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Abstract

Neurosurgical resection is one of the few opportunities researchers have to image the
human brain both prior to and following focal damage. One of the challenges associated
with studying brains undergoing surgical resection is that they often do not fit the brain
templates most image-processing methodologies are based on, so manual intervention is
required to reconcile the pathology and the most extreme cases must be excluded. Manual
intervention requires significant time investment and introduces reproducibility concerns.
We propose an automatic longitudinal pipeline based on High Angular Resolution Diffusion
Imaging acquisitions to facilitate a Pathway Lesion Symptom Mapping analysis relating
focal white matter injury to functional deficits. This two-part approach includes (i)
automatic segmentation of focal white matter injury from anisotropic power differences,
and (ii) modeling disconnection using tractography on the single-subject level, which
specifically identifies the disconnections associated with focal white matter damage. The
advantages of this approach stem from (1) objective and automatic lesion segmentation
and tractogram generation, (2) objective and precise segmentation of affected tissue likely
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to be associated with damage to long-range white matter pathways (defined by anisotropic
power), (3) good performance even in the cases of anatomical distortions by use of
nonlinear tensor-based registration in the patient space, which aligns images using white
matter contrast. Mapping a system as variable and complex as the human brain requires
sample sizes much larger than the current technology can support. This pipeline can be
used to execute large-scale, sufficiently powered analyses by meeting the need for an
automatic approach to objectively quantify white matter disconnection.
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1 Introduction

1.1 Background

The relationship between injury to the brain and behavioral changes has been a keystone
of human neuroscience research for well over a century (Berti, Garbarini, and Neppi-
Modona 2015; Geschwind 1965; Bates et al. 2003). Studying the spatial location of white
matter injury, however, is often insufficient to predict functional outcome because
disconnection of long myelinated pathways can have widespread effects on systems
employing the disrupted circuit, manifesting in apparently inconsistent deficits (Geschwind
1965; Geschwind 1965). Diffusion Tensor Imaging (DTI) (Basser, Mattiello, and LeBihan
1994; Le Bihan et al. 2001; Pierpaoli et al. 1996; Pajevic and Pierpaoli 1999) and the more
complex models that followed (Tuch 2004; Tournier et al. 2004; Jensen et al. 2005; Assaf
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and Basser 2005; Jeurissen et al. 2014; Tuch et al. 2002; Hess et al. 2006) have enabled
researchers to investigate disconnection syndromes with improved specificity to white
matter structure in a variety of clinical applications (Kumar et al. 2016; Kumar et al. 2016;
Yogarajah et al. 2009; Chen et al. 2009; Glenn et al. 2003; Mandelli et al. 2014; Jang 2013)
using fiber tracking, also called tractography, to infer connectivity (Mori and van Zijl 2002).
Tractography has been used extensively to study the clinical consequence of white matter
disconnection by modeling the white matter connectivity on a single-subject level and
associating damage to white matter structures with functional deficits (Caverzasi et al.
2016; Duffau 2008; Kim and Jang 2012), but there is a need for an objective longitudinal
approach to studying focal white matter damage and modeling the downstream effects
caused by the disconnection to guide the clinical translation of these methods currently
underway.

1.2 Clinical Translations

Elucidating the functional impact of new focal or progressive injury to the brain’s intricate
communication network is relevant to a wide range of clinical disorders. This relationship
has typically been investigated by either registering an estimate of the injurious region of
interest to a template of putative fiber bundles (volume-based method), or by modeling
those fiber bundles in each patient using tractography (connectivity-based method).
Tractography reconstruction of white matter structures for pre-surgical planning and
guidance of intra-operative cortical and subcortical stimulation mapping has emerged as a
major clinical translation of diffusion MRI applications. Tractography methods have shown
great potential to improve clinical outcome in neurosurgery when used in tandem with
Intra-Operative Stimulation (I0S) (Wu et al. 2007; Leclercq et al. 2010; Henry et al. 2004;
Lehéricy et al. 2007; Lehéricy et al. 2014; Berman et al. 2007; Bucci et al. 2013; Mandelli et
al. 2014; Caverzasi et al. 2016; Berman 2013). However, tractography is an inexact science
that is highly dependent on implementation choices (Chamberland et al. 2014; Fillard et al.
2011; Crettenand et al. 2006; Neher et al. 2015) and often a human operator, exacerbating
well-documented reproducibility concerns (Wakana et al. 2007; Berman 2013) so
translation to the clinic requires extensive validation (Kinoshita et al. 2005; Duffau 2014).
The added complexity of pathology introduces additional errors, which can vary with
tractography algorithm choices and underlying anatomy (Golby et al. 2011; Chamberland
et al. 2014). Establishing robust relationships between deficits and damage patterns using
reproducible, operator-independent methods is essential to being able to guide
neurosurgical intervention at the single-subject level.

1.3 Volume- and Connectivity-Based Approaches to Lesion Studies

There are several ways to evaluate the impact of focal white matter damage on fiber
pathways that reflect different levels of efficiency and accuracy. The challenges are (i)
segmentation of the focal injury and (ii) association of this focal injury with fiber pathways.
The simplest approach is to localize damage on an anatomical image and infer what
structures were likely to have been damaged either using a white matter atlas (Ius et al.
2011), healthy controls (Meyer et al. 2016), or judgment by an expert (ex:
neuroradiologist). A widely used example of this approach is called Voxel-Based Lesion-
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Symptom Mapping (VLSM), which has been used to great effect in leveraging modern
imaging to conduct these lesion studies (Bates et al. 2003; Kinoshita et al. 2016; Campana,
Caltagirone, and Marangolo 2015; Almairac et al. 2014).

While volume-based methods can be an efficient and straightforward approach using
conventional imaging, the brains subjected to pathological or neurosurgical damage often
will present unique distortions resulting in misregistration to the template. Current
methods used to address some of these concerns (Brett, Leff, and Ashburner 2000;
Ashburner and Friston 2005; Andersen, Rapcsak, and Beeson 2010) enable registration of
brains with distorted anatomy, but are still prohibitively labor-intensive for large studies
and introduce reproducibility concerns inherent to manual tracing (Fiez, Damasio, and
Grabowski 2000). Alternative methods are being developed to address these challenges
(Werner et al. 2016), but many of these approaches are designed for stroke applications
and may not allow wider applicability for cases with increased heterogeneity and
complexity, like brain tumors (Gordillo, Montseny, and Sobrevilla 2013; Menze et al. 2015;
Sanjuan et al. 2013).

A second approach to evaluate focal white matter damage is to reconstruct fascicles using
tractography and inferring damage to the structure using properties of the segmented
volume (e.g. stroke), or apparent displacement/destruction of the reconstructed model
(e.g. tumor). In the neurosurgical example, these studies can be conducted longitudinally
because the state of the brain’s white matter prior to the injury can be acquired. One way to
execute this type of study is to model the fascicle pre-operatively and infer damage using a
segmentation of the post-operative resection cavity. An alternative approach is to
reconstruct the fascicle model using tractography at two time points (pre- and post-
surgery) and judge how the integrity of the fascicle changed based on the track model
(Caverzasi et al. 2016). These approaches have enabled researchers to make great strides
in understanding the relationship between focal damage and functional deficits, but they
are limited by their dependence on high-fidelity registration and/or subjective intervention
in the cases of complex pathology, like tumors.

1.4 Technical Challenges: Tumor Resection Studies

Executing group imaging studies in the field of brain tumor surgery is particularly difficult
(Brennan and Holodny 2016). The heterogeneity of brain tumor pathology, often
presenting with solid, infiltrative components and perilesional vasogenic edema, can
change the diffusion properties in tissues-of-interest. Moreover, tumor growth can displace
or disrupt pathways (Field et al. 2004). Tissue can shift considerably during surgery
(Nimsky et al. 2005), so spatial relationships between pre-, intra-, and post-operative
imaging may not be maintained. Imaging post-operatively to evaluate the effect of surgical
intervention has unique challenges, as well. The presence of intracranial blood products,
air, and metallic implants used on the surface of the skull in craniotomies can cause
imaging artifacts in some modalities. Taken together, these complications cause many of
the automatic computational tools used to extract salient features from large neuroimaging
datasets to fail, requiring significant human time investment and/or exclusion of cases. As a
result, the typical association study between tractography models and deficits is
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underpowered and the results are often operator-dependent. There is a need for an
automatic method to objectively quantify focal white matter injury.

1.5 Proposed Method: Automatic Pipeline to Create Disconnection Tractograms

In this manuscript, we present an automatic pipeline for comparing diffusion MRI volumes
and identifying spatially coherent focal white matter disconnection. This pipeline was
developed based on a tumor cohort undergoing surgical resection, but the method could be
extended to study longitudinal focal white matter changes in many other contexts.

The proposed method (ASAP-tractograms) has two essential components to address the
challenges outlined, above. The first component is an automatic segmentation of
anisotropic power (AP) changes (ASAP), which identifies tissue likely to be associated with
damage to long-range pathways based on diffusion properties. This approach bypasses the
challenges inherent to automatic segmentation and classification of various lesion
components to solely focus on focal white matter damage. The second component involves
modeling disconnection using tractography on the single-subject level with High Angular
Resolution Diffusion Imaging (HARDI)-based tractograms. This approach enables a
comparison between subjects that is based on individual characterization of damage to
long-range pathways, so comparisons between patients are made based directly on white
matter structures. The advantages of this approach stem from (1) objective and automatic
lesion segmentation and tractogram generation, (2) objective and precise segmentation of
affected tissue likely to be associated with damage to long-range white matter pathways
(defined by AP), (3) good performance even in the cases of anatomical distortions by use of
diffusion MRI based registration in the patient space, which aligns images using white
matter contrast. To evaluate this method against an established approach, we re-analyze a
previously published study (Caverzasi et al. 2016) relating white matter damage to
functional deficits in a neurosurgical cohort and compare the ASAP disconnection
tractograms to the subjective damage ratings of each fascicle established by a consensus of
two trained neuro-radiologists.

2 Material and Methods

2.1 Subjects

The ASAP-Tractogram pipeline was evaluated on pre and post-surgical resection MRI data
from thirty-five subjects with glioma brain tumors. Research was performed in compliance
with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and the
standards established by our institution. The Committee on Human Research at the
University of California, San Francisco, approved the study protocol. Written informed
consent was obtained from all study participants. Each subject underwent a standard pre-
surgical Magnetic Resonance Imaging (MRI) scanning protocol including a High Angular
Resolution Diffusion Imaging sequence. This cohort is the same used in a previous
publication; details can be found in (Caverzasi et al. 2016). Of the 35 patients in this cohort,
6 were excluded for acquisition-related reasons (3 scan-rescan dates greater than a week
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apart, 2 sequence mismatches, 1 had a major artifact obscuring a large portion of the
frontal lobe), leaving 29 patients to be analyzed.

2.2 Diffusion Preprocessing

Diffusion preprocessing was applied to both pre- and post-surgery HARDI datasets in
parallel, as shown in Supplementary Figure 1. The datasets were first corrected for motion
and eddy current distortion using the FMRIB Software Library (FSL) (Jenkinson et al. 2012)
and the gradient table rotated, accordingly (Leemans and Jones 2009). A tensor model was
fit to the corrected HARDI data using the open-source package Diffusion Imaging in Python
(Dipy) (Garyfallidis et al. 2014) and the resulting parameters used to calculate tensor
metrics. An Anisotropic Power Map was calculated (APM) (Flavio Dell’Acqua and Simmons
2014) using the Q-ball model (Descoteaux et al. 2007) implemented in Dipy, which should
represent white matter better than Fractional Anisotropy, especially in crossing regions
(Flavio Dell’Acqua and Simmons 2014). The brain mask calculated from the BO image
(Smite 2002) was applied to all images.

2.3 Tensor-Based Longitudinal Alignment

Rigid and non-linear tensor registration was performed to align white matter structures at
the two time points using the Diffusion Tensor Imaging ToolKit (DTI-TK) (Zhang et al.
2006). These images were subtracted pre-surgery minus post-surgery to produce peri-
surgical difference maps, shown in Supplementary Figure 2. To segment the resection
cavity, the flowchart shown in Figure 1 was applied. The registered pre- and post-surgical
Anisotropic Power Maps were subtracted and spatially clustered using FSL’s Threshold-
Free-Cluster-Enhancement (TFCE) (Smith and Nichols 2009; Woolrich et al. 2009; Smith et
al. 2004; Jenkinson et al. 2012) to boost the signal of spatially coherent decrease in AP. This
made it possible to isolate the ASAP ROI using simple thresholds. These TFCE maps were
thresholded at the 99th percentile, which was sufficient to isolate the AP change associated
with the resection in most patients as a region of interest (ROI), but additional noise from
tissue shifting necessitated the additional requirements of a hard threshold TFCE-boosted
intensity >500 and a cluster size of >5. This results of 29 patients were quality-controlled
using the Mindcontrol platform (Keshavan et al. 2017) for accurate representation of post-
surgical cavity.

Threshold Threshold
PreOP APM Pre - Post TFCE 99th Percentile TFCE > 500, Cluster Size >5

Figure 1: The pre- and the post-surgical Anisotropic Power Maps are subtracted to produce
the Pre - Post image. This image is spatially clustered using FSL’s threshold-free cluster
enhancement to boost the value of spatially coherent decreases in AP, resulting in the TFCE
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image. Several thresholds were applied (99t percentile, TFCE-boosted intensity >500, cluster
size >5) to isolate the ASAP ROL

2.4 Tractography

The whole-brain streamline dataset was targeted using the ASAP ROI. The resulting
distribution of streamlines represents likely pathways of major underlying white matter
structures at risk of being damaged by the surgical resection. The pathways with higher
confidence have many streamlines following roughly the same trajectory. This confidence
can be estimated using the Cluster Confidence Index (CCI) (Jordan et al. Accepted). To
eliminate low-confidence pathways that make results noisy and difficult-to-interpret, any
streamline shorter than 40mm or with CCI <1 (calculated using default parameters: k=1,
theta=5, subsamp=8) was excluded from figures and analysis (Supplementary Figure 3).

Any tractography method can be applied to produce a prediction of the white matter
structures disrupted by the focal injury. For the demonstration detailed by this manuscript,
the pre-surgical whole brain white matter was seeded (AP >4) and tracked using residual
bootstrap probabilistic g-ball tractography (Berman et al. 2008) with the parameters
described in (Caverzasi et al. 2016) (Tristan-Vega, Westin, and Aja-Fernandez 2009;
Tristan-Vega and Aja-Ferndndez 2010; Tristan-Vega and Westin 2011; Bucci et al. 2013).

2.5 Software Implementation

This pipeline was built and run using the Nipype software package (Gorgolewski et al.
2011). The code is open-source and can be downloaded from GitHub
(https://github.com/kesshijordan).

2.6 Comparison to Manual Analysis

The results of this pipeline were compared to those generated by (Caverzasi et al. 2016). In
(Caverzasi et al. 2016), the following white matter bundles were segmented independently
by two neuroradiologists: arcuate Fascicle (AF), components 2 and 3 of the SLF (SLF I and
SLF III), temporo-parietal component of the SLF (SLF-tp), inferior fronto-occipital Fascicle
(IFOF), uncinate Fascicle (UF), inferior longitudinal Fascicle (ILF), middle longitudinal
Fascicle (Md-LF), according to methods outlined in their cited paper (Caverzasi et al. 2016;
Catani, Jones, and ffytche 2004; Caverzasi et al. 2014; Makris et al. 2012), along with the
corticospinal tract (CST) and optic radiation (OR) (Bucci et al. 2013) (Hofer 2010). The
same two neuroradiologists independently rated the degree to which each of these
fascicles had been disrupted both pre- and post-surgery as unchanged (0), displaced but
otherwise normal appearing (1), partially interrupted (2), or completely interrupted (3).
These categories were reduced to affected (0 or 1) and not affected (2 or 3). A pre- to post-
surgical change from 1 to 2 or from 2 to 3 should be reflected in the results of the
difference pipeline because either of those transformations indicate removal of tissue
associated with a disconnection.
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3 Results

Disconnection tractograms are shown for the entire cohort that passed quality-control (QC)
(26/29 subjects) in Figure 2.

DISCONNECTION TRACTOGRAMS
|

IFOF
Arcuate ILF

Figure 2: Shows the Disconnection Tractograms and identified tracts in this cohort that
passed quality control. The left image shows the resection ROI (red) with the raw
tractography output, colored by standard direction. The right image shows the tractography
output segmented by a human operator to reflect fascicle membership. The left image for
each patient shows the automatically-generated connectivity of the ASAP ROI (CCI >1), as
described in the methods, colored by standard orientation. In the standard orientation color-
scheme, each streamline is colored according to the dominant trajectory, as seen on the
traditional FA color map (red=right/left; blue=superior/inferior; green=anterior/posterior).
The right image shows any fascicles-of-interest colored according to the provided key
[CST=cortico-spinal track (dark blue); SLF-tp=superior longitudinal fascicle temporal-
parietal component (medium blue); SLF-1P=superior longitudinal fascicle infra-parietal
component (light blue); Arcuate=arcuate fascicle (yellow); Uncinate=uncinate fascicle
(purple); IFOF=inferior fronto-occipital fascicle (green); ILF=inferior longitudinal fascicle
(pink); MdLF=Medial longitudinal fascicle (orange)]. Of the 29 patients that met inclusion
criteria, 3 did not pass quality control: one patient had a bad registration between the pre-
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and post-surgical images and 2 had false-positive ASAP ROI'’s present. In the 3 cases
investigated for anomalous large regions of Anisotropic Power increase post-surgery, other
imaging contrasts indicated postoperative blood products and/or pneumocephalus
colocalizing with the region.

3.1 Evaluation of Performance: Connectivity of ASAP ROI

The streamline output of the difference pipeline clearly shows the white matter structures
hypothesized to have been disrupted by the surgery (Figure 3). These sub-bundles are
recognizable by shape and their pathway through the brain. For the purposes of
demonstrating this using a two-dimensional figure, the streamline output for each case has
been colored by a researcher with experience in fascicle modeling to highlight the bundles
associated with motor, optic, or language that are routinely modeled for pre-surgical
planning research at UCSF (Figure 2). These illustrative cases are compared to the
subjective rating conducted by (Caverzasi et al. 2016). This study manually segmented
fascicle models of bundles pre- and post-surgery, rating each subjectively on a scale from 0
to 3 (O=unaffected, 1=infiltrated/displaced, 2=partially destroyed, 3=completely
destroyed). The difference pipeline shows disconnections in tractography models, so we
would expect bundles output by the difference pipeline to reflect rating changes from
0/1-2 or 0/1/2-3.

Figure 3 demonstrates the basic idea: the left panel shows the connectivity of the difference
pipeline output ASAP ROI (colored red), as modeled by tractography. We can see a bundle
that follows the path of the Uncinate Fascicle (purple) from the frontal lobe, hooking down
and around into the anterior temporal lobe and another bundle that follows the path of the
IFOF (green), from the frontal lobe through the external/extreme capsule and continuing
posteriorly to terminate in the occipital lobe. The connectivity of the ASAP ROI suggests
that portions of these two bundles were disconnected by the surgery. The right panel
shows the pre- and post-surgery tractography models from which the damage rating was
assigned. From these manual reconstructions, it appears that the lateral projections of both
the UF and IFOF present in the pre-surgery model are missing from the post-surgery
model. In this case, the subjective damage rating of the UF and IFOF increased from 1
(infiltrated /displaced) to 2 (partially destroyed), so the approaches reached the same
conclusion with respect to these two structures. The subjective rating also scored the SLF II
as increasing from a score of 2 to 3, but the resection cavity did not overlap with the
missing streamlines from the SLF II (the underlying white matter appears intact), so this
disagreement is not relevant.
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DISCONNECTION TRACTOGRAM: CAVERZASI ET. AL. RESULTS:
TARGETS IFOF AND IFOF AND AFFECTED

Figure 3: Comparing Difference Pipeline to Pre-/Post-Surgery Anatomically Constrained
Fascicle Models LEFT: The Difference Pipeline Results suggest that the resection ROI (red)
disconnected segments of the Inferior Fronto-Occipital (green) and the Uncinate (purple)
Fasciculi. The RIGHT panel shows the manual/subjective comparison (Caverzasi 2016) study
results pre (LEFT) and post (RIGHT) surgery in the transverse plane. The orange circle
indicates the change pre- vs. post-surgery. The manual results indicated potential disruption
of the SLFII, but the underlying white matter is intact so it is likely due to post-surgical
tracking difficulty should not be included in the disconnection tractogram. Manual Results:
IFOF (1-2), Uncinate (1-2), SLFII (2-3), SLFIII (2-2), Arcuate (1-1)

3.2 Continuous Representation of White Matter Damage

One advantage of representing white matter damage continuously, as opposed to using a
rating scale, is that some damage patterns cannot be described discretely. Figure 4
demonstrates this point. From the connectivity of the ASAP ROI (Figure 4 left panel),
portions of the left Arcuate Fascicle (yellow) and left IFOF (green) can be segmented. This
agrees with the manual reconstructions of the pre- and post-surgery Arcuate and IFOF
(Figure 4 right panel). The IFOF appears to have lost a large portion of its superior-frontal
lobe connections as a result of the resection, which is reflected in the damage rating
increase (rating 1-2) and noted in the resected tissue missing from the post-surgery IFOF
model (orange arrow). The Arcuate, however, did not change in subjective rating pre- vs.
post-surgery (rating 2—2); the fascicle model was partially destroyed pre-surgery and
futher destroyed post-surgery, but the rating system was not resolute enough to reflect
that distinction. This case shows the advantage of having a continuous representation of
damage, as opposed to a discrete one; the Arcuate is subjectively codified as unchanged,
but the difference pipeline connectivity shows the specific connection that was threatened
by the surgery.
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DISCONNECTION TRACTOGRAM: CAVERZASI ET. AL. RESULTS:
TARGETS IFOF & ARCUATE IFOF AFFECTED, ARCUATE NOT

Pre-Surgery

Post-Surgery

Figure 4: Continuous Damage Representation From the connectivity of the ASAP ROI (red),
portions of the left Arcuate Fascicle (yellow) and left Inferior Fronto-Occipital Fascicle
(green) models were segmented. This agrees with the manual reconstructions of the pre- and
post-surgery Arcuate and IFOF (RIGHT) models. The IFOF appears to have lost a big chunk to
the resection (damage rating 1-2). The Arcuate, however, did not change in subjective rating
pre- vs. post-surgery (rating 2—2); the fascicle model was partially destroyed pre-surgery and
futher destroyed post-surgery, but the rating system was not resolute enough to reflect that
distinction. Manual Results: IFOF (1-2), Uncinate (0—2), SLFIII (2—3, Arcuate (2-2), SLFII
(1-1)

Another case that demonstrates the advantage of evaluating white matter disconnection on
a continuous scale is shown in Figure 5 and Supplementary Figure 4M. According to the
disconnection tractogram, the region immediately adjacent to the tumor is connected to the
temporal lobe, frontal lobe, and spinal cord. However, these streamlines do not meet the
criteria for inclusion in the any anatomically-constrained fascicle models because both
ends do not reach the cortex. These bundles follow trajectories characteristic of the Arcuate
Fascicle (yellow), the IFOF (green), and a bundle connected to the spinal cord (blue). The
pre-surgical model of the Arcuate does not include the component wrapped around the
tumor because it does not reach the cortex, so the pre- vs. post-surgical models were rated
as unchanged.
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DISCONNECTION TRACTOGRAM: CAVERZASI ET. AL. RESULTS:
TARGETS IFOF, ARCUATE, ARCUATE NOT AFFECTED

Pre-Surgery

Post-Surgery

Figure 5: Wrapping Around the Tumor: Artifact or Important? The region immediately
adjacent to the tumor contains tracks that do not meet the criteria for inclusion in the any
Anatomically-Constrained fascicle models because both ends do not reach the cortex.
However, the bundles follow trajectories characteristic of the Arcuate Fascicle (yellow), the
IFOF (green), and a bundle connected to the spinal cord (blue). The pre-surgical model of the
Arcuate does not include the component wrapped around the tumor because it does not reach
the cortex, so the pre- vs. post-surgical models were rated as unchanged.

3.3 Performance Despite Distortion and Artifacts

The difference pipeline performs well, in spite of interference from artifacts or tissue
distortion. The patient shown in Figure 6 had a particularly septated heterogeneous lesion
with cystic, nodular and hemorrhagic components, which was further complicated by post-
surgical hemorrhage exerting pressure on the tissue. A mass effect is apparent in the pre-
and post-surgical images, but the pipeline still resulted in a reasonable output similar to
the manual assessment by neuroradiologists. The output showed a sub-bundle of the
Arcuate (yellow) as the likely white matter disconnection occurring as a result of the
resection. The manual approach rated the only changes as Arcuate Fascicle and SLF II
increasing in damage from 1-2. One point to note, in a case like this, performing
tractography on the post-surgical dataset may be very difficult because of challenges
associated with performing tractography post-surgery (e.g. edema, blood products, metallic
implants, etc.). The cavity is not adjacent to the SLF II, so the damage rating to the SLF II
structure is questionable; it is possible that the manual reconstruction was missing
components due to post-surgery tracking difficulty, as opposed to the tissue being resected.
The difference pipeline produces disconnection tractograms using pre-surgical data; the
post-surgical data is only used to identify cavity, so surgery-related edema or blood
products has less effect on the results.
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Figure 6: Performance with Severe Tissue Distortion In this case, severe mass effect was
observed due to the aggressive growth of the tumor and pressure from hemorrhaging. This
pipeline was still able to estimate an ASAP ROI and produce a prediction that the Arcuate
Fascicle was disconnected. The manual rating also cited the SLFII as being damaged, but the
underlying white matter is intact so this discrepancy could be explained by post-surgical
tracking difficulty. Manual Results: Arcuate (1-2), SLFII (1-2), SLFIII (2-2), SLF-tp (3-3),
ILF (3—3), MdLF (3-3), IFOF (3-3), Uncinate (3—-3), CST face/hand/foot (1-1)

4 Discussion

The ASAP-Tractogram approach, presented here, meets the need for an objective,
automatic pipeline robust to pathology. The objective and automatic aspects have vast
implications on scalability of studies and translation across institutions, but the pipeline
approach, itself, has unique advantages for studies of any size. Sub-bundle resolution is
important in executing specific studies relating white matter connectivity to functional
deficits; the classification of a subcortical pathway may include a variety of connections
(Fernandez-Miranda et al. 2014) and there may not be a consensus on the exact
components of an anatomically-defined fascicle model (Heide et al. 2013). Also, there is
evidence that a bundle’s robustness to damage is not uniform (Herbet et al. 2016).

The need for technical development of tractography methods is widely acknowledged
(Duffau 2014), particularly to eliminate manual intervention, which creates a danger for
excluding displaced fibers that represent genuinely displaced white matter bundles (Feigl
et al. 2014). We found this concern to be justified in this study, as well. As an example, the
case presented in Figure 5 had subjective ratings of fascicle damage that did not explain the
permanent new language deficit the patient experienced. An analysis of the difference
pipeline results suggested that a fragment of the model of the Arcuate Fascicle, a white
matter structure associated with language deficits (Bernal and Ardila 2009), wrapped


https://doi.org/10.1101/140137

bioRxiv preprint doi: https://doi.org/10.1101/140137; this version posted May 20, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

around the tumor and had potentially been disrupted by the surgery. While this wrapping
phenomenon is not well-characterized, it is reasonable to consider that information can be
gleaned from tractography models engaged in wrapping merely because of their proximity
to the tumor, which puts the fascicles they represent at risk of being damaged by the
surgical resection. In the manual fascicle modeling of this case, streamlines that wrapped
around the tumor region were removed by the manual operator because they did not
match the anatomical constraints of the Arcuate Fascicle, so the potential disruption was
not reflected by the post-operative rating scale because the at-risk bundle was excluded
from the pre-operative model (Supplementary Figure 4M). In the case shown in Figure 5, a
distorted fascicle model of a bundle indicating connectivity to the spinal cord was wrapped
around the tumor, but did not reach the cortex so the bundle classification is inconclusive.
The patient had a short-term post-surgical motor deficit, so information about connectivity
to the spinal cord may be relevant to this case. It may be that the white matter directly
adjacent to the tumor region helps to explain the discrepancy between tissue damage and
functional deficits, but tractography models in that tissue are highly uncertain due to the
presence of disease processes.

This pipeline approach is also robust to pathology, provided that distortions are similar
between time-points. The approach only attempts to precisely register images
longitudinally; there is no registration to MNI. Cases, such as Figure 6, may be excluded
from VLSM studies due to the extreme level of tissue distortion (Herbet et al. 2016) but the
distortion is similar enough between pre- and post-surgery to analyze the case
longitudinally. The resulting tractography model generated on the single-subject level can
be compared in a cohort study without ever registering the distorted tissue, itself, to a
common space. This pipeline models the connectivity of the resection tissue in the patient-
specific space, which confers higher confidence in the identity of the white matter structure
threatened by the surgery than comparison to healthy controls (Almairac et al. 2014).

4.1 Limitations of the ASAP-Tractogram Approach

While there are many advantages conferred by this automatic image processing pipeline
approach, a number of limitations must be carefully considered throughout the
implementation and use of this workflow. Resection studies are very difficult, from an
engineering standpoint, because the mechanics of tissues are difficult to predict (Dixit and
Liu 2016; Tse et al. 2013), especially when a heterogeneous pathology is involved
(Garlapati et al. 2014). There is a significant concern for how well the tissues can be
matched from pre- vs. post-surgery imaging and at what point correcting for the tissue
shifts that come with focal lesion resections (the previous tumor growth exerting local
pressure that subsequently relaxes back into the resection cavity after removal, which
eventually disappears), gravity causing tissue to "cave in” to larger resections, blood
causing both imaging artifacts and, in some cases, exerting pressure on the brain, implants
causing imaging artifacts, air causing both tissue displacement and imaging artifacts,
pressure/CSF changes, swelling of tissue, to name a few. Setting parameters for
longitudinal registration between peri-surgical time points involves a tradeoff: the
nonlinear registration algorithm must reflect genuine tissue shift associated with the
surgery, but it cannot be allowed so much flexibility that it “corrects” the surgical cavity.
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Another consideration when deciding on an experimental approach is when and how to
collect the HARDI datasets. There is a tradeoff between some of the challenges present
immediately postop, and the risk of tissue reorganization or further disease processes
occurring at a later time-point, after immediate post-operative challenges have resolved.
One of the aspects of post-surgical images that makes registration to pre-surgical images
difficult in this particular cohort is the susceptibility artifacts caused by blood, air, and
implants being imaged using an Echo-Planar sequence. The HARDI datasets from this study
were not collected with any components necessary for susceptibility correction at the time
of acquisition. Susceptibility correction can be trivial, provided either a field-map (Jezzard
and Balaban 1995) or two B0 images with opposite phase-encoding gradients are collected
at the time of acquisition (Andersson, Skare, and Ashburner 2003). Applying this pipeline
to susceptibility-corrected images should improve performance, as that removes one
element of mismatch pre vs. post-surgery. The authors strongly recommend that, if
possible, susceptibility correction is considered in sequence planning.

This connectivity-focused approach may need to be complemented by a VLSM study to
better explain the deficits in a cohort. Some studies have shown that it is important to
consider the location of damage along the length of the track (Herbet et al. 2016). Also, only
damage associated with spatially coherent decreases in AP will be identified by this
approach. It may be possible to optimize this pipeline for other types of injury. For
example, known changes in mean diffusivity (MD) associated with ischemic injury could be
leveraged to segment potential regions of infarct.

4.2 Artifacts and Errors

One important limitation of any new image-processing pipeline is that the output must be
scrutinized critically for new artifacts and errors. In this cohort, the heterogeneity of the
parameter changes around the surgical cavity presented some unexpected results. In most
cases, the pattern of AP decreasing and MD increasing pre- to post- surgery was reversed in
some regions around the surgical site. AP is extremely hyperintense in these regions post-
surgery (greater than the intensity of the corpus-callosum, which should have some of the
highest AP in the whole brain) (Example: Figure 6). Based on comparison by a
neuroradiologist to CT images, there were two explanations for this phenomenon:
pneumocephalus and blood products. When air is present inside the skull
(pneumocephalus), MD decreases because CSF/tissue is displaced by air, so the AP
presents as artifactually hyperintense post-surgery resulting in a net increase in the AP
difference parameter. This parameter reversal was apparent in several cases, as can be
seen in Supplementary Figure 5. AP is increasing and MD is decreasing, because AP appears
to be artifactually hyperintense in the presence of blood. The decrease in MD is logical
because blood is viscous, restricting diffusion. Anisotropic power is a relatively new
measurement, so it has yet to be characterized. This artifact in AP hyperintensity may be
due to the dephasing of signal in the BO image due to inhomogeneity of fields characteristic
of blood because of its high paramagnetic properties and air/tissue interface creates a
susceptibility artifact.

The most common mode of QC failure was due to the presence of false-positive resection
ROI’s. The cause of this tended to be an error in the automatic segmentation of the AP
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change due to excessive distortion of ventricles. Blood products, pneumocephalus, and
other distortions related to the surgery can cause the ventricles to shift, in relation to the
preoperative image. In these cases, the peri-ventricular white matter is mistaken for a
resection ROI because parts of the highly anisotropic corpus callosum overlay the shifted
ventricle in the post-operative image. This phenomenon caused two patients in the cohort
to fail QC, but was easy to identify and correct.

In one case, the difference pipeline missed some bundles because they were not
represented in the pre-surgery streamline dataset used for targeting the resection ROI.
This is due to insufficient seeding density; these streamlines were represented in the
(Caverzasi et al. 2016) study because the seeding density was much higher.

Many concerns about using this ASAP pipeline approach can be addressed by rigorous
implementation standards: a pilot study should always be performed with the results from
a variety of extreme patient conditions evaluated by neuroradiologists, and a strict QC
protocol employed. Several features of diffusion parameters lend themselves to serving as
indicators for QC.

4.3 Potential to Fully Automate Disconnection Studies

This pipeline automates the generation of a disconnection tractogram associated with focal
injury, but an expert still had to classify the ASAP-Tractogram components by recognizing
the trajectory of the pathway. Automatic classification algorithms are being advanced
continuously; some have even been demonstrated as robust to some pathology (Yeatman
etal. 2012; O’Donnell et al. 2017). The combination of this ASAP-Tractogram approach
with automatic classification algorithms would enable fully automatic studies. This could
facilitate Pathway Lesion Symptom Mapping studies characterizing the risk of a particular
deficit with the confidence that comes from very large studies. These high-confidence
studies are necessary to empower clinicians to ask the question “What is the possible
morbidity to this unique patient given the location, size, and extent of this infiltrative
tumor?” so that they can better counsel their patients and plan interventions to minimize
complications and maximize the extent of resection, which will impact patient quality and
quantity of life.

This pipeline could also be applied to other types of longitudinal white matter damage.
Neurosurgical intervention in pathologies involving less tissue distortion should work at
least as well as this tumor demonstration (the pre-surgical brains in non-tumor epilepsy
patients should be more similar to controls than, for example, a grade IV tumor).
Pathologies like stroke and Multiple Sclerosis may require tuning of parameters but, in
theory, should be a good application for this pipeline because the deformations between
time points tend to be smaller than those associated with tumor resection.

4.4 Potential to Impact Clinical Decisions

A shift in the framework of thinking about the brain has been progressing from a
topographical approach to one more focused on pathways (“hodotopical”)(Catani 2005).
This is reflected in efforts by the field of neurosurgery to move beyond preservation of
discrete “eloquent regions” toward a holistic approach integrating information from many
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anatomical/functional systems (Duffau 2015). Tractography methods are being pushed
into the neurosurgical navigation systems because they provide in-vivo models of patient-
specific white matter structures, essential to understanding this new paradigm. There is
growing evidence that the potential of functional compensation for white matter damage is
limited (Ius et al. 2011; He et al. 2007; Genova et al. 2014; Cristofori et al. 2015) and that
post-surgical plasticity relies on long-range white matter connections being spared by
surgery (Duffau 2014). There is evidence that damage to a functional system can be
compensated for by adjacent regions (Benzagmout, Gatignol, and Duffau 2007) and that
long-range connections may help cortical reorganization (Papagno et al. 2011). All of these
questions are important to answer for both basic neuroscience and applied clinical
researchers, but the studies required to develop confidence in the answers cannot be done
with today’s technology. To further advance studies relating focal white matter damage to
deficits and translatability of results across institutions, methods that are objective,
automatic, and compatible with brains distorted by pathology are necessary.

5 Conclusions

The proposed ASAP-tractogram approach may provide advantages over current methods
for both accuracy and efficiency when confronted with pathology that significantly distorts
the normal anatomy (as is often the case for brain tumors). The extent of variability due to
genetics, learning over a lifetime, varying functional states, pathological processes, the
brain’s response to pathology (Duffau 2013), and uncertainty in models of
structural/functional systems necessitates studies with considerably larger sample sizes
and more specific characterization of disrupted white matter structures than are the
standard with current technologies. Our work lays the groundwork for high-resolution,
larger scale, sufficiently powered analyses by meeting the need for an automatic approach
to objectively quantify white matter disconnection.

6 Appendices
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Supplementary Figure 1: A flowchart of the preprocessing steps executed to produce post-
surgery diffusion metric images aligned to the pre-surgery images. (APM = Anisotropic Power

Map, FA = Fractional Anisotropy, MD = Mean Diffusivity, BO = minimally diffusion-weighted
image)
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Supplementary Figure 2: Difference maps were created by subtracting the aligned post-
surgical diffusion metric image from the pre-surgical. The resection cavity is shown as
positive in the anisotropic power map (APM) because anisotropic tissue was removed, and
negative in the mean diffusivity (MD) and BO maps because tissue was replaced with CSF,
which has higher diffusivity and T2-contrast intensity.
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Raw Tractography Output: Final Disconnection Tractogram:
Cluster Confidence CCl>1

Supplementary Figure 3: The streamline output was filtered objectively using the Cluster
Confidence Index (CCl), to exclude low-confidence streamlines (left panel). Any streamlines

with CCI <1 or length <40mm were excluded from analysis, resulting in the final disconnection
tractogram (right panel), shown with the ASAP ROL.

DISCONNECTION TRACTOGRAM vs. CAVERZASI ET. AL. PRESURGERY MODEL OF ARCUATE
Patient M

- Patient N
LATERAL VIEW,* "
o

LATERAL VIEW

Supplementary Figure 4: Disconnection Tractogram vs. ACT Presurgical Model of
Arcuate Fascicle in Patients with Postsurgical Language Deficits The presurgical model
of the Arcuate Fascicle (Blue) in Patient M (LEFT) is almost entirely distinct from the
disconnection tractogram (yellow), which shows a fragment of an Arcuate Fascicle model
wrapped around the tumor region. The presurgical model of the Arcuate Fascicle (Blue) in

Patient N (RIGHT) largely overlaps with the presurgical model, evidenced by the
interdigitation of the blue and yellow streamlines.
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Supplementary Figure 5: Blood Products and Pneumocephalus This patient had
pneumocephalus and blood products which appears to manifest as inverted contrast on the
anisotropic power map (APM) and mean diffusivity (MD). A) Blood and pneumocephalus are
apparently associated with hyperintense AP, resulting in an artifactual increase in AP post-
surgery. B) Mean diffusivity decreases due to viscous blood, air, and ischemia. C) The
difference pipeline still succeeds in isolating the tissue that decreased in AP. This difference
map suggsts that the Arcuate (yellow), Medial Longitudinal Fascicle (MdLF=orange), the
Inferior Longitudinal Fascicle (ILF), and a bundle connected to the spinal cord (blue) were at
risk of being disrupted by the surgical resection. Manual Results: Arcuate (1-2), MdLF (1-3),
ILF (2-2), SLFII (2—-2), SLFIII (3—3), IFOF (3—3), Uncinate (3—3), CST face/hand (1-1)
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