
CLINICAL ARTICLE

Increased strain levels and water content in brain tissue
after decompressive craniotomy

Hans von Holst & Xiaogai Li & Svein Kleiven

Received: 1 December 2011 /Accepted: 14 May 2012 /Published online: 1 June 2012
# Springer-Verlag 2012

Abstract
Background At present there is a debate on the effectiveness
of the decompressive craniotomy (DC). Stretching of axons
was speculated to contribute to the unfavourable outcome
for the patients. The quantification of strain level could
provide more insight into the potential damage to the axons.
The aim of the present study was to evaluate the strain level
and water content (WC) of the brain tissue for both the pre-
and post-craniotomy period.
Methods The stretching of brain tissue was quantified ret-
rospectively based on the computerised tomography (CT)
images of six patients before and after DC by a non-linear
image registration method. WC was related to specific grav-
ity (SG), which in turn was related to the Hounsfield unit
(HU) value in the CT images by a photoelectric correction
according to the chemical composition of brain tissue.
Results For all the six patients, the strain level showed a
substantial increase in the brain tissue close to the treated
side of DC compared with that found at the pre-craniotomy
period and ranged from 24 to 55 % at the post-craniotomy
period. Increase of strain level was also observed at the brain
tissue opposite to the treated side, however, to a much lesser

extent. The mean area of craniotomy was found to be 91.1±
12.7 cm2. The brain tissue volume increased from 27 to
127 ml, corresponding to 1.65 % and 8.13 % after DC in
all six patients. Also, the increased volume seemed to cor-
relate with increased strain level. Specifically, the overall
WC of brain tissue for two patients evaluated presented a
significant increase after the treatment compared with the
condition seen before the treatment. Furthermore, the Glasgow
Coma Scale (GCS) improved in four patients after the crani-
otomy, while two patients died. The GCS did not seem to
correlate with the strain level.
Conclusions We present a new numerical method to quan-
tify the stretching or strain level of brain tissue and WC
following DC. The significant increase in strain level and
WC in the post-craniotomy period may cause electro-
physiological changes in the axons, resulting in loss of
neuronal function. Hence, this new numerical method
provides more insight of the consequences following
DC and may be used to better define the most optimal
size and area of the craniotomy in reducing the strain
level development.
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Introduction

Traumatic brain injury (TBI) is a heavy burden in a global
perspective [53], which holds true also for patients with
stroke. Except for general and neurological intensive care
treatment, patients with the most severe TBI and stroke are
treated with so-called decompressive craniotomy (DC) to
reduce the intracranial pressure (ICP) caused by cerebral
swelling [1, 38]. The use of DC has increased, although a
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complete consensus on its effectiveness has not been fully
achieved [42, 47, 50]. A retrospective and prospective analy-
sis including more than 155 patients was presented recently
showing no convincing difference in outcome for patients
treated with either conservative intensive care or with DC
[14], and a debate arose on how to interpret the data in clinical
practice [39, 46, 50].

DC allows expansion of the swollen brain outside the skull
[14, 42], which causes stretching of the axons. Stretching of
axons is thought to result in diffuse axonal injury (DAI) during
the rapid deformation of brain tissue following an impact [13,
26, 40]. Axonal injury was found in dynamic axonal stretch
experiments [12, 41, 45]. Bain et al. [2] demonstrated in an
animal model that a strain level of approximately 21 % will
elicit electrophysiological changes, while a strain of approxi-
mately 34 % will cause morphological signs of damage to the
white matter. Using a stretching model of the sciatic nerve,
Fowler et al. [19] concluded that even minimal tension, if
maintained for a significant amount of time, may result in
neuronal functional loss. It should therefore be expected that
the central nervous system (CNS) will also sustain potential
damage under a long duration of stretch such as in the
post-craniotomy stage. As has been suggested, axonal
stretch may contribute to the unfavourable outcome of
the craniotomy patients [14].

Early studies using experimental animal models found
that DC may cause worsening of cerebral oedema [15, 20].
A similar effect of DC has been reported by a recent study
[44]. However, other research groups revealed contradictory
results that reduced brain oedema formation was found in
the group treated with DC [35, 48, 56]. The Hounsfield unit
(HU) value from computerised tomography (CT) images
was closely related to the severity of brain oedema, which
appear as low-density areas on CT images due to excess
water accumulation [24, 36, 37]. Although the occurrence of
brain oedema can be demonstrated with CT scans, the
quantitative determination of water content (WC) could
play an important role in the evaluation of the severity
of brain oedema and the monitoring of the treatment
efficiency.

Thus, the aim of the present study was to clinically
evaluate earlier experimental studies by the presentation of
a new software image method which analyses the strain
level and WC in the brain tissue using the patient’s CT
images before and after DC.

Patients and methods

Patient information

Six patients aged 25–61 (mean 45±13.8 years) were includ-
ed in this study and treated with DC due to trauma in one

patient and to stroke in five patients. The Glasgow Coma
Scale (GCS) and CT were evaluated both before and after
the DC.

Quantification of brain tissue deformation in pre-craniotomy
and post-craniotomy period

An image registration method was used to investigate the brain
deformation retrospectively based on the CT images of the
patients before and after DC. A non-linear registration method,
the Diffeomorphic Demons algorithm [51] implemented in the
open-source software Slicer 3D [34], was used, which allows
accounting for localised distortion and large deformation while
simultaneously preserving the topology [51]. Due to the com-
pression of the ventricular system, brain tissue was deformed
from a healthy stage to the pre-craniotomy state. Thus, both the
strain level at pre-craniotomy and post-craniotomy images
needs to be quantified which makes it necessary to obtain a
healthy brain image before analysing the TBI or stroke in the
patient. Since a pre-TBI or stroke image of each patient is
unavailable, an image registration method was used to recover
a healthy brain image of the patient before the TBI and stroke.
The magnetic resonance (MR) images of a healthy volunteer at
a similar age were used and which should give a reasonable
approximation for the recovered ventricular shape due to the
fact that ventricle volumes are age-dependent [27]. The MR
images were thenmorphed to the patient’s CT image at the pre-
craniotomy state according to the cranial shape (see [28] for
more detail). The morphing result is the recovered healthy
brain with one slice having a zero strain level presented as a
comparison for patient MC (Fig. 4, Healthy brain). The
assumption underlying this approach is that all normal brains,
at least at a certain level of representation, have a similar
topological structure, but may differ in shape details [3].

The ventricles and the outer layer of the brain were seg-
mented as binary images for the recovered healthy brain, pre-
and post-craniotomy CT images. In order to apply Demons
registration, a rigid registration step was used to centre the
images about the same point. The displacement field was then
obtained through the Diffeomorphic Demons registration.
From the calculated displacement field representing the
motion of the brain tissue due to DC, a quantitative description
of the tissue deformation in the brain following the cranioto-
my can be derived in the form of the finite Lagrange strain
tensor [21, 23]. Different scalar indices can be derived from
the strain tensor, especially, the first principal strain, which
represents the maximum stretching was used to describe the
stretching of brain tissue. Strain quantification by image reg-
istration has been used in different organs such as the lung and
the heart [6, 21, 22, 33, 52]. This method has also been used to
study brain tissue deformation during mild skull impact on
healthy volunteers [4, 18].
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Assessment of the registration agreement

There are many possible transformations that could match a
set of identifiable image features [16]. With all the possibil-
ities, it is important to check how physically plausible the
registration result is for the particular applications. For data
without ground truth, the mean square difference (MSE),
Harmonic energy and Jacobian determinant have been used
to assess the registration quality [25]. The determinant of the
Jacobian matrix of the deformation field, j, represents the
local relative tissue volume change throughout the brain.
Where j<1, local contraction is implied, j01 implies no
volume change and j>1 implies local expansion [23]. The
brain tissue region with largest j value is located around the
ventricular system and at the site of craniotomy. The Jaco-
bian determinant of the deformation field overlayed with the
deformed frame showing how the inner brain structure was
deformed for patient MC is demonstrated in Appendix 1.

Mapping the water content

The extraction of WC is based on a relationship between
WC and specific gravity (SG) [32], which could be obtained
from the Hounsfield unit (HU) value in the CT images by a
photoelectric correction value ΔHp [9, 10, 36] according to
the chemical composition and the X-ray energy. SG then
serves as a bridge to connect the HU value from CT image
with that of the WC. In order to make the HU values from
different images comparable, both pre- and post-craniotomy
images were calibrated using a two-point calibration method
using CSF and air as references [7]. Different equations
apply for grey and white matter due to the chemical com-
position difference, which makes it necessary to segment the
images. This was performed by using an atlas-based method
[11]. Morphing a segmented brain atlas to the patient brain
according to the cranial and lateral ventricle shape and the
morphed template gives the segmented image. The detailed
steps of analysing WC are described in Appendix 2.

Results

The results of strain level and WC are presented separately
in the following sections.

Strain level overview

The quantified strain levels at both pre- and post-craniotomy
for all the six patients are presented in Fig. 1. Craniotomy
allows brain tissue to expand outside the skull as shown
from the CT images at the post-craniotomy period (Fig. 1,
row 2). The maximum motion of the brain tissue occurred
around the centre of the craniotomy and ranged from 7 to

21 mm. A similar strain pattern is seen for all patients, but to
a different extent. In the pre-craniotomy brain, the strain
level is large around the ventricular system, which makes
the neurons around the ventricles either stretched or com-
pressed (Fig. 1, row 3). For patient VM, the pre-craniotomy
image looked normal, thus no deformation occurred, and a
slice with zero strain at pre-craniotomy was plotted. Follow-
ing DC, the strain level increased substantially at the treated
side compared with that before the treatment (Fig. 1, row 4).
Also, the strain is more widespread compared with the pre-
craniotomy. Moreover, an increase in strain level on the
opposite side of the DC was also observed, however, to a
much lesser extent compared with the treated side. Thus, the
DC results in a substantially increased strain level towards
the treated side simultaneously with an increased strain level
in the expanded brain tissue area itself. The maximum strain
level was localised around the skull edge of the DC, indi-
cating that the neurons in this area were under serious
stretching (Fig. 1, row 5).

The evaluation of axonal stretching at the treated part of
craniotomy is of great interest since it has been suggested to
contribute to the unfavourable outcome for the patients [14].
Thus, the average strain level of brain tissue expanded
outside the skull was evaluated for both the pre- and post-
craniotomy stages with the results presented in Fig. 2 (left).
For all the patients, the average strain level at the expanded
brain tissue increased significantly after craniotomy ranging
from 24 to 55 %. The GCS improved in four patients after
the craniotomy, while two patients died (Fig. 2, right). The
GCS did not seem to correlate with the strain level.

Craniectomy sizes were measured in the six patients
based on postoperative CT scans following the method
defined in [54]. The CT scanning was re-sampled in
8-mm-slice thickness without gap or overlap. Distance be-
tween the posterior and anterior margins of the bone defect
was measured on each slice using the inner table of the skull
bone. The total craniotomy size of DC was calculated by
multiplying this value by the slice thickness and adding all
results. The mean craniotomy size was 91.1±12.7 cm2 and it
ranged from 70.1 to 107.2 cm2. In general, a larger craniot-
omy size tends to lead to a smaller average strain level
development at the brain tissue that expanded outside the
skull (Fig. 3, left). A largest strain level development was
found in Patient VM with a smallest craniotomy size.

DC allows brain tissue to expand outside the skull, thus
causes an increase in brain tissue volume. The increased
volume was calculated based on the segmented CT images
for both pre- and post-craniotomy images by subtracting the
segmented cranial shape at post-craniotomy from the pre-
craniotomy images. Based on this subtraction, the relative
volume increase in percentage in the six patients was calcu-
lated. The brain tissue volume increased after DC in all six
patients ranging from 27 ml to 127 ml corresponding to
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1.65 % and 8.13 %, respectively. Also, despite the small
number of patients, the relative volume increase [i.e. ΔV
(%)] seems to correlate with increased strain level (Fig. 3,
right). A larger volume increase in general, tends to cause a
larger strain level increase (Fig. 3, right).

Comparison of the strain levels in different regions

In an effort to exemplify the different strain levels in the
brain tissue, the strain level was further analysed for patient
MD by plotting the strain along the cross-lines before and
after DC (Fig. 4a–c) showing a significant influence of the
treatment has on the strain level.

The increased strain level differs significantly depending
on where the analysis is taking place. The strain level in the
vicinity of the DC shows a higher level after the treatment
(Fig. 4a, b), and other areas with a longer distance from the
DC also presents an increase of strain level, however, to a
lesser extent (Fig. 4c). Note that in order to compare the

same brain tissue point, the strain level at pre-craniotomy
stage was mapped to the post-craniotomy space by the
displacement field relating these two states.

Water content

Comparison of the water content in different regions

The water content was analysed more extensively in two
patients (MC and VM). The quantified water content for
patient MC is presented in Fig. 5. In comparison to normal
conditions of WC, which are around 70 % for white matter
and 80 % for grey matter [17], the WC shows a slightly
increased concentration in the brain tissue of the TBI patient
after the DC (Fig. 5, lower row), reaching a WC of up to
90 % in some areas of the brain tissue.

When comparing the WC before and after the treatment,
the increased WC is more obvious in the white matter of the
frontal lobe where a haemorrhage was seen from the CT

Fig. 1 Strain levels quantified
for all the six patients. A
representative axial slice of the
CT images at pre-craniotomy
period (row 1). A representative
axial slice of the CT images at
post-craniotomy period (row 2).
A representative axial slice of
the quantified strain level is
shown at pre-craniotomy (row
3) and post-craniotomy period
(row 4). Contour of strain level
at brain tissue abutting the skull
base at post-craniotomy period
(row 5)
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regions of brain tissue
expanded outside the skull for
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image (Fig. 1, row 2, column MC). For other parts of the
brain, the increased WC is distributed in a relatively similar
way in both hemispheres regardless of the area of DC. A
probability density function (PDF) was used to depict the
relative frequency at a given WC level. The PDF provided a
profile of WC distribution of the entire brain, which was
characterised by two distinct peaks, one for white matter and
one for grey matter (Fig. 5). The development of oedema is
characterised by more voxels at higher WC, which is equiv-
alent to a shift of the profile to the right. The average WC in

the whole brain is significantly increased after the DC
compared with that seen before the treatment (Fig. 5). The
average WC of white matter had increased (P<0.001) from
70.6 %±5.7 % to 73.1 %±5.9 %, and for grey matter (P<
0.001) from 82.5 %±3.6 % to 84.5±5.9 %, respectively
(mean ± standard deviation).

For patient VM, compared with the pre-craniotomy
period, the WC increment showed clear preferences at
the treated hemisphere compared with the opposite side
(Fig. 6). The average WC in the whole brain is
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Fig. 3 Craniotomy size with
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Fig. 4 Strain distribution at a
representative axial slice in the
healthy, pre-craniotomy and
post- craniotomy period (upper
row). Evaluation of the strain
levels before and after treatment
along the cross-lines in three
different areas of the brain
tissue (a–c lower row)
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significantly increased after the DC compared with that
seen before the treatment. The average WC of white
matter had increased (P<0.001) from 73.2 %±3.7 % to
76.0 %±6.2 %, and for grey matter (P<0.001) from
84.5 %±3.0 % to 86.3 %±4.5 %, respectively (mean ±
standard deviation).

Discussion

The recommended treatment following TBI and stroke is
predominately based on clinical practice and personal expe-
rience. DC may lead to an improvement in physiological
parameters, such as an effective decrease in ICP [14] and
also to increase in cerebral blood flow (CBF) velocity [47].
However, the impact of this procedure on clinical outcome
and social rehabilitation has not been clearly established.
Both the strain level as well as WC in the brain tissue is of
major importance when DC is used following severe TBI. In
this study, we have proposed a new method to quantify the
strain levels and WC from CT images in the entire brain
tissue following DC. The substantially increased strain level
and WC after DC may jeopardise the axonal function in a

negative way. We found that there is a surprisingly high
level of strain in the brain tissue due to craniotomy and
especially in regions where the brain tissue gets in close
contact with the edges of the opened skull bone where the
brain tissue is seriously stretched (Fig. 1, row 6). This might
result in irreversible dysfunction of the brain tissue in those
regions. The stretch of axons in the cerebral tissue fibres
may very well lead to disruption of axonal transport and
metabolism [30]. The increased strain level in the most
peripheral of the treated side is probably caused by the lower
resistance of the dura mater compared with the skull bone.
This allows larger brain tissue expansion compared with
tissue adjacent to the bones of the skull, which causes
distortion of brain tissue at this part. Thus, the size and
shape of the edges of the skull bone defect are important
factors to be considered when performing the surgical pro-
cedure. The craniotomy size performed in clinics could
differ from one patient to another, and a large enough
craniotomy size was suggested to be important for a better
neurological outcome [54], which is confirmed in the pres-
ent study with regards to the strain level increase in the
vicinity of the skull edges. Also, we propose that it is quite
possible to reduce the sharpness of the skull edges by

Fig. 5 Quantitative water
content (WC) maps in four
consecutive transverse slices
through the brain in the pre-
craniotomy (upper row) and
post-craniotomy (lower row)
period for patient MC. The
probability density function of
WC for the entire brain shows a
shift of WC toward a higher
level in the post-craniotomy
period
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changing the angles of the bone flap at the time of craniot-
omy. Further, a larger craniotomy size tends to lead to a
smaller strain level development at the brain tissue that
expanded outside the skull (Fig. 3, left). This suggests that
a larger craniotomy size should be considered to improve
the metabolic conditions of the neuronal tissue [54].

Based on the present results, it has been shown that the
new image method could be used to assess and visualise the
strain level caused by the DC and it is suggested that further
biomechanical models should be developed for preplanning
of where the DC should be performed on the skull, aiming at
reaching the least strain level in the brain tissue while
simultaneously lowering the ICP.

The increased brain tissue strain level was up to 80 %,
and 120 % for patient MC and patient VM respectively, at
some regions of the treated part. To give a physical inter-
pretation, a strain level of 120 % indicates that brain tissue
has been stretched to 2.2-times its original length. When this
deformation reaches a critical point or threshold, it will
initiate a biochemical response, thereby causing the neuro-
nal injury which was speculated to contribute to the unfav-
ourable outcome of DC patients [14]. Earlier studies found

that a strain level of 5 % will alter neuronal function, while
10 % can cause cell death in rapid axonal stretching models
[55]. Under slow loading rates, with duration of minutes, the
axons could tolerate much higher strain levels [45]. How-
ever, in the case of axonal stretch for the post-craniotomy
stage under which the axons are under a sustained static
stretching for days and even weeks, the potential damage
due to axonal stretching remains unclear. Using a model of
sciatic nerve stretch, Fowler et al. [19] have reported that
even minimal tension, if maintained for a significant amount
of time, may result in loss of neuronal function. A similar
pattern should be expected also for the central nervous
system, resulting in a sustainable potential damage under
long duration stretch as in the post-craniotomy situation.
The question how this high strain level of brain tissue found
at the post-craniotomy stage affects the neuronal function
and the outcome of the patient is unclear and is waiting for
further experimental studies.

It has been suggested that DC not only includes the
removal of a part of the skull bone but also part of the dura
should be opened, aiming at allowing the brain tissue to
move out of the skull even further. With such a high strain

Fig. 6 Quantitative water
content (WC) maps for four
consecutive transverse slices
through the brain in the pre-
craniotomy (upper row) and
post-craniotomy (lower row)
period for patient VM. The
probability density function for
the entire brain shows a shift of
WC toward a higher level in the
post-craniotomy period
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level found in this simulation, partial opening of the dura may
even further increase the strain level in this region, thereby
jeopardising the neuronal metabolism to an unacceptable lev-
el. DC has indeed reduced the number of deaths, while the
number of vegetative stages has increased. One possible ex-
planation is that DC reduces the ICP, while it reduces the
neuronal metabolism by the increased strain level. Thus, based
on the present results one can tentatively suggest that allowing
a further extension of brain tissue will result in even higher
numbers of vegetative stages among these patients.

The clinical condition defined with the GCS before and
after DC treatment did not correlate with the strain level. This
is not a surprise as the clinical condition is dependent on
several different factors. Size of injury is one important aspect,
while TBI and stroke are two different causes of illness. TBI
includes an external kinetic impact of different energy supply
transferred to the whole brain, while stroke, as an original
illness, is an internal impact. Both diseases may develop in
different ways, resulting in different consequence. The ana-
tomical localisation is another important aspect to explain why
it should not be so easy to find any correlation between GCS
and strain level. Nevertheless, the importance of defining the
strain level on an individual basis is that it may be part of an
answer to a patient’s clinical outcome.

The post-craniotomy increased WC in the two exempli-
fied patients after treatment compared with pre-craniotomy
was found to be 2.5 % and 2.0 % for white matter and grey
matter, respectively for patient MC. while the corresponding
values were 2.8 % and 1.8 % for patient VM. This is in line
with the clinical findings that DC may lead to worsening of
cerebral oedema [15, 20, 44] which may develop over days
[43]. It is worth noting that both patients evaluated in this
study showed higher WC at the post-craniotomy stage.
However, it is not known whether this development could
be attributed to the DC. In the post-craniotomy period, most
of the brain tissue was allowed to expand and it is more
obvious at the areas close to the treated part. From a me-
chanical point of view it is clear that with an increased
volume, more space is available to accumulate more fluid,
and the WC increment found in patient VM is as expected.
For patient MC, however, there is no preference of increased
WC at the treated part compared with the opposite hemi-
sphere, which shows a similar distribution. This should
indicate that the increased WC due to mechanical expansion
caused by DC played a limited role in this case. Instead, the
development of brain oedema is a complex consecutive
pathological process which depends on the type of primary
lesions and associated conditions [49]. Although the data set
of WC with only two patients exemplified included in this
study did not allow conclusions about the impact of DC on
the development of brain oedema, the approach proposed
here could be readily extended to include more patient data
in future studies.

WC of the oedematous brain is one of the major determi-
nants of CT attenuation and the HU value from CT images
was reported to be closely related with WC [36]. A lower HU
value, which shows reduced density on the CT image, usually
represents an increment of WC. However, the correlation of
the HU value with the WC is complex, and there is no single
relationship betweenWC and HU value. For example, despite
the higher WC, grey matter has a higher HU value than white
matter and thus presents brighter in the CT images. In order to
solve this problem, we proposed a method by firstly connect-
ing HU value with that of SG with different photoelectric
correction values for grey and white matter according to their
chemical composition respectively [36]; SG in turn is related
to WC [29], thereby establishing a relationship between WC
and the HU value from the CT images. The SG-WC relation-
ship used was taken from Marmarou et al. [29], but a slightly
different equation was reported by Boethe et al. [8]. Thus,
although the absolute WC obtained from the two examples in
this study was reasonable, the results should be interpreted
with caution since they were dependent on the SG-WC equa-
tion used. Nevertheless, since the same set of equations was
used for pre- and post-craniotomy images, the conclusions
drawn on WC increment is independent of the choice of SG-
WC equations.

It is difficult to correlate the HU value from one scanner to
another, due to different scanning parameters, such as the tube
current (mA), tube voltage (kV), reconstruction kernel
and slice thickness. However, the mean HU value, which is an
intrinsic property of the material being examined, is mainly
dependent on the photoelectric energy (i.e. kV settings) [5],
other aforementioned parameters only affect the image qual-
ity, and some images may be noisier than others. Since both
pre- and post-craniotomy images for both exemplified patients
were taken at 120 kV, this makes HU values from these
images comparable. Furthermore, a two-point calibration us-
ing CSF and air [7] were performed as this should eliminate
most of the inter-scanner calibration problem.

Conclusions

The present results show that it is possible to evaluate the
strain level of neuronal tissue following DC. Also, it is
suggested that further biomechanical models should be
eveloped to predict the strain level already before the treat-
ment. Such a prediction may support the neurosurgical
procedure where to place and how to design the craniotomy
to find the least strain level development. Although it is
sometimes not possible to avoid DC for severe TBI and
stroke patients with increased ICP, awareness and a better
understanding of the DC reducing the ICP but simultaneous-
ly increase the strain level, thereby jeopardising the cerebral
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metabolism in the neuronal tissue should promote the pre-
vention of further damage to the brain.
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Appendix 1

Jacobian determinant map of the displacement field

The Jacobian determinant of the deformation field is
overlayed with the deformed frame showing how the
inner structure of the brain tissue was deformed
(Fig. 7).

Appendix 2

Analysis of water content

Analysis of WC was performed in the following steps:

& The relationship between SG and WC was obtained by
using experimental data from [29] according to the
equation derived in [32]. For white matter, WC0

784.93/SG-684.93, and for grey matter WC0484.62/
SG-384.62 [29].

& Photoelectric correction ΔHp was calculated in order to
relate SG with the HU value. SG 0 n/nw(1 + Hc/1000),
and Hc 0 HU – ΔHp, where n is the number of nucleons
per electron for the tissue and nw is the number of
nucleons per electron for water (nw01.8125) [36].
According to the chemical composition for white matter
and grey matter from [10], the values of n are near
identical for white and grey matter with n_WM0
1.8125 and n_GM01.8121 for white and grey matter
respectively. The HU and Hc values for normal white
and grey matter were calculated from the mass attenua-
tion coefficients obtained from the Photon Cross

Sections Database [5] at 70 keV (the approximated
effective energy corresponding to the 120 kV tube volt-
age [31] which was used for both the pre- and post-
craniotomy CT images) by adding the coefficient of
each element weighted by the composition fraction.
The obtained values are ΔHp_WM0−1.386 and
ΔHp_WM04.0098. These values are very close to the
value in [10] at 80 keV energy level.

& HU values were calibrated using the average value of
CSF (H_aveCSF ) from pre and post-craniotomy CT
images and air (HU0−1,000) as reference. After cali-
bration, the HU value for CSF becomes H_aveCSF and
−1,000 for air for both pre- and post-craniotomy images.
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