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One Sentence Summary: 

Differential tractography utilizes repeat diffusion MRI scans of the same subject to identify tracks with 

neurodegeneration.
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Abstract 

Diffusion MRI tractography has been used to map the axonal structure of human brain, but its ability to 

detect neurodegeneration is yet to be explored. Here we report differential tractography, a new type of 

tractography that utilizes a novel tracking strategy to map the exact segment of fiber pathways with 

neurodegeneration. It utilizes voxel-wise differences from repeat scans and aggregates them as 

track-based biomarkers for neurodegeneration. We examined differential tractography on multiple 

sclerosis, Huntington disease, amyotrophic lateral sclerosis, and epileptic patients. The results showed 

that the affected pathways shown by differential tractography matched well with the unique clinical 

symptoms of the patients, and the false discovery rate of the findings could be estimated using a sham 

setting to provide a reliability measurement. This novel approach enables a quantitative and objective 

method to monitor neurodegeneration in individuals, allowing for diagnostic and prognostic evaluation of 

brain diseases. 

 

Keywords: diffusion MRI, differential tractography, fiber tracking, imaging biomarker, 

neurodegeneration, axonal injury.  
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Introduction 

Magnetic resonance imaging (MRI) is a commonly used neuroimaging technique for revealing 

neurodegeneration in patients with neurological disorders. Studies have used structural MRI to reveal 

gray matter atrophy in patients with multiple sclerosis1,2 and atrophy in the caudate in patients with 

Huntington disease3,4. In addition to structural MRI, diffusion MRI has also been explored as an imaging 

biomarker for early-stage neurodegeneration before atrophy happens. Animal studies have used 

diffusion tensor imaging (DTI)5 to detect acute demyelination or axonal loss 6,7. The decrease of 

anisotropic diffusion (a.k.a. anisotropy), has been shown to be correlated with axonal loss or 

neurodegeneration 8-11. However, anisotropy remains a voxel-based measurement, which is prone to 

local variations such as partial volume effect 12,13 or signal noise, thereby limiting its clinical applications 

14. Greater specificity and sensitivity could be achieved by aggregating voxel-wise anisotropy changes 

along fiber pathways and grouping them into a “track”. 

 

To this end, we propose a novel method called “differential tractography” to provide a track-based 

biomarker of neurodegeneration. This method compares repeat scans of the same individuals to capture 

neurodegeneration reflected by a decrease of anisotropic diffusion, or “anisotropy” (Fig 1a-1c). To 

achieve a higher specificity, we imbued the deterministic fiber tracking algorithm15 with a novel 

“tracking-the-difference” paradigm. This was realized by adding an additional criterion that tracks along 

trajectories on which a decrease of anisotropy was found between repeat scans (Fig. 1d-1e). Integrating 

this “tracking-the-difference” paradigm into the fiber tracking process resulted in a new tractography 

approach that can track the exact portion of pathways exhibiting substantial differences in anisotropy. 

The additional criterion will ignore unaffected regions and enhance meaningful findings related to 
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neurodegeneration. In comparison, the conventional fiber tracking 16 is based on a 

“tracking-the-existence” paradigm. It only considers anisotropy from one MRI scan and thus will include 

all existing pathways regardless of whether they have a decrease in the anisotropy.  

 

To further maximize the detection power, we used a diffusion MRI acquisition that sampled 22 diffusion 

sensitizations at 257 directions, a substantial improvement over one sensitization at 30~60 directions 

used in the conventional settings, or 3 diffusion sensitizations at 180 directions used in the current 

mainstream studies 17. The higher number of diffusion sensitizations greatly increased the chance of 

diffusion MRI to detect early-stage neurodegeneration that involves only a subtle change in the 

restricted diffusion 12. These multiple sensitizations allowed us to derive an anisotropy measurement that 

has a different biophysical meaning from the fractional anisotropy (FA) of DTI (see Discussion) and has 

been shown to be more robust against partial volume effect12,15. We also introduce a novel sham setting 

that can estimate the false discovery rate (FDR) of differential tractography to provide a reliability 

measurement against local random error. 

 

To evaluate the performance, we applied differential tractography to patients with four different clinical 

scenarios at different stages of neurodegeneration (demographic information listed in Table 1). The first 

scenario was multiple sclerosis (MS) with the first episode of optic neuritis. The baseline scans were 

acquired during the onset, and the follow-up diffusion MRI scans were acquired 6 months after. This 

scenario tested differential tractography at the early stage of neurodegeneration to explore its sensitivity, 

and any meaningful findings should be located near the visual pathways. The second scenario was the 

manifested Huntington disease (HD) with worsening clinical motor scores during the interval of their 
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repeat MRI scans. We examined whether differential tractography could detect progressing 

neurodegeneration at striatal pathways that are commonly affected by the disease. The third scenario 

studied the neurodegeneration in an ALS patient with a deteriorating functional motor score. We 

examined whether differential tractography could be correlated with the patient’s clinical presentation. 

Last, we applied differential tractography to an epileptic patient treated by anterior temporal lobectomy. 

The baseline scan was acquired before the surgery, and the follow-up scan was acquired one year after 

the surgery. This examined whether differential tractography could correctly locate pathways with 

established neurodegeneration after surgery, and meaningful findings should be in pathways previously 

connected to the area of resection. We also applied differential tractography to a normal subject to 

demonstrate how differential tractography may capture false results. 

Results 

Neurodegeneration reflected by a decrease of anisotropy 

Figure 2a shows the intermediate results of differential tractography applied to an MS patient with optic 

neuritis (patient #1, demographics summarized in Table 1). The baseline scan was acquired during the 

onset, whereas the follow-up scan was acquired 6 months after. Differential tractography first compares, 

voxel-by-voxel, the anisotropy of repeat MRI scans in a common subject space (Fig. 1a-1c) to identify 

local differences as shown by the red sticks in Fig. 2a. The red sticks represent local fiber orientations 

with a decrease of anisotropy greater than 30% (This 30% threshold is termed “anisotropy threshold” 

hereafter). Most of the differences are distributed near the primary visual pathways, whereas some 

spurious differences are randomly distributed throughout the entire whiter matter regions, most likely 

due to local signal variations or registration error. 
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To eliminate these local spurious differences, the “tracking-the-difference” algorithm is applied to the 

track and link all local differences together into continuous trajectories, and short fragments are 

discarded using a length threshold of 40 mm (Fig. 2b). The rationale behind this length threshold is that 

the local random error does not propagate along fiber pathways, whereas true findings due to 

neurodegeneration will form a decrease of anisotropy along a fiber bundle. A length threshold will 

effectively differentiate between them and retain true findings.  

The left inset figure in Fig. 2b shows affected tracks in directional colors (red: left-right green: 

anterior-posterior blue: superior-inferior), whereas the tracks in the right inset figure are color-coded by 

the percentage decrease of anisotropy suggesting the severity of neurodegeneration (yellow: 0% 

decrease red: 70% decrease). In overall, the differential tractography in Fig. 2b reveals a heterogenous 

decrease of anisotropy between 20% to 50%. All findings are in the bilateral primary visual pathways or 

their collateral connections. The location of the finding matches well with the patient’s medical history of 

visual field loss in both left and right quadrants. The topology of affected pathways seems to present a 

ripple effect: not only the primary visual pathway is affected, but also certain collateral connections to the 

visual cortex has shown a decrease in the anisotropy. Although this patient was fully recovered from the 

symptoms during the follow-up scan (brief medical history in the Supplementary materials), differential 

tractography still captures subclinical change near the bilateral optic radiation. 

Conventional tractography versus differential tractography 

Figure 3 compares conventional tractography (Fig. 3a) with differential tractography (Fig. 3b) on another 

MS patient with optic neuritis (patient #2 demographics summarized in Table 1). The conventional 

tractography was generated using the baseline scan, whereas the differential tractography was 
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configured to map pathways with more than a 30% decrease in anisotropy with a length threshold of 40 

mm. The trajectories in Fig. 3a and Fig. 3b are both colored-coded with directional colors (red: left-right 

green: anterior-posterior blue: superior-inferior). The first row shows tractography viewing from the top, 

whereas the second rows show from the left. The conventional tractography in Fig. 3a visualizes the 

trajectories of the entire brain fiber pathways, and there is no gross anomaly visible from the 

tractography that may suggest a major neurological disorder. This is expected because, at the early 

stage of multiple sclerosis, the patient usually does not present a gross structural change that can be 

readily identified in conventional tractography. In comparison, the different tractography in Fig. 3b 

pinpoints the location of affected pathways in the bilateral primary visual pathway near the visual cortex. 

The location matches well with the patient’s disease presentation of optic neuritis, whereas conventional 

tractography in Fig. 3a shows no clue to this critical information. 

Reliability assessment 

We further use patient #1 and a 42-year-old normal subject as the examples to show how the reliability 

of the differential tractography findings can be quantified using a sham setting. Both the follow-up scans 

of these two subjects were acquired 6 months after the baseline scans. Figure 4a is the differential 

tractography of patient #1 and the control subject showing pathways with an increase or decrease 

anisotropy greater than 30% at different length thresholds (1st row: patient’s increase, 2nd row: patient’s 

decrease, 3rd row: normal subject’s increase, and 4th row: normal subject’s decrease). Only the 2nd row 

(decreased anisotropy in patient #1) contains possible true findings that imply axonal injury, whereas 

other rows (1st, 3rd, and 4th) are all false positive results due to either physiological noises 

(cardiovascular or respiratory) or phase distortion artifact. As shown in Fig. 4a, most false findings at 1st, 

3rd, and 4th rows can be effectively removed using a longer length threshold, and there is a trade-off 

between sensitivity and specificity controlled by the length threshold. A longer length threshold renders a 
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more specific result with the expense of losing meaningful findings, whereas a shorter length threshold 

allows for more findings with a risk of taking false results. To quantify the reliability of findings in the 2nd 

row, we can estimate its FDR by using the total number of findings at the 1st row as an estimate for the 

number of false findings at the 2nd row. This assumes that the random error will produce a similar 

number of false findings in the 1st and 2nd row.  

Figure 4b and 4c illustrate the FDR calculation. Figure 4b lists the number of findings at different length 

thresholds and anisotropy thresholds for patient #1 (upper two tables) and the normal subject (lower two 

tables). It is noteworthy that the “anisotropy threshold” here is the threshold for the decrease of 

anisotropy quantified by percentage (see Materials and Methods). A threshold of 30% means that the 

tracking algorithm will track only the fiber orientations with a decrease of anisotropy greater than 30%. 

The tables on the left are numbers of findings with decreased anisotropy, whereas those on the right are 

numbers of findings with increased anisotropy. The green colors in the table are those with a larger 

number of findings, whereas the red colors indicate a smaller number. The tables of the patient show a 

substantially larger number of findings with decreased anisotropy caused by the disease. In comparison, 

the two tables of the control subject are substantially similar, and the false results are equally distributed 

in both tables. We can use the findings with increased anisotropy (the table on the right) to estimate the 

number of false findings for FDR calculation. 

Figure 4c shows the FDR of patient #1’s findings calculated using the above-mentioned sham setting. 

The resulting table shows a trade-off between sensitivity and specificity controlled by both the length 

threshold and anisotropy threshold. A length threshold of 30~40 mm and an anisotropy threshold at 

20~30% decrease of anisotropy provides us an FDR around 0.01, suggesting that around 1% of the 

tracks shown in the differential tractography are false results. We can use these two thresholds to 

leverage sensitivity and specificity. For example, lower thresholds are geared toward higher sensitivity to 
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explore potential neurodegeneration, whereas higher thresholds can provide a confirmatory answer to 

the axonal damage. The optimal setting can be different based on the disease condition, scan interval, 

and purposes (e.g. exploratory or confirmatory). 

 

Differential tractography on patients with neurological diseases 

We further demonstrate differential tractography in patients with different neurological disorders in Fig. 5 

and list the FDR of these findings in Table 2. The scan subjects include patients with MS (#1, #2), HD 

(#3, #4), ALS (#5), and epilepsy (#6). The first three rows show differential tractography in three views 

(left sagittal from left, coronal from the front and axial from top) using directional colors, where the last 

row shows differential tractography with yellow-red colors representing the percentage decrease of 

anisotropy.   

The first notable finding comparing MS patients #1 and #2 is that the volume of affected pathways and 

their decrease of anisotropy reflect the severity of their clinical symptoms. The medical history of patient 

#1 (Supplementary Materials) indicates a more severe drop in visual acuity to 20/400 in addition to her 

visual field defect in all quadrants, while patient #2 only had a decrease of visual acuity to 20/125 with 

only superior altitudinal visual field defect (Table 1 and Supplementary materials). The greater severity in 

patient #1 is reflected by a larger volume of affected pathways diffusion (patient #1: 55681.6 mm3, 

patient #2: 26124 mm3) and a greater decrease of anisotropy shown in the last row. This suggests that 

differential tractography has a quantitative potential to evaluate disease severity using either the volume 

of affected tracks or the decrease of their anisotropy. 
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The differential tractography of HD patients #3 and #4 in Fig. 5 both show affected pathways around the 

stratum. This matches well with the common understanding that striatal pathways are usually involved in 

Huntington disease. Moreover, the differential tractography in patient #4 has a greater involvement 

extending to brainstem and cerebellum, suggesting a worse motor performance. This seems to match 

the patient’s medical history of a higher motor score of 64 and her specific dystonia presentation (Table 

1 and Supplementary materials).  

Patient #5 in Fig. 5 is the differential tractography of an ALS patient. It is noteworthy that the results of 

this patient are obtained using a 15% decrease threshold because a threshold of 30% yielded no 

findings. Differential tractography reveals a minor decrease in anisotropy between 15% to 30% in this 

patient (other cases in Fig. 5 have mostly greater than 30% decrease). This could be explained by the 

fact that the patient had predominately lower motor neuron symptoms (weakness), and the findings in 

the central nervous system could be subclinical. Nonetheless, as we lowered the change threshold to 

15%, differential tractography showed affected pathways in the right lower corticospinal pathway 

(blue-purple colored), superior cerebellar peduncle, and posterior corpus callosum, as shown in Fig. 5. 

The right corticospinal pathway involvement seems to match the patient’s history of left side involvement, 

but it is noteworthy that the FDR of these findings were much higher (FDR~0.2 in Table 2), meaning that 

around 1/5 of the findings are false positives. The corpus callosum and occipital lobe findings could be 

subclinical damage and thus did not present any clinical symptoms (discussion in the Discussion 

section). 

Patient #6 was a 51-year-old male with right anterior lobectomy. He was previously an epileptic patient 

with recurrent epilepsy (medical history in Supplementary materials). The MRI scans were done before 

the surgery and one year after the surgery. The differential tractography accurately reveals the pathways 

that were affected by resection of the mesial structures and approximately 5 cm of the anterior temporal 
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neocortex, illustrating its accurate localization power to detect pathways with neurodegeneration. While 

the surgical resection only removed part of the temporal gyri, the affected pathways involvement much 

greater connection networks. Furthermore, the last row shows that the decrease of anisotropy is mostly 

greater than 50%, indicating a greater axonal loss due to the surgical removal of the brain tissue.  

The last column in Fig 5 is the differential tractography of a control. We applied the same settings to 

examine how differential tractography may capture false results. The differential tractography shows a 

mild decrease of anisotropy as presented by yellow tracks in the last row, a clue that the change may not 

be strong enough. Furthermore, there are only 74 findings located at the prefrontal cortex, and the 

number is substantially smaller than thousands of findings in patients (Table 2). These findings are 

relatively insignificant compared to those of the patients. Moreover, the location of the findings is known 

to be heavily affected by the phase distortion artifact, and the findings could be due to the different level 

of distortion between the repeat scans. However, it is noteworthy that the calculated FDR will be 0 in this 

case because there are no findings with increase anisotropy for this control subject. This result suggests 

that the FDR estimation still have its limitation if the number of findings is sufficiently small. The 

interpretation of differential tractography still needs to consider the percentage decrease of anisotropy, 

the total number of findings, and possible sources of imaging artifact. 

In general, the findings in Fig.5 allows us to quickly differentiates the possible locations of 

neurodegeneration and evaluate the severity. The affected pathways in MS, HD, and ALS patients show 

distinctly different topology, allowing for differential diagnosis or prognosis evaluation. Table 2 further 

shows how we can use the sham setting to calculate the reliability of the results. The FDR indicates the 

likelihood of a finding in the differential tractography being a false positive.  
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Discussion 

Here we report a novel tractography method to reveal fiber pathways affected by neurodegeneration. 

We found that differential tractography could serve as a track-based biomarker to provide localization of 

neurodegeneration and allow for quantifying its severity using the decrease of anisotropy and the total 

volume of affected pathways. The estimated FDR further offered reliability information to interpret the 

results, and the findings correlated well with clinical presentations of each individual. 

There are several key improvements that make differential tractography a powerful track-based 

biomarker for individual studies. Diffusion MRI fiber tracking can be viewed as a type of clustering 

process that is directionally sensitive. Therefore, the tracking-the-difference strategy used in this study is 

conceptually similar to clustering used in fMRI studies, which groups voxel-wise statistics into clusters to 

achieve a greater statistical power21. By using spatial relations across multiples voxels, the 

tracking-the-difference strategy has the potential to differentiate true findings from local errors, since 

neuronal injury will propagate along axonal fibers while local error stays locally. The fiber tracking 

algorithm visits diffusion metrics along fiber pathways across multiple voxels to present a collective 

statistic measure. This is a substantial improvement over existing diffusion MRI methods that provide 

voxel-wise differences for groups studies18-20.  

The advanced MRI acquisitions also played a critical role to boost the sensitivity of differential 

tractography. The image acquisition used in this study covered a wide range of diffusion sensitization 

(b-values) and a greater number of diffusion sampling directions. Although we could apply differential 

tractography to DTI or multi-shell data, our preliminary test (not reported here) on DTI data showed a 

substantially higher rate of false findings. This is not surprising because a typical DTI acquisition only 

acquires one b-value of 1,000 mm/s2 at 30~60 directions, whereas we acquired a range of b-value from 
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0 to 7,000 mm/s2 at 257 directions. The early axonal injury seems to affect mostly restricted diffusion 

and can only be reliably captured if a wider range of b-value is acquired with enough diffusion sampling 

directions.  

It is also noteworthy that the anisotropy used in this study is not the commonly used fractional anisotropy 

(FA) provided from DTI. FA is a unit-free ratio between 0 and 1 derived from diffusivities that quantify 

how fast water diffuses within the biological tissues. Consequently, FA is an ensemble measurement 

that will inevitably mix fast and slow diffusion and suffer from partial volume effect. In comparison, the 

anisotropy in this study quantifies how much diffusion is anisotropic. Specifically, it estimates the spin 

density of restricted anisotropic diffusion at a given diffusion orientation within a given displacement (see 

Materials and Methods). It is a quantity measurement, and the methodology we used allowed us to 

separate restricted diffusion from none-restricted diffusion. The differences in biophysical meanings 

result in different specificity to individual’s connectivity patterns22 and different performance in handling 

the partial volume effect15. 

Another important result we observed is that differential tractography seems to capture subclinical 

findings: certain pathways could be damaged without any obvious clinical symptoms reported by 

patients. For example, the two MS patients shown in Fig. 5 were symptom-free during the follow-up 

scans after the steroid treatments; however. differential tractography still captures a substantial number 

of findings related to the primary visual pathways, and the decrease of the anisotropy diffusion 

correlates well with the severity of the initial clinical presentation. Similarly, by lowering the detection 

threshold, the ALS patient in Fig. 5 also shows substantial involvement in the posterior corpus callosum 

that connects to the occipital lobe. Although there is no clinical presentation here supporting our finding, 

subclinical callosal damage for ALS patients is not uncommon23, and there are also studies suggested 

subclinical involvement of occipital lobe in the ALS patients 24,25. The ability to capture subclinical 
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findings has a profound clinical implication. It suggests that differential tractography is sensitive enough 

to provide additional evaluation value on top of existing clinical scales and scores, including expanded 

disability status scales (EDSS) and patient determined disease steps (PDDS) scales used in MS 

patients or Unified Huntington's Disease Rating Scale (UHDRS) used in HD patients. 

Limitations and possible pitfalls 

There are limitations in differential tractography. Differential tractography only works on longitudinal 

scans of the same subject and only reflects the change of anisotropy within the time frame of the repeat 

scans. It does not access track integrity in a cross-sectional setting. Different tractography may not be 

able to detect any abnormality if the axonal injury is done at the baseline scans. Further, differential 

tractography still has false results if the artifact also propagates coincidentally along a fiber pathway. 

The phase distortion artifact often gives rise to straight lines near the brain surface, but sometime may 

appear like a spuriously legit connection. Misalignment between baseline and follow-up scans can also 

generate a false result. The misalignment can happen due to brain tissue shift after surgical intervention 

or more commonly the registration error. It will artificially create mirrored findings in both the increase 

and decrease of anisotropy along the misaligned pathways.  

There are still other possible causes of false results. The subjects may have substantial movement in 

the follow-up scan, but not in the study or sham scan. There may be inconsistency in image acquisition 

between repeat scans such as changing the head coils or scanning protocol. Both scenarios can 

produce spurious findings, and thus a series of quality control is always needed to avoid these getting 

false results. Furthermore, the findings in differential tractography still need to be examined under 

neuroanatomy. Spurious findings often appear near the brain surface with odd trajectories (straight 
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lines), while true findings tend to follow the trajectories of well-known neuroanatomical pathways. Prior 

neuroanatomy knowledge may help exclude false results from true findings.  

Clinical applications 

Differential tractography can be used in differential diagnosis and evaluation of a treatment or 

intervention. Neurologists can use it for differential diagnosis as patients with different neurological 

disorders will present distinctly different spatial patterns in their affected pathways. The location will 

provide a clue about the possible causes to resolve difficult clinical cases. This is otherwise not 

achievable in structural MRI unless a gross lesion or atrophy is visible in the late stage of 

neurodegeneration. Another application of differential tractography is for evaluating an intervention or 

treatment. Differential tractography can provide an objective quantitation that is directly comparable 

across subjects and less susceptible to observer differences. It could minimize variance due to evaluator 

differences and increase effect size in comparison with the conventional evaluation conducted by 

patients or neurologists. This opens a gate for early treatments to restore subclinical injuries before 

those injuries accumulate to become a major functional deficit. 

Materials and Methods  

MRI experiments on clinical patients with neurological disorders 

The diffusion MRI acquisition included a baseline scan and another follow-up scan (acquired months 

later) of the same subject. We acquired scans on 6 patients with different neurological diseases 

including multiple sclerosis, Huntington disease, ALS, and epilepsy. Table 1 summarizes their basic 

demographic and scan interval information, and brief medical history of these patients are summarized 
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in Supplementary Materials. The ALS patient was previously reported26. Each diffusion MRI scan 

acquired 22 b-values ranging from 0 to 7,000 s/mm2 at a total of 257 diffusion sampling direction using a 

q-space imaging scheme27. The in-plane resolution and slice thickness were 2.4 mm. TE=154 ms, and 

TR=9500 ms.  

Quality control of diffusion MRI data 

We applied a series of quality control to our diffusion weighted image data to minimize possible false 

results due to acquisition issues. The first quality control was done by checking whether the image 

dimension, resolution, and b-table were consistent between repeat scans. All scan data were confirmed 

to have a consistent setting between repeat scans. The second quality control was done by calculating 

the mean Pearson correlation coefficient of the neighboring diffusion-weighted images: 

∑ 𝜌 𝑆 , 𝑆 ( )         (1) 

where ρ calculates the Pearson correlation coefficient, 𝑆  is the i-th diffusion weighted image, and 𝑁(𝑖) 

returns the index of another diffusion weighted image acquired by the most similar diffusion sensitization 

in the q-space: 

𝑁(𝑖) = 𝑎𝑟𝑔 min
,

𝑏(𝑖)�⃑�(𝑖) − 𝑏(𝑗)�⃑�(𝑗)    (2) 

𝑏(𝑖) is the b-value, and �⃑�(𝑖) is the diffusion encoding direction. The resulting values in Eq. (1) ranges 

between 0.6~0.8, and a data set would be rejected if the baseline and follow-up scans have a difference 

in mean Pearson correlation coefficient greater than 0.1. In this study, one ALS patient’s data we 

recruited previously26 was rejected because the baseline scan had a substantially lower value due to 

slice shift during the scan.  
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The third quality control step was identifying slice-wise signal dropout for each slice in each 

diffusion-weighted image. This examination excluded slices with a large background region (defined by 

the brain mask), which is greater than 15/16 of the entire slice area. For each slice, we calculated its 

Pearson correlation coefficients with four of its signal-related slices, including its upper neighboring slice, 

lower neighboring slice, and the same-location slices of two neighboring diffusion-weighted images. The 

maximum of these four correlation values was used as the representative correlation coefficient of the 

slice under examination, and a signal dropout would result in a decrease of this representative 

correlation coefficient. If a slice had an average decrease of representative correlation coefficient 

greater than 0.1 in comparison with its four related slices, we identified it as a signal dropout slice. In this 

study, we accepted the data set if the number of signal dropout slices was smaller than 0.1% of the total 

slice number (i.e. < 25 slices). All data set were screened and passed this criterion. 

The fourth quality control was checking the b-table orientation using the fiber coherence index32. One 

scan was found to have slices order flipped upside down. The data were corrected before further 

analysis. 

After the quality control steps, the diffusion data of the follow-up scans were compared with baseline 

scans using the following analysis: 

Empirical Distribution of Water Diffusion 

The empirical distribution of water diffusion was calculated from diffusion-weighted signals using 

generalized q-sampling imaging (GQI)28. This “empirical distribution” has no assumption of the 

underlying distribution (e.g. Gaussian distribution), and thus it can be applied to a variety of fiber or 

biological conditions. The empirical distribution calculated from GQI, termed spin distribution function 
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(SDF), has a different physical definition from the diffusivity calculated from DTI that quantifies how fast 

the diffusion is. The SDF quantifies the density of restricted diffusion sampled at any orientations, and it 

can be calculated using the formula: 

Ψ (𝒓, 𝑢) = 𝑍 ∑ 𝑊 (𝒓, 𝑖) 𝑠𝑖𝑛𝑐 𝜎 6𝐷b(𝑖)〈g(𝑖), u〉        (3) 

Ψ (𝒓, 𝑢) is the SDF value oriented at 𝑢 and sampled from a voxel located at r. Z0 is a scaling constant 

to convert the arbitrary unit of the diffusion signals to a density unit. i iterates through each diffusion 

weighted signals W(𝒓, i), and b(i) is the b-value, g(i) is the direction of the diffusion sensitization 

gradient. σ is the diffusion sampling ratio controlling the displacement range of the diffusing spins. D is 

the diffusivity of free water at room temperature.  

We further need to calculate SDFs of the follow-up scan and transformed them into the space of the 

baseline scan (Fig. 1a and Fig. 1b) so that they could be directly compared. This was done using 

q-space diffeomorphic reconstruction (QSDR)29, a method that generalizes GQI to accept spatial 

transformation in the reconstruction. QSDR allows us to simultaneously reconstruct and transform SDF 

from the space of the follow-up scan to the space of the baseline scan using the following formula: 

Ψ (𝒓, 𝑢) = 𝑍 ∑ 𝑊 (𝜙(𝒓), 𝑖)𝑠𝑖𝑛𝑐 𝜎 6𝐷𝑏(𝑖)〈𝑔(𝑖), 𝐉(𝒓)𝑢〉     (4) 

where 𝜙(𝒓) transforms spatial coordinate r from the space of the baseline scan to that of follow-up scan. 

Since the scans are from the same subject, we assume there is only “rigid body” transformation (i.e. only 

rotation or translocation) between the scans. Please note that this assumption can be violated if there is 

a large tissue distortion due to edema or tissue removal. To handle this condition, a nonlinear spatial 

registration can be used in QSDR. For rigid body transformation, the computation is a simple 

matrix-vector multiplication. The rigid body transformation matrix can be obtained by linear registering 
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the b0 images (or the sum of all diffusion weighted images). We used the correlation coefficient between 

the images from baseline and follow-up scans as a cost function to calculate the transformation matrix. 

The cost function was minimized using a gradient descent method. 𝑊 (𝜙(𝒓), 𝑖) is the diffusion weighted 

signals at coordinate 𝜙(𝒓). 𝐉(𝒓) is the Jacobian matrix at the same coordinate that rotates the unit 

vector 𝑢. Here the Jacobian matrix is the rotation matrix of the rigid body transformation. There other 

variables follow the same notations in Eq. (3). Please note that the SDFs calculated from Eq. (3) and (4) 

have “arbitrary units”. Therefore, the Z1 constant in Eq. (4) need to be scaled to match the same unit of 

Z0 in Eq. (3). This signal matching can be done using the sum of all diffusion weighted images from two 

scans:  

𝑍 = 𝑍
∑ ( (𝒓), )

∑ (𝒓, )
        (5) 

The isotropic component of an SDF is then removed by subtracting its minimum values.  

Ψ ′(𝒓, 𝑢) = Ψ (𝒓, 𝑢) − min Ψ (𝒓, 𝑢)    (6) 

Ψ ′(𝒓, 𝑢) = Ψ (𝒓, 𝑢) − min Ψ (𝒓, 𝑢)    (7) 

This approach obtains the “anisotropic SDF” (termed anisotropy hereafter) and minimizes the effect of 

free water diffusion15. It is noteworthy that this anisotropy measurement has a different physical meaning 

from the fractional anisotropy (FA) calculated in DTI. FA is a ratio ranged between 0 and 1. It is 

calculated from diffusivities and has no unit. In comparison, the anisotropy quantified in this study is 

calculated from the SDF and has the same unit of the SDF, which is the density of diffusing water in the 

arbitrary unit.  
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Tracking Differences in the SDF 

To track differences in the SDF, we first determined the local fiber orientations using the peaks on the 

sum of Ψ (𝒓, 𝑢) and Ψ (𝒓, 𝑢) to guide a deterministic fiber tracking algorithm15. Then we calculated the 

percentage difference in the anisotropy between baseline and follow-up scans (Fig. 1c): 

Ψ (𝒓, 𝑢) =
(𝒓, ) (𝒓, )

(𝒓, ) (𝒓, )
× 100%    (8) 

The percentage changes in the anisotropy, Ψ (𝒓, 𝑢) , can have positive values (blue SDFs in Fig. 1c), 

which indicates an increase in the density of anisotropic diffusion, or negative values (red SDFs in Fig. 

1c), which indicates a decrease in the density of anisotropic diffusion. Then we added an additional 

criterion to the algorithm to track fiber directions with a decrease or an increase in the anisotropy greater 

than a percentage threshold, respectively. To track fiber directions with an increase of anisotropy, the 

additional criterion checked whether the increase of anisotropy is greater than a predefined value (e.g. 

20%) and continue tracking as long as the criterion is satisfied: 

Ψ (𝒓, 𝑎) > 𝜃    (9) 

where 𝑎 is the local fiber directions used in the fiber tracking algorithm. Similarly, to track pathways with 

decreased anisotropy, the criteria continues tracking if the decrease of anisotropy is greater than a 

predefined percentage (e.g. -20%): 

Ψ (𝒓, 𝑎) < 𝜃    (10) 

This allows us to track two different sets of pathways, one for increased anisotropy, one for decreased 

anisotropy. The other criteria follow the default settings in the generalized deterministic fiber tracking 

algorithm (e.g. seeding strategy, propagation interval, angular threshold, length constraint…etc.)15, 
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which has been shown to achieve high accuracy in regular tractography in an open competition (#ID 

03)30.  

The differential tractography was then obtained by placing a total of 5,000,000 seeding points in the 

white matter. Two iterations of topology-informed pruning31 were applied to the tractography to remove 

noisy findings. Track with lengths shorter than the length threshold was discarded, and the results of 

different length threshold were compared to access its effect on the sensitivity and specificity of 

differential tractography. 

Estimating false discovery rate using a sham setting 

Figure 6 showed the experiment design that allows for estimating positive predictive value (FDR) of 

differential tractography in individual scans. The baseline scan (Fig. 6a) is compared with the follow-up 

scan (Fig. 6b upper row) using differential tractography to reveal tracks with decreased anisotropic SDF 

(Fig. 6c, upper row). Differential tracking was conducted to track pathways with decreased anisotropy. A 

total of 5,000,000 iterations were conducted, starting from 5,000,000 different seeding points in the white 

matter and tracking in two directions. Here we viewed each tracking iteration as a hypothesis test since 

each tracking iteration was done independently. The null hypothesis is “there exists no track with a 

decrease in the anisotropy”, which means “track length = 0”. We rejected this hypothesis if the track 

length from differential tracking was greater than a predefined length threshold (e.g. 40 mm). Each 

rejected hypothesis is thus regarded as a “positive findings”, and it can be either a true positive or false 

positive.  

As shown by the example in the upper row of Fig. 6c, the number of tracks with affected tracks longer 

than 40 mm is 3921, meaning that we reject 3921 null hypotheses and get 3921 total positive findings. 

Those finding includes both true positive and false positive findings. To estimate the number of false 
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positive findings, a sham scan can be acquired on the same day of the baseline scan (Fig. 6b, lower 

row), and thus any positive findings shown in the sham scan should be false positive findings. The same 

tracking process is applied to track from the same 10,000 seeding point. The example in the lower of Fig. 

6c shows, the sham scan generates a total of 45 tracks with a length greater than 40 mm, meaning that 

the estimated number of false positive findings is 45. Using this information, we can calculate the false 

discovery rate (FDR)(i.e. 45/3921) and the FDR (i.e. 1-45/3921, as shown in Fig. 6d) of this individual 

scan. 

 

In this study, we did not acquire additional sham scan, and an alternative approach was used. Since 

there should be no increased track integrity during the disease course, any findings showing increased 

anisotropy can be regarded as false positive findings. Therefore, we can use the number of tracks with 

increased anisotropy in the follow-up scan as a substitute sham scan. Even if tracks with increased 

connectivity do exist due to rehabilitation or treatment, it will increase our estimated number of false 

positive findings and lower our positive predictive value. This means that the FDR estimated by this 

alternative approach will be a lower bound of the actual FDR and can be a conservative estimate of FDR. 

This minimized the chance that we overestimate the reliability of findings in differential tractography. 

The processing pipeline for differential tractography and the quality control procedure is implemented in 

DSI Studio (http://dsi-studio.labsolver.org). Documentation and source code are also available on the 

same website. 
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Fig. 1 The flow chart of differential tractography. (a) The baseline and follow-up scans of the same 

subject are spatially aligned, and the diffusion signals are scaled to the same unit. (b) The spin 

distribution function (SDF) from two scans are reconstructed in the same common subject space. (c) 

The differences in SDF are computed for each voxel. (d) Increased and decreased SDF values are 

separated to guide a “tracking-the-difference” algorithm. (e) The differential tractography shows tracks 

with increased and decreased anisotropy, respectively. The tracks with decreased anisotropy suggest 

possible neurodegeneration, whereas the number of tracks with increased anisotropy can be used to 

estimate the number of false findings.  
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Fig. 2 Differential tractography of a multiple sclerosis patient with the first episode of optic neuritis. (a) 

The intermediate result of differential tractography shows voxel-wise red sticks indicating local fiber 

orientations with a substantial decrease in anisotropy (>30%) between repeat scans. The sticks are 

mostly distributed along the primary visual pathways, while sporadic false findings can also be found 
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throughout the entire whiter matter regions due to local signal variations. (b) The red sticks are tracked 

and connected into continuous trajectories, whereas the other unaffected parts of the white matter 

pathways are ignored. The resulting tractography is the differential tractography of the patient showing 

the exact segment of pathways with a substantial decrease in anisotropy. The tractography can be 

rendered by directional colors (left) or severity-coded color (right) to provide information about the spatial 

location and the severity of the axonal damage quantified by percentage decrease of anisotropic 

diffusion.  
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Fig. 3 Conventional tractography compared with differential tractography using the same data from a 

multiple sclerosis patient with the first episode of optic neuritis. (a) Conventional tractography shows all 

existing fiber pathways in the human brain and is insensitive to a decrease in the anisotropy. (b) 

Differential tractography ignores unaffected regions and shows the exact segments of the pathways that 

have a substantial decrease of anisotropy quantified between repeat scans of the same individual. 
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Fig. 4 Reliability assessment of differential tractography using the length threshold. (a) Differential 

tractography is applied to a multiple sclerosis patient and a normal subject at different length thresholds. 

Only the tracks with decreased anisotropy in patient #1 may contain true positive findings, whereas 

tracks with increased anisotropy in patient #1 or any tracks in the normal subject are false positives for 

neurodegeneration. A longer length threshold (e.g. > 40mm) can reduce false findings at the expense of 

sensitivity, whereas a shorter threshold may introduce more false results. (b) The numbers of findings at 

different length thresholds and anisotropy thresholds are listed in tables. The patient has substantially 

large numbers of tracks with decreased anisotropy, suggesting a possible neurological injury. In 

comparison, the normal subject has similar numbers of tracks with increased and decreased anisotropy. 

(c) False discovery rate (FDR) of the findings in a patient can be calculated by using the patient’s own 

numbers of tracks with increased anisotropy as an estimation of the number of false findings. This allows 

for adjusting the sensitivity and specificity of differential tractography and quantifying the reliability at 

different length and anisotropy thresholds. 
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Fig. 5 Differential tractography of patients with different neurological disorders in comparison with a 

normal subject. The results were generated automatically without expert selection. The differential 

tractography of the two MS patients matches well with their clinical presentation of optic neuritis. Patient 

#1 has a much severer drop in visual acuity, which can be quantitatively reflected by her larger the 

volume of the findings and a greater percentage decrease of the anisotropy along the affected pathways. 

The differential tractography of the two Huntington diseases shows extensive affected striatal pathways. 

Patient #4 had more asymmetric dystonia, matching the asymmetry presentation of the differential 

tractography. The ALS patient had lower motor neuron presentation of left-hand weakness, matching 

the finding of right lower corticospinal pathways in differential tractography. The epileptic patients 

received right anterior temporal lobectomy, matching the findings in differential tractography that shows 

the affected pathways around the surgical location. The false findings in the normal subject can be 
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differentiated by a much less decrease of anisotropy and its location at the anterior frontal region that is 

known to be more susceptible to phase distortion artifact. 
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Fig. 6 Diagram showing the sham setting for calculating the false discovery rate (FDR). The baseline 

scan (a) is compared with a follow-up scan (upper row) and a sham scan (lower row) to generate 

findings. The follow-up scan is often acquired months after the baseline to capture the decrease of 

anisotropy diffusion, whereas the sham setting can be a repeat scan on the same day or the findings 

with increased anisotropy in the follow-up scans. (c) the number of findings from the sham setting (lower 

row) is used to estimate the number of false findings and to calculate FDR (d).  
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Table 1: Patient demographics and major symptoms  

 diagnosis age sex MRI scans Major symptoms 

#1 multiple 

sclerosis 

44 F onset of symptom 

and 6-month 

follow-up 

acute onset of left ocular 

pain, pain with eye 

movements, blurring vision of 

the left eye (20/400), loss of 

visual field in all quadrants. 

#2 multiple 

sclerosis 

24 F onset of symptom 

and 6-month 

follow-up 

acute onset of left ocular 

pain, pain with eye 

movements, blurring vision of 

the right eye (20/125), 

superior altitudinal visual field 

defect. 

#3 Huntington 

disease 

60 M two scans at 5 

months apart during 

the manifest stage  

body bradykinesia on both 

sides 

UHDRS motor: 45→49 

(worsening) 

#4 Huntington 

disease 

55 F two scans at 5 

months apart during 

the manifest stage 

dystonia of left upper 

extremity, dragging right foot 

with ambulation, dystonia of 

the right leg 

UHDRS motor: 53→64 

(worsening) 

#5 amyotrophic 

lateral 

sclerosis 

48 M baseline scan 

acquired 30 months 

after onset 

follow-up scan 

acquired one year 

after. 

left-hand weakness with 

fasciculations 

ALSFRS-R: 45→32 

(worsening) 

#6 epilepsy 51 M before anterior 

temporal lobectomy 

and one-year 

follow-up after 

surgery 
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Table 2: False Discovery Rate of Differential Tractography Findings 

 diagnosis anisotropy 

threshold 

length 

threshold 

number of 

findings 

estimated false 

positive findings* 

FDR 

#1 multiple sclerosis 30% 40 mm 13,947 177 0.0126 

#2 multiple sclerosis 30% 40 mm 2,799 0 <0.0001 

#3 Huntington disease 30% 40 mm 85,243 3,571 0.0419 

#4 Huntington disease 30% 40 mm 64,272 0 <0.0001 

#5 amyotrophic lateral 

sclerosis 

15%† 40 mm 12,222 2,548 0.2085 

#6 epilepsy post ATL 30% 40 mm 15,959 0 <0.0001 

 normal control 30% 40 mm 74 0 N/A 

* estimated by the number of tracks with increased anisotropic diffusion 

†30% yields no findings 
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Supplementary Materials 

Patient’s medical history during the scan interval 

MS patients 

Patient #1 was a 44-year-old female with acute onset of left ocular pain and pain with eye movements. 

She experienced gradual decline in her visual acuity, and initial visual examination showed normal 

acuity in right eye and decreased acuity in left eye (20/70), which worsen to 20/400 in one week. She 

had a dense superior visual field defect in both superior quadrants that continued to worsen over few 

days with gradual loss of the inferior visual fields. She was treated with IV steroids, and after the 

treatment, the ocular pain, pain with eye movement, and the visual field were improved. After 6 months 

of her initial presentation, her visual acuity returned to 20/20 both eyes and the visual fields were normal 

Patient #2 was a 23-year-old female with blurring of vision of the right eye, associated with ocular pain 

and pain with extra ocular movements. Initial evaluation by ophthalmology noted visual acuity of 20/40 

with enlargement of the blind spot on the Humphrey visual field. Within a week her symptoms 

progressed to a visual acuity of 20/125, decrease in the color perception. and a superior altitudinal visual 

field defect. She was treated with intravenous methylprednisolone according to the optic neuritis 

treatment trial. Her symptoms recovered within 10 days to visual acuity of 20/25 and normal color 

saturation. 

HD patients 

Patient #3 was a 60-year-old male. The age of onset was 56, and the CAG repeats were 42. During the 

scan interval, the UHDRS motor total was increased from 45 to 49, with most prominent symptoms of 

body bradykinesia on both sides. 
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Patient #4 was a 55-year-old female. The age of onset was 48, and the CAG repeats were 43. During 

the scan interval, the UHDRS motor total was increased from 53 to 64, with symptoms of dystonic 

contractures of the left upper extremity, dragging right foot with ambulation, and dystonia in the legs 

more obvious with gait (mostly on the right side), moderate bradykinesia with the finger taps (mostly on 

the left side).  

ALS patient 

Patient #5 was a 48-year-old male ALS patient (laboratory supported probable ALS diagnosis) with 

upper extremity limb onset and predominant lower motor neuron involvement. His symptoms started 

about 30 months before the baseline scan with widespread fasciculations and left-hand weakness. 

There were subtle upper motor neuron signs in cervical segments. He developed lower extremity 

weakness 2 years after onset but never developed lower extremity upper motor neuron signs at the time 

of death that occurred 5 years after onset of symptoms. He had no family history of neurological disease. 

The patient’s ALSFRS-R score decreased from 45 to 32 during the MRI scan interval (1 year apart). 

Epilepsy patient 

Patient #6 was a 51-year-old male with medically intractable epilepsy since the age of 17. His seizure 

frequency was weekly, and intracranial monitoring demonstrated that his seizure onset zone included 

the right mesial and neocortical temporal lobe. He underwent a standard right anterior temporal 

lobectomy. MRI scans were obtained before the surgery and one year after the surgery.  
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