates and others of his period, (the 17th century), used less 

soph is tica ted  versions of instrum ent com m only used today. S tarting w ith a 

lenticular, then  using course files or raspatories, fo llowed by the use of a 

varie ty of shaped saws (Fig. 1.4). O thers used a brace and drill stock, w hich 

had screwed to  its end, a c ircu lar saw  or a sharp perforator.

C ranial defects were som etim es enorm ous, perhaps because necrotic bone 

beyond the  treph ination often suppurated away, increasing the size of the 

hole.

Later exam ples are cited from  m any parts of the world. In A frica  treph iners 

attended schoo ls where they were given a sum m ary course of instructions in 

the indications, art and dressing of Trepanation. It was com m on in the 

South Sea Islands, and observed in Tahiti in 1875. It also existed am ongst 

the Maori o f New Zealand, in New Guinea, and in the Solom on Islands. In 

the M elanesian Islands trephin ing played an im portant part in native 

custom s. In 1899 trepanning was observed in Pom otou and in Bolivia in 

1904, but subsequently  apparently died out (Sachs, 1947; W alker, 1951).
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Fig 1.2. Several types of terebra. The one on the right has removable guarded points of 

different sizes.

Fig 1.3. Perforator and terebra serrate which were used by rolling between the operators 

hands.
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Fig.1.4. a. Terebra being used on the patient, b. Saws used in the Hippocrates era.
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1.4.1.2. C losure Following Trepanation

It is not known why early defects were repaired. Patients could have 

su ffe red  pain or tenderness, headaches and dizziness, all aggravated by 

bending and stooping, or on sudden m ovem ents. These 'sym ptom s' in 

m odern cranioplasty literature, came to be known as The Sym ptom s O f The 

Trephined. Patients m ight also have fe lt vulnerable to injury. However repair 

o f defects fo r aesthetic or cosm etic reasons are unlikely, as trepanation was 

rare ly m ade in the forehead.

There are few  facts in the early literature on the repair of the skull bone 

defects. Trepanation however, was frequently  accom panied by the insertion 

of a “stopper” , as the repair of a crania l defect was called som e centuries 

ago. In the Neolithic and prim itive skulls, gourd, portions of seashell, bone, 

and in frequently beaten metal was found. Prim itive tribes tended to use 

coconut shell or bark, but later holes were som etim es filled with a sheet of 

gold, and occasionally silver (Sachs, 1947; Earle W alker, 1951). For scalp 

closure, the m argins were approxim ated, and som etim es held toge ther by 

tying the hair on either side across the wound. This was then covered by a 

substance sim ilar to rolls of cotton. Healing apparently occurred w ithout 

in fection, fo r the skulls rarely had evidence of osteom yelitic  reaction.

W hy prehistoric man had holes m ade in the ir skulls is conjecture, most 

com m only thought to be because of skull dam age or fracture, or o f a 

varie ty of sym ptoms. Som etim es a religious sign ificance was attributed, and 

prophylactic trephination was also practised to prevent illness in the ir 

children. The people of the Loyalty Islands, believed that m igraine, 

neura lg ia  and vertigo were due to a pressure of the skull on the brain which 

could be relieved by boring a hole. In som e tribes the m ajority of the male 

popula tion were subjected to trepanation.

Sachs (1947) and W alker (1951) relate that trepanation as early as 1180 

was used fo r m elancholy or mania, to exhale noxious m aterials, and again in
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1575, fo r bleeding w ithin the brain. W alker (1951) reports that H ippocrates 

(460-370 B.C.) stipulated trephin ing fo r skull fractures, epilepsy, b lindness 

and headache. M any possible reasons fo r trepanation have been given:

i). For neuralgia, m igraine,and psychosis. W alke r (1951).

ii) For epilepsy, infantile convulsions, headache and various cerebral 

d iseases believed to be caused by confined dem ons to whom  the hole gave 

a ready m ethod of escape, O sier (1921).

iii). For m igraine, neuralgia and vertigo which were thought to be due to a 

pressure of the skull on the brain, cured by perforating the skull, Samuel Ella 

(1 8 7 4 ).

iv). For ritualistic purposes, perhaps associated with hum an sacrifice or 

cannibalism , Broca (1851).

R. Munro (1912) d iscusses the purpose at length, and believes that, in 

addition to therapy, religion played an im portant part in these operations, 

which were m ost frequently perform ed as a religious rite, and in cases of 

epilepsy, with a view to releasing the im prisoned spirits.

Som e of the holes found in neolith ic and prim itive skulls, were made afte r 

death, apparently to obtain am ulets o r to allow suspension of the cadaver fo r 

em balm ing or som e other such purpose (Sachs, 1947; W alker, 1951). Both 

Sacks (1947) and W alker (1951), considered the effect of trepanation. They 

believed there is a great deal of evidence that patients did survive 

trephination, though reports in d iffering tim es indicates m arked variation in 

the m orta lity rate. In early tim es m ortality appeared to be related to 

procedure. They state that in one study it is reported that the incidence of 

m orta lity was about 50%.

W alke r (1951) thought that success was due more to the natural resistance 

of the people than to the quality of the surgery, the m orta lity rate was low, 

and the operation was not considered serious. Sachs (1947) cites four 

authors who show conclusively that m any of the patients survived fo r years 

after the operation. In one study, 37 of 59 patients (62.7% ), showed
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advanced stages of healing of the bone. In some instances sm all defects 

were com plete ly healed over. In another study of 400 artificial openings, 

250 were found with more or less advanced cicatrices, indicating w hat he 

referred to as the astonishing success of the operation. A lthough in som e 

cases there is m ust have been infection which was indicated by evidence of 

osteom yelitis, in m any incidence the healing had apparently occurred 

w ithout any infection, at least as fa r as the bone was concerned (Hardlicka, 

1939).

Both Sacks (1947) and W alker (1951), indicate that since the opera tions 

were carried out w ithout any anaesthetic they must have been done very 

rapidly. This is thought to have been an im portant factor, accounting fo r 

recovery and survival. They relate, however, that form s of anaesthesia were 

ascribed to varying substances over the years. A lthough there is no 

evidence of the use of any substance in the neolith ic period, Sacks (1947) 

and W alker (1951) suggest that later coca leaves which contain coca ine m ay 

have been used to deaden pain, and m uch later, the Chinese used a drug 

called Mago. They m ention the narcotic e ffect of m any others substances, 

fo r exam ple, m andrake, cannabis indicus, hen-bane, opium, and the 

‘da turas’, which have narcotic properties, as well as, the soporific results of 

alcohol, saying that these ingredients were used in a soporific sponge 

(Appendix 1). In the early 19th century N itrous Oxide and the use o f e ther 

and chloroform  were investigated, and the ir use followed.

Few advances in the developm ent of cranioplasty were apparent until the 

17th century. The use of gold plate, m ore than any other substance, was 

occasionally located in skulls of fa irly recent origin. Falloppius i n i 600, 

stated that if a fragm ent of bone was uncontam inated and healthy, it m ight 

be replaced, provided the dura m ater was intact. He thought that if the brain 

was exposed, the loose bone fragm ent should be discarded and a gold plate 

inserted. The French School in the mid 19th century, strongly advocated 

gold plate. But Pare (1840) infers that in m any cases cranioplasty was 

carried out by "quacks” who pretended to put the precious m etal provided by 

the ir patients into the defect and then surreptitiously dropped it into the ir own
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pockets.

Sacks (1947) and W alke r (1951) describe the deve lopm ents from the late 

19th century as rapid, com m encing with repair by tissues taken from the 

im m edia te  operative area, but soon spreading to the use of a variety of o ther 

tissues from  other sources, and also of a lloplastic m aterials. This was 

considered the first modern era of cranial surgery and particularly of crania l 

repair, cranioplasty.

The earliest written record on crania l surgery, dated 3000 BC, was 'found ' in 

the  17th century. It was bought by Edwin Smith in 1862, and translated over 

50 years later. The Edwin Smith Papyri, or such records as the Ebers, or 

H ippocra tes ’s treatises, unfortunately, do not m ention crania l repair.

1.5. The Use of Materials in the “First Modern Era”

Although a so called “Modern Era" of cranioplasty, is said to have started 

w ith the in troduction of autogenous grafts by Merrem (1810) and von 

W a lthe r (1821), little evidence of th is is available. The earliest in form ation 

ind ica tes that defect closure was at first e ffected by the use of soft scalp 

tissue. The flap transposition, in troduced by M uller (1890) and Konig (1890) 

was predom inant fo r most of the first decade (Fig 1.5).

1.5.1. The Use of Derm atoperio-O steal Flaps

The M uller-Konig technique consists of transposing a flap of scalp, the 

underly ing periosteum , and the outer bone layer of the skull. Two adjacent 

skin flaps hinged at opposite ends were outlined, one enclosing the scalp 

over the defect, the other enclosing the donor scalp (Fig 1.5). Using this 

techn ique the scalp was stripped from  the m argins and base of the defect, 

the edges of the bone were freed, and then the two flaps interchanged. If 

the donor area could not be com plete ly covered by th is method, it was 

a llow ed to granulate, or a fu rther graft was inserted. The procedure was 

aesthetica lly  poor because of the tw isted pedicles, and was soon m odified 

by Durante (1889), and von Hakker (1890), who used a single skin flap and
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a periosteo-osteal graft (Fig 1.5). Several o ther m odifications fo llowed, 

using bone with or w ithout periosteum  as a free graft. This m ethod, with 

m odifications, proved to be the oldest and first universally popular 

cranioplasty technique and was w idely used fo r th irty to forty years into the 

20 th century. The flap transposition, was in troduced by M uller (1890) and 

Konig (1890) and the m odification by Durante (1889) (Fig 1 5).

Using this technique the scalp was stripped from  the m argins and base of 

the defect, the edges of the bone were freed, and then the two flaps 

interchanged. If the donor area could not be com plete ly covered by th is 

m ethod, it was allowed to granulate, or a fu rther graft was inserted (Fig 1 .5a, 

b, c, d). The procedure was aesthetica lly poor because of the tw isted 

pedicles, and was soon m odified by Durante (1889), and von Hakker (1890), 

who used a single skin flap and a periosteo-ostea l graft (Fig 1.5e, f). 

Several other m odifications followed, using bone with or w ithout periosteum  

as a free graft. This m ethod, with m odifications, proved to be the oldest and 

first universally popular cranioplasty technique and was w idely used fo r th irty 

to forty years into the 20'^  ̂ century.
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Fig 1.5. a, b, c, & d. The transposition type of cranioplasty, the Muller-Koenik procedure

showing interchange of scalp and dermatoperio-osteal flaps; f. The Durante or von 

Hacker modification using a single scalp flap and hinged graft. (Redrawn; .A.Earl 

Walker. A History of Neurological Surgery. 1951).

D e fe c t

O u te r  ta b l  
o f s k u ll.

P erios tiu rn '

A lte r n a te  a p p lic a t io n  
o f  g ra ft,
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1.5.2. Bone Chips

M acewen (1885) and Keen (1905) then apparently in troduced the use of 

bone chips alone.

1.5.3. Extra Cranial Bone

The first to use extra cranial bone, osteo-periostea l bone taken from  the  tib ia  

was Seydel (1889). Its use from  m any sites becam e w idespread and 

popular; scapula bone was used by Roepke (1912), bone from  the ilium  by 

M aucla ire (1914), and Pickerill (1921), rib bone by Kappis (1915) and the 

curved 12th Rib by W ebber (1916).

1.5.4. Stored Autogenous Bone

Stored bone was first used by M acewen (1985). The bone was kept in a 

preservative fo r reim plantation. K re ider fo llowed, at an unspecific date but at 

about the sam e tim e, storing crania l bone in the abdom inal wall until it was 

to be replaced in the defect.

1.5.5. Cartilage

Cartilage was tried and found to be too flexib le  by M orestin (1915).

1.5.6. H om ogeneous Bone and G rafts

Dambrin (1919) reported on 107 defect repairs using autopsy skull bone 

placed in xylol, and form alin, and sterilised by m oist heat, during the 1914- 

1918 war. Herogenous grafts were then used by m any surgeons, includ ing 

Ricard (1893), who used the ilium from  a dog, and Kuettner (1917) the 

bones from  apes.

1.5.7. Soupbone C ranioplastv

The use of boiled anim al bone was at the tim e referred to as soupbone
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cranioplasty. The bone came from m any sources, Jaksch (1889) used bone 

from  eagles, G rekoff (1898) used calf scapula, and R eynier (1915), bone 

from  rabbit scapula. Then Babcock (1917) and V illandre (1917) used sheep 

skull and oxen scapula.

1.5.8. Keratin Grafts

Henschen (1916) used buffalo horn, and then apparently tried the use of 

torto ise shell. Rehn (1913) used ox horn, and M aucla ire (1916) tried the  use 

of Ivory.

1.5.9. A llop lastic Material

W a lke r (1951), c ites the fo llow ing vegetab le and m inerals used to illustrate 

the rem arkable to lerance of the variety of fore ign bodies used fo r crania l 

repair:

Hard rubber, Gutta percha. P laster of Paris, Sheet M ica, Gum  Cork, and 

Calcium  phosphate and Carbonate in olive oil. A llop lastic grafting becam e 

increasing ly popular. Fraenkel in (1890) in troduced Cellu loid, which was 

enthusiastica lly received in first Austria and G erm any and then fu rther afie ld.

It was the first use of a “plastic". Its use proved to be problem atic, Fraenke l 

reported on flu id accum ulation in the 1st weeks, and Funke (1915) reported 

on its unstable nature having a tendency to change shape. A lum in ium  was 

in troduced by Booth and Curtis as early as 1893, then at the tim e of the  first 

world w ar the use of m etals becam e popular. Estor (1917) repaired 100 

defects using gold, which was apparently successful, resulting in on ly  2 

deaths and 2 infective removals. Danziger (1918) used lead and tried silver, 

which was bio-inert and well to lerated, but unfortunate ly caused m arked 

unacceptable d iscolouration. P latinum w as used fo r a short tim e by 

C orn io ly (1929).

Sacks (1947) and W alke r (1951) report tha t possib ly because of the cost, 

but m ainly because of the unacceptable num ber of failures, pre ference
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returned to the use of m odifications of the M uller-Konig techn ique (Fig 1.6). 

They indicate that its use continued until the nineteen th irties, and was 

fo llowed by the advent of the new allop lastic m aterials, used from  1939, to 

the present day. This is now again referred to as "The M odern Era " of 

cranioplasty.

1.6. The advent of the use of new alloplastic materials

This era com m enced very soon after the start of the war. Tanta lum  was 

in troduced first (Burke, 1940), and used extensively during the w ar years 

1939-1945. The use of Acrylic, (methyl m ethacrylate) started at a lm ost the 

sam e tim e, but was not w idely used until the post w ar years. It was first 

used by Zander, cited by K le inshm idt (1941). These m ateria ls were soon 

accepted by neurosurgeons world-w ide. T itan ium  was la ter in troduced by 

S im pson (1965).

1.6.1. The in fluence of overlay and inlay techn ique o f crania l de fect repair 

on the choice of m aterial.

In the early period, the choice of m ateria l by the neurosurgeons, was 

determ ined m ore by the technique of insertion than by any o ther factor. 

Bone and acrylic require an inlaid m ethod of insertion, while m eta ls utilise an 

entirely d iffe rent technique o f on laying the plate. The results of s tud ies and 

the views on the tw o m ethods expressed then have rem ained unchanged in 

the literature fo r over 30 years, v irtua lly to the exclusion of all o ther factors, 

and continue to in fluence neurosurgeons currently. This bears an im portant 

re lationship to the acceptance of titanium , and the onlay, on laid, overlay, or 

over laid (the w ords are synonym ous), technique. This work re lates the 

argum ents fo r and against the use of m ateria ls that em ploy an on laid 

technique.

The enorm ous increase in head in juries during the 1939-45 war, and the 

com plex osteo-periostea l m anner of repair expla ins w hy neurosurgeons 

hastily accepted the alternative approach to repair utilis ing the m eta l
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tanta lum . Its insertion required a greatly s im plified on laid technique, 

s ign ificantly  reducing the operating time, and there were no apparent ill- 

effects. As a result tantalum  did not receive the tria ls  that would have 

applied in more norm al, and less critical c ircum stances. Despite this m any, 

includ ing G ardener (1945), G rantham  & Landis (1947), and Spence (1954) 

viewed the concept of a plate covering a defect, leaving a dead space, with 

trep idation.

D ivided opin ions on using an inlaid or overla id techn ique developed into a 

m ajor issue divided into two schools. The antagonists. G ardener (1945), 

G rantham  & Landis (1947), and Spence (1954), m ain ta in ing that a overlay 

repair left a space between the under-surface of the p late and the dura 

m ater, and thus did not im m obilise the brain. W h ile  the protagonists, 

Fu lcher (1943), W oodhall & Spurling (1943), Robertson (1944), H em berger 

et al. (1945), Reeves (1944), and W eiford et al. (1949) believed tha t the 

brain would protrude into the space between the plate and dura m ater and 

that any space would be filled with connective and fib rous tissue, resulting in 

adequate brain splintage.
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Fig. 1.6. Diagrammatic representation of (0) the overlay and (i) the inlaid techniques.
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The controversy was at its height in the 1950's when acrylic was in troduced, 

w hich m ost neurosurgeons then turned to using. W hen titanium , a rad io 

transparent m etal was introduced in the late 1960's, the controversy was 

fresh ly  stim ulated.

The three principal papers that have had an extra-ordinary in fluence on the 

fie ld  o f cranioplasty. The ir argum ents were constantly, and are still quoted:

1). G ardener (1945), who stated that since im m obilisation is im portant in the 

healing of w ounds of baser tissues, it should be doubly im portant in the case 

of wounds of the brain. But when the surgeon closes the scalp ove r the 

brain w ithout repairing the crania l defect, he not only has not im m obilised the  

structures, but has allowed them  to remain in a constant s tage of 

pathologica l m obility.

2). G rantham  & Landis (1947), who quoted G ardener, m ainta ined that in the 

treph ined patient the relation between the crania l defect and sym ptom s of 

dizziness, fa intness, head pains, poor m em ory, irritability, or convu ls ions, is 

frequently  ignored. They believed the sym ptom s are attributed to brain 

dam age incident to the traum a of the operation. A lso that th is d iagnosis 

ignores the fundam enta l physio log ic principle that, w ithin the trephined skull 

the brain pulsates with each change in arteria l or venous pressure, w hereas 

in the intact skull the brain does not pulsate .

3). Finally Spence (1954) advocated the use of acrylic fo r the repair in tha t it 

fills  the defect. He stated tha t there was then a reduction in postopera tive  

sym ptom s. The underlying principle of in lay cran iop lasty is to splint the brain 

in a norm al position in relation to the skull. He too quoted G ardener, 

expanding the m atter further, by saying that a plate over a hole instead of in 

it, results in a rim of d isturbed circulation where the inner table m eets the 

pulsating resistance of the hern iated brain, i.e. the neck of the hernial sac.

G ordon & Blair (1974) in the ir principal paper on the use of titan ium , in
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which they also introduce the use of a pressure fo rm ing unit to s im plify 

construction. They acknow ledged the controversy, ind ica ting that acrylic can 

be added to the undersurface of the titanium  overlay, to fill the space 

between it and the brain.

Despite evidence in its favour, as a d irect result of the controversy prevalent 

in th is era, neurosurgeons stopped using tantalum , and turned to acrylic, fo r 

a num ber of reasons:-

i). There were reservations over leaving a dead space under the plate, 

as an easy option.

ii). Neurosurgeons were uneasy over their hasty acceptance of tantalum

iii). The construction of tanta lum  plates was tim e consum ing and difficult.

iv). Tantalum  was radio-opaque, and did not perm it post-operative Xrays or 

scanning, while Acrylic, a rad io -transparent m aterial, did so.

v). Tanta lum  was difficult to salvage (Lane & W ebster, 1947; Rish, 1978), 

while acrylic was reported be salvaged in a h igher proportion o f cases 

(E lkins & Cam eron, 1947).

Despite these opinions there was substantia l evidence of post-operative 

success and the argum ents aga inst overla id  plates, were negated by results 

which indicated m orbidity to be no h igher than o ther techniques. W hen 

titan ium  was introduced, the indications are that neurosurgeons believed it to 

be the sam e as tantalum , i.e. ano ther m etal. There  was a fa ilu re  in 

appreciating the different properties o f the tw o m etal m ateria ls. This erro r is 

repeatedly indicated in the lite rature tha t com pares m ateria ls fo r cranioplasty 

purposes. T itan ium  is frequently  described under a general heading of 

M etal C ranioplasty (Rish et al., 1978; B eum er et al., 1979). Remson et al., 

(1986) d irectly contrasts the result of tw o studies, indicating an infection rate 

of 15 % fo r tanta lum  and under 5 % fo r titan ium , but considered the use of 

these m etals w ithout any d iffe rentia tion. Th is  tendency occurs even in m ajor 

text books on Neurosurgery e.g., T im m ons, in Youm ans, (1973). Youm ans 

(1982), and Schm ideh & Sw eet (1991). An exception is the chap ter 

“C ranioplasty in O perative Surgery” , Neurosurgery, by Gordon & B lair



51

(1970).

T he  in fluence of the early era, and discussion of the problem  of the dead 

space , continued in publications well into the 1980's and 1990's, fo r exam ple 

B e um e r et al., (1979); Rish, et al., (1979); F irtell et al., (1981); Rem son et 

al., (1986); S tuebe et al., (1994); and Lee et al., (1995).

T he re  are a num ber of m isconceptions concern ing early cran iop lasty 

techn iques. G rantham  & Landis (1947) say that w ith in the treph ined skull 

the  brain pulses w ith each change in arterial or venous pressure, w hereas in 

the  in tact skull the brain does not pulsate. There  is no evidence to  verify  the 

be lie f o f G rantham  & Landis. The m ovem ent of the brain is m inim al w ith the 

changes in pressure and th is m ovem ent is una ltered when there is a space 

under an onlay o r when contained by an inlay. Furtherm ore with the  use of 

acry lic  o r bone, the in lay does not reach the full depth o f the defect. In the 

m a jo rity  of cases the in ferior bone border rem ains.

W ith  the use of bone or p lastic as inlays the undersurface is very rough. 

Irrita tion would result if there is brain m ovem ent on pulsating. Th is  is 

particu la rly  so when cold cure acrylic is used, and the roughness 

com pounded on its use w ith a mesh. The soft m ixture is applied d irectly 

on to  the m esh and forced through w ithout any contro l or possib ility  of 

sm ooth ing. A perfora ted plate insertion is show n (Fig 1.9).

Surgeons, by using the flu id holes perforating the plate, would lift the dura 

m a te r and suture it to the under surface of the  cranioplasty. A  practice 

con tinued  to date by som e presum ably to lessen the dead space. A lthough 

not frequently, both bone and preform ed acrylic plates can also be 

constructed  w ith flu id  holes fo r attaching the dura m ate r to the inner surface. 

Th is  is not possib le w ith cold cured acrylic used at surgery (Section 1.7.2.2; 

Fig 1.13).
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Fig. 1.7. A diagrammatic representation of the concept of the brain being injured at the sharp 

lower bony defect border by 'herniated' brain indicated within the two circled areas.

Fig. 1.8. The inlaid material leaving the inner bone edge of a defect uncovered.

4



53

Fig. 1.9. Dura attached to the inner surface of a tantalum plate.
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1.7. A Comparative Review of Bone, Acrylic and Titanium

The m ain d ifference in the use of bone, acrylic and titanium  can be 

com pared by considering their:

i). Properties.

ii). C lin ical applications, i.e. repair technique.

iii). Salvaging potentia l.

iv). Use in paediatric cranioplasty.

v). M orb id ity Incidence.

1.7.1. Autogenous Bone

Neurosurgeons, between 1920 and the late 1930's, had returned to  the use 

of flap transpositions and com posite osteo & osteoperiosteal grafts the 

M uller-Konig m ethod already described (Fig 5.1). The poor cosm etics results 

were apparently acceptable. A lthough so m any turned to the use of 

a llop lastic m ateria ls in the early post w ar era, som e neurosurgeons 

continued using autogenous bone, frequently  in th is text term ed bone, as no 

o ther form  of bone has been in use since the 1930's. M any continued to use 

osteoperiosteal flaps until the use of split rib bone was reintroduced in the 

early 1950's (Fig 1.11). All bone repairs are in laid.

1.7.1.1. Properties

It is not w ithin the rem it of th is  study to present the entire properties of bone 

itself, rather the properties o f the techn iques involving the use of bone. The 

early literature, in which the subject o f m ateria ls and techn iques 

predom inate, had another controversy over the use of live and dead bone, 

with varying opin ions as to the m eaning o f ' live ' bone. S ince the late 

1980's, the m ajority of surgeons recognise the necessity to use fresh live 

bone w ith periosteum  attached (Jackson et al., 1978; Benzil et al., 1992; Lee 

et al., 1995). An adaptation of the M uller-Konig method, the use of 

transposition crania l flaps , is a useful option fo r crania l and cran io- 

m axillofacial reconstruction in m any cases. There are still occasions, 

however, when frozen preserved bone or suspect live resected crania l bone 

is used fo r cranioplasty. The use of bone grafts a lso rem ains an option.



55

Fig. 1.10. Dura attachment to cranial bone
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1.7.1. 2 The C lin ical Applications & Repair Technique

C urrently  cranial repair with bone is undertaken:

i) By replacing the resected healthy flap of bone

ii) By outer tab le crania l flaps

iii) By the use of split rib grafts

iv). Less com m only with preserved autoclaved bone

v). On occasion, tibial grafts are used fo r sm all defects, o r to  fill in 

depression areas caused by resorption in a previous bone graft, o r in the  

irregular surface of rib bone grafts.

1.7.1. 2.1 Stored Dead or 'Live' Bone & Bone Flaps

In the 1930's transplanted live cranial bone was the com m on m ethod of 

skull repair indicating "live" bone cells w ith b lood supplied through the  in tact 

periosteum . The technique was sim ilar to that o f M uller-Konig in which bone 

adjacent to a defect, leaving the periosteum  attached, was placed w ith in  the  

defect. Some surgeons then, and m any a fte r the war, used frozen 

preserved bone. O nclon, (1942), Elliot & Scott, (1945, 1948), and Bush 

(1947) visualised a bone bank available to surgeons.

The histological fa te of bone flaps was a recurring subject (W oolf & W alke r, 

1945; Ray & Persons, 1947; Kreuz et al., 1951 ; Odom  et al., 1953). Som e 

studies unacceptably described stored autoclaved bone as live, res istan t to 

infection, and the ideal m ateria l fo r cran iop lasty (Hancock, 1963). The  

m orbid ity and resorption rate was apparently acceptab le using w ha t w as 

referred to as 'live bone'.

The use of stored dead bone, or the use of live bone and what constitu ted  

dead or live bone, becam e an im portant issue in the 1960's. W h ile  som e 

studies found frozen bone unreliable, over 50%  being lost to in fection or 

resorption, (Korloff, 1973), others th ink d ifferently. Prolo (1985) and O saw a, 

(1990), m aintain that bone denuded of the periosteum , frozen and stored, is
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the m ateria l of choice. O sawa (1990) cla im s that the autoclaved and 

devita lised bone flaps will 'com e alive' a fte r im plantation. A histological 

sequence is used to illustrate this.

H ockley (1990-91) reports that the replacem ent of sterilised bone flaps is 

still a suitab le m ethod fo r cranioplasty fo r although such a bone flap is a 

dead tissue, and behaves like an inert plate requiring fixation. Hockley 

(1990-91) like m ost others is referring to the original flap of bone, used to 

gain access to an underlying pathology. In a m ajor neurosurg ica l unit, it was 

found tha t 14 surgeons use bone flaps, and 8 surgeons avoid doing so (Aziz 

et al., 1990).

1.7.1.2. 2. Repair By Bone G rafting

Bone grafts were considered by m any to be live if they retain the 

periosteum . W ith the in troduction of m icro vascu lar anastom ised grafts, th is 

concept is no longer tenable. T ib ia  osteoperiosteal grafts are no longer used 

fo r cranioplasty, but free grafts are still taken from  the ilium, and from  rib 

and cranium .

C ancelous iliac bone is a choice fo r those preferring bone fo r sm all defects, 

particu larly in frontal areas, as it is though t to be less vulnerable to 

resorption (M archac & C ophignon, 1975), but it is not o ften used because of 

the lim ited am ount of bone tha t can be harvested. There is also re luctance if 

the host is a child, as it m ight cause im pairm ent o f growth, but it was 

favoured in som e studies (B la ir et al., 1980 ). Reports on its use were 

num erous until the 1980's, (Santoni-Rugiu,1969; Rowe & Killy, 1970; 

Converse & Kazanjian, 1974; S te inhauser & Hardt, 1977).

Korloff et al., (1973), used Iliac bone to provide a sm oother surface to 

previous split rib repairs, which has also been suggested by Prolo (1991) 

and Prolo & O kland (1992).

The use of split rib (Fig 1.11), very popu la r in the early 20th century, was 

re introduced (Longachre, 1955; Santoni-Rugiu, 1969; Korlo ff et al., 1973;
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M archac & Cophignon, 1975) and still remained fa irly  popu la r until 1980

1.7.1.2.3. The Use of Cranial Bone

The th ickness of m ale white cranium was reported by Todd (1924). The 

presence of adequate bone fo r harvesting was la ter dem onstra ted by 

Pensler & M cCarthy (1985), who studied the skulls of 200 fresh cadavers to 

ascerta in  the th ickness of potentia l calvarium  donor sites, and by Tess ie r 

(1985). Cranial bone was popular in the post w ar period. W oolf & W a lke r 

(1945) cited 94 papers on autogenous bone grafts, m ost o f them  ou te r tab le  

with periosteum . G raft m ay be obtained from an area on the opposite  side 

of the  skull, or im m ediate ly adjacent to the crania l defect (C oates & 

Meirrowsky, 1965), but not taken from  the fron ta l region fo r cosm etic  

reasons. G rafts can be taken from  parietal bone which, having a de fin ite ly  

d iffe rent curvature, will require fracturing of the osteal layer, to  m atch the 

contour of the recipient area. Further, holes should be inserted before  

suturing (Santoni-Rugiu & Zanar, 1963; Santoni-Rugiu, 1969).

There was a revival in the 1980's, of crania l bone repairs, particu la rly  

transposed bone, i.e. with attached periosteum , w hich was considered less 

vulnerable to infection and resorption. The use of crania l bone, a lm ost 

to ta lly  ended the use of bone from  the ilium or rib. C rania l bone can be 

harvested through e ither the sam e scalp incision, o r an incision placed w ith in  

the hair bearing skin, w ithout visib le scarring at the donor site (P ensler & 

Zide, 1994; Pensler & M cCarthy, 1985; Jackson et al., 1986). Ca lvarium  

bone offers advantages over rib and ilium, avoiding a second donor site and 

allow ing more tim e fo r surgery (Guyuron et al., 1988). The risk of in fection 

may be reduced, or even prevented, by using living bone grafts, w ith the 

atta inm ent of a sm ooth and natural contour (Forni et al., 1985; Kyosh im a et 

al., 1985; Jackson et al., 1986; Edwards & O usterhout, 1987; Kulah & 

Kayaalp, 1991). There is often no difficu lty in sp litting the two tab les  of 

bone, even w ith sclerosed d ip lo ic space, occurring in o lder patients. The 

pedicle transposition of fronta l bone had been presented by Strieker et al., 

(1972). Cranial bone began to be favoured in m a jo r cranio facia l surgery; fo r
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the  correction of congenital deform ities and fo r traum atic  or onco log ica l 

cases, the correction of hypertelorism , and mid or upper face retrusion 

(Jackson et al., 1978).



Fig. 1.11. Technique of split rib repair

60

■fly

Fig. 1.12. Example of the use of outer table bone from the cranium.
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1.7.2. M ethylm ethacrvlate Acrylic

T he  m ethylm ethacrylate material, Acrylic, was actually m anufactured and 

in troduced  at the same tim e as tanta lum . Zander (1939), c ited by 

K le inshm id t (1941), undertook the first acrylic repair. The literature ind icates 

little  popu la r use during the war. There w ere reports in the Plastics Bulle tin 

(1941), c la im ing acrylic to be inert and su itab le fo r crania l repair, (Peyton et 

al., 1942). Neurosurgeons, on the whole, refra ined from  using acrylic before 

pub lica tions on clinical experiences and results. Its use was approached 

m ore  cautiously than tantalum, at first being accepted w ith little enthusiasm . 

O n ly  one case was reported by Gurdjian et al., (1943 ), and three cases by 

K err (1943). There followed reports on favourab le  tissue reactions by 

S heldon et al., (1944) and Mackenzie et al., (1945), fo llowed by the first 

substantia l report of 70 cases, with satis factory results by Elkins & Cam eron

(1945). S im ilar success was indicated in a num ber of publications from  

1945-1954, with Spence, (1954) pub lish ing the  paper tha t received m ost 

a ttention, establishing popular acceptance.

A cry lic  is supplied in the form  of a pow der (the polym er), and a liquid the 

(m onom er). The powder. Polym ethylm ethacrylate, consists of equal sized 

beads. The size of the beads has sign ificant re levance to the strength o f the 

fina l m ateria l. The only additions is a sm all quantity  o f initiator, (0.5% ), and 

possib ly  an organic dye. The liquid, m ethylm ethacry la te  can conta in an 

activa ting agent, an inhibitor, and a cross-link ing agent. A fter m ixing o f the 

two, polym erisation, is brought about by heat o r by chem ica l means. Heat or 

curing is required fo r prefabricated acrylic cran iop lasties, while an activa tor 

is required to chem ically in itiate cold po lym erisation fo r self curing acrylic, 

m ixed and used in the theatre. In both types of acrylic, the powder/liquid 

ratio is im portant.

Heat curing o f acrylic has vital prerequ is ites from  mixing, tem pera ture  

raising, length of heating, and control of cooling.

Cold cured acrylic requires even and thorough m ixing of the dough form ed 

when the pow der and liquid are brought together. For cranioplasty use both
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the liquid and the powder are presterilised, and contained in separate sealed 

conta iners. A sterile m ixing bag is supplied, in which to m ix the dough by 

hand. O bservance of the d irections fo r m ixing are vita l to  establish the 

required properties of the material.

1.7.2.1 Properties

Acry lic  is considered as bio-inert in vivo. C om pared w ith  alloys, acrylic 

w ould be classified as soft, weak, and flexible. The heat cured acrylic is very 

m uch stronger than the cold cured, whilst both are porous. To im prove the 

strength and avoid fracturing, a m etal gauze is frequently inserted. T itan ium  

gauze has replaced the use of sta in less steel fo r th is purpose.

1.7.2.2 The C lin ical Application and Repair Technique

A cry lic  is a readily available, inexpensive m aterial. There  are two m ethods 

and techn iques fo r repair.

1 ). P reform ed plates are constructed from  an im pression taken over the  soft 

sca lp over the defect. The plates contain m ultip le drilled holes and m ust be 

a m inim um  of 5 mm in th ickness fo r strength. They cannot be heat 

sterilised, as heat causes distortion, but polym erisation is essentia l as the 

free  m onom er is an irritant. Com plex gas sterilisation is there fo re  required, 

tak ing 2-3 days to a llow  fo r gas om ission before insertion.

The p lates can be fitted as Inlays or overlays. Cverlays, how ever thin and 

well trim m ed, result in poor cosm etics. The preform ed overla id plates are 

held in place by w ires or screws, both presenting a weakened area.

Inlays are com plicated by having irregular defect borders. The im pression 

techn ique is inexact, the plate invariably requiring adaptation. A great deal 

of tim e is utilised in trim m ing the plate both to fit the defect, and to adjust fo r 

correct anatom ical restoration. The plates are wired in place. Previously 

defect borders were trim m ed as a bevel, or as a ledge to accept the plate.
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thus necessitating less adaptation at insertion. The practice is so tim e 

consum ing at initial surgery, that it is now rarely undertaken.

2). Self polym erised acrylic, cold and chem ica lly cured, is m ixed in the 

theatre. Experience and skill is required fo r correct m ixing, while judg ing  the 

setting rate of the dough. One of two m ethods is undertaken. In the firs t the 

brain Is protected in an increasing variety of m ethods, a m etal gauze is 

trim m ed, shaped, and placed in the defect, often tem porarily  held in p lace  by 

loose wires. The acrylic is pored onto the gauze, penetrating and covering  it 

(Fig 1.13). Cold saline is used to restrict the high tem pera ture rise as the 

material sets. The w ires are detached when the acrylic reaches a 

reasonably stable consistency, and the plate is then rem oved fo r the 

com pletion of polym erisation, i.e. setting, away from  the defect and brain. 

The setting rate can be hastened by im m ersion in warm  to  hot sterile  saline. 

As the acrylic is forced through the gauze the undersurface is very rough, 

and requires sm oothing. The irregularity and contour of the upper surface 

depends on the experience of the operator.

Shaping the setting acrylic is difficult, it form s fo lds and ridges. The upper 

surface then requires trim m ing and sm oothing, and the plate is secured w ith 

wires. Insertion takes 60-90 m inutes.

The alternative techn ique is rough, and its use dim inishing. The m ixed 

acrylic dough is a llowed to attain a reasonable thickness. It is then m oulded 

directly into the defect, hard against the borders. It is left to harden, holes 

are apparently inserted. O verheating is prevented by constant syring ing with 

sterile saline. W hen set the im plant is then trim m ed to shape. It is c la im ed 

that th is technique negates the need fo r securing with wires. To ass is t th is 

holes are drilled around the circum ference of the defect at an ang le that 

enables the acrylic to run into them .
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Fig. 1.13. Acrylic being placed (or poured) over a mesh in a defect.

i

Fig. 1.14 Titanium plate attached with screws
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The advantages and disadvantages of its use are the sub ject of countless 

studies. Studies com m ending its use started in the 1950's and reoccur 

through the decades (Mammon & Kempe, 1971; C abane la  et al., 1972; 

Martin et al., 1984; M anson et al., 1986; Mallis, 1989). There  are, however, 

as m any studies strongly indicating the d isadvantages to both form s of 

acrylic, and of each techn ique of repair. They are sum m arised and cited as 

follows:

1). Acrylic is weak and fractures, with thin bone if the repair is suffic iently 

th ick it would protrude (Bate, 1948).

2). Fragm ented acrylic, often accom panied by an accum ulation of fluid, or a 

fistula, is d ifficu lt to trace (Jackson, 1956; Henry, 1976; Simpson, 1965; 

Galacich, 1967; Mammon, 1971 ; Petty, 1974; Henry, 1976). In recent tim es 

agents to create opaqueness can be added to the mix, so that fragm ents 

can be detected by X ray. Unfortunate ly th is often effects clarity of 

postoperative X rays and scan reviews, and is usually restricted to dentures.

3). M any alternative techniques are suggested to  s im p lify  insertion because 

of the d ifficu lty and tim e taken, both in m ould ing the cold cure, and the tim e 

fo r atta ining a ttachm ent of both types (Galacich & Movind, 1967; Cabanela, 

1972; Genest, 1978; Bado, 1978; Jordan et a l.,1978; C appana, 1980; Martin 

et al., 1984; Sim onetti, 1986; Akira Yanai, 1991).

4). Aesthetic results are poor, it is difficult and tim e consum ing to adjust the 

contour (Beum er et al., 1979).

6). More bone preparation and adherence to a m eticu lous surgical 

technique is required (Rish et al., 1979).

7). It is im possib le to rem ove all the acrylic and carborundum  dust caused 

by contouring (Mallis, 1989).

8). Bubbles in acrylic sim ulate infection, and artifacts caused by the mesh
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com prom ises diagnosis (Martin at al., 1984; Beynon, 1984; M anson at al., 

1986; Mallis, 1989; Banzai at al., 1990).

9). The d ifficu lties in sterilising the preform ed plates. Spence (1954) used 

autoclav ing which causes distortion. A fte r gas sterilisation, the plates 

require three days fo r de-gassing prior to insertion, o r sterilisation with 

fo rm aldehyde vapour, and then the gas to be e lim ina ted fo r 24 hours (Martin 

at al., 1984; van Mullen, 1984).

10). Dam age caused by the presence of heat and tox ic ity  from  the free 

m onom er (Grasso, 1972; Sessions, 1974; Asim acopou los, 1977; G enest, 

1978; Beum er at al., 1979; van Mullen, 1984; M artin at al., 1984). The 

tem pera ture  rise due to polym erisation is a fac to r constantly in d ispute. 

D ifferent results have been presented and ascribed to epidural or subdura l 

assessm ents (Asim acopoulos et al., 1977; G enest, 1978; Cappana, 1980).

11). There is often an allergic reaction (Rem son et al., 1986).

12). Because of porosity there is a potentia l fo r a fore ign body reaction, and 

la tent in fection is present (Ronderos, 1992).

13). There is an im portant criticism  of in layed insertions in general, as 

having to separa te  the dura from  the defect m arg ins to e ffect insertions, th is 

increases the risk of perforating the dura m ater. A point made by m ost of 

the authors above, in addition to the ir o ther critic ism s.

1.7.3. T itan ium

The use of a metal overlay technique really started with tantalum , an 

elem ent a lways m ined in com bination w ith N iobium . Burke (1940) confirm ed 

its su itab ility  as an inert bio-m ateria l. Th is was fo llow ed by a series of 

reports. Pudenz (1943) referred to 6 cases, w ith a postoperative fo llow  up of 

1 year. A  survey of 115 Veteran Hospita ls in the USA indicated tha t of 

several hundreds of cases there were only 52 com plications, 50%  of which
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were placed in fronta l bone, 35%  of which involved the fron ta l sinus (Lane & 

W ebster, 1947). A review of over 400 cases indicated tha t over 90%  w ere 

tanta lum  recipients (W a lker & Jablon, 1961). The m orb id ity  incident w as 

low. Favourable postoperative results were never d isputed and som e 

neurosurgeons continued to use tantalum  well into the 1970's (Varley, 1983).

T itan ium  had been recognised as an inert bio- m ateria l since the  early  

1940s. Leventhal (1951) indicated its exceptional properties fo r genera l 

surgica l use. Its use fo r crania l repair is relatively new, having first been 

in troduced in Austra lia, by Simpson (1965). T itan ium  was not popu la r 

because of the d ifficu lty in construction and the non-ava ilab ility  of 

laboratories to undertake constructions. T itan ium  sheet m ateria l had to  be 

form ed or shaped over a m odel of the defect to m atch skull contour, w h ich 

was difficult and tim e consum ing. Gordon and B la ir (1974) reported on a 

pressure form ing unit that s im plified the construction of contoured titan ium  

plates. The unit enabled the restoration of contour by pressure w ithout heat, 

a fac to r of im portance (Section 2.4; F ig.2.2).

The provision of p lates fo r local neurosurgeons fo llowed. There are not 

m any studies on results and experiences in the literature. S impson (1965) 

presented 7 cases w ithout any m orbid ity incident. G ordon & B la ir (1974) c ite 

25 cases, also with no com plications. B la ir et al., (1976) presented a s tudy 

on the use of titan ium  in the form  of strips fo r prim ary repair w ith no 

m orb id ity incidence reported. Currently, in parts of G reat Britain, particu larly  

London, M anchester and G lasgow, cranial repair is undertaken as frequently  

w ith titanium , as w ith acrylic o r bone. In London the use of titan ium  fa r 

exceeds repairs using any o ther m aterial.
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1.7.3.1. P roperties

The properties are fully described in T itanium  the m etal (Section.2.2).

1.7.3.2. C lin ical Applications and Cranial Repair Techniques

T itan ium  cranioplasties are always preconstructed in the  form  of overla id

plates. There are a num ber of insertion techn iques (Figs 1.13-1.18). 

A ttachm ent is atta ined by m eans of screws and in traosseous extensions. 

The la tter are used in the forehead where protruding screws m ight be visib le, 

or where a screw  insertion m ight infringe on an air sinus. O ccasiona lly  a 

surgeon will request sim ulate border fo r a ttachm ent using w ires. W ith 

accurate com puterised constructions, surgical insertion rarely takes longer 

than 20 m inutes. The construction of prim ary and secondary p lates fo r 

crania l repair and other applications of titan ium  plates are described in 

Section 2.4.

It has been found in th is study that two double screw flanges fo r a ttachm ent 

provides m ore security to a plate than the use of 4 single spaced screws. 

A lso a double or trip le screw  flange provides greater stab ility  than tw o or 

three separate screws These are used when a contra lateral area of plate 

cannot be secured by screws because of an approxim ating sinus or because 

of aesthetics.
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Fig. 1.15. A plate with a triple screw flange required as no attachment is possible on the 

lower border.

Fig. 1.16. A plate with a simulated mesh border for wire attachment.
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Fig. 1.17. A diagrammatic representation of 3 plates constructed for insertion by means of 

one or two intraosseous extensions.

/

Fig. 1.18. Intraosseous extension. The plate and rest fitting into bone. 

( Non clinical, example shown on resected dry bone.)
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Fig. 1.19. Clinically a slot is drilled between the outer and inner table of the skull bone to 

accept the extension.

Fig 1.20. A fistula from an infected acrylic and mesh repair, a) The Lateral view, b) The Site 

enlarged

m
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1.8. Salvaging

The  need to salvage is frequently m entioned in the lite rature from  the  1940s. 

It re fe rs to the possible retention or re-use of a cran iop lasty a fte r exposure or 

in fection. Exposure m ight be due to e ither in fection, scalp 

breakdow n/erosion, or traum a. A lso if a fu rther in tervention becom es 

necessary because of a reoccurrence, or the occurrence of ano ther 

pa tho log ica l episode.

E lk ins & Cam eron (1947) reported the salvage of 4 o f 7 acrylic cases. 

W h ite  (1948) also found that acrylic was m ore likely to be saved than bone 

on the occurrence of exposure. He found that 50%  of exposed 

cran iop lasties could be successfully reta ined, acrylic m ore so than tanta lum .

Lane & W ebste r (1947) reported d ifficu lty  in sa lvaging tanta lum , 4 of 9 

cases failed. The 2 in acrylic and 1 in silicone survived. They concluded 

tha t the infective process was diffuse, saying that in the ir experience 

conserva tive m easures of aspiration, ca the ter drainage, and instilla tion of 

penicillin , always fa iled when tanta lum  was involved, som etim es, a fte r a 

tem pora ry success. They experienced rem arkable success in the case of 

bone.

Even though exposure was more likely in the often m assive destructive 

m ilita ry cases o f tha t period, it is not reported as a m inor or m a jor 

d isadvantage of tanta lum . Therefore it is not possib le to  conclude how m uch 

th is m ight have contributed to its loss of popularity.

The salvage of acrylic cranioplasties was reported as unsuccessfu l by 

W a lke r & Eculei (1963). They thought that po lym er im plants exposed or 

externalised, particu larly  in children, should be rem oved and replaced.

Rish et al., (1978), state that in the face  of in fection, bone will resorb, 

whereas the a llop lasties perpetuate the problem  and require removal. The ir 

study does not include the use of T itan ium .

Aziz et al., (1992) report fa ilu re  of 37%  of sa lvaged acrylic cranioplasties.
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and although the ir study includes titanium , its sa lvaging potentia l is not 

m entioned.

From  publications on titanium  cranioplasty, it w ould appear that titanium  is 

the  only m aterial that can be salvaged under any conditions. W illiam s 

(1989), one of a panel of neurosurgeons invited to address a m eeting on 

titan ium  cranioplasty held at the Eastm an Denta l Hospital presented a 

spectacu la r case of titanium  mesh salvage (Figs 1.20-21). The exposed 

m esh was removed, the cranioplasty sm oothed, and the soft tissues closed. 

The  procedure was successful.

Jo ffe  et al. (1993), experienced 6 cases of successfu l titanium  plate salvage, 

1 was replaced im m ediate ly after fu rther p rim ary surgery, 3 retained w ithout 

d isturbance, 1 having an additional sm all p la te (strip) added, and 1 replaced 

a fte r 5 m onths.

The earlie r reports were contradictory. The au tho r suggests that porosity 

harbours infection. In which case both bone and acrylic would be 

susceptib le . M etals would depend on the fo rm ation  of surface oxides, in the 

case of titan ium  a dioxide, which is a ceram ic, read ily form s in seconds.
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Fig. 1.21. Removed part of an exposed titanium mesh cranioplasty caused by soft tissue 

scalp erosion.

$# 40 W  60 70 &

Fig. 1.22. The scalp repair after successful removal of exposed titanium mesh.



75

1.9. Paediatrie Cranial Repair

Prior to the 1980's, the literature on cranioplasty in ch ild ren is sparse and 

often presented briefly as part of a larger study. Bone flaps replaced in 

children under the age of 13 had a tendency to be resorbed (Hancock, 1963; 

S te inhauser & Hardt, 1977). Towards the 1980's, crania l repa ir in children 

began to be treated as a speciality. It was recognised tha t they present 

specia l c ircum stances because of the inherent active osteogen ic  potentia l of 

the dura m ater, and also, to an extent, of the pericranium . It was found tha t 

acquired skull defects often close spontaneously in ch ildren. This is m ost 

likely when the dura m ater and pericranium  are intact. C ongen ita l skull 

defects rarely do so, and cranioplasty is required when a de fect has fa iled to 

close, o r when it is unlikely to do so. Defects which are un like ly to c lose 

spon taneously include congenita l defects in association w ith encepha loce les 

or deve lopm enta l tum ours, o r those with a leptom eningeal hernia, in which 

the defect m ay increase in size, now  known as “G row ing Skull F ractures” 

(B la ir et al., 1980).

Acquired defects result from  accidental injury, surgical resection, neoplasia, 

o r osteom yelitis, and defects acquired under the age of 4 years rare ly 

require repair. In o lder children too new bone form ation will often provide a 

thin but acceptab le repair (Prolo & Okland, 1991).

The recent studies indicate the increased use of titan ium . W hen used fo r 

the repair of 47 defects, all, apart from  one ill-fitting plate tha t becam e 

in fected m any years later, proved satisfactory (B lair et al., 1971). Hockley et 

al. (1990-91) who tends to pre fer bone, uses only titanium  as an alternative.

W ith the use of acrylic, re inforced or otherwise, the cosm etic results are 

poor. For adequate protection acrylic has to be used as an overlay at least 

5mm th ick fo r adequate strength, and then wired w ith care to th in crania l 

bone. Acrylic detaches easily, and the radio-opacity of a mesh fo r 

strengthening is a fu rther d isadvantage. There have been successfu l 

reports on acrylic repairs fo r children. Pochon (1982) reporting an in fection 

rate of on ly 5.8% , and Pochon & Kloti (1991) continue to use acrylic w ith 

apparent success.
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W ith defects in adu lts the scalp co llapses inwards (B la ir et al., 1971; 

T im m ons 1982). In children however, even in the absence of known durai or 

intradural abnorm ality, the scalp som etim es bulges outwards (Fig 1.22, Page 

49). The m argins becom e averted despite the absence of increased 

intracranial pressure. Repair with live crania l bone is a successfu l m eans of 

trea tm ent (B lair et al., 1980; Hockley, 1990-91). A techn ique fo r repair using 

bone is illustrated in Fig 1.22; from A. D. Hockley, private com m unica tion).

In Hockley's technique (Fig 1.23a), a tem plate  in foil is cut outlin ing the 

defect to obtain a bone graft of the sam e size from  the contra lateral side. 

The graft is a ttached and secured successfu lly with w ires. The bone then 

regenerates on the unaffected side.

Hockley et al., (1990-1991) defines the causes o f defects in children as local 

sysraphism  and skeleta l anom alies. Those that m anifest as a localised 

dysraphic phenom enon (encephaloceles, heam atom a, or scalp aplasia), or 

cranio-cle idal dysostosis, as part of a genera lised skeleta l anomaly, never 

close. They are rarer than the acquired defects from  traum a, infection, 

tum our, or from  elective removal. In cases of G row ing Skull Fractures, 

surgical treatm ent is often required to prevent progressive erosion of the 

skull. A lthough uncom m on, they refer to it as a specia l problem  in infancy, 

and cite Lende & Erichson (1961), who reported that 90%  of cases occurred 

under the age of 3 years, and 50%  of them  under the age of one year.

The possible reasons fo r th is are thought to be:

i) That infants dura is so adherent it easily lacerates (Hockley, 1990-91).

ii) That the arachnoid pouched out through the lacerated dura, then in a 

valve like fashion flu id  was able to enter but not leave (Taveras & Ransohoff, 

1953).

iii) That in addition to the durai tear, there m ust be an outwards driving force, 

such as the grow ing brain, hydrocephalus, or oedem a (W inston et al., 1983).
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Fig. 1.23A. Swelling over a growing fracture, a), The frontal aspect, 

b).Lateral view.

Fig. 1.238. c). The template of the defect in foil, d), The bone graft from the sound side 

secured with wires.



78

Hockley et al. (1990-91) specify the G row ing Skull Fracture to be an 

indication fo r repair, as progressive focal porencephaly can lead to  an 

increasing defic it including epilepsy, and that som e patients feel real 

d iscom fort from  the exposed sensitive dura mater. They always use full 

th ickness calvaria l bone fo r infants under aged 6 - 1 0  (Fig 1.22, Page 49) 

often from  the sound side of the skull, because norm al dura and pericran ium  

will reform  norm al bone. In o lder children, e ither outer tab le  bone is used, or 

titanium .

Despite the detailed literature, opinion rem ains divided on w hether a fixed 

plate, metal, acrylic, or bone, in an infant o r child, in terferes or causes any 

disturbance in the growth of the skull. Recent reports accept that no 

d isturbance in growth will result.

1.10. Post Operative Morbidity.

The literature, even up to today, contains sparse data on the subject. Rish 

et al. (1979) in particu lar com m ented on the lack of good m orbid ity data in 

the literature. They observed that m ost cranioplasty reports are sm all 

anecdotal series, o r stress surgical technique and the m ateria l developm ent, 

and only rare ly are substantia l m orb id ity data and long term  fo llow  up 

presented.

A study on one m ajor Neurosurgical Unit in England (Aziz et al., 1990) 

typifies the lack of concern by the neurosurgeons. They sent a 

questionnaire on the incidence of infection fo llow ing cranioplasty to all 

Neurosurgical units in the U.K. They received 22 replies, of which 2 

reported the incidence of infection as about 10%, while the  others had no 

idea. Aziz et al. (1990) reported from  the ir own unit, tha t fo r bone flap 

replacem ents they experience an incidence o f 6% infection in 70 cases, over 

a fo llow  up of 6 m onths. W hereas with prim ary acrylic repair the incidence 

was 13%, in 48 cases with a fo llow  up of 41 m onths. Despite the fact tha t 7 

neurosurgeons favoured the  use of titanium , no postoperative data was 

available.

Joffe et al. (1993) review ing 40 o f 66 titan ium  repairs, reported 1 infection
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(2 .2% ). This was later established as a staphylococcal in fection  of a radial 

im p lan t fo r a second pathology. They also found the fo llow ing  in the etio logy 

of cases  requiring 

cran iop lasty.

Table 1.3. The incidence of failure of materials from previous repair requiring 

titanium plate replacement.

Defect repair: Type Replaced Material Incidence of Failure 

(%)

Prim ary First repair

4 0 %

R eplacem ent Acrylic

15 %

R eplacem ent Autogenous bone

4 3 %

Replacem ent T itanium

2 %

O ne of the ways that neurosurgeons atta in an objective evaluation of results 

re lating to the use of a m ateria l is th rough credib le data in journal 

pub lications. In the early years the ir cho ice of m ateria l was based on the 

fo llow ing:

i). The technique required an in lay or an overla id  m ethod.

ii). The sim plic ity in effecting repair.

iii). The post-operative aesthetic result.

iv). The m orb id ity incident, in particu lar in fection.

W ith  the deve lopm ent in antib io tics and b io-m ateria l science, im proved 

techn iques and technology, the ir de ference to  the first three factors has 

dim inished, and the vital aspect today is predisposition to postoperative 

infection, on which reliable data is unavailab le.
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The data in m ost studies are based on few cases w ith no or little fo llow  up. 

W hen fo llow  up reviews are m entioned the true period is d ifficu lt to  establish 

as the period can be expressed as over a num ber of years (G alic ich & 

Hovand, 1967; Santoni-Rugiu, 1969; Mammon & Kem pe, 1971; Thom pson, 

1977; S te inhauser et al., 1977; Firtell et al., 1981). These find ings are also 

reflected in the text books (Reeves, 1950; Beum er et al., 1979; T im m ons 

quoted in Youm ans 1973, 1982; Rowe & Killey, 1970; Rowe & W illiam s, 

1985; Schm ideh & Sweet, 1985, 1993).

There are only two studies in the literature which include a substantia l 

num ber of patients. Rish et al., (1979) reviews 1030 cases of penetrating 

head injuries, 491 undergoing cranioplasty. The ir Tab le  A specifies the 

m ateria ls used. The m eta ls vitallium , tantalum  and sta in less steel are 

included, titan ium  is not m entioned. V ita llium  and sta in less steel were tried 

in very few  cases before being discounted. A lso included is silastic, and 17 

cases of unspecified m ateria ls. The ir Table B relates to com plications a fte r 

cran iop lasty in risk cases, 11% to 32%  depending on the specific  risk. 

Infection fo llow ing routine cranioplasty is said to be 3.7 %, and in cases w ith 

previous infection, 32 %, a lthough th is was previously stated as 11% to 32 

%! This contradiction is fo llowed by a num ber of o ther contrad icto ry 

statem ents on the incidence of infection related to tim ing. For exam ple, they 

state that cases with previous infection, resulted in 56%  of com plica tions 

when repaired in the 1st year, yet the ir tab le shows 32% . A lso they assert 

tha t there is a 20%  incident of in fection in cases repaired during the first 

year, and only 2%  if the repair is delayed fo r 12 m onths. However, the 

tab les indicates an incidence of 4.5% . The figure 2%  is not evident in any of 

the tables. Num bers, m aterials, periods, risk cases and com plications are 

presented in a d isorganised fashion, leaving a reader w ithout a clear 

understanding of m uch sought a fte r data.

M anson et al., (1986), sum up the results of 45 previous studies, and also 

provide fresh m ateria l. The ir results indicate the incidence o f in fection 

fo llow ing routine cran iop lasty (all areas) is in the region of 5%, and the 

recurrence of infection, 14%, a fo llow  up period is not stated. Infection rates
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afte r repairs undertaken w ith live flaps or grafts, are approxim ate ly 3% , and 

a fte r repairs undertaken with stored bone, about 7.5% . The resorption 

incident is very high when using live or stored bone.

Both the pub lications of Rish et al. (1979) and M anson et al. (1986), conta in 

data extracted from  very early studies that are of little relevance, as they 

were related to a varie ty of autonom ous studies. Rish et al. (1979) use data 

pertain ing to a registry at a central repository, which is a com pila tion of 

results of 18 separate studies. It relates to V ietnam  w ar wounds. The 

craniopiasties were perform ed at m ultiple m edical fac ilities includ ing large 

m ilitary hospitals. Veterans Adm inistration Hospitals and private civilian 

facilities. All the patients were serious head w ound traum a cases, still in 

trea tm ent a fte r a num ber of years.

The ir first tab le  c ites 491, cases, 444 repaired with 6 known m ateria ls, and 

47 repaired w ith an unspecified m ateria l and m anner. Four o f the  6 

m ateria ls were no longer in use by 1979, the date of publication. Accepted 

figures are cited from  studies that took place before, during and a fte r the 

1939 -1945 war. Exam ples are studies by Elsberg (1908 ), Ballin (1921), 

Cam pbell et al., (1941, 1942 ), Carm ichael (1945 ), and E lkins & C am eron

(1946).

Manson et al. (1986) is an assessm ent principally to determ ine in fection 

fo llow ing cran iop lasty of previously in fected cases. Before com m encing on 

the ir own study they present a table of 45 studies fo llow ing routine 

cranioplasty, includ ing plates removed fo r o ther reasons. A no ther tab le  is of 

in fections fo llow ing previous infection, but also includes plates rem oved fo r 

o ther reasons.

The tables are fu ll o f flaws, m isrepresentation of data, double re ferences and 

conflicting figures. These tab les purport to reflect results acceptab le  by the 

neurosurgeons. This is a m isleading assertion. The results they accept 

com e from a series of stud ies undertaken in the w ar and post w ar period on 

specific subjects. The results of these are m anipula ted to fit into unre lated
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conclusions. Dates, names, subjects, results, and fo llow  up periods are 

om itted throughout. The results of the ir own experience with 42 fron ta l 

cran iop iasties in 40 patients, to exam ine the choice of m ateria l and the risk 

of in fection, are shown in fu rther tables. The m ateria ls used are autogenous 

bone and acrylic, asserting that they are the only m ateria ls acceptable. 

Unfortunate ly these tables also contain errors and inexplicable derivations.

The three tab les of Rish et al., and those of M anson et al., are shown in the 

Appendix.

1.10.1. Postoperative M orbidity Data, Com piled from  the Literature

Details of the com plications a fte r repair w ith Acrylic, T itanium , and 

Autogenous Bone are extracted from  studies in the literature, and are shown 

in Tables 1.5-7.

The data are extracted from  studies a fte r 1970, w ith three exceptions; in 

relation to T itan ium , Simpson (1965), in relation to bone, Hancock (1963), 

and Santoni Rugiu (1969).

The results atta ined, given in these tables, should prove more in form ative 

than those of Rish et al., (1979) and M anson et al., (1986), in that the 

pub lications are confined to relevant m ateria ls and m ore recent studies. 

Even these im proved results are unreliable. Particu larly in relation to bone, 

as the studies do not d ifferentiate between the types of bone, e.g. " live or 

dead", o r from  where the bone was taken, and e ither om its or lack the 

necessary fo llow  up reviews. Som e results are d ifficu lt to interpret, and 

som e are sim ply vague. Varley (1983) as an exam ple, is a study of 100 

tanta lum  and acrylic repairs. The num ber of each type of repair and to 

which the com plication relates is not stated.

Tables 1.4-7. illustrate the sparse and poor data  on m orbidity.
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Tab le  1.4. Postoperative morbidity data as cited in the literature.

Author & Year Cases infection Follow up

1970 White et al.
44 0 not stated

1971 Ham m ond et al. 417 7 over 13 yrs

1972 Cabanela 33 0 19 m ths-14 yrs

1977 S te inhauser 30 0 1 -2 yrs

1978 G enest 50 0 O ver 17 yrs

1979 Rish et al. 314 14 6-8 yrs

1980 B la ir et al. 8 1 not stated

1982 S tula 10 1 12-18 m ths

1983 Varley 20 1 over 12 yrs

1986 Rem son et al. 11 0 2-10 yrs

1986 M anson et al. 25 0 1 -8 yrs

1989 M allis 100 0 1 -3 yrs

1990 Benzel et al. 52 2 over 5 yrs

1990 Aziz et al. 48 6 6 yrs

1991 Pochon 1 1 m ean: 5yrs

1991 Akira Yani 20 0 not stated

1992 van Putten 6 0 not stated

Total 1209 32 (2.6 %)
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Table 1.5. The incidence of infection following cranioplasty with Titanium.

Author & Year Cases Infections Follow up

1965 Simpson 7 0 Up to 2 yrs

1974 Gordon & B la ir 25 0 Previous 3 yrs

1980 B la ir et al. 300 0 Since 1974

1983 W illiam s et al. 40 0 Since 1975

1990 Blake et al. 20 0 Since 1982

1993 Joffe  et al. 40 2 1 -4 yrs

1995 Eufinger et al. 6 0 Not stated

1995 Eufinger et al. 2 0 Not stated

Total 432 2 (0.05%)

Table 1.6. The incidence of infection following cranioplasty with "live" Autogenous 

Bone. (A literative survey).

Author & Year Cases Infection Resorption Follow up

1963 Hancock 81 0 2.5-83% 2d -  2.9 yrs

1969 Santoni-Rugiu 12 0 0% 1 yr

1973 Korlo ff et al. 55 6 33-50% 6 m th s -3  yrs

1975 M archac et al. 12 0 0% Not stated

1979 B la ir et al. 4 0 25% Not stated

1982 Stula 118 0 0% Upto 1 yr

1989 Kawakam i 6 0 0% 10 m ths

1991 Kulah et al. 12 0 0% Not stated

Total 300 6 (2%)
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Table 1.7. The incidence of infection following cranioplasty with "dead" 

Autogenous Bone. (A literative survey).

Author & Year Cases Infection Resorption Follow up

1963 Hancock 78 N.S. 38% 7 d - 2.9 yrs

1977 S te inhauser 12 G 25% 1-2 yrs

1979 B la ir et al. 3 G 100% Mot stated

1986 M anson et al. 10 4 N.S. Within 3 yrs

1990 O sawa et al. 27 1 7.5% 4 mths-2 yrs

1996 Pasaoglu et al. 25 G 0% 6-26 mths

Total 152 5 (3%)

The results reflected in the tab les have lim ited use. The data is insuffic iently 

c lear or consistent. S ignificant facts are not stated. Follow  up periods are 

vague and frequently  too short. The data on bone is particularly inadequate. 

M any have d iffe rent in terpretations of what constitu tes "live" or "dead" bone. 

Stored bone is accepted as "dead" by most. Bone flaps, washed and 

sterilised are considered as "live" by some. The bone used is crania l, rib, or 

ilium, with o r w ithout periostium . They are considered as "live" by most. 

Bone preserved in the abdom en, too, is considered "live". Som e studies 

investigate resorption and disregard infection, which is e ither not stated or 

entered as nil. Som e studies are com paring infection or resorption in 

relation to the age of the patient. For exam ple, Hancock considers 78 bone 

flap patients, 44 "live" bone patients, with 12 patients under age 14, and 25 

patients, over age 14. Infection is not stated, and resorption varies from  2.5 

% for "live" bone cases, to 83 % fo r those under age 14.

S ignificantly in terest is focused on com puter a ided constructions in 

publications a fte r 1992-93 (Benzil et al., 1992; W ehm olle r et al., 1995; 

Eufinger et al., 1995; H eissier et al., 1998). The studies consider the CAD- 

CAM techniques, with v irtua lly no in terest in the m ateria l used. The studies
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re late to few  patients, frequently less than 6, the results reflect on the  

techn ique and not on the m aterial. Consequently, there is little data to add to 

tab les 1.4 - 7..?. However the use of titanium  predom inates in the m ajority  

of stud ies from  1994 to 1998. All the publications on GAD-CAM  techn iques 

are based on the use of titanium .

The assertion is that unreliable and fa lse data  contributes to the 

neurosurgeons continued use of acrylic and autogenous bone, desp ite  

suffic ien t factual evidence to indicate that titan ium  is a superior m ateria l. 

Further, the literature fails to dem onstrate the advantages, new  

deve lopm ents, the d iversity and flexib ility a ttendan t in the accuracy of 

m odern titan ium  cranioplasty. Recent studies 1990-1997, on titan ium  

cranioplasty, hydroxylapatite, and 3D m odel construction have lacked 

adequate c lin ical applications, case num bers and fo llow  up reviews. (P u iser 

et al., 1990; Klein et al., 1992; Hell et al., 1993; Bill e t al., 1993; Ono et at., 

1993; S tu e b e re t al., 1994; Chanleret al., 1994; A rv ie r et al., 1994; Lee et al., 

1995; Eufinger et al., 1995; G ladstone et al., 1995; W ehm olle r et al., 1995; 

S tuebereger et al., 1995; Sherburn & S ibergeld 1996; O nishi et al., 1996; 

Heissier et al., 1998).

1.11. Titanium and Titanium Alloys

Titan ium  is considered the m ost va luable m etal extracted fo r im plantation, to 

date. The perception of titanium  and its uses has dram atica lly  altered from  

being considered m undane to the w onder m etal and the m etal of prom ise 

(Prom isel, 1990). The incredible properties of titan ium , b io-inertnessness, 

com patib ility  with living tissue and osseo integration m ake it an ideal m ateria l 

fo r im plants. In addition, it is non m agnetic, unaffected by M agnetic 

Resonance Im aging (MRI) scans, or in any o ther m agnetic  field, e.g. it does 

not react when passing through an airport security  system. There fore  

titanium  allow s postoperative evaluation and reviews by plain radiography, 

GT Scans, and ultrasound.
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1.11.1. The M etallurgy of titanium

The m eta llurgy of pure titan ium , and the titanium  alloys, is extrem ely 

com plex (W illiam s, 1977; Luckey, 1982). T itan ium  is a transition e lem ent, of 

a tom ic num ber 22, belonging to the sam e group as z irconium , hafn ium  and 

thorium . It has a low specific gravity, and a very high m elting point of 16650 

C. Com m ercia lly pure (CP) titanium  refers to unalloyed titan ium , the 

num erous grades contain ing m inor am ounts of im purity e lem ents. It is 

essen tia lly  a very dilute titan ium -oxide alloy.

The am ount of oxygen can be controlled at various levels to provide 

increased strength, hence the availability in d iffering grades. The CP 

titan ium  used fo r im plants, until recently, contains a m axim um  of 0 .5%  

oxygen. These grades exist as close packed hexagonal a lpha phase up to 

approxim ate ly 900 OC, at which tem pera ture they undergo a transform ation 

to a body centred cubic beta phase. Im purities such as oxygen, n itrogen, 

and carbon, stabilise the a lpha phase, whereas iron and hydrogen tend to 

stabilise the beta phase. CP titanium  m ight be slightly cold w orked fo r 

add itional strength, but cannot be strengthened by heat treatm ent.

There are essentia lly three d iffe ren t m ajor types o f titanium  alloys. These  are 

known as alpha alloys, beta alloys, and alpha-beta alloys, referred to  as 

phases as they change from  one to another at d iffe rent tem peratures. The 

d iffe rences m anifest in ce llu la r structure, stabilisation, and the high degree at 

which the alloy can dissolve or change structure. CP titan ium  is basica lly 

close to the alpha alloys. The fact that the stability  of these phases m ay be 

contro lled by alloying, leads to a variation in the structure, with both s ingle 

and two-phase system s possib le. Hence the a lpha-beta types.

The m ost com m only added e lem ents in alloys are palladium , alum inium , 

vanadium , zirconium , copper and niobium . IMI 318 (Ti-A6-V4.) is an a lpha- 

beta alloy. The 6%  alum inium  stabilises and strengthens the alpha phase, 

and the 4%  vanadium  is a beta  stab ilise r producing a larger proportion o f the 

m ore ductile  beta phase during hot working. CP titanium , and the d iffe rent
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alloys, at d ifferent tem peratures, can stabilise and strengthen at so ca lled 

transition tem peratures, at which the types can change from  one to another. 

Each type has individual properties. This expla ins the care that is required 

when attem pting to anneal the m ateria l. The centig rade tem pera ture  fo r 

beta transus fo r CP titanium  is 900-950 OQ, fo r IMI 318, in the region o f 995 

OQ and IMI 417, in the region of 104 OQ.

1.11.2. Com m ercia lly Pure (CP), and T itan ium  A lloys used in C ran iop lastv

CP titanium  and titanium  alloys have undergone selection criteria, im plant 

perform ance and m anufacturing considerations. The various grades were 

then related to differing requirem ents fo r orthopaedic, reconstructive, 

card iovascular im plants, and m any o ther com m ercia l uses (W illiam s, 1977). 

CP titanium  can vary with the addition of fraction percentages of oxygen, 

nitrogen, carbon, and iron.

The data on titanium  alloys (Table 1.8) were provided by IMI T itan ium  Ltd. 

They m anufacture the fo llow ing alloys: IMI, 110, 115, 125, 130, 155, plus 

two more, IMI 260 and 262, which contain palladium . There is also IMI 318, 

known universally as: TI-6AL-4V, and the m ore recent IMI 367, both used fo r 

m axillo facia l m ini plate and m esh system s, im planto logy and orthopaed ic 

surgery, when high strength is required, particu larly fo r hip replacem ent. 

The m echanical and physical properties o f these form s of titan ium  vary 

considerably.

For cranioplasty, IMI 115 has been used fo r all the plates constructed in our 

cranioplasty unit thus far, and also fo r m axillo facia l reconstruction im plants. 

IMI 115 is used in the form  of a pre-annealed sheet in two th icknesses, 0,72 

mm and 0.9 mm. M aterial received is accom panied by precision descrip tions 

and specification, (Appendix ).
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Tablel.8 Trace elements in Commercially Pure (CP) titanium 

( p rovided by IMI T itan ium  Ltd.)

IMI

110

IMI

115

IMI

125

IMI

130

IMI

155

IMI

160

IMI

260

IMI26

2

02 0.05 0.07 0.15 0.2 0.28 0.32 0.05 0.15

N2 0.005 0.006 0.006 0.006 0.006 0.006 0.006 0.006

c 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Fe* 0.025 0.03 0.04 0.04 0.05 0.05 0.025 0.03

H2** 0.002 -  0.004

AI 0.05

Co 0.000

2

Or 0.05

Cu 0.02 In all G rades

Mg 0.002

Mn 0.05

Mi 0.05

Ta 0.000

1

V 0.05

IMI add to  the ir Tab le 1. 8 the follow ing: Fe* For certa in  corrosion resistant 

app lica tions, a m axim um  iron content of 0.05 % can be specified. 

H 2**H ydrogen content depends on product form . Typ ica l levels are :Sheet, 

rod and bar 0.002 % .W ire and tube 0.004 %.

1.11.3. Physical Properties o f T itanium .

i). E lastic ity.

E lastic ity  is s ign ificantly lower, in the pure form  of titan ium , or its alloys, to 

tha t o f the cobalt-chrom ium  alloys, or sta in less steel. It is re lative ly 

invariab le to tem pera ture changes.
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ii). Strength & ductility.

The CP titan ium  generally have good ductility though m oderate strength . 

Strength ductility  and hardness vary with the presence of oxygen, and the 

presence of o ther im purities. T i-6A I-4V a lloy has m uch h igher tensile  

strength and m oderate ly good elasticity.

iii). Friction and wear.

T itan ium  suffe rs little wear or friction, because of the surface oxide layer, 

except when under load.

iv). Corrosion.

T itan ium  is one of the m ost corrosion resistant m ateria ls, being v irtua lly  

uncorrodable in near neutral solutions. This facto r does not vary in CP, or 

the alloys. C om parison corrosion figures are shown in Appendix 2.

v). Stabilitv.

Pure, fresh unexposed titanium  is very unstable. It form s a surface oxide, a 

titan ium  dioxide layer, very rapidly in the presence of air and water. A fte r 

passivation (anodisation) of the metal, however, it is considered extrem ely 

stable.

vi. Therm al conductiv itv.

Its conductiv ity  is generally low in com parison to o ther metals.

vii. E lectrical neaativitv.

The e lectrica l negavity is high and varies w ith tem pera ture  changes.

viii. M agnetic susceptib ilitv.

All grades are v irtua lly  non-m agnetic.

O ffic ia l list of m echanica l and physical properties- A ppend ix.......
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1.11.4. Mechanical Properties and Processing

i. M echanical properties of titanium .

The tensile strength is high, but varies s ignificantly w ith tem pera ture  change. 

The fatigue facto r is very low, except under load and friction. Creep varies 

w ith tem perature. In CP titan ium , it is high, above 150 OC. In IMI 318, it is 

good up to 300 OC, and in IMI 417, it is excellent at 600 OC.

ii. Susceptib ility to processing.

Forging, casting, and welding are all possible at very high tem peratures, 

varying in the different grades, from  900 Oc to 1,665 OC. CP grades are 

easiest to form  due to the ir lower strength levels, though all grades are 

susceptib le to varying levels of spring-back due to the re lative ly low 

elasticity. W arm  or hot working alleviates th is problem , essentia l fo r working 

IMI 318. M echanical characteris tics are governed by the tendency to gall, 

and the relatively low therm al conductiv ity. Course cuts are required, with 

positive feed and copious am ounts of coolant, ideally chlorinated. A 

preheating tem pera ture of 8500C. is recom m ended. The tem pera ture  of 

form ing should never be be low  6500C. and higher tem pera tures m ust be 

avoided, as increase contam ination by furnace gasses can occur.

iii. Heat treatm ent.

CP sheet titanium  is used as supplied in the annealed state. T itan ium  can 

strengthen by cold working, but at the expense of ductility, and elongation 

lim itation. The alloys have been developed to overcom e this d isadvantage. 

T itan ium  can also be contam inated by adverse atm ospheric conditions. 

Heat trea tm ent is best in e lectric  furnaces, and fo r thin sections it m ay be 

necessary to use a vacuum  o r argon-filled m uffle.

1.11.5. Form s and G rades o f T itan ium

IMI titanium  range sheet titan ium  is on ly available in two CP T itan ium  grades 

and four a lloy grades. A ll the a lloys except fo r IM I 125, indicate a low
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e longa tion  factor. Unfortunately IM 1 125 is n o t p rodu ced  as a shee t m aterial. 

(Personal com m unication from the techn ica l head of IMI T itan ium .) The

I.M.I. Range, the guaranteed properties of each grade, and the 

In te rna tiona lly  corresponding grades of titan ium  are given in the A ppend ix  

Reports have appeared on two alternative titan ium  grades Ti-15V-3AI-3Sn, 

genera lly  known as T i-15-3 alloy, and T i-6AL-7Nb. These are apparently 

b io-inert, i.e;. m edica lly pure. A prelim inary assessm ent o f the ir properties, 

in com parison to that of CP titanium , and T i-6A I-4V  alloy has been 

conducted by Gagg (1985). Gagg m ainta ins that these  two IMI grades 

present considerab le  d ifficulties in fabricating or casting into sound accurate 

shapes. Partly as a result of their reactivity, com parative ly high m elting 

points, and poor fluidity.

T i-15-3  a lloy was developed and in troduced by T IM ET, USA, in 1982, fo r 

aerospace applications. The prim ary deve lopm ent aim being to reduce 

costs and im prove the m etal properties and un ifo rm ity Banjo (1983). It is a 

cold form able , heat treatable alloy exhib iting cold form ing characteristics 

equal to  o r better than hot form ed Ti-6A I-4V alloy. The two new er grades 

have becom e popular fo r hip and knee rep lacem ents as well as other 

im plants. However, in his conclusions, Gagg negates the use of T i-15-3 

a lloy as a prosthetic im plant material in sheet form , probably because of its 

low e longation property. The property of high strength is not required fo r 

cran iop lasty  and it is not possible to have the high strength toge ther with 

high flu id ity.

1.11.6. Recent Developm ent in T itan ium  A llovs

T im et U.K. Ltd, have taken over IMI T itan ium  Ltd. The w hole range of alloys 

have been renam ed and m any regraded .

T im et show  m ore interest, and are m ore cooperative  than IMI, who after 

a lm ost tw o years of correspondence fa iled to provide sam ples of a grade 

that they assured us would be more suitab le fo r cran iop lasty construction. 

O f im portance is the  fact that T im et U.K. have revealed additional research
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on the fo rm er IMI 367 which was previously m entioned as being su itab le  

only fo r O rthopaedic surgery. The new alloy 367, deve loped in co llabora tion 

with D r Sem litsch of Sw itzerland, is now being described as su itab le as a 

sheet m ateria l fo r cranioplasty. At present it is only produced in the form  of 

rod and bar. IMI 367 differs from T i-6A I-4V only in the replacem ent o f the 

vanadium  by niobium, thus Ti-6AI-7N. T im et explain that there are very few  

im plants tha t require a higher elongation potentia l or increased flu idity, w hich 

would have to mean com prom ising m ore va luable properties, fo r exam ple 

strength, ductility, friction, and resistance.

T im et have also recently graded the CP titan ium  into grade 1 and 2. The 

la tter d iffe rs  only in an increase in oxygen to 0.1 from  0.05 (Table 1.8). 

Sam ples ind icate more difficu lty in pressing. The m axim um  pressure 

a tta inab le  from  our present pressure unit is 4 ,500 psi, which is inadequate. 

In these  circum stances it is not possible to evaluate the creep factor, i.e., the 

ab ility  to stretch w ithout the tendency to return to its fo rm er shape. W hat 

G agg calls “flu id ity” . They do not claim  that it w ill creep, but show suffic ien t 

in terest in vis iting the unit, with the intention of trying to find a su itab le shee t 

m ateria l, but the dem and fo r such an alloy is low.

1.12. Computer Technology and Cranioplasty

There  w ere m any indications of the lim ita tions of 2 d im ensional rad iography 

in re lation to  atta in ing an accurate m odel fo r plate construction. It was 

observed tha t the com plex structural anom alies encountered by surgeons 

are not com ple te ly explained by p lanar reconstructions (Vannier et al., 

1984). Jo ffe  et al. (1993) indicated the lim ita tions in results, both in fit and 

aesthetics. Tha t occurred when the basis of cran iop lasty construction relied 

on m ode ls  derived from  direct im pressions of the defect over the patients 

skull, or the  extension of the resected bone, and the only add itional 

in fo rm ation  being derived from  m ulti-p lanar radiographs (Chapter 2). Two 

d im ensiona l data did not provide the detail required fo r the construction of 

the th ree  d im ensiona l prostheses used fo r crania l repair.



94

1,12.1. Com puterised Tom ographic (C.T.) Scans

The laboratory d iscovery of X Rays by Roentgen in N ovem ber 1985, was 

reported by Dam (1896). O pin ions d iffe r on who deve loped the firs t m odern 

com puterised tom ographic system  using x-radiation, the announcem ent o f a 

m achine used to perform  x-ray com puted tom ography in a c lin ica l 

environm ent was m ade by Housfie ld (Am brose & Housefie ld , 1972; 

Housefie ld, 1973).

C om puterised Tom ographic scans are a two dim ensional pro jection o f the 

three d im ensional d istribution of the x-ray attenuating properties of tissue. 

T he ir use enabled m ore accurate assessm ent of defects and provides m ore 

detail at d ifferent levels, but still leaves the spatia l re lations to the review ers 

im agination (Guyuron et al., 1989). A lthough three d im ensiona l im age 

d isp lay was described by Herm an & Liu (1997), and by A rtzy (1997), it was 

not until the 1980's that the literature reflects the advent o f the use o f 3D 

im aging. Reports of the use of 3D com puterised tom ography in cran ia l 

surgery. Descriptions of the value in cranio facia l surgica l p lanning, and 

s im ulated cranio facia l surgery, were given by March & Vannier, (1986), 

V ann ie r et al., (1983), Hem m y et al., (1983), Cutting et a l.,(1986), and 

V ann ier et al., (1984). A protocol to be used to standard ise CT scann ing of 

the head, fo r accurate 3D reconstruction, was suggested, by Hem m y et al., 

(1985).

1.12.2. M anual Assem blv o f CT Scans in the Provision of a 3D M odel fo r 

Acrv lic  C ranioplastv Construction

The first three dimensional models for cranial plate construction were undertaken by hand 

by Mankovich et al. (1986). They developed a technique using life size axial slices of CT 

scans as templates which were then superimposed on a material 2 mm thick, and cut out for 

manual stacking to form an accurate replica of the defect. The model attained in this way 

was then used to fabricate a preconstructed acrylic plate. The improved fit reduced the 

adjustment and insertion time by two thirds.

Van Putten et al. (1992) devised a techn ique of m illing out m odels of 

patients defects and surrounding skull, from  solid plastic resin blocks.
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Preconstructed acrylic craniopiasties, using these m odels, resulted in 

exce llent fitting plates of satisfactory contour, w ithout requiring ad justm ent at 

insertion.

M anual staking fo r titan ium  plates.

B .W illiam s (1986), used a technique, sim ilar to tha t of M ankovich (1986), to 

provide the first p lates in titanium . The CT slices were replicated in plywood. 

The  techn ique was presented at a m eeting of neurosurgeons, at the Institute 

of Dental Surgery, in 1989. Blake, M acFarlane & H inton (1990) present 20 

successfu l cases of titan ium  cranioplasty, constructed w ith the use of 5 mm  

C T  scan slices a fte r subsequent photographic en largem ent to life size. 

These  were m ounted on cardboard using a lum inium  spacers of appropria te 

th ickness to correspond to the 5mm slice intervals. Then stacked toge ther to 

form  a 3D m odel used fo r the plate construction.

1.12.3. C om puter G enerated Models

Donlon et al. (1988), first reported on the use of com pute r generated, three- 

d im ensiona l m odels. The life size m odels were used as tem plates fo r 

accurate  surgical reconstruction of m axillofacial d isharm onies. They used 

com puted tom ographic scans and a specia lised com pute r system . The 

source m aterial cam e from  contiguous axial 1.5 mm slices. An im age was 

se lected  and the data  reform ula ted to drive a num erica lly  contro lled m illing 

unit, which produced two negative half m oulds. Toge ther these form ed a 

ho llow  m ould into which a fast setting plastic was poured. This resulted in a 

so lid  positive m odel o f the selected 3D image.

Tan et al. (1988, in a publication by the G raphic section of the M edical 

Physics Departm ent, Un iversity College London), reported on the 

deve lopm ent of the ir M edical G raphic Imaging ( M .G.I.) workstation. A 

transpu te r system  sim ila r to that of Donlan et al. (1988), and orig ina lly 

designed fo r the sam e purpose. The workstation derives source m ateria l 

from  the m agnetic tape or disc of CT scans, (used in cran iop lasty 

construction), o r from  M agnetic Resonance Im aging (M .R.I), U ltrasound, and
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O ptica l Surface (O.P.) scans. From this data it creates 3D im ages fo r 

in trica te  exam ination on a monitor. The system differs from  that of Donlan et 

al., (1988) in that the data is reform atted to drive a num erica lly contro lled 

m illing unit to produce a life size positive m odel in po lyurethane or 

polyethylene.

1.12.4. The M edical G raphic Imaging (M.G.I.) W orksta tion

The deve lopm ent of the MG I workstation, (described as a standard PC host 

with a network of transputers), results from  a five years jo in t research pro ject 

by the Departm ents of Medical Physics and O rthodontics at University 

College London. The project was to enable the use of com puter graph ics fo r 

the planning and sim ulation of facial surgery. The workstation is described 

as a system  w hich produces displays of anatom ical surfaces from  sets of X- 

ray com puted tom ography (CT), m agnetic resonance im aging (MRI) and 

ultrasonographic scans (US) (Tan et al., 1988; Moss et al., 1988; L inney et 

al., 1993). The disp lays are created to show the th ree-d im entiona l character 

of the internal and external anatomy. The im ages m ay be m anipula ted on 

the screen to s im ulate dissection of the three-d im entiona l object they 

represent. Thus it is possib le to increase the d iagnostic value of the original 

data and plan surgery by sim ulation. The display system  also produces 

data to drive a num erica lly controlled m illing m achine fo r the production of 

m odels, prostheses and im plants. A lthough orig ina lly deve loped fo r facia l 

reconstructive surgery, a fte r a num ber of revisions, its functions and 

applications, includ ing prosthesis m anufacture, increased.

The developm ent, function, operation, and m any applications, of the MGI 

workstation, is described com prehensive ly in the lite rature (Arridge et 

a l.,1985; M oss et al., 1987, 1989, 1991; Coom bs et al., 1990; Tan et al.,

1991 ; L inney et al., 1989 & 1993).

1.12.5. M edical Im agina
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M edical im aging is a com plex specia lised subject, and e laboration of its 

com plexities is not within the remit of th is study.

Though the accuracy atta ined is clin ically acceptab le fo r prosthesis 

construction, i.e. w ithin 3 mm, Medical Physicists indicate that true precision, 

is v irtua lly im possible. However the accuracy obta inable fo r cran iop lasty are 

both relative and practical fo r th is purpose.
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CHAPTER 2

2. EXTERNAL IMPRESSION CRANIOPLASTY

2.1. Introduction

The titanium  cranioplasty unit com m enced in 1986 in the D epartm ent of O ral 

and M axillofacial Surgery, The Eastm an Dental Hospital, London, to  provide 

titanium  plates fo r neurosurgeons countryw ide. A fter the firs t year patients 

were reviewed. The results, particu larly when aesthetics w as im portant, 

were less than satisfactory, it was also noted that the neurosurgeons 

apparently did not have high expectations (Joffe et al., 1993). The research 

described in th is thesis sought to  im prove the results of cran iop lasty  in the 

fo llow ing m anner :

i). To verify the use of titanium .

ii). To evaluate the equ ipm ent required.

iii). To exam ine the im pression technique fo r a tta in ing the  m odel.

iv). To assess the accuracy of the derived model.

v). To find a m eans of plate construction which would provide

accurate fits and im proved cosm etic results.

2.2. The Metal Titanium

There were no contra indications to the use of sheet titan ium . The th ickness 

of the m aterial and the specific requirem ents fo r reta ining b iocom patab ility  

and allow ing scope fo r design revision, led to the use of 0.72 mm th ickness 

sheet titan ium  rather than the 0.6 mm used by Gordon & B lair (1974). The 

use of th icker sheet titan ium  was now possible because our pressure unit 

(Section 2.3.1) can exert 4 ,500 Pounds (lb's) per Square Inch (psi) fo r 

m ould ing rather than the previous lim it of 3,000 psi.

From  its specifications the grade CP (Com m ercia lly Pure) I.M.I. 113 was 

se lected as a suitab le grade of sheet m ateria l which would retain its 

properties and w ithstand the processes necessary fo r plate construction. 

S im p ler m ould ing of the plate using annealing was considered, but was ruled
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out because each tim e titanium  is annealed it absorbs gases which 

adversely effects the physical properties. In the annealing process hydrogen 

pickup from  a contam inated furnace atm osphere is possib le. T itan ium  shee t 

is supplied and form ed in the annealed condition, as th is offers the best 

com bination of strength, ductility, and freedom  from  potentia l environm enta l 

effects such as stress, corrosion, and cracking. I.M.I. T itan ium  Ltd, provide 

precise details of the properties and adverse effects of annealing w hen 

supplying sheet titan ium . (Appendix 2.1)

2.3. The Equipment Required

The pressure form ing unit is the m ain article of equ ipm ent required. B lank 

titanium  sheet m ateria l 0.72 mm th ick is pressure form ed to the required 

shape, the m etal worked with the same high speed cutters, drill, grinders, 

and polishing m achines as required in any m axillo facia l laboratory. No 

additional m ateria ls o r hand too ls are necessary.

The hydraulic pressure form ing machine, in itially designed by G ordon & B la ir 

(1974) as a quick m ethod of form ing skull plates, is very large and functions 

partly m anually to provide 3,000 psi. The im proved pressure unit (Figs 2.2-7) 

developed in our unit assures the production of a plate o f even th ickness and 

thus strength. The unit is a com pact bench top m achine capable  o f pressure 

of 4500 psi, and is presented com prehensive ly in Section 2 .4.

2.4. Pressure Forming

There is a dem and fo r a w ide range of depth in m ould ing plates causing 

considerable stretch ing to form  the different shape plates. S tretch ing results 

in a reduction of its th ickness in relatively deep sites. A bso lu te  un ifo rm ity of 

stress cannot be m ainta ined. Thickness reduces m ost at the deepest drawn 

points. S low rate draw ing w ill prevent the plate from  fracturing or splitting. 

Poor counterd ie design or investing (Fig 2.1) can cause fa ilu re  even w ith 

stress reducing techn iques being employed. The level of stress has to be 

directed very carefu lly  to  a llow  its even distribution to ensure the m inim um  

change of m étallurg ie state, which is im portant. Inward flow  of the m etal into 

the form  die is assisted by reducing the level of restra int at the periphery of 

the m etal blank. If restricted, strain will occur in deep sites or over acute
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angles. Pressing form s of such com plexity results in fa ilu re  if the coun terd ie  

is invested incorrectly in the base ring (Fig 2.1). The counterd ie is invested 

to allow  a sm ooth flow  of the sheet m aterial. If w rongly invested sharp 

angles will restrict the sm ooth flow, cause overstretch ing undesired th inness 

and possible plate fracture (Fig 2 .1 A.& B). The two circles in Fig 2 8  indicate 

too sharp a drop (angle) that will com prom ise the sm ooth m etal flow.

2.4.1. The Pressure Unit and Its Functions

To pressure m ould the plate, the investm ent ring conta in ing a counterd ie is 

placed in the base cham ber. A fla t sheet of titan ium  is placed over the base 

ring, the upper cham ber is lowered and bolted to the lower cham ber w ith 8 " 

bolts. Oil is pum ped into the upper cham ber forc ing the rubber d iaphragm  

onto the titanium  to m ould it to the shape on the  counterdie. (Fig 2.3, U1 & 

U2). Oil is conta ined in a reservoir and contro lled by the main m anifold valve 

(Fig 2.5). Three fu rther valves are contro lled by finge r pressure, to lower and 

raise the upper cham ber, to increase or decrease pressure, and to raise or 

lower three e jector rods fo r removing the investm ent ring on com pletion.
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Fig. 2.1. A the correct and B the incorrect investing technique. T is the titanium sheet, c, the 

base ring, d, the investment material, and e, the counterdie.



Fig. 2.2. The bench top pressure forming unit.

102

- m :  m
m



103

Fig. 2.3. U 1. The unit closed before pressure has been applied. A. Oil. B The thick rubber 

diaphragm. B. The sheet titanium. C. A gap between the titanium and the 

counterdie. D. The counterdie within an investment ring. U.2. E Oil Pressure 

indicated by 3 arrows forcing the plate F, against the counterdie, D.



104

Fig. 2.4. A diagram of the functioning unit. Three sections are enlarged.
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2.5. External Impression Plate Construction
The essentia l requirem ent fo r the construction of any prosthesis is the  

production of a model. For cranioplasty construction it is derived e ithe r from  

an indirect im pression taken of the scalp over the defect, o r by using the 

resected bone flap (Sections 2 . 5 . 1 2 . 5 . 3 . ) .

There are 9 stages in the  construction of these plates:

i). Im pression and atta in ing a m odel.

ii). Restoring anatom ical contour on the model.

iii). Designing the plate.

iv). O utlin ing the design on the m odel with indelib le pencil.

v). Casting a counterd ie using a dental stone which is suffic ien tly

strong to w ithstand pressure. The design outline transfers to the 

counterdie.

vi). Investing the counterd ie in a base ring of the pressure form ing 

unit.

vii). Pressure m ould ing the plate to  the desired shape.

viii). Trim , "m etal work" and polish the plate.

ix). E tching and anodising.

O f these stages two were investigated in the first study:

a). S tage iii, designing the plate including the in troduction of a num ber of 

features to im prove a ttachm ent and aesthetic results.

b). Stage vii, pressure m ould ing in relation to metal stress and the 

com plication of border lifting, and plate fracture on pressure form ing.

The o ther stages have been used universally and successfu lly fo r years, and 

not questioned.
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Fig. 2.5, The pump unit, main manifold valve and the three motors valves 2 ,3 , & 4.
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Fig. 2.7. The pressure unit when closed, secured by bolts, showing the 3 ejector rods in the 

base unit.
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2.5.1. O bta in ing the M odel.Using an Impression O ver the Defect

The im pression is taken in two stages, the first stage is to obtain as m uch

accuracy as possib le of the defect margins, and the second uses P laster of

Paris to hold all the m ateria ls rigidly to prevent d istortion (Fig 2.9). To avoid

shrinkage of the im pression m ateria l (Figs 2.8-9) the m odel should be cast

as soon as possible. The m axim um  delay being one hour. An ind irect

im pression is used to  obtain the model. Shaving the head allow s carefu l

palpation, outlin ing of the defect borders, and prevents ha ir from  adhering to

the im pression m ateria l. The outline allows at least 2.0 cm  to ensure that

sound bone is reached (Figs 2.8-9).

As the defect area can be tender, a prim ary im pression is taken first w ith a 

soft alginate, silicone, or rubber m ateria l (Fig 2.10). In add ition these 

m ateria ls are very accurate, but set insuffic iently rigid to  enable rem oval 

w ithout d istortion. Before setting, clips or ends of two inch bandage cuttings 

are inserted to ensure that the prim ary im pression adheres to the 

subsequent p laster over im pression. W ith shallow  defects an adhesive has 

the sam e effect. M ultip le layers of wet p laster bandage are w rapped gently 

over the head and prim ary im pression to obtain a full head im pression (Fig 

2 .11).

Setting p laster generates heat. The im pression m ust be rem oved as soon as 

the patient indicates d iscom fort.

Hard p laster is inserted in the im pression to form  the m odel, the im pression 

having been covered w ith a separating m edium to assist the rem oval. The 

outline (Fig 2.12) is transferred onto the model. W hen set the anatom ical 

contour is restored w ith wax or w ith a soft P laster of Paris. The recontoured 

area is lubricated w ith petroleum  je lly  and covered with a hard dental stone 

to obtain a coun terd ie  (Fig 2.13). A counterdie is a negative or a reverse of a 

positive. In cran iop lasty construction the m odel acts as the  positive.F ig. 2.8. 

The defect exposed on the shaven head.
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Fig. 2 .9. The defect border outlined before taking the impression.

Fig. 2.10. A primary impression covered with blue adhesive.
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Fig. 2.11. The full head impression obtained with plaster bandage.

Fig. 2.12 The model showing the transferred outlining.
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Fig. 2.13. A. The defect recontoured with wax. B. Casting the counterdie.
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2.5.2. Using Resected Bone to Obtain the Model

R esected bone m ay be received e ither in one piece or in fragm ents. In 

e ithe r case the procedure is sim ilar. A fter m ounting and "extending" the 

bone, it itself acts as the model. An outline is recorded, it is lubricated and 

an overd ie  cast.(F ig 2.13).

W hen using an in tact piece of resected bone, the m arg ins are extended 

approxim ate ly 2 cm with wax or P laster of Paris a rb itra rily  fo llow ing the 

ana tom y of the bone (Fig 2.14).

W ith  fragm ented bone one must first insure tha t all the  p ieces have been 

supplied. They are then jo ined w ith dental s ticky w ax and em bedded 

care fu lly  into a thin m ixture of soft P laster of Paris. W hen set the fragm ents 

can be extended w ith wax, o r preferably fo r strength, the  jo ined bone is set 

into m ore p laster of Paris extending it in the sam e way by a m inim um  of 2 cm 

and then casting the counterd ie (Fig 2.15).

O f these two techniques, using an im pression o r the resected bone, tak ing 

an im pression is preferable . A lthough the rounded borders of the defect are 

im precise, arb itrary fo llow ing the bone anatom y is even m ore inexact. Using 

e ither technique the plate design, including all the  a ttachm ents features, is 

outlined on the contoured m odel using indelib le pencil.
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Fig. 2.14. A. Intact resected bone. B. The model acquired by extending the bone with wax.

Fig. 2.15. A. Bone fragments. B. Joined fragments set and extended in 

Plaster of Paris.
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2.6. Plate Design

2.6.1 ■ External im pression Plate Design

Trad itiona l constructions were provided from  1986-1991. The techn iques fo r 

a tta in ing a m odel were so unreliab le tha t surgeons w anted plates to be over 

extended to a llow  fo r im pression error. This included the provision of lengthy 

border flanges fo r screw attachm ent to ensure the ir reaching sound bone. 

The long flanges enabled the adaptation of the cranioplasties by hand at 

insertion. Depending on the  size and com plexity  of a plate, insertion took  

from  40 to 70 m inutes. The em phasis in th is research was on im proving the 

fit, the m eans of attachm ent, and the cosm etic result, but all w ith in the 

accepted fram ew ork of m arginal overextension with the provision of long 

flanges to  ensure suffic ient overlap. The  flange length served a trip le  

purpose in tha t they ensured that sound borde r bone was reached, they  

provided the desired pliab ility that allowed finge r adaptation at insertion, and 

they assured at least adequate overlap to counteract forces such as 

acquired by fa lls or blows on the plate. It m ade no difference to  the 

surgeons if the plates were overextended. It was considered very m uch 

m ore desirab le  and im portant than the ir being under extended (Fig 2.16-17).

Surgeons were well aware of the d ifficu lty and the extent of inaccuracy tha t 

the  prosthetis t had to contend with. Scalp tissue can be th ick and resistant. 

M odels from  im pressions had rounded borders and significant de fect 

crevices that could not be penetrated by the im pression. The overextended 

plates covered all such eventualities (Fig 2.17).



Fig. 2.16. Long flange extensions for screw attachment.
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Fig. 2.17. A typical model derived from an external impression.
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Fig. 2.18. Significant overextension of plates for a small defects. Tfie black outline is the 

defect size.
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2.6.2. Designing Using the CAD-CAM  Technique (see C hapte r 3)

W hen it was possib le to obtain an accurate model w ith w ell defined defect 

borders, it becam e apparent that im portant factors had to be considered. 

These included;

i). Plate design in relation to size and retention.

ii). Ach ieving accuracy whilst achieving the m inim um  overlap required.

iii). The elongation factor due to stretching when pressure form ing 

causing poor fit, and fractured plates.

It was also found that neurosurgeons avoided screw attachm ent in fron ta l 

cases when a defect approxim ated the supra-orbita l ridge, particu la rly  in 

large and bilateral cases, fo r fea r of involving a sinus. Th is  was at the tim e a 

m ajor problem . The difficu lty is illustrated in Fig 2.19. Screw  a ttachm ent is 

not possible w ith in the thin tem pora l fossa bone from  A to C, and B to  D. 

The plate would only be attached in the upper extrem ity w ithout som e form  

of a ttachm ent to the in ferior border. Apart from  not being su ffic ien tly  secure, 

lifting of the in fe rio r border with scalp erosion fo llowed by breakdown and 

infection is a real danger. The d ifficu lty was com pounded in tha t un ila tera l 

anterio r cases attached w ith screws on the forehead, resulted in poor 

cosm etic  results.

Neurosurgeons, on occasion also tried to prevent lifting of the in fe rio r border 

w ith the use of a quick setting acrylic (Cranioplastic) (Fig 2.20).
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Fig. 2.19. A bilateral frontal defect model illustrating the diffioulty in attaching bilateral frontal 

forehead cases.

Fig. 2.20. Securing the inferior border of a plate with acrylic.
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2.7. Improved Attachment Features for Frontal Cranioplasty

In traosseous extensions, support from  the zygom a, s im ula ted mesh m argins, 

and a num ber of innovations were in troduced to  provide adequate 

attachm ent in the fronta l area approxim ating the supraorb ita l bone.

2.7.1. Intraosseous Extensions

Intraosseous extensions (Fig 2.21) were devised fo r use m ostly  in 

supraorb ita l bone, but are also of use in the anterio r borde r of any plate that 

extends below the hairline. W ith in  the supraorb ita l bone they m axim ise the 

area retained between the inserted extension and the  s inuses (Fig 2.22). 

The extensions prevent the plate 'lifting' o ff the in ferio r m argin and 

sign ificantly  reduce the  num ber of screws otherw ise used in an a ttem pt to 

secure a ttachm ent (Fig 2.25).

In traosseous extension fit into a slot cut between the ou ter and inner layers 

of crania l bone (Fig 2.26).

W hen an extension is used in the supraorbita l region the bone lying ove r it is 

very th in  and subject to fracture  (Fig 2.22). It is therefo re  im portant tha t the 

plate is lying passive ly before tightening the screws on the superior border 

and tha t the extension is accom panied by plate overlying the adjacent bone 

(Fig 2.24). T itan ium  sheet left with stress (Section 2.6.1) would create 

upw ards pressure on the overlying bone of the extension, by the extension 

(Fig 2.23).

A clin ica l case when 10 screws were requested in the forehead region. A 

change in design using an in traosseous extension and a sunken rest (Fig 

2.25) enabled the use of on ly three screws which will provide adequate 

a ttachm ent with a m uch im proved aesthetic result.
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Fig. 2.21 A. B. & C. Presenting intraosseous extensions diagrammatically.
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Fig. 2.22. Diagrammatically showing the increased distance from a frontal sinus using an 

extension in place of a screw. Insets f & g are magnified and shown in Fig 2.23.
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Fig. 2.23. f), The screw inserted in the superior border, g), shows the pressure on the thin 

overlying bone subject to fracture.

Fig. 2.24. a), Plate extension with a rest area prepared in bone adjacent to the drilled slot to 

accept the extension, b), A plate on a model showing adjacent plate overlap which 

is an alternative ways of supporting and thereby preventing fracture of the thin bone 

overlying the extension.
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The bayonetted shaped intraosseous.extension, usually only 6-8 mm wide, 

fits into a slot drilled between the outer and inner layers of the crania l bone 

(Fig 2.26). This technique is most frequently used with plates approxim ating 

the supra orbital ridge area.

2.7.2. The Use of the Zygom atic Bone for Support

Additional or alternative support was attaining from the zygom atic arch. This 

could e ither be achieved by providing 3 extensions, 2 passing behind the 

bone and 1 in front to ' grip ' the zygom atic bone. Zygom atic grip was used 

successfu lly in the clinical case shown in Fig 2.27.

A lthough the intraosseous extensions increased the distance from  the sinus, 

there were cases with large sinuses very close to the cranial defect, leaving 

a risk facto r in the procedure. In such cases zygom atic stabilisa tion was 

provided by using a 1.0-1.5 mm wide strip attached to bone above the plate 

(Fig 2.28), passing over it, and then narrowing to pass under the zygom atic 

bone. The strip is bent at insertion to leave it in tension aga inst the 

zygom atic bone. The plate is grooved to accept the strip.

The principle purpose of th is support is to avoid lifting of the unattached 

in ferior border when in traosseous extensions are not used.

Fig. 2.25. a). A plate requested with 10 screw attachment holes, b), The simplified design with 

one extension, a sunken rest incorporating one screw, only two further screws 

being required.

2.7.3. S im ulated Mesh

Sim ulated mesh (Fig 2.29) is provided in selected cases usually at the 

request of the neurosurgeon as an alternative to in traosseous extensions 

and zygom atic gri. This option is preferred by som e surgeons, a lthough the 

mesh border requires attachm ent using w ires which is tim e consum ing.



125

Fig 2.25. a). A plate requested with 10mm screw attachment holes. B). The simpified design 

with one extension, a sunken nest incorporating one screw, only two further screws 

being required.

Fig. 2.26. A slot in the bone to receive an intraosseous extension.
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Fig. 2.27. A plate insitu utilising a zygomatic ' grip ' attachment.

Fig. 2.28. A plate insitu utilising a zygomatic 'support'.



Fig. 2.29. A simulated mesh margin can provide attachment with wires. 

Improving aesthetic results in frontal cases.
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2.8. Improved Aesthetics

C osm etic  results were improved by the use of sunken rests with fla ttened 

screw  heads, featherage, and the use of tem p la tes (Figs 2.30-2.31).

2.8.1. Featheraqe

Featherage (Fig 2.30a) consisted of th inn ing an area of plate tha t w ould 

cover a prom inent area below the hairline. The plate th ickness is reduced to 

the m inim um  possible, i.e, 0.2-0.2 mm.

2.8.2. Sunken Rests

Broad sunken rests (Fig 2.30b-c) with or w ithout screw  insertion holes can be 

provided to fit into a corresponding area of bone ground away by the 

surgeon. The plate is only 0.72 mm th ick and m in im al grinding is required. 

Screw s w ith fla ttened heads are provided fo r a ttachm ent (Fig 2.30b). 

A esthetic  results in anterior cases had been poor. The innovations (Figs 

2 .20-30) were introduced to attain im proved aesthetic  results. Exam ples of 

unsatis factory results (Figs 2.30-31) showed that, postoperatively, the 

fo reheads were irregular with ridges or depressions.

Aesthe tic  results im proved gradually but then s ign ificantly  a fte r forehead 

tem p la tes (Section 2.5.5) were introduced. Forehead ridges were found to 

be com ple te ly  avoidable, but the depression at the external la ter orbit border, 

while d im in ished, was never fu lly o r consistently avoided.
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Fig. 2.30. a) Featherage to a margin to blend with bone, b) sunken rest with two screws 

having flattened heads

Fig. 2.30. c) Showing a sunken rest diagrammatically.

a
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Fig. 2.31a. Two frontal cases with a poor aesthetic result. Both show an unnatural ridge in 

the mid forehead.

Fig. 2.31b. Further examples of postoperative forehead irregularities;

a), shows a very common fault, i.e. a depressed area at the lateral external border of the

supraorbital ridge; b), shows the same depressed area as well as a mid forehead 

ridge.
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2.8.3. Forehead Tem plates

The m ost im portant deve lopm ent fo r improved aesthetic results was the 

in troduction of the use of trial tem plates (Figs 2.32-34; a pilot study of 8 

fronta l cases; Joffe  et al., 1993). The im portance of increased

com m unication between surgeon and prosthetist was em phasised. C riteria  

need to  be agreed between involved neurosurgeons and the cran iop lasty  

unit, which included an additional appointm ent with the patient fo r a tria l of 

the tem plate  including adjustm ent if required.

Replicating the individual anatom ical feature o f the fo rehead is im portant. 

Forehead shape differs greatly fo r each patient. The procedure can be 

assisted when it is possible to acquire photographs of the patient before the 

occurrence of the pathology or traum a that caused the d is figurem ent (Fig 

2.32a). If no photographs are available a visual forecast is necessary (Fig 

2.33), to construct the tem plate. Contouring is under-taken on the m odel 

using soft wax. The tem plate is constructed over the recontoured area w ith a 

hard wax, which can be sim ply altered in the surgery.

The patient, preferably accom panied by a relation or close friend, is availab le 

to com m ent on the aesthetic appearance, and the tem plate can be altered, in 

the ir presence, until the correct contour is agreed. Casting the  overd ie  is 

only undertaken a fte r any ad justm ents in re-contouring are com ple ted  (Fig 

2.32b).
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Fig. 2.32. a). A photograph of the patients forehead prior to trauma, b). A template 

constructed with acrylic painted wax, replicating prominent features.
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A patient with unusually prom inent supraorbita l and fron ta l-parie ta l 

prom inences (Fig 2.32) could not be provided with a satis factory cosm etic 

result w ithout reproducing the individual forehead features. A tem p la te  on 

the forehead indicates if alterations are required. An accom panying person 

or the patient can help in this decision.

If a photograph is not available and the area not sensitive or painful, the wax 

fo r re-contouring can be applied d irectly on the patient fo r visual assessm ent 

and adjustm ent (Fig 2.32). This requires agreem ent by the patient, 

particularly because a further im pression is required of the contoured 

forehead. Good aesthetic results are then achieved (Fig 2.34).

C ontour is d ifficu lt to assess with a red wax tem plate. The tem p late  is 

painted with quick drying flesh coloured acrylic paint. W hen alteration is 

required the paint strips off under cold water, wax is added or rem oved, and 

paint again applied. W hen the defect area is sensitive and no photograph 

available, the rem ovable tem plate procedure (Figs 2.32 & 2 .35-37) is 

em ployed. The contouring takes place on the m odel and the flesh coloured 

tem plate constructed. If adjustm ent is required, wax on the m odel is 

removed or added and the tem plate, softened with hot water, m odified on the 

model and again painted.

Tem plates are not on ly used fo r confirm ing correct re-contouring in 

frontal,cases, they are often used to confirm  correct extension, m idline 

correction, and a ttachm ent sites (Figs 2.35-36).

Good to excellent results were atta ined with insertion innovations and the 

use of forehead tem plates (Figs 2.32-7).

2.9. Metal Stress

Sheet titanium  deve lops stress in a num ber of ways:

i.). If w rongly invested or if required to stretch too sharp ly over a 

prom inent or sharp edges (Section 2.4, Fig 2.5).
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ii,). W hen inserted incorrectly (Figs 2.4.3-6).

iii.). W hen peripheral restraint prevents adequate 'stre tching' In these

circum stances it could fracture (Fig 2 .48).
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Fig. 2. 33. A forehead defect re-contouring.with a wax template.

Fig. 2.34. The lateral and frontal view of the postoperative result for the patient with the wax 

contouring.

ii?
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Fig. 2.35. Attaining required details using a template.

1

Fig. 2.36. An unsuitable forehead template.

A



137

Fig. 2.37. Corrected template. A smooth forehead no prominences.

Fig. 2.38. A large forehead defect and the postoperative result.
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Fig. 2.39. The postoperative result of the parietal frontal defect of the patient presented with 

the defect, impression and model ( Section 2.4.1, Figs 2.8-14).

Fig. 2.40 A bilateral frontal defect and the result.



Fig. 2.41. A typical plate fracture.
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Fig. 2.42. Plate attached by a screw inserted too tightly.
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2.9.1. Incorrectly Invested

Incorrect investm ent (Section 2.4, Fig 2.1), causes a plate to stretch too  

sharp ly over an acute margin, resulting in strain and frequent m etal fractu res.

2.9.2. Incorrect Insertion

Inserted incorrectly can leave a plate with la tent stress m anifesting la te r by 

forc ing loose an inadequately secured border (Figs 2.43-44), which can lift 

w ith soft tissue irritation and possible in fection. Lifting m argins can result 

from  incorrect pressure of screws (Fig 2.43), or incorrect sequence of 

attaching w ith screws (Fig 2.45). A lifting m argin is one of the few  causes of 

fa ilure in titan ium  repairs. A plate inserted w ith latent stress (Fig 2 .44) can 

cause postoperative sym ptoms. An over tight screw  at one end (Fig 2 .43) 

fo llowed by the insertion of a screw on the contra  lateral side will resu lt in 

centre raising and latent stress (Fig 2.4). If insertion continues to com ple tion , 

the plate (Fig 2.44) will be left with latent stress. The stress is som etim es 

suffic ien tly  strong to loosen a screw and a detached lifting margin results. 

The la tent stress could possibly be a factor contribu ting to a postopera tive  

sym ptom  such as local pain and headaches. On insertion the screws shou ld  

be only lightly screwed in a clockw ise or anti c lockw ise manner. No borde rs 

should lift away from  the bone. The plate should rest passively be fore  the  

screws are fina lly  tightened.

In plate construction, all flange cuts m ust me m ade to predrilled holes. If not 

done th is also results in metal stress (Fig 2.45). V isually a cut to a predrilled  

hole shows m inim al even concentric stress lines. W hen cut w ithou t a 

predrilled hole there are long uneven radiating stress lines.
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Fig. 2.43. A plate left with latent strain.
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A  p la te  inserted incorrectly (Figs 2.43-44) has been tested fo r latent stress. 

The  stress radiating from  screws placed on opposite sides, fo llow ed by 

inserting screws in between (Fig 2.44), can be dem onstrated visually. Large 

s tress lines radiate between the screws. A plate resting passive ly shows no 

s tress lines between screws (Fig 2.45).

In p la te construction, all flange cuts m ust be m ade to predrilled holes. If not 

done th is also results in m etal stress (Fig 2.45). V isually a cut to a predrilled 

hole show s m inimal even concentric stress lines. W hen cut w ithout a 

p redrilled  hole there are long uneven radiating stress lines.

S tress in cranial bone can also result. On inserting a plate starting holes 

s ligh tly  more narrow than the screw  d iam eter should first be inserted. 

W ithou t a starting hole forcefu l screw ing can cause bone to chip and flake. 

The resulting attachm ent is poor, the screw can be forced out by a plate with 

la tent stress. Bone stress too can be dem onstrated visually (Figs 2.47-48). 

Even concentric unbroken stress lines indicate firm  attachm ent, while 

irregu lar haphazard and broken lines indicate poor attachm ent conducive to 

loosening and plate lifting.

Even concentric lines donating lack of stress when inserted to a predrilled 

hole, and the irregular lines indicating stress drilled w ithout a starting hole 

can be seen particularly well when looked at vertically, the contrast is m ore 

obvious.

It has been found that double or trip le  screw flanges appear to be very m uch 

stronger than single screws w ide ly distributed. For exam ple, a plate 

requiring 6 screws would be m ore firm ly attached with three double screw  

flanges than with 6 single screw  flanges. Screw ing with starting holes is then 

essentia l as two adjacent screws w ithout starting lines will cause m ore bone 

stress, chipping, and inevitab ly loosening.
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Fig. 2.44. Stress lines radiating between attachment screws under stress.

Fig. 2.45. A Flange cuts, to a predrilled hole. B, Without a predrilled (starting ) hole.
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Fig. 2.46. A, Screwing without a starting hole. B, With a starting hole.

Fig. 2.47. Left; insertion to a predrilled hole showing even concentric lines. Right; Insertion 

without shows irregular and broken lines.
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2.9.3. Peripheral Restraint

W hen the upper and lower cham ber of the pressure form ing unit are bolted 

toge the r (Fig 2.7.Page 98) they press extrem ely tightly  onto the blank sheet 

of titan ium . This w ill cause restraint and not a llow  the m ateria l to  flow  when 

pressure  is applied. To avoid this a ring of titanium  0,72 mm, ie the sam e 

th ickness of the plate, is inserted between the two cham bers, leaving the 

titan ium  sheet free to flow  and stretch (Fig 2.49). If th icke r sheet 0,90 mm is 

used the  th ickness o f the ring must be the sam e, i.e 0.90m m .

2.10. Patient Reviews

Tw o groups of patients had reviews of the plates provided fo r the repair of 

cran ia l defects from  external impressions:

G roup 1a. A retrospective reviews of 66 patients w ith reviews at 6 m onths 

to 2.5 years, 3,3 to 5.5 years, 6.5 to 8,5 years, and a final review a fte r 8 to 

10 years.

G roup 1b. W ith in  the group of 66 patients, a s im ultaneous pilot study of 8 

patients with an terio r defects was undertaken. The e ight cases were 

assessed preoperatively, in traoperatively and 4-6 days postoperatively.

G roup 2). A retrospective review of 50 patients w ith fo llow  up periods of 2 

to  5 years and 3.5 to  6.5 years.
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Fig. 2.48. An inserted ring to prevent excessive peripheral restraint when pressure forming.
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2.10.1. G roup 1.a. The Retrospective Review of 66 Patients

S ixty six patients had the ir notes exam ined, fo r preoperative, in traoperative, 

and postopera tive  data. Tw enty five patients com pla ined of headache, 

dizziness, d iscom fit on sudden m ovem ent and undue fa tigab ility  

preoperative ly. The patients were sent a questionnaire a fte r 2.5 to 3 years 

a fte r plate insertion. (Appendix 2.2). Returned questionna ires however, 

ind icated tha t the  questions tended to confuse som e patients, and as a result 

the in form ation acquired was insufficient. A second m ore detailed 

questionna ire  w ith accom panying clarification o f the details required was 

sent. The in form ation received fo r the im proved questionnaire was m ore 

re levant and suitab le fo r analysis (Appendix 2.3). The period of tim e 

betw een plate insertion and the review varied from  6 m onths to 30 m onths.

2.10.2. Fortv Patients Available fo r the Review.

O f the  66 questionnaires, 40 were returned.

2 .10.3. Defect Size and Etiology.

In group la ,  65 % of the defects were large (> 100 cm ^ ).

73 % of the p lates were to repair defects that included the frontal region. 

E ighteen (45 %) were first tim e repairs.

S ixteen (40 %) were to replace previous bone repairs.

Five p lates (12.5 %) were provided to replace previous repair with 

m ethylm ethacry la te .

O ne plate (2.5 %) was to replace a previous titan ium  plate.



2.10.4. Results of G roup 1 .a.

Table 2.1. A retrospective review of 66 patients.40 patients traced.

Number

of

Patients

Period

(Years)

Deceased Not

Traced

Symptom-

Free

Severe

Headache

Mild

Headache

Local

Pain

Recurrence 

of Tumour

Infection

40 0.5-2.5 6 7 10 6 2 2 2 1

27 3-5.6 3 2 2 5 4 4 3 0

23 6.5-8.5 1 1 9 3 1 3 1 1

20 8-10 1 1 10 2 1 3 0 2
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2.10.5. G roup 1b. The Preoperative, in traopera tive  and 4 - 6  Day 

Postopera tive Pilot S tudy of the 8 Anterio r Cases w ithin G roup la .

Neurosurgeons were asked to co-operate in th is  review o f an te rio r cases. 

Tw o plate were constructed fo r each case. A ttention w as focused on a 

com parison of the fit and the aesthetic result of the p lates constructed  in the 

routine fashion to those constructed fo r the sam e patients approached under 

gu ide lines agreed w ith the neurosurgeons.

An im pression was taken fo r each case prior to consu lta tion  with the  

surgeon, and a plate constructed. There was then a d iscussion with the  

surgeon as to the plate design and the selected a ttachm ent features. A 

tem p la te  was m ade from  the recontoured m odel and a fu rthe r appo in tm en t 

m ade fo r a tria l fitting of the tem plate to assess the extension of the plate and  

to confirm  the correct contouring. If altering was required it was undertaken  

at the sam e appointm ent. A  second plate was then constructed having th e  

add itional data from  the trial w ith the contour and extension m odified a s  

required. Both plates were provided blind ly fo r the insertion, which w a s  

attended.

2.10.6. Fit. Aesthe tic Result and Conclusion.

In every case the plate m ade afte r the trial was found to fit s ign ificantly b e t te r  

than the plate m ade in the routine fashion w ithout consultation or te m p la te  

tria ls, and was selected fo r insertion. The patients were seen and the re s u lts  

eva luated a fte r 3-4 days. In 7 of the 8 cases the aesthetic result w a s  

considered to  be excellent, and the 8th adequate.

The  conclusion was that increased com m unication and a trial appo in tm ent in  

every fron ta l case would sign ificantly im prove results. In group la ,  a n d  in  

group 2, the average success rate aesthetica lly was approxim ate ly 60 %. i n 

the  p ilo t study 87.5 % were excellent and the others adequate.



2.10.7. Results of G roup 2.

Table 2. 2. A retrospective review of 50 patients 44 traced.

Number

of

Patients

Period

(Years)

Deceased Not

Traced

Symptom-

Free

Severe

Headache

Mild

Headache

Local

Pain

Recurrence 

of Tumour

in fectio

n

44 0-2.5 5 6 6 8 6 0 1 1

33 3.5-5.5 4 2 14 2 3 2 4 2

150
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2.10.8 . An analysis of the results of 40 patients w ith a fo llow  up of 8 - 1 0  
years

O f 40  patients 11 died and 11 were lost to fo llow-up. Leaving 18 surviving.

10 are sym ptom  free.

2 rem ain w ith severe headaches.

4 rem ain having low grade or occasional local pain.

During the 10 years there were 6 recurrences of m eningiom a.

In the  first 6 m onths there was 1 in fected case. 3 add itiona l in fections  

occurred  a fte r 6 .5  years.

A esthe tic  results indicated 59% of anterio r cases as satisfactory.

(2.10.9 & 2 .10.10 here as 2.10.5 & 2.10.6)

2.10.9. G roup 2. A Retrospective Review of 50 Patients.

The 50 patients were treated fo llow ing a review  protocol based on the 

ou tcom e of G roup 1 (& 1b), i.e. frontal tem pla tes and bette r collaboration 

w ith the surgeons. The sam e questionnaire was found to sa tisfactory as fo r 

group 1. Forty fou r questionnaires were returned a fte r 6 m onths to 2,5 years, 

and 33 returned a fte r 3.5 and 5.5 years.

2.10.10. Defect Size and Etiology.

61 % of the defects were large ( > 1 0 0  cm ^).

67 % of the p lates were to repair defects that included the frontal 

region.

Tw enty two (50 %) were first tim e repairs.

Fifteen (34 %) were to replace previous bone repairs.

Six plates (13.8 %) were provided to replace previous repair with 

m ethylm ethacrylate.
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One plate (2.2 %) was to replace a previous titan ium  plate.

2 .10.11. An Analysis of the Results of 44 Patients W ith a Follow Up of 3 .5  - 
5 Years.

O f 44 patients 9 died and 8 were not traced. Leaving 27 surviving.

14 are sym ptom  less.

2 rem ain with severe headaches.

5 rem ain having low grade or occasional local pain.

During the 5.5 years there were 4 recurrences o f m eningiom a.

In the first year there was 1 in fected case. 2  add itiona l in fections occurred  

a fte r 5 years.

Aesthe tic  results indicated 82 % of frontal cases as satisfactory.

O f the recurrences all 4 were m eningiom a.

O ne of these patients was in hospital with severe pain pending surgery.

Tw o other patients had undergone fu rther cran iop lasty and were sym ptom  

less. The forth had low grade local pain and m ild to m oderate occasiona l 

headaches.

O f the 5 patients In the low grade pain group, two patients had occasiona l 

headaches seldom  severe m ostly mild., one had frequent but m ild to 

m oderate headaches, and one had occasional local pain varying in severity.

2.11. An Analysis of the Two Reviews.

Taken over equal periods the results of the two groups are sim ilar.

i). The m orta lity incident is high.

ii). The num ber of patients not traced is also high.

iii). M eningiom as are liable to reoccur.

iv). Severe headache is the predom inant sym ptom .

The patients not traced tend to com prom ise the find ings.
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2.11. An Analysis and Conclusion of the Reviews.

The high rate and of untraced patients is possib ly due to  the survey being 

conducted principally in London. The severe cases are frequently  referred to 

London Neurosurgical Centre that also tend to attract m any overseas 

patients. These patients are often seen private ly ra ther than under the 

National Health Service. They return to the ir hom e coun tries and the ir 

records tend to be returned to the ir hospita ls or the consu ltants that referred 

them. The patients referred from  out o f London areas return to the ir hom e 

towns, and sim ilarly the ir records .accom pany them . Auditing only 

com m enced in the late 1980's, and even afte r then records are extrem ely 

d ifficu lt to  trace.

The fact that the London units see so m any referred severe cases could also 

account fo r the high m orta lity rate. Vu lnerability, i.e. fea r of in jury to the 

unprotected brain, som etim es extrem e, has not been included in the survey.

There is one particu larlv sign ificant finding: Late in fection cases.

Group la ,  when considered a fte r 10 years gives the incidence as 7.5% .

G roup 2 indicates 4.5%  infection.

Prior to the long term  fo llow  up of 10 years, it was thought by m ost users of 

titanium  that the in fection incidence was approxim ate ly 2%.

The cause of earlv in fections in considering in fection rate.

In G roup 1 there was 1 in fected case in the first 6 m onths. W ith in  a few  

m onths of cran iop lasty a fte r rem oval of a m eningiom a, the patient on review 

was found to have a m alignant tum our of the left frontal, supraorb ita l and 

orbita l area. T reatm ent included what was referred to as a "rad ia tion insert". 

This subsequently suffe red a staphylococca l infection, which included the
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area o f previous cranioplasty. The plate was rem oved in subsequent 

trea tm ent. There is no evidence of infection of the plate.

In G roup 2, one infected case occurred in the first year. It apparently  

deve loped w ith in w eeks a fte r insertion and was not unexpected. The patient 

had a h istory of 5 cranial repairs over a period o f 8 years. The previous 

repa irs were first by a replaced bone flap, the second and th ird using acrylic 

and the  forth  a titan ium  plate. All became in fected or w ere rejected. W hen 

undergoing the fifth  cranioplasty the area of bone loss was over SOOcm^. 

The sca lp  was taught with abundant scare tissue, which caused d ifficu lty  in 

covering the plate. The surgeon was pessim istic regard ing the outcom e and 

the patient was not discharged from  hospita l before  the soft tissue 

breakdown, in fection, and plate removal.

The 5 in fected cases occurring on long term  fo llow  up is unexpected and 

significant.

The firs t study show ed tha t 23%  of plates were unsa tis factory in fit on 

insertion, and 41%  of anterio r cases were aesthetica lly  poor. The pilot study 

of 8 fronta l cases im proved these results grow ing to 82% aesthetic 

satis factory outcom e in G roup 2, but fitting still occup ied s ign ificant surgeons 

tim e. H ow ever the in troduction of the a lternative m ethods o f plate a ttachm ent 

is of lasting benefit. Overall no fu rther substantia l im provem ent was possib le 

because the identifiab le  obstacles cannot be resolved. They are:

1 ). An indirect im pression over the patients scalp above the defect 

gives only an approxim ation of the true borders o f the defect.

2). The use of resected bone com pounds the difficu lty. Much bone is

lost in the resection process and the contouring and orientation is only 

arbitrary.
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CHAPTER 3

THE CAD-CAM TECHNIQUE FOR CRANIOPLASTY FABRICATION

The Pilot Study.

3.1. Introduction.

The  D epartm ent o f Medical Physics and B ioengineering, University C o llege 

London had developed the ir (MGI), M edical G raphics Imaging w orksta tion  

p rim arily  fo r facia l rehabilitation and reconstruction (Moss et al., 1987; Tan et 

al., 1988, 1991; Moss et al., 1988; Tan & R ichards 1991 ;Tan et al., 1993, 

1994; L inney et al., 1993). The functions o f the MGI workstation deve loped 

in to m any o ther fie lds. Its use in cran iop lasty was a logical add itiona l 

app lica tion  to investigate particularly in regard to the assertion in the 

conclusion  o f chap ter two that the future of cran iop lasty lies in the provis ion 

o f C T  scan generated milled m odels (Joffe et al., 1993).

In 1991 the cran iop lasty unit collaborated w ith the Departm ent o f M edica l 

Physics in a Pilot study of six frontal cases using a C om puter A ided Design 

and C om puter A ided M anufacture (CAD-CAM ) technique (Joffe et al., 1992).

The  routine provision of plates constructed using the CAM -CAD techn ique  

fo llow ed the pilot study. The com puterised construction procedure rep laces 

the  external im pression m ethod only in the production of a life size m odel 

and in assisting the restoration of skull contour. These procedures are 

described in th is chapter after presenting the pilot study. The rem ain ing 

prosthe tic  fabrication, shared by both techn iques has been described in 

C hapte r 4.
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3.2. The Pilot Study in 1991

Six Patients and The Achieved Results.

A  pilo t study of six com puter generated titanium  cran iop lasties w as 

undertaken in 1991 in collaboration w ith the Departm ent of M edical Physics, 

U n ivers ity  College Hospital. To reproduce the prosthesis C T scanning was 

perfo rm ed in accordance w ith the standardised protocol. Im ages w ere 

presen ted on the video screen show ing the soft tissue or underlying ske le ton 

from  any viewpoint. These were shaded in such a w ay as to  a llow  the 

ope ra to r to perceive there three d im ensional character.

3 .2.1. Case 1. The first Com puterised plate constructed

A sm all fo rehead defect contain ing a fractured acrylic repa ir inserted 3 years 

previously presented w ith the acrylic fragm ents floating in fluid. A lthough th is 

case becam e the first of the pilot study, the patient had a lready been seen 

fo r the  construction of a routine trad itional plate. The outlin ing had been 

accom plished as precisely as possible, multi p lanar X rays taken, and an 

im pression undertaken. The m odel had been cast, the coun terd ie  m ade and 

invested and two plates constructed. W hen the pilot study started it was 

realised that the patient presented the ideal opportunity of provid ing a case 

tha t could be undertaken by both techniques to assess a com parison in 

results.

The patient was a 18 year old man, in tending to take a m edica l degree and 

was in terested and eager to partic ipate in the research. A  th ird com puterised 

plate was constructed. Com puterised Tom ographic (CT) scans were taken 

and preserved on m agnetic tape to be reform atting into a 3 d im ensiona l 

im age using the MGI workstation (Fig 3.2). Two plates had been constructed 

in the trad itiona l m anner (Fig 3.4) and fo r a blind com parison a third plate 

was



157

Fig 3.1. Two cases reconstructed from CT data to show defects and surrounding bone.
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constructed using the Cad-Cam  technique (Fig 3.5). The three plates w ere 

availab le at surgery fo r im m ediate insertion on rem oval of the fractured 

acrylic.

For the com puterised plate the image was divided and rotated to  exam ine 

the defect walls fo r bone th ickness and extension into the eye socket. 

Increm ental 3 mm cuts were then taken through the defect area on both 

sides (Fig 4.3).

Suitable bone fo r screw  attachm ent was indicated on all borders and a 

particu larly th ick area of bone noted on the base of each cut. For aesthe tic  

advantage the th ick  bone was used to accept an in traosseous extension. 

O nly one screw  flange was provided at the apex of the prosthesis above the 

hairline. The c la rity  and accuracy of the defect borders enabled the 

construction of a plate only m inim ally larger than the defect (Fig 3.5). The 

insertion and the excellent result is shown (Fig 3.5).

The stages o f the surgica l approach are shown in Fig 3.6. A flap is re flected 

to reveal the fractured acrylic fragm ents w ith in the defect. The fragm ents 

were removed and the area washed with sterile saline The plate constructed 

using the Cad-Cam  technique was inserted. The plate fitting took 12 

m inutes, the whole procedure less than 30 m inutes.

The d ifference in size o f the two exam ples constructed from  external 

im pressions (Fig 3.4), reflect d ifficu lties confronted in the technique.

i). The defect borders could not be accurate ly identified.

ii). A lthough palpation revealed som e irregularity in the supra orbita l 

ridge. It was not possib le to see by x ray w hether the plate had to 

be extended over the orbita l rim or short of it.

iii). It was considered undesirable to place a screw  attachm ent in the 

m iddle of the forehead. To avoid this two in traosseous extensions



159

would be required to assure adequate attachm ent.

The external im pression plate being of such greater size requires;

i). A  larger flap reflection fo r access, w ith resulting increased scare 

tissue on healing.

ii). A length ie r insertion tim e which can only be pred icted but would 

take at least 30 m inutes

iii). A less successfu l aesthetic result

The com parison of the plates constructed using the two d iffe rent techn iques,

(Fig 3.5) and the consequence of the d ifference indicates the s ign ificant

advantages of the CAD-CAM  technique.

3.2.2. Case 2. A forehead defect 140 cm ^-

The case was to be a delayed repair o f the defect w ith self cured acrylic.

The approach to th is  case, however, was com plicated by flu id  accum ulation.

On return fo r the defect repair flu id had accum ulated. A  shun t 

inserted the night before surgery relieved the flu id  and was rem oved 

the fo llow ing m orning. Four hours la ter the accum ulation was so rapid 

that at surgery the repair could not be undertaken. A shunt was again 

inserted. The unit was asked to construct a titan ium  plate and CT 

scans taken fo r the construction. Tw o days before insertion the 

patient w as readm itted to hospital. The shun t rem ained in place until 

insertion. The shunt did not obstruct p late construction and the 

insertion was successfully com ple ted in just 22 m inutes.
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Fig 3.2. The Defect. A. Is a preoperative photograph; B & C are 3 D soft tissue images from a 

lateral and frontal aspect; D is a hard tissue image of the defect and surrounding 

bone. An arrow indicates the protruding border of one of the acrylic fragments.

4  B
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Fig 3.3. A, B, C & D. Three mm Incremental cut taken from the patients left side through the 

defect to the right side. The area with thick dense solid bone can be noted on the 

lower aspect of each slice.
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Fig. 3.4. Traditional constructions. A. with 3 screw holes; B. with 2 intra-osseous extensions.
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Fig 3.5. The comparison o f  plates constructed by the two methods. A. The computerised 

construction: B. the traditional construction.

w
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Fig 3.6. A & B. The surgical approach; C & D the inserted plate; E & F Postoperative X.rays, 

frontal and lateral showing the result.
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Fig 3.7. The Patient with forehead defect. Left a lateral view with fluid relieved by a shunt, 

and Right, a frontal view with fluid accumulation.

Fig 3.8. a). The image with the shunt in place; b). The patient postoperatively
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The shun t remained in place for 3 days. On rem oval fluid again accum ula ted  

and the  shunt was reinserted a num ber of tim es until fina lly rem oved. The  

fo rehead is a d ifficult area in relation to the cosm etic  outcom e. By using the  

CAD -C AM  technique an excellent aesthetic result was achieved (Fig 4 .8b). 

The degree of aesthetic success in forehead cases is only possib le w ith an 

overla id  plate, which could not have been undertaken prior to the C A D -C A M  

technique.

F luid Accum ulation.

Fluid accum ulation is not uncom m on, particu larly in relation to acrylic. In 

these  cases delayed surgery is frequently  necessary. F luid o ften  

accum ulates around a fractured acrylic repair, but also occasiona lly a fte r 

surg ica l resection of bone. W hen flu id o r in fection is present it is o ften  

im possib le to ascertain the defect borders w ith reasonable accuracy.

In severe cases the flu id would first have to be rem oved and a shunt inserted  

fo r an indefin ite period, before an im pression could be attem pted.

Tw o fu rther cases not in the pilot study are c ited to  illustrate the problem .

The technique has revolutionised titanium  plate provision. Apart from  

patients be recipients of accurate superior constructions, they are not faced  

w ith the traum atic head shaving im pression o r the  long period of the ir liv ing 

in a 'm utila ted ' state, as well as not experiencing the anxiety pending fu rth e r 

crania l surgery.

The six patients in th is study were scanned w ith a Phillips Tom oscan o r an 

IGE 9800 using low dose 3 mm contiguous transaxia l slices. Im ages w ere  

presented on the video screen show ing the so ft tissue or underlying ske le ton 

from  any viewpoint. These were shaded in such a way as to a llow  the  

opera tor to perceive there three dim ensional character.
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Fig 3.9. Fluid accumulation preventing accurate recording of the defect borders. This patient 

did not have a previous repair.

Fig 3.10. Fluid accumulation over a fractured plastic type plate.
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Fig 3.11. A. The outlined defect <300 cm B. The 3 D Image

B V

Fig 3.12. The plate constructed in two parts then welded,
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3.2.3. Case 3. An uncom m only large defect <300 cm ^.

The case presented prior to the pilot study. On palpation the  anterior borde r 

bone could be depressed. A reasonably accurate assessm ent of the an terio r 

extension required was im possible. The pilot study w as pending and the  

case delayed fo r the CAD-CAM  approach.

The outcom e in th is case was unsuccessful. The plate was too large fo r ou r

press and had to be m arg ina lly smaller. The fit and con tou r was exce llent 

and desp ite  the gaps in two areas, the coverage was acceptable. Th is  

patient had four previous cranioplasties. The scalp tissue was scared and 

inadequate. T issue breakdown with infection followed.

This large case m ight have been successful e ither by pressing the plate in 

two sections jo ined by welding (Fig 3.12), o r by in terlocking 2 separa te  

halves (Fig 3.13), o r by the use of titanium  strips. A techn ique  devised by 

G ordon & B la ir (1976).

3.2.4. Case 4. A unila teral defect partiv involving the fron ta l area.

This case was attached with an anterior in traosseous extension and fo u r 

screws. It dem onstrated the  advantage of know ing the bone th ickness 

enabling the a ttachm ent features to be cited at preselected chosen locations. 

The insertion was sim ple, quick, and uneventful. Furtherm ore, by using 

m irror im aging of the contra lateral side to m atch the  con tour of the  

unaffected side, an excellent aesthetic result was achieved.

3.2.5. Case 5. A unila teral defect extending into the tem pora l fossa.

The result in th is case was com prom ised by the fact tha t we were not 

in form ed tha t the patient had an extracran ia l-intercran ia l anastom osis  in the  

tem pora l region, and the plate was constructed w ith an extension overlying 

the shunt. A t cranioplasty, the  flap could not be raised fu lly  to expose the
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m arg ins beyond the defect for fear of haem orrhage from  the anastom osis. 

The plate was s im ply m odified using bone shears and fine trim m ing. 

M arg inal adaptation was excellent and sound fixation achieved. The 

aesthetic  result was less than satisfactory due to the loss of part of the plate.

3.2.6. Case 6. A  large bilateral frontal defect.

The fit, fixation and aesthetic result in th is large bifrontal defect case was 

exce llent in the fron ta l area, involving 88 % of the cranioplasty. The length of 

the p late was too large fo r our pressure unit and approxim ate ly 6 % on each 

side had to be hand contoured. The postoperative result shows a slight 

depression in these areas.

3.2.7. Results

The overall results w ere highly gratifying. The mean fitting tim e was 27 

m inutes. The m arginal fit and stability, and aesthetic results were exce llent 

in 4 of the 6 cases, and good, where problem s were encountered w ith the

defect <300 cm ^, (Case 2), and the anastom osis (Case 5),

Aesthetic  contour was excellent in 4 of the 6 cases, and satisfactory in the 

anastom osis and the bilateral frontal case.
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Fig 3.13. A two part in terlocking p late fo r a de fec t <300 cm ^
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Fig 3.14. The frontal defect, a, Preoperative; b, Postoperatively.
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The prob lem s encountered were unfortunate and em phasised the fo llow ing:
i). The need fo r clear com m unication between the surgeon and

prosthetist.

ii). The m edical physicists were m ade aware of the  need to double check 

the ir im aging options.

iii). It was established that it would be advisable to  obtain a detailed 

h istory w ith each referred case.

It w as apparent though that plate fitting and overall aesthetic results, w ith 

short insertion tim e, was superior to the results achievab le by trad itiona l 

construction. Investigation of the problem s encountered in th is study showed 

tha t they could be further m inim ised, if not eradicated, w ith m ore experience. 

A s tandard  of excellence was achieved that fa r exceeded any result possib le 

using the  trad itional m eans of construction. The pilot study was fu lly justified  

and necessary prior to using the technique routinely.

3.2.8. C onclusions

The techn ique has revolutionised titanium  plate provision. Apart from  

patients be recip ients of accurate superior constructions, they are not faced 

w ith the traum atic  head shaving im pression or the long period of the ir living 

in a 'm utila ted ' state. As well as not experiencing the anxiety pending fu rthe r 

crania l surgery.

The advantages were found to be :

i). O nly C T scans are required to produce the prosthesis.

ii). The well defined defect m argins and in form ation on bone th ickness 

increases the accuracy of plate design, allows greater accuracy in 

the incorporation of in tra-osseous extensions to im prove stability,

and the placem ent of the screws into bone of su ffic ien t thickness.

iii). M irror im aging of the contra lateral side im proves the aesthetic 

contour and orientation.

iv). The high degree of accuracy of the fit o f the  plate m akes insertion
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of the plate rapid. It was reduced from a mean of 1 hour, to one of 

27 minutes.

v). The application of th is technique offers the potentia l fo r the provis ion 

of a prim ary cranioplasty fo r closure at initial surgery. The CAD -C AM  

technique was then adopted as routine fo r all fu tu re  constructions.

3.3. The CAD-CAM Construction of plates

3.3.1. Introduction

Com puterised plates can be secondary or primary, both requiring a m odel as 

the firs t requirem ent fo r plate construction. For externa l im pression 

fabrication the im pression results in an inadequate m odel w ith defect borders 

tha t are rounded, the true borders cannot be accurate ly ascerta ined (Fig 

4.15). Being approxim ations only the resultant p lates had to be 

overextended with p liab le border flanges fo r adaptation on insertion. W ith  a 

com puterised techn ique the derived m odel is precise w ith distinct borders 

enabling the construction of accurate fitting plates (Fig 3.16).

The source data fo r the w orkstation to obtain the three d im ensional (3D) 

im age, and subsequent life size m odel is derived from tw o d im ensional (2D) 

CT scans.

3.3.2. M aterial and M ethods.

G enerating the 3D im age.

Scanning p ro toco l.

The patients head is positioned to m axim ise the num ber of slices 

in tersecting the defect and about 2 cm of surrounding bone at increm ents of 

3 mm or less. W hen possible, th is  sequence should include a recognisable 

landm ark such as the nasium  or aud itory m eatus.
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Fig 3.15: A typical model resulting from an external impression over the soft skull covering 

the defect.

Fig 3.16. The distinct borders on a model derived using a CAD-CAM technique.
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T rans fe r of da ta .

C T date are transferred  by local area network to the MG I graph ic w orksta tion  

(Fig 3.17).

C om ponents of the workstation consists of a keyboard, a screen which 

d isp lays the  image, and a second m onitor which acts as a screen w h ich 

records and disp lays inform ation.

Im aging o f the da ta .

A  set of contiguous CT slices can be considered as a 3-D array of vo lum e 

e lem ents (voxels). Each voxel is cuboid, ra ther than a cube, since the  slice 

spacing is usua lly larger than the sm allest e lem ent (pixel) size w ith in the 

slice. Data resolution in the plane of the slice is typ ica lly  about 1 mm. Each 

voxel has an associated Housefield num ber indicating the X-ray absorp tion 

of the tissue in the volum e. Voxels entirely w ith in bone give high va lues, 

those in so ft tissue give much lower values. Voxels straddling the boundary 

between bone and soft tissue will have an in term ediate value. The softw are 

approxim ates the true  bone surface, by linearly estim ating the position o f the 

soft/hard tissue  boundary on the basis of voxel values on e ither side o f the 

boundary. By th is  m ethod it is possible to achieve accuracy better than the 

slice spacing im plic it in the scanning protocol.

O ne consequence of linear estim ation is a sm all am ount o f ripples (surface 

terracing) on the im ages, which has the sam e spacing as the orig inal CT 

scan slice spacing. This can be reduced by scann ing w ith th inner contiguous 

slices or by the use o f helical scanners.

The 3-D im aging softw are allows the user to assess the extent o f the de fect 

and m ake m easurem ents to determ ine suitab le a ttachm ent sites. The data  

can be edited to plan restoration of contour and to  select the area of in terest 

to be m illed. The con tour of a unilateral defect can be restored by inserting a 

copy of the m irro r im age on the intact side. A depth m ap of an appropria te  

v iew  is saved out of the system  to generate the instruction sequence fo r the 

m illing m achine.
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Fig 3.17. The MGI workstation with the keyboard on the desk; the screen on the right and the 

monitor on the left.

Fig.3.18. The milling unit with a block of polyurethane clamped into a rigid position for milling.
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3 .3..2 .1. Fabrication of the 3-D life-size model.

C o ns truc tio n .

A po lyure thane foam  m odel is cut on a three-axis ONC (com pute r 

num erica lly  contro lled) m illing unit (Fig 4.18). This m oves a custom  m ade 

cu tting  too l through the foam  in three orthogonal axes (x, y and z) only. Such 

a m ode l reproduces the surface of the object as seen from  the single 

v iew po in t chosen in the imaging software. Foam  is inexpensive, easy and 

qu ick to  m ill, su ffic ien tly rigid not to deform  sign ificantly  in use, and m akes 

m odels which are easy to modify. A model can be m illed in less than half an 

hour.

The accuracy of the m odel is contro llable and depends prim arily upon 

cutting speed and cutting blade design The size o f the cutting too l 

increm en ts are optim ised to achieve accuracy appropria te to  the resolution of 

the  input C T  data, which m inim ises the tim e to m ill the m odel.

P repa ra tion .

The surface of the m illed m odel is terraced because of the in terpolation of 

the  w idth o f the CT slices and is lightly sanded down. The m ateria l is porous 

and is sea led and lubricated to enable separation from  the overdie to be cast 

in stone (a fortified p laster of Paris ). The anatom ical con tou r is restored w ith 

the help o f pictures show ing cross-sections through the apical crest or, as 

m entioned earlier, by m irror imaging the sound side of the  skull into the 

defect
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The  m anufacture  of the cranioplastv

In designing the plate, the im portant factors are the num ber and location of 

a ttachm ent features, and the am ount of overlap tha t is required to w ithstand 

externa l im pact forces. A ttachm ent features are selected where bone is 

su ffic ien tly  th ick to accept a screw or an in tra-osseous extension. A reas of 

th in  bone, suture lines and the a ir s inuses can be identified and avoided. 

The  plate outline is defined on the model, which is transferred to a 

coun terd ie . Then inserted in the base ring of the pressure unit. A  25 cm fla t 

round sheet of com m ercia lly pure (CP) titan ium  is then pressure fo rm ed 

betw een the upper and lower cham bers of the unit. The plate is then 

trim m ed to remove excess metal. F langes are cut to  predrilled holes and 

la rger drill holes are inserted fo r drainage. These holes are also used by 

som e surgeons to attach dura to the plate to e lim inate dead space and also, 

theoretica lly , to assist anchorage of the plate by in growth of connective  

tissue. Finally the plate is polished, cleaned, e tched and anodised

3.3.2.2. Secondary , Delaved. C ranioplastv Construction 

W ith  delayed cranioplasty constructions the CT scans are taken at a variab le  

tim e a fte r the initial, surgery. Som e surgeons pre fer to allow a delay of at 

least 3 m onths, o r even m uch longer if in fection was present. The procedure 

just described is then followed. By altering the threshold  in teractively a so ft 

or hard tissue im age can be presented. W hile  the  essentia l requirem ent fo r 

im age exam ination and m odel construction is the hard tissue image, the so ft 

tissue im age is also of value as it presents a reasonable picture of the  

pretreated patient. Using the CAD-CAM  technique, the patient is not seen 

and photographs are not provided. The position of the defect can be 

identified by superim posing the soft im age over the hard im age (Fig 4.20), 

which is only required when the scans do not include an identifiab le 

landm ark.

An order form  is then provided fo r d ispatch ing to  the laboratory o r w orkshop 

fo r plate construction
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3.3 .2 .2 .1 . The laboratorv-workshop 

The  laboratory receives the following:

i). Tw o life size m odels of the defect and surrounding bone.

ii). Photographic printouts with the design outlined.

iii). A  standard workshop request form  containing the  design details, 

any required bone m easurem ents, a ttachm ent features, num ber 

and size of screws required, details and position o f any 

in traosseous extension, length and position of flange  cuts, and 

instructions perta in ing to any deviations from  routine procedures

If m irro r im aging has been carried out, one of the m odels will be m irror 

im aged, while the  other, used fo r adjustm ent and fitting  procedures, presents 

the  de fect in its natural state. O utlin ing the design and casting a counterd ie  

fo llows.

3.3.2.3 . Primary, S ingle Stage. C ranioplastv Plate Construction

The  CAD-CAM  technique m akes it possible fo r the plate to be provided prior 

to  in itia l surgery fo r im m ediate repair, (a prim ary cranioplasty). The initial 

p rocedures of scanning, loading the workstation and obta in ing 3D im ages, is 

the  sam e as w ith secondary constructions. The difference is in the fact that 

the  im age presented is of the pretreated patient, with the existing pathology, 

which m ay or m ay not be apparent on the soft tissue image.

(Fig 4.19).

3 .3 .2 .3 .1 . Assessing suitab ility, o r unsuitability, fo r a p rim ary repair

In tensive scrutiny of the hard tissue is required as the fu ll extent and position 

o f the lesion needs to be established. The success depends on accurate ly 

defin ing the extrem ities of the area to be resected, necessita ting the use of a 

va rie ty  of d iagnostic options availab le when view ing the 3D im age of the hard 

tissue, bone.
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Fig 3.20. Soft tissue image imposed on hard tissue image to accurately asses the position of 

the defect.

%  R) ^  s Ÿ^-Sî V

Fig 3.21. A. Dermoid tumour barely visible; B. It is apparent when cut into

P P » _
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Exam ining the borde r bone.

An exam ination of the surrounding border bone com m ences, the 

dem arcation from  healthy to effected tissue is frequently identifiab le  at th is  

early  stage. Th is is fo llowed by a face on view  of the e ffected area. D irect 

cuts in variab le increm ents, usually from 1-3 mm, into both the a ffected  and 

sound tissue presents a reasonable picture of the extent of the abnorm al 

tissue  that represents the lesion (Fig 4.21).

The  Use O f O rthogonal Slices.

O rthogonal s lic ing fo llows (Fig 4.22). M ultid irectional exam ination is m ade in 

increm ents or continuously, the cross w ires identify the location. S lices can 

be viewed from  d ifferent angles until the tum our extrem ities are verified , and 

all the in form ation required obtained to confirm  the feas ib ility  of a 

preoperative construction. Not all cases are su itab le fo r p rim ary 

cranioplasties. The extrem ities m ight not be recognised, the  w hole tum our 

being too large or too undefined and the extensions un identifiab le . A 

preoperative approach is then contra indicated.

If a preoperative prim ary cranioplasty is feasib le, we need to  know  the 

surgica l requirem ents, and the surgeons presence at the p lanning stage is 

preferable. The designing takes place and sim ulated resection is poss ib le  if 

required. Final confirm ation is obtained when the surgeon has seen the 

m odel a fte r m odel surgery and re-contouring has taken place.

W hen surgeons cannot attend to view the imaging, we do the  exam ination, 

record regions o f interest, and prepare a set o f p ictures to  illustrate our 

find ings (Chapter 5). In these cases it is often necessary to provide large 

black and white, o r co lour photographs as well as one or two m illed m odels, 

fo r the surgeon to record his requirem ents d iagram m atica lly.
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In cases , when requested by surgeons from  o ther coun tries, or from  

d is tan ces  in this country, we record the imaging on v ideo fo r their 

exam ination . The surgeon is asked to provide re levant in form ation, and to 

ind ica te  on the im age pictures or the photographs o f the  m odel, the in tended 

ex ten t o f surgery (Chapter 5). The recorded in fo rm ation  and observations is 

re tu rned  with the area of resection specified. Further com m unica tion, 

v iew ing  of the imaging, and planning m ight be required. The final decision 

as to  the  design, extension, and attachm ent, m ust com e from  the surgeon in 

w riting  and drawings.

S u rge ry  can be sim ulated on the monitor. O utlined photographs, prepared, 

o r unprepared m odels, and observations, with the m illed m odel and deta ils of 

the  requirem ents are sent to the laboratory as with secondary  cases.

In cases  of tissue destruction, extension borders are outlined on the m odel 

fo r re-contouring in the laboratory. A lternative ly the  m odel surgery and re- 

contouring. can be undertaken by the prosthetist.

3.4. The Milled Model

3.4.1. Introduction

The d iffe rence in m easurem ents from  the scan to the im age is under 0.75 

mm, usually under 0.5 mm. The d ifference in erro r from  the im age to  the 

m odel is up to 1.5 mm. Th is suggests a fac to r re lating to the m illing o f the 

m odel.

The  degree of accuracy in the construction of a m odel w ithout terracing is 

assessed as no greater than 0.6 mm (1.2 mm overall). Routine cranioplasty 

reveals an inconsistent d iscrepancy of 1.2-3.0 mm (0.6-1.5 mm each side). 

Th is  d ifference is probably caused by the m echanica l m illing process, which 

required exam ination.
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Fig 3.22. Three orthogonal slices of the dermoid tumour showing top right, axial, lower left, 

coronal and lower right, sagital views at positions indicated by the cross wires on 

the hard image top left.

Cross wires.
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Tfie  three orthogonal slices d ifferently placed.
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3.4.2. Assessing the accuracy of m illing 

M ateria l and Method.

The num erica lly contro lled m illing unit, is program m ed to m ill a rectangu lar 

shapes 12 cm w ide, 12 cm long and 8 cm high, from  a standard b lock of 

po lyethylene, 15 x 15 x 10 cm, s im ilar in size to cran iop lasty m odel 

requirem ent. The sam e range of inaccuracy occurred, 1.2-3.0 mm overall. 

The erro r factor, therefore, lay e ither in the resistance of the m ateria l, the 

flex ib ility  of the cutting blade, or the re lationship between the two.

The b lade to be used fo r m illing polyurethane had been selected p rio r to  the 

pilot s tudy in 1991. A relatively low rotation speed was se lected fo r use with 

the low  density m odel material. Tool design and blade deflection was 

considered fo r the pilot study in 1991. M illing too ls and cutting b lades are 

produced from  high speed steel bar stock. A num ber of cutting blades have 

been devised and tested.

C utte r blade 1.

The first designed cutter used fo r the six p ilo t study cases is produced 

from  3.6 mm round m aterial. It consists of a 60 cm long shaft, w ith a sim ple 

D shaped tip  on ly 2.6 mm across diagonally. This blade caused deflection, 

and is too short fo r large deep cases.

C u tte r blade 2.

The blade is m ade from  the sam e 3.6 mm round m ateria l as blade 1, m aking 

use o f the sam e 2.6 mm D shaped tip, and the overall length increased to 

93.5 cm. The 3.6 mm round m ateria l extended 25 mm from  the tip then 

increased to 5.7 mm fo r a fu rther 68.5 cm to provide additional strength. The 

program  fo r the m illing m achine, requires m odifica tion in program m ing to 

increase the w idth, while provid ing accuracy at the surface o f the m odel, the 

only area of im portance fo r an overlay prosthesis. Suffic ient im provem ent in 

deflection was not achieved and the com plica ted  program m ing was not 

warranted.
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C utte r blade 3.

A  stronger cutting blade, tooled from  6 mm round stock was designed to 

provide more rigidity, (i.e. less deflection). The blade is 100 cm long, having 

a square shaped cutting tip, 3 mm across diagonally, fo r the first 25 mm, 

increasing to 6 mm diagonally fo r 62 cm. The units gripp ing com ponent then 

holds the rem aining round 6 mm. The blade is tested  using speeds ranging 

from  60 to 2000 Revs Per M inute (RPM), at feed rates o f 200 to 800 Feed 

Per M inute (PPM). The m illing unit program  is m odified to include a 

s idew ays m ovem ent approxim ate ly half way up the m odel wall to result in an 

increase in w idth, which would establish the true de fect d im ensions at the 

surface of the model. The square shaped tip does not provide m illing as 

sm ooth ly  as the D shaped cu tte r tip, and causes ch ipp ing  of the m ateria l.

C u tte r blade 4.

The blade design is also too led from  6 mm stock. It is 86 cm long. A 3 mm 

d iagonal D tip  extends fo r approxim ate ly 20 mm increas ing  to 5 mm fo r a 

fu rthe r 30 mm, then ending in the round 6 mm fo r 81 cm. A t 500 RPM, with 

an PPM of 2,000, the b lade cuts with ease and w ithou t dam age to the 

polyethylene. Blade 4 was considered suffic iently accura te  and was used fo r 

the  next 50 clin ical cases, until the inaccuracy was revealed in th is study.

The Improved blade design.

Based on these initial designs and tria ls the fo llow ing facto rs  were identified 

as being crucial to blade design, and are incorporated.

i). A llow ing 70 mm as the possib le depth of a defect, a cutting length of 

at least 80 mm is required. An additional length necessary fo r the top 

part of the blade to be gripped by the m achine, m akes nearly 100 mm 

necessary.

ii). Shallow  cuts required less speed and cause less deflection.

iii). Thin cutters can produced fine r details, but p resen t greater potentia l 

fo r deflection.

iv). G reat speed is usua lly  m ore effective, w ith sm oo the r m odel walls, but
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can a lso cause fragm entation dam age.

C onflic ting  resu lts  in clinical cases.

Inaccuracy well over 3.0 mm have been found to be present in a lm ost all 

large clin ica l cases, i.e. from  180-300 cm2. In som e cases the inaccuracy is 

s ign ifican tly  h igher and further pressure form ing and m anual app lication is 

required to im prove the fit.

The cause is show n not to relate to the CAD-CAM  stages of construction 

thus far. The  inaccuracy m ust relate to error facto rs in the rem aining stages 

tha t are com pu te r aided, and/or the trad itional stages o f fabrication. The 

conflic ting resu lts  suggested the recognition of the lim ita tions of the study on 

trad itiona l cran iop lasty, which had obviously been overlooked in the first 

study. Research now focused on the rem aining stages of com puterised 

cranioplasty, as well as factors in trad itional stages, with w idened objectives 

to atta in g rea te r accuracy in plate construction.

The revised cu tte r blade now used.

The b lade is 100 mm long (Figs 4.23-24). It is round throughout its full 

length, w ithou t any step alterations. Its tip is a fine point increasing w ith in 

m m 's to a round 4 mm diam eter. From 4 mm d iam eter it then increases 

gradually fo r 75 m m, to  a d iam eter of 12 mm. This w idth and roundness is 

reta ined fo r insertion into the fem ale m outh of the  m illing m achine.

The revised b lade is m uch stronger and less liable to deflection. The m illing 

program m e again a llows fo r the adjustm ent necessary due to the taper. The 

blade is capab le  of cutting depths of 105 mm, whilst the accuracy at the 

surface of the  de fec t area is increased.

3.4.3. Va lidation of the final blade design

The blade is va lida ted  as previously, i.e. cutting a block of polyethylene 12 X 

12 X 8 cm. T he  error caused by deflection, ranges from  nil to 0.5 mm, 

previously 0.6 to  1.5 mm. All m odels are subsequently  m illed using th is
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b lade . The lim ita tions in m illing, with the present blade, are shown in Fig 

4.11 (Page 203). The cutter is not capable of penetrating narrow areas, and 

th e  program m ing fo r m illing adjustm ent results in a slightly terraced m odel 

w a ll, though the vital m easurem ents at the surface of the defect are not 

a ffec ted .

3.5. The model and the materials, Polyurethane and Polyethylene

T he  po lyethylene m odel also presented fea tures which can cause

inaccuracy :

i). A density which could cause blade deflection.

ii). The porosity of the m aterial.

iii). The replication of linear interpolation between C T scan slices.

3 .5 .1 . The density of the m odel m aterial

Low  density  m ateria ls are m ore frag ile as they tend to chip. Dense resistant 

m ate ria ls  are less fragile, but cause greater deflection of the blade. As an 

add itiona l m easure to m inim ise deflection, the feed of the  cutte r is regulated 

to  pass to  and fro over the m aterial, descending slow ly to cut away sm all 

am oun ts until the selected area and depth is m illed.

T he  program m e fo r cutting is m odified to include a s ide wards m ovem ent to 

com pensa te  fo r changes in blade reduction or w idth. The m illing process is 

com pute r regulated to accom m odate fo r any stepping, o r alteration caused 

by the b lade and is program m ed to provide accuracy at the top surface only.

The density  of the m odel m ateria l is tested fo r resistance that m ight cause 

defection . Experim ental cutting of the m ateria l is undertaken by a variety of 

denta l trim m ing wheels. Accurate  trim m ing results w ith the use of m inim al 

pressure. The m odel does not fragm ent (chi ) on the  use of fine to coarse 

w heels, w hich confirm  the su itab ility  of the m ateria l fo r ease of m illing w ithout 

dam age.



189

Fig 3.23.Cutting blade progression, from 1 to 2, and the selected blade 3.

Fig 3.24. Magnification of the cutter blade tips in Fig 4.23).
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3.5.2. D e term in ing the effect of Polyurethane or po lyethylene porositv on 

separa ting  the stone counterdie from  the p laster model

The d ifficu lty  o f separating an overdie cast on porous po lyurethane can 

result in dam aging the model. A num ber of m ethods are used to e ffect 

separa tion:

i). To pa in t over the m odel w ith soft p laster of Paris and sm ooth by 

sand ing w ith fine wet and dry em erald paper a fte r it has set.

Dam age can result if the sanding is undertaken too vigorously.

ii). To use a separating m edium , Cold Mould Seal, which separa tes one 

type of p laste r from another, in dental and m axillo facia l laboratories 

This substance was found to  be ineffective.

iii). The use o f petroleum  je lly  (Vaseline), proved to be beneficia l.

The setting process of substances like p laster generate heat which dissolves 

the  vaseline, enabling it to flow  into the pores, thereby e lim ina ting the  

possib le  adverse effect of any excess Vaseline, but effecting adequate 

c losing of the pores when the m ateria l cools. This results in sim ple 

separation. The fina l techn ique of choice was to apply a very thin layer of 

p laste r of Paris onto the part of the m odel that excludes the area of 

ana tom ica l restoration, as dam age to th is  area is of no consequence; 

sand ing th is  area lightly; reoutlinn ing the plate design and apply vase line 

over the w hole  m odel surface. The  Vaseline can be quite th ick  on the  

porous part surrounding the recontoured area, but m ust be light over the 

recontoured p la te  area.

3 5 3. Terracing

The  terraced fo rm  of the m odel is unavo idab le  and depended on the w idth of 

the  CT scan s lices (3 mm slices w ere requested in our standard pro form a to 

the  Radio logists. The m illed m odel incorporates, and fa ith fu lly reproduces, 

the  linear in terpo la tion between C T  slices shown as ripples o r terraces. W ith  

helica l scanners 5 mm  spacing cou ld  be used w ith the slices re-in terpola ted 

to  2.5 mm. A lte rna te ly  3 mm spacing  re-in terpo la ted to  1 mm. The num ber
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of cu ts  and ripples are reduced to a m inim um . M ost scans are not from  

he lica l scanners, but the ir use is increasing.

The te rraces from antiguous scans cut axially m eet the borders irregularly 

ra the r than uniform ly, which causes the depths of the terracing to vary 

(F igs.3.28-30). These depths can be approxim ate ly assessed visually, as 

0.5 m m  to  1.5 mm. The true border lies approxim ate ly half way between the 

base and the  peaks of the terraces. Retained terraces result in inaccuracy of 

approx im ate ly  0.25-0.75 mm (half the height of the terraces).

T he  problem  is com pounded by the fact that bone resected at surgery is cut 

uneven ly  and invariably bevelled (Fig.4.29). The depth of the  terrace can be 

ha lved by the bevel, m aking precise inaccuracy extrem ely d ifficu lt to 

ascerta in . The m axim um  error is unlikely to be as high as 1.0 mm, 

particu la rly  w ith re-interpolated slices using helical scanners.

3 .5 .3 .1 . Assessing error caused by terracing

It is com m on practice to reduce error by lightly and carefu lly sanding the 

m odel to reduce the height of the ripples. The slight erro r rem aining is 

acceptab le , but determ ined by the subjective skill of the sanding.

The  m ethod used to assess error is to fill the terraces w ith a dental stone, 

K a ffir D, a m ateria l s im ilar to, but s tronger than, p laster o f Paris. It is a lm ost 

the sam e light cream co lour as polyurethane, and the m odels are sta ined to 

d iffe ren tia te  between m odel and filler. The surface of the coloured m odel is 

covered w ith soft p laster or stone. Prior to final setting all excess m ateria l is 

ca re fu lly  removed, leaving the terraces filled to the ir peaks, but with the apex 

of each terrace just show ing.

A fte r setting the m odel is cross cut and the depth and nature of the terracing 

is c learly revealed. It m easures from  0.3 mm to just over 1 mm. Terrace 

depth is indicated by white p laster in a m odel dyed blue (Fig 4.26).



192

Fig 3.25. Terracing, a) Showing the uneven ripple depth, and b) The spaces filled with plaster 

or stone.

n-tW; •

T'J- n  :

Fig 3.26. A cross cut model that facilitates measuring the terrace depth.
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Fig 3.27. The bevelled border that complicates assessment of terrace heights and prevents 

accurate measuring.

■ X f  < r i 4  - -

Fig 3.28. Mirror imaging: Placing a section of bone from the contra lateral side to place in the 

defect.
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The difficu lty in m easuring is com pounded by the fact tha t the resected bone 

is bevelled, and the bevel is reflected in the m odel (Fig 4.27). M easuring 

indicated that by firs t fine sanding before staining, the e rro r can be reduced 

to 0-0.5 mm, considered clin ically insignificant.

O nce the m odel has been milled, there are two stages used by both the 

CAD-CAM  techn ique and trad itional plate construction, i.e. restoring 

anatom ical con tour and designing the prosthesis.

3.6. The restoration of anatomical contour

Imaging options can assist the restoration of anatom ica l con tou r in the 

m odel in three ways.

i). By m irro r im aging on the m onitor prior to m illing the model, 

particu larly in unila teral defects.

ii). By cross cutting from  the anterior to the posterio r and from  one

side to the other, preferably of both the defect and the sound sides, 

and provid ing photographs of each section.

iii). By the jo in t use of both methods.

3.6.1. M irror im aging

In cases of unila tera l defects, a good aesthetic result can be ach ieved by 

m irror imaging the area taken from  the sound side of the skull. A lthough the 

skull anatom y is not necessarily sym m etrical, the variation is usua lly 

insign ificant and thought to be acceptable.

Errors in m irror im aging effect m ainly the aesthetic result, but m isp lacing of 

the sound bone, on ly fractionally, into the defect area can also lead to 

inaccuracy in the  fit because of obscuring areas of borde r bone. P lacing an 

area of bone identica l in size and shape, exactly into the defect in the  correct 

position requires skill. The  bone must fit and be ang led correctly. The 

correct size but w rong angle of the bone would obscure border m argins.
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W hen im aging different colours are used to d iffe rentia te  border m argins from  

inserted bone (Figs 3.29). W hen the m odel is m illed there is no co lou r 

d iffe ren tia tion  between the defect bone borders and the m irror im aged bone 

(F igs 3.31-2). The distinct clear outline of the defect borders is vital, but 

w hen filled by a m irror im aged section, the sam e colour, the dem arcation can 

be obscured.

W ith  the m odel and the im aged bone both sta ined the m isplacing can be 

seen clearly. Actual clin ical case m odels sent to the workshop are shown in 

Fig 3.33. The m odels being received m irror im aged fo r contour restoration 

and plate construction.

M irror im aged m odels given to the w orkshop fo r p late construction (Figs 

3 .33-5) are presented as exam ples. Before sta in ing the m irror im aging was 

though t to be correct. The m odel m ateria l has been dyed blue or light 

purple, and the inserted bone deep purple or red. Between the two the pink 

co lour represents the bevelling of the de fect border bone, the variance is 

clear.

W hen re-contouring it is im portant to note the  bevel as well as d istinct 

m arg ins as the extent of bevelling assists assessing the extent of overlap 

required to resist im pact fo rces . M irror im aged bone can be seen to be 

raised or to overlap defect borders (Figs 3 .31-5). W hen the tem poral fossa is 

involved the in ferior border is frequently  questionab le . M isplaced imaging, 

as well as obscuring one or m ore border a reas (Figs 3.33-5), also obscures 

the im portant position of the apex. The he ight o f the apical crest is lost and 

m ust be re-established.
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Fig 3.30. The effect of a misplaced section of bone, diagrammatically. a. represents the 

imaged bone in the correct position, b, in the incorrect position.

a
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Fig 3.31. Misplaced unstained mirror imaged bone virtually undetectable in a milled model.

Fig 3.32. a, Milled model with distinct borders, b, Clarity lost with a  coloured mirror image, 

image.
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Figure 3.33. C lin ical case models stained to reveal errors.

A. The imaged section is raised. B.The apical crest is lost.

0 . The imaged section is too low.
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3.6.1 .1 . O vercom ing the problem of obscured borders w ith or w ithout bevels 

To overcom e the problem of obscured borders and bevel, it is necessary to

e ithe r s lightly reduce the size of the m irrored bone, leaving a gap to reveal

the de fect borders. Alternatively, to depress, i.e. insert the m irrored bone

fu rthe r w ith in the defect (Fig 4.36), so tha t the borders and the bevel are

proud and visible. Unfortunately when the m irror im aged bone is depressed,

the im portant position of the apex is lost.

3 .6.1.2. Reestablishing the position of the apical crest

Two techn iques are possible by using cross sectional photographs or by 

filling the  depressed area layer by layer w ith 1 mm dental sheet wax.

The firs t option requires the visual judgm ent of the apex, which is m ade 

possib le  by view ing the cross sectioned m odel w ith the defect. This 

techn ique is m ore effective if there are substantia l hea lthy border areas.

The second option entails filling the depressed area uniform ly w ith the one 

mm w ax until the height of the walls are reached. This ensures tha t the apex 

too is reached. The wax must be softened suffic ien tly  to m ould w ithout 

squashing, otherw ise it loses the 1 mm consisten t th ickness.

W hen the tem pora l fossa is involved there is a sharp and deep inwards 

curve o f the bone. The in ferior border is d ifficu lt to define, and the curvature  

of the supra tem pora l fossa prom inence d ifficu lt to gauge. In these cases 

m irror im aging can be a disadvantage.

3.6.2. The use of cross sectional photographic printouts

P later o r w ax is used fo r re-contouring. It is here undertaken w ith wax ra ther 

than p laster of Paris because plaster is a s im ila r co lour to the polyurethane 

model, and the contrast of the red/pink w ax shows the techn ique m ore 

clearly. U tilis ing cross section pho tographs is preferable in m any cases. 

The cuts are m ade from  fron t to back and from  side to side through the apex 

of both the sound and the defect sides. They give a fa irly  accurate indication
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of the  true  contour and the position of the apex, which, with skill, can be 

resto red (Figs 3.37-8).

T he  contour, particularly apical height, can often be judged  m ore accurate ly 

by eye.

3.6 .3 . The  use of partial m irror im aging and cross section photography.

In large cases that are m ostly unilateral, but include a section o f the o ther 

side, the size of the defect renders eye judgm ent precarious. Partial 

ass is tance  of m irror imaging, together with section photographs, s im plifies 

the  procedure (Fig 3.39). M irror imaging leaves the  area to be filled 

s ign ifican tly  sm aller and easier to  judge.

A ccu racy in restoring skull con tour cannot be m easured and is dependent on 

skill. It was thought that the technique of m irror im aging would assure 

cosm etic  success, but th is study indicates the lim ita tions and fa ilings of the 

techn ique . Correct orientation fo r re-contouring is a d ifficu lty that was 

preva len t in the external im pression constructions and has not been fu lly 

overcom e in com puterised constructions.

In e ithe r technique, one requires a model of the de fect w ith in the w hole 

ca lvarium . The use of the techn ique of m irror im aging is lim ited, but of great 

va lue  in selected cases (C hapter 5).

The prosthetic construction of the craniopiasty, which has been 
presented in chapter 4, follows.
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CHAPTER 4

4. PROSTHETIC CONSTRUCTION METHODS.

The external im pression technique and the CAD-CAM  techn ique on ly d iffe r in 

the production of the m odel and in restoring anatom ical contour fo r aesthetic 

im provem ent. A fte r that the construction in both techn iques depend on the 

subsequent prosthetic m easures undertaken in the labora tory o r ‘w o rkshop ’. 

A fter the  va lida tion of the CAD-Cam  technique, it was found tha t fabrica ted  

plates frequently  still resulted in m isfits.

In the research on external im pression cranioplasties no attention was paid 

to the prosthetic stages of plate construction, which were derived from  

techn iques that were intrinsic since metal craniopiasty com m enced. The ir 

design has not been validated in relation to accuracy, safety, or m eans of 

fabrication. P lates were greatly overextended to com pensate fo r m odel erro r 

from  im pressions taken over the scalp tissue covering the defect. O verlap 

was excessive and safe ty in respect of external forces was thereby assured. 

Accuracy in relation to extension was contra indicated, and there  w as no 

necessity to try  and im prove fitting except in relation to a ttachm ent. The 

fo llow ing section is a reassessm ent and validation of the com m on stages of 

construction found to be necessary once the CAD-CAM  techn ique indicated 

that desp ite  errors under 2 mm, plates were still found to be ill fitting. The 

error obviously lay in the prosthetic construction m ethods that fo llow .
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Fig 4.1. Pencilled outline on a model before applying stone.

Fig 4.2. The model recontoured with wax.
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4.1. Assessing error factors in the stages of craniopiasty construction that are common to 

both the external impression and the Cad- Cam technique

4.1.1. O utlin ing  the design on the m odel fo r transference to a counterd ie and 

the plate.

A fte r re-contouring and assessing overlap, indelib le pencil is used to outline 

the design o f the craniopiasty and a ttachm ent fea tures onto the m odel (Fig 

4.1). O utlin ing with indelible pencil is essentia l to the stages tha t fo llow , 

because it is the only m ethod that successfu lly transfe rs  the design from  the 

m odel to  the counterdie, and then, to the plate under pressure. This process 

contribu tes to  the occurrence of m inor inaccuracy.

A fte r outlin ing a counterdie is form ed by applying soft stone over the outlined 

design (F ig.3.2). The indelible pencil outline when fresh, in contact w ith 

ano ther wet surface such as dental stone, not on ly transfers the design, it 

also spreads, o r broadens (Fig 3.3). A fte r investing in the base ring o f the 

pressure form ing unit the design is again outlined w ith indelible pencil fo r 

transferring  onto the lubricated titanium  under pressure (Fig 3.4). The pencil 

line, when firs t applied m easures 0.25 mm to  0.35 mm in width. W hen in 

contact w ith the wet p laster or m etal the line broadens variably, dependent 

on the am ount of liquid present and the length o f contact between the 

m ateria ls. If left in contact fo r a substantia l period, it broadens to 2-3 mm. If 

contact is restricted the broadening could be restra ined to under 2.00 mm. 

On average the inaccuracy is 1.50-1.75 mm on every border. O ver two 

stages of construction the error is considerable.

4.1.2. To overcom e error due to the spreading outline 

A num ber o f pencil and felt tip m arkers have been investigated to replace

indelib le pencil fo r outlining. None have been found tha t transfer e ffective ly

with less spread. An alternative techn ique necessita tes a lengthy skilled

procedure requiring two m odels. The design is outlined on the recontoured

m aster m odel with fine pencil or ink. The second m odel m ust replicate the
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sam e outline in indelib le pencil. This is achieved by tracing, or using a 

tem p la te . The second m odel is the working model, used fo r casting the 

coun terd ie , and fo r transferring the outline onto the wet sheet titan ium . 

P la tes are fina lly  trim m ed to the outlines on the m aster m odel.

4 .1 .3 . T rim m ing the  pressure form ed plate to the m odel design

Th is  p rocedure presents difficulties, because the plate a fte r pressure form ing

fits  over the  m odel, and the design outline can not be seen through the

plate. Tw o m ethods were used to overcom e the difficulty;

i). To insert m ultip le  small drill holes just w ithout the predicted border, and by 

m arking through these holes, it is possib le to assess the am ount of m eta l to 

trim  aw ay to  reach the design outline (Fig 3.5).

ii).To use the m aste r m odel placed in the plate. This requires first having to 

cut aw ay the  excess polyurethane to precise ly the exact outlined borders, 

inc lud ing all the extensions fo r screw  flanges and in traosseous extensions 

(Fig 4.6). The outline is then drawn onto the metal.

The  second m ethod requires the excess foam  to be rem oved w ith precision 

around the  m odel outline, a procedure which is difficu lt to achieve.

A ccuracy can on ly be atta ined using great care assisted by one or both of 

the  tim e consum ing  procedures. The problem  requires fu rther investigation 

as the  p late design m ust be adhered to.
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Fig 4.3. The design transferring onto the counterdie.

mm

me#

Fig 4.4. The outline transferred to the metal on a roughly trimmed plate.
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Fig 4.5. Finding the outline through small drill holes.

■ y W :

Fig 4.6. Transferal of the design from the trimmed model onto the plate
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4.1.4. Assessing the required overlap when designing the plate

O nce the designing is com pleted and outlined on the recontoured m odel, it is

im portant to determ ine the extent of overlap required, and se lect sites 

su itab le fo r a ttachm ent features. W hen constructing trad itiona l p la tes, the 

a ttachm ents were arbitrary, using the Cad-Cam  techn ique they are 

determ ined with precision.

The entire plate area over the defect is unsupported. O verlap is im portan t to 

counteract im pact forces that m ight be encountered in every day living, 

particularly so in young people engaged in sporting activ ities (liable to  fa lls 

and blows to the head). A heavy or severe b low on the plate cou ld  cause it 

to be depressed, w ith resultant pressure on the brain o r even penetra te  

brain tissue (Fig 4.19, Section 4.1.1 la ) .  A  relatively m inor b low  could loosen 

attachm ent screws, w ith the possible consequence of raising periphera l plate 

flanges (Figs 4.18 & 4.24, Section 4.1.1 la -b ) . This in turn irritates the soft 

scalp tissue. Soft tissue break down, u lceration, and plate rem oval can 

result. The provision of adequate p late overlap on to sound bone, 

accom panied by firm  screw attachm ent rem oves the possib ility  o f th is 

occurring.

Excessive overlap results in larger plates, m ore scar tissue on healing, and 

increased insertion tim e. The extent of overlap should be adequate w ithout 

causing unreasonable enlargem ent of the plate. Pressure form ing large 

plates results in thin apical areas vu lnerable to plate fracturing (Fig 4.10). It 

is im portant to establish a scale fo r the degree of overlap required, in relation 

to the plate size, while considering the fracturing liability. A  techn ique  to 

establish such a scale has been determ ined w ith reasonable accuracy.

4.1.5. Establishing the extent of the overlap required 

M aterial and M ethods.

Use is made of dup licate cranioplasties constructed fo r clin ical cases, and 

from  a dry skull. The pressure form ing unit is used as a m ethod of 

m easuring the force of a b low in relation to the degree of force that w ould
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cause  denting, fracturing or border rising. Inverted p lates are invested in the 

pressure  unit base rings, supported only by the ir overlap areas. The area 

under the  plates is left free of any support. The base rings are placed in the 

pressurised lower cham ber of the form ing unit, c losed, and pressure was 

app lied  to  exert force onto the craniopiasty (Fig 3.7, a lso see 4.1.11).

Using sheet titanium  0.72 mm thick, the effect of p ressures ranging from  

1000 psi, to 4 .500 psi is investigated on plates ranging from  50 cm ^ to 250

cm 2 in size. A  pressure of 1000 psi is approxim ate ly equivalent to a 

m odera te ly  severe blow. A pressure of 2,000 psi is equ iva len t to as severe a 

b low  as is ever likely to occur, e.g. being struck by a heavy object, o r fa lling 

d irectly  onto the plate. A force equ ivalent to 4 ,500 psi w ould crush the skull 

and result in death. A t 2000 psi pressure denting occurred in plates over 100 

cm 2 (Fig 3.8).

U nacceptable denting occurs earlier with larger p lates depending on the 

overlap provided. By varying plate size and overlap, an assessm ent is m ade 

of a ratio between overlap, size of the plate, and m arked denting. The 

results were suffic ien tly  accurate to form ulate reliable guide lines.

The investigations showed tha t a 5 mm to 6 mm overlap is required fo r every

50 cm 2 of plate. A  plate of 100 cm 2 thus required overlap of 10-11 mm, and

plates o f 200 cm 2, ^n  overlap of 20 mm. A graph (Fig 3.9) indicates the 

overlap required fo r all sizes of plates.

Further experim enta tion indicated that the extension ratio had flexibility. The 

required overlap need not be continuous. It is dependent on the 

effectiveness of the a ttachm ent provided. The overlap areas required could 

be in the form  of screw  attachm ent flanges. For exam ple, it would suffice fo r

a p late of 200 cm 2 to have at least one 20 mm w ide rest, with overlap of 10 

mm, conta in ing two screw  attachm ents on every side of the plate.
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Fig 4.7. An inverted plate within the base ring of the pressure forming unit.

Fig 4.8. Plates showing denting at 2000 psi.

#  I .mm
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A lte rna tive ly  in a rectangular plate, one could provide two 20 mm w ide rests 

w ith  tw o  screw  attachm ents on the long sides w ith norm al overlap of 6 - 8 

m m . T ogether with traditional screw  flange overlaps of 10 mm wide, 

con ta in ing  one screw  attachm ent on the short sides.

C ustom arily , p lates are constructed with a periphera l overlap of 6-8 mm, with 

fo u r to e ight extended flanges, 10mm long by 10 mm wide, conta in ing a hole 

fo r 1 screw  attachm ent. These results questioned the su itab ility  of the 

p resen t design of plates.

Table 4.1. The relationship between Pounds per square inch pressure and the

force of the blow in baror mega pascal.

PSI Mega pascal /  mm2

1000 6.8950

1500 10.3425

2000 13.7900

2500 17.2375

3000 20.6850

3500 24.1325

4000 27.5800

4500 31.0275

Key: A  new ton is equal to 100 gm m ega pascal to  m etre^-

To convert PSI to m ega pascal, ie force, the PSI figure is m ultip lied by

0.006895 to give m ega newtons to mm^-

(Private com m unica tion w ith E.H.Davies, acting head of M edical B io

m ateria l, The Eastm an Dental Hospital).
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Fig 4.9. A graph showing the ratio of the overlap required in millimetres, in proportion to the 

plate size in cm2.

Over
lapin
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Size In cm2.

Fig. 4.10. Measuring thinness at the fracture edges showing that at the greatest depth the 

plate edges measured between 3.2mm - 4 mm.
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4.1 .6 . Error factors on pressure form ing the plate

R outine ly the counterdie w ith the transferred outline is invested in a base 

ring o f the unit and covered with the sheet titanium . The upper cham be r of 

the  unit is secured to the lower w ith bolts. The plate is m oulded by pressure, 

w h ich is raised up to 4,500 psi to shape the plate. The greatest degree of 

inaccuracy occurs during th is procedure. It varied from  2 to 13 mm, 

depend ing  on the size and com plexity of the plate. P late fracturing  or 

sp litting  is an additional hazard (Fig 3.28, Page 169). It is necessary to 

m easure  the degree of pressure or force that effects the m ould ing correctly  

o r adversely.

In the  first study inaccuracy was not considered. Testing was directed to  the 

lim it o f im plant curvature possib le to press w ithout the m etal fracturing  or 

sp litting. W hen pressure is applied, the fla t sheet titan ium  is stretched, and 

th ins. The th inn ing is uneven and related to acute angles as well as depth. 

It a lways, however, reaches its m axim um  at the apex. In the present s tudy it 

w as found that fracturing occurred consistently when the stretched plate 

reached a th inness in the region of 0.3 mm. This danger of fa ilure m an ifests 

itse lf when the plate reached a th ickness lower than 4 mm (Fig 4.10).

4.1 .7 . Preventing splitting when pressure form ing

Initia lly, on the assum ption tha t a slow application of pressure was required 

to prevent splits o r fractures, peripheral restra int was thought appropria te. 

Th is  was achieved by inserting a metal ring, of the sam e th ickness as the 

shee t titanium  used, around the periphery o f the base section of the unit. 

Th is  was thought to hold the sheet titanium  to reduce the rate of flow , and 

pressure was applied very slowly, in stages to  prevent fracture. P ressure of 

1000 psi was applied, and the plate given at least 10 m inutes to stretch. A 

fu rthe r 1000 psi was applied slow ly w ith ano the r break, and so on, until the 

required 4,500 psi was reached.

Th is  study shows that the restraint was counterproductive  and had an 

adverse effect. It is necessary fo r the sheet to be free to ‘flow ' to avoid
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overstretch ing. A metal ring of the sam e thickness, or very th icker than that 

o f the  sheet titanium  used was necessary.

4.1 .8 . im proving the metal flow  while c ircum venting sp litting

Experim entation shows that com plete freedom  of restra int results in m arked 

im provem ent. It is achieved by using a th icker ring than the th ickness o f the 

p late to be pressed. A 1 mm ring was substituted. Both the  upper and lower 

unit com ponents were polished and lubricated with petro leum  jelly. C ontrary 

to  previous practice the bolts were not force fu lly secured (Fig 4.11).

The  plate is inserted over the invested counterd ie and pressure app lied with 

the  plate stretching unrestricted. Pressure was still app lied slow ly and in 

stages, but every effort was m ade to see that the fla t titan ium  sheet w as left 

qu ite  free to flow  into the m ould. This eased the stretch ing, and very few 

frac tu res occurred. However, the inaccuracy rem ained, possibly, to even a 

g rea te r degree. Using two 0.6 mm rings (a tota l of 1.2 m m) produced the 

sam e result. Free flow  of the plate is necessary, but m ainta in ing a s low  rate 

o f flow  is as im portant when pressing large deep plates. To resist rapid 

pressing an additional procedure is utilised. P ieces o f dense rubber, with 

considerab le  resistance, are inserted into the base of the die to  reduce the 

rate of flow  and to prevent the m etal from  overstretching (Fig 3.12). Pressure 

o f 4 .500 psi is applied, the pressure is then released, the unit opened to 

rem ove som e of the rubber pieces, and a second pressing undertaken. In 

severe cases three or even four pressings are required, rem oving pieces of 

rubber fo r each successive pressing, until all are rem oved so that the plate 

can reach the base of the die.
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4.1.9 . Inaccuracy on pressure form ing plates

C ran iop lasties, particularly when large, left in the labora tory fo r som e tim e 

a fte r pressure form ing and before undertaking m etal working, could not be 

rep laced into the counterdie with exactness. They seem ed to have altered 

the ir shape to varying degrees. A spring back property, s im ilar to e lastic ity  

w as suspected. The plates left under pressure fo r long periods, i.e. over 

n ight o r over a w eek end, did not stop the plate from  contracting to its old 

position. This led to the need to assess w hether such ‘ spring back' (Creep) 

w ould  occur im m ediate ly afte r com pleting pressure form ing.

Large plates w ith acute curvatures w ithout any m eta lw ork ing when rem oved 

from  the  pressure unit, trim m ed to the correct d im ensions and with flange 

cuts inserted to predrilled holes, could not be correctly  p laced on the model. 

A  spring-back contraction creep, must have occurred. The fit of such plates 

was found to  be inaccurate.

The lite rary review (W illiam s 1977, 1981, 1985; Luckey 1982; Gage, 1995) 

expounded on the physical and m echanical properties of titan ium , including 

its e longation, its co-effic ien t of therm al expansion, but on ly in relation to 

th ick  m asses or to rods and wire. The properties of IMI grades, as well as 

tha t o f T im et were sim ilarly unhelpfu l (Appendices). No data  can be found 

on the elastic ity factor, "Creep", of sheet titanium  when under pressure.
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Fig. 4.11. a). Placing the titanium sheet; b). The inserted ring to control metal flow.

Fig 4.12. Rubber pieces within the base ring to prevent over stretching.
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T he  post pressure contraction seem ed the m ost likely cause of the 

inaccuracy. It w as speculated that the metal reached the indelib le ou tline in a 

s tre tched  cond ition , recorded the design outline, and contracts o r springs 

back once  pressure  is released. It tends, to a variab le degree, to return to its 

unp ressed  state. Thereby altering the accuracy of the plate outline. This 

conc lus ion  required confirm ation.

A  num be r of p la tes were experim enta lly pressed to find a successfu l 

techn ique  fo r pressing large deep plates w ithout inaccuracy :

P late 1 w as firs t pressed with rubber inserts up to 2,000 psi and rem oved 

from  the  base ring. The partia lly pressed plate then had wedges o f titan ium  

rem oved from  the  periphery. On a second pressing, the plate fractured at a 

p ressure  ju s t ove r 1000 psi. The fla t sheet m eta l had been weakened.

P late 2 w as pressed in the sam e m anner as the first, rem oved and had flu id  

holes inserted. On the second pressing the plate split a lm ost im m edia te ly on 

app ly ing  pressure.

P late 3. A plate was then pressed to 2,000 psi, w ith rubber inserts in the 

die. R ubber w as removed and a second pressing undertaken at 3 ,000 psi 

w ith less inserted  rubber. Removing m ore rubber a th ird  pressing fo llow ed at

3 ,500 psi. T he  plate then revealed areas w here su itab le flange cuts can be 

antic ipa ted , and were inserted. Under another pressing, when 3,000 psi was 

applied, the  p la te  fractured. It had again been weakened.

These tes ts  show ed that a pressure form ed plate w eakened if the form ed 

edge of the  pressed plate was cut, o r if all flu id  holes were inserted. An 

a ttem pt w as m ade to obtain a grade of sheet titan ium  capable of s tre tch ing 

w ithout con traction  a fte r pressure form ing, i.e. w ith an im proved elongation 

property. No such grade was available in sheet form .

IMI Ltd m ain ta ined  that sheet titanium  is ava ilab le  only in a few grades, 
because its use under pressure fo r o ther purposes is not required. IMI were
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la te r taken over by T im et USA, and a representative of T im et confirm ed that, 
until there is a greater dem and fo r it, the  grades w ith im proved elastic ity 
would not becom e available in sheet form .

4.1.10. The eradication of creep using experim enta l plate pressings

To investigate the contro l of creep, five experim enta l titan ium  plates w ere

fabricated;

i). A plate of approxim ate ly 230 cm ^, w ith rubber inserts in the die, w as 

first pressed to 2,000 psi. Followed by a second pressing at 2 ,500 psi, 

a third at 3,000 psi, a fourth at 3,500 psi, and a fifth at 4,000 psi,

still w ith rubber inserted. The rubber was removed, and the final 

pressing at 4 ,500 psi showed the plate outline.

ii). Using the sam e invested die fo r the 230 cm ^ plate, pressing was 

undertaken w ith a fresh fla t titan ium  sheet. Pressings up to 3 ,500 psi 

were repeated as fo r the first plate. It was thought tha t further 

pressing w ithout rubber would result in splitting. The plate at th is 

stage adequate ly revealed the final craniopiasty shape enabling 

reasonably accurate detection of required flange cuts. Having 

experienced splitting a fte r inserting m ultip le flange cuts, two only 

were inserted. The plate then underwent pressing at 4,500 psi. T he  

plate again split, but show ed the transferred design outline. The sp lit 

area was m uch reduced.

iii). Followed exactly the sam e procedure as P late 2. O nly one flange cut 

was inserted w ith som e im provem ent, but still w ith a slight split. The 

fitted the partia lly  destroyed m odel reasonably but not 

satisfactorily.

These plates, a lthough split, could be placed on the m aster m odel, but 

did not reach the recorded outline. A  hole at the apex revealed a gap 

over 10 mm.

iv). A plate was form ed using the sam e staged pressing to 3,500 psi, a fte r 

removal no flange cuts were inserted to interrupt the strong border. 

One re lative ly large 8-10 mm  hole was inserted into the apex o f the  

plate. Pressure form ing was undertaken at 4,500 psi w ithout rubber
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pieces. The resultant plate fitted the m aster m odel well.

It appeared that the hole relieved the m etal stress.

v). A  plate was form ed in the sam e m anner and a 2.4 mm hole (the size 

norm ally used fo r fluid escape) inserted in the apex. It fractured.

These experim enta l plate pressings continued, until it was found tha t a plate 

would form  successfully if two 6 mm holes, 15 mm apart, were inserted. 

Finally, because it is clin ically acceptable, the stress was re lieved w ith three

4 mm  holes, inserted 10 mm apart. The m ethod em ployed of inserting apical 

holes was then repeated using m odels of large deep clin ical cases. The 

techn ique proved to be successful and is em ployed routine ly fo r all cases 

over 180 to 200 cm ^, o r those with acute curvatures.

This study showed that using rubber inserts and slow  pressing stages, could 

result in a recording of the plate design from  the counterd ie. O nce the metal 

stress was relieved with the three 4 mm holes at the apex, ano the r pressing 

recorded a second design outline. Th is confirm ed the theory of contraction 

caused by m etal stress, which is relieved by the 3 holes. The recording of 

duel design outlines on the plates can be dem onstrated.

A plate was constructed fo r a large defect <230 cm 2, referred fo r a 

craniopiasty construction. Tw o m odels were m illed, one fo r experim entation. 

O ne plate was pressed with the pressure restricted by rubber inserts, taking

5 pressings to reach and record the outlined design. The recorded outline 

was perm anently over m arked. The outline on the counterd ie w as fresh ly 

over m arked with indelible pencil. The plate had the three holes 10 mm 

apart inserted in the apex and pressed w ithout restriction to  4,500 psi. Two 

different outlines, of the sam e original outlined plate design resulted, and are 

c learly shown (Fig 4.13). The two m arked outlines are over m arked in order 

to improve visib ility in the illustration.
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The second plate was partly com pleted after pressure fo rm ing in the sam e 

m anner. The fa in t outlines were over m arked (Fig 3 .14). The design 

ou tlines were obta ined a fte r the successful pressing w ith apical holes drilled 

into the  partia lly fo rm ed plate. Norm ally the m arkings in these c ircum stances 

are ve ry  fa int w ith frequent interruptions, so that ove r m ark ing is necessary to 

illustra te  the phenom enon in a photograph. The m ethod has since been 

va lida ted  by undertaking 16 clinical cases, which fitted  the  m odel perfectly.

The gross inaccuracy is found to be due to m etal stra in  the  poor e longation 

property  (elasticity) of the sheet titanium , resulting in con traction  after 

pressing. The three apical holes relieve the stress and the  form ed m etal is 

able to  record and retain the correct accurate design outline.

Experim entation ind icates that the strain plates under 150 cm ^ results in 

e rro r tha t is c lin ica lly acceptable. Plates between 150 and approxim ate ly 200 

cm 2 could result in erro r in the region of 3-8 mm. In p la tes  over 200 cm2, 

e rro r could rise to i 3 mm. A lthough large plate e rro r can be dem onstrated, 

lesser erro r occurring in sm aller plates present d ifficu lty , because the two 

outlines are too close as well as being fa int and fragm en ted .

Annealing m ight solve the problem , but the appropria te  fac ilities  are not 

ava ilab le  in a prosthetic  laboratory. The correct s te rile  atm osphere, with 

accurate tem pera ture  control is essential.

Pending the ava ilab ility  of an im proved grade of shee t titan ium , which would 

have to undergo s im ila r tests, the devised techn ique  to  e lim inate the creep 

fac to r on pressure m ould ing is the only option ava ilab le .
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Fig 4.13. Double outline recorded on plate pressure formed prior to metal stress relief.

Fig 4.14. A Plate showing the two recorded outlines and after the stress is after inserting 3

apical holes.

m m



221

Inse rtion  o f predrilled 2 mm or 2.3 mm holes to accept flange cuts were 

fo u n d  to  w eaken the plate considerably. However, flanges m ust be cut to 

p red rilled  holes, it is a basic engineering principle. The holes inserted a fte r 

success fu l pressure form ing, should be only m inim ally la rger than the  w idth 

o f the  flange  cut, i.e. 0.50 mm to a m axim um  of 0.75 m m. C uts end ing 

sha rp ly  them se lves cause metal stress.

4 .1 .11 . The  techn ique fo r m easuring force

To p rov ide  the  m eans of m easuring the effect of force on plates as a ttached 

c lin ica lly , use was made of inverted plates invested in pressure unit base 

rings w ith free  space underneath (Fig 16). The object is to assess the e ffect 

of fo rce  on 0.72 and 0.9 mm th ick titan ium  sheet m ateria l (Fig 3.15). A 

series o f pressure tria ls undertaken w ith the plates being supported on ly by 

an overlap  area the sam e as would have been utilised fo r a c ran iop iasty  

fitted  c lin ica lly . Large plates were used, which would have resulted in

pa tien ts  having a large area, frequently  < 200 cm ^, unsupported and 

covering  bra in tissue.

As, w hen establish ing the overlap required, the pressure form ing unit is 

utilised. T he  upper cham ber with the diaphragm  (Fig 3.7, Page 151) is used 

to exert pressure on the inverted plate invested in the base ring (Fig 3.16).

The 200  cm 2 plates of both th icknesses were put under pressure ranging 

from  1000 psi, increasing by 500 psi increm ents up to 4 ,500 psi, unless they 

fractu red  before reaching the m axim um  pressure. The pressure was 

increased w ithout rubber pieces and w ithout in tervals fo r s low  m ould ing.
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Fig 4.15. Pressure on inverted plates. F indicates force. A, the empty space under the

inverted plate, and B the investment material within, and C, a base ring which fits 

into the lower chamber of the pressure unit.

A

 ̂ . / ■

■-v;

Fig 4.16. An invested plate >200 cm2 in a base ring.
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4.1.11.1 The effect of pressure on sheet titan ium  0.72 mm  th ick

i). P late one starting to dent over the fu ll surface area at 1000 psi.

(Fig 3.17)

ii). A t 2000 psi the plate showed deep denting and a lifting m argin.

(Fig 3.18)

iii). A t 3000 psi there are indentations ove r 12 mm deep and a defin ite  

split. C lin ica lly th is would indicate p late pushing into brain.

(Fig 3.19)

iv ). The sp lit area was exam ined partia lly  m agnified It appears to have 

occurred where there was a unidentifiab le  mark. Suggesting a 

possib le  hairline fracture. The p ink show ing through the fractured 

plate is the base of the ring approxim ate ly 2.5 cm below. (Fig 3.20)

v). A  fractured plate afte r w ithstanding 3,000 psi. (Fig 3.21)

A pressure o f 2,000 PSI represents a very heavy blow, and serious 

consequences could result. Furtherm ore under m agnification un iden tifiab le  

m ark ings of approxim ate ly 0.5-1 mm X 2-4 cm are noted which could be a 

fea tu re  preced ing hairline splitting.

A t 3000 PSI the pressure corresponds to  20,6850 M ega pasca l/m ^ and 

represents a b low  too hard to envisage.

A  plate of 0.72 mm sheet m ateria l tested under pressure offered little 

resistance and shortly a fte r the pressure reached 3,000 psi the plate 

fractured. The fracturing is heard quite loudly, and occurred suddenly 

between 3 ,000 and 3,500 psi.
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Fig 4.17. A plate of 0.72 sheet titanium starting to dent at 1000 psi.

Fig 4.18. A plate under 2000 psi showed deep denting and a lifting margin.
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Fig 4.19. At 3000 psi there are indentations over 12 mm deep and a definite split.

Fig 4.20. The split area (in Fig 3.19) examined partially magnified.
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Fig 4.21. A fractured plate after withstanding 3,000 psi.

Fig 4.22. Minimal localised denting shows when the plate is pressed at 1500 psi.
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4 .1 .11 .2  The effect of pressure on sheet titanium  0.90 mm thick

i). M inim al localised denting shows when the plate is pressed at

1,500 psi. (Fig 3.22)

ii). U nder 2,000 psi, the plate shows m arked localised denting, but no 

splitting. (Fig 3.23)

iii). U nder 3,000 psi, the p late shows deep denting, flange support 

fa ilure , and investm ent m ateria l breakdown. (Fig 3.24)

iv). U nder 4,500 psi, the p lates did not fracture. They form ed three th ick 

ridges. The cause and im plication of these has not been established. 

(Fig 3.25

Pressure 's  of 2000 psi produced deeper, but still safe denting. A t 3000 psi, 

still deeper denting and investm ent m aterial breakdown occurred. A t 4500 

psi 3 dense ridges appeared (Fig 3.24), but there  is no indication o f the 

m arkings tha t could represent hairline fracturing.

O f 3 p lates of 0.9 mm thickness, built up to 4 ,500 psi, none split o r fractured. 

The  denting a fte r 3000 psi was suffic iently deep to result in brain injury. A 

b low  at 31,0276 m ega pascals would crush the head.
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Fig 4.23. Sheet plate 0.90 mm thick under 2000 psi.

1

Ï 2,500 psi.

Fig 4.24. A 0.90 Sheet plate under 3,000 psi shows deep denting, flange support failure and 

investment material breakdown.

1
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Fig 4.25. Sheet titanium 0.90 mm thick under 4,500 psi with 3 ridges.

Fig 4.26. A large plate with double screw attachment flanges having undergone metal 

'working'
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4.1.12. The effect of pressure on sm aller plates

P lates of 0.72m m  sheet titanium, between 120 cm 2 and 150 cm 2 were 

pressure form ed w ithout metal working, i.e. no holes drilled or flange cuts 

inserted. These plates were then subjected to 1000 psi up to 4500 psi. At 

1000 psi p lates started to dent m inimally. At 2 ,000 psi greater general 

denting occurred. But only to a depth of 4-5 mm, insuffic ient to  dam age 

brain. They did not fracture until 3000 psi pressure was applied. On 

m agnification the signs of markings that could possib ly  be the start of hairline 

cracks were present.

Using 0.9 mm plate of exactly the sam e sizes from  the sam e m odels 

sub jected to the sam e pressures, there was no denting up to 3000 psi. Then 

only slight local denting at 4500 psi, and w ithout any signs of m arkings, i.e. 

possib le hairline cracks.

4.1.13. An analysis of the results of force app lied at d iffe ren t pressures to 
0.72 mm and 0.9 mm sheet titanium  plates

Pressure of 1000 psi represents a m oderate ly severe blow. P ressure of 

2 ,000 psi represents as hard a blow as is ever like ly to occur. O ver 2000 psi 

would dam age the whole cranium  beyond repair. The tria ls of large 0.72 

plates indicate possib le brain damage at 2000 psi. Th is  suggests the use of 

sheet titanium  of 0.90 mm fo r plates over 180 cm 2, and also fo r com plex 

p lates of 150 cm2, j,e. with acute angles.

4.2. Metalworking
Once trim m ed to fit on the design outlined on the m odel, and prior to the final 

etching and anodising, the metal working procedures including cutting 

flanges to predrilled holes, inserting flu id holes, rounding off the corners of 

flange cuts and general thorough sm oothing and po lish ing fo llow  (Fig 3.26).

W hen drilling holes the drill bit tends to slip. To p reven t the slipping a punch 

is used to tap starting ‘dents'. The custom ary m anne r of executing the m eta l
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w ork ing  procedures is then to use high speed drills, wheels, and cutters (Fig

4.27). The drilling of holes and the use of the punch are perform ed at 

random  angles. The peripheral flange cuts are undertaken w ith a high speed 

grinder, and the plate is polished on a high speed rotating w ire wheel (Fig

3.27). There  are potentia l hazards and errors.

The potentia l hazards and errors fac to rs :

i). The  force used in all the procedures could result in a m isshapen plate, 

w h ich requires further pressure form ing, often resu lted in erro r as the 

p la te  is m oved by the force of the descending d iaphragm  of the upper 

section of the unit.

ii). Heat generated when inserting flange cuts and po lish ing w ith pressure 

aga inst the high speed rotating wire wheel, could destroy m any of the 

properties of the titanium.

iii). U ndertaking these procedures in a general laboratory o r w orkshop 

invites contam ination, as does the washing in tap water.

These factors then results in distortions, weaknesses, and undetected 

hairline splits.
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Fig 4.27. Using high speed grinders that generate heat.

Fig 4.28. High speed polishing causing heat and contamination.
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It is there fo re  necessary to alter the metal working procedures. Hand 

support on ly is inadequate. The thinness and relative frag ility  of the p late 

does not a llow  support by devices such as vices or clam ps, and it is essentia l 

to avoid d istortion caused by a second pressing.

4.2.1. Providing support for m etal working procedures on the  plate.

A m ethod of supporting the plate fo r all stages of m eta l working a fte r

pressure form ing has been devised (Fig 3.28). This is necessary fo r using

the punch, drilling holes, inserting flange cuts, and shaping and polish ing the

periphery.

A su itab le  p laster m ixture is inserted into the pressure fo rm ing ring 

im m edia te ly a fte r it has been only lightly trim m ed to the design outline. 

Before undertaking any m etal working, the undersurface of the p late is 

lubricated and a m ixture  of 50%  Plaster of Paris and 50%  stone is inserted to 

a depth of 8-10 cm. Th is m ixture prevents the fragm enting o f p laste r w ithout 

atta in ing the  hardness of stone. W hen partia lly set, the m ixture is trim m ed to 

stand independently. The base is shaped to an angle tha t is para lle l to a 

trim m ed c ircum feren tia l area 1-1.5 cm th ick (Fig 3.28). The procedure  

requires m inim al care and takes 10-15 min.

The m ethod can be sim plified by the pre-construction o f reusable base 

com ponents having a suitab le angle. They can be constructed in fib re  glass, 

wood, p lastic or cast in m etal (Fig 3.29), and if a num ber are m ade to a 

varie ty of sizes, they will be suitable for all cases. It w ill then on ly be 

necessary to  place the  p laster m ixture in the plate to a th ickness of 2-3 cm, 

and insert th is onto the  pre-prepared base. The procedure would then take  a 

few  m inutes and w ill be m ore dependable than constructing it in an all p laste r 

m ixture fo r every case.
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The p la te  now has the additional support required. F lange cuts and flu id  

ho les cou ld  still be form ed as the m ixture is not hard enough to im pede these  

procedures. The device can be supported at any angle w ith in  a lathe or vice 

w ithou t dam aging. It will then allow  punch starting dents, vertica l drilling and 

flange  cutting w ithout the danger of any distortion. A fine-b laded saw  shou ld  

be used to insert the  flange cuts.

Excessive roughness from the cutting and drilling is prevented, and no heat 

is generated. The angled support prevents slipping, and the  plate does not 

lose shape or require further pressure form ing. W ith lubrication the m ixture 

de tached with a sharp single ham m er blow.

As the  plate su ffe rs  no dam age or distortion, polish ing using the high speed 

w ire w hee l is not necessary. Hair wheels and fe lt buffers, used in denta l 

laboratories, are used to polish the plate w ith wet pum ice and whiten ing. 

These substances are used fo r polishing dentures and chrom e coba lt 

app liances. C ontam ination is prevented.

A fte r po lish ing the plate is w ashed with detergent and rinsed a num ber of 

tim es w ith  d istilled w a te r before being dried and inserted into the solution fo r 

etching.

4.2.2. Insertion o f flu id  holes

At plate insertion there  is excessive fluid derived from  cerebro-spinal fluid, 

which is a lways present, som e odeom etous fluid, and large am ounts of 

sterile sa line to keep the area clean, and vesse ls vis ib le  fo r cauteris ing. 

During insertion the  flu id  escapes through the  flu id  holes. Some surgeons 

attache the dura m ate r to the inner surface o f the plate (Fig 1.9, Page 31), 

possib ly to  reduce dead space. The practice is not, however, m entioned in 

the lite rature o f the  last 20 years.
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Fig 4.29. Preconstructed plate support holders.

Fig 4.30. The plate is supported in any position enabling vertical drilling anywhere on its 

surface.
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4.2.3. The fin ishing processes

4 .2 .3 .1 . Etching

W hen  etching, frequently term ed pickling, hazards are m ore preva lent than 

inaccuracy. For etching a solution contain ing 1.5 % hydroflou he acid, 8 % 

n itric ac id  and 90.5 % distilled w ater is used. H ydroflouric acid even at the 

low percen tage is particularly strong. Fresh solutions, e ffective  when 

subm erg ing  plates fo r only 1-2 m inutes, deteriorate rapidly. P lates then 

require etch ing fo r increasingly longer periods. A fresh solution, or extended 

periods of im m ersion can cause a large deep plate, possib ly as th in  as 0.4 to 

0.5 m m  at its apex to reduce to the precarious under 0.4 mm. W hile  

appearing  sound, large plates constructed from  0.72 mm th ickness sheet 

titan ium  under pressure of 2000-3000 psi, show  m arkings than could be 

starting cracks that m ight develop into splits (Section 3.1.11a). There is the 

danger o f such plates failing in vivo. In add ition the screw  holes w iden and 

are qu ite  frequently  too large to contain the screw  adequately.

P lates reduced to the th inness m entioned, should becom e secure in situ, 

because of the attachm ent and growth of connective  and fib rous tissue, and 

should not present danger. No com plication o f th is  nature has been reported 

in the literature, or com m unicated to  the unit. Long term  reviews, however, 

indicate in fection occurring five years a fte r insertion. All these cases have

been in p lates over 180 cm ^. This raises the question as to w hether the 

m arkings observed on large plates under pressure, are in fact hairline 

cracks.

A hydroflouric  acid solution is not required fo r etching. Follow ing recent 

reports in the  literature, a warm  solution of 10 % nitric acid, and 90 % distilled 

w ater is found to be suitable fo r the  etch ing process. Verified by the even 

golden surface a fte r anodising.

This so lu tion  is safer, m ore m anageable, and easily available. Yet is still 

su ffic ien tly  strong to remove all im purities w ithou t the sam e degree of plate
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th ickness reduction. However, it is still capable of w iden ing  screw  ho les 

adverse ly  when im m ersed too long.

4.2 .3 .2 . A nodisation

A nod isa tion  cannot cause inaccuracy. It is invaluable in covering the plate 

w ith a th ick  oxide layer resulting in a ceram ic surface, and ceram ic to tissue 

contact.

C o lou r unevenness reveals contam ination (Fig 2.78). The even gold surface 

co lou r re flects the perfectly neutra lised annealed cond ition o f the titanium .

If the  surface is b lotchy the plate is unacceptable. It can be repolished, 

w ashed repeated ly in d istilled water, etched again. If the  uneven anodisa tion 

persists, contam ination is verified, and it is advisable to d iscard the plate.

4.2.4. S um m ary of the im proved techniques in the labora tory fabrication 

m ethods

The extent o f the  peripheral inaccuracy in the trad itional stages of 

construction, have been reduced from  6-13 mm to under 2 mm. The extent 

of inaccuracy is dependent on the m eticulous observation o f all the 

recom m endations. An absolute m axim um  level of inaccuracy is 2m m . In 90 

% of cases it is in the region of 0 .5-1.5 mm.

The stud ies in th is  section show that:

i). T ransferring  the design from  m odel to counterd ie to p late still requires 

revision.

ii). The  extent o f overlap and attachm ent has been inadequate. Double 

screw  attachm ents (Fig 2.73) have* been shown to provide im proved 

stab ility  w hile  contributing to the overlap required to  resist im pact 

forces. Th is would suggest the use of m ore screw  attachm ents fo r 

p la tes over 180 cm ^, with screws of increased diam eter.

iii). T he  th ickness of the sheet titan ium  used should vary between 0.72
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mm and 9.00m m  and should relate to the size and com plexity o f the 

plate.

iv). A  pressure form ed plate tends to contract due to m etal strain. 

The m etal stra in  m ust be relieved before the plate is able to 

accurate ly conform  to the design outline on the counterdie.

v). The stages o f “m etal working" com pound inaccuracy. The use o f high 

speed flange cutting, hole drilling, and polishing, should be replaced 

with a m ore gentle  approach. The cuts should be fine r and kept to a 

m inim um . C utting to a predrilled hole is necessary, but the hole 

should not have a radius greater than the cut. Relative ly large drill 

holes near the border to receive flange cuts s ign ificantly w eakens the 

plate. F luid holes should be kept away from  the periphera l areas and 

should be inserted in pairs to sim plify a ttachm ent to the dura.

vi). The fin ish ing stages should be m odified so tha t the plate is supported 

during th is  phase.

vii). A ll large p lates should be exam ined w ith high m agnification to 

identify the presence of m arkings of 2 to 4 or 6 cm long and up to 1 

mm thick. These could be hairline cracks. The possib ility  of the such 

cracks deve lop ing into plate fractures with raised m argins causing 

scalp tissue breakdown and infection, could provide an exp lanation to 

the occurrence of late infections, i.e. on fo llow  up reviews ove r 5 

years.
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Fig. 4.31. a. Plates with uneven ‘blotchy’ anodised surfaces.

1
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4.2.4.1 Additiona l factors relevant to the CAD-CAM  technique

W hen valida ting the CAD-CAM technique ( Chapters 3 & 5 ), it em erged 

tha t the  accuracy is such that :

i). The  plate size could be sm aller, gross over extension is no longer 

required. Sm aller plates, while observing suffic ient overlap 

especia lly  with the retention flanges, require a reduced scalp flap  fo r 

access with less scar tissue on healing, often with im provem ent in 

cosm etics. A considerable num ber of patients present with inadequate 

scalp tissue, or scalp contain ing scar tissue from  previous surgery. 

O ver stretching the covering scalp is a cause of soft tissue breakdown.

ii). W ith  increased accuracy of fit m ultip le flange cuts are no longer 

required. They m ight be necessary on e ithe r side of an exaggerated 

pro tuberance or to negotiate an acute angle. W ith a pressure unit 

capab le  of greater pressure and /or the availability of a grade of 

titan ium  with an increased elongation property, even these few  flange 

cuts could be om itted, in place of flanges the plates only require slight 

extension to hold a screw or screws.

iii). A lthough the term  ‘flange* cut is used, the word flange is no longer 

appropria te. It referred to an extended part of the peripheral area, 

necessary to reach border bone, to atta in a ttachm ent usually by 

m eans of screws.

The va lida tion study and pressure tria ls reveal im portant factors. The design 

of p la tes w as questionable and m alapropos. A lteration in the design of 

p lates w as indicated. Fig 3.31 a,b show s plates fo r the sam e defect 

constructed to the old and new design. The old design incorporates features 

that th is s tudy has revealed as inappropria te.
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4.2 .4 .2  Further s tud ies required are:

i). To observe the  m arkings on large plates afte r pressure form ing under 

appropria te m agnification and elim inates the possib ility of 

m icroscopic cracks..

ii). The fo llow  up period fo r plates constructed using the CAD-CAM  

technique, should be extended to observed w hether the  trend of late 

in fections is confirm ed.
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Fig 4.31. b, A traditional plate design; c, The new design proposed for a small plate i.e. <150

cm2.

b
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Fig 4.32. a, A traditional plate design; b, The new design for a larger plate. > 150 cm2.
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CHAPTER 5

5. VALIDATION OF THE CAD-CAM TECHNIQUE

5.1. Introduction

The hypothesis tha t titanium  cranioplasty is a superior m eans of crania l 

repa ir w as based on the clinical experience of the construction and provision 

o f over 350 successfu l cases, and the research that has been undertaken on 

the  CAD -C AM  technique. The validating of the accuracy atta ined using th is 

techn ique  is of prim ary importance.

It was thought, at first, that a phantom  skull (Figs 5. 1 & 4) with defects could 

be fabricated, CT scanned, and used to com pare the m easurem ents of the 

phantom  skull de fects to the defects on the 3D im age and on the defects in 

the  m illed model. This m ethod failed (Section 5.2-3), and thereafter dry 

d isarticu la ted  skulls (1) & (2) were used.

5.2. The Use Of Phantom Skulls

5.2.1. Phantom  Skull 1. A Com parison O f Defects

Phantom  skull 1 (F ig .5.1) was constructed using resected crania l bone from  

clin ica l cases set in a m atrix of dental stone. Sm all pre-m easured defects 

were cut form ing circles, squares, and angles. It was thought that if th is fine 

deta il could be replicated one would be able to reproduce any feature in a 

clin ica l defect.

The 2D  scan slices were used as source m aterial program m ed fo r the MGI 

w orksta tion and form atted to obtain a 3D image. G ross distortion is evident 

(Fig 4.2), and the image defects can not be com pared to those on the 

phantom  skull. The distortion is caused by the m atrix m ateria l, which 

sca tte red  the photons when scanning.
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Fig 5.1. The first phantom skull.

Fig 5.2. An enlargement of the distorted images of the defects in phantom skull 1
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Fig 5.3. The distorted defects on the milled model.

F ig .5.4. Phantom  Skull 2. Bone em bedded in acrylic.
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The distortion is due to the use of dental stone which is inappropria te as a 

m edium  for conta in ing the resected bone defects. The threshold, scattering 

and o ther hazards prevalent in imaging appeared, and were exacerbated by 

the sm all sizes selected fo r the defects.

Acrylic (m ethylm ethacrylate) has a more appropriate Housefie ld num ber, 

and is not liable to the hazards caused by dental stone. The sm all com plex 

defects also raised unnecessary problems, a larger defect was provided in 

phantom  skull 2.

5.2.2. Phantom  Skull 2. A Com parison O f Defects

A second phantom  skull was constructed w ith resected bone em bedded in 

acrylic, contain ing a defect of average clinical size (Fig 4.4). The 3D im age 

and the m illed m odel were satisfactory, but an assessm ent of error by 

com parative m easuring could not be obtained with accuracy (Fig 5.5).

The difficu lties in m edical im aging prevents the atta inm ent of reliable 

m easuring points on the image, that can be reproduced with any degree of 

accuracy on the m illed m odel, which contains terraces due to the 

interpolation of the scan slices. Methods, such as including sm all V shaped 

cuts in the wall, o r insetting w ire at various intervals, do not provide the 

accurate m easuring points required. The irregularity of the m odel borders 

due to the in terpo lation prevents V cuts or inserted w ires from  provid ing the ir 

provision (Fig 5.5).

Having considered the problem s encountered with phantom  skull, it 

appeared obvious tha t accuracy in com parative m easurem ents would only 

be atta inable by using a dry disarticulated skull, provided with reliable 

m easuring points.
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Fig 5.5. The m illed m odel atta ined from  phantom  skull 2 show ing  m arked  

te rrac ing.

Fig 5.6. The dry skull with the formed defect and measuring discs.
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5.3. The use of Disarticulated Dry Skulls

5.3.1. Dry Skull 1

A  defect o f approxim ate ly 80 cm ^, including the tem pora l fossa, is inserted 

in skull 1. The sides are cut straight at a 90 deg angle to the base, and m eet 

at a sharp point at the apex. T itanium  disks 1 cm by 1 cm are attached at 

right angles to each corner (Fig 5,6). The known d im ensions of the d isks 

and of the angles of cuts, establishes reliable m easuring points.

The disks are m ade from  0.72 mm thick, IMI 115, titanium  sheet as used in 

cran iop lasty  construction. The ability of 0.72 mm sheet titanium  to a llow  

penetra tion of X rays and CT scans, considered as having been established 

in the literature.

The 3D im age is atta ined using the correct Housefie ld num ber 1,600, an 

average fo r bone and titanium . Atta in ing the 3D im age to the best advantage 

requires using the correct threshold. D iffering thresholds slightly effect the 

m easured distances.
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5.3.1.1. A com parison of m easurem ents of the defect In Skull 1. To those 

of the m easurem ents of the defect in the image, and the m illed m odel

M easuring was first undertaken to establish a technique and to test the 

variation using different thresholds when atta in ing a 3D image.

Tab le 5.1. shows the m easurem ents undertaken when using the m easuring 

points in Fig 4.6, using three different thresholds and deriving a mean 

m easurem ent.

Table 5.1. Measurements in millimetres of the defect in skull 1 and the three 

dimensional image, using three different thresholds.

Measuring
Points

Threshold
One

Threshold
Two

Threshold
Three

Mean

1 0.50 0.50 0.35 0.45

2 0.89 0.93 0.82 0.88

3 0.98 1.20 0.86 1.00

4 0.92 0.98 0.57 0.82

5 0.98 1.10 0.90 0.99

6 1.07 0.87 0.94 0.96

7 0.40 0.48 0.30 0.36

8 0.86 0.91 0.40 0.50

9 0.60 0.85 0.45 0.63

10 1.60 1.96 1.48 1.68

11 1.12 1.83 1.75 1.56

12 1.52 2.20 1.37 1.70

13 2.12 2.63 2.27 2.34

5.3.1.1.1 Results

D ifferences in threshold result in error under 1 mm. Errors occur over 1 mm 

are in diagonal m easurem ents, which present greater d ifferences because of
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increased distance and the subjectiv ity in selecting m easuring points. All 

m easurem ents hereafter are taken blindly by m yself and three m em bers of 

M edical Physics.

A w orkstation option enables autom atic m easuring, the d istances are 

printed on the m onitor screen when a cursor is placed on the two points to 

be m easured on the image. The precise placing of a cursor is subjective.

On the skull m easuring is undertaken with callipers or a m easuring gauge. 

A m odel was m illed and the same distances m easured in the same way.

The disks, on the m illed model, are painted blue fo r clarification. The 

m easured distances are presented in Table 5.2.

Table.5.2. A blind comparison of mean measurements of the defect on the skull, 

the image, and the model.

Distance Computer
Image

Calipers on 
Skull

Calipers on 
Model

B-C
65.70 64.91 67.63

C-D
44.00 43.43 45.27

D-E
50.40 49.02 51.93

A-B
68.03 68.39 69.23

B-E
47.80 46.46 48.03

B-D
75.67 75.00 76.43

A-C
103.30 103.67 105.93

Bone th ickness is also m easured. M easurem ents are m ade at the location 

of the titanium  squares (Fig 5.6.) by placing m arkers above and below  a 

square. W here there are no squares, they are placed above and below  the 

bone. These m easurem ents are com pared with physical m easurem ents on 

the object. No d ifference greater than 0.2 mm was noted.
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Fig 5.7. Measuring points for comparison of the model and image defect.

ib r

a-b .
-a1-b1
-c -d .
-b1-d1

-a1-h1.
-a1-f1..
a1-d1.
-b1-h1.d l - f l .  136

-g -h .

Fig 5.8. The milled model of the defect in skull 1.
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5.3.1 .1 .2 . An analysis o f the results

No s ign ificant d ifferences were found between the observe r’s 

m easurem ents between the skull and the image (Table 5.2). T he  d iffe rence 

in m odel m easurem ents is due to terraces on the model.

M odels derived from  reform atted data of CT scanned im ages conta in  

te rraces  (Fig 5.5 ) caused by the in terpolation o f the scan slices. These  

in te rfe re  w ith the defect borders and m ake it im possib le to  recognise 

m easuring  points. An attem pt to overcom e th is com plication by estab lish ing  

cu t m easuring points, fa iled. As the cut points are sm all and overshadow ed 

by beam  hardening.

W ithou t the  positive identification of m easuring sites in the m odel, accurate  

com para tive  m easuring is im possible.

5 .3 .1 .2 . The com parison of m easurem ents of a program m ed im age to tha t 
in the  m illed model.

An accurate  com parison of m easurem ents o f a 3 D im age to  tha t of a m illed 

m odel derived from  reform atted data of the image, is on ly  possib le  if the  

source  data  o f the im age is not from  scan slices.

A  m odel was designed to specified m easurem ents to use as source data  

(Fig 5.9), which the physic ists were able to program m e d irectly  into the 

w orksta tion . This enabled the  m illing unit to produce a m odel w ithout 

te rraces  fo r atta in ing accurate m easurem ents to  com pare w ith  those  o f the 

m odel im age and the orig inal m odel (Fig 5.10).
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Fig 5.9. Photographs of the model programmed into the workstation.



255

A d iagram  (Fig 5.10) show s the m easuring  points fo r com para tive  

m easurem ents, the results of which are given inTable  5.3.

Fig 5.10. A diagrammatic representation of the model showing measuring points
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5.3.1 .2 .1 . Results

Table 5.3. A comparison of the measurements in millimetres of the designed 

model to those on the image and to those on the model.

D M. M. 1. M.M. D.M.

A-B. 10 10 9.26 0.74.

B-C 30 30 29.32 0.68

C-D. 20. 20 19.46 0.54

E-F. 10 10 9.26 0.74

A-G. 120 120 118.22 1.78

G-l. 120 120 118.20 1.80

F-J. 30 30 28.80 1.20

P-R 30 30 29.62 0.38

J-R 30 30 31,00 1,00

J-K. 60 60 61.79 1.79

G-Q. 120 120 116.42 1.78

A-S. 120 120 118.20 1.80

Key to Tab le  5.3 :

D Specified m easuring po in ts .( Fig 5.29)

M M easurem ent of d istance between points on orig inal m odel (F ig 5.26) 

M .l M easurem ent of d is tances between the sam e points on the  Image. 

M .M M easurem ent of d istances between the sam e points on the m odel. 

D.M D ifference of m easurem ents on the image com pared to those  on 

the  model.
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5.3.1.2.1 An analysis of the results.

The  Im age m easurem ents and those of the original m odel are identica l. 

There  are m inor d ifferences in m easurem ents of the im age com pared  to  the 

m illed model. These d ifferences m ust be halved as the  overall e rro r involves 

tw o sides, i.e. half of the inaccuracy indicated. The m axim um  erro r ind ica ted 

is 0 .90 mm. The only accuracy required is that of the surface o f a defect. 

Th is and the causes of m illing errors is discussed in C hapter 4.

D istances 1-2 and 3-4 (A-B. & E-F ) are not precise because o f the  1mm 

b lade shift. The cutting takes place in 'steps' m arked on the  le ft wall, but 

w hich can be seen w ithout m arking, where the arrows ind icate on the  right 

wall. The m easurem ent from  1-2 or 3-4 will depend w here in the  1 m m  shift 

the  cutting ends. M arked on the lower right is a narrow  angle which the 

b lade cannot penetrate, e ffecting the m easurem ents of J-R  & J-K.

5.3.1.3 . Assessing the degree of accuracv of plates constructed to  fit a 
m easured defect in drv skull 1.

Dry skull 1 w ith the defect (Section 5.3.1, Fig 5.6), and the  m illed m odel 

(Section 5.3.1, Fig 5.8), used fo r the com parative m easurem ents o f defect 

size, is used fo r m easuring the fit of plates. The d isk areas on the  m odel 

are lightly sanded away, the terracing sm oothed. Anatom ica l con tou r is 

restored, and a plate pressure form ed from an invested counterd ie , and the 

borders trim m ed to the design on the model.

The Plates Constructed.

Five p lates are constructed using the CAD-CAM  technique, 

i). w ithout any m etal working,

ii.a & b ). w ith 4 flange cuts.

iii). w ith 6 flange cuts.

iv). Constructed b lind ly in the laboratory by a techn ic ian  

undergoing all the construction stages required fo r a routine 

trad itional plate.
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v). C onstructed by m yself w ith all the  trad itional stages

undertaken gently, i.e. using no high speed equipm ent, 

the flange cuts undertaken lightly with a hand saw.



Fig 5.11. Measuring errors in the milled model.
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Fig 5.12. The peripheral gap feeler gauge.
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All the plates except plate ii b), were m easured on the skull. Plate ii b), w as 

m easured on the m odel. T  he object was to  com pare the fit of the  p lates 

using the peripheral fee le r gauge (Fig 5.12).

The anatomical contour is reestablished on the model and the design outlined (Fig 5.14) to 

facilitate the construction of the 5 plates 

The plate is constructed, lightly trim m ed and cleaned, with m inim al m eta l 

w ork at first (Fig 5.15).

The fee le r gauge (Fig 5.12) is used to see which blade th ickness fits 

between the plate on the skull o r on the m odel. A  d iagram  (Fig 5.17) show s 

how  the m easurem ents undertaken are derived to give a percentage of 

areas allow ing blade insertion. The peripheral area and the sum of the  A 's  

B's C 's D's & E's are utilised to obtain the percentage areas. The fee le r 

gauge has blades starting at 0.25 mm thick, then blades 0,50 mm, 0,75 m m , 

1.00 mm, 1.25 mm, 1.50 mm, 1.75 mm, 2.00 mm, and th icker increasing by 

0.25 mm. The plate is held firm ly on the skull o r model, and the gaps are 

tested by gentle insertion of blades until a th ickness o f blade is reached tha t 

cannot penetrate the gap. In Fig 5.35 the areas m arked A  could accept a 

fee le r gauge blade no th icker than 0.25 m m, w here m arked B a blade 0.5 

mm could be inserted, C, a blade 0.75 mm and D a blade 1.00 mm, etc.

Com parative blind m easurem ents were undertaken by 4 partic ipants o f the  

5 plates constructed fo r the defect in the dry skull 1, when fitted on the skull 

and on the model.
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Fig 5.13. The method using the feeler gauge for measuring gaps.

mm#

Fig 5.14. The plate design outlined on the recontoured model.
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Fig 5.15. The formed and smoothed plate with four flange cuts.

Fig 5.16. The constructed plate after undergoing all the stages of traditional plate construction.



Fig 5.17. Deriving the measurements of the plate.
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5.3.1 .3 .1 . Results.

Table 5.4. Percentage (%) gaps in peripheral area of plates for dry skull 1

P a . P b . P c. P d. Pe. EL

< 2 .0 0 2 0 % Nil Nil Nil 25% Nil

< 1.75 1 0 % Nil Nil Nil 15% 1 0 %

< 1.25 0% 5 % 5 % Nil 15% 20%

< 1.00 1 0 % 1 0 % 2 0 % 25% 2 5 % 3 0 %

< 0 .7 5 3 0 % 2 0 % 2 5 % 20% 1 0 % 1 5 %

< 0.50 2 0 % 4 0 % 2 5 % 1 0 % 10% 2 0 %

< 0 .2 5 5 % 15% 1 5 % 20% 5 %

< 0 ,0 0 5% 10% 10% 25%

Key : P — — Plate.

< % —  area of the gap that perm itted entry of the 

fee le r gauge of the th ickness m entioned.

5 .3 .1 .1 .2 . An analysis o f the results.

T he  s ign ifican t aspects are the m axim um  gap and the  m inim um  gap:-

P late i). The  result shows that 20 %  of the  p late had gaps of 2 mm,

and only 5 % fitted the m odel w ith  no gaps.

P late ii,a) W ith  4 flange cuts when fitted  on the  skull, that the fit

im proved. 5% had gaps o f 1.25 mm, and 10% of the plate 

fitted  the model w ithout gap.

P late ii,b) The sam e plate fitted on the  m odel show s insign ificant 

difference.

P late iv) Having 6 flange cuts ind ica ted increased accuracy in
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fit. There were no gaps greater than 1 mm, and 25 % o f the 

plate fitted the skull w ithout any gap.

P late v). Undergoing routine construction indicates em phatica lly tha t

accuracy has been com prom ised. 25 %  of the plate had gaps 

o f 2m m  & over. No area of p la te fitted the skull w ith gap less 

than 0.25 mm.

P late vi) Undergoing fu ll construction lightly im proved on plate 4

significantly. There were no gaps greater than 1.75 m m , and 

5%  of the plate fitted the skull w ith  gap less than 0.25 mm.

5.3 .1 .4 . An overall assessm ent and explanation

T he  fit of the plates are excellent or good both in size and the ir 

approxim ation  to the bone. The greater periphera l gaps are all c lose to 

p rom inences (Fig 5.18) or highly angular features, i.e. areas approxim ating 

th e  acute angle at the supraorbita l ridge m argin, and a raised suture  line 

w h ich  occurs in old dry skulls (Fig 5.19).

T he  fit o f the  plate w ithout any flange cuts was in ferio r as there w ere no 

flange  relief to  enable pressure form ing over these areas. Four cuts re lieved 

the  area w ith prom inences, and a raised suture. Six cuts also relieved the  

area undergoing a sharp angle at the external superio r orbita l bone.

T he  fit of the plate on the m odel is very s ligh tly  be tte r than on the  skull 

p robab ly  because the m odel is sandpapered, and th is reduced the he ight of 

the  prom inences.

The  fit of the two fu lly  worked plates were fa r less accurate. The one 

care fu lly  worked less so than the one roughly worked. This ind icates tha t 

m eta l working causes distortion and inaccuracy is d irectly related to  the 

m anne r o f construction.

P late v) was constructed in the workshop ostensib ly  fo r a clin ical case. The
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flange cuts inserted by disks at high speed to m eet predrilled  holes, and are 

o f a w idth between 0.75 and 1.0 mm. High heat is generated in cutting, 

sm ooth ing and polishing.

P late vi) had flange cuts inserted carefully w ith a fine saw  to  a w id th  of 

approxim ate ly 0.5 mm. The use of high speed equ ipm ent w as avoided.

5.3.2. Drv Skull 2.

5.3.2.1 .Approach 1. Plates constructed from  an outlined area on the  bone bv 
C T  scans and from  im pressions to cast a model.

The  study of the plates m ade fo r the  defect in dry skull 1 ind ica tes varying 

gap areas between plate and skull that require verification. A  com parison of 

p la tes constructed directly over areas of an intact skull are constructed  to 

confirm  som e aspects o f the previous results. A dry skull 2 was availab le. A 

fa irly  sm all area of approxim ate ly 110 cm 2 was outlined fo r C T  scann ing and 

fo r im pression taking. Two com puterised plates were constructed  (Fig 5.20).

The  plates fitted well, but the m ethod was aborted, because it was though t 

tha t the area covered was too small. A lso on the realisation tha t the tak ing  of 

an im pression m ight introduce unnecessary errors.
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Fig 5.18.. S & C Prominences or raised sutures resulting in peripheral gaps. S. An

exaggerated gap when a plate under low pressure passes over a prominence. C. A 

normal gap which occurs under high pressure.

Fig 5.19. Raised irregular sutures in old dry skulls.

■ V „ .



268

Fig 5.20. a & b The two plates constructed, one from CT scans The other from a direct 

impression, c, One of the plates placed on dry Skull 2 for measuring.

$
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5.3.2.2 . Approach 2. P lates constructed from  an outlined area on the 
bone bv CT scans and from  the use o f the area acting as the m odel

5.3.2.2.1 T h e  construction of p la tes from  CT scans, and from  casting  the 
overd ie directly over the outlined area on the bone

It was recognised tha t im pressions should be avoided and tha t the  plates 

p re ferab ly  larger. Using in tact skull 2 as the m odel, and casting  the overdie 

d irectly  onto bone avoids any possib le  errors from  an im pression. A  p laster 

m odel and an overdie were obta ined from  the model.

T he  intact dry skull 2 was used to construct p lates using the  CAD-CAM  

technique, and from  direct conter-d ies. The la tter using a strengthened 

denta l stone, which is applied d irectly  onto the  skull a fte r lubrica tion required 

to  fac ilita te  w ithdrawal a fte r setting of the stone. Four p lates. A, B, C, & D, 

w ere constructed from  two areas o f dry skull 2. P lates A  & B had an oval

area o f approxim ate ly 160 cm 2, and C, & D, o f a la rger oval area of 

approxim ate ly 200 cm 2 (Pig 5.21). The larger p lates include passing over a 

parie to -occip ita l protuberance, and m ore of the tem pora l fossa  area. The 

ob ject is to verify any d iffe rence in the result of m easurem ents, when 

com paring  sim ple and m ore com plex plates.

i). For plates A  and C the skull is CT scanned, and m odels derived 

from  reform atted 3D im age data.

ii). For plates B and D, m odels were derived from  d irect over-d ies, 

counter-d ies (the term s are synonym ous) of the 2 areas of the 

skull. The plates B & D w ere constructed in the m anne r described 

fo r secondary cran iop lasties (Chapter 4).

iii). For Plate E, a fte r all the  m easurem ents of plate D w ere  recorded, 

com prehensive m eta l w ork was undertaken on plate D.

The  m odels derived from  re form atted im age data conta ins te rraces which 

are lightly sanded away. M odels from  the dies are sm ooth (Fig 5.21). The 

fo u r p lates were not subjected to any 'metal working', a fte r pressure form ing. 

They were only lightly trim m ed to the required outline, and thorough ly  

w ashed in detergent (Fig 5.22).
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Fig 5.21. Dry Skull 2. With outlines of the two plates on the model.

Fig 5.22. The terraced model smoothed and sealed.
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A hole was provided in the apex of each to enable m easuring o f ap ica l 

contact (Fig 5.23). A  reliable apical contact m easurem ent is on ly poss ib le  

from  an in tact dry skull. The m easurem ent over a defect m ight not be 

au then tic  as it is dependent on the re-contouring, w hich could be a m illim etre  

o r so over w ithout visual detection.

C ircum ferentia l m easuring is illustrated (Fig 5.13).

A p ica l gap is m easured w ith the probe which is placed on the plate. A  th in  

p ro jection descends through the drilled hole, when screw ing the upper o f the 

tw o th readed screws on the top of the handle.
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Fig 5.23. The circumferential measuring gauge and a probe instrument to measure apical gap.

Fig 5.24. A diagram to clarify the measuring of apical gap size.

Gauge.

Measuring point.
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Fig 5.25. Plates C & D on models showing holes for apical gap measuring.
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5.3.2.3 . Results o f measuring peripheral and apical gaps. 

Table 5.5. Measuring Peripheral Gaps of Plates A & 0.

Plate A. Plate C

Gao Size. % of oeripherv. % of Perioherv

No gap 10%. 2 0 %

< 0.25m m 20 % 1 0 %

< 0.50 mm 4 5 % 5 5 %

< 0.75 mm 2 0 % 1 5 %

< 1.00 mm 5 % 0 %

No apical gap w as detected in either plate.

Table 5.6. Measuring Peripheral Gaps Of Plates B, D & E.

Plate B Plate D P late E

G ao Size. % of oerioherv. % of Perioherv %  of Perioherv.

No gap. 0 % . 5 %

< 0.25m m 10 % 1 5 %

< 0.50 mm 1 5 % 2 0 % 2 0 %

< 0.75 mm 15% 2 0 % 1 5 %

< 1.00 mm 2 5 % 1 5 % 1 0 %

< 1.25 mm 2 0 % 1 5 % 1 0 %

< 1.50 mm 1 5 % 1 0 % 2 0 %

< 1.75 mm 0 % 0 % 1 5 %

< 2.00 mm 0 % 0 % 1 0 % .
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5 .3 .2 .4 . An analysis o f the results 

C om parisons o f P lates A  to C and B to D.

T he  results are an Improvement over those undertaken w ith skull 1. The 

sm a lle r p la tes Indicated that only 5% of the area of p late A had a gap of 

1 m m , there  were no gaps over 1 mm. P late B Indicated no gaps over 0.75 

m m . P late A  was not quite as good as B, probably because of the  te rrac ing  

In the  m illed m odel. There was no apical gap.

W ith  the  la rger p lates the results were alm ost as good. Both p late B and D 

had no gaps over 1.50 mm. Plate B had an apical gap of 0.25 mm.

T hese  results confirm ed the findings relating to skull 1. S light gaps w ere 

caused  fo r the sam e reasons. Passing over prom inences, ra ised suture 

lines o r acute  angles.

T he  m easurem ents o f plate E.

P la te  E Is derived from  plate D subjected to all the stages o f trad itiona l p late 

construc tion . Tab le  5.6 Indicates that no peripheral area o f plate touched 

bone, 35 % of the  peripheral area had gaps up to 1 mm, 20 % up to 1.5 m m, 

35 %  up to  2 m m, and 10 % over 2 mm. The apical gap detected w as 1.2 

m m .

5.3 .2 .5 . C onclusions.

I). M eta l w orking distorts plates and causes Inaccuracy. Th is results 

con firm s the previous findings on skull one.

II) T he  results verify  the accuracy of the CAD-CAM  technique, and are 

an Im provem ent on the validation atta ined on m easuring the fit of 

the  p late constructed fo r the defect In skull 1.

III). G rea te r erro r occurs In larger and m ore com plex plates, on ly in 

re la tion to  features such as prom inences or raised suture lines.

Iv). O n fu rthe r pressure form ing when 2 flange cuts were Inserted each 

s ide  o f the protrusion, and each side of the raised suture, the two
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plates B and D fitted the skull a lm ost as well as the  tw o sm a lle r 

plates. There were no gaps over 1 mm. This suggests one o f tw o 

causes :

a). The 4,500 PSI pressure is not suffic ient to press the  p la te

accurate ly over interfering protrusions. Increased pressure  of 

6000 PSI m ight do so.

b). The elastic ity of the titanium  sheet is low. A  d iffe ren t g rade of 

titan ium  sheet, with a h igher e lastic ity property cou ld  poss ib ly  

accept the  4,500 PSI pressure to  eradicate o r m in im ise  the  gap 

ad jacent to the rises.
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C H APTER . 6

6. THE CLINICAL OUTCOME

6.1. Introduction
T he  clin ical benefit based and assessed on the provision o f over 250 

accura te  plates was significant. The plates were fabricated using the  CAD- 

CAM  technique, fo llow ed by the refined laboratory m ethods as described. 

P la tes constructed in th is  w ay have been shown to be extrem ely accurate. 

T he ir provision has revolu tion ised both the results and the extended scope 

and applications o f titan ium  cranioplasty.

T he  clin ical success w as also verified by an enorm ous increased dem and fo r 

the  p lates by neurosurgeons in units in all parts o f the country. In London 

m ost units, (80-90%  o f neurosurgeons), are now  using titan ium  in pre ference 

to  bone o r acrylic.

The  clin ica l outcom e of the  series is described by:

i). Review  of 148 recip ients of plates constructed using the  CAD -C AM

technique.

ii). Identify ing add itiona l applications.

iii) C iting clinical cases tha t describe:

a). One S tage Cranial Repair. Prim ary C ranioplasty.

b). The trea tm ent of growing fractures.

c). C ran iop lasty extensions.

6.1.1. A  prospective Review

The pilot study o f s ix  patients, recipients o f CAD-CAM  plate fabrica tions 

show ed tha t the p la tes produced were fa r superior in accuracy of fit and 

restoration o f norm al skull contour. The technique had previously been 

va lida ted by Joffe et al. (1999). The use of the technique was then adopted
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fo r routine constructions by the cranioplasty unit.

In th is  review  one hundred and forty eight patients have had crania l defects 

repaired using the CAD-CAM  technique. O f these, 141 were repaired 

secondarily  (delayed cranioplasty), whilst 7 w ere repaired im m ediate ly 

fo llow ing cran iectom y (single stage cranioplasty .

T he  techn ique was assessed at insertion and on a post-operative  review 5-6 

w eeks later. A fte r 1 yea r 72 cases were again reviewed.

T he  application of th is  techn ique in the preoperative fabrica tion  of titanium  

p la tes fo r insertion at prim ary surgery is also assessed.

6.1.1.1 M ateria l And M ethods.

6.1 .1 .2  Patients.
Tab le  6.1 shows the underlying pathology in the 148 cases.

6 .1 .1 .3  Surgery.

A  m em ber of the cran iop lasty unit attended the plate insertions perform ed by 

the  referring surgeons. The cranial defect and surrounding bone is exposed. 

The  pericran ium  w as raised to allow direct contact o f the p late borders to 

bone. The  fit of the p late was assessed after confirm ing all round suitab le 

overlap.

The  outcom e was considered excellent where the plate rested passively on 

the  m arg ina l bone all round the defect. A  plate w ith no m ore than 2 mm gap 

from  the  bone was te rm ed good. A plate with a m axim al gap of 3 mm away 

from  the bone was te rm ed satisfactory. A  plate with a gap greater than 3 

m m  between it and the  surrounding bone was considered poor

The tim e of fixation o f the  p late from com pletion of exposure of the defect.
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and bony m argins to the placem ent of the  fina l a ttachm ent fea tu re  was 

recorded in m inutes.

The  scalp was then closed with or w ithout a drain in two layers i.e. galeal 

su tures and skin sutures or staples.

6.1 .1 .4  Patient Survey.

A  custom  designed proform a was used to record clin ical and surg ica l detail 

fo r each patient. A  single m ember of the  cran iop lasty  unit did all the 

recording. A second proform a was used to  sequentia lly  record the severity 

of adverse sym ptom s. This was filled by the  patients who w ere required to 

grade each sym ptom  as absent, mild, m oderate or severe. The sym ptom s 

exam ined included headache, dizziness or d isorienta tion and local 

d iscom fort, which were determ ined to be those m ost com m only experienced 

by pa tien ts w ith crania l defects.

6.1 .1 .5  E tio loqv o f the  defects.

Tab le  6.1 shows the etio logy of the defects. Forty s ix percent of patients 

resulting from  previous repairs. Of which, 35 % w ere re lated to  bone w ith 

som e im m ediate  bone flap replacements, but m ostly  frozen fo r de layed 

replacem ent. The 10 % relating to the use of acrylic, are slightly less but 

cons is ten t w ith previous findings in the e tio logy o f cases presented fo r the 

external im pressions technique Joffe et al. (1993).
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Table 6.1. Etiology of Cranial Defects ( n= 148 ).

E tio log y N um ber %

In fected  o r resorbed previous bone repair 53 35

in fected  o r fractured previous acrylic repairs 15 10

in fected  previous titan ium  repair 1 1

R esection of tum ours 32 21

D efects  fo llow ing access to haem orrhage 8 6

R epa ir o f grow ing fractures 4 3

C ran iec tom y fo llow ing traum a 31 21

R ep lacem ent or added plate fo llow ing 
recurrence of benign tum ours 2 1

C ran iec tom y of extra vascu lar bypass 1 1

O steo rad ionecoros is 1 1

Tota l 148 100

6.1.1 .6 . Results.

The  in tra-operative  fit o f the plates.

A  to ta l o f 97 % of the  plates had excellent o r good fit at secondary surgery. 

The  figu res fo r p la tes fitted at prim ary surgery show that it is possib le  to 

p roduce accurate ly fitting  p lates preoperatively (Table 6.2).

The  tim e taken fo r p la te insertion.

The  de layed cran iop lasty p lates had a mean fitting tim e of 15 m inutes. The 

range w as 7 to 40 m inutes. Six percent o f the plates took less than 30 

m inutes to  fix. The single stage cranioplasties took 10-45 m inutes to fit.
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Post opera tive  aesthetics.

Th is  was assessed between six weeks and one year post-opera tive ly  

depending on the available fo llow -up period. A  consensus grad ing o f 

excellent, good, satisfactory o r poor was agreed by the surgeon and patient. 

The results are shown in Tab le 6.3.

O nly one patient was graded as poor. This plate had been trim m ed 

s ign ifican tly  to avoid infringing on a previous bypass.

A dverse  Svm ptom s

S eventy two cases were fo llowed up fo r review after 1 year. O n ly  de layed 

cran iop lasty  patients were assessed. The sym ptom s assessed are show n in 

Tab le  6.4.

O nly tw o patients did not su ffe r from  any of these adverse sym ptom s before  

cran iop lasty, and they rem ained sym ptom  free post-operative ly. A ll o the r 

pa tien ts  suffered from  one or m ore sym ptom s to varying severity  be fore  

cran iop lasty. W ith in 1 year of cranioplasty 88 % of these pa tien ts  reported 

com ple te  resolution or sign ificant dom ination in severity of the ir sym ptom s.

Table 6.2. Intra-operative fit of plates ( n = 148 )

Fit o f p late Secondary Surgery Prim ary Surgery

E xce llent 129 (91 %) 4 (57 %)

G ood 8 ( 6 % ) 2 ( 3 %  )

Sa tis factory 4 ( 3 % ) 1

Poor 0 0

Tota l 141 100% 7 60%
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Aesthetics Num ber %

Excellent 124 88

G ood 14 10

Satis factory 2 1

Poor 1 1

Table 6.4. Post-operative symptoms after 1 year ( n = 72 )

Sym ptom s Num ber %

Nil 41 57

Low  grade occasional headache, 
d izz iness or local pain

22 31

S ign ifican t discom fort 5 7

Local pain 2 2.5

Severe headaches 2 2.5

6.1.1.7. Analysis and com m ents on the results

The  use of CT scan data fo r 3D im aging and m odel production has led to 

considerab ly  im proved results. The technique has increasing ly been app lied 

to  fac ilita te  reconstructive cran io facia l surgery.

C onvenience to patient, surgeon and prosthetist is significant. The  patient 

does not have to su ffe r the ordea l of head shaving and im pression taking, 

and has not to face the ir m utila ted  appearance, or the vu lnerab ility  and



283

d isparagem ent of appearing in public. The im provem ent in both fit and 

aesthetics is dram atic (Tables 6.2-4).

The  sm aller p lates which require a decrease in the required soft sca lp  tissue, 

less scalp resection fo r access and less postoperative scarring, are so 

accurate that little of no adjustm ent is required when inserted. Thus the 

m odal insertion tim e is only 15 m inutes

Post-operative sym ptom s afte r 1 year, particularly severe headaches are 

v irtua lly  e lim inated, while others were significant reduced.

Lengthy d issection o f the dura at the defect margin, which also reduces the 

risk o f durai perforation, is not required. 3D pictures and m odels proved 

invaluable during surgery. They were used as in tra-operative navigation 

guides, assisting the surgeons to identify landm arks and potentia l 

com plications. In one case the 3D im ages dem onstrated a perfora tion in the 

posterio r wall of the frontal sinus in com m unication w ith the defect. The 

surgeon confirm ed th is in tra-operatively and sealed off the sinus w ith  a facial 

flap, before  fitting the titan ium  plate, preventing post-operative infection.

The techn ique enables the construction of a plate fo r im m ediate insertion at 

prim ary surgery. Until the advent of the CAD-CAM  technique, im m ediate 

repairs w ith titanium  were not possible. Single stage repair of defects is 

desirab le . The feasib ility  depends on the confidence in defin ing the  am ount 

of bone to  be resected. This decision can be facilita ted by exam in ing the 3D 

data.

The review  presents results that indicate overwhelm ing advantages to both 

surgeons and patients when using the CAD-CAM  technique, com pounded 

by the  im proved laboratory construction m ethods.

Identifv inq additional app lications resulting from the accuracv.

O ver 200 plates have been provided using the CAD-CAM  technique and 

im proved m ethods of the laboratory stages of construction. As cases were 

referred differing problem s were encountered. W hen using the external
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im pression technique, attempting to resolve such d ifficu lties could not have 

been considered.

Having the facility  enabling the construction o f accurate p lates put the 

consideration of these problem s in a d iffe ren t perspective. As each case 

presented a specific problem, or deviation from  the routine requirem ent, the 

3D im age w as scrutin ised. This was to ascerta in  w hether there was now  a 

techn ique tha t could be considered fo r the  specific  case in question.

Research and experim entation resulted in an increasing num ber of 

extensions o f the use of the cranial repa ir plates. The referring surgeons 

reacted by referring m ore such cases on the  basis o f successfu l results. A lso 

on the ir realisation that it was worthwhile  referring cases w ith  d iffering 

d ifficu lties, as so lutions were invariably found  to be possible. In th is  w ay the 

surgeons contribu ted greatly and gratefu lly, to the research.

The identified  extensions in scope include the  fo llow ing :

i). The  provision o f single stage repairs. Th is concept a lready existed 

theoretica lly, and was considered by the surgeons and the  unit, at 

first, to  be hazardous. However techn iques w ere devised and the 

resu lts proved to be successful. The  3D im ages were investigated, 

and on the basis o f the degree o f accurate in form ation the  scrutiny 

provided, it becam e possible to  ascerta in w ith a high m easure of 

certa in ty, w hich cases could be approached in th is way, and when it 

was not advisable. If there was doubt the case was discussed with 

the surgeons who were advised to  view  the  im ages, or to  exam ine 

p ictures of the im ages subjected to  w orksta tion options. C ases were 

se lected fo r single stage cranioplasty with confidence.

ii). C ases of grow ing fractures were referred as problem  cases, which 

required a solution. The approach becam e obvious on find ing tha t 

every case irrespective of size or shape or patients age (they were 

usua lly  child cases), had sim ilarities. Careful stud ies of de fect wall 

th ickness revealed the fact that th ickness was variab le and 

could change dram atically w ithin a few  m illim etres. However,
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suffic iently sound bone fo r fixation always existed and could be 

located. This resulted in plates of strange shapes, having to p ro ject 

considerable d istances away from  the defect to reach sound bone.

In addition it is possib le to detect with precision the direction tha t 

such fractures m ight grow. So that w ith m ultip le screw  insertion, 

possib ly accom panied by titanium  w iring in young children, the  bone 

m argins can always be adequately splinted. Th is has becom e a 

defin itive repair technique. All these cases are treated as single stage 

cranioplasties. It should be noted that in very young children 

trea tm ent is w ithheld as growing fractures can heal spontaneously. 

Othen/vise they are treated with bone grafting from  the contra  la teral 

side. Norm al bone growth is subsequently achieved on both sides.

iii). For the restoration of orbital and nasal deform ities.

Defects involving supraorbita l bone and orbita l sockets now 

constitu te 18 %  of cases referred. In these cases there is the  new  

option o f using crania l plates to  extend to link w ith m axillo facia l 

m ini p late system s.

Even w ithout linking, the plates can be extended to  reconstruct fac ia l 

features such as orbita l walls, m alar and nasal features.

iv). Extensions fo r restoring pronounced ind iv idual anatom ical 

features. These include the restoration o f contour o f facia l features, 

such as pronounced ridges at the superior tem pora l fossa, and the 

zygom atic arch.

v). Extensions to  provide optional border extrem ities in prim ary 

cran iop lasty when an accurate assessm ent of the  required 

resection is not available, until surgical insertion.

vi). Extensions allow ing fo llow  up surgery, o r prosthesis insertion.

Th is includes the  provision of fo ld ing borders by I 8OO , resulting 

in less sharp m argins, when approxim ating the hypoglossal canal or 

the orbit.

These  add itional functions or features of titan ium  cran iop lasty have all been
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undertaken successfully by the unit. Exam ples of clinical cases fo llow .

6.2. Citing examples of clinical cases

6.2.1 . O ne Stage Prim ary Cranial Repair. 

In troduction

O ne stage cranial repair is undertaken fo r a num ber of reasons:

i). On the removal of a pathology involving crania l bone.

ii). To  replace failed previous repairs.

iii). To com plim ent an earlier titan ium  repair.

iv). In cases of growing fractures.

v). Restoration o f orbita l and nasal deform ities in cases o f cranio-

m axillo facia l reconstruction.

6.2 .2 . On the removal of a patholoov involving crania l bone 

C ase  1.

Th is  is a case of a patient referred w ith a derm oid tum our in the  region of 

the  right eye. Having viewed the im age in general, noting the  area involved, 

bone m argin th ickness and sinus locations, the  first w orksta tion  option 

se lec ted  is to choose a full fronta l v iew  of both the  tum our and the  sound 

side. In th is  way increm ental cuts of 1 - 3  mm can be taken in to the  area until 

sound  tissue  is reached (Fig 6.1a & b ).

T he  tu m o u r is barely visib le on the im age prior to the  increm enta l cuts.

W ith  the  image being bilateral, it is possible to constantly  com pare  the 

tu m o u r v iew  with that of the view of the tissue on the sound contra  lateral 

s ide.
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Fig 6.1. a, The 3D Hard Tissue Image, b, Incremental cuts into the pathology to assess its 

extremities.
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A t firs t the  area is scrutin ised a fte r each cut, noting all details. O nce sound 

tissue  is reached a continuous m ode is selected, and the area is observed 

w ith  continuous cutting in and out. Continu ity often provides c la rity  which 

m igh t not be seen when noting the area after each cut.

T he  tum o u r area is then explored by taking orthogonal slices coronally, 

ax ia lly  and sagitally. These can be taken at any angle w ith progressive 

m ovem ent in all three directions (Fig 6.2). The slices can be continuous or 

increm enta l. Four im ages show on the screen sim ultaneously. The  position 

is ind ica ted  by the cross w ires on the top le ft o f 4 d isplayed view s of the 

im age.

O rthogona l slices can be taken from  any direction (Fig 6.3), th rough any part 

o f the  tum our, until the area has been suffic ien tly  investigated to enable a 

c lea r assessm ent of the extrem ities. A lso to provide the surgeon details of 

the  se lected  borders of the area requiring surgica l resection.

T he  a rea  is outlined on the m illed m odel and the  prosthesis constructed. 

A lthough  there  is a slight depression in the tem pora l fossa, a good aesthetic 

result (F ig 6.5), has been atta ined of the low er orbita l ridge and zygoma. 

T he  fit requires precision at insertion, and perfect reconstruction is atta ined 

w ithou t p liab le flanges, no adjustm ent being required (Fig 6.4).

C ase 2.

A  cran io -m axillo fac ia l case, which requires a cran iop lasty,w ith  extensions to 

cove r the  superior aspect of the socket of a lost eye. The plate had also to 

link  w ith  m in i p lates fo r facial reconstruction. The orig inal patho logy was 

trea ted  m any years previously. The patient now  suffe red a recurrence and 

b reak dow n of a earlier repair. This m ultid iscip linary case was attended 

jo in tly  by a neurosurgeon and a m axillofacial surgeon.

Tw o life size milled m odels were m illed at d iffe rent ang les (Fig 6.6), because 

the  roof o f the  patients left orbit required reconstruction. Th is could not be 

assessed  using the sam e view required fo r an extension to attach to a 

m ax illo fac ia l m ini plate in the left nasal bone. An im age is v iewed upwards 

to  expose the  orbital roof. The reform atted data provides a m odel m illed at 

an ang le  to  enable pressure form ing of the orbita l roof of the left eye socket.
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Fig 6.2. Orthogonal slices showing details as the vertical and horizontal lines scan the area.

Fig 6.3. An example of the different angles available for orthogonal slicing.
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Fig 6.4. The completed prosthesis.

Fig 6.5. A full frontal and a lateral view of the aesthetic result.



291

Fig 6.6.a & b. The two life size models required, a), To include the orbital roof, b), for the nasal 

extension.

a
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Fig 6.7. The design outlined on a prepared model.

Fig 6.8. The counterdie obtained from the outlined design on the model.

»
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T he  pressure form ing of the plate was com plex, being over 250 cm 2, and 

requiring 4 pressings with rubber inserts in the  counterd ie, reduced gradually 

fo r  each pressing to prevent fracturing ( Section.3. Fig 3.12). It also required 

jud ic ious insertion of stress relieving holes and cuts, tha t did not e ffect the 

s trengthen ing rim (Section 3.1.5).

A fte r final pressure form ing the plate required som e m anual bending, 

because the base of the pressure form ing unit is not able to hold a base ring 

o f su ffic ien t size fo r th is  case. The fu lly fo rm ed and worked plate has the 

upper orbita l roof reconstructed, and two extensions w ith holes drilled tha t 

can link w ith m ini p lates to stabilise grafts w ith screws or w ires. The p la te  is 

then  sm oothed, polished, etched and anodised p rio r to  insertion.

S im u la ted  surgery of the im age is not necessary. It is undertaken in th is 

case  to  illustrate the extent of accuracy by inserting the resected bone into 

the  sim ulated defect in the model (F ig.6.12). There was no d ifficu lty  in 

de fin ing  the  extent of the tum our after view ing orthogonal slices.

T h is  case illustrates an additional advantage o f prim ary insertion. A section 

o f bone cu t from  the resected area was used in the  facia l reconstruction (Fig 

6 .13). W ith  jo in t cranial and m axillofacial p lann ing all the bone required is 

availab le, and the requirem ents can be accura te ly  assessed from  the  im age 

p rio r to surgery. The size of each piece required is recorded.

C ase 3.

C ase  3 is a forehead tum our which presented d ifficu lty  in the choice of 

a ttachm ent features. The orthogonal slices (Fig 6.14) show ed the 'hollow ' 

na ture  of the tum our, with areas having no bone th icke r than 4-5 mm, 

negating  the use of screws or in traosseous extensions. M easuring bone 

revea led th icken ing near the lower border la teral to the tum our. This 

necessita ted  the unusual design (Fig 6.15). The  low er extrem ities fla ring 

out, and the screw  heads trim m ed to im prove the cosm etic result.



Fig 6.9. The plate after two pressings at 4500 psi.
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Fig 6.10. The plate after 4 pressings with the completion of metal
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Fig 6.11. a, The completed plate in theatre. b, The plate inserted.

/à

Fig 6.12. a, The resection at simulated surgery on the 3D image, b, The resected bone of 

precisely the same size.
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Fig 6.13. The resected bone placed in the simulated model defect, showing the accuracy of 

bone removed and on top the bone taken for grafting.

Fig 6.14. Orthogonal slices of the tumour.
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Fig 6.15. Soft tissue image of forehead 'hollow' tumour.

Fig 6.16. Unusual design of the plate, flaring out to accept screws. The arrows indicate the 

conventional sites for attachment.
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6.2.3. P rim ary Cranioplasties to replace fa iled previous repairs.

W hen  a previous repair to a defect has fa iled through resorption o r re jection 

of bone, o r o f a fractured acrylic cranioplasty, a titanium  plate can be 

inserted at the  surgery fo r the removal of the fa iled im plant. Even a fte r the 

onse t o f in fection. Parts or fragm ents of the fa iled repair, m ay rem ain 

a ttached by m ini p lates or screws (Fig 6.17). The procedure is s im ila r to  the 

one stage repa ir fo r a defect that will result from  the removal of a tum our. In 

rep lacem ent cases the defect outlines are vis ib le  on the im age and m illed 

m odel. A lthough additional bone removal is som etim es required in m ost 

cases, the  surgeon has little difficu lty in indicating the  increased extension. 

Som e surgeons pre fer to postpone the decision w hether to insert the p la te  or 

de lay the  insertion prior to surgery. They then e lect to have an a lready 

constructed  cran iop lasty available to be inserted o r used fo r a tria l fitting. 

The plate is usually inserted unless established in fection is found and the  

risk fa c to r is fe lt to be high. This is rare as sa lvaging shows tha t titan ium  

does not appea r to be effected by or effect an tib io tic  treatm ent.

R eplacing au togenous bone.

Bone repa irs m ay becom e infected, but m ore com m only they resorb o r are 

re jected. A b ou t 30-40%  of titanium  plates are constructed to replace fa iled 

bone repairs.

The  resorption takes various form s, and can result in com plete de tachm ent 

(Fig 6 .18b), o r be forced well out of a lignm ent (Fig 6.18a). They can involve 

the suprao rb ita l sinus area w ith gross infection (Fig 6.19a), o r remain 

partia lly  a ttached (Fig 6.19b). Apart from  cases which directly involve an 

in fected s inus (Fig 6.19a), prim ary replacem ent w ith a titan ium  plate proves 

to be successfu l. W ith infection of sinuses, a secondary titanium  

rep lacem ent is advisable, i.e. the bone repair is first rem oved and the sinus 

area trea ted . Failed bone repairs are com m on, and in large defect cases 

bone is harvested  form  a variety of areas. C onsidering the ir size, surgery to 

obta in bone from  a secondary site is a m ajor consideration and deterrent.
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Fig 6.17. A resorbed bone cranioplasty being held in place by cross type mini plates.

%

Fig 6.18. Previous bone repairs, a), out of position, b), Completely detached.

#
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Fig. 6.19. A bilateral anterior bone reconstruction involving the supraorbital ridges, nasal bone, 

and part of the orbital roof.

Fig. 6 .20  a), 3D im age of tine defect w ith the shun t ; b) The pa tien t 3 m on ths 

postopera tive ly .

»
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Replacing acrylic.

W hen there is a need to replace an acrylic repair because o f fractu re , 

d is lodgem ent o r infection, there is frequently an accum ulation o f flu id , and 

the defect borders are im possible to palpate.

P rio r to  com pute r assistance, there was no alternative other than to  rem ove 

the  fau lty  repair, take the necessary m easures to remove the flu id , and 

assum e tha t it does not return using antib iotics and inserting a shunt. A fte r a 

varying de lay an im pression is undertaken to  construct a secondary 

cran iop lasty. There is, however, an additional hazard in tha t flu id  can 

accum ula te  between the period a fte r the  im pression is taken, to the  fitting  of 

a p re form ed titan ium  plate.

C ase 1.

An cold cured acrylic repair had been planned fo r the patient. On 

hosp ita lisa tion  fo r the insertion flu id had accum ulated. A shunt inserted the 

even ing before  surgery removed the fluid. On removing the shun t on ly 

hours p rio r to  fitting the plate, fluid had again accum ulated. An unsuccessfu l 

a ttem pt had been m ade to insert the repair (Fig 6.20a & b). A  titan ium  plate 

was constructed  and was inserted, successfully, the shunt being rem oved at 

insertion. F luid escaped through the flu id holes in the plate. The re inserted 

shunt w as le ft in place fo r 72 hours.

In case 1, the accum ulation of flu id  was relatively mild. W hen  the  

accum ula tion  is severe it presents greater difficulty.

C ase 2.

In case 2 the im plant was never attached. It caused an excessive 

production o f fluid, which persisted despite all attem pts at drainage. A shunt 

could not rem ove the flu id as fast as it collected (Fig 6. 22). There  w ere only 

two m ethods of trea tm ent possible, e ither to rem ove the previous repa ir and 

undertake the provision of another afte r a varying delay, or using the CAD- 

CAM  techn ique  fo r a prim ary insertion of a titan ium  plate.
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Fig 6.20. a, The forehead defect without fluid in the morning prior to the attempted repair, b. 

Fluid accumulation within 4 hours.
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Fig. 6.21. a) Patient with excessive fluid accumulation, b) The detached plastic like repair 

inserted 4 months previously
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Fig 6.22. The preoperative appearance in 1987

Fig. 6.23. The interlocking plates constructed for insertion
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To com plim ent an earlier titan ium  repair

Sa lvag ing is based on the ability of a titan ium  plate to survive in fection and 

exposure.

A  case w as a referred w ith a recurrence o f a m eningiom a requiring an 

add itional p late to be inserted w ithout rem oving a previously inserted 2 part 

p late.

The  case was fam ilia r having first been presented at a Neurosurg ica l 

m eetings in 1989. At that tim e in terest focused on the m agnitude o f the  

tum our and the approach which required the insertion of tw o linking 

cran iop lasties.

W ith  recurrence in the fron ta l region, the prospect of rem oving and replacing 

the  previous very large linking plates was fo rm idable  (Figs 6.25-6).

T oge the r w ith the recurrent tum our the  plate w ould be over 300 cm ^. The  

p rocedure  w ould have been hazardous, if at all possible, because the  

patient, during surgery, w ould have no support fo r the brain, the  area 

invo lv ing a lm ost the entire calvarium  (Figs 6.24-27).

Th is  p la te  is one of the firs t m anually 3D constructed plates fo r p rim ary 

insertion. The M anual stacking m ethod was used before  the 

com m encem ent of com puter aid by Mr Bernard W illiam s (personal 

com m un ica tion) and by B lake et al. (1990 ) (Section 1.12.2).

T he  preopera tive  appearance show ed the reoccurrence in the fron ta l bone 

w ith scars from  previous surgery visible. The tum our extrem ities w ith the 

area to be resected, could m ore easily be seen and defined by v iew ing the 

area from  inside the calvarium  image, i.e. looking forw ard (Fig 6.26).
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Fig. 6.24. A postoperative 3D image of the two part cranioplasty.

Fig 6.25. A lateral view of the forehead recurrence preoperatively.

immmi
m sm m



Fig 6.26. The tumour recurrence viewed from within.
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Fig. 6.27 The third plate
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The construction of prim ary cranioplasties (Section 6.1.3.1) inc ludes the 

provision o f photographic printouts fo r the surgeon involved to ou tline  the 

area o f resection required (Fig 6.28). The additional plate w as ou tlined  on 

the  3D  life size m odel and a m eeting was required to discuss the  fina l p late 

design.

Insertion was com plicated by the  presence o f dense fib rous m en ing iom a 

tissue around the old plate. P lanning had to be revised with p la te  trim m ing 

so tha t part of the new plate passed over and part under the in terd ig ita tions 

of the  orig inal plate (Fig 6.27).

On the  printout in terdig itations are m entioned. These refer to the  flanges of 

the  earlie r cranioplasty num bered A, B, C, & D, in Fig 6.28, these  are bare ly 

v is ib le  as is the word "trimm ing" (Figs 6. 31a & b).

The  m eeting flanges of the existing and additional plate are de tectab le  by 

show ing screw  heads fo r insertion. The planning at surgery had to  be 

revised. It was obvious tha t there was no alternative way to  approach th is 

case. T he  overall result was reasonable

6.2.4. The technique in cases of grow ing fractures.

Before the  deve lopm ent of the diploe, repair by the use of ou te r layer crania l 

bone from  the contra lateral side is not possible. The cases w e received 

w ere in an age range of 5-22 years, the selection of a ttachm ent s ites has to 

be precise. Any tendency to  spread, irrespective of the d irection, is resisted 

by the  overall support and stabilisa tion by the plate. The approach has been 

fu rthe r va lida ted by the clin ical use of ten successful plate constructions 

using the  CAD-CAM  technique.



Fig 6.28. A large Black & White print for outlining and comments.
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Fig 6.29 a, A postoperative 3D image viewed from the inside of the skull, and b, viewed 

laterally externally.
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Fig 6.30. An in-out postoperative view of the plate inserted.

Fig 6.31. The postoperative result.
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O n receiving referral of a case, a procedure s im ilar to provid ing a prim ary 

p la te  is fo llowed (Section 6.1.3.1). A fter bone th ickness scru tiny  and the 

estab lishm ent of suitab le a ttachm ent sites, a suitab le design is determ ined , 

and the plate constructed w ith screw  holes in selected positions. T he  screw  

size appropria te fo r each a ttachm ent is specified. In the first fo u r cases  (Fig 

6.34), Polaroid photographs and details were sent to  the  surgeon  fo r 

approva l before constructing a plate. On confirm ation of the su itab ility  o f th is  

approach, we found tha t such approval was unnecessary w ith  the  sam e 

surgeon in subsequent cases. It is now only em ployed w ith th e ir firs t case, 

and is accepted as routine.

Spreading growing fracture defects vary spreading in any d irection . If they 

are not detected until adu lthood they can be relatively large, up to 30-40 

cm 2. The  approach to grow ing fractures is to cross section the  3D  im age in 

m ore than one position, repeating increm ental cuts through the  m idd le  o f the 

defect, v iew ing both halves o f the defect bone while cutting inc rem en ta lly  by 

1-3 m m , to  attain the availab ility  o f th ick bone (Fig 6.33).

The  bone th ickness m ust be determ ined accurate ly and recorded precise ly 

fo r each attachm ent screw. The details sent to the surgeon are 

com prehensive  giving bone th ickness and the length and size o f screw s to 

be used (Fig 6.34). Bone th ickness is attained by placing m arkers externa lly  

and in terna lly around the peripheral bone of the d issected de fec t and each 

section undergoes increm enta l cuts to enable the m easuring. The 

w orksta tion  indicates bone th ickness on the m onitor screen w hen a cu rse r is 

p laced on the internal and external markers. There could be 1, 2 o r 3 sheets 

o f such data, depending on the  com plexity of the case.

A  m in im um  of 6 screws are inserted to prevent spread in any d irection, but 

the provision of up to 12-15 screws and holes fo r w iring is not uncom m on.
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Fig 6.32. a,b,c, & d. Examples of the diversity of growing fractures.

â

Fig 6.33. Cross sectioning the skull and viewing bone thickness in both sections by making 

incremental cuts.
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Fig. 6.34.The photographs and information sent to the surgeons. 1 & 2 The external and

internal markers. 3 The line of sectioning of the skull. 4 & 5 The two sections viewed 

by cutting incrementally.

M easurem ents in m m ’s.
(Allow 0.5 extra th inness for possible 
error ).

A --9 .5 ; B -1 1 .5 ; C — 7.0;
D --5 .0 : E— 6.0; F— 4.6;
G — 5.5; H— 4.9; 1— 5.0;
J— 5.0; K— 7.8; L— 5.4;
M— 6.6; N— 5.9; 0 — 4.6;
P— 5.9; Q — 4.9;

9
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6.2.5. Restoration o f cranio orbita l and nasal deform ities

Many presented as prim ary cranioplasties, including the cases o f grow ing 

fractures, require a form  of plate extension (Section 6.2.1-3). Extensions 

can be used to provide stable facia l features, o r to stabilise gra fts  used to 

reconstruct, particu larly orbital and nasal features.

W hen undertaking external im pression cases, surgeons referred less than 5 

% involving the orbita l and nasal areas. Since using the  CAD-CAM  

technique the  figure has risen to 18% (Figs 6.37-48).

Many o f the  defects involving the supraorb ita l ridge and the eye socket are 

referred by m axillo facia l surgeons. A lthough accom panied by neurosurg ica l 

treatm ent w hen a defect in the cranium  is also present, the tw o d isc ip lines 

work independently often w ithout jo in t trea tm ent planning or consu lta tion.

The case now  described (Fig 6.37) was encountered before com pute r aid, 

but It could still have benefited by an extension of the titan ium  cranioplasty. 

Using the CAD-CAM  technique, however, provid ing greater accuracy should 

encourage a revision in the approach.

A cranial de fect w ith a lateral orbita l wall reconstruction.

A  cran io-m axillo facia l case is cited to  illustrate failure that could probably 

have been avoided by using a cran iop lasty extension (Figs 6.35-38). The

case included a crania l defect of approxim ate ly 130 cm ^ and a com plicated 

facial reconstruction, including restoration of the right eye socket to 

accom m odate an artific ia l eye. On com pletion of the fac ia l reconstruction 

and a cranioplasty, the patient was referred fo r the artific ia l eye. Provision 

was im possib le because the lateral wall was e ither m isplaced or had m oved 

after grafting (Figs 6.35-38). M etal pining just below the cran iop lasty  (Fig 

6.36a) ind icates tha t the cran iop lasty was inserted after fac ia l reconstruction. 

It is not clear, however, w hether the lateral wall of the  orb it was
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reconstructed before the crania l plate insertion. Consultation betw een the 

m axillo facia l team  and the neurosurgeon m ight have avoided the poo r result 

if a cranial p late extension was considered (Fig 6.35).

A  titanium  extension serves to secure a bone, o r bone substitute graft. The  

graft is unable to  m ove out o f place and if resorption takes place it w ou ld  not 

e ffect the anatom y of the socket.

Extensions have not been considered previously because of the inaccuracy 

o f trad itional cranioplasties. The accuracy now using a C A D -C A M  

technique, is so c lin ica lly precise that plate extensions can take the ir p lace  in 

trea tm ent p lan ing in a great variety of m axillofacial procedures (Fig 6 .35-46). 

Extensions can be designed to m eet any requirem ent in the mid and upper 

m axilla. A  plate extension replacing the orbital roof on one side w ith  an 

extension linking to a m ini p late system  was cited previously (Section 6.2.2, 

C ase 2). In the case a shortage of m axillary nasal bone required add itiona l 

bone fo r linking to the titan ium  cranioplasty. The bone was taken from  the 

crania l flap as the  first step o f the m axillofacial reconstruction. Further bone 

from  the flap was subsequently used fo r the reconstruction its self. Tak ing  

the  bone from  the  resected crania l bone avoids the need fo r harvesting bone 

from  elsewhere, o r using a bone substitute fo r grafting. This is a s ign ifican t 

advantage as the bone is fresh and crania l bone is acclaim ed as being m ore 

successfu l than any o ther (Section 1.7.1).

T itan ium  crania l p lates can be used fo r extending to link with m ini p la te 

system s even w ithout the presence of a cranial defect (Fig 5.40). The  p la te  

can be firm ly secured by a series of superior and lateral screws avo id ing the 

fron ta l sinus. For additional anchorage intra osseous extension can also be 

provided.
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Fig 6. 35. The patient after cranial and facial surgery.

Fig 6.36. The defect in the cranium before insetion of the plate



Fig 6.37. A photograph of an enlarged view of the lateral wall of the eye socket 

making the provision of an artificial eye impossible.
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Fig 6.38. A cranioplasty extension diagrammatically on a model indicating how a secured graft 

might have retained socket shape.
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Fig 6.39. An enlarged illustration of the bone linking the cranioplasty to bone from the flap, 

which was then secured to maxillofacial bone.

Fig 6.40. A cranial plate extending to link with nasal bone or nasium using mini plates.

#
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Experience has shown that accurate cranial plates can do m ore than repair 

a c ran ia l defect (Figs 6.39-42). A  crania l plate with o r w ithout a cran ia l 

de fec t can provide the only availab le strong rigid anchorage fo r stab ilisa tion  

o f in m axillo facia l reconstruction. Until now this has not been considered an 

option . It is the new found accuracy w ith the techniques deve loped in the 

un it tha t enables crania l p la tes to  adopt this role.

C ases involving the upper orb it (Fig 6.41-2) are received frequently . O ften 

the  orb ita l rim requires replication. In some cases the plate ex tends to 

resto re  supraorb ita l anatom ical restoration, and is able to fo ld  over the  upper 

rim  onto  the  roof of the orbit replacing the supraorbita l ridge (Fig 6.41), o r the 

orb ita l roof (Section 3.1.3.1.1).

E xam ples of clinical cases e ffecting m ainly orbital bone are shown in (Figs

6.41-6). Extensions to  replace supraorbita l bone (Fig 6.42), can be a ided by 

m irro r im aging to restore natura l contour (Fig 6.43 ).

An exam ple of m ajor cranio-facia l destruction is cited (Fig 6.44). This 

fo llow ed the  infection of a previous repair using bone.

E xam ples o f the varie ty o f extensions that are possib le  are show n on 

m ode ls  and dry skulls (Fig 6.45).

Facia l reconstruction and cran ia l defect repairs, includ ing cases o f extensive 

m axillo fac ia l reconstructions w ith  alm ost com plete restoration o f orbits, can 

now , w ith jo in t trea tm ent p lanning, include cranial p late extensions. W ith  the 

increas ing  referral of cases involving supraorbita l bone, it is inevitab le that 

cran iop las ty  will include extending into the m axillofacial fie ld, and tha t plate 

ex tens ions will play a greater part in cranio-m axillo facial rehabilita tion.
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Fig 6.41. Above, two cases of defects including tfie orbital margin, the 3D image being viewed 

for reconstructive planning. Below A plate folding over for restoration of the 

supraorbital ridge.

3



Fig 6.42. Case involving supra-orbital ridge.
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Fig 6.43. Mirror imaging to restore supraorbital contour.
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Fig. 6.44. A failed repair that progressed to a major cranio-facial restoration requirement, to be 

replaced with a titanium plate. A full frontal view.
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Fig 6.45. Craniofacial extensions on dry skulls and models

M.
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It is possib le and even probable that cranial p late extensions w ill becom e 

the basis o f the approach in m assive facial reconstruction cases (Fig 6.48). 

W h ile  bone is present and anchorage available, artific ia l fac ia l fea tu res can 

be secured by im plants or by grafting bone or bone substitu te  m ateria ls.

In m assive destruction cases (Fig 6.48) there rem ains a m a jo r prob lem  to 

the prosthetist, and patients in the provision of stable ob tu ra to rs  and fac ia l 

features including eyes, noses and ears. A possible so lu tion  lies in titan ium  

plate extensions. T itan ium , in these cases, apart from  provid ing anchorage 

fo r grafts, can have im plant fixation com ponents a ttached by weld ing. The 

fac ia l fea tures can be constructed to hold the com ponents tha t a ttach to  the 

fixation com ponents in a way that is used successfu lly  in the  m any 

app lica tions of the Branem ark system.

6.2.6. C ranioplastv Extensions.

6.2.6.1. Restoration O f Unusuallv Pronounced Anatom ica l Features.

Patients som etim es present w ith exaggerated or p ronounced individual 

anatom ica l features which m ight have been rem oved at prim ary surgery, o r 

othenA/ise to  be rem oved at one stage primary repair. Photographs o f the 

patient p rio r to bone rem oval is advantageous.

Success depends on the skill in model contouring as well as e ffective  

pressure form ing of the plate, which is essential. T itan ium  shee t m ateria l 

0 .72 m m  th ick  readily pressure form s provided over acute  con tours  are 

avoided.

Case 1 ■

In th is case (Fig 6.47-6.49) the patients supra tem pora l fossa borde r was 

unusually  prom inent. In th is unilateral case if the prom inence was not 

reproduced the aesthetic result would be poor. Such cases benefit g reatly 

by the use of m irror im aging to replicate the unusual fea ture  ( Fig 6.49).
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Fig 6.46. Massive facial destruction cases with severe bone loss that can benefit from 

implant attachment.

Fig. 6.47. A patient with an unusual prominent ridge. The full facial image shows the 

prominence removed on the defect side.
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Fig. 6.48. Mirror imaging a). The frontal View. b). The lateral view.

Fig. 6.49 a, The recontoured model, b, The contour replicated on the plate.

I
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C ase 2.

Th is  case (Fig 6.50) has a lready been presented as a prim ary cran iop lasty 

(Section 61, Case 1). It referred to a dermoid tum our over the  patient right 

eye. The reconstruction included the restoration of a p rom inent zygom a (Fig 

6.50), w ithout which the  cosm etic  result would not be satisfactory.

6.2.6.2. Extensions To Provide Optional Border Extrem ities.

W hen undertaking prim ary cranioplasties, cases arise when the  surgeon is 

uncerta in of the am ount o f bone requiring resection. It is then  possib le  to 

provide extended borders tha t are adjustable at surgery to  accom m odate  

extension that is not possib le  to predict. O ver and under extension is 

a llow ed for. Using th is  technique, the decision can be m ade at insertion. 

C lin ica l cases are cited.

C ase 1 ■

The defect w ith rem aining protrud ing bone.

In case one ( Fig 6.51-2) the surgeon did not want to  rem ove all of a benign 

tum our. A  m inor am ount of bone at the base o f the tem pora l fossa  required 

rem oval, but the surgeon preferred the extent to be decided at insertion of 

the  plate. The construction consisted in the inclusion o f m u ltip le  sm all drill 

ho les at three possib le  extrem ities. On deciding the m ost advantageous 

borde r limit, the p late can be trim m ed in theatre.

Case 2
In case 2 an in fected previous bone repair requires replacing (Fig 6.53). The 

surgeon was con fiden t tha t the  superior and m ost of the  la teral borders 

w ou ld  only require s ligh t trim m ing. However, the in ferior border, and part of 

the  left lateral borde r was involved in a fresh pathology. A ll the previous 

bone was to be rem oved, but the 4 attachm ent features w ere  to be retained. 

The  surgeon offe red no explanation fo r the ir retention.
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Fig 6.50. Enlargement of the extension to replace a distinctive frontal zygomatic feature.

Fig 6.51 a. The tumour viewed from without, b Viewed from within.
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Fig.6.52. The plate with optional borders, a In preparation, b. Completed.

%
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T he  plate design is drawn on the illustrated m odel (Fig 6.53) in black, the 

a ttachm ent features in green, and the three d iffe rent in ferio r borders in 

b lack, red and green. Four screws holes were provided on the  superio r 

m arg in, and tw o in tra-osseous extensions to fit into slots in the supra-orb ita l 

ridge bone.

T he  plate has three possib le finishing lines with sm all drill holes inserted, to 

m ark  the two sm alle r extended borders. At insertion one extrem ity w ou ld  be 

se lected  according to  the am ount of bone to be rem oved, and the  p late 

trim m ed as required (Fig 6.54-5).

If the  greatest extension is required, the sm all drill holes reta ined will soon 

fill w ith  fibrous tissue assisting secure retention o f the  plate.

6.2 .6 .3 . Extensions A llow ing fo llow  up surgery o r prosthesis Insertion

Surgeons inquired w hether there was any way to  reduce the sharpness o f 

m arg ins of the 0.72 mm  th ickness plate when approxim ating an eye socket, 

o r the  border of the  hypoglossal canal. W e thought bending the  plate over

by 180^ would cause it to  split. Turning it over a 2 mm titan ium  rod was firs t 

a ttem pted. It could be done over a straight rod, but could not be ach ieved 

ove r a curved rod. T he  practice indicated that the sheet m ateria l w as able to 

accep t the bending w ithou t splitting. The requirem ent w as m et by inserting 

cu ts  and sim ple tu rn ing  over the plate where it approxim ates the  border. 

U nexpected ly we found  tha t the metal can be turned over itse lf a t 1800 (Fig 

6 .56-7). This ability  to  bend over by 1800 deg was unexpected, because the 

poo r e longation property of the titanium  sheet m ateria l had presented us 

w ith  d ifficu lties when pressure form ing. The explanation probably lies in the 

cu ts  relieving la tent m eta l stress. As well as using th is m ethod ad jacent to  

the  hypoglossal canal (Fig 6.57), the folded borders have been since been 

used frequently  in cases bordering on the eye socket (Section 6.3.3, Figs

6.42-44).



Fig 6.53. The completed cranioplasty for trimming at insertion.
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Fig 6.54. The inferior border enlarged to show the three alternative extremities provided for 

trimming.
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Fig 6.55. The design for the optional inferior borders in the bilateral anterior oase

Fig 6.56. Rounded margins of plates approximating curved margins, a), outer and b). inner 

views.
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Fig.6.57. A defect near the hypoglossal canal marked by the surgeon.

Fig 6.58. The milled model of the defect reaching the canal.
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6.3. Conclusions :

T he  Review.

T he  outcom e of the accuracy is shown in the tab les of results tha t em erged 

from  the  clin ical review.

Tab les  2-4 indicate tha t 91 % of the plates fitted excellently. The  rem aining 

9%  w ere satis factory o r good.

A esthe tica lly  88%  were excellent, 11 % satisfactory o r good. T he  1 plate 

w as poor due to  receiving inadequate in form ation re lating to  an extra 

vascu la r bypass. The plate had to be m odified in theatre  and achieved 

pro tection but a less tha t satisfactory aesthetic result.

The  sm alle r plates w hich require a decrease in the required so ft sca lp  tissue, 

less scalp resection fo r access and less postopera tive scarring, are so 

accurate  that little of no adjustm ent is required when inserted. Thus the 

m odal insertion tim e is only 15 m inutes.

Post-operative  sym ptom s after 1 year, particu larly severe headache are 

v irtua lly  e lim inated, while others were significant reduced.

T he  review  presents results that indicate overwhelm ing advantages fo r both 

surgeons and patients, when using the CAD-CAM  technique and im proved 

laboratory construction m ethods.

A dd itiona l app lications.

A dd itiona l app lica tions were identified d irectly from  experience atta ined by 

m eans of c lin ical cases referred by neurosurgeons w ith the ir co-operation.

C iting of C lin ical Cases.
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The exam ples of clin ical cases, including the techn iques adop ted  fo r 

construction of the required m odified cranioplasties, and the  sa tis fac to ry  

results, are an endorsem ent of the value of the add itional app lica tions. 

These  include:

i). One Stage Cranial Repair. Prim ary C ranioplasty.

ii). The trea tm ent o f grow ing fractures.

iii). C ranioplasty extensions used in a variety of techn iques.

Taken overall, the conclusion of the review “tha t using the  C A D -C A M  

techn ique  and im proved laboratory construction m ethods prov ide  

overw helm ing advantages fo r both surgeons and patients", is endorsed  and 

verified.
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CHAPTER 7

Summary and conclusions

T h is  thesis is in e ffect the review  of nearly tw enty years of deve lopm ent and 

re finem ent of titan ium  cranioplasty.

T he  contrast between the external im pression technique which is still used 

by centres w ithout a transpu te r w orkstation and m illing system  and the 

CADC AM  system is great and is sum m arised in the retrospective reviews. 

A lso revealed by th is  early study are the prob lem s arising froom  the  use of 

acrylic ( methyl m ethacrylate) and autogenous bone flaps.

T he  first retrospective review  ;

Forty o f 66 patients included in the first re trospective review were ava ilab le  

fo r deta iled study. O f these, 25 were assessed clin ically and 15 by 

questionnaire. S ix patients were untraceable and 10 deceased. M ost o f the 

defects (65%) were considered to be large (>100 cm^). 73%  of the  p la tes 

w ere  to repair de fects in the frontal region w hich also creates d ifficu lties  in 

establish ing edge fit, con tour and m eans o f retention. Furtherm ore, 6 p la tes 

(15% ) were provided to replace m ethacrylate and 18 plates (45% ) to  rep lace 

in fected bone flaps. No titan ium  plate had to  be removed due to in fection. 

From  the  review of the operating notes it appeared that a lthough 31 p la tes 

(78% ) were inserted w ithout difficulty, but there rem ained 9 (22% ) tha t w ere 

ove r o r under-extended or presented d ifficu lty in the securing o f an an te rio r 

m argin.

Postopera tive assessm ent indicated that 12 (30% ) reconstructions did not 

ach ieve a satis factory aesthetic  outcom e. However, when the all im portant 

29 fron ta l cases w ere ana lysed the poor aesthetic outcom e was 41% .

T he re  were six cases of recurrent pathology. In one of these cases the p late 

w as rem oved to enable  fu rther surgery and replaced im m ediate ly. In ano the r 

the  plate was replaced a fte r 5 months, and in a third case a second sm all 

p la te  was added. In the  rem aining three the plate was left in situ w ithou t any 

d isturbance during fu rthe r treatm ent.
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In o rder to im prove the aesthetic outcom e 8 large fron ta l bone defects were 

se lected fo r a prospective pilot study and the plates were constructed in the 

prescribed fashion. A  second plate was prepared according to specific  

crite ria  which required attendance by the patient fo r the tria l o f a tem p la te  

p rio r to the  fabrication of the  defin itive cranioplasty. A t surgery both p lates 

w e re  provided w ithout m eans of identification fo r insertion.. In all cases the 

surgeon selected the plate constructed a fte r consu lta tion and a tem p la te  

tria l. The in tra-operative fit was satisfactory to excellent in each case, w ith 

on ly  one unsatisfactory aesthetic result

An attem pt was also m ade to  assess the  e ffect of the cranioplasty on 

sym ptom s attributable to the skull defect. It was d ifficu lt to separate such 

sym ptom s from  those associated with the patho logy or surgery. Tw enty-five 

pa tien ts  com pla ined of headache, dizziness, d iscom fort on sudden 

m ovem ent, d isorientation, in to lerance to  v ib rations and undue fatigability. O f 

these  patients, 5 (20% ) had experienced tota l relief, 17 (68%) described 

them se lves as im proved and only 3 (12% ) said the ir d iscom fort w as 

una lte red  by cranioplasty.

P re-operative  data such as the in itiating pathology, the mean interval 

betw een prim ary surgery and plate insertion, and the  patient's age were fe lt 

to  have no bearing on the outcom e. However, the  high num ber of defects 

ove r 100 cm^ probably relates to the fact tha t 60%  o f plates were provided to 

rep lace previous repairs by bone or m ethacry late. The size of all defects 

can increase substantia lly  when the adjacent in fected bone is removed. The 

loss o f som e of the  bone flaps is not unexpected because of the 

im probability  of revascularisation of th ick calvaria l bone where operative 

hand ling  is less than perfect. The loss o f refrigerated or sterilised bone was 

extem e ly  high probably fo r the sam e reason. A lthough fresh autogenous 

such as split calvarium  or rib can be used w ith g reater success, it is d ifficu lt 

to  atta in an acceptab le aesthetic appearance. Resorption is also 

unpred ictab le  and can be substantia l (Korlof et al. 1973; Cooper et al. 1977; 

S te inhauser & Hardt, 1977). The num ber of m ethacrylate plates replaced in 

th is  series due to  infection is at variance w ith the literature, which cla im s only 

a 4-5  % infection rate (Beum er et al. 1979; Rish et al. 1979). Despite these
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c la im s acrylic is frag ile even when re inforced w ith o ther m ateria ls, and 

a lthough fabricated at least 5 tim es th icke r than any m etal p late, it can 

fractu re  and also cannot be screwed into position or satis factorily  incorporate 

any alternative m eans of fixation by w iring o r suture. If used in the  form  of 

autopo lym eris ing resin, it is porous and even when processed pockets of 

porosity  are reta ined (W olfaardt et al. 1966; van M ullem  & de W ijn , 1988) 

and is thus a host to infection. A t insertion acrylic plates invariably 

require extensive m odification and often re fabrication . O nce in fected they 

m ust be discarded. By contrast the titan ium  plates w ere  reta ined in all six 

cases w here recurrent or new pathology required fu rthe r treatm ent.

T he  benefic ia l e ffect on sym ptoms by skull repair w as unexpected. Som e 

review s (R ish et al. 1979; Remson et al., 1986) ind ica ted only sm all and 

even m in im al benefit. As stated our study ind ica ted a to ta l relief of sym ptom s 

in 5 (20% ) cases and significant im provem ent in 17 (68 %) of patients. The 

review  also revealed other im portant find ings and the  fo llow ing problem s 

w ere  identified:

(a) W here  there is little or no com m unication betw een the  surgeon and the 

prosthetist, in ferio r results are inevitable and fau lty  fits  are incorrectly 

a ttributed to  defective technical skill in construction.

(b) Resected bone received for plate fabrication is usua lly  received w ithout 

in form ation, o r w ith an unhelpful sketch. It is a lso im possib le to  orientate 

accurate ly.

(c) Inappropria te patients were referred fo r im pressions. Exam ples include 

those  w ith an accum ulation of subcutaneous cerebro-sp ina l flu id that 

renders border identification impossible, and patients w ith active tum our or 

w ith areas o f frag ile  bone which would require rem oval.

(d) M ost defects require a great deal of ind iv idual consideration as m ore 

than one design is possible. The appropria te  design m ust be agreed 

upon between surgeon and prosthetist

(e) _Plates constructed from models obta ined from  an ind irect im pression of 

the scalp overlying the defect will a lways be inaccurate.

(f) Before m aking the defin itive prosthesis fo r fron ta l cases, a w ax tem plate 

should also be constructed fo r trial over the cutaneous surface of the
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defect. Pre-operative photographs can be invaluable in designing th is  

tem p la te .

D irect im pressions of the bone margin at prim ary surgery have been 

advoca ted  using several im pression m ateria ls which include a lg inate  or a 

low  tem pera tu re  therm oplastic com position. However, a lthough the  fit w ill be 

assured , the  problem  of contour remains.

S tandard  neurosurg ica l technique propose the exposure of the  crania l defect 

w ith  a reflection of approxim ate ly 2 cm s of pericran ium . Som e 

neu rosurgeons do not adhere to th is techn ique. V is ib ility  is often 

com prom ised  by conservative flaps and the pericran ium  is left in place. In 

th e se  c ircum stances it is im possible to ensure p late passivity, i.e. the  

absence  of tension and strains on fixation. Under these circum stances 

titan ium  p lates should be constructed with p liab le m argin flanges, which 

enab le  adapta tion  at surgery. For instance a com m on problem  was when an 

ill-fitting  flange  is fixed with in tra-osseous screws the  contra la tera l m argin w ill 

lift d isproportionate ly . The plate will then bulge when fu rther screws are 

inse rted  in to the raised contra lateral m argin so tha t the contour is a ffected 

and tens ion  is created around the screws which w ill loosen due to bone 

resorp tion . The strength and pliability of titan ium  also a llow s the plate design 

to  inc lude  sm all extensions as a m eans of fixation. These extensions m ay 

va ry  in w id th , and fit into osseous slots prepared paralle l to the  bone surface 

T h is  w as o f particu lar value in the supra-orb ita l ridge w here surgeons m ay 

be re luc tan t to  insert screws close to the s inuses. Such extensions m ust 

be accom pan ied  by rests or overlaps to resist depressive forces. S light bone 

rem ova l o r border bevelling will also ensure the  blending o f plate m argin to 

bo rde r bone. Intraosseous extensions toge the r w ith posterio r screw  

a tta chm e n t are adequate fo r m ost fronta l defects, but if the defect is 

pa rticu la rly  large, or involves the tem pora l fossa, additional support m ight be 

requ ired. Th is  can be atta ined by e ither one large extension exerting slight 

p ressu re  on the undersurface o f the zygom atic arch when the posterio r 

screw s are inserted, or by two or three extensions passing over and under 

the  arch to  e ffect a light grip. Such aid and support can also be achieved by 

the  use o f a reta ining titanium  strip, the advantage being that it avoids the
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need fo r the  accurate preoperative location of the zygom atic arch. The  strip 

fits  in to a preconstructed channel in the titanium  plate

D esp ite  all these refinem ents the weak link rem ained the identifica tion  o f the 

bone m arg ins which was revealed at the pilot study fo r the CAD C AM  

process.

C om pute r-a ided  design of titanium  plates fo r cran iop lasty leads to a 

cons ide rab le  im provem ent in accuracy in fit over trad itiona lly  designed 

p la tes  T he  use of 3-D imaging also ensured exce llen t aesthe tic  

reconstruction . The average insertion tim e fo r these plates w as 15 m in. The 

techn ique  presented uses a m odel m aking system enab ling  the  re

con tou red  shape to be form ed in a low cost m ateria l and transfe rred  to shee t 

titan ium  w ithout the need fo r m illing im plants from  solid b locks of titan ium . 

T h is  m ethod is not lim ited by size of the  defect nor does it require 

techno log ic-a lly  com plicated procedures'.

A lthough  scanners were capable of producing slices at 1.5 m m  separa tion 

w e conc luded  that 3 mm slices were suffic ient fo r accurate p la te  construction  

and reduced the radiation dose to each patient. O ne o f the obvious 

d ifficu lties  w ith the conventional m ethod of plate fabrication is the  pa lpation 

of de fec t m arg ins which are obscured by previous cran iop lasty  o r by the 

accum u la tion  of cerebrospinal fluid. The com puterized m odel avo ids the 

need to  palpate  or take an im pression of the defect. A dd itiona l prob lem s 

w h ich  have not previously been solvable are the eva luation o f bone 

th ickness  and air sinus location. The three-d im ensional reconstruction o f CT 

da ta  read ily  supplies such in form ation and perm itted the incorporation of 

in tra -osseous extensions into the plate design. By utiliz ing the  inherent 

s treng th  of titanium  together w ith in tra-osseous extensions, m axim um  

s tab ility  of the plates was ensured. This is particularly advantageous in 

fron ta l reconstruction where plates have a tendency to lift a long the an terio r 

m arg in . Furtherm ore, th is avoids the use of subcutaneous retention screws, 

w h ich  m ay be visible.
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The  plates fitted in th is study had m inim al overlap because o f the  accuracy 

o f the scan generated m odel defect, while in the p revious external 

im pression  practice the plates had to be extended by at least I cm  beyond 

the  de fect margins, covered by the plate

W ith  im pressions it a lso is im possib le to produce a m irror im age o f an object. 

Th is  is sim ple with a com puter. To produce a sym m etrical and cosm etica lly  

p leasing  result it is necessary to m atch the contour of the una ffec ted  side. 

T h is  is readily achieved by m irror im aging the contra la tera l s ide w ith  the 

com puter, and is of particu lar benefit in large unilateral fron ta l bone defects 

. O ne of the  striking results o f th is study was the speed of p la te  fitting  which 

ranged from  12 to 40 m in and was d irectly a ttributable to the accuracy o f the 

com puter-generated defect m odel on which the plate was fabrica ted . This 

com pares very favourab ly w ith o ther cranioplasty m ethods w h ich m ay 

invo lve lengthy diploe in laying procedures' or shaping onlays'

T he  la rgest d iscrepancies between the skull surface and the  p la te  were 

found  close to highly angu la r features o f the skull o r prom inences. The 

reason fo r the fa ilure of fit in these c ircum stances was the  d ifficu lty  in 

ach iev ing  large angles of curvature when pressing sheet titan ium  w h ich was 

exam ined in detail. The  fit over these regions can also be im proved by 

inserting a flange cut in the plate. O ther com ponents o f e rro r were 

associa ted  with la ter stages of construction due to the final w o rk ing  o f the 

p late , which included trim m ing edges, cutting flanges and drilling ho les fo r 

flu id  evacuation. G rea ter accuracy of fit has allowed to design m od ifica tions 

F langes orig inally needed to  cope w ith errors in design are genera lly  not 

needed. Sm aller p lates w ith sparsely interrupted borders, w h ich are 

s ign ifican tly  stronger than those with flanges are now be produced. The 

ho les fo r CSF flow  are also inserted at a considerable d is tance from  the 

border, resulting in a fu rthe r increase in strength. Insertion w ill a lso require a 

reduced area of scalp reflection and m inim al if any m odifica tion, there  by 

reducing the insertion tim e.
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W ith  the established CADCAM  process , 97%  of the p lates had excellent or 

good fit at secondary surgery. Furtherm ore the figures fo r p la tes fitted at 

p rim ary  surgery show  that it is possible to produce accura te ly  fitting  plates 

p reopera tive ly  The delayed cranioplasty plates had a m ode fitting  tim e of 15 

m in. The  range was 7-40 min. The single stage cran iop lasty p la tes took IQ- 

45 m in to  fit.

Postopera tive  aesthetics was assessed between 6 w eeks and 1 year a fte r 

opera tion , depending on the available fo llow -up period. A consensus grading 

o f exce llent, good satisfactory or poor was agreed by the  surgeon and 

patient, based on the natural shape and sym m etry of the  skull. O nly one 

pa tien t w as graded as poor. This plate in fringed a previous vascu la r shunt 

and had to  be trim m ed significantly, a ffecting the postopera tive outcom e.

A dverse  sym ptom s

A s an extension to the retrospective review the effect on postoperative 

sym ptom s w as assessed , 75 cases were fo llowed up fo r review  a fte r I year. 

The  sym ptom s assessed, included headaches, d izziness o r d isorienta tion on 

m ovem ent, and local d iscom fort. O nly patients w ith pre-existing de fects  were 

assessed.

O n ly  tw o patients did not suffer from  any adverse sym ptom s before 

c ran iop las ty  and they rem ained asym ptom atic postoperative ly. A ll the  other 

pa tien ts  suffe red from  one or more sym ptom s to varying severity  before 

cran iop lasty . W ith in  1 year of cranioplasty we found tha t 88%  of these 

pa tien ts  reported com plete resolution or significant d im inution  in severity of 

th e ir sym ptom s.

C A D C A M  accuracy also facilita tes the construction of sm a lle r p la tes which 

requ ire  a decrease in the required soft scalp tissue and less sca lp  resection 

fo r access to  the defect, and thus less postoperative scarring. Little if any 

ad jus tm en t is required at insertion and, therefore, opera ting tim es are 

s ign ifican tly  shorter. The m odal fitting tim e was 15 m ins. w ith 96%  of cases 

tak ing  less than 30 min.

O u r re trospective  studies and those of others (Van Putten and Yam ada 1992 

) ind ica te  tha t insertion tim e fo r trad itional cases took 45 min to  over
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1 h. W ith accuracy there is no need fo r lengthy d issection of the  dura  at the 

de fect m argin, which also reduces the risk of durai perfora tion. 3D  p ictures 

and m odels thus proved invaluable during surgery and w ere  used as 

in traoperative navigation guides assisting the surgeons to iden tify  landm arks 

and potentia l com plications. In one case, the 3D im ages dem onstra ted  a 

perfora tion in the posterio r wall of the fronta l s inus in com m unica tion  w ith the 

defect. The surgeon confirm ed this in traoperative ly and sea led o ff the  sinus 

w ith a fascia l flap  before fixing the titanium  plate, preventing postopera tive  

in fection.

A ccura te  cran iop lasty appears to im prove postopera tive sym ptom s' 

particu larly  headaches which are virtually e lim inated w ith in  I year. Th is 

find ing is also reported by others (Soum ekh et al 1996, H am er e t al 1995, 

and Y osh ida  et al 1996 )

The techn ique also enables the construction of a plate fo r im m edia te  

insertion at prim ary surgery. This negates the  need fo r a second opera tion, 

and the patient is saved the traum a of seeing and disp laying th e ir o therw ise 

m utila ted appearance. Im m ediate repair has been accepted in the  USA fo r 

som e tim e. M alis (1989 ) in the unit at M ount Sinai, reported tha t the re  were 

no com plications fo llow ing this technique in 100 cases. The  low  in fection 

rate o f titan ium , com pared with bone or acrylic, m akes it the  p re ferab le  

m ateria l. Until the advent of the CAD/CAM  technique, im m ed ia te  repairs 

w ith titan ium  plate were not possible. The single stage repair o f de fec ts  is a 

Now the desirab le goal. The feasib ility of using th is approach depends on 

confidence in defin ing the am ount of bone to  be resected. Th is  decis ion can 

on ly be fac ilita ted  by exam in ing the 3D data.

O nly one CADCAM  case developed in fection necessitating p la te  rem oval. 

Th is  low incidence supports the findings of o ther authors w ho reported no 

in fections in the ir series. These earlier reports involved titan ium  plates 

fabrica ted  using o lder less accurate m ethods. This contrasts w ith  acrylic 

cran iop lasty  which has an infection rate as high as 10%."
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C onclusions

This s tudy p resen ts  results that indicate overwhelm ing advantages to  both 

surgeons and patien ts when using the CAD/CAM  technique. S ing le  stage 

cran iop lasty  shou ld  be the technique of choice w here possible.
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Abstract
A review of 40 cases of titanium cranioplasty fabricated from impressions taken of the defect through the patient’s scalp 
in the conventional way showed that 23% were ill-fitting and 41% of frontal plates had a poor aesthetic result. 
Attributable factors were difficulty in defining the defect border accurately and limited information of the surrounding 
tissue architecture which led to strains produced during insertion. Inadequate communication between surgeon and 
prosthetist compounded these difficulties. A prospective study of six cases fabricated from CT computer-generated 
models of challenging cranial defects appears to show significant improvements in plate design, resulting in better plate 
adaptation, stability and aesthetic contour. Plate insertion was rapid (mean time 27 min) thereby minimizing operating 
time. This paper also discusses the advantages o f the enhanced information derived from CT and describes the potential 
for pre-craniotomy template and matching cranioplasty, thereby permitting a one-stage procedure.

Key words: Computer graphics, cranioplasty, titanium.

Introduction

Materials used for the repair of skull defects 
include autogenous bone, methyl methacrylate 
and most recently t i tan ium^and hydroxy- 
lapatite.^ Joffe et a lf  have carried out a review 
of 40 cases of titanium cranioplasty fabricated 
from impressions taken of the patient’s scalp or 
the resected bone and showed that 9 (23%) 
were ill-fitting and 12 (41%) of 29 frontal 
plates had a poor aesthetic result. The princi
pal difficulties in using this method were 
identified as poor definition of the defect 
bordes, and the strains produced during con
struction and insertion of the prostheses, which 
were compounded by inadequate communi
cation between the surgeon and the prosthetist.

Titanium is an ideal alloplastic material,

being strong, so that plates need only be 
0.5-0.72 mm thick, non-magnetic, biocompati
ble, and having surface oxides which behave as 
a ceramic, allowing osseous integration.^ It has 
the advantage over other metals and alloys of 
being radiolucent, and therefore does not 
obscure details or create artefacts in computer
ized X-ray tomography (CT). Its mechanical 
strength, however, can make it difficult to 
adapt to the model of the defect and this has 
perpetuated the use of other more convenient 
and less durable materials such as methacry
late.

Following the work of Gordon and Blair,® 
titanium prostheses have been fabricated using 
a hydraulic press to shape the metal over a die. 
The die has in turn been produced from a
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model derived from an impression taken from 
the patient’s head in the area of the dehiscence. 
Such a cast produces an adequately accurate 
impression of the hole in the bone when the 
overlying tissues are thin and the site will be 
hidden by hair. However, when the tissues are 
thick, as under the temporalis muscle, or where 
the defect is very visible greater accuracy is 
required.

Since these prostheses are three dimensional 
it is not possible to achieve the desired 
accuracy even by the use of multiple planar 
radiographs. Computer graphics using CT 
have already been successful in planning 
maxillofacial surgery^®’*̂ and producing facial 
prostheses.^^’̂  ̂This paper describes the use of 
data from CT to drive a numerically controlled 
milling machine to produce models of the bone 
around cranial defects and so allow prostheses 
to be made that match the edges of the defect 
and follow the contours of the tissues they 
replace. Once the bone surface has been 
simulated, it is possible to design a prosthesis 
to match the edges of a defect, and to produce 
the same surface contour as the tissue which it 
replaces. We have used computer graphics 
technique to reproduce the bony surface. In 
combination with a numerically controlled 
milling machine, solid models of the surface 
are cut in rigid expanded polyurethane. The 
three-dimensional information from CT^ has 
been used by other workers to manufacture 
very accurate titanium prostheses without the 
use of computer graphics but the method is 
very labour intensive.

This paper describes a study using CT- 
generated models of six titanium cranioplasty 
cases encompassing defects known to present 
difficulties in reconstruction.

Materials and methods

Model manufacture

To produce the prosthesis CT is first per
formed in accordaiice with a standardized 
protocol. The six patients in this study were 
scanned with a Philips Tomoscan or an IGE

9800 using low-dose 3 mm contiguous trans- 
axial slices, except for one patient who was 
erroneously scanned at 5 mm intervals. The 
patients’ heads were in flexion and the scans 
went from at least 1 cm above the defect down 
to a level that included at least one landmark 
such as the nasion or the zygomatic arch. The 
patient was positioned so that as many slices as 
possible intersect the region of interest which 
must include tissue around the defect.

The CT data were used as the source for a 
three-dimensional computer graphics worksta
tion developed in the Department of Medical 
Physics. '̂* Images were presented on a video 
screen showing the soft tissue or underlying 
skeleton from any viewpoint. These were 
shaded in such a way as to allow the operator to 
perceive their three-dimensional character 
(Fig. 1). The workstation provides the facility 
to dissect the relevant regions from the cranio- 
skeleton in order to permit more careful 
analysis particularly of the bone thickness and 
position of air sinuses (Fig. 2).

A desired view of the defect and its sur
rounding tissues was displayed and a set of 
instructions were generated to drive a numeri
cally controlled milling machine to cut out an 
accurate life-size replica of what is seen on the 
screen from blocks of expanded polyurethane 
(Trident Foams Ltd, Tancast 8) or polysty
rene (Warren Insulation, Styrofoam IV). The 
mill passes back and forth across the block 
cutting a series of equally spaced parallel 
sections (Fig. 3), giving the model a slightly 
terraced appearance. The milling tool used is a 
D-shaped cutter 3 mm in diameter and 60 mm 
long.

The accuracy is dependent on the distance 
between the CT slices which is 3 mm, and the 
flexion in the long thin tool used for cutting. 
Although the mill is specified to an accuracy of 
0.005 mm the tool can flex during cutting and 
produce errors of up to 0.6 mm. These errors 
are within tolerable limits when taken in the 
context of surgical placement.

Two models were made of the defect. One 
was kept for reference and one was used for 
constructing the plate. Padding material was 
placed on the inside of the defect and plaster of
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Fig. 1. Reconstructions from CT data to show defects in six patients. A shunt is visible in case 2 and patches of 
ossification can be seen in cases 3 and 6.

Paris was used to build up the contour of the 
calvarium. Once set, it was then smoothed with 
fine sand paper.

Plate manufacture

A counterdie or pressing mould of 10-12 mm 
thickness was cast over the model in a hard 
dental stone (Kaffir D) which can withstand 
high pressures. The design of the plate was 
outlined on the contoured model with indelible 
pencil and then transferred to the die. The die 
was invested with Class II stone (Kemrock) in 
a metal bowl that was specially fitted for the 
base of the hydraulic press. The investing 
material was carefully blended with the die to 
avoid any sharp angles which may produce

undue stretching of the metal as it is pressed. A 
sheet of titanium (ASTM Grade 1 commer
cially pure IMI 115), usually 0.72 mm thick, 
was placed over the die, the press was closed, 
and the hydraulic pressure slowly raised to 23 
MPa (3200 psi) in order to shape the metal 
over the die. The pressure was released after 3 
min, and when the titanium was taken out, the 
pencilled outline of the design was visible. The 
plate was finished providing fenestrations, 
screw holes, flanges and intra-osseous exten
sions using information on bone thickness 
derived from the CT scans. The bayonet
shaped extension to the plate, ranging from 0.5 
to 1.5 cm long, has been developed as an 
alternative attachment to a screw (Fig. 4) and 
can be inserted intra-osseously and parallel to
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Fig. 2. Detail of defect showing (A) bone thickness and 
(B) sinus position.

the outer bone surface where screws are not 
feasible. The fenestrations allow the flow of 
cerebrospinal fluid.

Finally the plate was cleaned, checked 
against the reference model of the defect, 
etched in HFl or H2SO4 and subsequently 
anodized ( +  12 V in a solution of 3% HFl) 
until golden. The integrity of the gold colour 
will confirm the absence of contamination of 
impurities. The plate, together with anodized 
self-tapping titanium screws (5, 6 or 7 mm), 
can be sterilized in the normal manner with 
other instruments at cranioplasty.

All the plates were fitted by the same 
maxillofacial surgeon (P.McD.).

Results

The following criteria were assessed: fitting 
time, marginal fit, stability and aesthetics as 
determined by contour. The latter three were 
subjectively graded as poor, satisfactory, good 
and excellent by the maxillofacial surgeon and 
the prosthetist (J.M.J.).

The overall results were highly gratifying. 
The mean fitting time was 27 min and the 
marginal fit and stability were excellent in 
three out of six cases, and good where prob
lems were encountered. Aesthetic contour was 
excellent in four out of six cases (Fig. 5). The 
results are presented as Table I.

F ig . 3. Polyurethane model of defect (case 3) being milled.
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\

Fig. 4. Plate showing fit of intra-osseous extension to model defect (case 1).

¥

a

Fig. 5.(a) Case 6 pre-cranioplasty. (b) Case 6 post-cranioplasty.

Discussion

The CT scanners were capable of producing 
slices at 1.5 mm separations but we concluded 
that 3 mm slices were sufficient for accurate 
plate construction and reduced the radiation 
dose to each patient.

One of the obvious difficulties with the 
conventional method of plate fabrication is the 
palpation of defect margins which are obscured 
by previous cranioplasty as in case 1, or by the 
accumulation of cerebrospinal fluid as in case 
2. This computerized model avoids the need to 
palpate or take an impression of the defect.

Additional problems which have not previ

ously been solvable are the evaluation of bone 
thickness and air sinus location. The three- 
dimensional reconstruction of CT data readily 
supplies such information and in three of our 
cases permitted the incorporation of intra- 
osseous extensions into the plate design. By 
utilizing the inherent strength of titanium 
together with the intra-osseous extension, 
maximum stability of the plates was ensured. 
This is particularly advantageous in frontal 
reconstruction where plates have a tendency to 
lift along the anterior margin. Furthermore, 
this avoids the use of retention screws in the 
frontal region, which may be visible.
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I
T a b le  I . R esu lts

Patient Pathology Indication Position
Area
(cm2) Retention

Fitting time 
in minutes

Marginal 
fit and stability

Aesthetic
contour

1 Trauma Fractured acrylic 
plate

Frontal and 
supraorbital 
ridge

11 One screw, 
one IDE*

25 Excellent after 
minimal adjustment

Excellent

2 Meningioma Abandoned acrylic 
cranioplasty

Biparietal and 
upper frontal

108 Four screws 12 Excellent after 
small adjustment

Excellent

3 Sub-dural
haemorrhage

Infected bone flap Left fronto-parietal 88 Four screws 15 Good after 
adjustment

Satisfactory

4 Meningioma  ̂ Infected bone flap, 
acrylic and titanium 
plates

Biparietal and 
upper frontal

208 Three screws, 
one ICE, 
one EOF**

35 Short anteriorly 
and posteriorly 
by < 2  cm2. 
Stability good

Excellent

5 Carotid
artery
obstruction

EC/IC shunt, 
failed bone flap

Left fronto-parietal 
and temporal

133 Four screws 35 Shunt required 
plate reduction. 
Fit and stability 
good

Satisfactory

6 Meningioma Infected bone flap, 
failed acrylic

Biparietal 
temporal and 
entire frontal

150 Two screws, 
two lOE

40 Excellent Excellent

%
fD

*IOE, intra-osseous extension; **EOF, extra-osseous flange.
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The plates fitted in this study had minimal 
overlap because of the accuracy of the scan
generated model defect, while in previous 
practice the plates had to be extended by at 
least 1 cm beyond the defect margins.

Case 4 has been our least successful. In this 
case patchy regeneration of bone anteriorly 
could be seen on the scans allowing us to define 
the margins of the usable bone. However, the 
resulting plate was too large for our press and 
we had to settle for pressing a slightly smaller 
plate (208 cm^). The fit was excellent with 
respect to the feather edging and contour, but 
two areas, totalling less than 2 cm^ of margin 
anteriorly and posteriorly were not covered by 
the plate. In view of the size of the defect and 
otherwise excellent plate adaptation, these 
small discrepancies in coverage were accept
able. This problem can be overcome by 
preparing large plates in two parts and butt- 
welding them together* using a tungsten inert 
gas (TIG) welder. This case is the only one to 
have developed a post-operative infected sinus 
tract in the incision line. However, this patient 
has had five previous unsuccessful surgical 
procedures to close the defect.

With impressions it is impossible to produce 
a mirror image of an object; however, this is 
simple with a computer. To produce a sym
metrical and cosmetically pleasing result it is 
necessary to match the contour of the unaf
fected side. This is readily achieved by mirror 
imaging the contralateral side with the com
puter, and is of particular benefit in large 
unilateral frontal bone defects. Case 3 illus
trates this example where accidental mirroring 
led to a plate being made for the wrong side of 
the patient’s head. However, the error was 
discovered before fitting and the plate was 
modified to give a good fit and satisfactory 
aesthetic result. This error can be overcome by 
having a brief description in writing of the 
defect, preferably to include a case summary, 
together with the CT tape.

The need for communication was empha
sized in case 5 where we were not informed 
that the patient had an extracranial-intracran- 
ial anastomosis in the left temporal region and 
the plate was constructed with an extension

overlying the shunt. At cranioplasty, the flap 
could not be raised fully to expose the margins 
beyond the defect in the temporal region for 
fear of haemorrhage from the anastomosis. The 
plate was easily modified at operation using 
bone shears and fine trimming was completed 
with a diamond bur. Marginal adaptation was 
excellent and fixation achieved with titanium 
self-tapping screws. This case also shows that 
despite their strength titanium plates are highly 
adaptable when made with peripheral flanges.

One of the striking results of this study was 
the speed of plate fitting which ranged from 12 
to 40 min and was directly attributable to the 
accuracy of the computer-generated defect 
model on which the plate was fabricated. This 
compares very favourably with other cranio
plasty methods which may involve lengthy 
diploë inlaying procedures^ or shaping onlays.^

Conclusions and recommendations

This study has shown that it is possible to 
fabricate titanium cranioplasty plates to clini
cally accurate standards using computer-gen
erated reconstruction techniques. The method 
shows the following advantages.

(1) Only CT is required to produce the 
prosthesis. No further attendance is needed for 
head shaving and impression taking.

(2) The well-defined defect margins and 
information on bone thickness increases the 
accuracy of plate design, allows the incorpora
tion of intra-osseous extensions to improve 
stability and the placement of the screws into 
bone of sufficient thickness.

(3) Mirror imaging the contralateral side, or 
superimposition of the pre-operative scan im
proves the aesthetic contour and orientation.

(4) The high degree of accuracy of the fit of 
the plates made insertion of the plate rapid, 
with a mean insertion time of 27 min.

(5) The application of this technique offers 
the potential for a pre-craniotomy template to 
outline the bone cut and also to provide a 
titanium plate for closure, thereby permitting a 
one-stage procedure.
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A retrospective study of 66 titanium cranioplasties
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S U M M A R Y .  A review was undertaken to assess the outcome of treatment in 66 patients for whom a titanium 
prosthesis was provided for the repair of a calvarium defect. While many aspects were satisfactory, certain 
disappointing features led to a prospective pilot study which enabled the following problems to be identified: (a) 
poor communication between neurosurgeon and prosthetist; (h) difficulties in establishing the margins of the defect; 
(c) orientation of the prosthesis, and (d) marginal retention. All were overcome with an agreed protocol.

INTRODUCTION

Numerous materials and methods are available for 
cranioplasty but the choice has to satisfy demanding 
biological, physical and surgical criteria. The most 
popular materials include autogenous bone and allo- 
plasts such as titanium  and methacrylate. The selec
tion of material has tended to be determined by the 
surgeon’s experience rather than any consideration 
o f defect size and topography. Titanium  is considered 
to be the ideal metal for implantology and is now 
widely used in various areas of reconstructive surgery 
(Williams, 1977 a, b; Kasemo, 1983). Blair et al. 
(1980) pioneered the use of titanium plates in Belfast 
and many consider it to be the most suitable material 
for cranioplasty.

A retrospective review was undertaken of patients 
referred over a period of 3 years, for the repair of 
cranial defects by titanium cranioplasty. The period 
o f time between plate insertion and the review varied 
from 6 to '30 months. The review findings led to a re
examination of our service to neurosurgeons and 
included a re-evaluation o f the properties o f titanium, 
the methods of design and construction and the 
techniques o f insertion. In order to attain improved 
results, a prospective pilot study was subsequently 
undertaken of large frontal defects using a modified 
protocol between ourselves and the neurosurgeons.

MATERIALS AND METHODS

The cranioplasty unit provided prostheses for 66 
patients over a 3-year period; only 40 were accessible 
for review. Twenty-five attended personally and a 
questionnaire was returned for the remaining 15 
either by the patient or the general practitioner. The 
case notes o f the 40 were scrutinised for pre-operative, 
intra and post-operative data. Neurosurgeons were 
consulted if clarification or further details were 
required. As the aesthetic result was rarely recorded, 
this evaluation was based on clinical observation and

the patients’ comments. The plates were constructed 
from models obtained from indirect impressions of 
the shaved scalp, or from sections o f resected bone 
extended with wax or embedded and extended with 
plaster o f paris. The plates were pressure formed 
using a modification o f the technique introduced by 
G ordon and Blair (1974). This entailed the design 
and fabrication o f a compact bench top press (Fig. 1), 
capable o f producing plates with consistent accuracy 
and thickness and therefore with uniform strength. 
The outcome o f this series is summarised in part (a) 
of the results section.

As problems o f contour and edge-fit became appar
ent, a prospective pilot study of eight frontal cases 
were carried out. Two plates were constructed for 
each case, one on the basis o f the minimal information 
routinely received from the neurosurgeon and the 
other under set strict predetermined criteria. These 
consisted o f m andatory comm unication with the neu
rosurgeon to achieve agreement on (a) design, (b)

Fig. 1 -  A  bench top press designed to produce a titanium plate of 
even thickness and strength.
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Fig. 2A & B -  Wax and acrylic template fabrication restores the contour in the exposed frontal area.

extension o f prosthesis m argins, (c) location and 
choice o f attachm ent features, and (d) verification o f 
contour. Also an additional appoin tm ent was m ade 
with the patient for the trial o f a tem plate p rior to 
com pletion o f the definitive cranioplasty. The tem 
plates were constructed  from 1 mm hard  sheet wax 
(Tenatex, A ssociated D ental P roducts L td.) softened 
and m oulded to the predicted restored contour, cut 
to size and surfaced with fortified acrylic pain t to 
prevent d isto rtion  and  to  provide a m atching skin 
colour (Figs 2A & B).

were to repair defects in the frontal region which also 
creates difficulties in establishing edge fit, con tour 
and m eans o f retention. F urtherm ore, 6 plates (15% ) 
were provided to replace m ethacrylate and 18 plates 
(45% ) to replace infected bone flaps. N o titanium  
plate had to be rem oved due to infection.

F rom  the review o f operating  notes it appeared 
that although 31 plates (78% ) were inserted w ithout 
difficulty, there rem ained 9 (22% ) that were over or 
under-extended or presented difficulty in the securing 
o f an an terio r m argin.

RESU LTS

f a)  Retrospective review

Only 40 o f 66 patients included in the study were 
available for detailed study. O f these, 25 were assessed 
clinically and 15 by questionnaire. Six patients were 
untraceable and 10 deceased. Some o f  the features o f 
the 40 patients studied are sum m arised in the Table.

There was an equal sex d istribution  with a mean 
age o f  45 years. M ost o f the defects (65% ) were 
considered to be large ( >  100 cm^). 73%  o f the plates

Table -  Features o f the 40 cranioplasty patients

Defect size (cm^): No. o f patients
>100 26 (65% )
50-100 9 (22% )
< 5 0 5 (13% )

Defect site:
Frontal 29 (73% )
Non-frontal 11 (27% )

Additional features:
Replacement of infected bone flaps 18 (45% )
Replacement of methacrylate 6 (1 5 % )
Others 16 (40% ) Fig. 3 -  Aesthetic defect arising from poorly contoured titanium  

plate, despite good intra-operative fit.
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Postoperative assessment indicated that 12 (30% ) 
reconstructions did not achieve a satisfactory aesthetic 
outcom e. However, when the 29 frontal cases were 
analysed the poor aesthetic outcom e was 41 % (Fig. 3).

An attem pt was m ade to  assess the effect o f the 
cranioplasty  on sym ptom s attribu tab le  to  the skull 
defect. It was difficult to separate such sym ptom s 
from  those associated with the pathology o r surgery. 
Twenty-five patients com plained o f headache, dizzi
ness, discomf^ort on sudden m ovem ent, d isorientation , 
intolerance to v ibrations and undue fatigability. O f 
these patients, 5 (20% ) had to tal relief, 17 (68% ) 
described themselves as im proved and only 3 (12% ) 
said their discom fort was unaltered by cranioplasty. 
There were six cases o f  recurrent pathology. In one 
o f these cases the plate was rem oved to enable further 
surgery and replaced im m ediately. In ano ther the 
p late was replaced after 5 m onths, and in a third case 
a second small plate was added. In the rem aining 
three the plate was left in situ  w ithout any d isturbance 
during further treatm ent.

(h ) The prospective pilot study

Eight large frontal bone defects were selected and a 
p late constructed in the outlined fashion. A second

Fig. 4A & B -  The wax and acrylic template is trimmed and fitted 
to the plaster cast to facilitate plate design and fabrication.

plate was prepared according to the criteria described 
under m aterials and m ethods. A ttendance was also 
required for the trial o f a tem plate p rio r to the 
fabrication o f the definitive cranioplasty. A t surgery 
both  plates were provided w ithout m eans o f  identifi
cation for insertion. In all cases the surgeon selected 
the plate constructed after consu ltation  and a tem 
plate trial. The in tra-operative fit was satisfactory  to 
excellent in each case, with only one unsatisfactory 
aesthetic result.

DISCUSSION

Pre-operative data  such as the initiating pathology, 
the m ean interval between prim ary surgery and plate 
insertion, and the p a tien t’s age were felt to  have no 
bearing on the outcom e. However, the high num ber 
o f defects over 100 cm^ probably  relates to the fact 
that 60%  o f plates were provided to replace previous 
repairs by bone or m ethacrylate. The size o f all 
defects can increase substantially  when the adjacent 
infected bone is rem oved. The loss o f som e bone flaps 
is not unexpected because o f the im probability  o f 
revascularisation o f thick calvarial bone where oper
ative handling is less than  perfect. The loss o f refriger
ated or sterilised bone is extremely high and  although 
fresh autogenous such as split calvarium  or rib can 
be used, it is difficult to  a tta in  an acceptable aesthetic 
appearance. R esorption  is also unpredictable and can 
be substantial (K orlo f et a!., 1973; C ooper et a!., 
1977; S teinhauser & H ard t, 1977). The num ber o f 
m ethacrylate plates replaced in this series due to 
infection is at variance with the literature, which 
claims only a 4 -5 %  infection rate (Beum er et al., 
1979; Rish et al., 1979). Acrylic is know n to be fragile 
even when reinforced with o ther m aterials. A lthough 
fabricated at least 5 times thicker than  any metal 
plate, it can fracture and canno t be screwed in 
position or satisfactorily incorporate  any alternative 
m eans o f fixation by w iring or suture. If  used in the 
form o f autoploym erising resin, it is po rous and even 
when processed pockets o f porosity  are retained 
(W olfaardt et a i ,  1966; van M ullem  & de W ijn, 1988); 
it is thus a host to infection. At insertion acrylic 
plates invariably require extensive m odification and 
often refabrication. O nce infected they m ust be dis
carded. By con trast the titanium  plates were retained 
in all six cases where recurrent o r new pathology 
required further treatm ent. The beneficial effect on 
sym ptom s by skull repair was unexpected. Some 
reviews (Rish et a i ,  1979; R em son et a i ,  1986) 
indicated only small and even m inim al benefit. O ur 
study indicated a to tal relief o f  sym ptom s in 5 (20% ) 
cases and significant im provem ent in 17 (68% ) o f 
patients.

The review also revealed o ther im portan t findings 
and the following problem s were identified:
(a ) Failure in communication between neurosurgeon 
and prosthetist.
W here there is little o r no com m unication  between 
the surgeon and the prosthetist, inferior results are



A retrospective study o f 66 titanium cranioplasties 147

inevitable and faulty fits are incorrectly a ttribu ted  to 
defective technical skill in construction .

(i) Resected bone received for plate fabrication is 
usually received w ithout inform ation , o r with 
an unhelpful sketch.

(ii) Inappropriate  pa tien ts are referred for 
im pressions. Exam ples include those with an 
accum ulation o f subcutaneous cerebro-spinal 
fluid tha t renders bo rder identification im poss
ible, and patients w ith active tum our or with 
areas o f fragile bone which w ould require 
removal.

(iii) M ost defects require a great deal o f individual 
consideration as m ore than  one design is poss
ible. The app rop ria te  design m ust be agreed 
upon between surgeon and prosthetist (see 
later).

(b) Difficulties in identifying defect borders atul restor
ing contour.
Plates constructed from m odels obtained from an 
indirect im pression o f the scalp overlying the defect 
will be inaccurate. Also before m aking the definitive 
prosthesis for frontal cases, a wax tem plate should 
also be constructed for trial over the cutaneous 
surface o f the defect (Figs 2A & B). Pre-operative 
pho tographs can be invaluable and tem plate alter
ations at the chairside take little time. When all the 
features are considered satisfactory, the definitive 
co n to u r is reconstructed on the model (Figs 4A & B).

D irect im pressions at p rim ary surgery have been 
advocated  using several im pression m aterials which 
include alginate o r a low tem perature therm oplastic 
com position. However, although  the fit will be 
assured, the problem  o f  co n to u r rem ains.

We are currently  reconstructing  the calvarial defects 
using the da ta  from com puterized  X-ray tom ogram s 
or m agnetic resonance im age scans. The resultant 
three dim ensional image indicates the border bone 
thickness, and the com puter generated milling process 
produces a model which gives the precise size, location 
and o rien tation  o f the defect. This technique prom ises 
to overcom e m ost o f the present difficulties (Joffe

r,/., 1992).
(c) Factors related to design features which complicate 
in.sertion.
Standard  neurosurgical technique proposes the expo
sure o f  the cranial defect w ith a reflection o f approxi
mately 2 cms o f pericranium . Some neurosurgeons 
do no t adhere to this technique. Visibility is often 
com prom ised by conservative flaps and the peri
cranium  is left in place. In these circum stances it is 
im possible to ensure p late passivity, i.e. the absence 
o f tension and strains on fixation. T itanium  plates 
should be constructed  w ith pliable m argin flanges, 
which enable adap ta tion  at surgery. W hen an ill- 
fitting flange is fixed the con tra la tera l m argin will lift

Fig. 5 -  A ) A slot is cut with a bur in the frontal bone margin to 
accommodate the flange extension; B) The titanium plate with the 
flange extension; C ) The plate has been securely attached 
anteriorly without the need for screws.
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disproportionately . The plate will then bulge when 
further screws are inserted into the raised co n tra la t
eral m argin, so tha t the con tou r is affected and 
tension is created a round  the screws which will loosen 
due to bone resorption. The strength and pliability 
o f  titanium  also allows the plate design to include 
small extensions as a m eans o f  fixation. These exten
sions may vary in w idth, and fit into osseous slots 
prepared parallel to the bone surface (Figs 5A -C ). 
This is o f particu lar value in the supra-orbital ridge 
w here surgeons m ay be reluctant to insert screws 
close to the sinuses. Such extensions m ust be 
accom panied by rests o r overlaps to resist depressive 
forces. Slight bone rem oval o r border bevelling will 
also ensure the blending o f plate m argin to bo rder 
bone. In traosseous extensions together with posterior 
screw a ttachm ent are adequate for m ost frontal 
defects, but if the defect is particularly  large, or 
involves the tem poral fossa, additional support m ight 
be required. This can be atta ined  by either one large 
extension exerting slight pressure on the undersurface 
o f  the zygom atic arch when the posterior screws are 
inserted, o r by two or three extensions passing over 
and  under the arch to effect a light grip. Such aid 
and support can also be achieved by the use o f  a 
retaining titanium  strip , the advantage being tha t it 
avoids the need for the accurate preoperative location 
o f  the zygom atic arch. The strip fits into a p recon
structed  channel in the titanium  plate (Fig. 6).

In conclusion, titanium  has proved to be an excel
lent m aterial for cranioplasty , especially with the 
app rop ria te  technology for p reparation . Precise com 
m unication  between the neurosurgeon, maxillofacial 
surgeon and prosthetist to give individual consider
ation  o f  the p a tien t’s defect, plate design and orien 
ta tion  is essential. The use o f tem plates m ade to blend 
with the calvarium  con tou r im proves the results. The 
re-insertion o f stored or processed bone flaps should 
be questioned and the use o f m ethacrylate w ould also 
appear to be ill-advised. The future o f cranioplasty

Fig. 6 -  A  supplementary titanium strip extended under the 
zygomatic arch to add stability to a large frontal plate.

lies in the provision o f C T scan generated milled 
models and three dim ensional images o f  the bony 
defect borders.
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ORIGINAL ARTICLE

A prospective study of computer-aided design and manufacture o f  
titanium plate for cranioplasty and its clinical outcome

J. JOFFE', M. HARRIS', F. KAHUGU', S. NICGLL^, A. LINNEY^ & R. RICHARDS^

^Departments of Oral and Maxillofacial Surgery, The Eastman Dental Hospital, UCL Hospitals and 'Department o f 
Medical Physics, University College London, London , U K

Abstract
The use of computerized three dimensional imaging and automated milling of models to produce accurate titanium plates 
for the reconstruction of craniofacial defects is described. A total of 148 patients have had extensive calvarial defects repaired 
using this (computer aided design and manufacture) technique developed in our unit. O f these, 141 were repaired 
secondarily (delayed cranioplasty), whilst seven were repaired immediately following craniectomy (single stage cranioplasty). 
All cases were assessed for accuracy of fit, restoration of natural skull contour and aesthetics. Seventy-two patients were 
reviewed after 1 year to determine the effect on adverse preoperative symptoms. O f the plates 97% had an excellent or good 
intraoperative fit. The modal insertion time was only 15 minutes. Postoperatively 98% resulted in the restoration of natural 
skull shape and symmetry. After 1 year, 82% of patients had complete resolution or diminution in severity of the adverse 
symptoms. A staphylococcus infection necessitated the temporary removal of one plate.

Key words: Computer controlled milling, primary cranioplasty, secondary cranioplasty, 3D imaging.

Introduction

T h e  su rg ica l re c o n s tru c tio n  o f  ex tensive  c ran io fa 
cial defec ts req u ire s  ca re fu l p reo p e ra tiv e  p lan n in g  
a n d  assessm en t to  ach ieve o p tim a l fu n c tio n a l an d  
aesth e tic  re su lts .T h e  rep a ir  o f  defects is co m p lica ted  
by  th e ir  irregu la r th re e -d im e n s io n a l cu rv a tu re  w hich  
is o ften  difficult to  re p ro d u c e  accurately . W h en  these 
d e fe c ts  e n c ro a c h  u p o n  th e  fac ia l sk e le to n , e .g . 
c ra n io -o rb ita l defec ts , th e  re c o n s tru c tiv e  d ifficu lty  
in c reases considerab ly . S im p le  co n v ers io n  o f  these  
defec ts  from  g ro te sq u e  an o m a lie s  to  less d isfig u rin g  
de fo rm itie s  is no  lo n g e r  a cce p ta b le . T h e  im p ro v e
m e n t in  n eu ro su rg ica l te c h n iq u e s  has ra ised  overall 
s ta n d a rd s  an d  c ran io fac ia l n o rm a lity  is now  th e  
g o a l. '

S ince  1985, th is u n it  has b een  involved in  the 
research  and  d ev e lo p m en t o f accu ra te  m e th o d s  o f 
re c o n s tru c t io n  o f  c ra n ia l d e fec ts  u s in g  t i ta n iu m  
p la te s .^ ^  Early techn iques involved th e  use o f  external 
sk u ll im p re s s io n s  a n d  a s s e s s m e n t o f  p la n a r  
rad iog raph ic  views to  p ro d u c e  m odels  th a t w ere u sed  
to  fab rica te  the  p lates. A  review  d e m o n s tra te d  th a t in 
a large percen tage  o f  an te r io r  cases th e re  w as an  
un sa tisfac to ry  aesthetic  resu lt. T h e  p rin c ip a l p rob lem

identified was the  inability o f  the  im press ions an d  
p lanar views to  define accurately  the m arg in s o f  the  
defect, the desired  co n to u r o f th e  c ran iop las ty  p la te  
and  its o rien ta tion .

We e m b a rk e d  u p o n  c o m p u te r i s e d  th r e e  
d im ensional im ag ing  and  m illing  o f  m o d e ls  in  1991. 
T h e  basis o f  th is  new  tech n iq u e  is a w o rk s ta tio n  
capable o f  g en e ra tin g  3D  im ages fro m  c o m p u te d  
to m o g rap h y  (C T ) . T h e se  3 D  d a ta  a re  u s e d  to  
p roduce  accu ra te  life size m odels  fro m  e x p a n d e d  
po lyu re thane  b locks using  a c o m p u te r  n u m e ric a lly  
con tro lled  (C N C ) m illing  m ach in e . T h is  e lim in a te s  
th e  e rro rs  a s s o c ia te d  w ith  e x te rn a l im p re s s io n  
techn iques. A  p ro spec tive  p ilo t s tu d y  o f  six p a tie n ts  
show ed th a t th e  p la tes p ro d u c e d  w ere fa r  s u p e r io r  
in  accuracy o f  fit an d  re s to ra tio n  o f  n o rm a l sku ll 
co n to u r.'' To d a te , 148 p a tien ts  have u n d e rg o n e  
cranial re co n s tru c tio n  using  th is m e th o d . W e p re se n t 
an  assessm ent o f  th e  tech n iq u e  on  in s e r tio n  a n d  o n  
postopera tive  review  5 -6  w eeks la ter. S ev en ty -tw o  
cases w ere ag a in  review ed a fte r 1 year. W e also  
describe th e  ap p lica tio n  o f  th is te c h n iq u e  in  th e  
p reoperative fab ric a tio n  o f  tita n iu m  p la te s  fo r in se r
tio n  at p r im a ry  surgery.
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Materials and methods

Patients

AU 148 p a tie n ts  w ere  re fe rre d  fro m  reg io n a l 
neu ro su rg ica l and  m axillofacial un its . T h e ir  ages 
ranged  from  6 to 67 years, 42%  being in their 4 th  
d e c a d e . E x is tin g  c ra n ia l de fec ts  th a t  re q u ire d  
secondary  reconstruc tion  were p resen t in 141 cases. 
Seven patien ts had  single stage cranioplasty. Table I 
shows the underly ing  pathology in each case.

Design and manufacture o f the plate

All p a tien ts  had  C T  accord ing  to  an established 
protoco l. T hese  data  w ere processed to create 3D  
im ages as illustrated  in Fig. 1, w hich were used for 
detailed  m easurem en ts and  planning  the design of 
the plate. T hese  p rocedures were carried  ou t on our 
m edical graphics w orkstation .^ ’̂  A n u m b er o f design 
tools are available on  the w orkstation including the 
facility to m irro r im age the anatom y (Fig. 2).

T hese  data  were fu rth e r used to contro l the C N C  
m illing m achine w hich mills ou t m odels from  solid 
blocks o f expanded  po lyure thane  (T ancast 8, T riden t 
Foam s L td ).T h ese  are dim ensionally stable, very light, 
yet rigid enough  to resist deform ation  (Fig. 3a). A die 
is m ade in specialized hard  stone from  the m odel and 
a sheet o f com m ercially  pure titan ium  (A ST M  G rade 
1, IM I 115 or G rade  2, IM I 125), usually 0.7 m m  
thick, is p ressed to this die using a hydraulic oil 
press^’ ’̂ ’̂' (Fig. 3A ,B ,C ,D ). H aving trim m ed  the 
m argins o f the titan ium  plate as desired , m ultiple 
perforations are m ade to allow for easy m ovem ent of 
cerebro-spinal fluid (C SF ) across it. F langes for re ten 
tio n  o f  screw s a re  c u t a t th e  edges a t sites 
p red e te rm in ed  du ring  3D  im age analysis. T h e  plate 
is then  e tched , anodized  and  autoclaved before inser
tion.

W hen a single stage cranioplasty is p lanned , the 
p rocedu re  differs from  th a t described  as there is no 
existing defect. A n u m b er o f w orking im ages, m odels 
and  a m aste r m odel are p roduced  from  w hich the 
surgeon can  p red ic t the ex ten t o f the craniotom y. 
T h is is m arked  on b o th  the im ages and  m aster m odel. 
T h e  p ro s the tis t uses these to p roduce  a titan ium  plate 
follow ing the sam e steps as outlined  earlier. T h e  plate

F ig . 1. Computer generated (A) anterior and (B) lateral 
views of a cranial defect derived from C T  data.

is m ade to conform  to the natu ral skull co n to u r and 
from  5 to 10 m m  larger th an  the pred ic ted  size o f the 
defect, and  can be used as a tem plate.

Surgery

T h e  cranioplasties were perfo rm ed  by the referring  
surgeons w ith a m em ber o f the cranioplasty  un it in

Tab le  I. A etiology o f cranial defects (;/=148)

Aetiology Number %

Infected or resorbed previous bone repairs 53 35
Infected or fractured previous acrylic repairs 15 10
Infected previous titanium repair 1 1
Resection of tumours 32 21
Defects following access to haemorrhage 8 6
Repair of growing fractures 4 3
Craniectomy following trauma 31 21
Replacement or added plate following reccurrence of benign tumours 2 1
Craniectomy for extra vascular bypass (ECIC bypass) 1 1
Osteoradionecrosis of skull bone 1 1
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F ig . 2. Mirror imaging of the Contra-lateral side to restore 
skull contour.

»
m

F ig . 3.The construction of a primary pre-operative cranio
plasty. (A) The milled model showing the extremity of the 
required resection. (B) The prepared model for plate 
construction showing screw attachment and extensions to 
provide fixation to maxillo-facial bone, (C) The resected 
bone. (D) The inserted plate.

attendance . T h e  cranial defect and  su rround ing  bone 
w ere exposed. T h e  pericran ium  was raised to allow 
direct con tac t o f the plate borders to bone. T h e  fit o f 
the p late was assessed. T h e  ou tcom e was considered 
excellent w here the p late rested  passively on the 
m arginal bone all round  the defect. A plate w ith no 
m ore than  2 m m  gap from  the bone was term ed  
good. A plate w ith a m axim al gap o f 3 m m  gap away 
from  the bone was te rm ed  satisfactory. A plate w ith a 
gap greater than 3 m m  betw een it and the surrounding 
bo n e  was considered as poor.

T h e  p la te s  w ere fixed u sin g  ti ta n iu m  screw s 
(2.3 m m  in d iam eter) o f a length p rede te rm ined  by 
cross-sectional 3D  im aging o f the m arg ins o f the 
defects. T h e  m ost com m on  leng th  ind ica ted  was

7 m m . In  th e  su p ra -o rb ita l reg io n  screw s w ere 
som etim es avoided and , in s tead , the  p lates were 
re ta ined  w ith sm all ex tension lugs th a t engaged into 
slots m ade in the d ip lo e .T h is  avoided the  prob lem  of 
screws being palpable or visible th rough  th in  forehead 
skin.

T h e  tim e o f fixation o f the p late from  com pletion  
o f exposure o f the defect and  bony m arg ins to  the 
p lacem en t o f the final screw was recorded  in m inutes. 
T h e  scalp was th en  closed w ith or w ithou t a drain  in 
two layers, i.e. galeal su tures, and  skin su tu res or 
staples. In  one case w here the scalp h ad  been irrad i
ated , a pericranial flap was ro ta ted  and  placed over 
the p late before closure, to m in im ize the risk of 
exposure o f the plate.

Patient survey

A custom  designed pro fo rm a was used  to record  
clinical and surgical details for each patien t. A single 
m em ber o f the cranioplasty  u n it did all th e  recording. 
A second pro fo rm a was used to reco rd  sequentially  
the severity o f adverse sym ptom s. T h is  was filled in 
by the patien ts w ho were requ ired  to grade each 
sym ptom  as absen t, m ild, m odera te  o r severe. T h e  
sym ptom s exam ined included  headaches, dizziness 
or d iso rien tation , and  local d iscom fort, w hich were 
de te rm ined  to be those m ost com m only  experienced 
by patien ts w ith cranial defects.

Results

Aetiology o f the defects

Table I shows the aetiology o f the defects. It should  
be no ted  tha t 46%  o f the defects resu lted  from  the 
rep lacem en t of previous repairs. T hirty-five per cent 
re la ted  to  b o n e  w ith som e im m ed ia te  b o n e  flap 
rep lacem ents, b u t m ostly frozen for delayed replace
m en t. Ten per cen t related  to the use o f acrylic and  1 
to  titan ium  (the initial cause being  irrita tion  o f a 
raised m argin , followed by soft tissue breakdow n). 
T hese  figures are consisten t w ith the data in the 
literature.^ B one and  acrylic are still in com m on 
use.

Intra-operative f i t  o f the plate

A to ta l o f 97%  o f the plates h ad  excellent o r good fit 
at secondary  surgery. T h e  figures for plates fitted at 
p rim ary  surgery show  that it is possible to p roduce  
accurately  fitting p lates p reoperatively  (Table II).

Ti>}ie taken for plate insertion

T h e  delayed cran iop lasty  p lates h ad  a m ode and  
m e d ia n  fittin g  tim e  o f 15 m in . T h e  range  w as 
7 -4 0  m in N inety-six  per cen t o f the plates took less 
than  30 m in to fix. T h e  single stage cranioplasty p lates 
took 10-45 m in to  fit.
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Ta b l e  IL  Intraoperative fit of the plates («=148)

Fit of 
plate

Secondary surgery Primary surgery

Excellent 129 (91%) 4 (57%)
Good 8 (6%) 2 (3%)
Satisfactory 4 (3%) 1
Poor 0 0

Ta b l e  I I I .  Postoperative aesthetics («=141), assessed 
between 6 weeks and 1 year depending on follow-up period. 
Consensus grading by patient and surgeon

Aesthetics Number

Excellent 124 88
Good 14 10
Satisfactory 2 1
Poor 1 1

Postoperative aesthetics

T h is  w as assessed be tw een  6 weeks an d  1 year after 
o p e ra tio n , d e p e n d in g  o n  th e  availab le  fo llow -up  
p e rio d . A co n sen su s  g rad in g  o f  ex ce llen t, g o o d , 
sa tisfac to ry  o r p o o r w as ag reed  by th e  su rgeon  and  
p a tien t, b ased  on th e  n a tu ra l shape an d  sym m etry  o f 
the  sku ll.T ab le  III show s the  results. O nly  one  p a tien t 
w as g ra d e d  as p o o r. T h is  p la te , in frin g in g  o n  a 
p re v io u s  v a sc u la r  s h u n t  h a d  b e e n  tr im m e d  
significantly, affecting  th e  postopera tive  ou tcom e.

Adverse symptoms

To assess the effect o n  postopera tive  sym ptom s, 72 
cases w ere follow ed u p  for review  after 1 year. T h e  
sym p tom s assessed, in c lu d ed  h eadaches, dizziness o r 
d iso rien ta tio n  on  m ovem en t, an d  local d iscom fo rt 
are  show n in T able IV . O nly  pa tien ts  w ith  p re-ex isting  
defects w ere assessed.

O nly  tw o p a tien ts  d id  n o t suffer from  any o f these 
ad v erse  sy m p to m s b e fo re  c ra n io p la s ty  a n d  th ey  
re m a in e d  a sy m p to m atic  postoperatively . All o th e r  
p a tien ts  suffered  fro m  one or m o re  sym ptom s to 
varying severity  befo re cranioplasty . W ith in  I year o f 
cran iop lasty  we fo u n d  th a t 88%  o f  these  p a tien ts  
re p o r te d  com plete  re so lu tio n  o r sign ifican t d im in u 
tio n  in  severity o f  th e ir  sym ptom s.

Discussion

T h e  u se  o f C T  d a ta  fo r 3 D  im ag ing  a n d  m odel 
p ro d u c tio n  has led  to  considerab ly  im proved  results.

T h e  te c h n iq u e  has in c rea s in g ly  b e e n  a p p lie d  to  
f a c i l i ta te  r e c o n s tru c t iv e  c ra n io fa c ia l  su rg e ry . 
P rostheses b ased  on  ex te rn a l im pressions a re  o ften  
inaccu ra te  in b o th  shape an d  size. Joffe et a l  ̂  re p o r te d  
o n  2 3 %  o f  i l l- f it tin g  p la te s  a n d  u n s a t is f a c to r y  
aesthetics in  41%  o f fron ta l cases.

T h e  re s u lts  fro m  th is  s tu d y  (T a b le s  I I - IV )  
d em o n s tra te  th e  significant im p ro v em en t achieved 
u sing  the  co m p u te r a id ed  design  an d  m an u fac tu re  
(C A D /C A M ) tec h n iq u e . T h e  ad v an tag es in c lu d e  
su p erio r accuracy^ w hen  co m p ared  w ith  p rev ious 
e x te rn a l im p re s s io n  te c h n iq u e s .  T h is  a c c u ra c y  
facilitates th e  c o n stru c tio n  o f  sm aller p la tes w hich  
requ ire  a decrease in  th e  req u ired  soft scalp  tissue 
and  less scalp resection  fo r access to  th e  defec t, an d  
th u s less postopera tive  scarring . L ittle  if  any ad ju s t
m e n t is req u ired  a t in se rtio n  an d , therefo re , opera tin g  
tim es are significantly  sh o rte r. T h e  m o d a l fitting  tim e 
w as 15 m in , w ith  96%  o f  cases tak in g  less th a n  
30 m in . O u r  p re v io u s  s tu d ie s ^ ’̂  a n d  th o s e  o f  
o t h e r s i n d i c a t e  th a t in se rtio n  tim e fo r trad itio n a l 
cases took  45 m in  to  over 1 h.

T h e re  is no  n eed  for leng thy  d issec tion  o f  th e  d u ra  
at th e  defec t m arg in , w hich  also reduces th e  risk o f 
d u ra i perfo ra tion . 3D  p ic tu res  and  m odels p roved  
invaluable d u rin g  su rgery  an d  w ere u sed  as in tra o p 
erative nav igation  guides assisting  th e  su rgeons to  
iden tify  landm arks an d  p o ten tia l com plica tions. In  
one case, the  3D  im ages d e m o n s tra te d  a p e rfo ra tio n  
in  th e  p o s te r io r  w all o f  th e  f ro n ta l  s in u s  in  
c o m m u n ic a t io n  w ith  th e  d e fe c t . T h e  su rg e o n  
confirm ed this in traoperatively  an d  sealed o ff th e  sinus 
w ith  a fascial flap before fixing th e  tita n iu m  p la te , 
p reven ting  postopera tive  in fection .

A c c u ra te  c ra n io p la s ty  a p p e a rs  to  im p ro v e  
postoperative sym ptom s, particu larly  headaches w hich 
are v irtually  e lim ina ted  w ith in  I year. T h is  find ing  is 
also re p o r te d  by  o t h e r s a n d Y o s h i d a  et a O ^  offers 
an  exp lana tion  w hich  requ ires  fu r th e r con sid era tio n .

T h e  tech n iq u e  enables th e  co n s tru c tio n  o f  a  p la te  
fo r im m ed ia te  in se rtio n  a t p r im a ry  su rgery . T h is  
negates the  n eed  for a seco n d  op era tio n , a n d  the  
p a tie n t is saved th e  tra u m a  o f  seeing an d  d isp lay ing  
th e ir  o therw ise  m u tila te d  a p p ea ran ce . Im m e d ia te  
repa ir has been  accep ted  in  th e  U S A  for som e tim e. 
M alis^^ in  th e  u n it a t M o u n t S inai, re p o r te d  th a t 
th ere  w ere n o  com plica tions follow ing th is te ch n iq u e  
in  100 cases. T h e  low  in fec tion  ra te  o f  ti tan iu m , 
co m p ared  w ith  b o n e  o r acrylic, m akes it a p re fe rab le  
m ateria l. U n til th e  adven t o f  th e  C A D /C A M

Ta b l e  IV. Postoperative symptoms after 1 year («=72)

Symptoms Number %

Nil 41 57
Low grade occasional headaches, dizziness or local pain 22 31
Significant discomfort 5 7
Local pain 2 2.5
Severe headaches 2 2.5



580 J. M e  et al.

technique, im mediate repairs with titanium  plate were 
no t possible.

Single stage repair of defects is a desirable goal. 
T he feasibility o f using this approach depends on 
confidence in defining the am ount o f bone to be 
resected.This decision can be facilitated by examining 
the 3D  data.

Only one case developed infection necessitating 
plate removal. T his low incidence supports the find
ings of other authors who reported  no infections in 
their series.^'^ These earlier reports involved titanium  
plates fabricated using older less accurate m ethods. 
This contrasts with acrylic cranioplasty which has an 
infection rate as high as 10%.^^

Conclusions

This study presents results that indicate overwhelming 
advantages to bo th  surgeons and patients when using 
the C A D /C A M  technique. Single stage cranioplasty 
should be the technique o f choice where possible.
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Abstract. We have constructed 300 titanium cranioplasty plates, over 150 cases 
using a computerised technique, the remainder by external impression. The 
cUnical follow-up of these cases over 8 years has shown consistently good results 
that justify our simple low-cost method of manufacturing these plates. Both 
techniques require the provision of a model on which to construct the plate. In 
the traditional technique, an approximate model is derived from the resected 
bone or a direct impression of the defect over the patient’s scalp. Using the 
computerised technique, a more accurate model of the defect and the 
surrounding bone is milled in polyurethane foam from cross-sectional 
computerised tomographic (CT) scans. Sheet titanium is pressed to shape from a 
design outlined on a counterdie. The subsequent stages of the plate construction 
are then the same for both methods. This study describes the stages of the model 
manufacture, the validation of its accuracy and the plate construction that 
follows. Use of the computerised method has resulted in a reduction of errors, 
enabling the manufacture of a smaller plate than was possible previously. It has 
also enabled design changes through the achievement of greater accuracy in fit.
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Currently used materials for repair of 
cranial defects include acrylic, autogen
ous bone and titanium. References to 
hydroxylapatite or composites of this 
material concentrate on its use exper
imentally, but would appear to be used 
clinically in only a few cases^.

Therefore, routine cranioplasty tech
niques use the following materials:
1) Acrylic (methylmethacrylate), some

times reinforced with a metal
mesh^7.231723

The principal advantage of acrylic is 
its availability at low cost. It is used 
in two forms, either preformed, i.e. 
heat-cured from a model of the de
fect, or self polymerised, and in
serted directly into the defect in 
theatre. Sterilisation is uncertain 
when preformed, and insertion in 
theatre is prolonged, with many ad

ditional disadvantages. It is a porous 
material that easily fractures, har
bours bacteria and often has to be 
removed^. Aesthetic results are poor 
because of the need to adapt the 
contour during insertion.
The literature indicates a 10-12% 
postoperative infection incidence 
when using acrylic. Approximately 
12% of the cases that we have treated 
required titanium plates because of 
failed previous repairs using acrylic 
plates.

2) Autogenous bone.
Bone is used in a variety of ways®’̂ ^ 
i5,i9,2o_ ^  resected cranial flap can be 
reinserted immediately at primary 
surgery, or stored and frozen for 
later replacement. Bone grafts and 
iliac or split rib were popular, but 
are now rarely used. In the recent

hterature, outer table cranial bone 
grafts, particularly with periosteal 
attachment, have been found to re
sult in less morbidity^^’̂ "̂.
The principal problem with all types 
of bone grafts, apart from infection, 
is the tendency to resorb, which can 
be considerable^^’̂ ®. In our unit, in 
approximately 35% of secondary re
pair cases, titanium plates were re
quested because of infected or sub
stantially resorbed bone grafts.

3) Titanium.
Titanium sheet (0.72 mm or 0.9 mm 
thick) is the only material used 
by our unit. The literature indicates 
an infection rate of under 
2% 3,4.7,8,10,1],18 ^  computer-assisted 
technique is used to manufacture a 
low-cost model of the defect in poly
urethane foam, which is then used to
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Fig. 1. A) Dry skull with defect and titanium markers attached. B) Computer-generated graphic image of skull in (A) seen from similar 
viewpoint. C) Polyurethane model of same skull.

create a counterdie for pressing a 
sheet of titanium to the right shape. 
Other methods using titanium re
quire milling from solid blocks of 
the material or vacuum casting^. 

To our knowledge no other technique 
has been sufficiently reproducible to un
dergo validation. Computer-assisted 
methods^”"  have brought about a rev
olution in titanium cranioplasty. The 
advantages may be summarised as fol
lows:

a) There is no longer the need for pa
tients to attend for impressions, 
which can be emotionally and phys
ically traumatic.

b) A one-stage technique, i.e. the pre
operative construction of the plate 
for insertion at primary craniotomy, 
eliminates the patient’s distress 
caused by the presence of the muti
lated skull.

c) The plates fit very accurately and 
further adjustment at surgery is 
usually not necessary.

d) The aesthetic results are excellent.

In our application of this method, the 
patient’s computerised tomographic

(CT) data are transferred to the UCL 
Medical Graphics & Imaging (MGI) 
workstation. This has been described in 
previous papers'^-^’’̂ .̂

The particular technical advantages 
of the workstation lie in its ability to:

a) Examine and measure border bone 
thickness.

b) Select suitable attachment sites.
c) Assist the restoration of contour by 

mirror imaging the sound side of the 
calvarium into the defect.

d) Provide images for the surgical team 
which may be transmitted over the 
computer network.

e) Facilitate the construction of accu
rate models leading to simplified 
surgery with excellent aesthetic re
sults.

Material and methods 
Generating the 3-D image

Scanning protocol

The patient’s head is positioned to maximise 
the number of slices intersecting the defect 
and about 2 cm of surrounding bone at in
crements of 3 mm or less. When possible, this

sequence should include a recognisable land
mark such as the nasion or auditory meatus.

Transfer o f  data

CT data are transferred by local area net
work to the M G I graphics workstation. For 
patients from other hospitals, a series of par
allel, equally-spaced two-dimensional CT 
slices in digital form are transferred from 
tape, disc or by internet and are converted 
into a local format.

Imaging o f  the data

A set of contiguous CT slices can be con
sidered as a 3-D array of volume elements 
(voxels). Each voxel is cuboid, rather than a 
cube, since the slice spacing is usually larger 
than the smallest element (pixel) size within 
the slice. Data resolution in the plane of the 
slice is typically about 1 mm. Each voxel has 
an associated Hounsfield number indicating 
the X-ray absorption of the tissue in the vol
ume. Voxels entirely within bone give high 
values, those in soft tissue give much lower 
values. Voxels straddling the boundary be
tween bone and soft tissue will have an inter
mediate value. The software approximates 
the true bone surface by linearly estimating 
the position of the soft/hard tissue boundary 
on the basis of voxel values on either side of 
the boundary. By this method it is possible to

Fig. 2. Intact skull with plate placed against 
surface.

Fig. 3. A) Model with defect recontoured and design of plate marked. B) Skull with defect 
showing plate with attachment features according to design in (A).
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Table 1. Comparison of mean measurements in mm. Distances refer to points in Fig. IB  

Distance Computer image Calipers on skull Calipers on model

B-C
C -D
D -E
A -B
B-E
B -D
A -C

65.70
44.00
50.40
68.03
47.80
75.67

103.30

64.91
43.43
49.02
68.39
46.46
75.00

103.67

65.63
45.27
50.93 
68.23 
47.03 
76.43

103.93

achieve accuracy better than the slice spacing 
implicit in the scanning protocol. One conse
quence of linear estimation is a small amount 
of ripple (surface terracing) on the images, 
which has the same spacing as the original 
CT slice spacing. This can be reduced by 
scanning with thinner contiguous slices or by 
the use of helical scanners.

The 3-D imaging software allows the user 
to assess the extent of the defect and make 
measurements to determine suitable attach
ment sites. The data can be edited to plan 
restoration of contour and to select the area 
of interest to be milled. The contour of a uni
lateral defect can be restored by inserting a 
copy of the mirror image of the intact side. 
A depth map of an appropriate view is saved 
out of the system to generate the instruction 
sequence for the milling machine.

Fabrication of the 3-D life-size model

Construction

A  polyurethane foam model (Tancast 8, Tri
dent Foams Ltd) is cut on a three-axis CNC  
(computer numerically controlled) milling 
machine, which moves a custom made cut
ting tool through the foam in three orthog
onal axes (x, y and z) only. Such a model 
reproduces the surface of the object as seen 
from the single viewpoint chosen in the im
aging software. Foam is inexpensive, easy 
and quick to mill, sufficiently rigid not to de
form significantly in use, and makes models 
which are easy to modify. Fig. 1C shows the 
milled model of the skull from which one of 
the plates was made. A  model of this size can 
be milled in less than half an hour.

The accuracy of the model is controllable 
and depends primarily upon cutting speed 
and the size of cutting tool increments. 
These are optimised to achieve accuracy ap
propriate to the resolution of the input CT  
data, whilst minimising the time to mill the 
model.

Preparation

As with the 3-D image, the surface of the 
milled model is slightly terraced because of 
the finite width of each CT slice and is lightly 
sanded to smooth the surface terraces. The 
anatomical contour is restored with the help 
of pictures showing cross-sections through 
the apical crest or, as mentioned earlier, by

Fig. 4. Method of measuring degree of com
pliance between plate and skull.

mirror imaging the sound side of the skull 
into the defect when appropriate.

The manufacture of the cranioplasty 
plates

In designing the plate, the important factors 
are the number and location of attachment 
features and the amount of overlap that is 
required to withstand external impact forces. 
Attachment features are selected where bone 
is sufficiently thick to accept a screw or an 
intra-osseous extension. Areas of thin bone, 
suture lines and the air sinuses can be iden
tified and avoided.

The plate outline is defined on the model 
(Fig. 3A), which is transferred to a counterd
ie which is then inserted in the base ring of 
the pressure unit. A  25 cm flat round sheet 
of commercially pure (CP) annealed titanium 
0.72 mm thick (ASTM  Grade 1, IM I  115 or 
Grade 2, IM I  125), is then pressure formed 
between the upper and lower chambers of the 
unit. The plate is then trimmed to remove 
excess metal. Flanges are cut to a small pre
drilled hole and larger drill holes are inserted 
for fluid evacuation. A t surgery there is an 
accumulation of fluids: cerebro-spinal fluid 
(CSF) from cerebral edema and from the 
copious cleansing with sterile saline. Shunts 
are frequently inserted for drainage. These 
holes are also used by some surgeons to at
tach dura to the plate to eliminate dead 
space, also theoretically to assist anchorage 
of the plate by ingrowth of connective tissue.

Finally, the plate is cleaned, polished, 
etched and anodised.

Validation

This computerised technique has been vali
dated by preparing titanium plates to fit two 
different dry skulls. One skull had a defect 
cut into it with 1 cm  ̂ titanium markers at
tached around its border for measurement 
purposes (Fig. lA ), the other was an intact 
skull (Fig. 2). The two skulls were scanned 
on the U C L H  scanner at 1.5 mm scan in
crements. Polyurethane foam models (Fig. 
1C) of these skulls were constructed from CT  
data using the methods described above.

A  plate was made for the intact skull from 
a model (Fig. 2), but no flanges or drill holes 
were made. A  hole was drilled in the centre 
of the plate so that the clearance between the 
plate and the skull could be determined.

aR 40

mm

> .25 > .5 > .75

B

Fig. 5. A ) Fit to intact skull of small plate. 
B) Fit to model of skull with defect o f fin
ished plate. C) Fit to skull with defect of fin
ished plate.

A  plate was made for the skull with the 
defect cut into it using the computer gener
ated model. Adjustments were made to this 
plate to form attachment features and 
flanges (Fig. 3B).

Measurements were made by four ob
servers on the titanium markers on the actual 
skull (Fig. lA ), the computerised image of 
the skull (Fig. IB ) and the model of the skull 
(Fig. 1C). The aim was to measure distances 
between the same pairs of points on the skull, 
the image and the model.

Measurements were also made o f the de
gree of compliance of the edge of the plate 
with the surface of the skull and the model 
around the border of the defect. A  feeler 
gauge was used to assess the degree of fit of 
the plate around the edge. Fig. 4 illustrates 
the method used.
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Old New

Fig. 6. Plate redesigned according to recom
mendations.

Bone thickness was also measured by pla
cing markers on the inside and outside of the 
skull, when imaging at a suitable threshold. 
Measurements were made on the location of 
the titanium markers and compared with 
physical measurements of the object.

Results
The measurements made by the ob
servers on seven distances between 
landmarks around the defect on the 
skull, on the image and the model are 
shown in Table 1. There were no statisti
cally significant differences found be
tween the observers’ measurements (by 
paired /-test). The means of the ob
servers’ measurements for each distance 
were calculated, and these means were 
compared for the computer, skull and 
model. No significant differences were 
found between them. The variability of 
the data was such that a difference in 
mean values of 0.5 mm would have 
been statistically significant.

Results of the measurements made of 
the degree of compliance of the edge of 
the plate with the surface of the skull 
and the model are illustrated in Fig. 5. 
This figure shows histograms of the per
centage of the border length with errors 
greater than the stated amount. It 
should be noted that no gap measure
ment greater than 1.5 mm was recorded 
by any observer and gaps of 1.5 mm 
were only found at isolated points 
around the plate in regions of high cur
vature. It should also be noted that, for 
the skull with the defect, 80% of the 
boundary complied to within 0,25 mm 
of the skull and model surfaces. For the 
intact skull, 60% of the perimeter fitted 
within 0.25 mm.

Discussion

Computer-aided design of titanium 
plates for cranioplasty leads to a con

siderable improvement in accuracy over 
traditionally designed p lates '" . The 
use of 3-D imaging in this computer- 
aided process also ensures excellent aes
thetic reconstruction. The accuracy 
found in the validation study confirms 
the highly acceptable findings shown in 
papers describing clinical results'®’' .̂ 
The average insertion time for these 
plates is 15 min.

The technique presented uses a 
model making system enabhng the re
contoured shape to be formed in a low- 
cost material and transferred to sheet 
titanium without the need for milling 
implants from sohd blocks of titanium. 
This method is not limited by size of the 
defect nor does it require technologic
ally comphcated procedures'-^.

The largest discrepancies found be
tween the skull surface and the plate 
were close to highly angular features of 
the skull or prominences. The reason 
for the failure of fit in these circum
stances is the difficulty in achieving 
large angles of curvature when pressing 
sheet titanium. The fit over these re
gions can be improved by inserting a 
flange cut in the plate. Other compo
nents of error were associated with later 
stages of construction due to the final 
working of the plate, which included 
trimming edges, cutting flanges and 
drilling holes for fluid evacuation.

Greater accuracy has led to design 
modifications (Fig. 6). Flanges orig
inally needed to cope with errors in de
sign are generally not needed. Smaller 
plates with sparsely interrupted bor
ders, which are significantly stronger 
than those with flanges, will now be 
produced. The holes for CSF flow are 
also inserted at a considerable distance 
from the border, resulting in a further 
increase in strength. Insertion will re
quire a reduced area of scalp reflection 
and minimal if any modification, there
by reducing the insertion time.
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