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Abstract: Conventional image registration utilizing brain voxel information may be erroneous in a neu-
rosurgical setting due to pathology and surgery-related anatomical distortions. We report a novel
application of an automated image registration procedure based on skull segmentation for magnetic
resonance imaging (MRI) scans acquired before, during and after surgery (i.e., perioperative). The pro-
cedure was implemented to assist analysis of intraoperative brain shift in 11 pediatric epilepsy surgery
cases, each of whom had up to five consecutive perioperative MRI scans. The procedure consisted of
the following steps: (1) Skull segmentation using tissue classification tools. (2) Estimation of rigid body
transformation between image pairs using registration driven by the skull segmentation. (3) Composi-
tion of transformations to provide transformations between each scan and a common space. The proce-
dure was validated using locations of three types of reference structural landmarks: the skull pin sites,
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the eye positions, and the scalp skin surface, detected using the peak intensity gradient. The mean tar-
get registration error (TRE) scores by skull pin sites and scalp skin rendering were around 1 mm and
<1 mm, respectively. Validation by eye position demonstrated >1 mm TRE scores, suggesting it is not
a reliable reference landmark in surgical scenarios. Comparable registration accuracy was achieved
between opened and closed skull scan pairs and closed and closed skull scan pairs. Our procedure
offers a reliable registration framework for processing intrasubject time series perioperative MRI data,
with potential of improving intraoperative MRI-based image guidance in neurosurgical practice. Hum
Brain Mapp 37:3530–3543, 2016. VC 2016 Wiley Periodicals, Inc.

Key words: accuracy; automated registration; brain shift; children; epilepsy; intraoperative; preopera-
tive; postoperative; magnetic resonance imaging; neurosurgery; skull segmentation
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INTRODUCTION

Use of preoperative magnetic resonance imaging (MRI)
during neurosurgery to guide lesion resection is well
established. During surgery, the skull is held fixed using a
surgical frame, and surgical navigation is calibrated rela-
tive to scalp mounted fiducial markers. The main draw-
back is the inability to account for the effects of brain shift
throughout the course of surgery. Brain shift can occur fol-
lowing several dynamic and interacting surgical events,
such as opening the skull and the dura mater (DM), drain-
ing the cerebral spinal fluid (CSF), removing the lesion,
and use of anesthetic and cerebral relaxation agents [Dor-
ward et al., 1998; Nabavi et al., 2001; Nimsky et al., 2000,
2001; Romano et al., 2011]. The magnitude of brain shift
can vary up to several centimeters, adversely impacting on
the imaging-guided navigation accuracy [Hastreiter et al.,
2004; Nabavi et al., 2001].

Accuracy of surgical navigation may be improved with
detailed characterization of intraoperative brain shifts.
Recent developments in MRI have produced intraoperative
MRI scanners with similar performance to those used diag-
nostically [Hall and Truwit, 2008; Lipson et al., 2001]. This
means that high-resolution, three-dimensional imaging data
can be captured during surgery with quality comparable to
that of the pre and the postoperative data, potentially
allowing for correction of intraoperative brain shifts.

Aligning brain images so that common regions overlap
is known as registration. It is a preprocessing step for
many types of analysis and is useful for visual comparison
between different MRI datasets. Intrasubject registration is
commonly used to align images of the same patient
acquired by different modalities or with different imaging
contrasts [Fitzpatrick et al., 1998; Studholme et al., 1996,
1997; Wells et al., 1996; West et al., 1997]. Intrasubject
registration may also be used to align images of the same
patient acquired longitudinally, across several scanning
sessions [Hajnal et al., 1995; Smith et al., 2002; Woods
et al., 1998]. Characterization of intraoperative brain shift
requires alignment of intrasubject, perioperative time
series MRI scans. Existing studies concerning the align-
ment of perioperative brain MRI scans used either an

interactive manual or a semi-automated registration
technique.

The manual approach estimates a rigid-body transfor-
mation between the preoperative and intraoperative
images using anatomical landmarks (e.g. bridge of the
nose) or aligning adhesive fiducial markers placed on the
scalp [Dorward et al., 1998; Nimsky et al., 2000, 2001]. The
process is performed interactively between the operator
guiding the registration points, and the registration soft-
ware displaying the aligned images in three orthogonal
planes. Registration fidelity is evaluated either visually by
the operator or defined by the displacement of designated
landmark/fiducial between the images. The advantage of
these approaches includes the ability to update registration
accuracy in real-time, and the robustness to surgical
changes by ignoring landmarks affected by surgery. The
disadvantages are related to interoperator variability and
the time involved in manual registration. Selecting suffi-
cient MRI visible landmarks is also difficult and labor
intensive. Adhesive fiducial markers may often be
removed following the initial image registration, or may
shift position during the course of the surgery.

Semi-automated approaches use an automated refine-
ment of an initial manual landmark registration [Maesawa
et al., 2010; Maurer et al., 1998; Nabavi et al., 2001; Nimsky
et al., 2005, 2007, 2006; Romano et al., 2011]. Automated
methods, widely used in brain imaging studies, estimate a
transformation between images by maximizing a voxel
similarity measure (or minimizing a voxel dissimilarity
measure) [Woods et al., 1992, 1993]. Typically, the similar-
ity measure is computed using all or most of the image.
Automated approaches are widely available and can esti-
mate rigid-body transformations quickly. They have been
shown to be more accurate than manual landmark
approaches [Alpert et al., 1996; Sarkar et al., 2005; Strother
et al., 1994; Zuk and Atkins, 1996]. Subvoxel registration
accuracy has been demonstrated with automated
approaches in well-constrained scenarios using simulated
phantom images [Hajnal et al., 1995; Woods et al., 1998],
normal intrasubject MRI data [Hajnal et al., 1995; Strother
et al., 1994; Woods et al., 1998] and cross-modality data
(i.e., PET-MRI, CT-MRI) [Alpert et al., 1996; Fitzpatrick
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et al., 1998; Sarkar et al., 2005; Strother et al., 1994; Stud-
holme et al., 1997; West et al., 1997; Zuk and Atkins, 1996].

Automated approaches are extremely effective at align-
ing images with differing geometry and contrast, but inac-
curacies can occur when content differs, for example when
aligning brains before and after resection. This occurs
because the resected region contributes to the similarity
measure. It is possible to use masking strategies to con-
strain the similarity function calculation to common areas,
but this is both manually demanding and can cause opti-
mization problems [Jenkinson and Smith, 2001]. Similar
problems occur with non-brain tissue in neuroimaging
studies, where face and scalp differ significantly between
individuals and reduce brain registration accuracy. Widely
used neuroimaging tools, such as Statistical Parametric
Mapping (SPM) and the FMRIB Software Library (FSL)
address the issue in different ways. SPM combines tissue
classification and registration so that the contribution of
non-brain tissues can be down weighted while FSL per-
forms a brain extraction step prior to registration.

The automated registration approaches driven by the
brain voxels inherently bias brain shift characterization by
removing or minimizing components of brain tissue
changes relative to the skull, as well as being biased by
changes caused by the surgery. In an extreme example, a
“perfect” brain registration would eliminate all differences
in brain tissue morphology.

In this technical note, we introduce and validate an
automated registration procedure that is driven by the
skull anatomy instead of depending on brain tissue match-
ing. The skull is a logical choice of anatomical structure to
use for registration because it is held fixed in the surgical
scenario. We also validate the registration between the
preoperative and the postoperative MRI scans so the tech-
nique can be applied to other quantitative MRI research,
such as exploring adaptive brain changes and recovery fol-
lowing operations. The alignment method is automated,
thus avoiding the operator-dependent bias associated with
manual landmark selection or mask creation. The proce-
dures are implemented using widely available computa-
tional neuroimaging software. We demonstrate the
feasibility, reliability, and clinical utility of this registration
procedure using the perioperative MRI scans acquired
clinically in 11 pediatric epilepsy surgery patients.

THEORY

The alignment procedures described in this note use
two computational tools—brain tissue classification and
registration, both of which are widely used in neuroimag-
ing research. Both brain tissue classification and registra-
tion have been the subject of significant research effort in
the past 20 years (See [Isgum et al., 2015; Mendrik et al.,
2015; Murphy et al., 2011] for recent reviews of public
challenges) and many implementations of them are openly
available in the neuroimaging community [Ashburner and

Friston, 2005; Avants et al., 2011; Jenkinson and Smith,
2001; Klein et al., 2010; Smith et al., 2004].

Registration accuracy is typically estimated by computing
distances between corresponding landmarks in images after
alignment to produce a target registration error (TRE). Per-
fect registration will produce a zero TRE. Common exam-
ples of landmarks include easily identifiable anatomical
features such as the bridge of the nose or adhesive fiducial
markers. It is important to note that localizing the position
of landmarks introduces error which will be included in
the TRE—thus accuracy estimates based on landmarks are
likely to be conservative as they include errors in landmark
position that are not related to registration.

The validation procedure uses several image processing
tools (to accurately segment landmarks) from the field of
mathematical morphology. They are morphological filter-
ing and morphological segmentation using the watershed
transform from markers (WTM). Theoretical aspects of
these tools are discussed in the Supporting Information.

MATERIALS AND METHODS

MRI Alignment Procedure and Accuracy

Validation

Skull segmentation

The “New Segment” procedure, implemented in the SPM
software version 8, was used for brain tissue, skull, and
scalp segmentation (Fig. 1). “New Segment” is a develop-
ment of the Unified Segmentation algorithm that combines
tissue classification, bias inhomogeneity correction and
alignment to an atlas [Ashburner and Friston, 2005].

Intrasession sequence image alignment

Intrasession sequence alignment may be performed to
estimate transformations between the T1-weighted image
and other images acquired in the same session, thus allow-
ing other types of information to be transformed to the
common space. An overview of approaches and applica-
tions is provided in discussion. The transformation between
sequences may be linear when distortion is minimal or
non-linear when distortion is significant, as can occur with
echo-planar imaging (EPI) sequences. Both linear and non-
linear distortions can be composed to produce transforma-
tions to standard space, as indicated in Figure 2.

Pairwise inter time point image alignment

Transformations between pairs of T1-weighted scans
were estimated using the FLIRT-based procedure intro-
duced in the SIENA tool, but using the SPM derived skull
segmentation in place of the original skull boundary used
in SIENA. Transformations to the halfway space between
scan pairs were also computed using the SIENA tool.
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Composition of all pairwise transformations into a

single transformation

The pairwise transformations between pairs of T1-
weighted scans acquired at different times and between the
T1-weighted scan and the diffusion-weighted imaging (DWI)
sequences acquired in the same session were then composed
to map all images to a common space. We used the halfway
space between images from the first two sessions as the
common space. The procedure is illustrated in Figure 2.

Registration accuracy measures

The accuracy of registration was evaluated using two
types of landmark and a surface comparison method. One
set of landmarks (skull pin sites) was only visible during
surgical scans while the second set of landmarks (eye
globe positions) and scalp surface comparison approaches
were applicable to all scans. Landmarks were selected to
be independent of the information used in registration,
easily identifiable on T1-weighted images and fixed during
surgery. Semi-automated approaches were used to deter-
mine landmark locations in order to reduce bias.

TRE was computed for the two landmark approaches.
The median of displacements between corresponding
points on a pair of scalp surfaces provided the equivalent

comparison for surfaces. Median values were used to
reduce the impact of outliers.

The following describes the segmentation methods for
each landmark/structure used to evaluate the registration
accuracy.

Fixed skull landmark: skull pin sites. During surgery,
the skull position was held constant using a surgical head
frame with three skull pins. The metallic pins produced
susceptibility artifacts that were clearly visible on T1-
weighted images (Fig. 3A). The pin sites were segmented
using a semi-automated approach and the centroid of the
segmentation used as the landmark location.

Pin sites were segmented as follows:

1. An approximate manual segmentation of each pin
site was created in the first intrasurgical scan. This
segmentation included all of the pin site and a mod-
erate amount of surrounding tissue and empty space
(Fig. 3B) and was used to indicate the pin location.
This segmentation was refined by the subsequent
steps.

2. A segmentation of the entire head was created from the
presurgical scan using Otsu thresholding [Otsu, 1975],
followed by a morphological closing (15 mm spherical
structuring element) and a morphological opening
(10 mm spherical structuring element), retaining the

Figure 1.

A case example (Patient 4) of axial T1-weighted MRI (top row) with overlaid SPM derived skull

segmentation (bottom row, in red) over five consecutive perioperative time points (MR1 to

MR5). Skull is opened in time points MR3 and MR4 and the skull classification procedure interpo-

lates the missing regions. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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largest connected component and then applying a 5 mm
morphological dilation. This segmentation was used to
mask aspects of surgical scans, such as the craniotomy
site.

3. Automated morphological filtering methods were
used to refine this manual segmentation:
a. The intrasurgical T1-weighted scan was masked

using the head segmentation produced in Step 2.

Figure 2.

Alignment of images to a common space via composition of pair-

wise transformations. T11 through T15 are T1-weighted scans at

five perioperative time points. Diff1 is a presurgical DWI scan,

and T23 is a T2-weighted intrasurgical MR scan acquired in the

corresponding MR sessions. Circles and ellipses indicate transfor-

mation between images. Transformations (TF) between the T1-

weighted and the other scans acquired in one session are esti-

mated first. This is annotated using TFx0 :x, where “x” represents

the acquisition time point. For example, TF10 :1 represents trans-

formation of Diff1 to T11. Next, transformations are estimated

between pairs of T1-weighted scans (TF(x 1 1): x). For example,

transformation TF2:1 aligns T12 with T11. Transformation to the

halfway space between pairs (e.g. TF1:
ffip
1:2) can be computed

from the between-pair transformations. Pairwise transformations

are then combined to produce a transformation between any

image and the halfway space between the first two scans. For

example, the transformation TF1:
ffip
1:2TF2:1TF3:2TF30 :3 aligns the T2

scan from MR session three with the common space.

Figure 3.

Skull pin site segmentation steps. (A) T1-weighted image show-

ing the artifact of the metallic skull pin, (B) manual approximate

segmentation, (C) thresholding of brain to produce mask, (D)

small morphological closing to remove small gaps in mask, (E)

large closing to remove large holes in mask, (F) difference

between E and D recovers the large holes in the mask, (G)

masking with B and retaining largest three components to pro-

duce the final pin site segmentations. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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b. The masked T1-weighted scan was thresholded
using Otsu’s method (Fig. 3C).

c. A morphological closing (radius 3 mm) applied to
fill small dark regions such as the skull and CSF
(Fig. 3D).

d. A large morphological closing (radius 30 mm)
applied to fill pin sites (and other larger dark
regions such as ventricles, eyes etc) (Fig. 3E).

e. The differences between images from Steps c and
d (Fig. 3F) was masked using the rough manual
segmentation and the largest three connected com-
ponents retained to produce segmentation of the
pin sites (Fig. 3G).

Eye globe positions landmark

The eye globes within the orbital fossa were segmented
using a semi-automated approach and the center of grav-
ity of the segmentation used as the landmark location. It

was used to assess registration accuracy of all pairings of
perioperative MRI.

Eye globes were segmented using the following semi-
automated approach:

1. The approximate center of each eye globe was
marked in the presurgical scan (Fig. 4A).

2. A morphological dilation (15 mm) was applied to the
eyeball marker to create a region of interest contain-
ing the entire eye globe (Fig. 4B).

3. The region of interest from Step 2 in T1-weighted
scan was threshold using the triangle method [Zack
et al., 1977] to produce mask of interior of the eye
globe (Fig. 4C).

4. A morphological erosion (3 mm) was applied to the
image from Step 3 to retain the components con-
nected to the original marker (Fig. 4D) and a mor-
phological dilation (3 mm) was applied (Fig. 4E) to
reverse the effect of the erosion and produce the final
eye globe segmentation.

Figure 4.

Eye globe segmentation steps. (A) Manually mark approximate

center of the eye globe, (B) dilation of center to create a region

of interest including the entire eye globe, (C) thresholding of

eye region (retaining dark voxels) to produce mask of interior

of eye globe, (D) erosion and retain component connected to

original point in A, to disconnect interior of eye from surround-

ing dark voxels, (E) dilation to reverse the effect of the erosion

and produce the final eye globe segmentation. [Color figure can

be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 5.

Scalp skin surface segmentation steps using the WTM. (A)

stage 1 markers derived from head segmentation, with back-

ground marker in blue and foreground marker in red, (B)

inner edge of scalp adipose connective tissue layer obtained by

applying a WTM to detect the peak increasing gradient, (C)

peak of the scalp adipose connective tissue layer detected

using stage B result as the foreground marker and applying

WTM to the intensity image, (D) skin surface detected using a

WTM with a dilated stage C result as the foreground marker

and detecting peak decreasing gradient. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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Scalp skin surface layer

The surface of the scalp skin was clearly visible on T1-
weighted MRI scans. A useful proportion was relatively
stable during surgery (see discussion for exceptions) and
the extracted surface was therefore useful for assessing
registration accuracy. Regions of the skin surface remote
from pin sites, eyeballs, and surgical resection were used
to assess registration accuracy. The face and neck soft tis-
sues were cropped out, below a plane between the eyes
and the basion of the foramen magnum.

The surface was segmented using several phases of WTM
applied to the T1-weighted scan and gradients. The multi-
phase approach was found to be more reliable than a single
phase as the magnitude of the gradient between air and skin
was often similar to the gradient between skin and adipose
tissue (within the scalp connective tissue layer). Adipose tis-
sue appears brightest in the scalp on T1-weighted scans.

1. Markers were derived from a presurgical head mask
(as described in the pin site segmentation) (Fig. 5A).

2. The inner edge of the scalp adipose tissue layer was
segmented by applying a WTM to a gradient image
containing dark to light transitions (Fig. 5B).

3. The peak intensity of the scalp adipose tissue layer
was segmented (Fig. 5C) using a WTM with the T1-
weighted intensity as the control image and markers
derived from the Step 2 result.

4. The skin surface was segmented (Fig. 5D) by applying
a WTM to a gradient image containing light to dark
transitions and markers derived from the Step 3 result.

Analysis

TRE was computed for pairs of MRI scans. The notation
MR1:2 denotes the TRE measure between MRI scans at
time points 1 and 2.

Both means and medians were calculated to represent
the center of the TRE distribution. The range, interquartile
range (IQR), standard deviation (SD), and 95% confidence
interval (CI) were calculated to represent the dispersion of
the TRE distribution.

Patients and MRI Acquisitions

Participants

We prospectively recruited 11 children undergoing sur-
gery for drug-resistant focal epilepsy, presenting to the
Royal Children’s Hospital, Melbourne, Australia (five
males and six females; average age 11.7 years, range 3.8 to
15.8 years). Basic demographics, and information pertain-
ing to their epilepsy pathology and surgery are summar-
ized in Table I.

The study complied with the Australia’s National
Health and Medical Research Council (NHMRC) National
Statement on Ethical Conduct in Human Research (2007)
and the Note for Guidance on Good Clinical Practice
(CPMP/ICH-135/95). The Hospital’s Research Ethics
Committee approved the study. All parents and guardi-
ans, and cognitively competent participants older than
12-year-old gave informed consent prior to study
commencement.

TABLE I. Participant information: basic demographics, epilepsy pathology, and epilepsy surgery

Patient
ID

Age
(years) Gender Epilepsy lesion pathology

Lesion
hemisphere Lesion site

Resected
lesion

volume (cm3)
Surgical head

position
Craniotomy
area (cm2)

1 13.4 Female Cerebral gliosis secondary
to previous resection of
pilocytic astrocytoma

L F 3.9 Supine lateral 81.0

2 13.4 Male FCD L T 16.5 Lateral 55.3
3 3.8 Male TSC R F, Ta 9.5a Supine lateral 48.8
4 15.8 Male DNET R F 13.5 Lateral 32.4
5 15.5 Male Chronic encephalitis L F 12.4 Lateral 82.5
6 4.8 Male FCD with DVA L F 3.9 Lateral 37.5
7 10.2 Female Non-specific pathology R T 31.5 Lateral 20.0
8 10.9 Female DNET R O 7.0 Oblique lateral 22.0
9 13.3 Female DNET L T/P/O junctionb 5.2 Lateral 19.6
10 15.4 Female TSC R O 4.6 Oblique lateral 20.3
11 12.2 Female DNET R T/P/O junctionb 24.2 Oblique lateral 35.8

aMultiple cortical lesions were resected in these cases. Combined volumes of these lesions were represented here.
bT/P/O junction included lesions involving either the subcortical WM or cortical regions of the supramarginal gyrus, angular gyrus,
posterior portions of the middle and inferior temporal gyri, or the fusiform gyrus.
Abbreviations: BOSD: bottom of sulcus dysplasia; cc: cubic centimetre; cm: centimetre; DNET: dysembryoplastic neuroepithelial tumour;
DVA: developmental venous anomaly; F: frontal; FCD: focal cortical dysplasia; I: insula; L: left; O: occipital; P: parietal; R: right; T: tem-
poral; TSC: tuberous sclerosis complex.
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IMAGE ACQUISITION

Up to five consecutive perioperative MRI scans were
acquired for the study participants.

MR1: Presurgical image used for surgical planning,
acquired within several months before the surgery (aver-
age 3.7 months; range 4 days–6.8 months prior to
surgery).

TABLE II. Summary of TRE for all scan pairs using the three different registration validation landmarks

Validation
Landmarks

TRE (mm)

Mean SD 95%CI Median IQR Range

Skull pins 0.95 0.93 0.69–1.21 0.80 0.53–1.04 0.13–6.03
Eye globes 2.11 1.15 1.85–2.37 1.92 1.35–2.60 0.22–6.42
Skin surface 0.59 0.26 0.50–0.67 0.54 0.38–0.74 0.20–1.22

Abbreviations: CI: confidence interval; IQR: interquartile range; SD: standard deviation.

Figure 6.

The box and whisker plots showing the TRE for all patients esti-

mated using the skull pin sites, the eye globe positions and the

scalp skin surface comparisons. The 1 mm TRE lines are marked

on all plots to aid interpretation. All TRE scores estimated using

the scalp skin surface comparisons are below 1 mm. All except

two patients’ TRE scores estimated using the skull pin sites are

at or below 1 mm. In Patients 4 and 8, erroneous outlier maxi-

mum TRE scores contribute to the unusually high TRE scores.

Majority of the TRE scores estimated using the eye globe posi-

tions are above 1 mm.
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MR2: First intrasurgical image acquired with the
patient’s head fixed in the surgical position prior to
craniotomy.

MR3: Second intrasurgical image acquired post skull
opening (craniotomy), and DM opening (durotomy), prior
to lesion resection.

MR4: Third intrasurgical scan acquired post lesion resec-
tion, prior to closure of the skull.

MR5: Follow-up scan acquired approximately three
months postsurgery (average 3.3 months; range 2.6 months
to 4.3 months following surgery).

Presurgical and postsurgical scans were obtained
using a 32-channel head coil 3Tesla (3T) Siemens MRI
scanner (Siemens Magnetom Trio Tim syngo MRI,
Erlangen, Germany). Intrasurgical scans were obtained
using an 8-channel head coil 3T movable intraoperative
Siemens MRI scanner (IMRIS, Manitoba, Canada)
placed in an operating theatre with radiofrequency
shielding.

The acquisition sequences were identical in all cases.
Non-contrast T1-weighted high-resolution magnetization
prepared rapid gradient-echo data were the selected ana-
tomical sequence used for registration purposes (For the
presurgical and the postsurgical scans: 256 3 256 acquisi-
tion matrix, FOV 5 250, 0.8 mm3 isotropic voxels, TR/
TE 5 1,900/2.69 ms; For the intrasurgical scans: 256 3 256
acquisition matrix, FOV 5 256, 1.0 mm3 isotropic voxels,
TR/TE 5 1,800/2.19 ms).

RESULTS

The patients and their operations were typical of those
managed in a tertiary pediatric epilepsy surgical center
(Table I).

Overall, 54 out of a possible 55 MRI scans were acquired
from all patients. MR1, MR2, MR3, and MR5 scans were
acquired from all patients and used for analysis. Two of
the MR1 and the MR5 scans were acquired under general
anesthesia. MR4 scans were acquired in 10/11 patients.
One MR4 scan was not performed due to safety and logis-
tic issues related to the long surgical time. Two MR4 scans
were excluded from analysis. One had poor image quality,
as a result of significant EPI susceptibility distortion and
head motion artifact. The other had incomplete acquisition
due to MRI hardware malfunction.

The TRE scores are summarized in Table II. Both the
mean and median TRE scores were larger with the eye
globe measures than those obtained from using the skull
pins and scalp skin surface measures. The mean and
median TRE scores of the latter two measures were below
1 mm, approximately equate to the MRI voxel dimension.
The ranges of TRE scores for both the eye globe and skull
pin measures were greater than those from the scalp skin
surface measure, due to outlier effects (see discussion).

The TRE scores by each patient are shown in Figure 6.
The TRE scores obtained with eye globe measures were
above 1 mm for 14/15 patients. The TRE scores obtained

Figure 7.

The box and whisker plot of TRE scores by MRI pairs using the

skull pin site, and the eye globe position validation landmarks

and the scalp skin surface comparisons. The 1 mm TRE line is

marked on the plot to aid interpretation. The TRE scores based

on skull pin sites are only available for the intraoperative scan

pairs (MR2:3 and MR2:4). For the validation method using the

scalp skin surfaces, the estimated TRE scores between opened

and closed skull scans (MR1:3 and MR1:4) are not significantly dif-

ferent from those achieved between closed skull scans (MR1:2

and MR1:5) (P 5 0.12, mixed effects model). [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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from scalp skin surface comparisons were all below 1 mm,
and equated approximately to the MRI voxel dimensions.
All except two patients’ TRE scores obtained from skull
pin sites were at or below 1 mm. In Patients 4 and 8, the
largest TRE scores were 2 mm and 6 mm respectively,
caused by surgical factors influencing segmentation of the
skull pin sites (see discussion).

When summarizing the results by MRI pairs, the TRE
scores estimated from the skin surface did not significantly
differ between pairings of scans with closed: opened
(MR1:3 and MR1:4) and closed: closed (MR1:2 and MR 1:5)
skull (P 5 0.12, using mixed effects model) (Fig. 7). The
mean TRE scores for scalp skin surface comparisons were
0.58 mm (SD 0.22; 95% CI 0.43–0.73) for MR1:2, 0.71 mm
(SD 0.33; 95% CI 0.49–0.93) for MR1:3, 0.56 mm (SD 0.20;
95% CI 0.43–0.70) for MR1:4, and 0.27 mm (SD 0.27; 95% CI
0.19–0.70) for MR1:5. The mean TRE scores for eye globe
landmarks were 2.07 mm (SD 0.78; 95% CI 1.73–2.42) for

MR1:2, 2.52 mm (SD 1.22; 95% CI 1.98–3.06) for MR1:3,
2.38 mm (SD 1.31; 95% CI 1.80–2.96) for MR1:4, and
1.10 mm (SD 0.65; 95% CI 0.73–1.48) for MR1:5.

The TRE scores based on skull pin locations were only
available for the intraoperative scans. The mean TRE
scores estimated from the skull pin sites were 0.82 mm
(SD 0.63; 95% CI 0.60–1.04) for MR2:3 and 1.19 mm
(SD1.30; 95% CI 0.54–1.84) for MR2:4.

DISCUSSION

Characterization of perioperative brain shifts requires accu-
rate registration of MRI scans acquired prior to, during and
after surgery. In this technical note, we introduce and vali-
date an automated registration procedure that is driven by
skull segmentation, thus avoiding biases that may be intro-
duced if the registration is driven by the brain tissue. The
automated alignment methods prevent operator-dependent

Figure 8.

Sources of TRE in Patient 4. (A) Notable differences in eye

globe positions between pairings of preoperative (red) and

first intraoperative (yellow) MRI scan, while scalp skin surfa-

ces are closely aligned. (B) Rotational deformation of skin

surrounding the skull pins, and skin compression close to the

craniotomy flap lead to segmentation error of the skull pin

site (in red). This causes an overestimation of the registration

error. Abbreviations: MR1: the presurgical scan; MR2: the first

intrasurgical scan; MR3: the second intrasurgical scan; MR1:2:

the aligned pair of MR1 and MR2. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.

com.]
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biases associated with manual landmark selection or mask
creation. They are implemented using widely available com-
putational neuroimaging software.

The methods described were applied to data acquired in
a pediatric epilepsy surgery setting, and the adhesive fidu-

cial markers were not available for all MRI scans. We used
both landmark based and surface based approaches to
evaluate registration accuracy, with one traditional struc-
ture landmark (center of eye globe) and one novel land-
mark (susceptibility artifacts from skull pins of the
surgical head frame) as well as a precise segmentation of
the scalp skin surface. The skull pin sites were only avail-
able on the intraoperative MRI scans.

Registration using our automated skull-based approach
is very precise, with sub-voxel, sub-millimeter accuracy
across all time points according to surface-based valida-
tion, and approximately 1 mm accuracy using pin site
landmarks. The lower accuracy measured using eye globe
landmarks suggests they are not reliable in the surgical
scenario. While all eye globe segmentation appeared to be
visually satisfactory, multi-millimeter differences in eye
position were observed on different time series MRI scans
of many patients. These subtle differences were possibly
related to eye movements during awake scanning or relax-
ation of eye muscles during general anesthesia. Figure 8A
demonstrates an example of this eye position segmentation
error in one patient. Alternative anatomical features or
skull bony landmarks were not chosen to evaluate the
registration accuracy because they require manual defini-
tion, introducing apriori biases.

The study also demonstrated accurate image registration
can be achieved between intraoperative pre and post skull
opening MRI scans. This capability is due to the behavior
of the SPM “New Segment” tissue classification in the
presence of missing skull. Tissue classification algorithms,
such as those derived from SPM, are designed to support

Figure 9.

Error in segmentation of the skull pin sites for Patient 8. The

front right skull pin site (red) is obscured by wrap around arti-

fact incorporating extracranial soft tissue into the field of view.

This leads to segmentation error of this skull pin site, thus over-

estimation of the TRE. Abbreviations: L: left; MR2: the first intra-

surgical scan; MR4: the third intrasurgical scan; R: right. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 10.

Three-dimensional renderings of skin scalp surface illustrating

distribution of estimated surface displacement between time

points. Localized skin deformation is visible in different MRI pair-

ings. (A) Alignment pairing between the presurgical and the first

intrasurgical scans (MR1:2). The image is displayed in a right lat-

eral operative position for a left temporal craniotomy. The cra-

niotomy and the skull pin sites are cropped out. Note greater

registration errors occur over the frontal scalp region, relating

to the application of adhesive skin fiducial markers (in blue), and

tractional skin changes adjacent to the skull pin site. (B) Align-

ment pairing between the presurgical and the second intrasurgi-

cal scans (MR1:3). Additional registration error is noted around

edges of the craniotomy flap (in cyan). (C) Alignment pairing

between the presurgical and the postsurgical scans (MR1:5). Right

posterior skull view is displayed. Greater registration errors are

noted around the ear (likely due to skin compression associated

with headphone use), and around the occiput and the neck

(likely due to supine positional skin compression). Abbreviation:

p: posterior. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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studies of typical brains, or ones with relatively typical
anatomical architecture and thus can perform poorly in
the presence of pathology or contrast agents, with misclas-
sification of brain tissues. However, the skull classification
tends to be minimally affected by such errors. Due to the
minimal contrast between skull and air in T1-weighted
images, the skull classification tends to interpolate across a
craniotomy defect (see Fig. 1).

While this is an incorrect classification, it is a useful
method of approximation for the purpose of skull align-
ment. It reduces the difference between the surgical and the
non-surgical skull segmentations and thus improves the
registration process. The registration accuracy between the
opened and the closed skull scans does not significantly dif-
fer from those achieved with aligning the closed skull scans
(Fig. 7). This is an important affirmation of our registration
technique, from which the degree of brain shifts can be
studied over multiple perioperative time points.

The amount of clinically acceptable registration error is
likely to be case and scenario dependent. Existing brain
shift studies utilizing pre and intraoperative MRI data
reported a root mean square displacement of TRE score
around 1.0 to 1.5 mm, and a range between 0 to 3.7 mm
[Nimsky et al., 2000, 2001, 2006]. In other studies, the
registration accuracy was either not addressed [Maesawa
et al., 2010; Ozawa et al., 2009; Romano et al., 2011] or lim-
ited only to visual inspection of image overlays [Maurer
et al., 1998; Nabavi et al., 2001; Nimsky et al., 2005, 2007].
In studies with reported TRE scores, image registrations
were performed using software incorporated in the surgi-
cal navigation system—one required manual fiducial
matching [Nimsky et al., 2000] and the other two used
semi-automated algorithm based on mutual information/
voxel similarity measures [Nimsky et al., 2001, 2006]. Our
reported TRE scores using the skull pins and scalp skin
surface as validation measures achieve at least comparable
registration accuracy with these reported values.

Our results are also comparable to those obtained from
automatic registration performed in normal intrasubject
time series MRI data with simulated image interpolation
[Hajnal et al., 1995; Strother et al., 1994; Woods et al.,
1998]. Our results also compare favorably to registration
accuracy achieved using normal cross-modality data (i.e,.
MRI-PET, MRI-CT, and MRI-SPECT registration) [Alpert
et al., 1996; Pfluger et al., 2000; Sarkar et al., 2005; Strother
et al., 1994; West et al., 1997].

The accuracy of registration is likely to be an underesti-
mate. Susceptibility artifacts change between scans and
segmentation of them is variable. Estimation of skull pin
location is thus subject to error, and the error inflates the
registration error. Other MRI artifacts, if extending over
these pin locations, can also add to this segmentation
error. This is the reason for an outlier pin site TRE score
observed in one patient, as illustrated in Figure 9.

The effects of the surgical frame, craniotomy and head
position on the scalp skin surface are surprisingly complex

and are detectable in skin surface renderings. Compression
or deformation of scalp skin by application of the surgical
frame, differences in muscle state caused by head position,
and extended effects of the craniotomy all change the skin
surface in subtle ways (Fig. 10). These changes in surface
shape contribute to measures of registration error. Figure
8B illustrates an example of this skin surface rendering
problem, leading to overestimation of registration error by
skull pin segmentation in one patient. We have used a
robust statistic (median) to summarize the registration
error derived from the surfaces, but the accuracy likely
remains an underestimate.

Intrasession alignment offers the potential to align infor-
mation from different scan types in a common space. For
example, using phase reversed acquisitions or field mapping
a distorted preoperative DWI sequence may be aligned with
the T1-weighted scan from the same session, allowing trac-
tography results to be aligned in the common space [Cusack
and Papadakis, 2002; Irfanoglu et al., 2015; Jezzard and Bala-
ban, 1995]. Alternatively, an intraoperative contrast-
enhanced scan providing information about remaining
lesional tissue could be transformed to the common space to
allow comparison with the presurgical planning data.

Internal inconsistency associated with MRI hardware
and the scanning environment inherently limits the degree
of registration accuracy that can be achieved in this study.
Scan-to-scan variability occurs with noises, motion artifacts
(head movement, cardiac and CSF pulsation), anatomic
mis-mapping associated with signal wrap around, image
distortion related to magnetic field and gradient field inho-
mogeneity, radiofrequency noise, and signal attenuation
associated with surface coil distances. Interscanner vari-
ability also exists because we processed MRI data acquired
by a conventional and an intraoperative 3T MRI scanner.

Findings of this work have provided us with the techni-
cal affirmation required to implement this registration pro-
cedure to the study of intraoperative brain and white
matter tract shifts. Applicability of our registration proce-
dure requires further evaluation of its computation time
and in alternative clinical scenario. Technical issues sur-
rounding software integration within the surgical naviga-
tion systems also need to be addressed first.
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