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Objective: Diffusion tensor imaging (DTI) based on echo-planar imaging (EPI) can suffer from geometric image
distortions in comparison to conventional anatomical magnetic resonance imaging (MRI). Therefore, DTI-de-
rived information, such as fiber tractography (FT) used for treatment planning of brain tumors, might be as-
sociated with spatial inaccuracies when linearly projected on anatomical MRI. Hence, a non-linear, semi-elastic
image fusion shall be evaluated in this study that aims at correcting for image distortions in DTL

Patients and methods: In a sample of 27 patient datasets, 614 anatomical landmark pairs were retrospectively
defined in DTI and T1- or T2-weighted three-dimensional (3D) MRI data. The datasets were processed by a
commercial software package (Elements Image Fusion .0; Brainlab AG, Munich, Germany) providing rigid and
semi-elastic fusion functionalities, such as DTI distortion correction. To quantify the displacement prior to and
after semi-elastic fusion, the Euclidian distances of rigidly and elastically fused landmarks were evaluated by
means of descriptive statistics and Bland-Altman plot.

Results: For rigid and semi-elastic fusion mean target registration errors of 3.03 * 2.29mm and
2.04 = 1.95mm were found, respectively, with 91% of the evaluated landmarks moving closer to their position
determined in T1- or T2-weighted 3D MRI data after distortion correction. Most efficient correction was
achieved for non-superficial landmarks showing distortions up to 1 cm.

Conclusion: This study indicates that semi-elastic image fusion can be used for retrospective distortion correction
of DTI data acquired for image guidance, such as DTI FT as used for a broad range of clinical indications.

1. Introduction DTI volume has to be co-registered to conventional anatomical, three-

dimensional (3D) magnetic resonance imaging (MRI) data [13,14].

Diffusion tensor imaging (DTI) and fiber tractography (FT) are in-
creasingly used in neurosurgery for pre- and intraoperative visualiza-
tion of the brain’s white matter (WM) anatomy in order to facilitate
image-based guidance during brain tumor surgery [1-6]. In conjunction
with neurophysiological functional mapping, such as navigated tran-
scranial magnetic stimulation, consideration of subcortical fiber path-
ways may improve the extent of resection and simultaneously reduce
postoperative deficit rates [7-12]. In order to have FT information
available in standard image space used for image-guided surgery the

Rigid co-registration of 3D T1l-weighted MRI and DTI data re-
presents the standard procedure to fuse anatomical and FT information
[3,14]. This linear co-registration approach allows translation and ro-
tation in 3D space, i.e. in six degrees of freedom (DOF), and thus is only
reliable if the geometry of the imaged anatomical structures appear
exactly the same in both datasets.

Due to the application of the ultra-fast echo-planar imaging (EPI)
technique in DTI the derived diffusion metrics and reconstructed WM
fiber representations are inherently prone to non-rigid geometric
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distortions. Such distortions are non-systematic and patient-specific,
thus cannot be corrected directly by the MRI scanner system. Therefore,
many distortion correction methods have been proposed previously,
which are based on advanced reconstruction techniques using magnetic
field mapping [15], point-spread-function mapping [16], or forward-
reverse trajectory EPI acquisition [17-19]. These approaches rely on
non-linear, deformable image co-registration (i.e., elastic image fusion
with more than six DOF), which can optimize the intra-modal image
alignment even in areas with strong geometric distortions [18,19].

However, since these approaches commonly require additional scan
time, retrospective distortion correction methods have been suggested,
which, in essence, allow spatially aligning DTI data with respect to
standard anatomical MRI data without requiring additional MRI data
acquisition [20-23]. Such inter-modal non-linear image co-registration
methods incorporate dedicated cost functions penalizing undesired
image deformations. These methods, however, still show high pre-
valence of local image co-registration artifacts, which currently prevent
their establishment in the clinical routine.

The aim of the present work is to exploit a novel, commercially
available semi-elastic fusion approach (Elements Distortion Correction
Cranial4.0; Brainlab AG, Munich), which may enable retrospective,
fully automated and reliable distortion correction of DTI data and thus
facilitate FT applications in clinical settings. We hypothesize that the
proposed method improves the image co-registration accuracy of re-
presentative clinical T1- and T2-weighted MRI and DTI data in a cohort
of patients suffering from intracranial tumors or psychiatric disorders.
The co-registration accuracy is quantified via Euclidean distance mea-
surements of landmarks related to anatomical structures. The target
registration error (TRE) is evaluated and statistically compared for rigid
and semi-elastic fusion of clinically representative imaging fusion sce-
narios.

2. Materials and methods
2.1. Ethics

This retrospective, single-center study was approved by the local
institutional review board (registration number: 545/16S) and was
carried out in accordance with the ethical standards of the Declaration
of Helsinki and its later amendments. The local institutional review
board waived the requirement to obtain patient informed consent due
to the retrospective design of the study.

2.2. Patients and scans

Retrospective, anonymized patient datasets of 27 patients with
eloquent high-grade glioma (n; = 8), low-grade glioma (n, = 5), me-
ningioma of the skull base (n; = 4) or in eloquent areas (n4 = 5), or
psychiatric disorders (ns =5) were included in this evaluation
(Table 1). Lesion volumes varied from approximately 2 cm® to 169 cm?
and were located in different regions of the brain. The patient datasets
comprised a DTI scan acquired by means of EPI and either a 3D T1-
weighted gradient-echo sequence or a 3D fluid-attenuated inversion
recovery (FLAIR) sequence. In detail, DTI data were retrospectively
corrected with respect to 3D T1-weighted MRI scans with contrast agent
(nt1wca-Bo) Or without contrast agent (nr1wmr-go) as well as based on 3D
FLAIR data (nrowmrBo)- Mean in- and through-plane resolution of
conventional reference MRI data were 0.79 * 0.24mm and
1.16 = 1.52mm, respectively. The evaluated DTI data showed an in-
and  through-plane  resolution of 1.43 = 0.46mm  and
3.13 = 1.61 mm, respectively.

2.3. Distortion correction method

All images were retrospectively processed using Elements Image
Fusion .0 (Brainlab AG, Munich, Germany) including the applications
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Elements Rigid Image Fusion .0 and Elements Distortion Correction
Cranial .0 for rigid and semi-elastic image co-registration, respectively.
For both procedures, the DTI-derived BO images were fused to con-
ventional anatomical MRI data.

In a first step, inter-modal rigid fusion of DTI and conventional
anatomical MRI was performed using a mutual information-based
linear co-registration algorithm [24]. Afterwards, Elements Distortion
Correction Cranial 4.0 was used to elastically deform the geometrically
distorted BO images with respect to the reference scan (Figs. 1 and 2).
Therefore, image segmentation considering voxel-wise anatomic la-
beling of the 3D MRI was automatically performed by means of a
Synthetic Tissue Model (patent WO 2014063840 Al), and the image
volume related to the brain was subdivided into 3 X 3x3 cm?® image
volumes. Semi-elastic image fusion was performed by calculating
multiple affine co-registrations for each 3D sub-volume and ultimately
determining a 3D deformation vector field by interpolation of the local
affine co-registration estimates. Here, the 3D deformation field de-
scribed the pixel-wise morphing of the BO image volume in order to
spatially align it with respect to the 3D reference MRI scan.

2.4. Anatomical landmarks and evaluation of distortion correction

Quantitative evaluation of the proposed method was conducted by
Euclidian distance measurements between landmarks of identical ana-
tomical structures for rigidly and semi-elastically fused image data.
Therefore, Elements DICOM Viewer 4.0 (Brainlab AG, Munich,
Germany) was used to determine corresponding label points in the DTI-
BO and reference 3D MRI scan. These landmarks were defined in multi-
planar reconstructions of both scans and distributed almost evenly
throughout the brain. On average, for each patient dataset 23 landmark
pairs were defined in the reference and distorted image volume.
Automatic post-processing routines were used to measure the target
registration error for rigid fusion (TRE,gq) and semi-elastic fusion
(TREelastic)~

2.5. Statistical analyses

Data analyses and descriptive statistics were conducted using
MATLAB (MathWorks, Natick, USA). All TRE values are given in
mean * standard deviation (SD). Gaussian distribution of quantities
was tested by Kolmogorov-Smirnov tests. A p-value of < 0.05 was
considered statistically significant. Statistical differences of TRE;ziq and
TREejastic Values were assessed via Wilcoxon rank-sum tests. Correlation
and Bland-Altman analyses of TREygiq and TREejasiic Values were per-
formed in order to assess the effectiveness of the proposed method
depending on initial displacement shown by the reference method
(rigid fusion as quantified by TREygq). Graphical analysis and
Spearman correlations were used to identify linear relationships be-
tween spatial resolution of fused images and the image fusion accuracy
after distortion correction (quantitation by TREepstic). In addition,
average values of patient-specific mean and maximum TRE,gq and
TREjastic Values were determined for different lesion types, locations,
and seizure status.

3. Results

In total, 614 landmarks were evaluated in 27 fusion pairs showing
mean TRE values of 3.03 + 2.29mm and 2.04 = 1.95mm for rigid
and semi-elastic fusion, respectively (Table 2). Thus, the proposed DTI
distortion correction method resulted in an improvement of the image
fusion accuracy by 1.0 = 1.0 mm on average. As illustrated in Fig. 3,
correlation and regression analyses between TRE values for rigid fusion
(TRE,igia) and after distortion correction (TREcjasic) Showed that the
vast majority, i.e. 91% of the data points, are located below the line-of-
identity with a significant regression coefficient of r = 0.902
(p < 0.001) with a slope of 0.77. Correspondingly, 9% of the
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Table 1
Properties of investigated fusion scenarios.
Clinical Combined In-plane Slice distance In-plane Slice Tumor Tumor Mean Mean Maximum Maximum
indication modalities resolution of of reference resolution of distance of size (in location TRErigia  TREeiasic TRErigia TREejastic
reference image distorted distorted cm®) (inmm) (in mm) (in mm) (in mm)
image (in mm) image image
(in mm) (in mm) (in mm)

High-grade T1wCA-BO 0.80 0.80 1.80 5.20 62.90 frontal 2.26 1.85 3.92 3.55
Glioma T1wCA-BO 0.94 1.00 0.88 2.00 31.30 temporal  2.36 1.78 5.33 3.58
Typical workflow: ~ T1wCA-BO 0.90 1.00 0.88 2.00 2.48 motor 3.71 2.82 9.73 9.67
cranial planning and T1wCA-BO 0.98 1.00 0.88 2.00 26.10 temporal ~ 3.88 2.94 19.50 17.42
stereotactic T1wMR-BO 0.90 1.00 1.75 2.00 39.80 occipital 4.36 3.38 14.84 12.56
procedures T2wMR-BO 0.40 0.60 1.75 2.00 58.60 occipital 4.33 3.22 13.42 12.21

T1wCA-BO 0.91 1.00 0.88 2.00 168.90 temporal  3.27 2.21 12.62 8.91
T1wMR-BO 0.49 1.00 1.72 2.00 107.50 frontal 4.36 3.28 16.03 13.40

Low-grade T1wMR-BO 0.80 1.50 1.72 6.50 0.65 frontal 4.03 2.72 10.77 9.39
Glioma T1wMR-BO 1.00 1.00 0.86 3.00 20.40 parietal 2.03 1.42 3.91 2.65
Typical workflow: T1wCA-BO 0.94 1.00 0.88 2.00 32.30 frontal 2.91 1.79 7.86 5.78
cranial planning and T1wCA-BO 0.50 1.00 0.86 3.00 19.00 frontal 3.18 2.05 10.63 7.29
stereotactic T2wMR-BO 0.50 2.00 0.86 3.00 25.80 frontal 3.36 1.67 10.47 6.68
procedures

Meningioma of the T1wCA-BO 0.44 1.00 1.15 4.40 2.02 skull base  3.46 1.90 11.78 7.80
skull base T1wMR-BO 0.48 1.00 1.95 2.60 2.53 skull base  2.01 1.30 3.77 2.41
Typical workflow: =~ T1wMR-BO 0.48 1.00 1.95 2.60 17.90 skull base 2.28 1.86 9.71 8.45
cranial planning T1wMR-BO 1.00 1.00 1.20 6.50 2.54 skull base  2.58 1.97 12.03 11.03
procedures

Meningioma in T1wMR-BO 1.00 1.00 1.50 3.75 24.90 parietal 1.66 1.13 4.61 2.67
eloquent areas T1wMR-BO 1.00 1.00 1.60 1.60 30.90 parietal 2.35 1.30 5.68 5.72
Typical workflow: ~ T1WMR-BO 1.00 1.00 1.60 1.60 21.50 motor 2.66 1.59 4.86 4.00
cranial planning T1wMR-BO 1.00 1.00 2.05 2.60 21.30 motor 211 1.76 7.25 7.07
procedures T2wMR-BO 0.45 3.30 2.05 2.60 23.50 motor 1.90 1.40 8.39 7.97

Cases for deep brain T1wMR-BO 0.53 2.00 1.80 3.00 - - 2.65 1.92 8.41 7.65
stimulation T1wMR-BO 1.00 1.00 1.20 6.50 - - 2.65 1.73 8.02 6.20
Typical workflow: ~ T1WMR-BO 1.00 1.00 2.00 2.00 - - 3.96 1.82 8.05 4.32
stereotactic T2wMR-BO 1.00 1.00 2.00 2.00 - - 4.36 2.07 8.78 6.59
procedures T1wCA-BO 0.94 1.20 0.94 6.00 - - 2.61 1.57 4.32 3.58

IMAGE SEGMENTATION

e

a) Tlw MRI Patient Dataset b) Synthetic Tissue Model ¢) Elastic Fusion between d) Anatomical Mapping e) Brain Mask
mimicking T1w image contrast Patient and Model Dataset of Patient Dataset Definition

DISTORTION CORRECTION |

f) Rigid fusion of T1w and DTI g) Within the brain mask h) Local Affine Fusions i) Calculate a Deformation Field  j) Apply the Deformation Field
Patient Datasets subdivision of the DTI Dataset between T1w and DTI by Interpolation of local affine to the DTl Dataset
transformations

Fig. 1. Principles of semi-elastic fusion.
This figure shows the steps performed for semi-elastic fusion, including image segmentation and distortion correction.
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Table 2
Target registration error (TRE) for rigid fusion (TRE,g4) and semi-elastic fusion
(TREelastic)-

TRErigia TREejastic p-value
TRE (in mm) 3.03 = 2.29 2.04 = 1.95 < 0.001
Median / 95% quantile (in mm) 2.39 /747 1.43 /5.39 -

landmarks showed an increase of TRE due to semi-elastic image fusion.

The Bland-Altman plot illustrates statistical agreement between
both methods by plotting the individual differences of rigid and semi-
elastic fusion accuracy measurements, i.e. TRE;gq and TREejasc, al-
lowing to assess the differences dependent on the reference procedure
(quantified via TRE,gq; Fig. 3). It shows non-symmetric, negatively
skewed (Kolmogorov-Smirnov test: p < 0.001; skewness = -1.3) and
systematically scaled differences (scaled by TRE;zq) with a significant
bias of -1.0 mm (rank sum test: p < 0.001; with a coefficient of re-
producibility of 2mm corresponding to 1.96 times the SD of the dif-
ference).

The 95% limits-of-agreement (95% confidence interval given by
average difference = 1.96 SD) were 0.96 mm and -3.0 mm, indicating
that after semi-elastic fusion 95% of the label points yield up to
0.96 mm higher and down to 3 mm lower TRE values than compared to
rigid fusion, respectively. Beyond the 95% limits-of-agreement the vast
majority of individual estimates showing significant disagreements are
attributable to negative differences between TREjgjq and TREcj,stic, and
thus to increased image fusion accuracy due to application of the

20
A n=614
18| r=0.02 (p = 2-225)
y=0.77x0.29

TRE agtic (MM)

TRErigi q (MM)

Fig. 3. Results of target registration error (TRE) measurements.
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Fig. 2. Example of semi-elastic fusion for
distortion correction.

Rigid fusion (A) and semi-elastic fusion (B) for
one fusion pair consisting of diffusion tensor
imaging (DTI) and conventional anatomical
magnetic resonance imaging (MRI) data. The
heat map shown onto the semi-elastic fusion
(B) highlights areas where the highest fraction
of non-linear deformation was applied by the
fusion method. In this case, the BO image was
stretched in order to achieve alignment with
the anatomical MRI data.

proposed method. Positive differences (i.e., 9% of evaluated landmarks)
were found for TRE,gq < 5mm (except of one landmark at
TRE,igiq = 6.5 mm) Statistically significant negative differences (below
-3.0mm) are mainly given for TRE,q in the range of approximately
4-13 mm.

Further analyses showed that highest mean and maximum TREgq
and TREg,sic Were found for patients with high-grade gliomas (fol-
lowed by low-grade gliomas and meningioma of the skull base) and
lesions in the occipital area (followed by frontal, temporal, and skull
base area). DTI data of patients without space-occupying lesions
showed lower but comparable registration errors. Contrary, no clear
associations between tumor size and TRE estimates were found
(Table 1). In addition, no relationship between spatial resolution and
TRE estimates were found through graphical analysis.

4. Discussion

The present study indicates that the proposed method for retro-
spective correction of geometric image distortions in DTI datasets by
means of semi-elastic image fusion is capable of significantly improving
the image fusion accuracy between DTI and conventional anatomical
MRI data. The method thus can be used to correct FT data in the future
and to compensate for geometric inaccuracies of reconstructed WM
representations potentially critical for image-guided surgery near
functional areas.

RPC: 2 mm (77%)
KS test: p = 3.5e-08
skewness: -1.3
kurtosis: 4.7

£
E
2 0.96 mm (+1.96SD)
-
o
= 5
e
& -1 mm [p=3.7¢-34]
w
o
x :
- : -3 mm (-1.96SD)
. .
Bl
‘0
5+ M
o 2 4 6 8 10 12 14 16 18 20

TREﬁQi q (MM)

Regression analysis (A) and Bland-Altman plot (B) of the TRE for rigidly fused (TREgq) and semi-elastically fused (TREcjasiic) data.
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4.1. Technical aspects

Susceptibility artifacts inherent to EPI data cause spatial distortions
of DTI-derived fiber tracts when using linear, rigid image co-registra-
tion techniques [15]. Previously, it was shown that these inaccuracies
may be up to several millimeters and correction methods are a pre-
requisite when integrating FT into a stereotactic setup for in-
traoperative guidance [5,23]. For instance, by using a landmark-based
evaluation approach mean co-registration inaccuracies for the pyr-
amidal tract in anterior-posterior direction of 4.0 * 2.8 mm,
2.4 * 1.7mm, and 3.2 * 3.5 mm were found in the area of the cortex,
internal capsule, and brainstem, respectively [5]. In the present study a
mean TREgiq0f 3.03 + 2.29 mm was found showing a 95% confidence
interval of 7.47 mm throughout the brain of 27 patient datasets with
highest displacements in occipital, frontal, temporal, and skull base
areas. Correspondingly, human studies have shown that in superficial
regions (adjacent to air-bone / bone-brain border regions, like frontal
lobes or brainstem) image distortions can account for up to 15-20 mm,
and that it is clinically important to characterize and remove sub-
stantial distortions [23]. In this study the effect was found to be rather
independent on the lesion type and seizure status (Table 1).

By application of the proposed semi-elastic image fusion approach a
significant reduction of the TRE was achieved, leading to an image co-
registration accuracy of TREj s = 2.04 = 1.95 mm with median and
95% quantile values of 1.43mm and 5.39 mm, respectively. Similar
results have been reported with misalignments after non-linear fusion
in the range of 1-2mm [5,23]. The authors further interpreted these
results in light of the spatial image resolution, which was approximately
2 mm?. However, it remained unclear whether the spatial resolution is
associated with resulting fusion accuracies.

In the present study, the evaluated DTI data showed a mean slice
resolution of 3.13 = 1.61 mm with a maximum sampling rate of
6.5mm. As indicated by the Bland-Altman plot (Fig. 3), higher TRE
values after semi-elastic fusion (TREcastic > TREyigiq) were only present
for distortions below 6.5mm (TREgq). Thus, it can be argued that
lower spatial resolution result in increased uncertainty during (1) the
manual landmark definition and (2) the process of semi-elastic fusion
itself (e.g., re-gridding artifacts). However, no linear association be-
tween TRE after semi-elastic fusion and the spatial resolution was found
in this work. Therefore, future studies are required to investigate the
relationship between fusion accuracy and spatial characteristics of fu-
sion data.

In addition, the lower correction magnitude reported in this study
compared to the literature might be related to inherent limitations of
the semi-elastic fusion approach. Since this approach is designed to
compensate for large scale distortions (with low frequency such as ex-
tending over the entire field of view) it is inherently limited when it
comes to compensation of very large, local distortions. This is supported
by the presented results, where significant TRE reductions (i.e., differ-
ences between TRE¢jasic and TREgq below the 95% limits of agree-
ment) were mainly found for distortions in the range of 4-13 mm
(TRE,igiq), while at higher TRE,zq values the correction rate was less
prominent (Fig. 3). Together with the uncertainty at very low TREgiq
values (due to limited spatial resolution), this may lead to lower im-
provements assessable after semi-elastic fusion. In the future, more DOF
during non-linear co-registration, such as available by diffeomorphic,
fully elastic fusion, may facilitate compensation of high frequency
distortions [23]. However, the notion of the proposed semi-elastic fu-
sion method was to provide a robust retrospective distortion correction
method applicable for clinical routine, where less prevalence rates of
local deformation artifacts is desired.

4.2. Clinical considerations

DTI-based FT has become an important part of pre- and in-
traoperative neuronavigation, although being intrinsically prone to
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registration inaccuracies due to geometric image distortions.
Inaccuracies of 3 mm, on average, and up to 20 mm, as assessed in this
study, can be regarded as clinically relevant depending on the surgical
procedure. For instance, studies on intraoperative subcortical stimula-
tion suggest tumor resection up to 1-3 mm adjacent to the corticospinal
tract [25]. With regard to the intraoperatively observed brain shift, the
geometric distortions can potentially affect the surgical outcome when
operating on subcortical eloquent lesions [26-28]. In addition, in the
context of stereotactic interventions, such as performed for deep brain
stimulation and in epilepsy surgery, distortion correction of FT data
might be crucial for desired clinical outcome [29,30]. In the future, a
similar semi-elastic fusion approach like presently introduced can be
also used to correct mild surgery-induced brain shifts (approximately
3-5mm) like observed during implantation of subdural electrodes, for
instance [31].

5. Conclusion

In this work we evaluated a semi-elastic image fusion approach
designed for retrospective correction of geometric image distortion
routinely observed in DTI. The representative data pool showed that
semi-elastic fusion significantly increases the image fusion accuracy of
DTI and conventional anatomical 3D MRI fusion scenarios. Landmark
distance measurements yielded that distortions up to 1 cm can be effi-
ciently reduced to approximately 2 mm, on average, which might be
critical for many surgical interventions relying on image-guidance and
DTI-based FT of the brain’s WM anatomy.
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