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Dynamics of cerebral blood flow and metabolism
in patients with cranioplasty as evaluated by 133Xe
CT and 31P magnetic resonance spectroscopy
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Abstract
Objective-Prolonged improvement in
neurological and mental disorders has
been seen after only cranioplasty in
patients initially treated with external
decompression for high intracranial pres-
sure. The objective was to evaluate, using
133Xe CT and 31P magnetic resonance
spectroscopy (MRS), how restoring the
bone itself can influence cerebral blood
flow and cerebral energy metabolism
after high intracranial pressure is attenu-
ated.
Methods-Seven patients (45-65 years
old) who had undergone external decom-
pression to prevent uncontrollable
intracranial hypertension after acute sub-
arachnoid haemorrhage were evaluated.
Cerebral blood flow and metabolic
changes were evaluated before and after
cranioplasty.
Results-The ratio of phosphocreatine to
inorganic phosphate (PCr/Pi), which is a
sensitive index of cerebral energy deple-
tion, was calculated and ,3-ATP was mea-
sured. The cerebral blood flow value in
the thalamus was normalised, from 44
(SD 9) to 56 (SD 8) ml/100 g/min (P <
0.01) and the value in the hemisphere
increased from 26 (SD 3) to 29 (SD 4)
ml/100 g/min on the side with the bone
defect. The PCr/Pi ratio improved greatly
from 2 53 (SD 0'45) to 3'01 (SD 0.24)
(P < 0.01). On the normal side, the values
of cerebral blood flow and PCr/Pi
increased significantly (P < 0'01) after
cranioplasty, possibly due to transneural
suppression. The pH of brain tissue was
unchanged bilaterally after cranioplasty.
Conclusion-Cranioplasty should be car-
ried out as soon as oedema has disap-
peared, because a bone defect itself may
decrease cerebral blood flow and disturb
energy metabolism.

(7 Neurol Neurosurg Psychiatry 1996;61: 166-171)

pressive craniotomy remains controversial.
Some authors found that morbidity was
increased in survivors although decompressive
craniectomy reduced the mortality rate, proba-
bly because it reduced the adverse effects of
severe cerebral oedema and swelling.i"2 Many
patients with severe head injury or massive
cerebral infarction undergo external decom-
pression as a treatment.

However, little is known about how a bone
defect itself can influence cerebral blood flow
and cerebral energy metabolism after high
intracranial pressure is normalised. Prolonged
improvement in neurological and mental dis-
orders has been seen only after cranioplasty in
patients treated initially with external decom-
pression for high intracranial pressure.'3-'7 The
objective of the present study was to measure
cerebral blood flow and metabolic changes,
using '33Xe CT and 31P magnetic resonance
spectroscopy (MRS), before and after cranio-
plasty to evaluate whether the brain would
recover after attenuation of high intracranial
pressure, by restoration of the bone itself.

Materials and methods
Seven patients (45-65 years old) were selected
who had undergone clipping and external
decompression to prevent uncontrollable
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Since Cushing first described decompressive
craniectomy for the relief of intracranial pres-
sure,' surgical decompression has been advo-
cated as a treatment for severe brain oedema
associated with brain injury and cerebral
infarction.2 5 However, the value of decom-

Figure 1 Placement of regions of interest of cerebral blood
flow measurement. (A) frontal cortex; (B) putamen; (C)
thalamus; (D) whole cerebral hemisphere.
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Figure 2 A 52 year old
man with an aneurysm of
the right posterior
communicating artery
undervent clipping and
external decompression
because ofsevere
subarachnoid haemorrhage.
He had no neurological
deficit before cranioplasty
and the skull defect was
flat. Cranioplasty was
carried out three weeks after
the first operation. (A)
Cerebral bloodflow
mapping images before and
(B) after cranioplasty.
Cerebral bloodflow values
increasedfrom 21L9 to 25-6
in the hemisphere, andfrom
35 0 to 58-3 in the
thalamus after
cranioplasty.

'1* B~~~~~~~~~~~~~~~~~~~~~~~11

intracranial hypertension after acute subarach-
noid haemorrhage. Cerebral blood flow and
metabolism were evaluated by 133Xe CT and
31P MRS three weeks after external decom-
pression, or just before cranioplasty, when it
was concluded that cerebral swelling and
vasospasm had completely disappeared and
that high intracranial pressure was attenuated,
although we did not actually measure intracra-
nial pressure. Cerebral blood flow and metabo-
lism were measured again one week after
cranioplasty with an autologous bone graft.
Skull defects were round or flat.
The 133Xe CT study was carried out with a

TCT 900s CT scanner (Toshiba Co Ltd), an
AZ-723 model closed rebreathing Xe inhaler
(Anzai Sogyo Co Ltd), and an AZ-723-XS
end tidal Xe monitor (Anzai Sogyo Co Ltd).
Mapping of cerebral blood flow was per-
formed by the end tidal chamber method
while the patient inhaled 30% Xe gas for six
minutes. Regions of interest (ROIs) were
placed on the hemisphere, frontal cortex, thal-
amus, and putamen at the level of the basal
ganglia on both sides to delineate them on CT
without contrast enhancement (fig 1). 31P
MRS was performed on a 1-5 Tesla whole
body system (SMT-1 50; 64 MHz for H-I and
25-9 MHz for P-31; Shimadzu Co Ltd). TI
weighted H-I MR images (260/9/1
(TR/TE/excitations), field echo, flip angle =
900, slice width = 10 mm, pitch = II, 10
slices, 256 x 256 matrix, 120 seconds) were
used to inspect the volume of interest (VOI).
Field homogeneity was optimised by
autoshimming on the water proton signal.
Then the instrument was switched to 31p
MRS, and MRS of the VOI was obtained with
the 31P MRS head coil. The method used to
obtain 31P MRS was ID/ISIS (image selected
in vivo spectroscopy).'8 19 This method avoids
transverse relaxation and therefore allows

short T2 signals to appear on "P MRS.
Spectra were recorded with TR = 2000, sam-
pling delay time (TS) = 0-80 ms, 1024 sam-
pling points, and average = 300-800. The
VOI thickness was 30-50 mm and total accu-
mulation time was 13-15 minutes. The VOI
was located in almost the whole hemisphere,
including grey and white matter, usually at the
level of the basal ganglia (fig 3). All spectra
obtained contained signals from extracranial
structures, such as bone, muscle, and skin. It
is possible that these may have influenced
PCr/Pi (see below) and tissue pH values.
Spectra were quantified by automated area
analysis. To remove the broad signals derived
from bone and from tissues in the inhomoge-
neous profiled magnetic field, the convolution
difference method was used.'0 In this study,
we calculated the ratio of phosphocreatine to
inorganic phosphate (PCr/Pi). The quantifica-
tion of the spectra may have been influenced
by this signal processing. However, the quan-
tification error for the peaks which have long
T2 and narrow line width, such as PCr or Pi,
are considered to be small and negligible.
Tissue pH was calculated from the chemical
shift of inorganic phosphate.' 23

STATISTICAL ANALYSIS
Statistical analysis of any change in PCr/Pi and
,-ATP was performed with non-parametric
tests. All data are presented as means (SD).

Results
The cerebral blood flow values normalised
from 44d1 (9 3) to 55-9 (7 9) mlV100 g/min (P
< 0-01) in the thalamus and increased from
26-1 (3 4) to 28-7 (3 9) ml/100 g/min after
cranioplasty, in the hemisphere with the bone
defect (fig 2; fig 4A). Table 1 shows the mean
arterial blood pressure (MABP), arterial car-
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bon dioxide pressure (Paco,), and body tem-
perature at the time of cerebral blood flow
measurements. These results showed nothing
of significance. All patients were alert at the
time of cerebral blood flow measurements.
The PCr/Pi ratio improved greatly, from 2-54
(0-46) to 3 00 (0 25) (P < 0-01) after cranio-
plasty (fig 3; table 2). On the normal side, the
cerebral blood flow and PCr/Pi increased sig-
nificantly (P < 0-01) after cranioplasty (fig 4B;
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Figure 3 The same case as in fig 2. Tl weighted images (A,B) and spectroscopies (C,D)
before and after cranioplasty respectively (C,D). The PCr/Pi ratio increasedfrom 2-78 to 3-45.
Peak A = phosphomonoester (PME); B = inorganic phosphate (Pi), C = Phosphodiester
(PDE); D = Phosphocreatine (PCr), E = S-ATP, F = a-A TP, G = [3-A TP.

A
Hemisphere Thalamus Putamen Cortex

Figure 4 Cerebral bloodflow values before and after
cranioplasty (A) ipsilateral to the bone defect and (B) on
the normal contralateral side.
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Table I Preoperative and postoperative values of blood pressure, blood gas, and body temperature

MABP (mm Hg) Paco2 (mm Hg) Body temperature

Preoperative 101-7 (10-4) 38-0 (2-2) 36-4 (0 4)
Postoperative 99-6 (9-9) 37-4 (2 4) 36-5 (0 4)

Values are means (SD); MABP = mean arterial blood pressure; Paco, = arterial carbon dioxide pressure.

Table 2 Metabolic variables

Side of bone defect Normal side

PCr/Pi ,-ATP Brain pH PCr/Pi /3-A TP Brain pH

Before cranioplasty (n = 7) 2-54 (0-46) 0-52 (0-06) 7-15 (0-05) 2-75 (0-22) 0 57 (0 03) 7 16 (0 07)
After cranioplasty (n = 7) 3-00 (0 25)* 0-49 (0-04) 7-16 (0-09) 3-18 (0 36)* 0-58 (0 04) 7-15 (0-07)
Normal controls (n = 7) 3-21 (0-21)** 0-54 (0 06) 7-15 (0-13) 3-21 (0-21)** 0 54 (0 06) 7-15 (0-13)

Values are means (SD).
* P < 0-01; ** P < 0-01 v before cranioplasty.

Figure 5 Relations
between cerebral bloodflow
and metabolism in the
hemisphere ipsilateral to
the bone defect (A) and on
the normal contralateral
side (B). In every case,
both values increased after
surgery.
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table 2). Table 3 shows cerebral blood flow
values for five normal controls (45-65 years
old). In the thalamus, cerebral blood flow val-
ues decreased significantly (P < 0-02, P <
0 05) preoperatively compared with normal
controls. For PCr/Pi, preoperative ratios were
decreased significantly compared with normal
controls. Figure 5 shows the relation between
cerebral blood flow and metabolism. In every
case, values on both sides increased after

surgery. Brain tissue pH and ,BATP were
unchanged bilaterally after cranioplasty. The
patients had no neurological deficit or any
complaint before or after cranioplasty.

Discussion
Many authors have studied the influence of a
craniotomy on the brain at high intracranial
pressure. 1-8 However, measurements of cere-
bral blood flow and metabolism dynamics
have not been reported for patients who have
undergone external decompression after nor-
malisation of their intracranial hypertension.
Some patients who undergo external

decompression due to an acute increase in
intracranial pressure show improvement in
their neurological and mental disorders only
after cranioplasty.17 Further, changes in EEG
coincided well with the clinical course.
Tabaddor and LaMorgese'5 described a
patient who developed a contralateral weak-
ness four months after surgery and who recov-

ered after cranioplasty. Some authors have
proposed that cranioplasty should be per-
formed not only for cosmetic reasons in
patients with head injury with a bone defect,
but because of post-traumatic syndromes as
well as headache, dizziness, fatiguability, and
mental depression, could be due to a bone
defect.2325 Their results indicated that a bone
defect itself could damage the brain by an
unknown mechanism. Tabaddor and
LaMorgese presumed that a gradient existed
between atmospheric and intracranial pres-
sure. Stula'4 suggested that cicatrical changes
occurring in the cortex, dura, and skin may
exert pressure on the skull contents. Richaud
et al reported that cerebral blood flow, as
evaluated with '33Xe CT, improved after
cranioplasty as the neurological condition
improved.'6 Also, Suzuki et al, using dynamic
CT, reported that cerebral blood flow

Table 3 Mean cerebral bloodflow values (mlIlOOg/min)
Side of bone defect Normal side

Hemisphere Thalamus Putamen Cortex Hemisphere Thalamus Putamen Cortex

Preoperation (n = 7) 26-1 (3-4) 44-1 (9 3) 41-5 (15-8) 29-9 (13-0) 27-0 (4 0) 45 2 (9 2) 45-1 (13 3) 33 0 (8 0)
Postoperation (n = 7) 28-7 (3 9) 55-9 (7-9)** 47-3 (7-2) 36-0 (7 7) 30-8 (3-4) 56-6 (9.2)** 53-0 (7-9) 40-1 (5 9)
Normal controls (n = 5) 31-5 (3-8) 58-9 (7 6)t 51 7 (3 9) 39-9 (3 5) 31-5 (3 8) 58-9 (7-6)* 51 7 (3-9) 39 9 (3-5)

Values are means (SD).
* P < 0-05; t P < 0-02; ** P < 0-01 v preoperation.
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improved after cranioplasty.Y Grantham and
Landis reported an almost aphasic patient who
became able to use more words after cranio-
plasty although they gave no reason for this
improvement.'3 Therefore, in the present
study, we measured cerebral blood flow and
metabolic alterations before and after cranio-
plasty to assess the effect of craniotomy on the
brain. The patients had no neurological
deficit, complaint, or abnormal intensity area
on MRI before cranioplasty. Cerebral angiog-
raphy gave normal results in all patients.
Therefore, there was no evidence for cerebral
oedema, symptomatic vasospasm, or angio-
graphic vasospasm when cerebral blood flow
and the 3P spectrum were measured.
The three dimensional measurement of

regional cerebral blood flow using stable Xe
CT is non-invasive, easily repeatable, and pro-
vides excellent spatial resolution; thus it has
many clinical applications.27 29 Tanaka et alm
showed that the mean hemispheric cerebral
blood flow decreased by about 7% in patients
with headache and by about 35% in patients
with hemiparesis or a mental disturbance.
Further, reduction in cerebral blood flow was
always more pronounced in the putamen and
thalamus than in the cortex. Therefore, reduc-
tion in cerebral blood flow in patients with a
chronic subdural haematoma occurs in central
cerebral areas as brain compression and dis-
placement progresses. In the present study,
cerebral blood flow recovered to normal values
from 44-1 (9.3) to 55 9 (7 9) ml/100 g/min (P
< 0 01) in the thalamus and increased from
26-1 (3 4) to 28-7 (3-9) ml/100 g/min in the
hemisphere with the bone defect after cranio-
plasty. The pattern of cerebral blood flow sup-
pression in the case of a bone defect resembles
a chronic subdural haematoma. Inao et al
investigated brainstem distortion in patients
with chronic subdural haematomas and
hypothesised that atmospheric compression or
brain distortion and displacement are causes
of the reduction in cerebral blood flow.
Further, cerebral blood flow values improved
significantly after surgery. It was speculated
that this was due to transneural suppression
(diaschisis), because patients had no midline
shift on MRI.

Recent advances in MRS allow the non-
invasive study of cerebral metabolism in vivo.
However, quantitative evaluations are difficult
to perform, particularly the measurement of
absolute concentrations of metabolites. These
problems are currently circumvented by calcu-
lating the ratio of the metabolites. We empha-
sise that PCr/Pi is a sensitive marker of
cerebral energy depletion. A major role for
PCr in the brain is to buffer the ATP/ADP
ratio through the creatine kinase reaction.
Because a decrease in PCr is most likely
accompanied by an increase in Pi, the PCr/Pi
ratio amplifies even subtle decreases in PCr.32
Previous 3P MRS investigations in animals
have stressed a decreased ratio of PCr/Pi in
cases of experimental head trauma,32 acute
cerebral infarction, 34 36 hypoxia 33 37 and con-
vulson.35

Reduction in PCr/Pi occurred without

changes of brain pH and ,B-ATP in patients
with a bone defect. In the present investiga-
tion, the PCr/Pi ratio returned to normal after
cranioplasty. This phenomenon indicates a
disturbance of energy metabolism, also shown
by others.32 4"41

Therefore, it is possible that the cerebral
energy metabolism was disturbed by the bone
defect. It is also noteworthy that PCr/Pi ratios
were reduced contralateral to the bone defect,
just as the cerebral blood flow changes.

Signals from extracranial structures, such as
bone, muscle, and skin, were sampled simulta-
neously by 1D/ISIS. Therefore, values which
we reported differed from previous investiga-
tions. Bottomley et a1 42 reported values for
brain tissue pH and PCr/Pi values of 7-01
(0 05) and 7-7 (2 3) respectively in healthy
adults. The pH values given by Petroff et al
showed a considerable variation (7 09 to
7.33).21 The replacement of the bone flap
would have resulted in changing contributions
from skin, temporal muscle, and cerebral
blood flow. However, the patients had no mid-
line shift and no change of ventricle size before
and after cranioplasty. Because the change in
cerebral blood flow volume was very small, the
signal from decreased cerebral blood flow was
considered to be small and disregarded.
Tempolaris contribution was also considered
to be very small because skull defects were not
concave but round or flat. So we think that our
results are acceptable.
The PCr/Pi ratios and cerebral blood flow

values decreased by 15-4% and 9-1% respec-
tively before cranioplasty. Therefore, it is con-
sidered that the neural cells experienced a
deterioration in energy state because of an
imbalance between substrate supply and
energy utilisation.

In patients with chronic subdural
haematoma the PCr/Pi ratio also improved
greatly after surgery.4' However, in patients
with a bone defect, not only the same mecha-
nism as for a chronic subdural haematoma but
also more complicated causes must be consid-
ered. We speculate that brain distortion, and
unusual conditions such as a low intracranial
pressure due to a bone defect and fluctuation
of intracranial pressure with change in head
position, may also reduce cerebral blood flow
and produce energy disturbance. In animal
experiments, craniectomy, in normal animals
decreased intracranial pressure and increased
brain compliance,9 12 but tended to facilitate
brain oedema formation."3",,

In conclusion, our results suggest that cran-
ioplasty should be performed as soon as
intracranial hypertension has disappeared, as a
bone defect itself can decrease cerebral blood
flow and suppress cerebral metabolism even
when intracranial pressure is normal. Further,
prophylactic external decompression should
be avoided.

We thank Ms Hiromi Koida of the department of Radiology in
Nakatsugawa Municipal General Hospital for her technical
assistance.
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