bioRxiv preprint doi: https://doi.org/10.1101/2024.10.19.619237; this version posted October 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Fiber Microstructure Quantile (FMQ) Regression: A Novel
Statistical Approach for Analyzing White Matter Bundles from
Periphery to Core

Zhou Lan2", Yugian Chen?, Jarrett Rushmore?, Leo Zekelman*®, Nikos Makris®, Yogesh
Rathi’, Alexandra J. Golby'#8, Fan Zhang®, Lauren J. O’Donnell*"

1. Department of Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston,
Massachusetts, United States

2. Center for Clinical Investigation, Channing Division of Network Medicine, Brigham and
Women’s Hospital, Harvard Medical School, Boston, Massachusetts, United States

3. School of Medicine, Boston University, Boston, Massachusetts, United States

4. Department of Neurosurgery, Brigham and Women’s Hospital, Harvard Medical School,
Boston, Massachusetts, United States

5. Speech and Hearing Bioscience and Technology, Harvard Medical School, Boston, United
States

6. Center for Morphometric Analysis, Department of Psychiatry and Neurology, A. Martinos
Center for Biomedical Imaging, Massachusetts General Hospital and Psychiatric Neuroimaging
Laboratory, Brigham and Women's Hospital, Harvard Medical School, Boston

7. Department of Psychiatry, Brigham and Women’s Hospital, Harvard Medical School, Boston,
Massachusetts, United States

8. Department of Neurosurgery, Brigham and Women's Hospital, Harvard Medical School,
Boston, United States

9. School of Information and Communication Engineering, University of Electronic Science and
Technology of China, Chengdu, China

* Correspondence: zlan@bwh.harvard.edu and odonnell@bwh.harvard.edu
Abstract

The structural connections of the brain’s white matter are critical for brain function. Diffusion MRI
tractography enables the in-vivo reconstruction of white matter fiber bundles and the study of their
relationship to covariates of interest, such as neurobehavioral or clinical factors. In this work, we
introduce Fiber Microstructure Quantile (FMQ) Regression, a new statistical approach for
studying the association between white matter fiber bundles and scalar factors (e.g., cognitive
scores). Our approach analyzes tissue microstructure measures based on quantile-specific bundle
regions. These regions are defined according to the quantiles of fractional anisotropy (FA) from
the periphery to the core of a population fiber bundle, which pools all individuals’ bundles. To
investigate how fiber bundle tissue microstructure relates to covariates of interest, we employ the
statistical technique of quantile regression. Unlike ordinary regression, which only models a
conditional mean, quantile regression models the conditional quantiles of a response variable. This
enables the proposed analysis, where a quantile regression is fitted for each quantile-specific
bundle region. To demonstrate FMQ Regression, we perform an illustrative study in a large healthy
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young adult tractography dataset derived from the Human Connectome Project-Young Adult
(HCP-YA), focusing on particular bundles expected to relate to particular aspects of cognition and
motor function. Importantly, our analysis considers sex-specific effects in brain-behavior
associations. In comparison with a traditional method, Automated Fiber Quantification (AFQ),
which enables FA analysis in regions defined along the trajectory of a bundle, our results suggest
that FMQ Regression is much more powerful for detecting brain-behavior associations.
Importantly, FMQ Regression finds significant brain-behavior associations in multiple bundles,
including findings unique to males or to females. In both males and females, language performance
is significantly associated with FA in the left arcuate fasciculus, with stronger associations in the
bundle’s periphery. In males only, memory performance is significantly associated with FA in the
left uncinate fasciculus, particularly in intermediate regions of the bundle. In females only, motor
performance is significantly associated with FA in the left and right corticospinal tracts, with a
slightly lower relationship at the bundle periphery and a slightly higher relationship toward the
bundle core. No significant relationships are found between executive function and cingulum
bundle FA. Our study demonstrates that FMQ Regression is a powerful statistical approach that
can provide insight into associations from bundle periphery to bundle core. Our results also
identify several brain-behavior relationships unique to males or to females, highlighting the
importance of considering sex differences in future research.

Keywords: Quantile Regression; White Matter; Diffusion MRI; Tractography; Human
Connectome Project Young Adult; Scalar Factor; Brain-Behavior Association

1. Introduction

The white matter plays a critical role in brain function, serving as the brain’s communication
infrastructure that is essential for the proper functioning of various cognitive domains (Fields
2008). Diffusion magnetic resonance imaging (dMRI) is an advanced imaging technique that can
measure the diffusion process of water molecules and facilitate the investigation of the white
matter. dMRI tractography is a three-dimensional reconstruction technique to reconstruct white
matter fiber bundles using data collected by dMRI (P. J. Basser et al. 2000). Many large white
matter fiber bundles have a long history of anatomical study and are classically defined (e.g. the
arcuate fasciculus and the corticospinal tract). Recent machine learning methods can use dMRI
tractography to efficiently identify white matter fiber bundles of individuals (Wasserthal, Neher,
and Maier-Hein 2018; Garyfallidis et al. 2012; F. Zhang et al. 2018). The fiber bundles obtained
from tractography enable the quantitative study of the brain's white matter anatomy (F. Zhang et
al. 2022) and its associations with scalar factors, such as those describing individual cognition or
behavior (e.g., language, memory, executive function, or motor) (Zekelman et al. 2022), or those
describing diseases or disorders (Kruper et al. 2023; Damatac et al. 2022).

Analyzing the association between fiber bundles and scalar factors requires summary data derived
from fiber bundles. One popular quantity for fiber bundle analysis is fractional anisotropy (FA), a
scalar value between zero and one that describes the degree of anisotropy of a diffusion process
and relates to the geometry and health of the tissue (Peter J. Basser and Pierpaoli 2011). The FA
mean within the fiber bundle has been widely used due to its parsimony (Zekelman et al. 2022; F.
Zhang et al. 2022; Ciccarelli et al. 2003; Bozzali et al. 2002; Schilling et al. 2023). More
sophisticated summary data can provide profiles that describe the values of FA along fiber bundles
(Yeatman et al. 2012; L. J. O’Donnell, Westin, and Golby 2009; Chandio et al. 2020; Colby et al.
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2012; Corouge et al. 2006). For example, the Automated Fiber Quantification (AFQ) method
produces an FA profile along a fiber bundle (Yeatman et al. 2012). This popular method has
enabled clinical research applications (Sarica et al. 2017; Johnson et al. 2022; Schilling, Archer,
et al. 2022; Kruper et al. 2024, 2023).

The above summary data has limitations in analyzing the associations between fiber bundles and
scalar factors. The FA mean overlooks the known microstructural variations of FA within a fiber
bundle due to factors such as crossing or fanning white matter geometry and axons entering and
leaving the bundle (L. J. O’Donnell, Westin, and Golby 2009; Colby et al. 2012; D. K. Jones et al.
2013; Schilling, Tax, et al. 2022; Jeurissen et al. 2013; Derek K. Jones 2010). Methods such as
AFQ analyze FA at each cross-sectional location along the bundle profile (Chandio et al. 2020;
Yeatman et al. 2012), which causes challenges in capturing the microstructural variations in the
cross-section of the bundle, such as those due to axons crossing, entering, or leaving the bundle. It
is also challenging to align bundle profiles across subjects in the presence of anatomical variability
in bundle size and shape.

In our paper, we are motivated to address the aforementioned limitations. Our methodology is built
on a population fiber bundle (L. O’Donnell and Westin 2005; Chenot et al. 2019; F. Zhang et al.
2018; Elias et al. 2024) that pools all individuals’ fiber bundles. We use the quantiles of FA within
the population fiber bundle to define regions that we call quantile-specific bundle regions. As can
be observed in Figure 1, the quantile-specific bundle regions finely subdivide the bundle and
generally range from the central portion of a fiber bundle with higher FA (i.e., the bundle core) to
more peripherally located regions of a fiber bundle with lower FA (i.e., the bundle periphery).
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Quantile-Specific Bundle Regions
Defined by FA values in Population Fiber Bundle

Arcuate Fasciculus (AF): FA Arcuate Fasciculus (AF): Quantile

Uncinate Fasciculus (UF): Quantile

Cortic
¥
4

\

\

Corticospinal Tract (CST): FA

ospinal Tract (CST): Quantile

'\

Cingulum Bundle (CB): FA Cingulum Bundle (CB): Quantile

04 0.6 0.8 1 25% ~ 50% [N N
FA Values Quantiles

Figure 1: The population fiber bundles studied in this paper are the Arcuate Fasciculus (AF),
Uncinate Fasciculus (UF), Corticospinal Tract (CST), and Cingulum Bundle (CB), shown here in
both the left and right hemispheres. In each row, the two left images show fiber tracts (right and
left hemispheres) colored by FA values, and the two right images show the corresponding quantiles
on the fiber tracts. In this way, the FA values define quantile-specific bundle regions. At the bottom
of the figure, we provide the color bars for FA values and quantiles.

Quantile regression, a popular statistical technique, enables the investigation of FA in quantile-
specific bundle regions, providing insights into the association of microstructure with scalar
factors. Unlike ordinary regression that uses least squares to model the association between the
conditional mean of the response variable and the independent variables, quantile regression
models the association using the conditional quantiles of the response variable (Koenker et al.
2020). In our proposed approach, the conditional quantiles of the response variable are the
quantiles of FA within the population fiber bundle, and the independent variables are the scalar
factors. We call our proposed approach Fiber Microstructure Quantile (FMQ) Regression. While
quantile regression has been successfully applied in many fields, including genetics and
environmental science (Koenker et al. 2020), the proposed FMQ Regression is the first paper to
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use quantile regression to perform microstructural white matter analysis. To demonstrate its
performance, we provide an illustrative study investigating sex-specific effects in brain-behavior
associations using a large dataset.

In the rest of the paper, we first introduce the dataset for our illustrative study. We further present
our proposed method in Section 2. Section 3 provides the results of our illustrative study using our
methodology and other methods. Section 4 discusses the results of our illustrative study and the
differences between methods and provides conclusions.

2. Methods

In this section, we first describe the tractography dataset used to illustrate the proposed method
(Section 2.1). Then, in Section 2.2, we describe the FMQ Regression method that employs fiber
tract data and quantile regression for population-based inference. Next, in Section 2.3, we describe
two popular current methods that are used for comparison. Finally, in Section 2.4, we describe the
statistical estimates resulting from the three compared methods and the approach for results
visualization.

2.1 HCP-YA Dataset for Illustrative Study

To demonstrate our proposed approach, we perform an illustrative study based on a large
tractography dataset, focusing on specific tracts expected to relate to particular aspects of motor
function and cognition as described in a recent review (Forkel et al. 2022). We use dMRI and
scalar factors (i.e., neurobehavioral assessments of language, memory, executive function, and
motor performance) from the Human Connectome Project-Young Adult (HCP-YA), a
comprehensive multimodal dataset acquired from healthy young adults (Van Essen et al. 2013)
that provides minimally processed dMRI (Glasser et al. 2013). We use tractography data
previously computed for a cohort of 809 HCP-Y A participants published in (Zekelman et al. 2022).
The study dataset comprises 809 participants, with 382 males and 427 females. Their ages range
from 22 to 36 years, with an average age of 28.6. Brief details about data acquisition and processing
follow. The HCP-Y A dataset (Glasser et al. 2013) was acquired using three shells (b = 1000, 2000,
and 3000 s/mm?), with TE/TR = 89.5/5520 ms and an isotropic voxel size of 1.25 mm3. The b =
3000 shell consisting of 90 gradient directions and all b = 0 scans was extracted to reduce
computation time while providing high angular resolution for tractography (F. Zhang et al. 2018).
Whole brain tractography was computed by applying a two-tensor Unscented Kalman Filter (UKF)
method (Reddy and Rathi 2016), which is effective at reconstructing white matter tracts across
various dMRI acquisitions and the lifespan (F. Zhang et al. 2018) with advantages for
reconstructing anatomical somatotopy (He et al. 2023). UKF tractography used a two-tensor model
to account for crossing fibers (Vos, Viergever, and Leemans 2013; Farquharson et al. 2013) and
provided fiber-bundle-specific microstructural measures from the first tensor, which modeled the
tract being traced (Reddy and Rathi 2016). White matter tracts were identified for each subject
using the white matter analysis machine learning approach that can robustly identify white matter
tracts across the human lifespan, health conditions including brain tumors, and different image
acquisitions (F. Zhang et al. 2018; Cetin-Karayumak et al. 2024) with high test-retest
reproducibility (F. Zhang et al. 2019).
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In our illustrative study, we investigate the arcuate fasciculus (AF), uncinate fasciculus (UF),
cingulum (CB), and corticospinal tract (CST). These four white matter tracts of interest are
investigated in each subject's left and right hemispheres. Each fiber tract contains a collection of
streamlines representing the pathway of a particular white matter connection. Each streamline is
composed of a sequence of points (streamline points) and their associated FA values. In this paper,
we use FA as a primary measure for tract analysis, though the methods we propose are equally
applicable to other microstructure or imaging data measured within fiber tracts, e.g., mean
diffusivity (MD) (P. J. Basser 1995), or neurite orientation dispersion and density imaging
(NODDI) (H. Zhang et al. 2012; Daducci et al. 2015).

We assess the relationship between the FA of each fiber tract and selected scalar factors, as
summarized in Table 1. We study the associations of the AF, UF, CB, and CST with scalar factors
of language, memory, executive function, and motor, respectively. Our choices of fiber tracts and
corresponding scalar factors follow a recent review of fiber tracts and potentially associated neuro-
behavioral functions in health and disease based on the existing literature (Forkel et al. 2022). In
our work, the scalar factors are assessments from the NIH Toolbox, the state-of-the-art for
neurobehavioral measurement (Hodes et al. 2013). These include the NIH Toolbox Oral Reading
Recognition Test (Gershon et al. 2014), Picture Vocabulary Test (Gershon et al. 2014), Picture
Sequence Memory Test (Loring et al. 2019), List Sorting Working Memory Test (Tulsky et al.
2014), Dimensional Change Card Sort Test (Zelazo et al. 2014), Flanker Inhibitory Control and
Attention Test (Zelazo et al. 2014), 2-minute Walk Endurance Test (Reuben et al. 2013), and 4-
Meter Walk Gait Speed Test (Reuben et al. 2013).
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Table 1: Input data for the illustrative study includes fiber tracts, corresponding neurobehavioral
functions following a recent review, and scalar factors from the NIH Toolbox. We include an
abbreviated name for each scalar factor.

Neuro-
Fiber Tract behavioral Scalar Factor
Function
) Picture Vocabulary Test (PicVocab)
Arcuate Fasciculus
Language . .
(AF) Oral Reading Recognition Test (ReadEng)
Uncinate Fasciculus Picture Sequence Memory Test (PicSort)
(UF) Memory . . . .
List Sorting Working Memory Test (ListSort)
Corticospinal Tract Walk Endurance Test (Endurance)
CST Motor
(CST) 4-Meter Walk Gait Speed Test (GaitSpeed)
Cingulum Bundle Executive Dimensional Change Card Sort Test (CardSort)
(CB) function

Flanker Inhibitory Control and Attention Test (Flanker)

2.2. Key Steps in FMQ Regression
2.2.1 Step 1: Population Fiber Bundle Construction.

To construct a population fiber bundle, first the bundle and its FA values must be identified in all
subjects in the population. This can be achieved using methods such as virtual dissection (Catani
et al. 2002) or automatic segmentation (F. Zhang et al. 2018; Vazquez et al. 2020; Garyfallidis et
al. 2018). The resulting individual fiber bundles have different numbers of streamlines, and their
shapes and lengths are not the same due to factors such as anatomical variability and neural
plasticity. Constructing a population fiber bundle, which contains the amalgamated streamlines
among all individuals within a cohort (L. O’Donnell and Westin 2005; L. J. O’Donnell et al. 2012;
Chenot et al. 2019; Elias et al. 2024), is the first step in microstructural inference using FMQ.
Population fiber tracts studied in this paper are given in Figure 1. The statistical inference and the
following anatomical interpretations rely on the constructed population fiber bundle.

We use the notation i € {1,2,...,1} to denote an individual, where I is the total number of
individuals. For a certain fiber tract, we randomly select K streamlines from each individual’s fiber
tract (i.e., sampled fiber tract) to ensure each individual’s fiber tract has equal “weight” in
constructing the population fiber bundle. We use Y; = [Y;, ..., Y;;,] to denote the microstructure

measures (FA values) of each individual, where p; is the number of streamline points of the i-th
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individual’s sampled fiber tract. We construct the population fiber tract by assembling individuals’
fiber tracts together. The assembled data thus is a population fiber bundle with FA values

([Yy,...Y; ).

In our HCP-YA illustrative study, the total number of individuals is I = 809. For each individual,
we randomly select K = 2000 streamlines (Wasserthal et al. 2019) for each individual’s fiber
bundle. Therefore, p; is determined by the individual’s sampled fiber tract.

2.2.2 Step 2: Quantile-Specific Bundle Region Creation

In this step, we provide a data-driven approach to create quantile-specific bundle regions defined
by the FA values in the population fiber bundle. Let G, (t) be the z-th quantile of the population
fiber bundle’s FA values ([Y; , ..., Y; ]). By using the values of Gy (c/C) forc € {1,...,C — 1}, as
cut-off values (the dashed lines in Figure 2), we can create C quantile-specific bundle regions
ranging from bundle periphery to bundle core ( Figure 2), and each quantile-specific bundle region

has the same number of streamline points. We define 7, = (%1 + g)/z force{1,..,C — 1}. For

each quantile-specific bundle region c € {1, ..., C}, the value Gy (t.) is defined as the typical FA
value since it is the middle value between the boundary cut-offs (see blue arrows in Figure 2).
The typical FA value indicates the representative FA value in the quantile-specific bundle region
and is used as the dependent variable in the regression model introduced in Section 2.2.3.

Typical FA
[Values: Gy (Tc-2) Gy(Tc-1) Gy(t.) Gy(Tesr) Gy(Tcs42)

| j .

I i i "

I | I

I 1 I

Low FA I Intermediate FA | High FA i
I “Periphery” ¢ ..... ¢ “Intermediate” ¢ ...... ¢ “Core” ¢

Boundary (c—3) (6—2) c—1 c c+1 c+2
cuoftss ("¢ G\ 7 Gy ( C ) Gy (E) Gy ( c ) Gy ( C )

Figure 2: Graphical illustration of the population FA distribution sorted along the orange arrow
from low to high FA (e.g., bundle periphery, to intermediate bundle regions, to bundle core). C
quantile-specific bundle regions are defined based on the values of Gy (c/C) forc € {1, ...,C — 1},
as boundary cut-off values (the dashed lines). The upper and lower cut-off values give the range
of FA within each quantile-specific bundle region. The value of Gy (t.) is defined as the typical
FA value in each region since it is the middle value between the boundary cut-offs. AF left is used
as an illustrative example, where quantile-specific bundle regions are shown in blue.
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In our HCP-YA illustrative study, we choose C = 100, and thus the studied quantiles range
from 0.5% to 99.5%. This choice of 100 corresponds to the default number of subdivisions in the
AFQ method and is chosen for fair comparison (Yeatman et al. 2012)

2.2.3 Step 3: Statistical Inference using Quantile Regression

In this section, we describe how to quantify the association between a typical FA value in a
quantile-specific bundle region and a scalar factor. The relationship between the typical FA value
and scalar factors is given as Gy (t.) = X;B(t.) where X; is a covariate vector of an individual i
containing the scalar factor. In the illustrative study of the HCP-YA data, we give the covariate
vector of the regression model as X; = [Iremate; + Inate; + Agei X Iremate; + Age; X Iyare, + Scalar; X
Iremate; + Scalar; X Iyqe,]- IN the covariate Vector, Iremae; aNd Iyq, are indicator variables that
equal 1 if the individual i is a female or a male, respectively. Age; and Scalar; are the values of
the individual’s age and scalar factor, respectively. Without loss of generality, the scalar factor is
scaled into the range between 0 and 1. This scaling step allows direct comparison of the magnitudes
of the regression coefficients of different scalar factors. In this regression model, the intercepts
and regression coefficients are computed for both males and females. The regression coefficient
associated with the assessment, S (z.), is used to quantify the effect of the scalar factor on the
typical FA value of each quantile-specific bundle region.

The most conventional and fastest approach to estimating the coefficient vector is defined as
follows,

B(Tc) = argminﬂ(rc) Zi:l 25;1 prc(yip - Xiﬁ(rc))i

where p,_(a) = a(z, — I[a < 0]) is the check function and I[e] is the indicator function for event
of e. By giving asymmetric weights to positive and negative values, the check function is a loss
function to estimate B(t.), making X;B(z.) as close to the 7.-th quantile of [Y,,..,Y; ], as
possible. This estimator pools all FA values from all the individuals but does not consider the
possible effect of between-individual variations. This estimator has been proven to be
asymptotically consistent under certain conditions (Parente and Santos Silva 2016):

VN(B(z.) — Bo(r.)) » N(0,2(z,)) as N — oo

In other words, a large sample size of individuals (N) produces an estimator that better converges
to the true regression coefficient values, i.e., B,(t.). The asymptotic covariance matrix 2(z.) =
B(t.)"'A(z.)B(z.)~! allows us to make valid statistical inferences to account for between-
individual variations, providing valid uncertainties of regression coefficient estimates.
Furthermore, 2(z.) = B(z.) *A(r,)B(t,) " is feasible to be estimated using the data, denoted
as £(t,); thus, we can avoid the computationally expensive bootstrap for obtaining the covariance
of the estimate. The estimators for A(z.) and B(z.) that were derived (see Section 2.2 Parente and
Santos Silva 2016). The Z-scores and adjusted p-values for the regression coefficient associated
with a scalar factor are reported as the principal results. False Discovery Rate (FDR) correction is
applied to adjust p-values over the quantile-specific bundle regions for each scalar factor. We reject
the null hypothesis if the corresponding p-value is smaller than 0.05. The Z-scores pool regression
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coefficient estimates’ magnitudes and uncertainties; thus, they are used as the primary quantities
to describe the effects of scalar factors.

2.3. Alternative Methods to be Compared

In this section, we provide alternative methods to be compared to our proposed method. We use
the FA mean and AFQ tract profile as quantities or profiles measured from the fiber tract, and we
build regression models based on these. The names of the two compared regression methods are
FA Mean Regression (Section 2.3.1) and AFQ Regression (Section 2.3.2).

2.3.1 FA Mean Regression

In FA Mean Regression, the fiber tract FA mean is the response of the regression models. The
fiber tract FA mean is a value averaging all the FA values over streamline points within a fiber
tract (L. J. O’Donnell and Westin 2007; Zekelman et al. 2022). FA Mean Regression is the simplest
method that uses the FA mean as an imaging biomarker. Simplicity makes it easy to use, but the
detailed information on the microstructure within the tract is aggregated. The regression model is
defined as M; = X;B + €;; €; ~ N(0,0% ), where the tract FA mean is expressed as M;. In the
regression, the covariate vector X; is the same as in Section 2.2.3. The regression coefficient
associated with each scalar factor quantifies the magnitude of effects on the FA mean M;. The T-
scores and p-values for the regression coefficient associated with a scalar factor are reported as the
principal results. The p-values here are not corrected since there is no multiple comparison. We
reject the null hypothesis if the corresponding p-value is smaller than 0.05. The T-scores that pool
regression coefficient estimates’ magnitudes and uncertainties are used as the primary quantities
to describe the effects of scalar factors.

2.3.2 AFQ Regression

In AFQ Regression, FA values within the AFQ tract profile are the responses of regression models.
The AFQ method (Yeatman et al. 2012) implemented in the dipy software (Garyfallidis et al.
2014) automatically computes the profile, which consists of mean FA values at sequential
locations along a fiber tract. The AFQ tract profile of FA is individual-specific. While the fiber
tracts are different between individuals, the L locations along a fiber tract can be matched across
individuals, given their relative positions. We use T;; to denote the mean FA value of an individual
i atalocation . We set up a linear regression as T;; = X;B; + €;;; € ~ N(0, 7). Inthe regression,
the covariate vector X; is the same as in Section 2.2.3. The regression coefficients associated with
scalar factors quantify their effects on the FA at the location [. We set L = 100, which is the default
convention for AFQ (Yeatman et al. 2012), following the tutorial instructions on the website!. This
setting also makes it comparable to our FMQ Regression. The T-scores and adjusted p-values for
the regression coefficient associated with a scalar factor are reported as the principal results. False
Discovery Rate (FDR) correction is applied to adjust p-values over the locations along a bundle
for each scalar factor. We reject the null hypothesis if the corresponding p-value is smaller than

1 https://workshop.dipy.org/documentation/0.16.0./examples built/afg tract profiles/
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0.05. Similarly, the T-scores that pool regression coefficient estimates’ magnitudes and
uncertainties are used as the primary quantities to describe the effects of scalar factors.

3. Results

In this section, we first summarize the overall results of the illustrative study based on all three
methods. Because the selected fiber tracts are potentially associated with the corresponding
neurobehavioral functions (Forkel et al. 2022), we expect that many of the associations that we
study in this paper should be of statistical significance. Therefore, we first assess the overall
sensitivity of the compared regression approaches. Table 2 provides the statistical significance of
regression coefficients for all the associations that we investigate. In the table, an association where
there is at least one significant regression coefficient is labeled with an asterisk. For most of the
experiments, the results show that the FA Mean Regression and FMQ Regression are equally
powerful methods for identifying significance, while the AFQ Regression is not a powerful method
comparatively.

Table 2. The statistical significance of regression coefficients related to the scalar factors for all
the associations that we investigate. An association where there is at least one significant
regression coefficient will be labeled with an asterisk. Significant negative associations are noted
as (Neg).

Neuro- FA Mean AFQ FMQ
Figure Fiber behavior Scalar Gender Regression Regression Regression
g Tract al Factor
Function LHem RHem LHem RHem LHem RHem
* * * *
. Arcuate PicVocab Female .
Figures . Male
Fasciculus Language .
SIS ReadEng FeMmale
g Male * *
*
: Uncinate PicSort Female N (Neg) .
Figures : Male
Fasciculus Memory
0 wm Listsort  Female
Male * *
i *
_ Cor_tlco- Endurance Female
Figures  spinal Motor Male
7-8 Tract GaitSpeed Female * * * * *
(CsT) P Male
Female
. i . CardSort
Figures Cingulum Executive Male
Bundle .
9-10 function Female
(CB) Flanker
Male

Next, we provide more detailed insight into the overall results in Table 2 by providing
visualizations of the bundle experiments in Figures 3-10. The visualizations include the values of
T-scores and Z-scores and how they relate to the anatomy of the studied bundles. In these figures,
differences can be observed in the results of the two most statistically powerful methods, FA Mean
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Regression and FMQ Regression. While these two methods are similarly powerful in identifying
associations (Table 2), the proposed FMQ Regression additionally provides the Z-scores from the
periphery to the core of each bundle in both males and females (Figures 3-10). FMQ Regression
therefore provides additional insight into potential anatomical underpinnings of brain-behavior
associations and their differences related to sex. It can also be observed that the AFQ Regression
is less powerful in identifying associations.

Here we give more detail about the specific quantiles that are significant when using FMQ
Regression. First, we summarize the left AF (Figure 3). Significant associations are identified for
PicVocab within the left AF. In females, the quantiles from 0.5% to 90.5% are significant, covering
the peripheral, intermediate, and near-core bundle regions. In males, the significant quantiles range
from 0.5% to 49.5%, including peripheral and intermediate bundle regions. Additionally, FMQ
Regression identifies significant associations within the left AF for ReadEng (Figure 3) for males,
with significant quantiles from 0.5% to 95.5%, encompassing almost all bundle regions. Next, we
summarize the right AF (Figure 4). Significant associations are identified for Pic\Vocab within the
right AF in females between quantiles 4.5% and 40.5%, covering peripheral and intermediate
bundle regions. Next, we summarize the left UF (Figure 5). FMQ Regression also identifies
significant associations within the left UF for PicSeq (Figure 5) for males, where quantiles 16.5%
to 91.5% are significant, including near-peripheral, intermediate, and near-core bundle regions.
Another significant association is observed within the left UF for ListSort (Figure 5) in males
between quantiles 54.5% and 80.5%, covering the intermediate and near-core bundle regions.
Finally, we summarize the left and right CST (Figures 7 and 8). FMQ Regression identifies
significant associations within the left CST for GaitSpeed (Figure 7) in females, with quantiles
ranging from 2.5% to 99.5%, covering almost all bundle regions from periphery to core. Similarly,
FMQ Regression identifies significant associations within the right CST for GaitSpeed in females
across quantiles 0.5% to 99.5%, again covering almost all bundle regions.
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Figure 3: Regression results for three methods studying the association between AF left and
language performance. FA Mean Regression identifies a significant association in PicVocab and
ReadEng for males and females; AFQ Regression identifies a significant association in PicVVocab
in females; FMQ Regression identifies a significant association in PicVVocab for males and females
and ReadEng for males. Studied bundle regions are shown at left. For each experiment, plots of Z-
or T-scores (solid line) and FA (dashed line) are provided, with red asterisks indicating FDR-
corrected statistical significance. Visualizations of Z- and T-scores are provided.
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Figure 4: The association between AF right and language performance. FMQ Regression
identifies a significant association in PicVocab for females. FA Mean Regression and AFQ
Regression do not identify any statistically significant association. Studied bundle regions are
shown at left. For each experiment, plots of Z- or T-scores (solid line) and FA (dashed line) are
provided, with red asterisks indicating FDR-corrected statistical significance. Visualizations of Z-
and T-scores are provided.
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Figure 5: The association between UF left and memory performance. Both FA Mean Regression
and FMQ Regression identify significant associations in PicSeq and ListSort for males. AFQ
Regression does not identify any statistically significant association. Studied bundle regions are
shown at left. For each experiment, plots of Z- or T-scores (solid line) and FA (dashed line) are
provided, with red asterisks indicating FDR-corrected statistical significance. Visualizations of Z-
and T-scores are provided.
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Figure 6: The association between UF right and memory performance. AFQ Regression identifies
a negative significant association in PicSeq for males. Other methods do not identify any
statistically significant association. Studied bundle regions are shown at left. Studied bundle
regions are shown at left. For each experiment, plots of Z- or T-scores (solid line) and FA (dashed
line) are provided, with red asterisks indicating FDR-corrected statistical significance.
Visualizations of Z- and T-scores are provided.
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Figure 7: The association between CST left and motor performance. Both FA Mean Regression
and FMQ Regression identify significant associations in GaitSpeed for females. AFQ Regression
does not identify any statistically significant association. Studied bundle regions are shown at left.
For each experiment, plots of Z- or T-scores (solid line) and FA (dashed line) are provided, with
red asterisks indicating FDR-corrected statistical significance. Visualizations of Z- and T-scores
are provided.
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Figure 8: The association between CST right and motor performance. FA Mean Regression, AFQ
Regression, and FMQ Regression identify significant associations in GaitSpeed for females. FA
Mean Regression identifies a significant association in Endurance in females. Studied bundle
regions are shown at left. Studied bundle regions are shown at left. For each experiment, plots of
Z- or T-scores (solid line) and FA (dashed line) are provided, with red asterisks indicating FDR-
corrected statistical significance. Visualizations of Z- and T-scores are provided.
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Figure 9: The association between CB left and executive function performance. None of the
methods identify a statistically significant association. Studied bundle regions are shown at left.
For each experiment, plots of Z- or T-scores (solid line) and FA (dashed line) are provided, with
red asterisks indicating FDR-corrected statistical significance. Studied bundle regions are shown
at left. For each experiment, plots of Z- or T-scores (solid line) and FA (dashed line) are provided,
with red asterisks indicating FDR-corrected statistical significance. Visualizations of Z- and T-
scores are provided.
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Figure 10: The association between CB right and executive function performance. None of the
methods identify a statistically significant association. Studied bundle regions are shown at left.
For each experiment, plots of Z- or T-scores (solid line) and FA (dashed line) are provided, with
red asterisks indicating FDR-corrected statistical significance. Studied bundle regions are shown
at left. For each experiment, plots of Z- or T-scores (solid line) and FA (dashed line) are provided,
with red asterisks indicating FDR-corrected statistical significance. Visualizations of Z- and T-
scores are provided.

4. Discussion

4.1 Methodological Contribution

In this paper, we propose a new statistical approach, FMQ Regression, for the analysis of brain
fiber tract data, and we compare results to two other popular methods from the literature. We apply
these methods to an illustrative study motivated by a recent review paper that describes
neurobehavioral functions associated with fiber tracts in health and disease (Forkel et al. 2022).
Thus, we had expected that the associations that we study in this paper would be of statistical
significance. Therefore, we suggest that a method that can better identify the significance should
be considered a better method. From this perspective, we make several observations. The proposed
FMQ Regression generally outperforms the compared methods and produces several significant
results. Our FMQ Regression results include significant findings in bundle cores (e.g., male UF
bundle core FA associates with two memory performance assessments) as well as bundle
peripheries (e.g., female AF periphery FA associates with PicVVocab). These results motivate the
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potential importance of analyzing FA based on quantile-specific bundle regions, which tend to
occupy regions from bundle periphery to bundle core.

In comparison with the traditional AFQ Regression strategy, a popular alternative microstructural
analysis tool, our results suggest that FMQ Regression is much more powerful. For example, FMQ
identifies significant associations in AF, CST, and UF, while the other two methods fail to achieve
equivalent power. While FMQ Regression and AFQ Regression are both methods that provide
microstructural inference, the two methods have essential differences. One difference is that they
provide different approaches for region-specific analysis: bundle periphery to bundle core versus
along the bundle. Another difference between the methods is that the quantile-specific bundle
regions are defined in a population-based fashion, while the AFQ profile is defined in an
individual-specific fashion, followed by matching across subjects. The quantile-specific bundle
regions thus have the potential to reduce the effect of subject-specific sources of variability that
affect the AFQ profile, such as bundle anatomical variability in shape or length, as well as FA
variability in each bundle region within and across subjects. Other works have mentioned limited
statistical power when using the AFQ method, which was attributed to the challenge of multiple
comparisons (Richie-Halford et al. 2021). Approaches such as data reduction via feature selection
(Richie-Halford et al. 2021) and suprathreshold cluster analyses (L. J. O’Donnell, Westin, and
Golby 2009) have been proposed to reduce challenges resulting from multiple comparisons along
a fiber bundle. In contrast, we note that our proposed FMQ approach has relatively high statistical
power, even when using a large number of quantile-specific regions and multiple comparison
adjustments. This advantage of FMQ may relate to the population-based aspect of our approach
that effectively captures variations of the data. As detecting brain-behavior associations is widely
understood to be a challenging problem in neuroimaging (Marek et al. 2022; Gratton, Nelson, and
Gordon 2022), new methods that can enable more powerful analysis can be a welcome addition to
our toolbox.

In comparison with the traditional FA Mean Regression, the proposed FMQ Regression is
similarly powerful while providing additional potential insight into associated anatomical regions
(i.e., bundle core versus periphery). In Table 2, it can be seen that one significant association found
by FMQ Regression was not identified by FA Mean Regression, while two significant associations
identified by FA Mean Regression were not found by FMQ Regression. This suggests that the
techniques are complementary, where some localized effects may be missed by the FA Mean
Regression (as is well known in the literature (L. J. O’Donnell, Westin, and Golby 2009; Colby et
al. 2012)), while some global or whole-bundle effects may be more sensitively detected by the FA
Mean Regression. Overall, the fact that the significant findings were generally consistent across
the FMQ and Mean FA Regression methods, across multiple NIH toolbox measures (e.g., of
language function), and across hemispheres (e.g., bilateral female CST effects), suggests the
robustness of the proposed FMQ Regression.

Our FMQ Regression is different from other fiber tract data analyses using the quantile regression
technique (Lv et al. 2021; Ryan et al. 2022). In contrast to our approach, the previous works (Lv
et al. 2021; Ryan et al. 2022) rely on the FA mean of the entire fiber tract and investigate the
association between the conditional quantile of the FA mean and covariates of interest.
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4.2 Neuroscience Findings

In the following paragraphs, we briefly discuss our current findings in each fiber tract in relation
to the literature.

Consistent with many reports of associations between the left, but not right, AF and language
performance in healthy individuals (Zekelman et al. 2022; Yeatman et al. 2011), the proposed
FMQ Regression identified a statistically significant association in the left AF in both males and
females. However, in females only, the FMQ Regression (and not the FA mean or AFQ methods)
identified a statistically significant association with PicVocab in the bundle periphery and
intermediate bundle regions of the right AF. This is of interest for further investigation and could
potentially relate to known sex differences in AF, such as its greater symmetry in females
(Thiebaut de Schotten et al. 2011). Interestingly, our significant findings relating the left AF FA
to language performance spanned many quantiles of FA but never included the maximum FA
bundle “core” regions (i.e. the highest quantiles near 100% were never significant, as shown in
Figure 3). In fact, the relationships between AF microstructure (FA) and two assessments of
language are stronger in the periphery and decrease toward the core of the bundle in both males
and females. This observation may potentially represent a challenge for uncovering brain-behavior
language associations using TBSS (tract-based spatial statistics), a method that focuses only on
maximum-FA voxels thought to represent bundle cores (Smith et al. 2006). For example, a recent
investigation studied 6 different language assessments using TBSS and found only one association
of FA in the left superior longitudinal fasciculus, which includes the AF (Houston et al. 2019).
Converging evidence from our recent geometric machine learning work also identified peripheral
regions of AF, including regions of the gray-white matter interface, to be most predictive of
individual performance on language assessments (Chen et al. 2024). This is in line with recent
work investigating the shape of the white matter association tracts (including AF), which shows
that the peripheral regions where bundles originate and terminate in the cortex have a large degree
of inter-individual variability and are therefore a good descriptor of inter-individual differences in
white matter structure (Yeh 2020).

Consistent with a handful of other studies of UF in healthy individuals (Mabbott et al. 2009;
Schaeffer et al. 2014), the proposed FMQ Regression identified a statistically significant
association between left UF FA and memory performance (Figure 5). However, in the present
study, this effect was observed only in males (in intermediate and near-core bundle regions). This
finding motivates the importance of studying sex effects in the relationship between brain
microstructure and individual functional performance.

While it is well understood that the CST subserves motor function (Welniarz, Dusart, and Roze
2017) and is left-lateralized (Thiebaut de Schotten et al. 2011), most existing studies of FA and
motor function have been performed in patients with diminished function. However, a recent study
in healthy young adults showed that CST FA was bilaterally associated with corticospinal
excitability, a transcranial magnetic stimulation measure of individual function (Betti et al. 2022).
Our finding that CST FA is associated with motor functional performance (GaitSpeed) bilaterally,
and only in females, further motivates the need to study tract microstructure and its relationship to
human brain functional performance in both males and females, as well as in healthy individuals
(Fig. 7-8).
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We report negative results (no significance) for the relationship between CB FA and measures of
executive function (CardSort and Flanker) in healthy young adults using all compared regression
methods (Fig. 9-10). A recent review on white matter tracts and executive function suggests a role
for CB, especially in inhibition; however, the supporting neuroimaging studies include aging and
neuropsychiatric populations, not healthy individuals (Ribeiro et al. 2024). Our results do not
contradict the potential role of CB in executive function in healthy young adults; our findings
merely indicate that CB FA microstructure does not relate to executive function performance in
the study population. In this study we focused on the superior part of the CB, excluding the
temporal portion of the bundle, because individual streamlines generally do not trace the entire
trajectory of the CB. This is in part because axons enter and leave the CB along its entire length
(D. K. Jones et al. 2013; Heilbronner and Haber 2014). In addition, the superior part of the
cingulum more closely correlates with attention and executive function, whereas the temporal
cingulum is associated with episodic memory (Metzler-Baddeley et al. 2012; Kantarci et al. 2011).

4.3 Neuroanatomical Discussion

In this paper, we have proposed analyzing white matter bundles in dMRI using regions that are
defined using quantiles of FA, with the result that the quantile-specific regions are approximately
defined from the bundle periphery to the bundle core. Neuroanatomical research demonstrates that
for many bundles, axons enter and leave the bundle along its course (Yakovlev and Locke 1961;
Morris, Pandya, and Petrides 1999; Mufson and Pandya 1984; Schmahmann and Pandya 2009;
Petrides and Pandya 2007; Heilbronner and Haber 2014). As these axons leave the bundle, they
curve and necessarily intersect and cross axons from other bundles closer to their cortical or
subcortical targets. This intersection will lead to a lower FA (Derek K. Jones 2010). In the current
study, these regions of lower FA are located toward the ends of the tract as the streamlines fan out
as a spray of fibers and traverse the periphery of other fiber bundles (Makris et al. 1997). In
addition, these regions of lower FA in peripheral locations are also observed along the length of
the fiber, which corresponds to anatomical studies of the cingulum bundle that show that axons
enter or leave the tract along its course (Yakovlev and Locke 1961; Mufson and Pandya 1984).

4.3 Limitations

Potential limitations of the present study, including suggested future work to address limitations,
are as follows. In this work, we demonstrated the estimation of C = 100 sets of coefficients for all
the quantile-specific bundle regions. Future work may investigate other numbers of quantile-
specific bundle regions by varying C. From the computational perspective, our method requires a
large streamline dataset sampled from all subject fiber bundles under study in the population.
Future work may investigate optimizing the amount of input data needed to obtain results in very
large datasets. In this study we have described quantile locations as bundle core, intermediate
bundle regions, or bundle periphery regions, with accompanying visualizations to provide more
detail. However, it can be observed that not all fiber bundles are completely included in the field
of view (FOV) of a dMRI scan, which can make the periphery-core interpretation more nuanced.
For instance, the high-FA “core” region of the CST can be observed to continue inferiorly in the
brainstem, which extends outside of the FOV. Another consideration is the potential presence of
somatotopic or functional subdivisions of a fiber bundle. For instance, future work could separately
study associations of individual bundles within the CST, e.g., those originating in trunk, leg, hand,
and face motor cortical regions (He et al. 2023), or bundles representing subdivisions within the
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AF (Fernandez-Miranda et al. 2015). In this initial paper describing the proposed FMQ Regression
method, we have performed a testbed study of selected white matter fiber bundles, where we
studied one selected microstructure measure (FA) and multiple selected neurobehavioral measures.
In future work, it will be interesting to extend and apply the proposed FMQ approach to perform
studies of additional datasets, fiber bundles, microstructure measures, and scalar factors of interest,
potentially leading to deeper insights into the brain’s structural-functional relationships.

5. Conclusion

We have proposed FMQ Regression, a novel quantile regression methodology for studying white
matter bundles in the brain. We find that analyzing FA using quantile-specific bundle regions,
which tend to define regions from bundle periphery to bundle core, is much more powerful than a
traditional AFQ method that spatially subdivides bundles along their lengths. Our results suggest
that FMQ Regression is a powerful tool for studying brain-behavior associations using white
matter tractography data.

Data and Code Availability

This study utilized publicly available data from HCP-YA
(https://www.humanconnectome.org/study/hcp-young-adult/overview). Data can be accessed via
data use agreements. Upon acceptance, code for the FMQ Regression will be provided at
https://github.com/SlicerDMRI/FMQRegression.

Author Contributions

Zhou Lan: Visualization, Conceptualization, Formal analysis, Writing — original draft, Writing —
review & editing. Yugian Chen: Formal analysis, Writing — review & editing. Jarrett Rushmore:
Formal analysis, Writing — review & editing. Leo Zekelman: Writing — review & editing. Nikos
Makris: Writing — review & editing. Yogesh Rathi: Writing — review & editing. Alexandra J.
Golby: Writing — review & editing. Fan Zhang: Formal analysis, Writing — review & editing.
Lauren J. O'Donnell: Visualization, Conceptualization, Writing — original draft, Writing — review
& editing.

Declaration of Competing Interest

The authors declare no competing interests.
Acknowledgments

We gratefully acknowledge funding provided by the following grants: National Institutes of Health
(NIH) grants RO1IMH132610, R0O1IMH125860, RO1MH119222, RO1INS125307, RO1INS125781,
R21NS136960, RO1AG042512, PA1EB028741. Fan Zhang is in part supported by National Key
R&D Program of China (No. 2023YFE0118600), and the National Natural Science Foundation of
China (No. 62371107).


https://paperpile.com/c/VMgqKD/Vr1J
https://github.com/SlicerDMRI/FMQRegression
https://doi.org/10.1101/2024.10.19.619237
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.19.619237; this version posted October 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Basser, Peter J., and Carlo Pierpaoli. 2011. “Microstructural and Physiological Features of Tissues
Elucidated by Quantitative-Diffusion-Tensor MRI.” Journal of Magnetic Resonance 213 (2): 560-
70.

Basser, P. J. 1995. “Inferring Microstructural Features and the Physiological State of Tissues from
Diffusion-Weighted Images.” NMR in Biomedicine 8 (7-8): 333-44.

Basser, P. J., S. Pajevic, C. Pierpaoli, J. Duda, and A. Aldroubi. 2000. “In Vivo Fiber Tractography Using
DT-MRI Data.” Magnetic Resonance in Medicine: Official Journal of the Society of Magnetic
Resonance in Medicine / Society of Magnetic Resonance in Medicine 44 (4): 625-32.

Betti, Sonia, Marta Fedele, Umberto Castiello, Luisa Sartori, and Sanja Budisavljevi¢. 2022.
“Corticospinal Excitability and Conductivity Are Related to the Anatomy of the Corticospinal
Tract.” Brain Structure & Function 227 (3): 1155-64.

Bozzali, M., A. Falini, M. Franceschi, M. Cercignani, M. Zuffi, G. Scotti, G. Comi, and M. Filippi. 2002.
“White Matter Damage in Alzheimer’s Disease Assessed in Vivo Using Diffusion Tensor Magnetic
Resonance Imaging.” Journal of Neurology, Neurosurgery, and Psychiatry 72 (6): 742—46.

Catani, Marco, Robert J. Howard, Sinisa Pajevic, and Derek K. Jones. 2002. “Virtual in Vivo Interactive
Dissection of White Matter Fasciculi in the Human Brain.” Neurolmage 17 (1): 77-94.

Cetin-Karayumak, Suheyla, Fan Zhang, Ryan Zurrin, Tashrif Billah, Leo Zekelman, Nikos Makris, Steve
Pieper, Lauren J. O’Donnell, and Yogesh Rathi. 2024. “Harmonized Diffusion MRI Data and White
Matter Measures from the Adolescent Brain Cognitive Development Study.” Scientific Data 11 (1):
249.

Chandio, Bramsh Qamar, Shannon Leigh Risacher, Franco Pestilli, Daniel Bullock, Fang-Cheng Yeh,
Serge Koudoro, Ariel Rokem, Jaroslaw Harezlak, and Eleftherios Garyfallidis. 2020. “Bundle
Analytics, a Computational Framework for Investigating the Shapes and Profiles of Brain Pathways
across Populations.” Scientific Reports 10 (1): 17149.

Chenot, Quentin, Nathalie Tzourio-Mazoyer, Frangois Rheault, Maxime Descoteaux, Fabrice Crivello,
Laure Zago, Emmanuel Mellet, et al. 2019. “A Population-Based Atlas of the Human Pyramidal
Tract in 410 Healthy Participants.” Brain Structure & Function 224 (2): 599-612.

Chen, Yugian, Leo R. Zekelman, Chaoyi Zhang, Tengfei Xue, Yang Song, Nikos Makris, Yogesh Rathi,
et al. 2024. “TractGeoNet: A Geometric Deep Learning Framework for Pointwise Analysis of Tract
Microstructure to Predict Language Assessment Performance.” Medical Image Analysis 94
(103120): 103120.

Ciccarelli, O., G. J. M. Parker, A. T. Toosy, C. A. M. Wheeler-Kingshott, G. J. Barker, P. A. Boulby, D.
H. Miller, and A. J. Thompson. 2003. “From Diffusion Tractography to Quantitative White Matter
Tract Measures: A Reproducibility Study.” Neurolmage 18 (2): 348-59.

Colby, John B., Lindsay Soderberg, Catherine Lebel, Ivo D. Dinov, Paul M. Thompson, and Elizabeth R.
Sowell. 2012. “Along-Tract Statistics Allow for Enhanced Tractography Analysis.” Neurolmage 59
(4): 3227-42.

Corouge, Isabelle, P. Thomas Fletcher, Sarang Joshi, Sylvain Gouttard, and Guido Gerig. 2006. “Fiber
Tract-Oriented Statistics for Quantitative Diffusion Tensor MRI Analysis.” Medical Image Analysis
10 (5): 786-98.

Daducci, Alessandro, Erick J. Canales-Rodriguez, Hui Zhang, Tim B. Dyrby, Daniel C. Alexander, and
Jean-Philippe Thiran. 2015. “Accelerated Microstructure Imaging via Convex Optimization
(AMICO) from Diffusion MRI Data.” Neurolmage 105 (January):32—-44.

Damatac, Christienne G., Roselyne J. M. Chauvin, Marcel P. Zwiers, Daan van Rooij, Sophie E. A.
Akkermans, Jilly Naaijen, Pieter J. Hoekstra, et al. 2022. “White Matter Microstructure in Attention-
Deficit/hyperactivity Disorder: A Systematic Tractography Study in 654 Individuals.” Biological
Psychiatry: Cognitive Neuroscience and Neuroimaging 7 (10): 979-88.

Elias, Gavin J. B., Jurgen Germann, Suresh E. Joel, Ningfei Li, Andreas Horn, Alexandre Boutet, and
Andres M. Lozano. 2024. “A Large Normative Connectome for Exploring the Tractographic


http://paperpile.com/b/VMgqKD/83Du
http://paperpile.com/b/VMgqKD/83Du
http://paperpile.com/b/VMgqKD/83Du
http://paperpile.com/b/VMgqKD/83Du
http://paperpile.com/b/VMgqKD/83Du
http://paperpile.com/b/VMgqKD/JrXn
http://paperpile.com/b/VMgqKD/JrXn
http://paperpile.com/b/VMgqKD/JrXn
http://paperpile.com/b/VMgqKD/JrXn
http://paperpile.com/b/VMgqKD/mFTi
http://paperpile.com/b/VMgqKD/mFTi
http://paperpile.com/b/VMgqKD/mFTi
http://paperpile.com/b/VMgqKD/mFTi
http://paperpile.com/b/VMgqKD/mFTi
http://paperpile.com/b/VMgqKD/ug2t
http://paperpile.com/b/VMgqKD/ug2t
http://paperpile.com/b/VMgqKD/ug2t
http://paperpile.com/b/VMgqKD/ug2t
http://paperpile.com/b/VMgqKD/ug2t
http://paperpile.com/b/VMgqKD/cnog
http://paperpile.com/b/VMgqKD/cnog
http://paperpile.com/b/VMgqKD/cnog
http://paperpile.com/b/VMgqKD/cnog
http://paperpile.com/b/VMgqKD/cnog
http://paperpile.com/b/VMgqKD/65xz
http://paperpile.com/b/VMgqKD/65xz
http://paperpile.com/b/VMgqKD/65xz
http://paperpile.com/b/VMgqKD/65xz
http://paperpile.com/b/VMgqKD/uNok
http://paperpile.com/b/VMgqKD/uNok
http://paperpile.com/b/VMgqKD/uNok
http://paperpile.com/b/VMgqKD/uNok
http://paperpile.com/b/VMgqKD/uNok
http://paperpile.com/b/VMgqKD/uNok
http://paperpile.com/b/VMgqKD/AMuL
http://paperpile.com/b/VMgqKD/AMuL
http://paperpile.com/b/VMgqKD/AMuL
http://paperpile.com/b/VMgqKD/AMuL
http://paperpile.com/b/VMgqKD/AMuL
http://paperpile.com/b/VMgqKD/AMuL
http://paperpile.com/b/VMgqKD/6ROi
http://paperpile.com/b/VMgqKD/6ROi
http://paperpile.com/b/VMgqKD/6ROi
http://paperpile.com/b/VMgqKD/6ROi
http://paperpile.com/b/VMgqKD/6ROi
http://paperpile.com/b/VMgqKD/DnZn
http://paperpile.com/b/VMgqKD/DnZn
http://paperpile.com/b/VMgqKD/DnZn
http://paperpile.com/b/VMgqKD/DnZn
http://paperpile.com/b/VMgqKD/DnZn
http://paperpile.com/b/VMgqKD/DnZn
http://paperpile.com/b/VMgqKD/YEm8
http://paperpile.com/b/VMgqKD/YEm8
http://paperpile.com/b/VMgqKD/YEm8
http://paperpile.com/b/VMgqKD/YEm8
http://paperpile.com/b/VMgqKD/YEm8
http://paperpile.com/b/VMgqKD/CJOo
http://paperpile.com/b/VMgqKD/CJOo
http://paperpile.com/b/VMgqKD/CJOo
http://paperpile.com/b/VMgqKD/CJOo
http://paperpile.com/b/VMgqKD/CJOo
http://paperpile.com/b/VMgqKD/BYeR
http://paperpile.com/b/VMgqKD/BYeR
http://paperpile.com/b/VMgqKD/BYeR
http://paperpile.com/b/VMgqKD/BYeR
http://paperpile.com/b/VMgqKD/BYeR
http://paperpile.com/b/VMgqKD/WtKK
http://paperpile.com/b/VMgqKD/WtKK
http://paperpile.com/b/VMgqKD/WtKK
http://paperpile.com/b/VMgqKD/WtKK
http://paperpile.com/b/VMgqKD/WtKK
http://paperpile.com/b/VMgqKD/Oiqx
http://paperpile.com/b/VMgqKD/Oiqx
http://paperpile.com/b/VMgqKD/Oiqx
http://paperpile.com/b/VMgqKD/Oiqx
http://paperpile.com/b/VMgqKD/Oiqx
http://paperpile.com/b/VMgqKD/Oiqx
http://paperpile.com/b/VMgqKD/ubCs
http://paperpile.com/b/VMgqKD/ubCs
https://doi.org/10.1101/2024.10.19.619237
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.19.619237; this version posted October 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Correlates of Focal Brain Interventions.” Scientific Data 11 (1): 353.

Farquharson, Shawna, J-Donald Tournier, Fernando Calamante, Gavin Fabinyi, Michal Schneider-
Kolsky, Graeme D. Jackson, and Alan Connelly. 2013. “White Matter Fiber Tractography: Why We
Need to Move beyond DTL.” Journal of Neurosurgery 118 (6): 1367—77.

Fernandez-Miranda, Juan C., Yibao Wang, Sudhir Pathak, Lucia Stefaneau, Timothy Verstynen, and
Fang-Cheng Yeh. 2015. “Asymmetry, Connectivity, and Segmentation of the Arcuate Fascicle in the
Human Brain.” Brain Structure & Function 220 (3): 1665-80.

Fields, R. Douglas. 2008. “White Matter in Learning, Cognition and Psychiatric Disorders.” Trends in
Neurosciences 31 (7): 361-70.

Forkel, Stephanie J., Patrick Friedrich, Michel Thiebaut de Schotten, and Henrietta Howells. 2022.
“White Matter Variability, Cognition, and Disorders: A Systematic Review.” Brain Structure &
Function 227 (2): 529-44.

Garyfallidis, Eleftherios, Matthew Brett, Bagrat Amirbekian, Ariel Rokem, Stefan van der Walt, Maxime
Descoteaux, lan Nimmo-Smith, and Dipy Contributors. 2014. “Dipy, a Library for the Analysis of
Diffusion MRI Data.” Frontiers in Neuroinformatics 8 (February):8.

Garyfallidis, Eleftherios, Matthew Brett, Marta Morgado Correia, Guy B. Williams, and lan Nimmo-
Smith. 2012. “QuickBundles, a Method for Tractography Simplification.” Frontiers in Neuroscience
6 (December):175.

Garyfallidis, Eleftherios, Marc-Alexandre C6té, Francois Rheault, Jasmeen Sidhu, Janice Hau, Laurent
Petit, David Fortin, Stephen Cunanne, and Maxime Descoteaux. 2018. “Recognition of White Matter
Bundles Using Local and Global Streamline-Based Registration and Clustering.” Neurolmage 170
(April):283-95.

Gershon, Richard C., Karon F. Cook, Dan Mungas, Jennifer J. Manly, Jerry Slotkin, Jennifer L.
Beaumont, and Sandra Weintraub. 2014. “NIH Toolbox Oral Reading Recognition Test.” Journal of
the International Neuropsychological Society: JINS. https://doi.org/10.1037/t63740-000.

Glasser, Matthew F., Stamatios N. Sotiropoulos, J. Anthony Wilson, Timothy S. Coalson, Bruce Fischl,
Jesper L. Andersson, Junqian Xu, et al. 2013. “The Minimal Preprocessing Pipelines for the Human
Connectome Project.” Neurolmage 80 (October):105-24.

Gratton, Caterina, Steven M. Nelson, and Evan M. Gordon. 2022. “Brain-Behavior Correlations: Two
Paths toward Reliability.” Neuron 110 (9): 1446-49.

Heilbronner, Sarah R., and Suzanne N. Haber. 2014. “Frontal Cortical and Subcortical Projections
Provide a Basis for Segmenting the Cingulum Bundle: Implications for Neuroimaging and
Psychiatric Disorders.” The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience 34 (30): 10041-54.

He, Jianzhong, Fan Zhang, Yiang Pan, Yuanjing Feng, Jarrett Rushmore, Erickson Torio, Yogesh Rathi,
et al. 2023. “Reconstructing the Somatotopic Organization of the Corticospinal Tract Remains a
Challenge for Modern Tractography Methods.” Human Brain Mapping 44 (17): 6055-73.

Hodes, Richard J., Thomas R. Insel, Story C. Landis, and NIH Blueprint for Neuroscience Research.
2013. “The NIH Toolbox: Setting a Standard for Biomedical Research.” Neurology 80 (11 Suppl 3):
SL.

Houston, James, Jane Allendorfer, Rodolph Nenert, Adam M. Goodman, and Jerzy P. Szaflarski. 2019.
“White Matter Language Pathways and Language Performance in Healthy Adults Across Ages.”
Frontiers in Neuroscience 13 (November):1185.

Jeurissen, Ben, Alexander Leemans, Jacques-Donald Tournier, Derek K. Jones, and Jan Sijbers. 2013.
“Investigating the Prevalence of Complex Fiber Configurations in White Matter Tissue with
Diffusion Magnetic Resonance Imaging.” Human Brain Mapping 34 (11): 2747-66.

Johnson, Chelsea A., Yanni Liu, Noah Waller, and Soo-Eun Chang. 2022. “Tract Profiles of the
Cerebellar Peduncles in Children Who Stutter.” Brain Structure & Function 227 (5): 1773-87.

Jones, Derek K. 2010. “Challenges and Limitations of Quantifying Brain Connectivityin Vivowith
Diffusion MRL.” Imaging in Medicine 2 (3): 341-55.

Jones, D. K., K. F. Christiansen, R. J. Chapman, and J. P. Aggleton. 2013. “Distinct Subdivisions of the


http://paperpile.com/b/VMgqKD/ubCs
http://paperpile.com/b/VMgqKD/ubCs
http://paperpile.com/b/VMgqKD/ubCs
http://paperpile.com/b/VMgqKD/foRym
http://paperpile.com/b/VMgqKD/foRym
http://paperpile.com/b/VMgqKD/foRym
http://paperpile.com/b/VMgqKD/foRym
http://paperpile.com/b/VMgqKD/foRym
http://paperpile.com/b/VMgqKD/Vr1J
http://paperpile.com/b/VMgqKD/Vr1J
http://paperpile.com/b/VMgqKD/Vr1J
http://paperpile.com/b/VMgqKD/Vr1J
http://paperpile.com/b/VMgqKD/Vr1J
http://paperpile.com/b/VMgqKD/UaK6
http://paperpile.com/b/VMgqKD/UaK6
http://paperpile.com/b/VMgqKD/UaK6
http://paperpile.com/b/VMgqKD/UaK6
http://paperpile.com/b/VMgqKD/5DKt
http://paperpile.com/b/VMgqKD/5DKt
http://paperpile.com/b/VMgqKD/5DKt
http://paperpile.com/b/VMgqKD/5DKt
http://paperpile.com/b/VMgqKD/5DKt
http://paperpile.com/b/VMgqKD/EhVc
http://paperpile.com/b/VMgqKD/EhVc
http://paperpile.com/b/VMgqKD/EhVc
http://paperpile.com/b/VMgqKD/EhVc
http://paperpile.com/b/VMgqKD/EhVc
http://paperpile.com/b/VMgqKD/foCU
http://paperpile.com/b/VMgqKD/foCU
http://paperpile.com/b/VMgqKD/foCU
http://paperpile.com/b/VMgqKD/foCU
http://paperpile.com/b/VMgqKD/foCU
http://paperpile.com/b/VMgqKD/QCWW
http://paperpile.com/b/VMgqKD/QCWW
http://paperpile.com/b/VMgqKD/QCWW
http://paperpile.com/b/VMgqKD/QCWW
http://paperpile.com/b/VMgqKD/QCWW
http://paperpile.com/b/VMgqKD/QCWW
http://paperpile.com/b/VMgqKD/DIx9
http://paperpile.com/b/VMgqKD/DIx9
http://paperpile.com/b/VMgqKD/DIx9
http://paperpile.com/b/VMgqKD/DIx9
http://paperpile.com/b/VMgqKD/DIx9
http://dx.doi.org/10.1037/t63740-000
http://paperpile.com/b/VMgqKD/DIx9
http://paperpile.com/b/VMgqKD/tFLm
http://paperpile.com/b/VMgqKD/tFLm
http://paperpile.com/b/VMgqKD/tFLm
http://paperpile.com/b/VMgqKD/tFLm
http://paperpile.com/b/VMgqKD/tFLm
http://paperpile.com/b/VMgqKD/WCc0
http://paperpile.com/b/VMgqKD/WCc0
http://paperpile.com/b/VMgqKD/WCc0
http://paperpile.com/b/VMgqKD/WCc0
http://paperpile.com/b/VMgqKD/GNhC
http://paperpile.com/b/VMgqKD/GNhC
http://paperpile.com/b/VMgqKD/GNhC
http://paperpile.com/b/VMgqKD/GNhC
http://paperpile.com/b/VMgqKD/GNhC
http://paperpile.com/b/VMgqKD/GNhC
http://paperpile.com/b/VMgqKD/ZEH3
http://paperpile.com/b/VMgqKD/ZEH3
http://paperpile.com/b/VMgqKD/ZEH3
http://paperpile.com/b/VMgqKD/ZEH3
http://paperpile.com/b/VMgqKD/ZEH3
http://paperpile.com/b/VMgqKD/sUV9
http://paperpile.com/b/VMgqKD/sUV9
http://paperpile.com/b/VMgqKD/sUV9
http://paperpile.com/b/VMgqKD/sUV9
http://paperpile.com/b/VMgqKD/sUV9
http://paperpile.com/b/VMgqKD/Ho6w
http://paperpile.com/b/VMgqKD/Ho6w
http://paperpile.com/b/VMgqKD/Ho6w
http://paperpile.com/b/VMgqKD/Ho6w
http://paperpile.com/b/VMgqKD/WBtp
http://paperpile.com/b/VMgqKD/WBtp
http://paperpile.com/b/VMgqKD/WBtp
http://paperpile.com/b/VMgqKD/WBtp
http://paperpile.com/b/VMgqKD/WBtp
http://paperpile.com/b/VMgqKD/CH7q
http://paperpile.com/b/VMgqKD/CH7q
http://paperpile.com/b/VMgqKD/CH7q
http://paperpile.com/b/VMgqKD/CH7q
http://paperpile.com/b/VMgqKD/dah7
http://paperpile.com/b/VMgqKD/dah7
http://paperpile.com/b/VMgqKD/dah7
http://paperpile.com/b/VMgqKD/dah7
http://paperpile.com/b/VMgqKD/b3zG
https://doi.org/10.1101/2024.10.19.619237
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.19.619237; this version posted October 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cingulum Bundle Revealed by Diffusion MRI Fibre Tracking: Implications for Neuropsychological
Investigations.” Neuropsychologia 51 (1): 67—78.

Kantarci, K., M. L. Senjem, R. Avula, B. Zhang, A. R. Samikoglu, S. D. Weigand, S. A. Przybelski, et al.
2011. “Diffusion Tensor Imaging and Cognitive Function in Older Adults with No Dementia.”
Neurology 77 (1): 26-34.

Koenker, Roger, Victor Chernozhukov, Xuming He, and Limin Peng, eds. 2020. Handbook of Quantile
Regression. Chapman & Hall/CRC Handbooks of Modern Statistical Methods. Philadelphia, PA:
Chapman & Hall/CRC.

Kruper, John, Noah C. Benson, Sendy Caffarra, Julia Owen, Yue Wu, Aaron Y. Lee, Cecilia S. Lee,
Jason D. Yeatman, Ariel Rokem, and UK Biobank Eye and Vision Consortium. 2023. “Optic
Radiations Representing Different Eccentricities Age Differently.” Human Brain Mapping 44 (8):
3123-35.

Kruper, John, Mckenzie P. Hagen, Frangois Rheault, Isaac Crane, Asa Gilmore, Manjari Narayan, Keshav
Motwani, et al. 2024. “Tractometry of the Human Connectome Project: Resources and Insights.”
Frontiers in Neuroscience 18 (June):1389680.

Loring, David W., Stephen C. Bowden, Ekaterina Staikova, James A. Bishop, Daniel L. Drane, and
Felicia C. Goldstein. 2019. “NIH Toolbox Picture Sequence Memory Test for Assessing Clinical
Memory Function: Diagnostic Relationship to the Rey Auditory Verbal Learning Test.” Archives of
Clinical Neuropsychology: The Official Journal of the National Academy of Neuropsychologists 34
(2): 268-76.

Lv, Jinglei, Maria Di Biase, Robin F. H. Cash, Luca Cocchi, Vanessa L. Cropley, Paul Klauser, Ye Tian,
et al. 2021. “Individual Deviations from Normative Models of Brain Structure in a Large Cross-
Sectional Schizophrenia Cohort.” Molecular Psychiatry 26 (7): 3512-23.

Mabbott, Donald J., Joanne Rovet, Michael D. Noseworthy, Mary Lou Smith, and Conrad Rockel. 2009.
“The Relations between White Matter and Declarative Memory in Older Children and Adolescents.”
Brain Research 1294 (October):80-90.

Makris, N., A. J. Worth, G. M. Papadimitriou, J. W. Stakes, V. S. Caviness, D. N. Kennedy, D. N.
Pandya, et al. 1997. “Morphometry of in Vivo Human White Matter Association Pathways with
Diffusion-weighted Magnetic Resonance Imaging.” Annals of Neurology 42 (6): 951-62.

Marek, Scott, Brenden Tervo-Clemmens, Finnegan J. Calabro, David F. Montez, Benjamin P. Kay,
Alexander S. Hatoum, Meghan Rose Donohue, et al. 2022. “Reproducible Brain-Wide Association
Studies Require Thousands of Individuals.” Nature 603 (7902): 654-60.

Metzler-Baddeley, Claudia, Derek K. Jones, Jessica Steventon, Laura Westacott, John P. Aggleton, and
Michael J. O’Sullivan. 2012. “Cingulum Microstructure Predicts Cognitive Control in Older Age
and Mild Cognitive Impairment.” The Journal of Neuroscience: The Official Journal of the Society
for Neuroscience 32 (49): 17612-19.

Morris, R., D. N. Pandya, and M. Petrides. 1999. “Fiber System Linking the Mid-Dorsolateral Frontal
Cortex with the Retrosplenial/presubicular Region in the Rhesus Monkey.” The Journal of
Comparative Neurology 407 (2): 183-92.

Mufson, E. J., and D. N. Pandya. 1984. “Some Observations on the Course and Composition of the
Cingulum Bundle in the Rhesus Monkey.” The Journal of Comparative Neurology 225 (1): 31-43.

O’Donnell, Lauren J., William M. Wells 3rd, Alexandra J. Golby, and Carl-Fredrik Westin. 2012.
“Unbiased Groupwise Registration of White Matter Tractography.” Medical Image Computing and
Computer-Assisted Intervention: MICCAI ... International Conference on Medical Image Computing
and Computer-Assisted Intervention 15 (Pt 3): 123-30.

O’Donnell, Lauren J., and Carl-Fredrik Westin. 2007. “Automatic Tractography Segmentation Using a
High-Dimensional White Matter Atlas.” IEEE Transactions on Medical Imaging 26 (11): 1562—75.

O’Donnell, Lauren J., Carl-Fredrik Westin, and Alexandra J. Golby. 2009. “Tract-Based Morphometry
for White Matter Group Analysis.” Neurolmage 45 (3): 832-44.

O’Donnell, Lauren, and Carl-Fredrik Westin. 2005. “White Matter Tract Clustering and Correspondence
in Populations.” Medical Image Computing and Computer-Assisted Intervention: MICCAI ...


http://paperpile.com/b/VMgqKD/b3zG
http://paperpile.com/b/VMgqKD/b3zG
http://paperpile.com/b/VMgqKD/b3zG
http://paperpile.com/b/VMgqKD/b3zG
http://paperpile.com/b/VMgqKD/NjwQ
http://paperpile.com/b/VMgqKD/NjwQ
http://paperpile.com/b/VMgqKD/NjwQ
http://paperpile.com/b/VMgqKD/NjwQ
http://paperpile.com/b/VMgqKD/LQvI
http://paperpile.com/b/VMgqKD/LQvI
http://paperpile.com/b/VMgqKD/LQvI
http://paperpile.com/b/VMgqKD/LQvI
http://paperpile.com/b/VMgqKD/LQvI
http://paperpile.com/b/VMgqKD/KE0U
http://paperpile.com/b/VMgqKD/KE0U
http://paperpile.com/b/VMgqKD/KE0U
http://paperpile.com/b/VMgqKD/KE0U
http://paperpile.com/b/VMgqKD/KE0U
http://paperpile.com/b/VMgqKD/KE0U
http://paperpile.com/b/VMgqKD/3kKs
http://paperpile.com/b/VMgqKD/3kKs
http://paperpile.com/b/VMgqKD/3kKs
http://paperpile.com/b/VMgqKD/3kKs
http://paperpile.com/b/VMgqKD/NQ4s
http://paperpile.com/b/VMgqKD/NQ4s
http://paperpile.com/b/VMgqKD/NQ4s
http://paperpile.com/b/VMgqKD/NQ4s
http://paperpile.com/b/VMgqKD/NQ4s
http://paperpile.com/b/VMgqKD/NQ4s
http://paperpile.com/b/VMgqKD/NQ4s
http://paperpile.com/b/VMgqKD/PNfd
http://paperpile.com/b/VMgqKD/PNfd
http://paperpile.com/b/VMgqKD/PNfd
http://paperpile.com/b/VMgqKD/PNfd
http://paperpile.com/b/VMgqKD/PNfd
http://paperpile.com/b/VMgqKD/Qxi5
http://paperpile.com/b/VMgqKD/Qxi5
http://paperpile.com/b/VMgqKD/Qxi5
http://paperpile.com/b/VMgqKD/Qxi5
http://paperpile.com/b/VMgqKD/rIVT
http://paperpile.com/b/VMgqKD/rIVT
http://paperpile.com/b/VMgqKD/rIVT
http://paperpile.com/b/VMgqKD/rIVT
http://paperpile.com/b/VMgqKD/rIVT
http://paperpile.com/b/VMgqKD/UxZb
http://paperpile.com/b/VMgqKD/UxZb
http://paperpile.com/b/VMgqKD/UxZb
http://paperpile.com/b/VMgqKD/UxZb
http://paperpile.com/b/VMgqKD/UxZb
http://paperpile.com/b/VMgqKD/rk3J
http://paperpile.com/b/VMgqKD/rk3J
http://paperpile.com/b/VMgqKD/rk3J
http://paperpile.com/b/VMgqKD/rk3J
http://paperpile.com/b/VMgqKD/rk3J
http://paperpile.com/b/VMgqKD/rk3J
http://paperpile.com/b/VMgqKD/tCn4
http://paperpile.com/b/VMgqKD/tCn4
http://paperpile.com/b/VMgqKD/tCn4
http://paperpile.com/b/VMgqKD/tCn4
http://paperpile.com/b/VMgqKD/tCn4
http://paperpile.com/b/VMgqKD/d3L2
http://paperpile.com/b/VMgqKD/d3L2
http://paperpile.com/b/VMgqKD/d3L2
http://paperpile.com/b/VMgqKD/d3L2
http://paperpile.com/b/VMgqKD/cPMB
http://paperpile.com/b/VMgqKD/cPMB
http://paperpile.com/b/VMgqKD/cPMB
http://paperpile.com/b/VMgqKD/cPMB
http://paperpile.com/b/VMgqKD/cPMB
http://paperpile.com/b/VMgqKD/cPMB
http://paperpile.com/b/VMgqKD/O2d0
http://paperpile.com/b/VMgqKD/O2d0
http://paperpile.com/b/VMgqKD/O2d0
http://paperpile.com/b/VMgqKD/O2d0
http://paperpile.com/b/VMgqKD/31sg
http://paperpile.com/b/VMgqKD/31sg
http://paperpile.com/b/VMgqKD/31sg
http://paperpile.com/b/VMgqKD/31sg
http://paperpile.com/b/VMgqKD/TT0b
http://paperpile.com/b/VMgqKD/TT0b
http://paperpile.com/b/VMgqKD/TT0b
https://doi.org/10.1101/2024.10.19.619237
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.19.619237; this version posted October 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

International Conference on Medical Image Computing and Computer-Assisted Intervention 8 (Pt
1): 140-47.

Parente, Paulo M. D., and Jodao M. Santos Silva. 2016. “Quantile Regression with Clustered Data.”
Journal of Econometric Methods 5 (1): 1-15.

Petrides, Michael, and Deepak N. Pandya. 2007. “Efferent Association Pathways from the Rostral
Prefrontal Cortex in the Macaque Monkey.” The Journal of Neuroscience: The Official Journal of
the Society for Neuroscience 27 (43): 11573-86.

Reddy, Chinthala P., and Yogesh Rathi. 2016. “Joint Multi-Fiber NODDI Parameter Estimation and
Tractography Using the Unscented Information Filter.” Frontiers in Neuroscience 10 (April):166.

Reuben, David B., Susan Magasi, Heather E. McCreath, Richard W. Bohannon, Ying-Chih Wang,
Deborah J. Bubela, William Z. Rymer, et al. 2013. “Motor Assessment Using the NIH Toolbox.”
Neurology 80 (11 Suppl 3): S65-75.

Ribeiro, Monica, Yordanka Nikolova Yordanova, Vincent Noblet, Guillaume Herbet, and Damien Ricard.
2024. “White Matter Tracts and Executive Functions: A Review of Causal and Correlation
Evidence.” Brain: A Journal of Neurology 147 (2): 352-71.

Richie-Halford, Adam, Jason D. Yeatman, Noah Simon, and Ariel Rokem. 2021. “Multidimensional
Analysis and Detection of Informative Features in Human Brain White Matter.” PL0S
Computational Biology 17 (6): €1009136.

Ryan, Meghann C., L. Elliot Hong, Kathryn S. Hatch, Si Gao, Shuo Chen, Krystl Haerian, Jingtao Wang,
et al. 2022. “The Additive Impact of Cardio-Metabolic Disorders and Psychiatric lllnesses on
Accelerated Brain Aging.” Human Brain Mapping 43 (6): 1997-2010.

Sarica, Alessia, Antonio Cerasa, Paola Valentino, Jason Yeatman, Maria Trotta, Stefania Barone, Alfredo
Granata, et al. 2017. “The Corticospinal Tract Profile in Amyotrophic Lateral Sclerosis.” Human
Brain Mapping 38 (2): 727-39.

Schaeffer, David J., Cynthia E. Krafft, Nicolette F. Schwarz, Lingxi Chi, Amanda L. Rodrigue, Jordan E.
Pierce, Jerry D. Allison, et al. 2014. “The Relationship between Uncinate Fasciculus White Matter
Integrity and Verbal Memory Proficiency in Children.” Neuroreport 25 (12): 921-25.

Schilling, Kurt G., Derek Archer, Fang-Cheng Yeh, Francois Rheault, Leon Y. Cai, Colin Hansen, Qi
Yang, et al. 2022. “Aging and White Matter Microstructure and Macrostructure: A Longitudinal
Multi-Site Diffusion MRI Study of 1218 Participants.” Brain Structure & Function 227 (6): 2111-
25.

Schilling, Kurt G., Jordan A. Chad, Maxime Chamberland, Victor Nozais, Francois Rheault, Derek
Archer, Muwei Li, et al. 2023. “White Matter Tract Microstructure, Macrostructure, and Associated
Cortical Gray Matter Morphology across the Lifespan.” Imaging Neuroscience 1 (December):1-24.

Schilling, Kurt G., Chantal M. W. Tax, Francois Rheault, Bennett A. Landman, Adam W. Anderson,
Maxime Descoteaux, and Laurent Petit. 2022. “Prevalence of White Matter Pathways Coming into a
Single White Matter VVoxel Orientation: The Bottleneck Issue in Tractography.” Human Brain
Mapping 43 (4): 1196-1213.

Schmahmann, Jeremy D., and Deepak Pandya. 2009. Fiber Pathways of the Brain. New York, NY:
Oxford University Press.

Smith, Stephen M., Mark Jenkinson, Heidi Johansen-Berg, Daniel Rueckert, Thomas E. Nichols, Clare E.
Mackay, Kate E. Watkins, et al. 2006. “Tract-Based Spatial Statistics: Voxelwise Analysis of Multi-
Subject Diffusion Data.” Neurolmage 31 (4): 1487-1505.

Thiebaut de Schotten, Michel, Dominic H. Ffytche, Alberto Bizzi, Flavio Dell’ Acqua, Matthew Allin,
Muriel Walshe, Robin Murray, Steven C. Williams, Declan G. M. Murphy, and Marco Catani. 2011.
“Atlasing Location, Asymmetry and Inter-Subject Variability of White Matter Tracts in the Human
Brain with MR Diffusion Tractography.” Neurolmage 54 (1): 49-59.

Tulsky, David S., Noelle Carlozzi, Nancy D. Chiaravalloti, Jennifer L. Beaumont, Pamela A. Kisala, Dan
Mungas, Kevin Conway, and Richard Gershon. 2014. “NIH Toolbox Cognition Battery (NIHTB-
CB): List Sorting Test to Measure Working Memory.” Journal of the International
Neuropsychological Society: JINS 20 (6): 599-610.


http://paperpile.com/b/VMgqKD/TT0b
http://paperpile.com/b/VMgqKD/TT0b
http://paperpile.com/b/VMgqKD/TT0b
http://paperpile.com/b/VMgqKD/hqSS
http://paperpile.com/b/VMgqKD/hqSS
http://paperpile.com/b/VMgqKD/hqSS
http://paperpile.com/b/VMgqKD/hqSS
http://paperpile.com/b/VMgqKD/uamC
http://paperpile.com/b/VMgqKD/uamC
http://paperpile.com/b/VMgqKD/uamC
http://paperpile.com/b/VMgqKD/uamC
http://paperpile.com/b/VMgqKD/uamC
http://paperpile.com/b/VMgqKD/GGNAb
http://paperpile.com/b/VMgqKD/GGNAb
http://paperpile.com/b/VMgqKD/GGNAb
http://paperpile.com/b/VMgqKD/GGNAb
http://paperpile.com/b/VMgqKD/THNv
http://paperpile.com/b/VMgqKD/THNv
http://paperpile.com/b/VMgqKD/THNv
http://paperpile.com/b/VMgqKD/THNv
http://paperpile.com/b/VMgqKD/TSCN
http://paperpile.com/b/VMgqKD/TSCN
http://paperpile.com/b/VMgqKD/TSCN
http://paperpile.com/b/VMgqKD/TSCN
http://paperpile.com/b/VMgqKD/TSCN
http://paperpile.com/b/VMgqKD/esOB
http://paperpile.com/b/VMgqKD/esOB
http://paperpile.com/b/VMgqKD/esOB
http://paperpile.com/b/VMgqKD/esOB
http://paperpile.com/b/VMgqKD/esOB
http://paperpile.com/b/VMgqKD/9f3F
http://paperpile.com/b/VMgqKD/9f3F
http://paperpile.com/b/VMgqKD/9f3F
http://paperpile.com/b/VMgqKD/9f3F
http://paperpile.com/b/VMgqKD/9f3F
http://paperpile.com/b/VMgqKD/m253
http://paperpile.com/b/VMgqKD/m253
http://paperpile.com/b/VMgqKD/m253
http://paperpile.com/b/VMgqKD/m253
http://paperpile.com/b/VMgqKD/m253
http://paperpile.com/b/VMgqKD/DU4b
http://paperpile.com/b/VMgqKD/DU4b
http://paperpile.com/b/VMgqKD/DU4b
http://paperpile.com/b/VMgqKD/DU4b
http://paperpile.com/b/VMgqKD/DU4b
http://paperpile.com/b/VMgqKD/CW4d
http://paperpile.com/b/VMgqKD/CW4d
http://paperpile.com/b/VMgqKD/CW4d
http://paperpile.com/b/VMgqKD/CW4d
http://paperpile.com/b/VMgqKD/CW4d
http://paperpile.com/b/VMgqKD/CW4d
http://paperpile.com/b/VMgqKD/nV3v
http://paperpile.com/b/VMgqKD/nV3v
http://paperpile.com/b/VMgqKD/nV3v
http://paperpile.com/b/VMgqKD/nV3v
http://paperpile.com/b/VMgqKD/nV3v
http://paperpile.com/b/VMgqKD/bIj8
http://paperpile.com/b/VMgqKD/bIj8
http://paperpile.com/b/VMgqKD/bIj8
http://paperpile.com/b/VMgqKD/bIj8
http://paperpile.com/b/VMgqKD/bIj8
http://paperpile.com/b/VMgqKD/bIj8
http://paperpile.com/b/VMgqKD/b1x5
http://paperpile.com/b/VMgqKD/b1x5
http://paperpile.com/b/VMgqKD/b1x5
http://paperpile.com/b/VMgqKD/b1x5
http://paperpile.com/b/VMgqKD/2hPw
http://paperpile.com/b/VMgqKD/2hPw
http://paperpile.com/b/VMgqKD/2hPw
http://paperpile.com/b/VMgqKD/2hPw
http://paperpile.com/b/VMgqKD/2hPw
http://paperpile.com/b/VMgqKD/ZlMp
http://paperpile.com/b/VMgqKD/ZlMp
http://paperpile.com/b/VMgqKD/ZlMp
http://paperpile.com/b/VMgqKD/ZlMp
http://paperpile.com/b/VMgqKD/ZlMp
http://paperpile.com/b/VMgqKD/ZlMp
http://paperpile.com/b/VMgqKD/8NWN
http://paperpile.com/b/VMgqKD/8NWN
http://paperpile.com/b/VMgqKD/8NWN
http://paperpile.com/b/VMgqKD/8NWN
http://paperpile.com/b/VMgqKD/8NWN
http://paperpile.com/b/VMgqKD/8NWN
https://doi.org/10.1101/2024.10.19.619237
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.19.619237; this version posted October 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Van Essen, David C., Stephen M. Smith, Deanna M. Barch, Timothy E. J. Behrens, Essa Yacoub, Kamil
Ugurbil, and WU-Minn HCP Consortium. 2013. “The WU-Minn Human Connectome Project: An
Overview.” Neurolmage 80 (October):62-79.

Vazquez, Andrea, Narciso Lopez-Lopez, Alexis Sanchez, Josselin Houenou, Cyril Poupon, Jean-Francois
Mangin, Cecilia Hernandez, and Pamela Guevara. 2020. “FFClust: Fast Fiber Clustering for Large
Tractography Datasets for a Detailed Study of Brain Connectivity.” Neurolmage 220
(October):117070.

Vos, Sjoerd B., Max A. Viergever, and Alexander Leemans. 2013. “Multi-Fiber Tractography
Visualizations for Diffusion MRI Data.” PloS One 8 (11): e81453.

Wasserthal, Jakob, Peter F. Neher, Dusan Hirjak, and Klaus H. Maier-Hein. 2019. “Combined Tract
Segmentation and Orientation Mapping for Bundle-Specific Tractography.” Medical Image Analysis
58 (101559): 101559.

Wasserthal, Jakob, Peter Neher, and Klaus H. Maier-Hein. 2018. “TractSeg - Fast and Accurate White
Matter Tract Segmentation.” arXiv [cs.CV]. arXiv.
https://doi.org/10.1016/j.neuroimage.2018.07.070.

Welniarz, Quentin, Isabelle Dusart, and Emmanuel Roze. 2017. “The Corticospinal Tract: Evolution,
Development, and Human Disorders.” Developmental Neurobiology 77 (7): 810-29.

Yakovlev, P. 1., and S. Locke. 1961. “Limbic Nuclei of Thalamus and Connections of Limbic Cortex. III.
Corticocortical Connections of the Anterior Cingulate Gyrus, the Cingulum, and the Subcallosal
Bundle in Monkey.” Archives of Neurology 5 (4): 364-400.

Yeatman, Jason D., Robert F. Dougherty, Nathaniel J. Myall, Brian A. Wandell, and Heidi M. Feldman.
2012. “Tract Profiles of White Matter Properties: Automating Fiber-Tract Quantification.” PloS One
7 (11): e49790.

Yeatman, Jason D., Robert F. Dougherty, Elena Rykhlevskaia, Anthony J. Sherbondy, Gayle K. Deutsch,
Brian A. Wandell, and Michal Ben-Shachar. 2011. “Anatomical Properties of the Arcuate Fasciculus
Predict Phonological and Reading Skills in Children.” Journal of Cognitive Neuroscience 23 (11):
3304-17.

Yeh, Fang-Cheng. 2020. “Shape Analysis of the Human Association Pathways.” Neurolmage 223
(December):117329.

Zekelman, Leo R., Fan Zhang, Nikos Makris, Jianzhong He, Yugian Chen, Tengfei Xue, Daniela Liera, et
al. 2022. “White Matter Association Tracts Underlying Language and Theory of Mind: An
Investigation of 809 Brains from the Human Connectome Project.” Neurolmage 246
(February):118739.

Zelazo, Philip David, Jacob E. Anderson, Jennifer Richler, Kathleen Wallner-Allen, Jennifer L.
Beaumont, Kevin P. Conway, Richard Gershon, and Sandra Weintraub. 2014. “NIH Toolbox
Cognition Battery (CB): Validation of Executive Function Measures in Adults.” Journal of the
International Neuropsychological Society: JINS 20 (6): 620-29.

Zhang, Fan, Alessandro Daducci, Yong He, Simona Schiavi, Caio Seguin, Robert E. Smith, Chun-Hung
Yeh, Tengda Zhao, and Lauren J. O’Donnell. 2022. “Quantitative Mapping of the Brain’s Structural
Connectivity Using Diffusion MRI Tractography: A Review.” Neurolmage 249 (April):118870.

Zhang, Fan, Ye Wu, Isaiah Norton, Yogesh Rathi, Alexandra J. Golby, and Lauren J. O’Donnell. 2019.
“Test-Retest Reproducibility of White Matter Parcellation Using Diffusion MRI Tractography Fiber
Clustering.” Human Brain Mapping 40 (10): 3041-57.

Zhang, Fan, Ye Wu, Isaiah Norton, Laura Rigolo, Yogesh Rathi, Nikos Makris, and Lauren J. O’Donnell.
2018. “An Anatomically Curated Fiber Clustering White Matter Atlas for Consistent White Matter
Tract Parcellation across the Lifespan.” Neurolmage 1 (179): 429-47.

Zhang, Hui, Torben Schneider, Claudia A. Wheeler-Kingshott, and Daniel C. Alexander. 2012. “NODDI:
Practical in Vivo Neurite Orientation Dispersion and Density Imaging of the Human Brain.”
Neurolmage 61 (4): 1000-1016.


http://paperpile.com/b/VMgqKD/U8Wo
http://paperpile.com/b/VMgqKD/U8Wo
http://paperpile.com/b/VMgqKD/U8Wo
http://paperpile.com/b/VMgqKD/U8Wo
http://paperpile.com/b/VMgqKD/U8Wo
http://paperpile.com/b/VMgqKD/F6lV
http://paperpile.com/b/VMgqKD/F6lV
http://paperpile.com/b/VMgqKD/F6lV
http://paperpile.com/b/VMgqKD/F6lV
http://paperpile.com/b/VMgqKD/F6lV
http://paperpile.com/b/VMgqKD/F6lV
http://paperpile.com/b/VMgqKD/akq8i
http://paperpile.com/b/VMgqKD/akq8i
http://paperpile.com/b/VMgqKD/akq8i
http://paperpile.com/b/VMgqKD/akq8i
http://paperpile.com/b/VMgqKD/kqBl
http://paperpile.com/b/VMgqKD/kqBl
http://paperpile.com/b/VMgqKD/kqBl
http://paperpile.com/b/VMgqKD/kqBl
http://paperpile.com/b/VMgqKD/kqBl
http://paperpile.com/b/VMgqKD/tPz6
http://paperpile.com/b/VMgqKD/tPz6
http://paperpile.com/b/VMgqKD/tPz6
http://paperpile.com/b/VMgqKD/tPz6
http://paperpile.com/b/VMgqKD/tPz6
http://dx.doi.org/10.1016/j.neuroimage.2018.07.070
http://paperpile.com/b/VMgqKD/tPz6
http://paperpile.com/b/VMgqKD/wQwG
http://paperpile.com/b/VMgqKD/wQwG
http://paperpile.com/b/VMgqKD/wQwG
http://paperpile.com/b/VMgqKD/wQwG
http://paperpile.com/b/VMgqKD/RACu
http://paperpile.com/b/VMgqKD/RACu
http://paperpile.com/b/VMgqKD/RACu
http://paperpile.com/b/VMgqKD/RACu
http://paperpile.com/b/VMgqKD/RACu
http://paperpile.com/b/VMgqKD/Ph1q
http://paperpile.com/b/VMgqKD/Ph1q
http://paperpile.com/b/VMgqKD/Ph1q
http://paperpile.com/b/VMgqKD/Ph1q
http://paperpile.com/b/VMgqKD/Ph1q
http://paperpile.com/b/VMgqKD/tIx0
http://paperpile.com/b/VMgqKD/tIx0
http://paperpile.com/b/VMgqKD/tIx0
http://paperpile.com/b/VMgqKD/tIx0
http://paperpile.com/b/VMgqKD/tIx0
http://paperpile.com/b/VMgqKD/tIx0
http://paperpile.com/b/VMgqKD/YcyXM
http://paperpile.com/b/VMgqKD/YcyXM
http://paperpile.com/b/VMgqKD/YcyXM
http://paperpile.com/b/VMgqKD/YcyXM
http://paperpile.com/b/VMgqKD/4qnd
http://paperpile.com/b/VMgqKD/4qnd
http://paperpile.com/b/VMgqKD/4qnd
http://paperpile.com/b/VMgqKD/4qnd
http://paperpile.com/b/VMgqKD/4qnd
http://paperpile.com/b/VMgqKD/4qnd
http://paperpile.com/b/VMgqKD/tdnL
http://paperpile.com/b/VMgqKD/tdnL
http://paperpile.com/b/VMgqKD/tdnL
http://paperpile.com/b/VMgqKD/tdnL
http://paperpile.com/b/VMgqKD/tdnL
http://paperpile.com/b/VMgqKD/tdnL
http://paperpile.com/b/VMgqKD/w6Rb
http://paperpile.com/b/VMgqKD/w6Rb
http://paperpile.com/b/VMgqKD/w6Rb
http://paperpile.com/b/VMgqKD/w6Rb
http://paperpile.com/b/VMgqKD/w6Rb
http://paperpile.com/b/VMgqKD/ck50
http://paperpile.com/b/VMgqKD/ck50
http://paperpile.com/b/VMgqKD/ck50
http://paperpile.com/b/VMgqKD/ck50
http://paperpile.com/b/VMgqKD/ck50
http://paperpile.com/b/VMgqKD/dwuy
http://paperpile.com/b/VMgqKD/dwuy
http://paperpile.com/b/VMgqKD/dwuy
http://paperpile.com/b/VMgqKD/dwuy
http://paperpile.com/b/VMgqKD/dwuy
http://paperpile.com/b/VMgqKD/SjJl
http://paperpile.com/b/VMgqKD/SjJl
http://paperpile.com/b/VMgqKD/SjJl
http://paperpile.com/b/VMgqKD/SjJl
https://doi.org/10.1101/2024.10.19.619237
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.19.619237; this version posted October 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.


https://doi.org/10.1101/2024.10.19.619237
http://creativecommons.org/licenses/by-nc-nd/4.0/

	1. Introduction
	2. Methods
	2.1 HCP-YA Dataset for Illustrative Study
	2.2. Key Steps in FMQ Regression
	2.2.1 Step 1:  Population Fiber Bundle Construction.
	2.2.2 Step 2: Quantile-Specific Bundle Region Creation
	2.2.3 Step 3: Statistical Inference using Quantile Regression

	2.3. Alternative Methods to be Compared
	2.3.1 FA Mean Regression
	In FA Mean Regression, the fiber tract FA mean is the response of the regression models. The fiber tract FA mean is a value averaging all the FA values over streamline points within a fiber tract (L. J. O’Donnell and Westin 2007; Zekelman et al. 2022)...
	2.3.2 AFQ Regression


	3. Results
	4. Discussion
	4.1 Methodological Contribution
	4.2 Neuroscience Findings
	4.3 Neuroanatomical Discussion
	4.3 Limitations

	5. Conclusion
	References

