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Abstract

It is now widely recognized that voxels with crossing fibers or complex geometrical configurations 

present a challenge for diffusion MRI (dMRI) reconstruction and fiber tracking, as well as 

microstructural modeling of brain tissues. This “crossing fiber” problem has been estimated to 

affect anywhere from 30% to as much as 90% of white matter voxels, and it is often assumed that 

increasing spatial resolution will decrease the prevalence of voxels containing multiple fiber 

populations. The aim of this study is to estimate the extent of the crossing fiber problem as we 

continually increase the spatial resolution, with the goal of determining whether it is possible to 

mitigate this problem with higher resolution spatial sampling. This is accomplished using ex vivo 

MRI data of the macaque brain, followed by histological analysis of the same specimen to validate 

these measurements, as well as to extend this analysis to resolutions not yet achievable in practice 

with MRI. In both dMRI and histology, we find unexpected results: the prevalence of crossing 

fibers increases as we increase spatial resolution. The problem of crossing fibers appears to be a 

fundamental limitation of dMRI associated with the complexity of brain tissue, rather than a 

technical problem that can be overcome with advances such as higher fields and stronger 

gradients.

Graphical Abstract

Using diffusion MRI and subsequent histological analysis, we estimate the extent of the “crossing 

fiber” problem as we continually increase spatial resolution. Our results indicate that the 

prevalence of crossing fibers actually increases as we increase spatial resolution. The problem of 

crossing fibers appears to be a fundamental limitation of diffusion MRI associated with the 

complexity of brain tissue, rather than a technical problem that can be overcome with advances 

such as higher fields and stronger gradients.
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1. Introduction

Diffusion-weighted magnetic resonance imaging (dMRI) is a technique sensitive to the 

random thermal motion of water (1), providing contrasts that give unique insights into tissue 

architecture. In the neuroimaging community, dMRI research can loosely be divided into 

two main classes (2). The first concerns mapping the neural fiber pathways, or connectivity, 

of the brain. These fiber “tractography” techniques exploit diffusion anisotropy to infer the 

orientation of the underlying white matter (WM) in each voxel, and use the field of these 

discrete orientation estimates to reconstruct continuous trajectories called streamlines (for 

review, see (3)). The second class concerns mapping microstructural properties of the tissue. 

Rather than focusing on fiber orientation estimation, these techniques attempt to extract 

properties such as axon diameter, axon density, or degree of myelination – measures serving 

as biomarkers for WM and gray matter (GM) physiology and pathology. Despite significant 

progress in assessing microstructure and connectivity, both areas of research are complicated 

when voxels contain complex fiber configurations, an issue that has generically been 

referred to as the “crossing fiber problem” (2,4,5).

This crossing fiber problem typically refers to the situation when there are two or more 

differently oriented fiber bundles located in the same dMRI imaging voxel (4,5). This causes 
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a partial volume effect, with multiple fiber bundles contributing to the dMRI signal. In 

general, this partial volume effect can occur in any situation where axons within a voxel do 

not all run parallel to each other. Therefore, the ‘crossing fiber’ problem encompasses not 

only crossing fibers, but also fibers of bending, fanning, or kissing geometries.

It is now widely recognized that these geometries can lead to ambiguous or incorrect 

estimates of fiber orientation (6–8) and subsequent failure of tractography (9,10), as well as 

misleading microstructural indices. This is particularly true for one of the earliest, yet 

arguably the most common, dMRI technique, diffusion tensor imaging (DTI) (11), which 

models a single primary fiber direction per voxel. While a plethora of methods have been 

introduced to resolve crossing fibers for tractography (7,12–17), they are still plagued by 

assumptions on the signal, lengthy acquisition requirements, and limited ability to resolve 

fibers crossing at acute angles. Similarly, methods have been introduced to describe axon 

diameters, dispersion, and density (18–24), but typically assume a single known orientation 

of axons in the model, limiting their use to small regions of the brain with known 

orientation, or leading to ambiguous measurements in crossings between tracts with different 

orientations.

Given its implications on dMRI neuroimaging studies, it is important to fully investigate the 

scope of the crossing fiber problem. With axon diameters on the order of microns (25), fiber 

tracts (i.e., bundles of axons) often less than a few millimeters wide, and dMRI voxels 

typically 2–3 mm in each dimension on clinical scanners, it is not unreasonable to expect 

crossing fibers to be widespread throughout the brain. In fact, fitting dMRI data to multiple 

tensors, Behrens et al. (9) found that nearly one-third of voxels contain 2 fiber populations. 

Moreover, using data acquisition and modeling techniques specifically designed to estimate 

the prevalence of crossing fibers, Jeurissen et al. (26) found that as many as 90% of white 

matter voxels are affected by crossing fibers. However, these results have yet to be validated 

through histology. Also, because these results were obtained using dMRI methods designed 

for detecting discrete sets of fiber orientations, or discrete “peaks” in the fiber orientation 

distribution (FOD), it is unclear whether these fractions represent true crossing fibers, or 

something like fiber “spreading” that is interpreted as multiple distinct fiber populations 

using these dMRI techniques.

It is often assumed that increasing the spatial resolution will decrease the prevalence of 

voxels containing multiple fiber populations. If true, there would be a tradeoff between 

minimizing the crossing fiber problem (increasing spatial resolution), and increasing signal-

to-noise ratio (SNR), increasing angular resolution (number of diffusion weighted images), 

and increasing diffusion weighting (or b-value, which has been shown to provide greater 

sensitivity to fiber orientations). At present, there is little consensus on the optimal 

acquisition protocol, which is typically determined based on the type of questions to be 

answered from the data. Moreover, it is unknown what resolution is necessary to ameliorate 

this crossing fiber problem, or if it is at all feasible with advances in imaging methods in the 

foreseeable future.

In this study, we set out to estimate the extent of the crossing fiber problem as a function of 

spatial resolution. Specifically, our goal is to determine whether it is possible to significantly 
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mitigate the crossing fiber problem by increasing spatial resolution. This is performed using 

both ex vivo MRI data from the macaque brain, followed by histological analysis of the 

same specimen. Ex vivo dMRI offers several experimental advantageous including longer 

scanning times and absence of motion, allowing acquisition of data with much higher SNR 

at a resolution currently unachievable in the clinic. Histological methods allow us to further 

extend this analysis to resolutions not possible even on pre-clinical scanners. In addition, it 

serves as a validation of the current standard of MRI techniques for resolving crossing 

fibers. For dMRI, we report the fraction of crossing fibers in WM and GM, as well as the 

inter-fiber angle of crossing fibers in each voxel, as a function of acquisition resolution. For 

histology, we report the fraction of voxels with a “complex” geometry at varying resolution 

levels. In addition, in direct analogy to dMRI, we report on a subset of these complex voxels 

– those that exhibit distinct “crossing” fibers. Finally, we also describe the histological inter-

fiber angle of these fibers at each resolution level.

2. Methods

2.1 MRI acquisition

All animal procedures were approved by the Vanderbilt University Animal Care and Use 

Committee. MRI experiments were performed on a single hemisphere of an adult Rhesus 

Macaque (Macaca Mulatta) brain that had been perfusion fixed with physiological saline 

followed by 4% paraformaldehyde. The brain was then immersed for 3 weeks in phosphate-

buffered saline (PBS) medium with 1mM Gd-DTPA in order to reduce longitudinal 

relaxation time (27). The brain was placed in liquid Fomblin and scanned on a Varian 9.4 T, 

21 cm bore magnet. For WM/GM segmentation, a structural image was acquired using a 3D 

gradient echo sequence (TR = 50ms; TE = 3ms; flip angle = 45°) at 200um isotropic 

resolution.

Diffusion data were then acquired with a 3D spin-echo diffusion-weighted EPI sequence 

(TR = 340ms; TE = 40ms; NSHOTS = 4; NEX = 1; Partial Fourier factor = .75). Diffusion 

gradient duration and separation were 8ms and 22ms, respectively, and the b-value was set to 

6,000 s/mm2, which has been shown to be in the optimal range for modeling multiple fiber 

populations in ex vivo specimens (28). A gradient table of 101 uniformly distributed 

directions (29) was used to acquire 101 diffusion-weighted volumes with four additional 

image volumes collected at b=0. This acquisition protocol was performed at imaging 

resolutions ranging from 800um isotropic to 300um isotropic, in 100um increments. All 

acquisition parameters were kept constant (including diffusion times), except for the field-of 

view and the number of phase encoding and readout samples required to achieve the 

intended resolution. Total acquisition time was approximately 48 hours.

2.2 MRI fiber orientation estimation

Fiber orientations were estimated using constrained spherical deconvolution (CSD) (30), and 

following the procedures developed and outlined in (26). The diffusion-weighted signal was 

first deconvolved with the single-fiber response function (14,30), estimated from all WM 

voxels with an FA > 0.7, to obtain the FOD fit to spherical harmonics of degree 8 (the 

response function was derived independently for each dataset). A peak-finding procedure 
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was then performed to identify distinct fiber orientations. This algorithm uses a Newton 

optimization algorithm to identify local maxima of the FOD that meet a specific threshold 

criterion. As in (26), maxima in the FOD are included if the peak amplitude is >10% of the 

maximum peak amplitude. The number of unique peaks is then counted and assumed to be 

equal to the number of fiber populations in each MRI voxel. This procedure was performed 

in all voxels, for datasets at all acquired resolutions. In this study, we refer to voxels 

containing >1 discrete peaks as voxels with “crossing fibers”.

2.3 Histology Acquisition

After imaging, the brain was embedded in dry ice and sectioned on a microtome at a 

thickness of 25um in the coronal plane. Sixteen slices, covering the entire brain, were 

selected for this study. The selected tissue sections were stained for myelin using the silver 

staining method of Gallyas (31) and mounted on glass slides. Whole-slide brightfield 

microscopy was performed using a Leica SCN400 Slide Scanner at 20x magnification, 

resulting in an in-plane resolution of 0.5um/pixel.

2.4 Histological fiber orientation estimation

The histological fiber orientations were defined on myelin-stained slices using structure 

tensor (ST) analysis (32–34). ST analysis is an image processing technique based on the 

dyadic product of the image gradient vector with itself, resulting in an orientation estimate 

of objects in every pixel in the image. These techniques have previously been performed on 

histological samples in the brain of rats (33), squirrel monkeys (35), macaques (36), and 

humans (34,37).

Histological fiber orientation distributions were calculated by combining pixel-wise 

estimates of orientation over larger volumes of tissue, constructed to match potential MRI 

voxels. For example, a voxel with a resolution of 32um would be created by combining all 

orientation estimates in an area with a 32um by 32 um field of view in order to produce that 

voxels FOD. The FOD in each “voxel” was computed as the histogram of orientation 

estimates using 64 equally spaced bins, as performed in (34). These FOD’s were then fit to a 

von Mises distribution (38)

and a mixture of two von Mises distributions. Here, μ is center of the distribution with 

concentration parameter κ, and I0 is the modified Bessel function of order 0. Also note the 

factor 2 in the exponent, which was included because the orientation distributions in this 

study are pi-periodic. Both distributions also included an isotropic component. Fitting was 

performed using the Matlab Curve Fitting Toolbox (The MathWorks, Natick, MA, USA).

Model selection was performed using the Akaike information criterion (AIC) (39). The AIC 

is a measure of the quality of a given model, and quantifies the trade-off between model 

complexity and goodness-of-fit:
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where L is the likelihood of obtaining the data given the current model, K is the number of 

estimated parameters, and N is the number of measurements (40). The lower the AIC, the 

more predictive the model is. Thus, the AIC was calculated for both the single and mixture 

von Mises distributions for each voxel, and the model with the lowest AIC was selected to 

represent the FOD in that voxel.

We then classified the histological voxels based on model selection and the resulting FOD. If 

a single von Mises distribution was the best fit, the voxel was classified as a “single fiber” 

voxel. In this case, the parameter θ reflects the dominant fiber orientation. If a mixture 

model was the best fit, the voxel was classified as a “complex fiber” voxel. To further 

classify the complex configuration, we performed a procedure analogous to that for MRI and 

search for local maxima, or peaks, in the FOD that were >10% of the maximum peak 

amplitude. If two distinct peaks existed, the voxel was classified as a “crossing fiber” voxel. 

Thus, “crossing fibers” are a subset of “complex fibers”. Complex fibers that did not contain 

two distinct peaks in the FOD (i.e. not crossing) could be the result of asymmetric FOD’s 

due to geometries like fiber fanning or bending (see Discussion). The fiber classifications 

and definitions for both dMRI and histology are summarized in Table 1.

For all complex fiber voxels (including crossing fibers), we calculated the inter-fiber angle, 

or the angle that the parameter θ from the two distributions make with each other. These 

histological procedures were performed at “voxel” sizes ranging from 32 um isotropic to 

1024 um isotropic, doubling the linear dimensions at each step. For both MRI and 

histological analysis, we present results on WM voxels only, as the crossing “fiber” problem 

refers specifically to axons in the WM tissue.

3. Results

3.1 Fiber orientation estimation in crossing fiber regions

A region of the brain containing crossing fibers of the superior corona radiata (SCR) and the 

body of the corpus callosum (BCC) is examined in detail in figure 1. A color-coded 

orientation map at native resolution (Fig. 1A) demonstrates the ability to detect the 

orientation of individual myelinated fibers in these intersecting fiber bundles. Zooming in on 

a region of fiber crossings (yellow box), the left-right fibers of the BCC (blue/red) and 

superior-inferior fibers of the SCR (green/yellow) are intersecting in a woven 

“checkerboard-like” pattern, highlighting the stereotypical “crossing fiber” problem. 

Interestingly, even in the BCC (blue box), a region typically assumed to contain a single 

homogenous fiber population, ST analysis is able to capture a dispersion, or heterogeneity of 

orientations, on a microscopic scale.

To identify voxels in this region containing crossing or complex fiber configurations, the 

FODs were fit to a single von Mises and a mixture of von Mises distributions (Fig. 1B) at all 

resolution levels. At the coarsest resolution (1024um) the predominant white matter tract 
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orientations are visible, even with broad peaks (low κ), and throughout the entire region of 

intersection. At increasing resolutions levels (256um and 64um) there is still evidence of 

crossing fibers. The peaks become narrower, yet there is still spatial coherence in peak 

orientations.

Maps of the types of fiber populations detected in histology (Fig. 1C, D) similarly show a 

high degree of structural coherence. As the voxel size decreases, there is evidence of 

crossing fibers in the BCC, whereas at a coarse resolution typical of dMRI, these regions do 

not contain multiple (distinct) peaks in orientation (Fig. 1C). However, at these coarse 

resolutions, nearly all voxels suggest a complex geometry (Fig. 1D). The orientations 

become less complex at the higher spatial resolutions, particularly in the BCC. However, a 

large percentage of voxels still do not support a simple single fiber geometry. The results of 

MRI data in the same region show trends qualitatively similar to that of the “crossing” fiber 

histological analysis; specifically, the BCC is composed of largely single fiber regions, yet, 

even at the highest spatial resolutions, crossing fibers still persist throughout the region of 

interest.

Figure 1.F summarizes the results in this region in plot form. From dMRI, the fraction of 

voxels with crossing fibers in this region increases as the image resolution increases. 

Similarly, the fraction of histological voxels exhibiting multiple peaks (i.e. crossing fibers) 

also increases at higher resolutions. Conversely, the histological “complex” fibers decreases 

as the resolution increases.

3.2 MRI crossing fiber analysis

The prevalence of crossing fibers was determined for all voxels in the WM, at all resolution 

levels. Maps of the number of fiber populations detected in the WM are shown in Figure 2A. 

At all spatial scales, large clusters of voxels containing two or more orientations are present 

throughout the brain. Examples of regions with two fiber populations include the BCC and 

anterior corona radiata (ACR) (label 1), BCC and ACR (label 2), and posterior thalamic 

radiation (PTR) and the superior longitudinal fasciculus (SLF) (label 3). Although labeled in 

the highest resolution dataset, these clusters appear structurally quite similar and of 

comparable size at all resolutions, although a slight reduction in the area of these crossing 

fiber regions at more coarse resolutions is discernable. A cluster of 3 fiber populations is 

shown at the intersection of the posterior corona radiata (PCR), the BCC, and the dorsal 

posterior corona radiata (DPCR) (label 4). Interestingly, this cluster nearly disappears in the 

800 and 700 um datasets.

Figure 2B displays the FOD glyphs that are typical of dMRI, at both the lowest and highest 

resolution levels. At both resolutions, we see orientation coherence across space in regions 

containing both single and crossing fibers. However, the 300um glyphs indicate a higher 

prevalence of voxels with multiple fiber populations (particularly those with 3 peaks), and 

qualitatively the glyphs appear shaper, with more concentrated orientation distributions.

Figure 3 summarizes the incidence of crossing fibers for all acquired image resolutions. 

Consistent with the qualitative results of Figure 2, the fraction of crossing fibers increases as 
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the voxel size decreases. Multiple fiber populations were found in 23% of all WM voxels at 

800um isotropic resolution, and in 51% at 300um isotropic resolution.

The inter-fiber angle of all voxels with crossing fibers was investigated, and summarized as 

histograms in Figure 4. For all cases, a majority of the resolved fiber crossing occurred at 

nearly orthogonal angles. The 1st, 2nd, and 3rd quartile of crossing angles, in all cases, was in 

the range of 63–69°, 75–78°, and 83–85%, respectively. Similarly, for all datasets, almost all 

crossing angles detected (95% of all crossings) are greater than ~47°.

3.3 Histological crossing/complex fiber analysis

To validate the dMRI measurements, as well as identify and quantify crossing fibers at 

resolutions currently unachievable with even preclinical imaging, ST analysis of histological 

sections was performed for all slices. Visual inspection of maps displaying crossing fibers 

(Figure 5) shows crossings in regions previously identified in MRI. These regions still show 

evidence of multiple, distinct fiber bundles down to resolutions of 32um. As in the dMRI 

data, these maps show spatial coherence, suggesting genuine anatomical features.

Visual inspection of “complex” fibers (Figure 6) shows that a large majority of the voxels 

meets this criterion, particularly at lower resolutions. Very few regions meet the definition of 

a voxel containing only a single fiber bundle. In fact, the only regions in Figure 6 that show 

large areas without complex fibers are the corpus callosum (label 1), the external capsule 

(label 2), the SLF III (label 3), and the middle longitudinal fasciculus (label 4). Even these 

regions become more complex as the spatial resolution decreases towards those currently 

achievable with dMRI. Further yet, these regions may still contain complex geometries that 

are unable to be captured using 2D brightfield microscopy, and the number of regions with a 

single dominant orientation may be overestimated on histology.

Figure 7 quantifies these results in histogram form. These results confirm that, in general, 

the fraction of voxels with crossing fibers increases at higher resolutionsf. Crossing fibers 

are most prevalent at 32um resolution, affecting as much as 52% of voxels in the WM. In 

contrast, the fraction of voxels with complex geometries tends to decrease somewhat at the 

higher resolutions, leveling off at approximately 128um resolution.

Figure 8 shows histograms of inter-fiber angles for crossing fibers and complex fibers. For 

crossing fibers, the histograms shift to the left (toward smaller angles) at the highest 

resolutions. From coarse to fine resolutions, the median crossing angle decreases from 65° to 

29° in the WM. The angular difference between the centers of the two von Mises 

distributions shows similar trends for the complex distributions, although with much lower 

angular differences. The median inter-fiber angle is reduced from 37° at 1024um resolution, 

to 23° at 32um resolution.

3.4 Qualitative Analysis

To understand these trends, two more regions (each 1024um across) are further analyzed, 

including a region with two non-overlapping fiber populations (Figure 9) and one with two 

interwoven fiber populations (Figure 10). For both figures, the original gray scale image (A) 

is shown along with the color-coded orientation maps (B). The FOD’s at all resolutions are 
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shown (C), along with fiber classification (D), and (if crossing fibers exist), the crossing 

angle (E).

Figure 9 shows the case of an apparent orthogonal crossing voxel at larger voxel sizes (see 

Fig 9, C, D, E). As the voxel size decreases, the intersection of the two bundles is 

highlighted (Fig. 9. E, white oval), where most crossing angles are nearly orthogonal. 

However, at even higher spatial resolutions, multiple fiber populations are detected in areas 

not along the interface of the two bundles, and at more acute angles. This is caused by the 

spatial averaging of incoherent fibers within the same fiber “bundle”. This figure 

demonstrates that crossing fibers are more prevalent at higher spatial resolutions, and that 

higher spatial resolutions typically resolve fibers crossing at more acute angles.

Figure 10 shows a fiber geometry typical in many regions of the brain, a so-called 

“checkerboard-like” crossing. The solid box around an example FOD shows a crossing fiber 

region. When the four neighboring regions (dashed box) are averaged to go to the next 

coarser resolution level (i.e. larger voxel size), the ability to distinguish separate fiber 

populations is lost, and the voxel is now a complex fiber (rather than complex-crossing). 

This is because the inter-voxel angular dispersion of the individual fiber populations 

becomes larger than the crossing angle of the two fiber populations, and it blurs the FOD, 

reducing the ability to resolve discrete peaks. This, again, explains why crossing fiber 

populations may be more prevalent at higher spatial resolution.

3.5 Crossing Fibers and SNR

The role of SNR on CSD reconstruction has been studied in great detail (30,41), and it is 

well known that a decreased SNR can results in spurious, false-positive peaks. To examine 

whether our findings of an increased prevalence of crossing fibers at higher resolution could 

be due to the comparatively lower SNR, we assess the effects of SNR on our MRI data 

directly. Gaussian random noise was added in quadrature to the lowest resolution dataset 

(800 um isotropic) in order to make datasets with equivalent SNR to all other resolutions. 

The effects of SNR on crossing fibers is shown in Figure 11. As the SNR decreases towards 

that of the highest resolution dataset, the prevalence of crossing fibers increases from 23% to 

29% of all WM voxels. This increase is much smaller than that found for increasing 

resolution, shown in Fig 3.

3.6 2D projection of MRI FOD

One discrepancy between MRI and histology is the lower percent of crossing fibers in 

histology relative to MRI at similar resolutions (for example, compare 512um histology in 

Figure 9 with 500um MRI in Figure 5). To determine whether this is due to the 2D nature of 

the histology, we performed a projection of all MRI-derived 3D FOD’s onto the coronal 

plane, and the same 2D fitting procedures used for histology.

Figure 12 shows the fraction of crossing and complex fibers for the 2D FOD projections in 

WM. Similar to the results from 3D MRI and 2D histology, these figures show an increase in 

the fraction of crossing fibers at increasing resolutions. These values are much closer to the 

results from the 2D histological analysis at similar resolution levels (compare to Figure 7), 
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and confirm that the discrepancy between 3D MRI and 2D histology is largely due to the 

projection of orientation information into a 2D plane.

4. Discussion

The aim of this study was to investigate the prevalence of crossing fibers in the brain as the 

spatial resolution is continually increased. Using both dMRI and subsequent histology, we 

find that the fraction of voxels with crossing fibers varies with resolution, but in an 

unintuitive way – the percentage of crossing fibers increases as the resolution increases 

(Figures 3 and 7). The problem of crossing fibers appears to be a fundamental limitation of 

dMRI associated with fiber microstructure, rather than a technical problem that can be 

overcome with higher fields, stronger gradients, or technological advances that may increase 

spatial resolution. This limitation is likely shared by any imaging method (e.g., polarized 

light imaging) that is subject to partial volume averaging of fiber orientation information.

One potential explanation for these results could be an artefactual increase in voxels with 

false-positive peaks caused by a decreased SNR of the high-resolution datasets. While an 

analysis of SNR-equivalent datasets does show a small increase in WM crossing fibers 

(Figure 11), this increase is only a small fraction of that due to increased resolution 

(compare to Figure 3), and the resultant decreased partial volume averaging. It is important 

to note that even our highest resolution MRI dataset (300um isotropic) had an SNR of ~38 in 

the WM of the b0 image, a value much higher than is expected in typical human DWIs. 

Finally, the finding that the prevalence of crossing fibers increases as resolution increases is 

also validated using histological analysis at spatial scales over a range an order of magnitude 

greater than the dMRI data.

A surprising result was that even at voxel size as low as 32um on histology, a size much 

smaller than the scale of WM fiber tracts, crossing fibers are found in >50% of voxels in the 

WM. So, although there is a much finer delineation of structures, resolutions much higher 

than currently achievable on pre-clinical scanners still will not eliminate the crossing fiber 

problem. In fact, our data suggest that with smaller voxels and the consequent finer 

delineation of structures, there is less partial volume averaging of axon orientations between 

and within tracts. As voxel size increases, the within-voxel angular dispersion of individual 

fibers can become larger than the crossing angle of the two fiber populations, which reduces 

the ability to resolve discrete peaks in the fiber orientation distribution. This implies that the 

minimum detectable crossing angle depends on both the within-voxel orientation dispersion 

and the intrinsic angular resolution of the imaging method. Increased spatial resolution leads 

to less ambiguous orientation estimates in regions containing complicated fiber geometries 

(fiber dispersion, fiber splaying, fibers crossings at very acute angles), which are eventually 

resolved into multiple distinct fiber populations at higher spatial resolutions. These results, 

however, do not imply less accurate fiber tracking at higher resolutions. Because there is less 

partial volume averaging, and more voxels containing pure crossing fibers, it makes the 

crossing fiber model more valuable at these resolutions.

While many dMRI techniques are geared towards resolving crossing fibers, histological 

analysis was able to capture a range of complex fiber geometries. Figure 7 shows that the 
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fraction of fibers containing complex geometries does decrease at higher spatial resolutions, 

yet remains as high as ~60% at 32um. Our definition of “complex” fibers not only includes 

voxels with distinct crossing fibers, but also includes any situation where partial volume 

effects arise between multiple, or even within single, fiber populations. This could include 

asymmetries in the FOD due to fibers with high curvature or fiber fanning. These complex 

fibers represent regions where the diffusion tensor (and any metrics derived from it) will fail 

to accurately capture the underlying fiber distribution, even if the region still contains only a 

single fiber population. In addition, the regions described by complex, but not crossing 

fibers, are regions where even methods developed to resolve crossing fibers (7,12–17) may 

fail to characterize the true tissue complexity, which cannot be adequately described by a 

simple count of the number of discrete peaks. It is interesting to note that these complex 

configurations can take place in regions typically assumed to contain single fiber 

populations (e.g., the corpus callosum), where heterogeneous fiber orientations are apparent 

in histological sections (see Figure 1).

These results have implications for the future development of dMRI acquisition methods. 

Because voxels with complex fiber configurations will always exist in datasets, even at 

resolutions far beyond current dMRI capabilities, it may be more beneficial to focus on 

appropriate tissue models for describing fiber geometry in voxels rather than focus on 

pushing resolution (and sacrificing SNR), where the gains in fiber reconstruction accuracy 

may be minimal. For dMRI sessions, rather than acquiring high spatial resolution data, time 

may be better spent on acquiring high angular resolution data or more unique diffusion 

weightings, at a higher SNR, to accommodate biophysical modeling, although specific 

acquisition requirements are likely to depend on the intended goal of the individual study, in 

addition to the implemented diffusion reconstruction method Also, because of the 

pervasiveness of complex fiber configurations, significant emphasis could be placed on 

models with fiber fanning and curving (42–44), as well as those containing multiple 

compartments, allowing both fanning and crossing (45).

An interesting discrepancy between MRI and histology is the inter-fiber angle in voxels 

containing crossing fibers. Figure 4 shows that dMRI tends to resolve crossing fibers when 

the fibers are crossing at nearly orthogonal angles, at all resolutions. Many dMRI techniques 

are limited by the minimum angle that can be resolved reliably. While dependent upon 

acquisition parameters, this minimum resolvable angle is typically in the range of 40–60°. A 

similar distribution of crossing angles has been previously described (26), and if the 

observed orthogonal crossings are the result of genuine anatomical structures, they could 

have significant implications for evolution, development, and brain connectivity (46). 

However, our results suggest that when voxels are large enough (i.e., when intra-voxel 

orientation dispersion grows large), then near-orthogonal crossings will be most common. 

Hence, the ‘blurring’ of FODs (and other orientation distribution functions) due to intra-

voxel fiber dispersion biases measurements of the prevalence of orthogonal fiber crossings. 

Analysis of histological sections (Figure 8) shows that the mode of the inter-fiber angle 

distribution is much smaller than 90°, and actually decreases at higher spatial resolutions, for 

both crossing and complex configurations. CSD has an intrinsic angular resolution limit 

defined by the deconvolution kernel (30), meaning that this technique cannot model crossing 

fibers (i.e., will not find two local maxima) that have a crossing angle smaller than the width 
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of the kernel. While we do not attempt to state an optimal resolution for dMRI (as this will 

surely depend on the goals of the individual study), in regards to the crossing fiber problem, 

there may be little advantage in increasing the spatial resolution beyond the point where the 

intrinsic angular resolution of the reconstruction algorithm is able to detect true crossing 

angles.

The second discrepancy between MRI and histology was the lower percentage of crossing 

fibers in histology relative to MRI at similar resolutions. While histological measurements 

are often considered a “gold standard” from which to validate diffusion MRI measurements, 

they may come with their own set of limitations. In addition to potential geometric tissue 

distortion and a limited tissue slice thickness (25um), a major limitation of this study is the 

use of inherently 2D histological analysis. There is no information on the 3rd dimension (in 

this case anterior to posterior); all fiber orientations derived from histology are instead 

projections onto the histological plane. After projection of the 3D MRI data onto a 2D plane 

(Figure 12), we find much better agreement in percentage of crossing fibers – for example 

the 2D projection of the 500um dataset decreases the percentage of crossing fibers from 30% 

to 16%, a value in good agreement with the 17% indicated by the 512um histological 

analysis (Figure 7). Note, however, that 2D and 3D histological FODs still exhibit similar 

partial volume averaging effects as voxel size increases, so the 2D calculations can be used 

to predict general features of the dependence of 3D FODs on voxel size. It is also possible 

that dMRI actually overestimates the fraction of crossing fibers in regions with highly 

curved or fanning structures that are resolved into two discrete fiber bundles due to modeling 

strategies employed with CSD. In addition, we have only implemented one variant of one 

reconstruction algorithm (CSD), whereas a multitude of techniques exist for the purposes of 

resolving crossing fibers. Different algorithms and different diffusion kernels are expected to 

vary in performance when estimating tissue microstructure. Future studies should acquire 

and derive the 3D histology FODs (35) for comparisons with CSD and other analysis 

methods in order to quantify both fiber orientation accuracy and the ability to identify voxels 

with multiple fiber populations. These data could also be used to test whether brain fiber 

pathways are truly arranged in orthogonal grid-like structures (46).

A final limitation is the use of the macaque brain, whereas studying human brain 

connectivity, structure, and function is commonly the ultimate goal of non-invasive 

neuroimaging. However, the time required to scan a human at the resolutions acquired in this 

study is not feasible, and there would be no histological gold standard with which to validate 

the dMRI measurements. Furthermore, the ex vivo macaque brain is a common model for 

validating dMRI measurements (47–51) because it contains a functional and microstructural 

organization similar to humans’. Despite this similarity, it seems that the fraction of crossing 

fibers identified through dMRI (ranging from 23% to 51% in WM) is less than that using 

similar methods in the human (between 63% and 90% in WM) (26).

5. Conclusion

In this work, we investigate the prevalence of crossing fibers and complex fiber 

configurations in WM tissue using both dMRI and histological analysis of the same brain. 

Our results indicate that increasing spatial resolution does not completely eliminate the 
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crossing fiber problem. In fact, the frequency of crossing fibers increases at higher spatial 

resolutions in both histology and MRI. Our histological results highlight the fact that 

complex fiber configurations will always exist in dMRI data, even at resolutions that far 

surpass today’s technology. These findings have implications for future generations of 

tractography algorithms as well as microstructural models, and highlight the importance of 

both crossing fibers, as well as more complex fiber geometries.
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FOD fiber orientation distribution
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AIC Akaike information criterion
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BCC body of the corpus callosum

ACR anterior corona radiata

PTR posterior thalamic radiation

SLF superior longitudinal fasciculus
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Figure 1. 
Fiber orientation estimation in a crossing fiber region. The results of structure tensor 

analysis on a myelin-stained histological slice shown as a color-coded orientation map (A), 

is shown zoomed in on two regions containing crossing (yellow box), and disperse (blue 

box) fibers. The resulting FODs are displayed at varying resolution levels (B). From the 

resulting FODs, voxels are characterized as crossing fiber (C; green) vs. not-crossing fibers 

(C; red), as well as single fiber (D; red) vs. complex fibers (D; green), at all resolutions. 

Note that “not-crossing” voxels are those that with single fiber populations in addition to 

complex fibers that do not contain two discrete local maxima. Voxels from diffusion MRI in 

the same region are also displayed as single fiber (E; red) vs. crossing fibers (E; green). 

Histograms for this specific region of interest show percentages of crossing fibers (F; left) 

and percentages of complex fibers (F; middle) for histology, as well as percentage of 

crossing fibers (F; right) for dMRI.
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Figure 2. 
(A) Number of fiber orientations per voxel (red: 1, green: 2, blue: 3) estimated using CSD. 

Numbered arrows highlight regions of crossing fibers and are described in the text. (B) 

Glyphs highlighting FODs estimated using CSD for voxels at 800 um and 300 um isotropic. 

Note that background color corresponds to that in (A), while glyph color is based on fiber 

orientation, where red, green, and blue represent fibers running right/left, anterior/posterior, 

and superior/inferior.

Schilling et al. Page 18

NMR Biomed. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Percentages of crossing fiber voxels throughout the WM as determined using CSD, for 

different MRI acquisition resolutions.
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Figure 4. 
Histograms of inter-fiber angle for crossing fiber voxels in WM, at all acquired dMRI 

resolutions. The 1st, 2nd, and 3rd quartiles are shown as dashed, solid, and dashed lines, 

respectively.
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Figure 5. 
Histological maps of crossing fibers (green) vs. voxels without crossing fibers (red). 

Crossing fibers are defined as voxels whose FOD contains two distinct local maxima, or 

peaks. Note that red voxels are those with single fiber populations in addition to complex 

fibers that do not contain two distinct local maxima
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Figure 6. 
Histological maps of complex fibers (green) and single fibers (red). Complex fibers are 

defined as voxels whose FOD supports fitting to a mixture of von Mises distributions, and 

may or may not contain two distinct peaks in the FOD.
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Figure 7. 
Percentages of crossing fibers (top) and complex fibers (bottom) throughout WM as 

determined through ST analysis of histology, for different “voxel” sizes. Error bar shows 

standard deviation across 16 histological slices.
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Figure 8. 
Histograms of inter-fiber angles for crossing fibers (left) and complex fibers (right) in WM, 

at all resolutions, as determined using ST analysis of histological sections. The 1st, 2nd, and 

3rd quartiles are shown as dashed, solid, and dashed lines, respectively.
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Figure 9. 
Histological analysis of region with two non-overlapping fiber populations. Structure tensor 

analysis on myelin-stained region of interest (A) is shown as color-coded orientation map 

(B). For all spatial resolutions, 2D FODs are displayed (C). Voxels are characterized as 

single fiber (D; black), complex fibers (D; green), or complex “crossing” fibers (D; yellow). 

In voxels with crossing fibers, the inter-fiber angle (in degrees) is shown in (E). White oval 

highlights the interface between the two fiber populations.
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Figure 10. 
Histological analysis of region with two overlapping fiber populations. Structure tensor 

analysis on myelin-stained region of interest (A) is shown as color-coded orientation map 

(B). For all spatial resolutions, 2D FODs are displayed (C). Voxels are characterized as 

single fiber (D; black), complex fibers (D; green), or complex “crossing” fiber (D; yellow). 

In voxels with crossing fibers, the inter-fiber angle (in degrees) is shown in (E). Solid box 

highlights a crossing fiber voxel at 256um resolution. At a coarser spatial resolution 

(512um), the ability to detect discrete fiber populations is limited by partial volume effects 

(dashed box).
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Figure 11. 
Percentages of crossing fiber voxels throughout the WM determined using CSD, for varying 

SNR levels. SNR levels were simulated by adding Gaussian random noise in quadrature to 

all DWIs of the 800um isotropic dataset in order to obtain an SNR equivalent to all other 

acquired resolutions.
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Figure 12. 
Percentages of crossing fibers (top) and complex fibers (bottom) throughout WM as 

determined after 2D projection of the CSD FOD, and fitting to a 2D circular distribution (in 

a manner equivalent to analysis of histological data).
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Table 1

Fiber classification definitions for MRI and histological analysis.

MRI
Single Fiber Voxel where FOD derived from CSD has 1 local maximum (1 peak)

Crossing Fiber Voxel where FOD derived from CSD has >1 local maximum (>1 discrete peaks)

Histology

Single Fiber FOD derived from ST Analysis best fit to single von Mises distribution (1 peak)

Complex Fiber FOD derived from ST Analysis best fit to mixture of Von Mises distributions

Crossing Fiber (Crossing ⊆ Complex) FOD derived from ST Analysis best fit to mixture of Von Mises distributions
AND FOD derived from ST Analysis has >1 local maximum (>1 discrete peaks)
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