Impacts of diffusion MRI spatial resolution
on the short-range association fiber reconstruction and connectivity estimation
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Synopsis (96 words)

Motivation.

Short-range association fibers (SAFs) are essential for mediating cortico-cortical communication.
However, their accurate mapping requires high-resolution diffusion MRI data since SAFs reside in
a ~1.5mm thin layer beneath the cortex.

Goal(s).
Clarify impact of diffusion image resolution on the estimation of SAFs and connectivity.

Approach.

Simulated and empirical diffusion data at different resolutions were obtained for reconstructing
structural connectivity matrices. SAF connectivity strength was quantified and compared. The
volume fraction and fiber orientation of local SAFs were examined.

Results.
Lower image spatial-resolution leads to disorganized SAF orientation, decreased voxel-wise white

matter volume fraction, and underestimation of SAF connectivity strength.

Impact (38 words)



This study demonstrates the poor reconstruction result of SAFs at low resolution, emphasizing the
need for high-resolution diffusion imaging for accurately SAF modeling. The gSlider protocol
presented in the study could be an ideal choice for SAFs research.

Abstract Body (750 words)

Introduction (185 words)

Short-range association fibers (SAFs), which directly connect adjacent cortical regions (3 to 30 mm),
contribute to 90% of all axonal fibers and play a crucial role in mediating cortico-cortical communication and
cognitive function'?. However, SAFs reside in a very thin (~1.5 mm) layer of superficial white
matter beneath the cortex and their accurate mapping for faithful structural connectome
reconstruction requires high spatial resolution to reduce the partial voluming effect with the gray
matter and to resolve fiber crossing with long-range fibers that enter the cortex.

Even though connectivity matrices reconstructed from diffusion MRI data at any spatial
resolution include short-range connectivity strengths, but their accuracy has never been examined
and validated. As advanced high-resolution diffusion MRI methods emerge (e.g., gSlider*,
MB-MUSE?®) and become more feasible for neuroscientific and clinical applications (e.g., product
multi-shot EPI methods MUSE by GE and RESOLVE by Siemens), It is timely to investigate and
clarify the impacts of image resolution on SAF reconstruction and connectivity estimation. In this
study, we systematically study this crucial question using simulation and empirical diffusion data
acquired at different spatial resolutions and widely adopted processing pipelines.

Methods (251 words)

Simulated Data: Simulation used diffusion data of healthy subjects from the Human Connectome
Project (HCP)®. Pre-processed diffusion data were acquired at 1.25mm isotropic resolution and
down-sampled to 1.5, 2, and 2.5mm isotropic resolution, which are commonly used in practice.
Co-registered T1w data and FreeSurfer processing results were also used.

Empirical data: With written consent forms and IRB approval, T1w and diffusion data at 0.96, 1.5,
and 2 mm isotropic resolution were acquired on 20 healthy subjects on a 3-Tesla scanner (Siemens,
MAGNETOM Prisma) equipped with a 32-channel head coil. Imaging protocols are listed in
Figure 1% The gSlider sequence was used for acquiring sub-millimeter resolution. gSlider excites
the same thick slice 5 times using different RF encodings and computes the thin slices for
improved SNR (Figure 1B). Other diffusion data were acquired using the product 2D SMS-PGSE
single-shot EPI sequence. B-values and b-vectors for all diffusion data were identical to remove
their impacts. The diffusion data were pre-processed using the “topup™ and “eddy”® function from
FSL.

Data analysis (Figure 2): Fiber orientation estimation, probabilistic tractography, and connectivity

matrix reconstruction were performed using the widely adopted MRtrix3° and FSL!? pipeline.
Short-range connectivity strength was defined as the ratio between the number of fibers
connecting a cortical area and its direct neighbors and the number of all fibers connecting to this
cortical area. Fiber orientations from FSL's Ball-and-Stick model'! in the superficial white matter



were examined. Additionally, volume fraction maps from MRtrix3’s constrained spherical
deconvolution (CSD)!? were used to assess partial volume effects.

Results ( 220 words)
Short-range connectivity strength was underestimated at lower spatial resolution (Figure 3). The

simulated data showed that as the resolution decreases from 1.25mm to 1.5mm, 2.0mm, and
2.5mm isotropic, the short-range structural connection strength drops from 68.0% to 67.1%,
65.3%, and 63.9% (MRTrix3 pipeline), or from 60.3% to 52.1%, 42.6%, and 37.9% (FSL
pipeline). Similarly, for empirical data, at resolutions of 0.96mm, 1.5mm, and 2mm isotropic, the
short-range connection strength is 72.4%, 66.8%, and 60.1% (MRTrix3 pipeline), or 60.1%,
53.8%, and 47.1% (FSL pipeline).

Fiber orientation near the cortical surface for SAFs appear inconsistent at lower resolution (Figure

4). Long-range fibers that enter the cortex and SAFs cross near the cortex, which are well-resolved

at high resolutions. However, at lower resolutions, the fiber crossings become disorganized,
rendering the tracking of SAFs difficult. This disarray reduces the probability to form SAFs by
probabilistic tractography, leading to underestimation of short-range structural connectivity
strength.

White matter volume fraction is significantly reduced in the superficial white matter at lower
resolution (Figure 5). At lower resolution, more gray matter and CSF components mix into

superficial white matter voxels where SAFs reside. This partial volume effect might negatively
impact fiber orientation mapping, especially if models that cannot account for multiple tissue
components are used (e.g., tensor and single-tissue single-shell CSD) , leading to failed
reconstruction of SAFs.

Discussion and Conclusion (112 words)

Our study demonstrates that short-range connectivity strength is significantly underestimated at
lower resolutions. This effect might be more pronounced if models that cannot account for
multiple tissue components and crossing fibers, such as the widely adopted tensor model, are used.
Future work will evaluate the underestimation effect for DTI and other commonly adopted models
and clarify whether and how it diminishes brain wiring changes and differences between patients
and healthy controls.

Our proposed acquisition method, which balances SNR and resolution using the state-of-the-art
gSlider, enables high angular resolution multi-shell sub-millimeter diffusion imaging around 30
minutes. This method significantly improves the reconstruction of short association fibers and
holds great potential for broader application.
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Figure and Caption

(A) MRI Protocol

T1w MP-RAGE gSlider ep2d_1 ep2d_2
FOV gqq (MM) 256 200 200 200
Slice Thickness (mm) 1 4.8 1.5 2.0
In-Plane Resolution (mm2) 1x1 0.96 % 0.96 1.5x15 2.0x20
TR/TE (ms) 2530/ 2.27 3900/ 80 5400/76 5400/ 76
10xb=0
Diffusion Encoding -- 32 directions x b = 1000s/mm?2
64 directions x b = 2500s/mm2
Echo Spacing (ms) 6.8 1.06 0.76 0.76
Acquisition Time (min:sec) 6:03 35:06 10:51 10:33

(B) gSlider lllustration (Gabriel et al. , MRM 2019)
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Fig 1. Data acquisition. (A) MRI Protocol. Protocols are shown for Tlw and DWIs acquired
under three resolutions. For diffusion encoding, a b0 image was interleaved every 16 DWI
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acquisitions, and two blip-down b0 images were also acquired. (B) Schematic of the gSlider
Sequence. The gSlider technique employs five distinct RF waveforms to excite five times thicker
slabs, enabling the reconstruction of thin slices from the acquired thick-slab data. This is achieved
by resolving the intravoxel signal using the unique RF profiles and applying BO field corrections
for uniformity.
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Fig 2. Data Analysis Pipeline. Cortical segmentation of T1-weighted image was performed with
FreeSurfer, followed by co-registration with diffusion-weighted images. In MRtrix3 pipeline,
multi-shell multi-tissue constrained spherical deconvolution was used to derive voxel-wise fiber
orientation distribution functions (fODFs) and tissue volume fractions. The fODFs were used to
conduct whole-brain tractography and structural connectivity reconstruction. For FSL pipeline,

probabilistic tractography was executed following voxel-wise ball-and-stick model estimation.
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(a) Simulated Result
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(b) Simulated Result
FSL Pipeline
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(c) Empirical Result
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(d) Empirical Result
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Fig 3. Short-Range Connection Strength Statistics. (a), (b) present simulated short-range

structural connectivity for all 68 cortices, comparing different resolutions. Paired t-tests are used

to evaluate differences in connection strength. Blue dots indicate significantly greater strength at

higher resolution at the cortex level, while red dots indicate no such significance. The resolution

level values averaged across all cortices are represented by green triangles, all showing

significance, with relative differences annotated in upper left. (c), (d) display similar results based

on

empirical data.



(a) colored f1 map (b) fiber orientation (b) fiber orientation (c) fiber orientation
at 0.96mm iso. at 0.96 mm iso. at 1.5 mm iso. at 2.0 mm iso.

Fig 4. Primary and secondary fiber orientations and volume fractions of primary fibers at various
resolutions. Arrows indicate the location of short-range fibers. At sub-millimeter resolution,
short-range fibers are clearly depicted with smooth distribution (a). At lower resolutions, the
partial volume effects result in mixed intravoxel fiber orientations (b, c), thereby interfering the
reconstruction of short-range fibers and potentially leading to an underestimation of short-range

connectivity.



Simulated Results

Empirical Results
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Fig 5. Volume Fraction Analysis in Short-Range Fibers. For short-range fibers that connect

two neighboring cortices, fiber volume fractions from all voxels they passes are sampled and

averaged across subjects. Violin plots show the volume fraction of white (a) and gray (b) matter,

including box plots and kernel density estimation. Paired t-tests with Bonferroni correction were

used for pairwise comparisons. Panel (c) shows the average tissue composition. The figure

indicates a significant decrease of white matter volume fraction and increased partial volume

effects at lower resolution.



