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Objective : The purpose of this study is to examine the influence of cranioplasty on dynamics of cerebral blood flow(CBF) and
cerebrovascular reserve capacity[CVRC), and to investigate the usefulness of single photon emission computed tomography
(SPECT) as a prognostic factor for neurological improvement after cranioplasty.

Methods : Between March 2003 and December 2005, a prospective study was performed on 24 patients who had undergone
total 25 cranioplasty operations. Cerebral blood flow velocities in the middle cerebral artery(MCA] and internal carotid artery
(ICA) were obtained by transcranial Doppler ultrasonography(TCD). The CVRC was assessed by SPECT in the natural state
and after stimulation with 1g of acetazolamide. Neurological improvement after cranioplasty was compared between patients
who showed hyperactivity to acetazolamide-activated SPECT (Group 1, n=7) and hypoactivity to acetazolamide-activated
SPECT (Group 2, n=17). These measurements were obtained two weeks prior to and two weeks after cranioplasty.

Results : The blood flow velocities at the opposite site to the cranioplasty as well as at the cranioplasty site were significantly
increased (P<0.05). Compared with Group 2, there was significant increase in CBF and neurological imrovement after
cranioplasty in Group 1.

Conclusion : Among patients with surgical bony defects, the patients who had normat reactivity of the CVRC showed a significant
increase in CBF and neurological improvement after cranioplasty. The authors suggest that CVRC measurement prior to
surgery may be an important prognostic factor for neurological improvement after cranioplasty.

KEY WORDS : Cranioplasty - Cerebral blood flow(CBF) - Cerebrovascular reserve capacity(CVRC) -

Transcranial Doppler ultrasonography(TCD) - Acetazolamide Activated *"Tc-HMPAQO SPECT.

Introduction

C urrently accepted indications for cranioplasty are for ae-
sthetic reconstruction or protection of intracranial str-
uctures. However, sometimes unexpected improvements of
neurological status or activities of daily living after cranioplasty
have been reported. Some authors have maintained that these
curative effects following cranioplasty might be due to a red-
uction of ocal cerebral compression effects by atmospheric
pressure’”*"*, Removal of the effects of atmospheric pressure
might lead to increased CBE, CVRC and glucose metabolism,
thus leading to neurological improvement. However, not all
patients who have undergone cranioplasty have shown neu-

rological improvements. We hypothesized that patients who
had normal reactivity of the cerebrovascular reserve capacity
(CVRC) might also have better neurological results after cr-
anioplasty. Therefore, we evaluated the hemodynamic effects
of cranioplasty using TCD and cerebrovascular reserve capacity
as assessed by SPECT during the natural state and after stim-
ulation with 1g of acetazolamide. We then divided the patients
into two groups : Group 1, showed hyperactivity with acet-
azolamide-activated SPECT; Group 2, showed hypoactivity
after acetazolamideactivated SPECT. We had prospectively
studied the correlation of neurological improvement after cr-
anioplasty in each group to understand the efficacy of " Tc-
HMPAO SPECT for prognosis.
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Table 1. Clinical data and outcome obtained in 24 patients who underwent cranioplasty

Case Group Sex/Age Reason OP site Time lopse ees Changed Neurologic Symptom
(days) Before  Affer
1 1 M/48 Rt. EDH Rt 41 13 14 improved orientation & ambulation
2 1 M/23 Lt. SDH Lt 30 12 14 improved orientation
3 1 M/ Rt. SDH Rt 35 12 14 improved orientation & ambulation
4 1 M/58 Lt. SDH Lt 44 12 14 improved ambulation
5 1 M/44 Both SDH Both 150,174 10 13 improved ambulation
6 1 M/38 Contusion ICH Rt 21 13 15 improved mentaiity
7 1 M/38 Contusion ICH Lt 41 13 14 improved orientation
8 2 M/52 Rt. SDH Rt 60 8 9 improved mentality
9 2 M/é64 Lt. SDH Lt 53 14 15 improved ambulation
10 2 M/20 Rt. SDH Rt 84 7 8 no change
1 2 M/41 Contusion ICH R 75 9 10 improved hemiparesis
12 2 Mf27 Rf. SDH RY 73 7 8 improved hemiparesis
13 2 M/43 Contusion ICH Rt 53 13 12 increased rigidity
14 2 M/aé AVM Lt 80 13 14 improved ambulation
15 2 M/47 Lt. SDH Lt 69 8 9 improved mentality
16 2 M/52 Contusion ICH Lt 28 12 14 improved mentality
17 2 M/45 Rt. SDH Rt 46 14 14 improved orientation
18 2 F/43 Rt. PcoA Rt 54 13 14 improved hemiparesis
19 2 M/69 Rt. SDH Rt 43 6 7 no change
20 2 M/51 Lt. SDH Lt 465 14 14 no change
21 2 F/57 Infarction Lt 29 14 15 improved orientation
22 2 M/37 Lt. SDH Lt 57 8 8 no change
23 2 M/42 Lt. SDH Lt 31 12 13 improved orientation
24 2 M/55 Lt. SDH L 64 13 14 improved ambulation

* AVM=arteriovenous malformation; EDH=epidural hematoma; F=Female; GCS=Glasglow coma scale; Group1=hyperactivity to acetazolamide—-activated SPECT;
Group2=hypoactivity to acetazolamide—aciivated SPECT; ICH=infracerebral hematoma; M=male; PcoA=Posterior communicating artery; SDH=subdural hematoma;
Time lapse=duration from craniectomy to cranioplasty

Fig. 1. Brain computed tomography(CT) and three dimensional brain
computed tomography scan (3—D CT) obtained before (A, B) and after
(C, D) cranioplasty in a patient who had undergone Rt. decompressive
craniectomy for acute subdurd hematoma (case No. 3).

Materials and Methods

Patient population

Between March 2003 and December 2005, a prospective
study was performed on 24 patients who had undergone a total
of 25 cranioplasty operations with skull defect size over 100
cm’. During this period, there were 16 patients who had cr-
anioplasty, but were excluded due to study criteria. The data
on the clinical diagnoses, time intervals between craniectomy
and cranioplasty, and clinical outcomes are presented in Table 1.
The mean age of the patients was 43.79 =13.59 years of age
and the ratio of male to female patients was 22:2. There were
21 cases in the head injury group and three cases of decom-
pression in the cerebrovascular disease group, respectively.

In 24 (95.8%) of 25 cases, autologous cranioplasty with cr-
anial bone preserved at -70°C was performed, and in one case
surgery was performed with methylmethacrylate. The mean
interval between craniectomy and cranioplasty was 71.92 %
8.78 days. The three dimensional reconstruction brain CT
scanning was performed in all patients both pre- and post-
operatively on a routine basis for assessment of the skull de-
fect (Fig. 1).
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Table 2. The resuits of SPECT before and after cranioplasty Germany). These studies were pe-
Al {(Asymmetry Index) bre OP Post OP r.formed at both the d.ecor.nprcssion
Cose  Group Pre OP Post OP site and on the opposite site. These
Al A2 All Al2 (Al2-AlT) / Ai2+100 measurements were obtained two
! ! 0.83 0.95 0.97 0.96 126 -1.0 weeks prior to and two wecks after
2 1 0.68 0.78 0.58 0.62 12.8 6.5 cranioplasty.
3 1 0.87 0.97 0.73 0.87 10.3 16.1
e 1 om 1 om  ow  me  'so  Measuemensol CVRC
6 1 1.06 124 0.86 0.92 145 65 The SPECT examination was p-
7 1 076 0.88 0.99 0.98 136 10 erformed under quiet conditions
8 2 119 112 105 121 —62 152 (lying down with eyes dlosed). Both
9 2 0.94 0.81 0.81 0.70 -16.0 -15.7 a plain SPECT and an acetazolam-
10 2 0.95 0.79 0.87 0.78 -203 -115 ide-activated SPECT were obtained
1 2 1.06 092 1.04 1.07 -162 28 and analyzed. The plain SPECT
12 2 0.78 0.84 1.17 1. 7.1 -54 images were obtained by reconst-
13 2 1.02 0.85 1.07 1.08 -200 0.9 ruction of data, which formed an
142 0.79 0.73 0.59 05 -8.2 -180 axcial view, coronal view and sagittal
12 2 1.01 083 0.93 091 —217 —2.2 view at 30 minutes after intrave-
1 2 105 103 095 095 19 00 nous injection of " Tc-HMPAO
17 2 1.07 1.20 0.74 0.81 10.8 8.6 . .
18 2 0.93 097 1.07 1.08 4 09 20mCi, using a rotatory gamma
19 ’ 123 0.08 103 0.80 255 288 camera. The acetazolamide -acti-
20 2 073 071 0.65 0.73 o 1.0 vated SPECT was performed one
21 2 1.11 1.08 0.97 0.88 -28 -10.2 or two days later. After the first in-
22 2 0.65 0.72 0.75 0.80 97 63 travenous injection of 1 g of acet-
23 2 0.85 0.89 0.89 0.88 45 -1 azolamide, intravenous injection
24 2 0.92 1.01 0.86 0.89 8.9 3.4 of **Tc-HMPAO 20mCi follo-
*Al=c radiation amount of rggion of inferest in skull defect sne/q radiation amount of region of interest in opposite §i1e: A= wed 20 minutes later; the images
ai before acetazolomide injection; A2=ai affer acetazolamide injection; Pre OP=before cranioplasty operation; Post . .
OP=after cranioplasty operation; CVRC=cerebrovascular reserve capacity were obtained 30 minutes later, as

for the plain SPECT technique.
Each patients condition and re-
sponse to the radioisotope is dif-
ferent, therefore it is impossible to
measure the quantitative CBF in
SPECT. The authors examined the
relative CBE, and compared the
CBF at the lesion site and at the
opposite site. Only one nuclear-
medicine specialist interpreted all
SPECT images. Regions of interest
(ROIs) were placed on both cortical
hemispheres and an amount of ra-
diation was calculated for each site
(Fig. 2). The authors calculated an

Fig. 2. Brain single photon emission computed tomography(SPECT) obtained in a patient who had un— asymmetry Index (Al = a radiation
dergone Rt. decompressive cranie ctomy for acute subdural hematoma (case No. 3). Lt; Brain SPECT FROI in skull defe ite/
before acetazolamide injection, Rt; Brain SPECT after acetazolamide injection. amount o mns clect site

a radiation amount of RO in op-

Measurements of dynamics of CBF posite site). We then compared the Al with acetazolamide-
Cerebral blood flow velocities in the middle cerebral artery  activated SPECT to the Al with the plain SPECT. We deter-
(MCA) and internal carotid artery were obtained by transc-  mined that the CVRC was valid for each case that is, above 10%
ranial Doppler ultrasonography (TCD; multi-Dop X4; DWL;  increase in the Al for the acetazolamide-activated SPECT.
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Fig. 3. Bar graphs depict the influence of cranioplasty on the cerebral
blood flow velocity obtained in 24 patients (meorp +3D). Asterisks show
?Imiso’ricol)ly a significant difference compared with "before cranioplasty
P<0.05).
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Fig. 4. Bar graphs depict the influence of cranioplasty on the cerebral
blood flow velocity obtained in Group 1 patients (mean £SD). Asterisks

show statistically a significant difference compared with ‘before cra—
nioplasty’ (P<0.05).

Blood Flow Velocity (cm/sec)

Then, we divided the patients into two groups : Group 1, sh-
owed hyperactivity with the acetazolamide-activated SPECT
(above 10% increase), Group 2, showed hypoactivity with the
acetazolamide-activated SPECT (below 10% increase). The
neurological improvements pre- and post-cranioplasty were
measured using the Glasgow coma scale(GCS). Special cases
were described separately. We studied the correlation of neu-
rological improvement after cranioplasty in each group; in
addition, the CRVC changes after cranioplasty were obtained.
These measurements were recorded two weeks prior to and
two weeks after cranioplasty.

Statistical analysis

The statistical analyses used were the paired t-test and Wi-
lcoxon signed rank test; for pre- and post-cranioplasty variables
studied in both groups. And also, two sample t-test and Mann-
Whitney U test were used for the comparision of two groups.
The correlation between the increments of GCS and intervals
were analyzed by Spearman’s correlation analysis.
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Fig. 5. Bar graph depicts the influence of cranioplasty on the cerebral
blood flow velocity obtained in Group 2 patients (mean # SD). Asterisks
show statistically a significant difference compared with "before cra—
nioplasty” (P<0.05).

Results

Clinical outcome

The neurological changes before and after cranioplasty are
summarized in Table 1. Neurological improvement was found
in 20 (83.3%) of 24 cases after cranioplasty. There was sig-
nificant improvement in GCS as a whole study (11.25+2.61
before cranioplasty vs 12.33 £2.68 after cranioplasty, P <0.05).
The correlation between the intervals elapsed after cranio-
plasty and neurological changes after cranioplasty were not
statistically significant.

Evaluation by TCD

CBF velocity changes before and after cranioplasty are shown
in Fig. 3. In the MCA and ICA of the lesion site, the CBF
velocity was separately increased from 46.04 +-11.37cm/sec to
52.79 £13.85cm/sec (p<<0.05) and from 32.08 £6.33cm/
sec to 35.71 78.17cm/sec (p<0.05) after cranioplasty. The
CBF velocity in the MCA and ICA of the opposite site was
also increased, it was significant. For the comparisons between
Group 1 and Group 2, there were significant CBF increases
in both groups, however, the increases in Group 1 were more

significant (p <0.05) (Fig. 4, 5).

Measurement of CVRC

The results of SPECT before and after cranjoplasy are su-
mmarized in Table 2. Comparisons of the Al after the acet-
azolamide activation SPECT to the Al of the plain SPECT,
Group 1 had a greater than 10% increase in the Al with the
acetazolamide activation SPECT in seven (29%) of 24 cases,
and for Group 2, hypoactivity with the acetazolamide activ-
ated SPECT (below 10% increase) was observed in 17 (71%)
of 24 cases. Among cases in Group 1 (n=7) patients who had
normal CVRC, neurological improvements were found in se-
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Table 3. GCS increase before and after cranioplasty between Group 1 &
Group 2

Group 1 (m=7)  Group 2 (n2=17) p-valued
mean {S.D.) mean (S.D.)
GCS 1.86 {0.6%0) 0.76 (0.664) 0.0020*

GCS=Glasgow Coma Scale: Group T=hyperactivity to acetazolamide activated
SPECT, Group 2=hypoactivity to acetazolamide activated SPECT. « : statistically
significant {p<0.05), a : Independent two sample t—test, 1. b : Mann—Whitney U test
if normality is unsatisfied

ven patients (100%). However, 13 (76.5%) patients improved
in Group 2 (n=17) with abnormal CVRC. Therefore, neu-
rological improvement after cranioplasty in the two groups
studied with GCS was significantly made in Group 1 (p<0.05)
(Table 3).

Discussion

C ranioplasty is the surgical repair of a cranial defect. Hi-
storically, reconstruction of a cranial vault defect has been
considered, by some, to be the earliest operation performed
in humans, dating back to prehistoric times. Since that time,
the reconstructive goals, to protect the underlying brain and
restore pre-injury appearance, have remained the major goals
of cranioplasty. However, sometimes unexpected improvements
of the neurological status or activities of daily living occur after
cranioplasty. Therefore, investigators have studied the influence
of cranioplasty on the brain by measurements of cerebrospinal
fluid(CSF), CBE, and metabolic dynamics™6$>1-14117:19:2123)
The efficacy of cranioplasty is demonstrated by “the syndrome
of the sinking skin flap”(SSSF). The SSSF is defined as a series
of neurological symptoms associated with skin depression at
the site of a cranial defect, which can develop several weeks
to months after a large external cerebral decompression®*?.
In 1977, Yamaura et al.*” reported that atmospheric pressure
was transmitted to the cranial cavity, causing inward rotation
of the scalp at the cranial defect, and that 30% of patients with
a depressed skin flap after a large craniectomy showed improved
neurological symptoms after cranioplasty. In 1997, Dujovny
et al.” suggested that “the syndrome of the trephined”(ST) was
characterized by subjective symptoms such as headache, diz-
ziness, undue fatigue, and vague discomfort. Symptoms asso-
ciated with SSSF and ST improved rapidly after cranioplasty.

Although the mechanism of improvement remains unclear,
the mechanism by which SSSF and ST occur has been spec-
ulated to be the result of the combined effects of 1) atmospheric
pressure, 2) CSE 3) CBE and 4) cerebral metabolism. In regard
to atmospheric pressure, Yamaura et al.”** explained that the
skin at the a cranial bone defect site sinks as a result of atm-
ospheric pressure, and the cerebral tissue becomes deformed,
resulting in local cerebral circulation disorders and cerebral
dysfunction. In 1982, Stula'” suggested that the atmospheric
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pressure acting on the unprotected brain produces brain co-
mpression and cranioplasty can normalize this situation. Co-
nsideration of CSE, in 1979 and 1984, Fodstad et al.>® reported
on CSF hydrodynamic studies before and after cranioplasty
with a constant pressure infusion method. The authors co-
ncluded that the variable change in CSF dynamics, with an
improved outcome in patients with skull defects, could be ex-
plained by the stretching or a distortion of the dura and the
underlying cerebral cortex due to the atmospheric pressure with
possible shifting of intracranial contents. In 1997, Dujovny
et al.¥ described an increase in CSF motion using MRI after
cranioplasty. In regard to CBE in 1985, Richaud et al.'* re-
ported that CBE evaluated with Xe-CT, increased 15~30%
in the area of the cortex adjacent to cranioplasty as the neu-
rological condition improved. In 1993, Suzuki et al.'¥, using
dynamic CT, reported that increase in bilateral CBF might
play a role in neurological improvements after cranioplasty.
In 1996, Yoshida et al.”?, using Xe CT and *'P magnetic res-
onance spectroscopy(MRS), suggested that cranioplasty should
be carried out as soon as the cerebral edema has disappeared,
because a bone defect itself may decrease CBF and disturb
energy metabolism. In 1999, Mackawa et al.", using Xe-CT,
reported that cranioplasty might increase CBF in not only the
symptomatic hemisphere but also at the other site. In 2003,
Hubh et al.¥, suggested that cranioplasty could remove the atm-
ospheric pressure on the brain and may decrease the flow ve-
locity and increase the CBF as well as improve cardiac function.
The impact on cerebral metabolism, was studied in 2000 by,
Winkler et al.'”, using TCD and 18FDG PET; they reported
that cranioplasty appeared to affect postural blood flow reg-
ulation, CVRC, and cerebral glucose metabolism markedly.

However, not all patients who had undergone cranioplasty
showed neurological improvements. The authors focused on
this fact and hypothesized that the patients who had normal
reactivity of the cerebrovascular reserve capacity(CVRC) might
have better results. We evaluated the hemodynamic effects of
cranioplasty using TCD and CVRC was assessed by SPECT.

Common measurements of the dynamics of CBF have been
transcranial Doppler ultrasonography(TCD), Xe-enhanced
Computed Tomography(Xe-CT), CT perfusion imaging, Po-
sitron Emission Tomography(PET), and Single Photon Em-
ission Computed Tomography(SPECT)™.

Xe-CT and CT perfusion imaging have the advantage of
obtaining quantitative values of the regional CBE However,
Xe-CT is comple, it requires of special equipment such as a
closed rebreathing Xe inhalator and end tidal Xe monitor, and
the imaging of Xe-CT requires excellent cooperation from the
patient. CT perfusion imaging is not popular and is expensive.
PET has not only the advantage of obtaining quantitative va-
lues of the regional CBE but also provides measurement of



cerebral glucose and oxygen metabolism. However, PET re-
quires special equipment such as a cyclotron and is expensive
as well. Although TCD does not directly measure CBE, it does
measure blood flow velocity in the basal intracranial arteries.
Several studies">'” have shown that CBF velocity, measured
by TCD, was correlated with the CBF obtained using **Xe-
enhanced CT. In 1986, Bishop et al.” reported that, when at
rest, CBF compared to MCA blood flow velocity showed a
significant correlation. In 1989, Sorteberg et al.'® examined
the relationship between CBF and blood flow velocity in 17
normal subjects, and observed a statically significant correlation.
SPECT does not measure quantitative CBE but it is cheap,
casy, repeatable, and can measure qualitative regional CBF by
providing high resolution images. SPECT can be used to ev-
aluate CVRC at the lesion site of the brain using acetzolamide
stimulation. Kimura et al.'” suggested that the acetzolamide
activated '?I-SPECT was a good study for predicting cerebral
ischemic changes by measuring CVRC in the patients with
subarachnoid hemorrhage.

In 1985, the importance of using acetzolamide-stimulated
SPECT was widely accepted after the EC-IC bypass study
group reported its findings”. In 1998, Moon'?, using *™T'c-
HMPAOQO SPECT, reported that abnormal reactivity of the
vascular reserve capacity correlated very well with the prognosis
of patients with subarachnoid hemorrhage and suggested that
a CVRC study might also help to decide surgical timing for
a ruptured aneurysm. In 1999, Rha et al.'? selected patients
for surgery using a CVRC study and reported a good result
after bypass surgety in patients with hemodynamic cerebral
ischemia.

Therefore, the authors examined CBF changes before and
after cranioplasty using TCD, which is simple and easily re-
peated, and we prospectively studied the correlation of CVRC
with the neurological improvement after cranioplasty. In our
study, the CBF velocities on the opposite site as well as the
lesion site were significantly increased at both MCA and ICA
after cranioplasty. In comparisons between Group 1 and Group
2, there were significant CBF increases in both groups, but a
more significant increase was observed in Group 1. In eval-
uation of the correlation of neurological improvement after
cranioplasty; for each group, GCS was found to be significantly
improved in Group 1.

We confirmed the finding that removal of the effects of at-
mospheric pressure, after cranioplasty, appears to lead to inc-
reased regional CBE thus leading to neurological improvem-
ent. Because the abnormal CVRC, determined after acetaz-
olamide activation SPECT performed preoperatively, suggest
a disturbance of cerebrovascular autoregulation, in patients
such as those in group 2, the results of cranioplasty were not
s0 good. The reason why this may be that the cerebrovascular
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autoregulation was destroyed, and an effective and stable blood
supply would be impaired. Therefore, CVRC appears to play
a major role in the outcome of therapeutic cranioplasty; pr-
eoperative CVRC measurement might be an important pro-
gnostic factor for neurological improvement after cranioplasty.

Conclusion

n addition to cosmetic and protective effects, cranioplasty

might also improve the neurologjcal state of some patients
as a result of increased regional CBF in patients with surgical
bony defects. Among patients with surgjcal bony defects, the
patients who had normal reactivity of the cerebrovascular re-
serve capacity(CVRC) showed significant CBF increase and
neurological improvement after cranioplasty. The authors th-
erefore suggest that the cerebrovascular reserve capacity(CVRC),
as measured preoperatively, may be an important prognostic
factor for neurological improvement after cranioplasty.
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Commentary

( :ranioplasty, as it is noted in this paper, is still controve-
rsial on whether this procedure, especially for skull defect,

has its positive influence over neurological status. However,
the authors demonstrate in their prospective study that the
neurological improvement could be expected with the relat-
ively well preserved cerebrovascular reserve capacity based on
the acetazolamide activated *"Tc-HMPAO SPECT. The sh-
ortcoming is that the number of patients is not so enough to
draw the statistically definite results. In addition, the cerebs-
ovascular reserve capacity appears to be somewhat variable after
cranioplasty. I think it would be much better to discuss, if po-
ssible, what it means with these postoperative measurements
in regard with the above consequence.

There seem to be some factors, involving the dynamics of
cerebrospinal fluid, cerebral blood flow and metabolism, to
affect the brain after cranioplasty in patients with skull defects.
Considering these factors, this study provides a very valuable
guide for the neurological problems associated with skull defect.
And it would be very helpful to the clinical application with
further scudy.

Young-Seob Chung, M.D.
Department of Neurosurgery
Seoul National University
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