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Abstract. Multi-shell, high resolution diffusion MRI (dMRI) data from
the Human Connectome Project (HCP) provides an unprecedented
opportunity for the in vivo mapping of human brain pathways. It was
recently noted, however, that significant distortions remain present in
the data of most subjects preprocessed by the HCP-Pipeline, which have
been widely distributed and used extensively in connectomics research.
Fundamentally this is caused by the reliance of the HCP tools on the
B0 images for registering data from different phase encodings (PEs). In
this work, we develop an improved framework to remove the residual
distortion in data generated by the HCP-Pipeline. Our method is based
on more advanced registration of fiber orientation distribution (FOD)
images, which represent information of dMRI scans from all gradient
directions and thus provide more reliable contrast to align data from
different PEs. In our experiments, we focus on the brainstem area and
compare our method with the preprocessing steps in the HCP-Pipeline.
We show that our method can provide much improved distortion correc-
tion and generate FOD images with more faithful representation of brain
pathways.

1 Introduction

With the advance of multiband and several other MRI techniques, the Human
Connectome Project (HCP) [1] has developed cutting-edge connectome imaging
protocols to acquire high-resolution, multi-shell diffusion MRI (dMRI) that has
enabled the in vivo investigation of brain pathways with unprecedented details.
Among the various technical advances in the HCP protocol, one notable choice is
the acquisition of dMRI data from two phase encodings (PEs) for the correction
of susceptibility-induced distortion. However, it was noted recently that majority
of the preprocessed dMRI data from HCP [2] still contains significant distortions
in regions such as the brainstem [3]. Given the critical role that HCP data
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continues to play in brain imaging research, it is important to raise awareness
of this critical issue in the neuroimaging community and investigate solutions to
this fundamental problem.

Fig. 1. An illustration of the problem in susceptibility distortion correction in HCP-
Pipeline. Inputs to the distortion correction based on the topup tool from FSL are the
B0 images from the R/L and L/R PE. After that, the corrected B0 images appear
“undistorted”. For the ROIs (yellow box) of the corrected data from each PE, we
computed the FODs and plotted them in the right column. The residual distortions
are clearly visible as highlighted in the dashed ellipsoids. (Color figure online)

The susceptibility of the magnetic field to the tissue/air boundary around the
brainstem results in large distortions of the dMRI data along the phase encoding
(PE) direction [4]. As shown in Fig. 1, the distortion can be either stretching or
compression of the brainstem tissue. The susceptibility-induced distortion not
only causes geometric distortion, but more importantly the loss of information
due to piling up of signal intensities in regions with severe compression. The
state-of-the-art solution is to collect data from opposite PE directions and esti-
mate the distortion field from these two copies of data with the same set of
gradient directions [5–7], which is the approach HCP and various connectome
imaging projects adopt. Using data from the two PEs, the HCP has developed
the HCP-Pipeline to correct the distortions and merge them to generate the
preprocessed dMRI data for connectivity research [2], which has been widely
distributed to the research community. The susceptibility distortion correction
in the HCP-Pipeline is mainly based on the topup tool from the FSL, which
registers the B0 images from both PEs and estimates the deformation fields
for the correction. From the fiber orientation distributions (FODs) [8] plotted
in Fig. 1, we can clearly see the brainstem anatomy is severely misaligned even
though the “corrected” B0 images appear undistorted. This is because the B0
images do not have enough contrast to resolve the complex brainstem anatomy.
Merging such misaligned data, if we continue to run the preprocessing steps in
the HCP-Pipeline, will clearly introduce severe artifacts for connectivity model-
ing. The critical issue is that this is not a rare problem, but prevalent in most
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preprocessed data [3]. In the benign cases, we might expect distorted pathways.
In more serious situations, false pathways can be introduced as we will demon-
strate in our experiments. It is thus imperative to tackle this problem and provide
improved correction for the highly valuable HCP dataset.

To overcome limitations in current methods for susceptibility distortion cor-
rection, we will develop a novel method based on registering the FODs com-
puted from data acquired in each PE. Compared with B0 images which existing
methods rely on for distortion correction, FODs represent information from all
gradient directions and encode more detailed contrast to allow better alignment
of brainstem anatomy. Our method first estimates the FODs for the multi-shell
imaging data in each PE. A variational optimization approach will then be devel-
oped to minimize the mismatch of FODs from the two PEs while requiring the
distortion fields to be opposite transformations as much as possible, which stems
from the physical models of susceptibility distortions. After that, we solve a reg-
ularized inverse problem to merge these corrected data for connectivity analysis.
Compared with previous works based on registering B0 images, there are two
main advantages in our FOD-based approach. Because FODs are computed from
the ratio between images of each gradient direction to the B0 image, and images
from all gradient directions experience the same susceptibility distortion in one
acquisition, the Jacobian modulation to image intensities are not needed in our
formulation. The second advantage is that there no need of incorporating the
rotation operator during the deformation process because the distortion is one-
dimensional along the PEs, which leads to a much simplified FOD registration
framework. In our experiments, we compare our method with the HCP-Pipeline
and demonstrate that much improved distortion correction can be achieved on
HCP data.

2 Methods

An overview of the proposed novel method for susceptibility distortion correction
is shown in Fig. 2. The inputs to the processing pipeline are the dMRI data from
two opposite PEs of the same subject. For data from the HCP, the two PEs
are R/L and L/R. In most other connectome imaging studies, the two PEs
are typically the A/P and P/A directions. In the first part of the workflow
(purple dashed box), the processing steps of the HCP-Pipeline are first applied
including the topup and eddy tools from the FSL. In the default HCP-Pipeline,
the “corrected” data from both PEs will then be merged to form the output
dMRI data. The novel processing pipeline developed in this work is shown in
the cyan box in Fig. 2. To remove the residual distortion in the data processed
by HCP-Pipeline, we compute the FODs from the multi-shell dMRI data of both
PEs to better characterize the differences in these images. The deformation fields
from FOD-based registration are then extracted to correct for distortions and
merging the data from the two PEs into a final dMRI dataset for connectivity
analysis.
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Fig. 2. The proposed framework for susceptibility distortion correction for connectome
dMRI data. (Color figure online)

2.1 FOD Image Registration

For the multi-shell dMRI data from each PE, we compute the FODs using the
multi-compartment model in [8]. At each voxel, the FOD is represented as the
coefficients to the spherical harmonics (SPHARMs). For the registration of the
FOD images from two PEs, we use the open source software package elastix
[9] and solve an image registration optimization problem as follows:

µ̂ = arg min
µ

C(IF , IM ◦ T (x,µ)), (1)

where IF and IM are the fixed and moving image, respectively, x is an image
voxel location and T (x,µ) is a coordinate transformation parameterized by µ.
In our work, both the fixed and moving images are 4-D images with the 4-th
dimension denoting the SPHARM basis functions used for FOD representation.
Practically we took the first N SPHARM coefficient images of each PE to form
the 4-D vector images for registration. The image mask was generated from
the HCP-Pipeline [2]. The mutual information is used as a cost function, and
B-spline transformation model is chosen for the modeling of the deformation.
An accelerated version of adaptive stochastic gradient descent [10] was used for
iterative optimization of Eq. (1). A multi-resolution strategy was used to tackle
the local minimum and accelerate the registration procedure. The images were
smoothed using a half-reduced Gaussian filter with standard deviations from 32
to 0.5 mm. For each iteration, 10000 image voxels were randomly sampled from
the fixed image, and 1500 iterations were used for each resolution.

Following previous works on modeling the susceptibility distortion [5–7], we
constrained the deformation only along the phase encoding direction during the
optimization of the registration. For the HCP data, we denote the FOD from
R/L PE as the fixed image, and FOD from L/R PE as the moving image. Using
the above registration process, we compute the forward deformation D from
R/L to L/R and the inverse deformation inv(D) from L/R to R/L. For data
from opposite PEs, the susceptibility distortion are symmetric in opposite PE
direction. For the preprocessed data from HCP-Pipeline, we assume that the
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residual distortions from the two PEs are still symmetric in each PE direction
since the symmetry was modeled in the topup tool [5]. The underlying true,
un-distorted image should thus be at the middle point between the fixed and
moving image. Half-way deformations D/2 and inv(D)/2 will thus be used to
merge the data from two PEs and reconstruct the true dMRI image next.

2.2 Merging Data from Different PEs

Using the deformations from FOD-based registration, we will solve an inverse
problem to reconstruct the underlying true image I from two distorted images,
denoted as Y+ and Y−, from two different PEs. Because we assume the I is at
the middle point between the fixed Y+ and moving image Y−, we can use the
half-way deformations D/2 and inv(D)/2 and formulate a forward model as:

[

Y+

Y−

]

=
[

K+

K−

]

I + n, (2)

where K+ and K− are sparse matrix representations of the deformations D/2
and inv(D)/2 that relates the true image I to the images from two opposite PEs,
and n denotes noise. Using regularized least squares, we can obtain the solution
to the inverse problem as

I =
(

[

KT
+ KT

−
]

[

K+

K−

]

+ λR

)−1
[

KT
+ KT

−
]

[

Y+

Y−

]

, (3)

where R is a smoothness regularization and λ is a non-negative parameter con-
trolling the relative weight of the regularization term. This reconstruction pro-
cess is applied to data from each gradient direction and form the final output
data from our method, which removes the residual distortions and produces high
quality data for connectivity analysis.

3 Experimental Results

In this section, we will apply our method to the connectome imaging data from
HCP and compare the performance with HCP-Pipeline. In particular, we will
focus on the brainstem area, which is a critical region for brain imaging research
but usually experiences high distortion. More recently, the brainstem area is
considered the earliest site of tau pathology in the Braak staging of Alzheimer’s
disease (AD) [11], thus making it highly significant to obtain accurate dMRI
imaging data in this challenging area of human brain.

For each HCP subject, we use two raw dMRI scans in the R/L and L/R
PEs from the 900-subject release of HCP. Each dMRI scan acquires data from
97 gradient directions distributed on three shells with b-values 1000, 2000, and
3000 s/mm2 at an isotropic spatial resolution of 1.25 mm. For each subject, we
will compare the FOD fields with known anatomy in the brainstem to evaluate
reconstruction quality. For all experiments, the FODs are calculated with the
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Fig. 3. Results from a brainstem ROI at the level of the midpons of subject 100307.
(A) Yellow bar indicates the location of the ROI on the mid-sagittal slice. (B) and (C)
show the FODs computed with data from the R/L and L/R PE after preprocessed
by HCP-Pipeline, respectively. (D) show the FODs computed with the corrected data
from HCP-Pipeline after merging data from R/L and L/R PEs. (E) show the FODs
computed with the merged data from our method. (Color figure online)

maximum SPHARM order of 12. The regularization parameter in the merging
process is chosen as 0.5. We have conducted our experiments on 10 randomly
selected HCP subjects. Overall we observe clear improvements in all subjects
after we applied our processing workflows to data generated by HCP-Pipeline.
This is even true for subjects that passed the quality control of [3]. Next we show
results from two representative subjects to demonstrate the improved distortion
corrections achieved by our method.

We first show that residual distortions can still exist in data considered to
be high quality. In Fig. 3, we plotted the FODs computed from data generated
at different stages of the workflow shown in Fig. 2 for subject 100307, which has
passed the quality control in [3] based on visual examination of tract density
images (TDI). In both Fig. 3(B) and (C), the dashed ellipsoids highlight the
FODs for the left and right cortico-spinal-tract (CST). Clearly they are oriented
differently in Fig. 3(B) and (C), which indicates the presence of residual distor-
tions. If we merge these two datasets, as done typically by HCP-Pipeline, and
computed the FODs as shown in Fig. 3(D), the FODs corresponding to the left
and right CST become mingled together, which is not anatomically correct since
the CSTs only decussate at the more inferior medulla area of the brainstem. In
the FODs computed from the data generated by our method shown in Fig. 3(E),
we highlight that the FODs for the left and right CST in dashed ellipsoids. This
shows that our method not only maintains the separation of the two CSTs in
midpons, but also corrects the distortions that existed in the data generated by
HCP-Pipeline.
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In addition to the relatively benign distortions such as in subject 100307,
we also observe more critical cases that false fiber trajectories can be caused
in the merged data if the distortions are not removed. In Fig. 4, we show the
results from subject 136833 at an ROI in the midbrain. In Fig. 4(B) and (C), we
show the FODs computed from the data of each PE after they went through the
distortion correction steps of HCP-Pipeline. The two dashed ellipsoids highlight
the trajectories of the fiber tracts of the cerebellar peduncles on the left and
right hemispheres, but they are obviously distorted toward the right and left
side, respectively. If we simply merge the data after the distortion correction
in HCP-Pipeline, the resulting FODs shown in Fig. 4(D) suggest there are two
possible fiber trajectories in each hemisphere as highlighted by the dashed ellip-
soid. This is due to the merge of the misaligned data from two PEs and clearly
not anatomically meaningful. After we apply the distortion correction by our
method, we can see the FOD trajectories of these two fiber pathways become
much better aligned and maintains the same number of pathways as in the data
from both PEs.

Fig. 4. Results from a brainstem ROI at the level of the midbrain of subject 136833.
(A) Yellow bar indicates the location of the ROI on the mid-sagittal slice. (B) and (C)
show the FODs computed with data from the R/L and L/R PE after preprocessed
by HCP-Pipeline, respectively. (D) show the FODs computed with the corrected data
from HCP-Pipeline after merging data from R/L and L/R PEs. (E) show the FODs
computed with the merged data from our method. (Color figure online)
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4 Conclusions and Discussion

There are two main goals of this work. The first is to raise awareness of the
residual distortions in the connectome imaging data from HCP and other imag-
ing projects even after they are processed by the HCP-Pipeline. As we showed
in our results, these distortions can lead to detrimental effects for modeling the
connectivity of brain pathways. The second goal of this work is the development
of a novel framework for the correction of these residual distortions in connec-
tome imaging data. Our method is based on the registration of FOD images from
both phase encodings, which provides more anatomically relevant contrast than
B0 images used in current tools in the HCP-Pipeline. We demonstrated that our
method can remove residual distortions and produce anatomically more valid
FODs for brainstem regions. Besides the brainstem area, connectome imaging
data have distortions throughout the brain, even for deep brain areas around the
ventricles. As our future work, it is thus important to conduct a more extensive
examination of the residual distortions in other brain regions, and study how
our method can help improve the accuracy and reliability in tractography and
related connectivity research.
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