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The superior longitudinal fasciculus (SLF) is a major fiber tract involved in language
processing and has been used to investigate language impairments and plasticity
in many neurological diseases. The SLF is divided into four main branches that
connect with different cortex regions, with two branches (SLF II, SLF III) being
directly related to language. However, most white matter analyses consider the
SLF as a single bundle, which may underestimate the relationship between these
fiber bundles and language function. In this study, we investigated the
differences between branches of the SLF in patients with arteriovenous
malformation (AVM), which is a unique model to investigate language
reorganization. We analyzed diffusion tensor imaging data of AVM patients and
healthy controls to generate whole-brain fiber tractography, and then
segmented the SLF into SLF II and III based on their distinctive waypoint regions.
The SLF, SLF II, and III were further quantified, and four diffusion parameters of
three branches were compared between the AVMs and controls. No significant
diffusivity differences of the whole SLF were observed between two groups,
however, the right SLF II and III in AVMs showed significant reorganization or
impairment patterns as compared to the controls. Results demonstrating the
need to subtracting SLF branches when studying structure-function relationship
in neurological diseases that have SLF damage.
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1. Introduction

Language plasticity has been a particular focus in neuroscience as it is important for

human socialization and communication (1, 2). Patients with damages located in

language-related cortical areas may have a normal language function, as has been found

in patients with perinatal stroke, arteriovenous malformation (AVM), and traumatic brain

injury (3–5). Among them, arteriovenous malformation is a congenital anomaly of the

capillaries resulting in direct connections between cerebral arteries and veins. It occurs

before the establishment of language network and is hence a unique model for

investigating the mechanisms of language plasticity (6–8). Neuroimaging methods such as

functional magnetic resonance imaging (MRI) and electrocorticography (ECoG),
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neuropsychology, and psycholinguistics have been applied to study

language plasticity (9, 10). However, it was found that although

language-related cortical regions defined by fMRI are activated

by speech tasks, they may not be essential for speech execution.

An electroencephalographic (EEG) study showed that cortical

sites essential for language were distributed more discretely than

the ones identified by fMRI under similar tasks, indicating varied

patterns of recovery and reorganization (11). This attributes to

the fact that our language network in AVM is rather complex.

Historically, syndrome-related brain regions were described and

generalized into language models. In the “Broca-Wernicke-

Geschwind Model” (12), the inferior frontal gyrus is described as

an expressive language center and the posterior temporal cortex,

as the receptive language center. Hickok and Poppel further

proposed a “dual-stream model” for language analogous to the

cortical organization of vision (13). In this model, the sensory

representation interfaced with conceptual representation via

projections to the temporal lobe, which is defined as the ventral

stream, and with motor representation via projections to temporal-

parietal regions, which is described as the dorsal stream. The

dorsal stream functions mainly on the dominant hemisphere,

while the ventral stream is likely activated bilaterally (14). In these

two streams, white matters connect different language centers, and

therefore the microstructure of white matters are closely related to

language function (15). For instance, the dorsal stream is mainly

composed of arcuate fascicle (AF) and superior longitudinal

fascicle (SLF). In the ventral stream, uncinate fascicles (UNC) and

inferior fronto-occipital fascicle (IFOF) are the two main

pathways, with inferior longitudinal fascicle (ILF) and middle

longitudinal fascicle as assistance.

Diffusion tensor imaging (DTI) is a unique method to detect

microstructural changes, which acquires the signal sensitive to

diffusion movement of water molecules in the brain’s white

matter (16, 17). DTI reveals both the extent of diffusion

anisotropy and the predominant direction of water diffusion in

image voxels, offering a non-invasive method to study the fiber

structures in the brain (18, 19). The relationship between white

matter fibers and language function have been studied over past

decades. For instance, the left ILF and left AF were found to be

positively correlated with language function in healthy

participants. In a larger cohort study, IFOF, SLF and UNC are

found to be closely related to language function (20). In a

previous AVM study (21), remodeling of the left SLF was found

in patients with frontal lesions by using an automatic fiber

quantification (AFQ) procedure (22), with no evidence of such

mechanism in patients with parietal and temporal lesions.

Moreover, no significant differences were seen in the right SLF.

SLF describes a group of longitudinally oriented, associative

fibers that connect the frontal lobes with the temporal lobes and

parietal lobes of the brain (23, 24). From super to inferior and

from medial to lateral directions, the SLF is divided into three

main subcomponents: SLF I, SLF II, and SLF III. Each

subcomponent plays a different role in language processing. SLF

I (most superior and medial), SLF II (having an intermediate

course), SLF III (most inferior and lateral), and SLF-tp (inferior

temporal to posterior temporal cortex). However, most of the
Frontiers in Radiology 02
white matter analyses considered SLF as a single bundle, the

relationship between these subcomponents and language function

were not investigated in detail. By using a two-tensor Unscented

Kalman Filter (UKF) method (25), branches of SLF (SLF II and

SLF III) were segmented and analyzed in healthy participants.

The number of streamlines of the left SLF-III and right SLF-III

were found to influence semantic memory performance and

emotion perception performance, respectively. How SLF-II and

III interact with language reorganization in AVM patients also

needs further investigation.

In this study, we categorized patients according to their fiber

impairments and studied the diffusion properties in more detail.

Additionally, SLF II and SLF III were automatically segmented

and studied. The SLF-I definition is debated in the literature and

SLF-tp is usually described as a component of the arcuate

fasciculus (AF) (26), therefore these two branches were excluded

in this study. Since the UKF method requires multiple non-zero

diffusion sensitizing gradients which is usually not possible in

clinical scanner, we used the AFQ toolbox (22) to process the

acquired datasets. The connectivity was estimated and compared

with the controls at different locations on the fiber tract. We

attempted to attain a common pattern of language reorganization

in AVM patients that might be a good model for research on

language development and language plasticity.
2. Methods and materials

2.1. Participants and language function
assessment

This is a retrospective study, and 32 AVM patients aged 18–60

years were included. All participants were native Mandarin Chinese

speakers and righthanded, confirmed by the Edinburgh handedness

inventory. All patients had AVM lesions in the left hemisphere, in

other words, exclusively the language dominant hemisphere. The

lesion regions included language-related areas such as the middle

and inferior frontal gyrus, precentral gyrus, superior and middle

temporal gyrus, supra-marginal gyrus, and angular gyrus. This

study was approved by the Institutional Review Board of Beijing

Tiantan Hospital, Capital Medical University (number: KY2018-

103-01), and written informed consent was obtained from all

participants the study was registered in the Chinese Trial Registry

(clinical trial number: ChiCTR1900020993).

Lesions at different locations may lead to varied patterns of

language reorganization due to different pathological mechanism

(27). Thus, lesion location, serving as a major factor for language

plasticity, was taken into account in this study. The enrolled

32 patients were reassigned depending on their affected fiber

tracts to investigate the associations between fiber damage and its

microstructural changes.

To identify the location where fibers are affected by the lesions,

we compared the AVM lesions map with the fiber probabilistic

map (28). Patients with lesions in the fiber area at a probability

>0.5 were selected for statistical analysis, but patients with
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multiple sporadic damages or <50% possibility of having lesions in

the fiber areas were excluded.

The Western Aphasia Battery (WAB) is widely used to diagnose

aphasia and assess language disturbances in patients with brain

lesions. The Chinese version of the WAB was administered to all

participants to assess their language function. Four subtests were

included: fluency, comprehension, repetition, and naming. Aphasia

severities were estimated in the Aphasia quotients. The score of the

four subtests can be used to classify the type of aphasia, because it

estimates the integrity of cortical function in language (29).
2.2. Image acquisition and data processing

Magnetic resonance imaging experiments were performed on a

3 T MRI scanner with a 20-element head-neck coil. The imaging

parameters and data preprocessing for both DTI and T1-

weighted imaging were reported in our previous study (21). In

specific, a T1-weighted magnetization-prepared rapid-acquisition

gradient-echo sequence was applied by using following

parameters: repetition time (TR) = 2,530 ms, echo time (TE) =

3.37 ms, flip angle = 7°, field of view = 256 mm × 256 mm, matrix

= 256 × 256, voxel size = 1.0 mm × 1.0 mm × 1.0 mm, and number

of slices = 176. A spin-echo (SE) echo planar imaging (EPI) was

acquired for the diffusion dataset by using following parameters:

TR = 8,100 ms, TE = 75 ms, matrix = 100 × 100 × 72, voxel size =

1.5 mm × 1.5 mm × 1.5 mm. In addition to 3 frames with b =

0 s/mm2, we acquired 64 frames along isotropically-distributed

diffusion directions with b = 1,000 s/mm2.

The DTI data of subjects underwent a preprocessing pipeline

including eddy current, subject movement and field bias

corrections followed by automatic fiber tracking with the AFQ

method (22). The fiber assignment by continuous tracking

(FACT) arithmetic was applied for deterministic tractography of

the whole brain (18). The termination rule for tracing was when

the FA value of the voxel was less than 0.2 or the minimum angle
FIGURE 1

ROIs for segmentation of SLF-II and SLF-III. (A) Two ROIs defined on the corona
is for SLF-III; (B) the ROI for both SLF-II and SLF-III was defined on the coron
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between the last path segment and next step was greater than 30

degrees. The result was then classified into 20 major fiber tracts

(including the whole SLF tract) in the brain by using the waypoint

region of interests (ROIs) method (30). The waypoint ROIs

integrated in the AFQ toolbox were registered from the MNI

template space into individual coordinate space via a non-linear

transformation. Fibers pass through same waypoint ROI pairs were

categorized as one tract. By comparing fibers in one tract with the

fiber tract probability maps that were previously warped into each

individual space, the fibers were scored according to their

probability values. Fibers that had lowest probability score or their

lengths were far away from the center would be discarded.
2.3. SLF segmentation

To analyze the subcomponents of SLF, fibers in SLF need to be

further segmented. Based on the axonal tracing results of monkey

brains, in vivo dissection of SLF was adapted to human brains

(31, 32): two different ROIs (Figure 1A) are defined on the same

coronal slice at the anterior commissure (AC). A common ROI

(Figure 1B) was drawn on the coronal slice at the posterior

commissure (PC). All ROIs in this study were drawn in the

standard Montreal Neurological Institute (MNI) space (33). The

ROIs were then transformed into individual native space. These

ROIs were integrated in the AFQ toolbox (http://yeatmanlab.

github.io/pyAFQ/) on Matlab 2012a (Mathwork, USA), to allow

for an automatic quantification of SLF branches in all

participants. SLF II and III were then segmented and refined by

using the waypoint ROIs in Figures 1A,B. Fibers that passed

through the SLF II or III waypoint ROI pair belonged to the

corresponding SLF subbranches. Subsequently, SLF, SLF II and

SLF III were resampled to 100 nodes that were equally spaced

along the fiber tract. Diffusion properties were calculated in each

node: fractional anisotropy (FA), mean diffusivity (MD), axial

diffusivity (AD), and radial diffusivity (RD).
l slice at MNI coordinate y= 2. The ROI in red is for SLF-II and the blue one
al slice at MNI coordinate y=−25.

frontiersin.org

http://yeatmanlab.github.io/pyAFQ/
http://yeatmanlab.github.io/pyAFQ/
https://doi.org/10.3389/fradi.2023.1121879
https://www.frontiersin.org/journals/radiology
https://www.frontiersin.org/


Zong et al. 10.3389/fradi.2023.1121879
2.4. Statistical analysis

Independent sample t-test were used to estimate the significant

differences in FA, MD, AD, and RD values between AVM and

control participants. The p-value after family-wise error (FWE)

correction was used for multiple comparison of 100 nodes to

reduce the occurrence of false positive results. The p-value p <

0.05 were deemed to be significant.
3. Results

3.1. Participant characteristics

By comparing the AVM lesions map with the fiber probabilistic

map, 8 patients were found to have lesions in IFOF or ILF

(ventricle stream) and 7 were found to have deficits in SLF or

AF (dorsal stream). We attempted to separate them into two

AVM groups (ventricle damage group and dorsal damage group).

However, after performing the statistical power analysis (34), we

found that minimal 12 subjects are required to reach a power

effect of 0.8. Therefore, these 15 patients were selected and

grouped as one AVM group. As a result, 15 age- and sex-

matched healthy controls were included in the statistical analysis.

The result of Pearson’s chi-squared test on sex and Student’s

t-test on age showed that subjects in the AVM group were well-

matched with the control group regarding the age and sex

distribution. All the patients had normal language function

according to the WAB results shown in our previous study (21).

Overlapping lesions for the selected 15 patients were drawn in

the standard MNI space and visualized in Figure 2. Ten coronal

slices at the MNI z-coordinate from −27 to 64 were chosen to be

shown. The color indicates the number of patients that have

lesions in the covered region. As can be seen from Figure 2,

AVM lesions involves the frontal, parietal, and temporal lobes,

with the SLF being the most affected fiber tracts.
3.2. Tractography and quantification

Diffusion properties was traditionally averaged over an entire fiber

tract for analysis, whilst FA value varies systematically along the fiber

tract (16). To mitigate the intra-tract difference in this study, each

tract was cut into 100 nodes and the diffusion value was compared
FIGURE 2

Overlapping lesions in these AVM participants. Twelve axial slices of the left he
intensity indicates the number of lesions in this region.
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between patients and controls at each node. Diffusion metrics

including FA, AD, and RD were measured on each node of the SLF

(Figure 3A). Diffusion property profiles were drawn in a solid line

for the mean value parallel with two dash lines for standard error.

The significant difference is marked in asterisks.

The FA, RD, and AD profiles of the SLF of patients are similar

to the controls but vary at specific locations along tracts. Thus, it is

reasonable to compare the diffusion properties of patients with

control ones along fiber tracts. The FA, MD, AD and RD of the

whole right SLF tractography showed no significant difference

between AVM patients and healthy controls.
3.3. SLF segmentation and analysis

SLF-II and SLF-III were extracted from the whole SLF

tractography, and the quantifications were visualized in Figures 3B,

C. Mean FA, MD, AD and RD values of the three SLFs in two

groups in more than 10 nodes are summarized in Table 1. This

definition has been used in the classification of Alzheimer’s disease

using multisite DTI datasets (35). Values of the whole SLF is also

summarized in Table 1 for better comparison.

As can be seen in Table 1 and Figure 3, there were different

changing patterns of SLF-II and SLF-III compared with the whole

SLF. The FA and RD values of left and right SLF II and III were

slightly different in the AVM group, but not significantly compared

to the control group. No obvious MD differences of left SLF II and

III in two groups, except that right SLF III had a statistically lower

value in the AVM group. Similarly, the AD value of the right SLF

III in the AVM group was lower than that in the control group.

However, a statistically high AD value of the right SLF II were

found in AVM, whereas no AD differences of left SLF, SLF II or

III between two groups. In addition, more fluctuations of these

diffusivity parameters were observed along right SLF II than SLF

III. It is possible that the two SLF subbranches of AVM patients

have different mechanism in language function. It is noted that the

FA, MD, AD and RD values of SLF were not simply the mean

value of SLF II and III due to the effect of SLF I which were

irrelevant to language function.
4. Discussion

In this study, patients with AVM were reassigned into one

group according to lesion locations on language related white
misphere are shown from MNI coordinate z =−27 to z = 64. The colored
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FIGURE 3

Diffusion metrics of FA, AD, and RD on each node of (A) SLF, (B) SLFII and (C) SLF III in both hemispheres. Blue and red curves stand for the AVM and
control groups, respectively. *Represents the p value is less than 0.05 and deemed to be significant in this study.
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matters. Thus, the interaction between damaged fiber tracts and

white matter with significant changes could be revealed.

Importantly, significant changes were only found in the right
Frontiers in Radiology 05
hemisphere, which might indicate the relatively dominant role

that the right hemisphere plays in language function of AVM

patients. We found no obvious differences of the left SLFs
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TABLE 1 Mean FA, AD, RD and MD values in different SLF branches.

Groups Fascicles FA MD AD RD
AVM Left SLF 0.43 ± 0.08 0.73 ± 0.04 1.1 ± 0.11 0.55 ± 0.06

Left SLF II 0.45 ± 0.09 0.74 ± 0.09 1.12 ± 0.15 0.54 ± 0.1

Left SLF III 0.49 ± 0.05 0.73 ± 0.05 1.14 ± 0.1 0.52 ± 0.05

Right SLF 0.47 ± 0.06 0.71 ± 0.02 1.11 ± 0.07 0.51 ± 0.04

Right SLFII 0.44 ± 0.1 0.72 ± 0.07 1.1 ± 0.15** 0.53 ± 0.08

Right SLFIII 0.47 ± 0.05 0.71 ± 0.03** 1.09 ± 0.07** 0.52 ± 0.04

Control Left SLF 0.42 ± 0.06 0.73 ± 0.03 1.08 ± 0.07 0.56 ± 0.05

Left SLF II 0.44 ± 0.1 0.73 ± 0.04 1.09 ± 0.13 0.54 ± 0.06

Left SLF III 0.47 ± 0.06 0.73 ± 0.03 1.14 ± 0.08 0.53 ± 0.05

Right SLF 0.48 ± 0.06 0.72 ± 0.03 1.12 ± 0.08 0.52 ± 0.04

Right SLFII 0.44 ± 0.11 0.72 ± 0.05 1.09 ± 0.17 0.54 ± 0.06

Right SLFIII 0.47 ± 0.05 0.74 ± 0.03 1.13 ± 0.08 0.54 ± 0.04

**Indicates p < 0.05.
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between the AVM and control groups. An enhanced pattern in

right SLF II but impairment patterns in right SLF III when

comparing quantitative diffusivity values were seen in two

groups. All patients have normal language function, leading to

the fact that a language reorganization may occur in the right

hemisphere of AVM patients.

Different patterns of diffusion properties’ changes were

reported in different clinical cases. The FA value, defined as a

normalized standard deviation of eigenvalues, is commonly

referred to as a summary of microstructure integrity. The MD

value measures the membrane density and fluid viscosity and is

rather insensitive to fiber changes. The RD and AD values are

the apparent diffusivity in the direction perpendicular and

parallel to the fibers, respectively. RD is sensitive to changes in

myelin and increases during demyelination. AD is variable to the

change of axon and increases with brain maturation (36, 37). In

this study, only significant differences were seen in MD and AD,

possibly due to small sample sizes included in both groups.

SLF plays an important role in language processing. Specifically,

parts of the SLF have existed since birth, which connects the temporal

cortex to the premotor cortex in the frontal lobe. While, the other

part develops later after birth which connects the temporal cortex

to the Broca’s cortex (23, 24). Thus, it is thought that these AVM

lesions may affect the formation of the left SLF. However, no

significant differences on the left SLF between two groups were

found. The whole bilateral SLF tractography showed no significant

difference between the patients and controls. These results were

consistent with the previous study (21), indicating a more complex

mechanism of the formation of SLF bilaterally along with the

development of AVM lesions.

After resampling SLF II and SLF III from the whole brain

tractography, significant differences were found in the SLF II of

the right hemisphere in the AVM group. The higher FA value in

the left SLF II, lower RD value in the left and right SLF II may

intensify the white matter integrity and myelination of SLF II in

both hemispheres. SLF II occupies the central core of the white

matter above the insula. It extends from the angular gyrus to the

dorsolateral prefrontal and premotor cortex. SLF III locates

ventrally to SLF II, in the parietal and frontal opercula. It

connects the supramarginal gyrus with the ventral premotor and
Frontiers in Radiology 06
prefrontal regions. SLF III was found to be the crucial fiber tract

in articulation, because patients with electrical stimulation on

SLF III have dysarthria and anarthria (38). However, neural

reorganization in SLF II was found to be more prominent than

in SLF III leading to a specific function in language processing.

Nevertheless, we found no significant diffusivity differences of

the SLF II and III between the AVM and control groups. As can

be seen from Figure 2, the left SLFs were largely affected by the

lesions, that may lead to a complex formation of these

subbranches, eliminating inter-group differences.

It should be mentioned that patients were grouped with lesions

damaging language-related tracts in this study, including SLF,

IFOF, AF and ILF. They were previously gathered with lesions in

a specific cortical region in another study (21). We aimed to

mitigate the inter-correlating effects of different cortex regions

but linked through same white matters. However, such a delicate

grouping method excludes more than half the patients in our

previous study, resulting in a small sample size. Confined by

clinical cases, AVM is a con disease with relatively small

population as compared to stroke or glioma. Small numbers of

patients possibly reduced the validity of the results. Futural work

could be anticipated to include more AVM patients and group

them according to individual damaged fiber tract.

Besides, this study has limitations. The number of fibers of

extracted SLF-II was rather small compared with the SLF-III.

More advanced acquisition methods, such as High angular

resolution diffusion imaging (39) and DSI (40), and analytical

models, such as constrained spherical deconvolution (41) and

UKF (25), need to be promoted in clinical studies and utilized to

overcome the crossing fiber constraints. In this way, more

quantitative parameters such as fiber density and shape could be

compared between groups to explore the underlying mechanisms

of SLF and other language-related tracts.
5. Conclusion

To the best of our knowledge, this is the first study to investigate

the language function of SLF branches in AVM patients. We

redefined the ROIs of the SLF branches and integrated in the AFQ

toolbox for the automatic isolation of subcomponents. The

diffusion matrices at each node on the two main branches of SLF

were subsequently calculated and analyzed. Language plasticity of

right SLF II were found in the AVM groups as compared to the

healthy controls. The detailed information about the microstructure

of SLF II, III and whole SLF offers the possibility to investigate the

structure-function relationship of other neurological diseases,

especially the function depending on three SLF subcomponents

such as emotion, and memory.
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