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A B S T R A C T   

The effectiveness of correcting diffusion Echo Planar Imaging (EPI) distortion and its impact on tractography 
reconstruction have not been adequately investigated in the intraoperative MRI setting, particularly for High 
Angular Resolution Diffusion Imaging (HARDI) acquisition. In this study, we evaluated the effectiveness of EPI 
distortion correction using 27 legacy intraoperative HARDI datasets over two consecutive surgical time points, 
acquired without reverse phase-encoded data, from 17 children who underwent epilepsy surgery at our insti
tution. The data was processed with EPI distortion correction using the Synb0-Disco technique (Schilling et al., 
2019) and without distortion correction. The corrected and uncorrected b0 diffusion-weighted images (DWI) 
were first compared visually. The mutual information indices between the original T1-weighted images and the 
fractional anisotropy images derived from corrected and uncorrected DWI were used to quantify the effect of 
distortion correction. Sixty-four white matter tracts were segmented from each dataset, using a deep-learning 
based automated tractography algorithm for the purpose of a standardized and unbiased evaluation. Displace
ment was calculated between tracts generated before and after distortion correction. The tracts were grouped 
based on their principal morphological orientations to investigate whether the effects of EPI distortion vary with 
tract orientation. Group differences in tract distortion were investigated both globally, and regionally with 
respect to proximity to the resecting lesion in the operative hemisphere. Qualitatively, we observed notable 
improvement in the corrected diffusion images, over the typically affected brain regions near skull-base air si
nuses, and correction of additional distortion unique to intraoperative open cranium images, particularly over 
the resection site. This improvement was supported quantitatively, as mutual information indices between the FA 
and T1-weighted images were significantly greater after the correction, compared to before the correction. 
Maximum tract displacement between the corrected and uncorrected data, was in the range of 7.5 to 10.0 mm, a 
magnitude that would challenge the safety resection margin typically tolerated for tractography-informed sur
gical guidance. This was particularly relevant for tracts oriented partially or fully in-line with the acquired 
diffusion phase-encoded direction. Portions of these tracts passing close to the resection site demonstrated 
significantly greater magnitude of displacement, compared to portions of tracts remote from the resection site in 
the operative hemisphere. Our findings have direct clinical implication on the accuracy of intraoperative 
tractography-informed image guidance and emphasize the need to develop a distortion correction technique with 
feasible intraoperative processing time.  
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1. Introduction 

Open brain surgery is an established treatment with potential to cure 
children with lesion-based drug-resistant focal epilepsy (Dwivedi et al., 
2017; Tellez-Zenteno, Dhar, & Wiebe, 2005). Surgeries performed for 
lesions located in or adjacent to eloquent cortex and the associated white 
matter tracts (WMT), have the potential to injure these critical brain 
structures, leading to permanent postoperative functional deficits with 
adverse impact on the quality-of-life (Duffau, 2014; Kinoshita et al., 
2005). In these surgeries, diffusion magnetic resonance imaging (MRI) 
tractography provides non-invasive mapping of in vivo WMT positions 
and morphology, that is valuable for presurgical planning and to provide 
intraoperative image-guidance for safe resection (Essayed et al., 2017; 
Yang, Yeh, Poupon, & Calamante, 2021). During surgery, the spatial 
accuracy of preoperatively prepared tractography display is compro
mised due to the dynamic and progressive brain deformation occurring 
throughout surgery, also known as intraoperative brain shift, resulting 
from an interplay of surgical factors, including cerebrospinal fluid loss, 
brain swelling, and surgical resection (Gerard et al., 2017; Yang et al., 
2017). The acquisition of diffusion-weighted intraoperative MRI (iMRI) 
data allows tractography to be performed intraoperatively and subse
quent to intraoperative brain shift, thus facilitating updated tract re
constructions and more accurate surgical guidance and resection 
(Nimsky et al., 2005; Nimsky, Ganslandt, Merhof, Sorensen, & Fahl
busch, 2006). 

In diffusion MRI, the acquisition of diffusion-weighted imaging 
(DWI) is typically performed using Echo Planar Imaging (EPI) (Ordidge, 
1999). The acquisition is usually fast, making it well suited for clinical 
use. However, due to the low bandwidth in the phase-encode (PE) di
rection, the diffusion EPI sequence is sensitive to static magnetic field 
inhomogeneities, resulting in image distortions that are not anatomi
cally faithful to the subject’s true anatomy and can be additionally 
affected by head motion (Jezzard & Balaban, 1995; Jezzard & Clare, 
1999). These image distortions tend to occur in regions with an air-tissue 
interface, such as the orbitofrontal lobe near the ethmoidal and frontal 
air sinuses, and the temporal pole and basal temporal lobe, near the 
petrous temporal air sinuses (Jezzard & Balaban, 1995; Jones & Cer
cignani, 2010). Misalignment between geometrically distorted DWI and 
anatomical images leads to erroneous local fiber orientation estimates, 
affecting tractography accuracy over these distorted WM regions 
(Embleton, Haroon, Morris, Ralph, & Parker, 2010). Studies have shown 
that correcting diffusion EPI distortion can lead to more accurate and 
meaningful tractography results for neurosurgery practice (Elliott et al., 
2019; Irfanoglu, Walker, Sarlls, Marenco, & Pierpaoli, 2012). 

The extent of EPI distortion can be partially mitigated by sequence 
modification (Frost, Porter, Miller, & Jezzard, 2012; Robson, Anderson, 
& Gore, 1997), and with parallel imaging (Priest, De Vita, Thomas, & 
Ordidge, 2006; Schmidt, Degonda, Luechinger, Henke, & Boesiger, 
2005) to reduce echo train duration and increase bandwidth. However, 
this only reduces but does not remove the problem (Jones & Cercignani, 
2010). 

Methodological development to correct diffusion EPI distortion is an 
active area of MRI research. Existing techniques can be broadly divided 
into two classes: a registration-based approach and a field map based 
approach. The first class uses the undistorted anatomical images, such as 
the T1-weighted (T1W) and T2-weighted (T2W) images, as the regis
tration template to estimate the degree of distortion (Bhushan, Haldar, 
Joshi, & Leahy, 2012; Kybic, Thevenaz, Nirkko, & Unser, 2000; Stud
holme, Constable, & Duncan, 2000; Tao, Fletcher, Gerber, & Whitaker, 
2009; Wu et al., 2008). The registration procedure is typically based on 
image intensity matching between the DWI and the anatomical images. 
However, the effectiveness of these techniques is heavily dependent on 
the registration accuracy achieved, and there is also no mechanism to 
account for image intensity distortion (Hong, To, Teh, Soh, & Chuang, 
2015). 

The other class of method circumvents the reliance on accurate 

image registration by estimating the distortion field directly using phase 
maps (Chen & Wyrwicz, 2001; Jezzard & Balaban, 1995; Reber, Wong, 
Buxton, & Frank, 1998) or with additionally acquired DWI designed to 
be sensitized differently to the magnetic susceptibility artifacts, the so- 
called blip-up blip-down design. The blip-up blip-down based 
methods, such as FSL TOPUP (Andersson, Skare, & Ashburner, 2003) 
and TORTOISE (Irfanoglu et al., 2015), require additional b0 image or 
DWI data acquired with reverse PE direction. The pair of images with 
same contrast but distortions reversed in directions can then be com
bined to form a distortion corrected image without loss of information. 
The corrected DWI output is then used to model and to correct for eddy 
current distortion using, for example, the FSL Eddy tool (J. L. R. 
Andersson & Sotiropoulos, 2016). These state-of-the-art, blip-up blip- 
down based methods are very effective and are widely implemented in 
diffusion MRI research (Glasser et al., 2013; Gu & Eklund, 2019; Sotir
opoulos et al., 2013). 

Recently, a hybrid method combing both classes of approaches, 
called Synb0-DisCo (https://github.com/MASILab/Synb0-DISCO), was 
proposed (Schilling et al., 2019). It synthesizes an undistorted b0 image 
from the high resolution T1W image using a deep-learning algorithm. 
The aim of the synthesis is to create a b0 image with an infinite band
width in the PE direction. This undistorted synthetic b0 image is then 
used as a correction target. The real b0 and the synthetic b0 images form 
the input to TOPUP, which uses them to estimate the distortion field, 
thus bypassing the need to acquire reverse PE data. The input to TOPUP 
overcomes the limitations of registration approaches that do not 
adequately account for image intensity distortion. The effectiveness of 
this technique was shown to be comparable to TOPUP and resulted in 
anatomically faithful geometries when comparing to a high resolution 
T1W image (Schilling et al., 2020; Schilling et al., 2019). It also allows 
correction of EPI distortion in legacy DWI data acquired without reverse 
PE data. 

Despite being widely adopted in research, diffusion EPI distortion 
correction is still not routinely implemented in neurosurgical tractog
raphy processing (Albi et al., 2018; Essayed et al., 2017; Ille et al., 2021; 
Maesawa et al., 2010; Nimsky et al., 2005; Nimsky, Ganslandt, Merhof, 
Sorensen, & Fahlbusch, 2006; Ostry, Belsan, Otahal, Benes, & Netuka, 
2013; Prabhu, Gasco, Tummala, Weinberg, & Rao, 2011; Romano et al., 
2011; Shahar et al., 2014). Thus far, investigations have focused on 
demonstrating the potential impact of EPI distortion on presurgical 
planning, due to related changes in tumor morphology, and tract spatial 
displacement, using retrospective adult brain tumor diagnostic MRI data 
(Albi et al., 2018; Merhof, Soza, Stadlbauer, Greiner, & Nimsky, 2007; 
Treiber et al., 2016). Evaluation in an intraoperative setting had only 
been performed in one previous study (Elliott et al., 2019). Questions 
remained regarding the impact of EPI distortion with intraoperatively 
acquired High Angular Resolution Diffusion Imaging (HARDI) data that 
has the potential to optimize tractography reconstruction (Tournier, 
Mori, & Leemans, 2011; Tuch et al., 2002). There remains a need to 
systemically evaluate the impact of diffusion EPI distortion on esti
mating intraoperative WMT positions using iMRI data. 

The iMRI data is unique in many ways, such as scans acquired with 
open cranium, additional imaging artifacts due to the presence of sur
gical and anesthetic instruments, and brain distortions relating to 
intraoperative brain shift and surgical resection. These intraoperative 
factors have potential to complicate the extent and the nature of EPI 
distortion in different ways, thus pose added challenges, compared to 
using conventional, closed cranium, presurgical and research MRI data. 

Reducing time in surgery is a key surgical risk minimization strategy, 
and it is thus important to carefully evaluate the benefit-to-time cost of 
any steps added to a surgical session. Distortion correction increases 
DWI data preprocessing time and may involve additional data acquisi
tion. It is therefore important to consider whether the improved accu
racy justifies the costs in a surgical setting. 

In this article, we retrospectively utilized legacy 3Tesla iMRI data 
acquired without phase reversed data, across two surgical time points, 
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from 17 children who underwent epilepsy neurosurgery at our institu
tion (Yang et al., 2017). The study aims to: i) evaluate the effectiveness 
of intraoperative diffusion EPI distortion correction, using the Synb0- 
DisCo technique; and ii) investigate the effect of distortion correction 
on estimation of intraoperative tractography positions both globally, 
and regionally with respect to the tract proximity to the resecting lesion. 
We explored a range of surgical scenarios for a single iMRI scanner type 
and provided a framework enabling the evaluation to be carried out for 
different scanner and sequence combinations. 

2. Material and methods 

2.1. Patient population 

We retrospectively included iMRI data collected from 17 children 
who underwent open cranial surgery for drug-resistant focal epilepsy at 
the Royal Children’s Hospital (RCH), Melbourne, Australia, between 
June 2012 to February 2013 (Table 1). They had intra-axial, supra
tentorial epileptogenic lesions amenable for surgical resection. The data 
was initially collected for a previous prospective clinical cohort research 
study, investigating the surgical effects of intraoperative WMT shift 
(Yang et al., 2017). Both the original and the current studies were 
approved by the RCH Human Research and Ethics Committee (HREC, 
approval numbers: 32029 and 72907). Signed, informed consents were 
obtained from parents or guardians and from cognitively competent 
older participants for the original study. The RCH HREC approved the 
subsequent retrospective use of the same iMRI data for this study, as a 
clinical audit, and determined further informed consent was unnec
essary. The participants’ clinical and imaging data were de-identified 
prior to analyses. 

2.2. MRI acquisition 

The iMRI data was acquired using a 3 Tesla intraoperative MRI 
scanner (IMRIS Magnetom Verio, Manitoba, Canada) with an eight- 
channel head coil, and a maximum gradient strength 45 mT/m. Data 
from two consecutive intraoperative time points were used in this study:  

• iMRI1: the pre-resection intraoperative MRI scan, acquired following 
cranium and dural matter opening, prior to corticectomy and lesion 
resection, and;  

• iMRI2: the post-resection intraoperative MRI scan, acquired 
following either complete or partial lesion resection, prior to the 
dura and skull closure. 

At each intraoperative time point, a pair of 3D T1W anatomical 
Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence 
(matrix = 256 × 256, FOV = 256, TR = 1800 ms, TE = 2.19 ms, voxels 
= 1.0 mm3 isotropic) and a HARDI sequence (60 diffusion weighted 
directions, 7 b0 volumes, b = 3000 sec/mm2, TR = 7600 ms, TE = 110 
ms, dimension = 104 × 104 × 54, 2.3 mm3 isotropic voxels) were ac
quired. The HARDI sequence was acquired with an anterior-to-posterior 
PE direction, using single shot EPI (SS-EPI). 

In all cases, the operative fields were prepared to help minimize the 
effects of brain shift for intraoperative scan acquisitions. This included 
filling up the resection cavity with room temperature saline solution, 
gentle lining and packing of the surgical cavity with saline-soaked sur
gical patties and cotton balls to prevent surgical cavity collapse and 
maintain hemostasis, and covering the overlying cortex with wet sur
gical gauze to prevent drying of the operative field. The dura was left 
open during the scan. We also ensured that anesthesia was optimized 
throughout the scan to avoid hypercapnia episodes. 

2.3. DWI preprocessing 

The DWI preprocessing was performed using the MRtrix3 software 
(version: 3.0.2–66-g89476794) (Tournier et al., 2019) and the TOPUP 
and Eddy tools from FSL (fsl-6.0.4) (Jenkinson, Beckmann, Behrens, 
Woolrich, & Smith, 2012; Smith et al., 2004) incorporated in the 
MRtrix3 command usage. Fig. 1 summarizes the two versions of DWI 
preprocessing pipelines, with and without incorporating EPI distortion 
correction. The DWI data was first denoised using MPPCA (Veraart, 
Fieremans, & Novikov, 2016a; Veraart et al., 2016b), and then corrected 
for Gibbs ringing artifacts (Kellner, Dhital, Kiselev, & Reisert, 2016). In 
the distortion uncorrected pipeline, the DWI was only corrected for 
motion and eddy current artifacts, using FSL Eddy (Andersson & Sotir
opoulos, 2016; Skare & Bammer, 2010). In the distortion corrected 
pipeline, a TOPUP estimated distortion field map derived as part of 
running Synb0-DisCo was used to perform the EPI distortion correction 
(Schilling et al., 2019). The B1 bias field inhomogeneity of all DWI data 
was corrected for as part of the subsequent fiber orientation distribution 
(FOD) estimation processing step (see section 2.4). All preprocessed DWI 
data was co-registered to the participant’s T1W image from the corre
sponding intraoperative time point, using a rigid body transform, so that 
all subsequent analysis can occur in a common T1W space that aids 
meaningful surgical interpretation. 

The processing time required to estimate distortion field maps using 
Synb0-DisCo was ~ 40 to 60 minutes per dataset, and running FSL Eddy 
(eddy_openmp) took another ~ 6 to 8 minutes per dataset, using a CPU 
workstation with a 16-core processor (AMD Ryzen 9 5950X, 2.20 GHz, 

Table 1 
Summary of patient demographics, lesion characteristics, histopathology and intraoperative MRI availabilities.  

ID Age (years) Sex (M/F) Pathology Lesion site iMRI1 iMRI2 Lesion size (ml) 

1  13.42 F Cerebral gliosis (secondary to previous tumor resection) F Y   3.9 
2  13.42 M FCD T Y Y  16.5 
3  3.75 M TSC (cortical tuber) F, T Y Y  9.5 
4  15.83 M DNET F Y Y  13.5 
5  15.50 M Presumed Rasmussen encephalitis F Y   12.4 
6  12.25 M Cerebral gliosis (secondary to previous tumor resection) T  Y  20.7 
7  4.83 M FCD F Y Y  3.9 
8  10.17 F Non-specific pathology T Y Y  31.5 
9  3.92 F DNET TPO Y Y  7.3 
10  4.17 M TSC (cortical tuber) F Y Y  7.8 
11  3.83 M FCD F Y   76.4 
12  4.50 M FCD F, T, P, I Y   163.3 
13  10.92 F DNET O Y Y  7.0 
14  13.25 F DNET TPO  Y  5.2 
15  16.08 M FCD F Y Y  2.9 
16  12.17 F DNET TPO Y Y  24.2 
17  5.05 F Pilocytic astrocytoma Thalamus Y   31.1 

Abbreviations: Dysembryoplastic neuroepithelial tumors, DNET; Focal cortical dysplasia, FCD; Tuberous Sclerosis Complex, TSC; Temporal lobe, T, Frontal lobe, F; 
Parietal lobe, P; Insular cortex, I; Temporo-parieto-occipital junction, TPO; Yes, Y. 
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max 5.08 GHz, 130G memory). 

2.4. WMT bundle segmentation 

Seventy-two WMT bundles were segmented from each DWI dataset, 
using TractSeg, an unsupervised, convolution neural network-based 
automated WMT segmentation tool (Wasserthal, Neher, & Maier-Hein, 
2018). The algorithm was pre-trained on 150 reference WMT segmen
tations from 105 Human Connectome Project subjects (Sotiropoulos 
et al., 2013). TractSeg directly segments the tracts in the field of FOD 
peaks, estimated using the single-shell 3-tissue Constrained Spherical 
Deconvolution (CSD) model from MRtrix3Tissue, a fork of MRtrix3 
(https://3tissue.github.io/, version 3Tissue_v5.2.0) (Dhollander, Raf
felt, & Connelly, 2016). The B1 bias field inhomogeneity of the DWI data 
was corrected as part of the multi-tissue CSD informed log-domain in
tensity normalization step (Dhollander et al., 2021; Raffelt et al., 2017; 
Tournier et al., 2019). 

The infratentorial brainstem WMTs were excluded from this study 
given the supratentorial WMTs are the usual surgical focus. We also 
excluded the fornix, given its known problematic reconstructions in 
TractSeg (Wasserthal et al., 2018). The remaining 64 segmented WMTs 
were grouped into five categories according to their principal morpho
logical orientations (Fig. 2): i) anterior-posterior (AP), ii) left–right (LR), 
iii) C-shaped, iv) inferior-superior, straight (IS-Straight), and v) inferior- 
superior, oblique (IS-Oblique) oriented tracts. All segmented binarized 
WMT masks were transformed to the T1W space, using the same DWI to 
T1 rigid body transform derived previously. 

2.5. Lesion segmentation 

To enable the lesion proximity analysis (see below), the target lesions 
were manually segmented by the first author (JYMY), an experienced 
neurosurgical research fellow, using these patients’ preoperative 3D 
T1W data (MPRAGE, Siemens Magnetom Trio scanner, matrix = 256 ×
256, FOV = 250, TR = 1900 ms, TE = 2.69 ms, voxels = 0.8 mm3 

isotropic). The segmented lesion masks were then rigidly transformed 
and warped to each intraoperative T1W image. 

2.6. Data analysis 

To address the first study aim (i.e. to evaluate the effectiveness of 
distortion correction), the DWI data before and after corrections were 

visually inspected, looking for any differences in image appearance and 
geometries. Mattes mutual information (MI) similarity indices (Mattes, 
Haynor, Vesselle, Lewellyn, & Eubank, 2001) were calculated between 
the DWI-derived fractional anisotropy (FA) maps, and the corresponding 
T1W image, using SimpleITK R package (Beare, Lowekamp, & Yaniv, 
2018). The FA maps were derived by applying diffusion tensor estima
tion to both the distortion corrected and uncorrected DWI data, using an 
iterated weighted least-squares approach (Basser, Mattiello, & LeBihan, 
1994; Veraart, Sijbers, Sunaert, Leemans, & Jeurissen, 2013). The MI 
indices were used to quantify the effects of distortion correction in the 
Synb0-Disco paper (Schilling et al., 2019). The FA maps were used as 

Fig. 1. The DWI data preprocessing flowchart [print as a single image].  

Fig. 2. Selected TractSeg derived white matter tract segmentations used 
in this study, categorized by their principal morphological orientations. 
AP (anterior-posterior), LR (left–right), IS-Straight (inferior-superior, straight), 
IS-Oblique (inferior-superior, oblique), and C-shaped oriented tracts. Abbrevi
ations: Arcuate fascicle, AF; Anterior Thalamic Radiation, ATR; Commissure 
Anterior, CA; Corpus Callosum, CC (1 = Rostrum; 2 = Genu; 3 = Rostral body 
[Premotor]; 4 = Anterior midbody [Primary Motor]; 5 = Posterior midbody 
[Primary Somatosensory]; 6 = Isthmus; 7 = Splenium); Cingulum, CG; Corti
cospinal tract, CST; Middle longitudinal fascicle, MLF; Fronto-pontine tract, 
FPT; Inferior occipito-frontal fascicle, IFO; Inferior longitudinal fascicle, ILF; 
Optic radiation, OR; Parietooccipital pontine tract, POPT; Superior longitudinal 
fascicle I, SLF-I; Superior longitudinal fascicle II, SLF-II; Superior longitudinal 
fascicle III, SLF-III; Superior Thalamic Radiation, STR; Uncinate fascicle, UF; 
T_PREF = Thalamo-prefrontal tract, T_PREF; Thalamo-premotor tract, T_PREM; 
Thalamo-precentral tract, T_PREC; Thalamo-postcentral tract, T_POSTC; 
Thalamo-parietal tract, T_PAR; Thalamo-occipital tract, T_OCC; Striato-fronto- 
orbital tract, ST_FO; Striato-prefrontal tract, ST_PREF; Striato-premotor tract, 
ST_PREM; Striato-precentral tract, ST_PREC; Striato-postcentral tract, 
ST_POSTC; Striato-parietal tract, ST_PAR; Striato-occipital tract, ST_OCC. [print 
as a single image]. 
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registration targets beacuase they are derived from the entire DWI 
dataset and have tissue contrasts sufficiently similar to T1W images for 
registration to function effectively. 

To address the second study aim (i.e. to investigate the effect of 
distortion correction on estimation of intraoperative tractography po
sitions), the effect of distortion correction on estimated tract position 
was investigated by computing the Hausdorff distance between the same 
WMT derived from distortion corrected and uncorrected DWI. The 
Hausdorff distance represents the greatest displacement between the 
two tracts (see Inline Suppl Fig. 2 for an illustrated example). WMTs 
were grouped for comparison purposes on the bases of morphological 
orientation with further divisions into sub-groups based on lesion 
proximity. The lesion proximity grouping allows the magnitude of the 
lesion effect to be tested. Two lesion proximity thresholds, 5.0 mm and 
10.0 mm were used to group tracts within the operative hemisphere – 
tracts passing closer to the lesion than the threshold (proximal) were 
compared to the others (remote). 

2.7. Statistical analysis 

The MI indices calculated from each version of the DWI data were 
then compared using paired t-tests. 

The Hausdorff distances were reported as group means and 95% 
confidence intervals (CI) based on each WMT morphological orientation 
category, and separately for the iMRI1 and iMRI2 data. 

The Hausdorff distances of lesion proximity sub-groups were 
compared using a multilevel model with patient ID as a random effect, to 
account for within-patient clustering of Hausdorff distances. We re
ported both uncorrected and Bonferroni corrected p-values. Cohen’s 
d was used to represent the effect sizes. A Cohen’d = 0.2, 0.5, and 0.8 is 
considered as indicating a small, medium, and large effect size, 
respectively (Cohen, 1992). Statistical significance was defined by a 
corrected p-value ≤ 0.05. 

3. Results 

There were 17 participants in total. The iMRI1 data were available in 
15 participants, and the iMRI2 data were available in 12 participants. 
Ten participants had data available at both intraoperative time points. 

3.1. Qualitative assessments of the DWI data with and without EPI 
distortion correction 

Fig. 3 and Fig. 4 highlight selected case examples. Compared to no 
correction, the EPI distortion was visibly improved in the corrected DWI 
data, notably over the frontal pole, the temporal pole, the basal temporal 
lobe near the petrous temporal air sinuses, the occipital pole, and the 
dorsal cerebellar hemisphere near the torcular venous sinuses conflu
ence (i.e. at the brain-blood interface). There were also visible im
provements in the image distortion, following correction, at and near 
the skull pin sites (MRI conditional titanium pins used to fix the head in 
the operative position), over the exposed cortical surface at the crani
otomy site, at the brain-lesion boundaries, and distortion affected the 
geometry of the lesions, and the surgical cavities. 

3.2. Mutual information between the FA and T1W images 

The MI similarity indices were significantly greater for the FA maps 
derived from the distortion corrected DWI, compared to those derived 
from the uncorrected DWI, at both intraoperative time points (Fig. 5). 
For the iMRI1 data: the group mean MI based on the distortion corrected 
DWI = 0.423 ± 0.034 (SD) versus the group mean MI based on the 
uncorrected DWI = 0.415 ± 0.036 (p = 1.94 × 10-4, Cohen’s d = 1.22). 
For the iMRI2 data: the group mean MI based on the distortion corrected 
DWI = 0.435 ± 0.036 versus the group mean MI based on the uncor
rected DWI = 0.427 ± 0.035 (p = 2.13 × 10-5, Cohen’s d = 2.03). 

3.3. EPI distortion related WMT displacements 

3.3.1. The WMT morphological orientation groups 
The WMT from the four morphological orientation groups in the 

operative hemisphere demonstrated consistent patterns and similar 
magnitudes of displacement at both intraoperative time points (Fig. 6). 
The difference in the group means of tract displacements measured by 
Hausdorff distance, derived from the distortion corrected and uncor
rected DWI data, ranged between 7.5 mm and 10.0 mm. Displacement of 
the IS-Straight oriented WMT was lower than the AP, C-shaped and IS- 
Oblique oriented WMTs. Similar overall displacement patterns were 
demonstrated globally when accounting for both the operative and the 

Fig. 3. Two case examples illustrating the quality of DWI-EPI distortion 
correction using the Synb0-DisCo technique. A: patient 11; B: patient 17. 
Both intraoperative MRI were acquired at the first surgical stage (iMRI1), 
following cranial opening, prior to corticectomy and lesion resection. Selected 
orthogonal T1W images, both distortion corrected and uncorrected b0 images 
are shown in radiological orientation (left, L; right, R). There are visible im
provements in the DWI-EPI distortion post correction, at the typically described 
basal frontal, temporal and occipital regions, the dorsal cerebellar hemisphere 
and the globe (white arrowheads). There is additional correction of b0 image 
distortion at and near the metallic skull pin sites (solid white arrows), and over 
the exposed cortical surface at the craniotomy site (dashed white arrows). 
[print as a single image]. 
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non-operative hemispheres (see Inline Suppl Fig. 1). 

3.3.2. The lesion proximity groups 
Table 2 summarizes the tract-lesion proximity analysis results within 

the operative hemisphere at both intraoperative time points. There were 
generally greater amounts of WMT displacement between the distortion 
corrected and uncorrected DWI data, for tracts passing close to the lesion 
than those remote from the lesion. 

At the first surgical time point (iMRI1), significantly greater 

displacement was observed in the AP oriented WMT proximal to the 
lesion for both the 5.0 mm and 10.0 mm thresholds (Bonferroni cor
rected p = 0.001, Cohen’s d = 0.38; Bonferroni corrected p = 0.005, 
Cohen’s d = 0.35). Significantly greater displacement was also observed 
in the IS-Oblique oriented tracts proximal to the lesion for the 10.0 mm 
threshold (Bonferroni corrected p = 0.02, Cohen’s d = 0.24). 

At the second surgical time point (iMRI2), significantly greater dis
placements were detected for both the AP oriented and IS-Oblique ori
ented WMT proximal to the lesion for both the 5.0 mm and 10.0 mm 
thresholds (For AP oriented WMT: Bonferroni corrected p = 0.01, 
Cohen’s d = 0.38; Bonferroni corrected p = 0.007, Cohen’s d = 0.37; For 
IS-Oblique oriented WMT: Bonferroni corrected p = 0.0009, Cohen’s d 
= 0.48; Bonferroni corrected p = 0.02, Cohen’s d = 0.36). Significantly 
greater displacement was also observed in the IS-Straight oriented tracts 
proximal to the lesion for the 10.0 mm threshold (Bonferroni corrected 
p = 0.009, Cohen’s d = 0.57). 

4. Discussion 

To our knowledge, this is the first study investigating the effective
ness of diffusion EPI distortion correction and its impact on tractography 
outputs, using intraoperatively acquired HARDI data. In the first part of 
this study, we evaluated the effectiveness of performing distortion 
correction using the Synb0-DisCo technique. We demonstrated both 
qualitatively through data inspection, and quantitatively by the MI 
indices derived from the FA and T1W images, significant improvements 
in the anatomical fidelity of the post-correction DWI images, compared 
to the uncorrected data. 

Apart from demonstrating notable distortion correction in the typi
cally described regions containing air-tissue interface, our study addi
tionally revealed distortion correction in other brain areas, unique to the 
intraoperative condition, an observation also made by a recent iMRI 
study (Elliott et al., 2019). Specifically, we demonstrated additional 
anatomical infidelities between the T1W image, and the DWI distortion 
observed at and near the titanium skull pin sites, over the exposed 
cortical surface under the craniotomy site, and at the tumor-brain 
margins/boundaries, with altered geometries noted in the tumor and 
at the resecting surgical cavities. Such observation implies the distortion 
must be corrected to achieve meaningful, and arguably more anatomi
cally accurate intraoperative tractography results for use in surgical 
resection guidance. 

Some of the image distortions shown were not solely due to the EPI 
acquisition. For example, distortion relating to the metallic skull pins is 
induced by metallic artefact. Distortion correction methods that rely on 
additional b0 images with reverse PE direction may be suboptimal for 
this use, because the additional b0 images are themselves susceptible to 
metallic artefact induced distortion. We presume the anatomical fidelity 
of the images was much improved after distortion correction because 
rather than using additional b0 images, the Synb0-DisCo technique 
utilizes a T1W image to estimate the distortion field. Thus the Synb0- 
DisCo technique may offer a means to correct such image distortions 
unique to an intraoperative setting. 

In the second part of this study, we characterized the intraoperative 
WMT displacement between the distortion corrected and uncorrected 
images, at two different intraoperative time points. The group mean of 
tract displacements measured by Hausdorff distance from each WMT 
orientation category was similar, between 7.5 and 10.0 mm. The 
maximum displacement occurred in WMT oriented either aligned with 
or containing components oriented in the acquired PE direction (i.e. the 
AP, IS-Oblique and C-shaped oriented WMT in our study). The distortion 
was greater for these tracts passing close to the resecting lesion, 
compared to other tracts remote from the lesion. 

To our knowledge, the only other study investigating intraoperative 
EPI distortion using 3Tesla iMRI data is that by Elliott et al. (2019). The 
authors tackled the problem of minimizing distortion differently, by 
comparing performance of two different EPI sequences, as opposed to 

Fig. 4. Two case examples illustrating the quality of DWI-EPI distortion 
correction using the Synb0-DisCo technique. A: patient 16, the intra
operative MRI was acquired at the first surgical stage (iMRI1), following cranial 
opening, prior to corticectomy and lesion resection. B: patient 14, the intra
operative MRI data was acquired at the second surgical stage (iMRI2), following 
initial lesion resection. Selected orthogonal T1W images, both distortion cor
rected and uncorrected b0 images are shown in radiological orientation (left, L; 
right, R). Similar to those shown in Fig. 3, distortion corrections were most 
notable over the typical frontal, temporal and occipital regions (white arrow
heads). Additional distortion corrections are again noted at and near the 
metallic skull pin sites (solid white arrows), over the exposed cortical surface at 
the craniotomy site, at the brain-lesion boundaries, and affected the geometry 
of the lesions, and the surgical cavities (dashed white arrows). [print as a sin
gle image]. 

J.Y.-M. Yang et al.                                                                                                                                                                                                                             



NeuroImage: Clinical 35 (2022) 103097

7

implementing distortion correction, in data from 22 adult brain tumor 
patients. The study demonstrated intraoperative diffusion data acquired 
using a readout segmented EPI (RS-EPI; with shortened echo train) had 
less regional susceptibility artifact with more anatomical faithful ge
ometries, and permitted more successful tractography reconstruction, 
than data acquired using a standard SS-EPI. The reported mean inter- 
sequence tract displacement was 9.5 mm (SD 5.7 mm), similar to our 
reported maximum tract displacement difference between the corrected 
and uncorrected data. 

Other investigations in healthy participants (Embleton et al., 2010; 
Irfanoglu et al., 2012; Jones & Cercignani, 2010), and in brain tumor 
imaging for presurgical planning (Albi et al., 2018; Merhof et al., 2007; 
Treiber et al., 2016), also demonstrated that EPI distortion can lead to 
clinically significant inaccuracies in tractography appearance and po
sition. In one study, greater tract mask spatial overlap scores were 
achieved when distortion was corrected for, between the DWI data ac
quired in two different and orthogonal PE directions, in the same in
dividuals (Irfanoglu et al., 2012). 

4.1. Clinical implications 

Collectively, our findings have significant implication for the accu
racy of intraoperative tractography-informed image guidance. Surgical 
resection misinformed by erroneous tracking results can lead to per
manent functional damage due to inadvertent injuries to the WMT 
(Duffau, 2014; Kinoshita et al., 2005). Our EPI acquisition had an 
anterior-to-posterior PE direction, thus have greater impact on the 
WMTs partially or fully in-line with this orientation. Notably, the AP 
oriented tracts include the optic radiation (OR in Fig. 2), reconstructed 
in anterior temporal tumor and epilepsy surgeries, to map out its ante
rior temporal component, or the Meyer’s loop, for visual field preser
vation (Cui et al., 2015; Yang et al., 2019); the inferior fronto-occipital 
fasciculus and inferior longitudinal fasciculus (IFO and ILF in Fig. 2) 
both as ventral language pathways in surgeries conducted over the 
dorsolateral frontal lobe, at the temporal stem, the basal temporal lobe 
and over the dorsolateral occipital lobe and occipital pole (Duffau, 2005, 
2008). Other tracts containing AP oriented fibers are also implicated. 
This included the C-shaped oriented tracts, such as the arcuate fasciculus 

Fig. 5. Mutual information between the FA and 
T1W images, with and without EPI distortion 
correction using the Synb0-DisCo technique. A: 
intraoperative MRI data acquired at the first surgical 
time point (iMRI1), following cranial opening, prior to 
corticectomy and lesion resection. B: data acquired at 
the second surgical time point (iMRI2) following 
initial lesion resection. The mutual information 
indices were significantly greater for EPI distortion 
corrected diffusion data compared to those without 
correction, at both surgical time points. * p < 0.001 ** 

p < 0.0001. Abbreviation: intraoperative magnetic 
resonance imaging, iMRI; mutual information, MI. 
[print as a single image].   
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(AF in Fig. 2) for language preservation in language-dominant frontal, 
parietal and temporal operculum surgeries (Duffau, 2008; Yang et al., 
2020); the IS-Oblique oriented tracts, such as the parietal thalamic ra
diation (T_PAR in Fig. 2) in superior parietal surgery for sensory pres
ervation. The IS-Straight oriented tracts, such as the corticospinal tract 
(CST in Fig. 2), reconstructed for motor preservation, appeared to be the 
least impacted, although this finding was limited by small sample size 
and the small effect sizes observed in the related analyses (Table 2). 

The magnitude of maximum WMT displacement between the cor
rected and uncorrected images identified in this study, especially those 

passing close to the resecting lesion, challenges the 10.0 mm safety 
resection margin typically tolerated for surgery guided by preoperative 
tractography (Berman, Berger, Chung, Nagarajan, & Henry, 2007; 
Kamada et al., 2005; Mikuni et al., 2007), and ~ 5.0 mm for surgery 
guided by intraoperatively tractography (Yang et al., 2017). Our find
ings would advocate further research efforts to develop and to imple
ment diffusion EPI distortion correction methods within the 
intraoperatively acceptable processing time. 

Fig. 6. The group mean and 95% confidence 
interval of tract displacements measured by 
Hausdorff distance, between the distortion 
corrected and uncorrected DWI data, in the 
operative hemisphere, at intraoperative time 
points iMRI1 (A) and iMRI2 (B). The solid black 
circles represent the group means, and the bars 
represent the 95% confidence interval. Abbrevi
ations: anterior-posterior, AP; inferior-superior, 
IS; intraoperative magnetic resonance imaging, 
first surgical time point (iMRI1); intraoperative 
magnetic resonance imaging, second surgical 
time point (iMRI2); white matter tract, WMT. 
[print as a single image].   

Table 2 
Comparisons of Hausdorff distance by lesion proximity sub-groups and tract orientation in the operative hemisphere, at the two intraoperative time points (iMRI1 and 
iMRI2).   

WMT Groups Hausdorff distance (mm) p Cohen’s d Corrected p#  Hausdorff distance (mm) p Cohen’s d Corrected p# 

Proximal 
(≤5 mm) 

Remote 
(>5 mm)    

Proximal 
(≤10 mm) 

Remote 
(>10 mm)    

iMRI1 AP  10.12  8.60  0.0003***  0.38  0.001**   9.88  8.59  0.001**  0.35  0.005** 

C-shaped  11.34  9.87  0.12  0.25  0.47  11.46  9.69  0.053  0.31  0.21 
IS-Oblique  9.72  8.62  0.02*  0.21  0.07  9.74  8.51  0.006**  0.24  0.02* 
IS-Straight  9.11  8.22  0.39  0.25  1.00  9.82  7.77  0.02*  0.25  0.08  

iMRI2  AP  9.39  8.03  0.003**  0.38  0.01*   9.33  7.98  0.002**  0.37  0.007** 

C-shaped  10.15  10.44  0.80  0.09  1.00  10.58  10.28  0.78  0.09  1.00 
IS-Oblique  9.14  7.84  0.0002***  0.48  0.0009***  8.80  7.86  0.004**  0.36  0.02* 
IS-Straight  8.92  7.54  0.10  0.86  0.40  9.29  7.23  0.002**  0.57  0.009** 

Abbreviations: Anterior-Posterior, AP; Inferior-Superior, IS; Intraoperative magnetic resonance imaging, first surgery time point, iMRI1; intraoperative magnetic 
resonance imaging, second surgery time point, iMRI2; millimeter, mm; White matter tract, WMT. * p < 0.05, ** p < 0.01,*** p < 0.001, #: Bonferroni correction for 
multiple comparison. 
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4.2. Limitations 

While the adoption of an automated tractography algorithm in this 
study was chosen to provide methodological standardization, it clearly 
departs from standard clinical tractography practice utilizing regions-of- 
interest (ROI) based targeted streamline tractography, and the algo
rithm does not incorporate any explicit handling of the effects of brain 
pathology (Wasserthal et al., 2018). Our study took advantage of the 
algorithm being unsupervised and completely data-driven, automati
cally generating a large number of WMT, to ensure systematic and un
biased estimation of tract displacement, without introducing bias or 
variability resulting from manually placed ROIs (Colon-Perez et al., 
2016; Schilling et al., 2021). Manually defined ROI utilize a priori 
anatomical information guided by the T1W images that were warped to 
each version of the DWI data in our study, thus, the effect of which 
would be impossible to disentangle from the effect of EPI distortion 
correction alone. 

Other study limitations include that our findings are based on a 
single high-field iMRI scanner type, small clinical sample size with 
heterogenous epilepsy history, lesion histopathology, different lesion 
sizes and locations. The susceptibility artifact may be less pronounced in 
open cranial surgical field for the low-field (0.5–1.5Tesla) iMRI scan
ners, although the tradeoff being a lower signal to noise ratio, for 
example. Further studies using larger clinical datasets with different 
iMRI scanner types are needed for more comprehensive evaluation. The 
nature of our legacy DWI data acquired without reverse PE data deter
mined the chosen distortion correction method used in this study. 
Ideally, we would like to have been able to compare distortion correc
tion using reverse PE images, with correction using Synb0-Disco. 
However, we consider that this dataset is unique in offering the oppor
tunity to evaluate distortion in as-yet rarely available intraoperative 
HARDI data, and is valuable in demonstrating the utility of T1-based 
distortion correction where reverse PE images cannot be acquired. The 
Synb0-Disco technique was trained on data from healthy adult in
dividuals, not on children and not on iMRI data. A comprehensive 
evaluation of performance between different state-of-the-art distortion 
correction techniques is beyond the scope of the current study. Future 
prospective iMRI studies from larger clinical cohorts are needed in order 
to better understand the nuances of different correction techniques 
applied in an intraoperative setting. 

Lastly, we prepared the operative field in a manner that minimized 
the effect of brain shift on intraoperative MRI. It remains unclear what 
the impact of severe brain shift on EPI distortion will be, and whether 
the severity of anatomical distortion imposes a limit on the anatomical 
fidelity of the reconstructed synthetic b0 images from Synb0-Dico. Such 
questions will need to be addressed with alternative intraoperative MRI 
datasets acquired under different surgical conditions. 

4.3. Future research directions and clinical recommendations 

Currently, the processing time required for state-of-art EPI distortion 
correction techniques, like Synb0-Disco and TOPUP, is incompatible 
with an intraoperative timeframe. Future advancements in computa
tional hardware and software, and network capacity may eventually 
overcome this practice bottleneck (Maller, Grieve, Vogrin, & Welton, 
2020). Until then, we strongly recommend that neurosurgeons always 
inspect the intraoperative DWI data themselves, looking for regions of 
image distortions that do not have anatomical faithful geometries, 
compared to the T1W images. This should be followed by careful 
interpretation of subsequent tractography results, in well recognized 
areas, such as the orbitofrontal lobe and the temporal pole, but also in 
areas close to the skull pin sites, near the craniotomy cortical surface and 
critically, at the lesion-brain boundaries relevant for surgical resection. 
Added care is also needed for surgeries requiring reconstruction of tracts 
oriented partially or in-line with the acquired PE direction, particularly 
near the resection margins. We advocate, when appropriate, for 

validation of tractography results against intraoperative direct brain 
electrostimulation or intraoperative electrophysiology for functional 
brain mapping, a surgical gold-standard for confirming the location of 
functional cortex and the position of the subserving subcortical WMT, 
nearby the resection site (Berger & Hadjipanayis, 2007; Duffau, 2015). 
Future research studies investigating effects of EPI distortion on intra
operative tractography should also report such indirect functional 
validation, to help us better understand the functional relevance of the 
tractography results (Elliott et al., 2019). 

Further exploration of alternative EPI acquisition schemes, such as 
the multishot EPI and RS-EPI, and parallel imaging, with potential to 
reduce the severity of EPI geometric distortion, is an active area of 
research with translation potential in the intraoperative setting (Elliott 
et al., 2019; Frost et al., 2012; Priest et al., 2006; Robson et al., 1997; 
Schmidt et al., 2005; Wang et al., 2018). Efforts should also aim to 
incorporate the acquisition of higher order DWI data, such as HARDI, 
using these alternative EPI schemes. Utilization of HARDI data will 
likely lead to improvement in the anatomical accuracy of the intra
operative tractography results. 

Lastly, while our study condition was strictly intraoperative, based 
on our findings together with those from preoperative settings (Albi 
et al., 2018; Irfanoglu et al., 2012; Merhof et al., 2007; Treiber et al., 
2016), and expert opinions (Essayed et al., 2017; Yang et al., 2021;Yeh, 
Irimia, Bastos, & Golby, 2021), we strongly advocate incorporating EPI 
distortion correction for all preoperative tractography processing 
workflows used for presurgical planning. This is particularly imperative 
in the semi-acute and elective surgical settings where data acquisition 
and processing time is less of an issue, compared to acute surgical set
tings. The majority of epilepsy brain surgeries and low-grade brain 
tumor surgeries would fall under this category. Correction using the 
Synb0-Disco technique makes use of T1W anatomical data already 
available in most clinically acquired MRI protocols. Alternatively, 
acquiring an additional pair of b0 images with reversed PE directions for 
the TOPUP technique, only adds approximately one extra minute of 
scanning time. 

5. Conclusions 

In conclusion, EPI distortion correction using the Synb0-Disco 
technique, with intraoperatively acquired HARDI data, improves the 
anatomical fidelity of the diffusion images both qualitatively and 
quantitatively, compared to the structural images. The maximum erro
neous tract displacement derived from the uncorrected data exceeds the 
safety resection margin typically tolerated for tractography-informed 
image guidance. This is particularly relevant for surgeries requiring 
reconstruction of WMT oriented partially or in-line with the acquired PE 
direction, and for tracts passing close to the resection site. Our findings 
have direct clinical implications for the accuracy of intraoperative 
tractography-informed image guidance and emphasize the need to 
develop a distortion correction technique with feasible intraoperative 
processing time. 
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