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Abstract

Declining auditory spatial processing is hypothesized to contribute to the difficulty older adults
have detecting, locating, and selecting a talker from among others in noisy listening environments.
Though auditory spatial processing has been associated with several cortical structures, little is
known regarding the underlying white matter architecture or how age-related changes in white
matter microstructure may affect it. The arcuate fasciculus is a target for understanding age-related
differences in auditory spatial attention based on normative spatial attention findings in humans.
Similarly, animal and human clinical studies suggest that the corpus callosum plays a role in the
cross-hemispheric integration of auditory spatial information important for spatial localization and
attention. The current investigation used diffusion imaging to examine the extent to which age-
group differences in the identification of spatially cued speech were accounted for by individual
differences in the white matter microstructure of the right arcuate fasciculus and the corpus
callosum. Higher right arcuate and callosal fractional anisotropy (FA) predicted better segregation
and identification of spatially cued speech across younger and older listeners. Further, individual
differences in callosal microstructure mediated age-group differences in auditory spatial
processing. Follow-up analyses suggested that callosal tracts connecting left and right pre-frontal
and posterior parietal cortex are particularly important for auditory spatial processing. The results
are consistent with previous work in animals and clinical human samples and provide a cortical
mechanism to account for age-related deficits in auditory spatial processing. Further, the results
suggest that both intrahemispheric and interhemispheric mechanisms are involved in auditory
spatial processing.
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Introduction

Interaural differences in sound intensity and timing provide important spatial information for
detecting, locating, selecting, and attending to a talker from among others in noisy listening
environments (for a review, see Rauschecker, 2018). Such “cocktail party” scenarios can
prove more challenging when auditory spatial processing degrades with age (for a review,
see Freigang et al., 2015). Though several cortical structures important for audition, spatial
perception, and attention are involved in auditory spatial processing, little is known
regarding the underlying interhemispheric and intrahemispheric white matter architecture or
how age-related changes in white matter structure may affect auditory spatial perception.

2. Age-related deficits in auditory spatial processing

3.

Older listeners, even those with clinically normal audiometric thresholds, typically exhibit
some level of difficulty identifying the location of an auditory signal (for a review, see
Freigang et al., 2015) and attending to a target signal in the presence of spatially-incongruent
competitors (Grady et al., 2007; Singh et al., 2008). These age-related deficits in auditory
spatial localization and attention are thought to contribute to the well-established difficulties
older listeners have communicating with others in complex listening environments (e.g.,
Foéllgrabe et al., 2015; Dubno et al., 1984). Individual differences in auditory nerve and
auditory brainstem function contribute to auditory spatial processing (e.g., Bharadwaj et al.,
2015; Harris et al., 2017). However, cortical asymmetries and cross-hemispheric processing
of spatial information have been found to be important for auditory spatial localization and
attention (e.g., Barrick et al., 2006; Grady et al., 2011; Greenwald and Jerger, 2001; Lewald
et al., 2016; Rauschecker, 2018). For example, the event-related potentials (ERPs) of older
listeners performing an interaural auditory spatial selective attention task exhibited longer
cross-hemispheric latencies and reduced amplitude asymmetries, which were hypothesized
to stem from age-related degradation of the corpus callosum (Greenwald and Jerger, 2001).

Interhemispheric auditory spatial processing

The corpus callosum, the primary commissure allowing for the interhemispheric transfer of
lateralized information, may serve a role in processing interaural information important for
auditory spatial perception. Extracellular recordings in cats (Poirier et al., 1995) and mice
(Rock and Apicella, 2015) suggest that the corpus callosum transfers information for sound
localization across hemispheres. Human callosotomy patients and listeners with callosal
agenesis exhibit significant deficits in their ability to localize and attend to sounds based on
interaural timing differences (Hausmann et al., 2005; see also Lepore et al., 2002; Poirier et
al., 1993). The extant animal and human studies, together with the considerable normative
and age-related variation in callosal morphology (Nusbaum et al., 2001; Pfefferbaum et al.,
2004), suggest that varied auditory spatial attention may be explained by individual
differences in callosal morphology.
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4. Intrahemispheric auditory spatial processing

Studies of stroke patients with visualspatial neglect have found that patients with lesions in
the superior longitudinal fasciculus (SLF), an association fiber tract connecting frontal,
parietal, temporal, and occipital cortices, exhibit moderate to severe hemifield neglect,
which is typically observed as left-hemifield neglect associated with right SLF damage (e.g.,
Carter et al., 2017; Chechlacz et al., 2010; Chechlacz et al., 2013; Karnath and Rorden,
2012; Karnath et al., 2009; Meola et al., 2015; Molenberghs et al., 2012; Thiebaut de
Schotten et al., 2012; Urbanski et al., 2011; Vaessen et al., 2016). These studies and the
broader attention literature suggest that the SLF supports visual spatial attention. However,
few studies have examined the generalizability of the SLF to the processing of spatial
information accessible from other sensory modalities, nor have many studies examined the
degree to which individual differences in intact SLF structure relate to spatial processing in
healthy individuals (e.g., Suchan et al., 2014).

It has been hypothesized that the right arcuate fasciculus, the segment of the SLF connecting
frontal, parietal, and temporal cortices, is important for transferring auditory spatial
information to cortical areas typically found to be involved in spatial attention (Barrick et al.,
2006; Griffiths et al., 2000; Griffiths et al., 1998; Huang et al., 2014). However, few studies
have directly investigated the degree to which individual differences in right arcuate
structure relate to auditory spatial processing.

5. Current investigation

Interhemispheric and intrahemispheric processing of auditory spatial information suggests
that both interhemispheric and intrahemispheric white matter tracts play a role in auditory
spatial processing. Past studies have suggested that the corpus callosum and the right arcuate
fasciculus are involved, but the degree to which individual differences in intact callosal and
arcuate structure relate to the auditory spatial processing of younger and older listeners has
not been thoroughly investigated. Importantly, even healthy older adults typically exhibit
evidence of degraded white matter microstructure, characterized by reduced fractional
anisotropy (FA) and increased mean diffusivity (MD), which is thought to result from
demyelination, reduced cellular membrane density, and changes to myelin structure and
fluid viscosity (Alexander et al., 2011; Feldman et al., 2010; Ota et al., 2006; Salat et al.,
2005; Teubner-Rhodes et al., 2016). Age-related differences in callosal and right arcuate
microstructure and their apparent role in auditory spatial processing guides the hypothesis
that age-related differences in auditory spatial processing can be accounted for, at least
partially, by individual differences in callosal and right arcuate microstructure. To test this
hypothesis, we first used diffusion-weighted magnetic resonance imaging (DW-MRI) to
compute scalars for the callosal, right and left anterior SLF (the SLF segment projecting
between frontal and parietal cortex, Catani, Jones, & ffytche, 2005), and right and left
arcuate fasciculus (the SLF long branch projecting between frontal and temporal cortex;
Catani et al., 2005) microstructure of normal-hearing younger and older listeners. Next, we
evaluated the degree to which individual differences in white matter microstructure predicted
the ability of younger and older listeners to localize, attend, and identify a spoken digit
stream while a competing digit stream was presented in a different location. Finally, we
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examined whether individual differences in white matter microstructure accounted for age-
group differences in the auditory spatial task. Hearing thresholds, processing speed, and
attentional control were also considered as potential influences on auditory spatial
processing.

6. Method

6.1. Participants

Participants included 47 adults (22 younger:19-30 years of age, 16 women; 25 older: 56-82
years of age, 18 women). Younger participants generally consisted of graduate student
volunteers from the Medical University of South Carolina and undergraduate and graduate
student volunteers from the College of Charleston, many of whom previously participated in
hearing studies. Older participants consisted of volunteers from an ongoing longitudinal
study on preshycusis and volunteers from the greater Charleston, SC community. Many
participants, both younger and older, were familiar with laboratory testing but were
unfamiliar with the tests employed in the current investigation. All participants were native
English speakers with little to no cognitive impairment, having completed the Mini-Mental
State Examination (Folstein et al., 1983) with no more than 3 errors. Handedness was
determined using the Edinburgh Handedness Inventory (Oldfield, 1971). All but one
younger and two older participants were right-handed. The three left-handed participants
performed well within the range of the right-handed participants in all experimental tasks
and were not found to exhibit any obvious cortical structural differences. This study was
approved by the Institutional Review Board of the Medical University of South Carolina and
all participants provided written informed consent prior to participation.

6.2. Audiometric thresholds

Pure-tone audiometric thresholds at conventional frequencies were tested using TDH-39
headphones connected to a Madsen Astera? clinical audiometer calibrated to appropriate
American National Standards Institute (ANSI) specifications (ANSI, 2010). Because the
purpose of the current investigation was to evaluate the degree to which age-group
differences in auditory spatial processing are accounted for by variability in white matter
microstructure, hearing loss was limited in older participants. All participants had
audiometric thresholds less than or equal to 40 dB HL at conventional audiometric
frequencies from 250 Hz to 4,000 Hz. All participants had interaural asymmetries less than
or equal to 15 dB HL. Average audiometric thresholds for both ears are shown in Fig. 1.

6.3. Interaural time difference digit segregation task

Auditory spatial processing was evaluated behaviorally using a digit segregation task
previously found to relate to low-level auditory spatial processing in the auditory nerve
(Harris et al., 2017) and auditory brainstem (Bharadwaj et al., 2014) and is similar to
auditory segregation tasks used to evaluate auditory spatial localization and selective
attention (e.g., Falkenberg et al., 2011; Lewald et al., 2016; Oberfeld and Kléckner-
Nowotny, 2016; Singh et al., 2008). The digits “one”, “two”, “three”, and “four” were
spoken aloud by a female speaker and monotonized at 184 Hz (close to the natural pitch of
the speaker). Participants were presented with two simultaneous sequences of three

Neuroimage. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dias et al.

Page 5

randomly selected digits on each trial. The two sequences were differentially spatialized to
the left and right of midline by varying their interaural time difference (ITD). Prior to
presentation of the sequences, a target sequence was cued by an auditory noise cue presented
at the same ITD as the target sequence and a light on a response box (either left or right).
Target direction was randomized across trials and ITD was randomized at 100, 200, 300,
400, 800, or 1,200 ps. Each ITD was used 210 times. Following presentation of the digit-
sequences, participants were asked to input the three digits from the target sequence into a
response box in the order they were heard. Feedback was provided after each response. A
green light indicated that all three digits were correctly identified in the correct order. A
yellow light indicated that two digits were correctly identified in the correct order. A red
light indicated that fewer than two digits were correctly identified. Serial recall (the number
of target digits correctly identified sequentially) was averaged across trials for each ITD and
served as our measure of auditory spatial processing. Testing was performed in a sound
attenuated booth and stimuli were presented through ER 3C insert earphones at 70 dB SPL
using custom MATLAB scripts, a Tucker-Davis Technologies RZ6 Auditory Processor, and
a custom response box. All participants completed the digit segregation task.

6.4. Connections Test

The Connections Test was used to determine whether individual differences in processing
speed and attentional control accounted for variability in auditory spatial processing. The
Connections Test (Salthouse et al., 2000), a variant of the Trail Making Test (Reitan, 1958,
1992), involves connecting circled letters and/or numbers in alpha-numeric order. The
characters are pseudo-randomly organized in 7x7 arrays on 8.5”x11” sheets of paper.
Characters are organized such that sequential targets are located in adjacent locations so as
to limit the motor requirements for the test (Salthouse et al., 2000). On each trial,
participants were asked to draw connections between targets using a pen, making as many
connections as possible within 20 s without making an error. This involves locating and
identifying targets, determining the next target, and locating, identifying, and responding to
the next sequential target. If an error was made, the participant was asked to correct the error
before continuing. The simple forms of the test involve connecting letters or numbers.
Scores are averaged across two trials connecting letters and two trials connecting numbers.
The complex forms of the test involve connecting alternating numbers and letters in alpha-
numeric order. Scores are averaged across two trials starting with a letter and two trials
starting with a number. The complex forms engage the perceptuomotor skills required for
the simple forms, but with the addition of switching between numbers and letters, engaging
attentional control. The Connections Test is postulated to measure both perceptuomotor
processing speed (simple forms) and attentional control (complex forms). Metrics for
perceptuomotor processing speed and attentional control derived from the Connections test
are strongly associated with scores on other perceptual processing speed and attentional
control tasks (Salthouse et al., 2000; Salthouse, 2005, 2011). The simple test scores were
regressed from the complex scores to create a residualized complex score that represented
the attentional control demands of the complex test without the perceptuomotor demands of
the simple and complex tests (e.g., Eckert et al., 2010; Salthouse et al., 2000). All but one
younger and one older participant completed the Connections Test.
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6.5. Quick Speech-in-Noise Test

While auditory spatial processing is important for detecting, locating, and selecting the
speech of a target talker within a noisy environment, spatial information is often omitted or
diminished in clinical assessments of speech audibility in noise. To evaluate the extent to
which white matter microstructure accounted for variability in spatial processing of speech
specifically, as opposed to general speech processing, our participants also completed the
Quick Speech-in-Noise Test (QuickSIN). QuickSIN is employed in clinical settings to
measure speech-in-noise audibility. Sentence stimuli are presented monaurally in multi-
talker babble, providing no interaural spatial information. Speech-in-noise performance is
quantified as a single metric of signal-to-noise ratio loss (SNR loss) (Niquette et al., 2001).
SNR loss is determined by computing the average number of keywords (out of 5) correctly
identified in each sentence at each SNR (25, 20, 15, 10, 5, and 0 dB SNR), summing the
averages, and subtracting the sum from 30. Higher SNR loss indicates worse speech-in-noise
identification. Testing was performed in a sound attenuated booth and stimuli were presented
through TDH-39 headphones at 70 dB HL using a combination of an Onkyo Compact Disk
Player and an Interacoustics Audio Traveler (AA222). 20 younger and 23 older participants
completed the QuickSIN test. One older and one younger participant were removed from
analyses for having SNR loss more than two standard deviations above and below the mean
across age-groups, respectively.

6.6. Diffusion imaging

Tractography analyses were performed to examine the extent to which callosal white matter
microstructure predicted auditory spatial processing and accounted for age-group differences
in auditory spatial processing. Magnetic resonance imaging (MRI) was performed using a
Siemens 3T Prismalit scanner equipped with a 32-channel head coil. First, T1-weighted
images were acquired. Scan parameters: GRAPPA with acceleration factor = 3, TR = 5000
ms, TE = 2.98 ms, flip angle = 4°, 176 slices with a 256 x 256 matrix, slice thickness = 1.0
mm, and no slice gap. Next, diffusion imaging was acquired. Scan parameters: TR = 3100
ms, TE = 80 ms, flip angle = 90°, voxel size = 2.5 x 2.5 x 2.5 mm, 64 directions, FOV = 220
mm with 100% phase Fourier, and b-values = 0, 1000, 2000 s/mmZ. Diffusion tensor
imaging (DTI) scalars of FA were calculated at b = 1000 s/mm?2.

Eddy current correction and tensor fitting was performed using FSL (Smith et al., 2004).
Participants’ diffusion images were coregistered to their native space T1 images using SPM
8 (Ashburner et al., 2013). Whole brain deterministic streamlines tractography was
performed using Automatic Fiber Quantification (AFQ) and mrDiffusion (Yeatman et al.,
2012). Streamlines were included if they met the default settings; angle <30°, FA > 0.2, and
tract lengths between 50 and 250 mm. These criteria were used to improve fiber tracking
accuracy by controlling for noise in the diffusion tensor data and regions where fiber
orientations can be unclear when crossing fibers are present (Yeatman et al., 2012). The
corpus callosum fiber group, SLF (anterior branch), and arcuate fasciculus (SLF long
branch) fiber tracts were extracted from the whole brain streamlines. The callosum fiber
group was created by selecting streamlines that passed through the corpus callosum. The
right and left SLF fiber tracts were created by selecting streamlines that passed through
waypoint regions of interest (ROISs) in the frontal cortex and in the parietal cortex in the right
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and left hemisphere, respectively. The right and left arcuate fiber tracts were created by
selecting streamlines that passed through waypoint ROls in the frontal cortex and in the
temporal cortex in the right and left hemisphere, respectively. Streamlines in a tract were
excluded when they failed to meet the minimum angle, FA, and/or length values described
above. Missing data occurred when the tract had too few streamlines. The callosal fiber
group, right SLF, and left arcuate were defined and measured in all 47 participants. The left
SLF was defined and measured in 46 participants (22 younger, 24 older) and the right
arcuate fasciculus was defined and measured in 45 participants (21 younger, 24 older).
Scalars for white matter microstructure — fractional anisotropy (FA) and mean diffusivity
(MD) — were measured for the whole-brain white matter and the corpus callosum of each
participant by averaging the FA and MD values across the streamlines that comprised each
of these large fiber group. The streamlines that comprised the right and left SLF and the
right and left arcuate were core-weighted and their FA and MD values were averaged across
the length of each fiber tract for each participant. Representative examples of the callosal
fiber group and arcuate and SLF tracts are provided in Figs. 2-4, respectively. FA is a
measure of the degree to which diffusion is anisotropic and is often used as a general
measure of microstructural integrity. MD is a measure of the net degree of fluid
displacement typically associated with cellular membrane density and fluid viscosity.
Generally, healthy white matter is characterized by higher FA and lower MD (Alexander et
al., 2011; Feldman et al., 2010).

Post hoc analyses of different sections of the corpus callosum were accomplished by
segmenting the callosal fiber group using AFQ’s “AFQ_SegmentCallosum” function. The
“AFQ_SegmentCallosum” function produces eight callosal fiber tracts using inclusive
regions of interest that are located in the left and right orbitofrontal, pre-frontal, superior
frontal, motor, superior parietal, posterior parietal, occipital, and temporal cortex. However,
the default superior parietal tract includes projections between homologous somatosensory
cortex, as well as the anterior portions of the superior and inferior parietal lobules. To
improve specificity, this default superior parietal tract was split into two separate tracts, one
that terminates in somatosensory area and one that terminates in the superior and inferior
parietal lobules. These two new tracts are designated “somatosensory” and “superior
parietal”, respectively. The resulting nine callosal fiber tracts segment the corpus callosum
into different interhemispheric tracts from anterior to posterior, allowing us to investigate
whether the relationship we observed between callosal microstructure and auditory spatial
processing varies depending on what area of the corpus callosum is examined. Fig. 2 color-
codes the callosal fiber group to illustrate the different tracts mapped by AFQ. The average
core-weighted FA and MD for each callosal tract was computed for each participant and
used for analysis. Of our 47 participants, interhemispheric callosal tracts were defined and
measured for the anterior frontal area of 47 (22 younger, 25 older), the superior frontal area
of 46 (22 younger, 24 older), the motor area of 45 (22 younger, 23 older), the somatosensory
area of 42 (21 younger, 21 older), the superior parietal area of 45 (22 younger, 23 older), the
posterior parietal area of 46 (22 younger, 24 older), the occipital area of 47 (22 younger, 25
older), the temporal area of 46 (22 younger, 24 older), and the orbitofrontal region of 21 (12
younger, 9 older). Orbitofrontal tracts can be difficult to identify reliably because of
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susceptibility artifacts common in this region for echo-planar sequences. As such, the
orbitofrontal tract was not considered in our post-hoc analyses.

Experimental design and statistical analysis

First, to consider the covariance among our variables, ad hoc Pearson product-moment
correlation analyses were conducted and reported in Table 1. Age-group was dummy coded
such that younger participants were coded as zero and older participants were coded as one.
To determine the extent to which the corpus callosum, SLF, and arcuate fasciculus related to
ITD digit segregation after accounting for whole-brain white matter, partial correlations
controlling for whole-brain white matter microstructure (the average FA and MD across the
whole brain streamlines) were conducted between ITD digit segregation and these white
matter structures.

Linear mixed-effects regression (LMER) (Bliese, 2013) models were then tested to
determine the extent to which audiometric thresholds and white matter microstructure
accounted for age-group differences in auditory spatial processing. LMER is commonly
used to test hypothesis-driven relationships between predictor and outcome variables while
accounting for cluster-level attributes (i.e., nested variables such as ITD). Like linear
regression, the coefficients of each predictor in a LMER model represent the relationship
between that predictor and the outcome variable after accounting for the variance in the
outcome variable already explained by all other predictors in the model. For the current
investigation, a theory-guided hierarchical approach was used to test separate hypothesis-
driven models that examined the degree to which the relationship between ITD digit
segregation and age-group was accounted for by audiometric thresholds and white matter
microstructure after controlling for ITD. Model testing was accomplished by comparing the
total amount of variance explained by a model with age-group as a predictor to the total
amount of variance explained by a model with a predictor we hypothesized would account
for the relationship between ITD digit segregation and age-group. If the addition of the
predictor improved model fit (i.e. the model accounted for significantly more variance in
ITD digit segregation) and the relationship between age-group and ITD digit segregation did
not change, then that additional predictor accounted for variance in ITD digit segregation
that is independent of the variance accounted for by age. However, if the addition of the
predictor improved model fit and changed'the relationship between age-group and ITD digit
segregation, it suggests that the predictor accounted for (at least some) of the age-related
variance in ITD digit segregation. If the addition of the predictor failed to improve model fit,
then it was excluded from the model (e.g., Bates et al., 2015; Cohen et al., 2003; Dias et al.,
2018; Gelman and Hill, 2007; Lewis, 2007).

Structural equation models (SEMs) were then constructed to test the degree to which
callosal microstructure, right arcuate microstructure, and attentional control mediate age-
group differences in ITD digit segregation. Similar to LMER, SEM is a valuable statistical
tool for testing hypothesis-driven relationships between predictor and outcome variables.
SEM has the added benefit of being able to test for mediation effects between predictor and
outcome variables using path analysis. We evaluated the degree to which age-group
differences in auditory spatial processing, a latent variable comprised of digit segregation

Neuroimage. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dias et al.

7.

Page 9

across the six spatial 1TDs, was mediated by callosal and right arcuate microstructure and
attentional control.

Finally, post-hoc analyses were conducted to determine whether the relationship we
observed between callosal microstructure and ITD digit segregation was dependent on
specific segments of the corpus callosum. The same SEM from above was tested by
substituting the microstructure of the entire corpus callosum with the microstructure of each
of the eight callosal tracts.

All statistical analyses were performed in R using the Ime4 (Bates et al., 2015) and lavaan
(Rosseel, 2012) packages. All significant descriptive correlation analyses involving ITD
digit segregation shown in Table 1 were found to survive correction for inflated family-wise
error using the Benjamini-Hochberg procedure. Partial correlations were performed to
determine the extent to which significant white matter relationships with ITD digit
segregation were resilient to controlling for whole brain white matter FA and MD variance
and are also shown in Table 1.

Results

7.1. Age and diffusion metrics relate to ITD digit segregation

ITD digit segregation was significantly related to age-group and to corpus callosum FA and
right arcuate FA after controlling for whole-brain white matter microstructure. Since
perceptuomotor processing speed was not found to be related to ITD digit segregation and
SNR loss was not found to be related to ITD digit segregation or age-group (Table 1), we did
not include them in further analyses.

Apparent in Fig. 5 are trends suggesting that ITD digit segregation improved as ITD
increased to about 400 ps but declined for the longer 800 ps and 1200 ps conditions. To
determine whether these trends were significant, orthogonal linear and quadratic contrasts
were fit to the ITDs. We then tested a LMER model with ITD digit segregation as the
outcome variable and age-group, the linear ITD contrast, and the quadratic ITD contrast as
fixed factors, and participant as a random factor. Age-group significantly predicted ITD digit
segregation, B = —0.141 (SE = 0.046), p = -0.399 (SE = 0.131), t(45) = —3.055, p = 0.004.
The linear contrast also significantly predicted ITD digit segregation, suggesting that digit
segregation improved as ITD increased from 100 to 1200 us, B = 0.002 (SE = 0.001), p =
0.038 (SE=.016), t(233) = 2.402, p = 0.017. The quadratic contrast was also a significant
predictor, suggesting that digit segregation was best at intermediate ITDs, B = 0.005 (SE =
0.001), p = 0.113 (SE = 0.016), t(233) = 7.223, p < 0.001. The results are similar to those
reported in classic studies finding that spatial perception of nonspeech sounds increases,
peaks, and then declines as ITDs become larger (Blodgett et al., 1956; Klumpp and Eady,
1956).

Adding average audiometric thresholds for the left and right ears to this model failed to
improve model fit, Xz(l) =0.041, p = 0.840, and audiometric thresholds failed to account
for a significant amount of the variability in ITD digit segregation accounted for by age-
group. The following sections examine the extent to which age-group differences in ITD
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digit segregation were accounted for by the corpus callosum FA and the right arcuate FA
associations with ITD digit segregation.

7.2. Interhemispheric white matter fibers account for age-group differences in ITD digit

segregation
Adding callosal FA as a predictor to the age-group model from above improved model fit,
Xz(l) =4.152, p = 0.042. ITD digit segregation continued to be predicted by the linear ITD
contrast, B = 0.002 (SE = 0.001), p = 0.038 (SE = 0.016), t(233) = 2.402, p = 0.017, and
quadratic ITD contrast, B = 0.005 (SE = 0.001), p = 0.113 (SE=.016), t(233) = 7.223, p <
0.001. Callosal FA also significantly predicted ITD digit segregation, B = 1.543 (SE =
0.765), p = 0.296 (SE = 0.147), t(44) = 2.016, p = 0.050. However, age-group no longer
proved a significant predictor, B = —.088 (SE = 0.052), p = —0.248 (SE = 0.147), t(44) =
-1.690, p = 0.098. The results suggest that age-group differences in ITD digit segregation
may be accounted for by individual differences in callosal FA. The interaction between age-
group and callosal FA failed to improve model fit, Xz(l) =0.361, p = 0.548, and did not
significantly predict ITD digit segregation. This result demonstrates that callosal FA and
ITD digit segregation did not exhibit different patterns of covariance in older and younger
adults, as shown in Fig. 6 where the relationship between callosal FA and ITD digit
segregation is presented.

7.3. Intrahemispheric white matter fibers account for age-independent differences in ITD

digit segregation
The age-group model from above was retested on the subset of 45 participants with
measured right arcuate microstructure. ITD digit segregation was significantly predicted by
age-group, B = -0.138 (SE = 0.048), p = —0.385 (SE = 0.135), t(43) = -2.860, p = 0.007, the
linear ITD contrast, B = 0.002 (SE = 0.001), p = 0.033 (SE=.016), t(223) = 2.092, p = 0.038,
and the quadratic ITD contrast, B = 0.005 (SE = 0.001), p = 0.111 (SE = 0.016), t(223) =
6.969, p < 0.001. Adding right arcuate FA as a predictor to this model improved model fit,
Xz(l) =90.483, p = 0.002. ITD digit segregation continued to be predicted by age-group, B =
-0.130 (SE = 0.044), B = —0.365 (SE = 0.123), t(42) = -2.968, p = 0.005, the linear ITD
contrast, B = 0.002 (SE = 0.001), p = 0.033 (SE = 0.016), t(223) = 2.092, p = 0.038, and the
quadratic ITD contrast, B = 0.005 (SE = 0.001), p = 0.111 (SE=.016), t(223) = 6.969, p <
0.001. Right arcuate FA also significantly predicted ITD digit segregation, B = 1.303 (SE =
0.415), p = 0.386 (SE = 0.123), t(42) = 3.139, p = 0.003. The results suggest that age-group
differences in ITD digit segregation were not accounted for by individual differences in right
arcuate FA, but right arcuate FA independently accounted for variability in ITD digit
segregation. Adding an interaction term for age-group and right arcuate FA also failed to
improve model fit, Xz(l) =0.181, p = 0.671, suggesting the relationship between right
arcuate FA and ITD digit segregation was not significantly different between age-groups.
The relationship between right arcuate FA and ITD digit segregation is represented in Fig. 7.

7.4. SEM for age-related and normative variation in ITD digit segregation

The interhemispheric LMER models from above found that individual differences in callosal
FA accounted for the variance in ITD digit segregation explained by age-group, suggesting
that callosal FA could have mediated age-group differences in ITD digit segregation. The
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intrahemispheric LMER models from above found that individual differences in right
arcuate FA accounted for variability in ITD digit segregation independent of age-group,
suggesting a normative individual difference effect. An SEM model was constructed to
determine the degree to which callosal FA and right arcuate FA independently predict and
mediated age-group differences in ITD digit segregation. The SEM model is reported in Fig.
8A. The parameter estimates for the full model are reported in Table 2. Age-group predicted
callosal FA and callosal FA predicted ITD digit segregation. Age-group did not predict right
arcuate FA, but as shown earlier, right arcuate FA predicted ITD digit segregation. The SEM
results suggest that right arcuate FA and Callosal FA independently predicted ITD digit
segregation, but only callosal FA mediated age-group differences in ITD digit segregation.

Interestingly, attentional control was found to relate to both ITD digit segregation and right
arcuate FA, but was unrelated to age-group (Table 1). This pattern of relationships may
suggest that attentional control plays a role in the relationship between right arcuate FA and
ITD digit segregation. The SEM model was updated to incorporate these relationships,
depicted in Fig. 8B. The model fit and parameter estimates for the full model are reported in
Table 3. Overall model fit did not significantly change, X2(8) =1.167, p=0.997.

In summary, the SEMs suggest that individual differences in callosal microstructure and
right arcuate microstructure have independent roles in ITD digit segregation. Individual
differences in callosal microstructure may mediate age-group differences in ITD digit
segregation and attentional control may play a role in the relationship between right arcuate
microstructure and ITD digit segregation (Fig. 9).

Post-hoc analyses

As described above, different callosal fibers projecting from different sections of the corpus
callosum were mapped and measured using AFQ’s “AFQ_SegmentCallosum” function.
Reported in Table 4, age-group was negatively associated with the FA of each of the callosal
tracts with the only exception being the callosal tract connecting left and right temporal lobe.
These significant relationships survived correction for inflated family-wise error using the
Benjamini-Hochberg procedure. The FA values for each of these tracts substituted the
callosal FA values in separate SEMs based on the model in Fig. 8A to determine which of
these callosal tracts predicted ITD digit segregation and mediated age-group differences
after accounting for right arcuate FA. A summary of the parameter estimates for the
structural model of each tract are reported in Table 5. The only callosal tracts found to be
significant predictors of ITD digit segregation and mediated age-group differences in ITD
digit segregation after accounting for right arcuate microstructure were the callosal tracts
connecting left and right pre-frontal cortex and left and right posterior parietal lobe.

8. Discussion

Higher callosal FA predicted better ITD digit segregation in younger and older listeners. The
results build upon studies finding the corpus callosum and the interhemispheric
communication of auditory spatial information important for auditory spatial perception
(Hausmann et al., 2005; Lepore et al., 2002; Poirier et al., 1993, 1995; Rock and Apicella,
2015). Higher, right arcuate FA also predicted better ITD digit segregation in younger and
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older adults, consistent with the hypothesized role of the right arcuate fasciculus in auditory
spatial attention (Barrick et al., 2006). Importantly, callosal and right arcuate FA accounted

for independent variance in ITD digit segregation, suggesting that individual differences in

interhemispheric and intrahemispheric white matter microstructure contribute to variability
in auditory spatial processing.

8.1. Interhemispheric white matter accounts for age-group differences in auditory spatial

processing

Older listeners were found to have lower callosal FA and individual differences in callosal
FA were found to mediate age-related deficits in ITD digit segregation. Our post-hoc SEMs
suggested that the relationship between callosal microstructure and ITD digit segregation
varies depending on which callosal fibers are concerned. Age-related declines in callosal
microstructure may degrade spatial information communicated across hemispheres and
negatively impact auditory spatial processing. The results provide structural support for
findings suggesting interhemispheric processing is important for auditory spatial perception
(e.g., Grady et al., 2011; Greenwald and Jerger, 2001; Lewald et al., 2016; Rauschecker,
2018). The results also provide a cortical mechanism to account for age-related deficits in
auditory spatial processing (Freigang et al., 2015; Freigang et al., 2014; Gallun et al., 2009;
Greenwald and Jerger, 2001; Hawkins and Wightman, 1980; Smoski and Trahiotis, 1986).

Age-group differences in FA across callosal tracts suggests that the callosal results are not
due to a differential pattern of aging in the fibers passing through the genu and splenium
compared to the body of the corpus callosum. Instead, the results suggest a more specific
mapping of callosal projections between cortical structures that support auditory spatial
processing. The differentiation in the callosal tracts that are important for spatial processing
suggests that the interhemispheric integration of auditory spatial information is
accomplished in specific cortical structures. Pre-frontal cortex integrates auditory (and
visual) spatial information with working memory, attention, and sensorimotor mechanisms
to guide behavior (Bushara et al., 1999; Lewald et al., 2008; Rauschecker, 2018), while
posterior parietal cortex represents spatial information relative to body position (Cohen et
al., 2005; Lewald et al., 2002; Lewald et al., 2004). These broad cortical areas may be
important sites for integrating intrahemispheric spatial information transmitted across the
corpus callosum.

Temporal lobe projections of the corpus callosum were not significantly associated with ITD
digit segregation. This negative result may indicate that some aspects of auditory spatial
processing are performed with direct input from the auditory nerve (Harris et al., 2017) and
auditory brainstem (Bharadwaj et al., 2014, 2015) before information is integrated across
hemispheres via the corpus callosum. In addition, callosal fibers projecting to the temporal
lobe must tangentially cross other major fiber bundles, which negatively affects fiber
tracking and diffusion metrics (Jarbo et al., 2012), and thus diminishes sensitivity for
characterizing individual differences in ITD digit segregation. This premise is supported by
the absence of an age-group association with the temporally projecting callosum fibers.
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8.2. Attentional control reflects the role of the right arcuate in auditory spatial processing

Attentional control, as measured using the Connections Test, also predicted ITD digit
segregation. This is not unusual considering the attentional demands of the task, which
require a listener to localize and attend to a spoken digit stream in one location while a
competing digit stream is spoken in another location. Similar to right arcuate FA, attentional
control was unrelated to age-group and did not mediate age-group differences in ITD digit
segregation. However, attentional control was related to right arcuate FA. Our SEM (Fig.
8B) demonstrated that attentional control can mediate the role of arcuate FA in ITD digit
segregation. The relationships are consistent with the hypothesized role of the right arcuate
in spatial attention (Barrick et al., 2006) and the attentional demands of the ITD digit
segregation task.

8.3. Additional caveats

Evidence largely coming from stroke patients with visual spatial neglect suggests that the
SLF is important for visual spatial attention (e.g., Carter et al., 2017; Chechlacz et al., 2010;
Chechlacz et al., 2013; Karnath and Rorden, 2012; Karnath et al., 2009; Meola et al., 2015;
Molenberghs et al., 2012; Suchan et al., 2014; Thiebaut de Schotten et al., 2012; Urbanski et
al., 2011; Vaessen et al., 2016). The current investigation found that the long branch of the
SLF, the arcuate fasciculus, was related to ITD digit segregation, but the anterior portion of
the SLF was not. The failure of the anterior SLF to predict ITD digit segregation may be due
to the susceptibility of fiber tracts to noise resulting from crossing fibers and pruning errors,
which can affect measurements of FA (Beaulieu, 2002; Jones et al., 2013; Madler et al.,
2008). Alternatively, the failure of the anterior SLF to predict ITD digit segregation may
suggest that the relationship between the SLF and auditory spatial attention is specific to
fibers terminating in the frontal and temporal cortices. This differentiation is relevant for
determining which SLF fibers are important for auditory and visual spatial attention. The
results may also be important for better understanding the underlying neural pathology
associated with auditory and visual attentional neglect.

It may be surprising that SNR loss did not relate to age-group. However, this is consistent
with other studies examining QuickSIN performance among groups of older listeners that
are high-functioning and have limited hearing loss (e.g., McClaskey et al., 2019; Sheft et al.,
2012). More interesting is the lack of a relationship between SNR loss and ITD digit
segregation, which may suggest that the subtle individual differences in speech-in-noise
identification among normal hearing younger and older listeners as measured by QuickSIN
are not sensitive enough to account for variability in ITD digit segregation. Alternatively, the
lack of a relationship may suggest that the ability to identify speech in noise is largely
unrelated to the ability to localize, attend, and identify spatially cued speech. Future studies
should use more sensitive measures of speech-in-noise identification to better elucidate the
degree to which speech-in-noise performance plays a role in auditory spatial attention.

9. Conclusion

The ability to detect, locate, and select a talker from among others is important for
effectively communicating in noisy listening environments. Age-related deficits in the
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peripheral and central nervous system can have detrimental effects on the capacity to use
auditory spatial information to successfully communicate within such “cocktail party”
scenarios. Much of the extant literature focuses on the capacity of older adults to identify
speech within the noise of such environments, with little regard for other factors that
contribute to effective speech communication, including auditory spatial processing
(auditory spatial localization and attention). The results of the current investigation suggest
that individual differences in callosal and right arcuate microstructure are important for
selecting and identifying the speech of one talker from another spatially discriminant talker.
The corpus callosum may facilitate interhemispheric integration of information important for
auditory spatial processing. Further, age-related deficits in callosal microstructure may
degrade auditory spatial information communicated across hemispheres, negatively
impacting sound localization and attention and perhaps contributing to the difficulties older
listeners have communicating in complex listening environments.
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Audiometric thresholds of younger and older participants. Open squares indicate older
listeners and filed circles indicate younger listeners. Error bars indicate 95% confidence
intervals.
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Younger Female der Female

Fig. 2.
Tract renderings of the callosal fiber group and the fiber tracks mapped and quantified by

AFQ_SegmentCallosum in a younger (left) 27 yo female participant with good ITD digit
segregation and an older (right) 68 yo female participant with poor ITD digit segregation.
Anterior to posterior: green = anterior frontal, gold = superior frontal, turquoise = motor,
orange = somatosensory, violet = superior parietal, blue = posterior parietal, red = occipital,
silver = temporal.
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Younger Female Older Female

Fig. 3.
Tract renderings of the right arcuate fasciculus with corresponding waypoint regions of

interest in a younger (left) 27 yo female participant with good ITD digit segregation and an
older (right) 68 yo female participant with poor ITD digit segregation.
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Younger Female der Female

Fig. 4.
Tract renderings of the right superior longitudinal fasciculus (SLF) with corresponding

waypoint regions of interest in a younger (left) 27 yo female participant with good ITD digit
segregation and an older (right) 68 yo female participant with poor ITD digit segregation.
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The proportion of numbers correctly sequentially identified in the ITD digit segregation task
by older and younger listeners. Open squares indicate older listeners and filled circles
indicate younger listeners. Error bars indicate 95% confidence intervals.

Neuroimage. Author manuscript; available in PMC 2021 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Dias et al.

Page 24

1.0- Age Group
o O Older
0 @ ® Younger
9 ® (Y
® [ ] [ J
@

ITD Digit Segregation

T

T T T T
425 450 475 500 525 550
Callosal FA

Fig. 6.
Scatter plot representing the relationship between callosal FA and ITD digit segregation.

Open squares indicate older listeners and filled circles indicate younger listeners. The solid
line represents a significant positive relationship across age-groups.
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Fig. 7.
Scatter plot representing the relationship between right arcuate FA and ITD digit

segregation. Open squares indicate older listeners and filled circles indicate younger
listeners. The solid line represents a significant positive relationship across age-groups.
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A) The structural equation model (SEM) used to test the degree to which callosal FA and

arcuate FA mediate age-group differences in ITD digit segregation. B) The SEM in A

modified to include attentional control as a potential mediator of the relationship between

right arcuate FA and ITD digit segregation. Bold values represent significant model

parameters.
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Scatter plot representing the relationship between attentional control (standardized residuals
after regressing simple connections scores from complex connections scores) and ITD digit
segregation. Open squares indicate older listeners and filled circles indicate younger
listeners. The solid line represents a significant positive relationship across age-groups.
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Table 2

Parameter estimates for the structural equation model (SEM) testing the mediation effects of callosal FA and
right arcuate FA on age-group differences in ITD digit segregation.

Parameter Estimate B SE B SE z P

Measurement Model Estimates

Spatial Hearing — 1TD 100 ms 1.000 0.000 0931 0.020 45.844 <0.001
Spatial Hearing — 1TD 200 ms 1.426  0.096 0.976 0.008 126.417 <0.001
Spatial Hearing — 1TD 300 ms 1.479 0.094 0.987 0.005 204556 <0.001
Spatial Hearing — 1TD 400 ms 1.493 0.097 0.982 0.006 164.047 <0.001
Spatial Hearing — 1TD 800 ms 1.442 0.094 0.981 0.006 155.790 <0.001
Spatial Hearing — 1TD 1200 ms 1.228 0.090 0.958 0.013 74.703 <0.001
Error in ITD 100 0.002 0.001 0.132 0.038 3.499 <0.001
Error in ITD 200 0.001  0.000 0.047 0.015 3.116 0.002
Error in ITD 300 0.001 0.000 0.026 0.010 2.757 0.006
Error in ITD 400 0.001 0.000 0.035 0.012 2.958 0.003
Error in ITD 800 0.001  0.000 0.037 0.012 2.994 0.003
Error in ITD 1200 0.002 0.000 0.082 0.025 3.329 0.001
Error in ITD Digit Segregation 0.012 0.003 0.835 0.100 8.340 <0.001
Error in Callosal FA 0.001  0.000 0.773  0.103 7.473 <0.001
Error in Right Arcuate FA 0.003 0.001 0.997 0.016 62.882 <0.001
Error in Age-Group 0.249 0.000 1.000 0.000 NA NA
Structural Model

Age-Group — Callosal FA -0.031 0.008 -0.477 0.108 -4.396 <0.001
Age-Group — Right Arcuate FA -0.006 0.016 -0.053 0.149 -0.359 0.719
Callosal FA — ITD Digit Segregation 1.094 0521 0.290 0.131 2.204 0.028

Right Arcuate FA — ITD Digit Segregation 0.645 0.319 0.278 0.132 2.110 0.035

Note: X2(26) =64.114, p < 0.001, AIC = -1084.587, BIC = -1052.067.

1duosnuey Joyiny

1duosnuen Joyiny

Neuroimage. Author manuscript; available in PMC 2021 July 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Dias et al.

Table 3
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Parameter estimates for the structural equation model (SEM) testing the mediation effects of callosal FA and
attentional control on age-group differences in ITD digit segregation.

Parameter Estimate

Measurement Model Estimates
Spatial Hearing — 1TD 100 ms
Spatial Hearing — ITD 200 ms
Spatial Hearing — 1TD 300 ms
Spatial Hearing — 1TD 400 ms
Spatial Hearing — 1TD 800 ms

Spatial Hearing — ITD 1200 ms

Error in ITD 100

Error in ITD 200

Error in ITD 300

Error in ITD 400

Error in ITD 800

Error in ITD 1200

Error in ITD Digit Segregation
Error in Callosal FA

Error in Right Arcuate FA
Error in Attentional Control
Error in Age-Group
Structural Model

Age-Group — Callosal FA

Age-Group — Right Arcuate FA

Right Arcuate FA — Attentional Control
Callosal FA — ITD Digit Segregation
Attentional Control — ITD Digit Segregation

1.000
1.482
1.520
1.528
1.469
1.248
0.002
0.001
0.001
0.001
0.001
0.002
0.011
0.001
0.003
0.829
0.249

-0.029
-0.003
6.771
1.258
0.033

SE

0.000
0.103
0.101
0.105
0.102
0.097
0.001
0.000
0.000
0.000
0.000
0.000
0.003
0.000
0.001
0.179
0.000

0.009
0.016
2.591
0.517
0.017

0.928
0.978
0.987
0.981
0.980
0.955
0.140
0.043
0.026
0.037
0.040
0.089
0.811
0.796
0.999
0.863
1.000

-0.451
-0.028
0.370
0.339
0.270

SE

0.022
0.007
0.005
0.006
0.007
0.014
0.041
0.014
0.010
0.013
0.014
0.027
0.106
0.104
0.008
0.097
0.000

0.115
0.152
0.132
0.130
0.134

42.394
134.155
201.581
151.213
142.155

67.547

3.443
2.998
2.667
2.924
2.964
3.282
7.675
7.664
117.617
8.858
NA

-3.923
-0.183
2.813
2.604
2.026

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.003
0.008
0.003
0.003
0.001
<0.001
<0.001
<0.001
<0.001
NA

<0.001
0.855
0.005
0.009
0.043

Note: X2(34) =62.947, p=0.002, AIC = -915.352, BIC = -880.128.
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Age-group correlations with the FA of different callosal tracts.

Table 4

Measure n M SE 1
1 Age-Group 47 0530 0.074 -
2 Prefrontal Callosal Tract 47 0563 0.009 -0.691 ***
3 Superior Frontal Callosal Tract 46 0.552 0.009 -0.531  ***
4 Motor Callosal Tract 45 0577 0.010 -0.496 ***
5 Somatosensory Callosal Tract 42 0553 0.009 -0.584 ***
6  Superior Parietal Callosal Tract 45 0550 0.012 -0.419 **
7 Posterior Parietal Callosal Tract 46 0545 0.011 -0.508  ***
8 Occipital Callosal Tract 47 0718 0.009 -0.369 **
9  Temporal Callosal Tract 46 0592 0.007 -0.040

Notes:

*
p<0.05

*Kk

p<0.01
Ak
p <0.001

ad hoc 1-tailed tests. Age group was number coded (younger = 0, older = 1).

Neuroimage. Author manuscript; available in PMC 2021 July 15.

Page 31



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Dias et al.

Table 5

SEM Parameter B SE B SE z p
Estimates

Anterior Frontal

Age-Group — Callosal FA -0.077 0.012 -0.679 0.071 -9.615 <0.001
Age-Group — Right Arcuate FA —0.006 -0.006 0.016 -0.053 0.149 -0.359 0.719
Callosal FA — ITD Digit Segregation 0.619 0.293 0.281 0.127 2.215 0.027
Right Arcuate FA — ITD Digit Segregation 0.898 0.317 0.378 0.123 3.078 0.002
x2(26) = 40.519, p = 0.035, AIC = -1051.288, BIC = -1018.768.

Superior Frontal

Age-Group — Callosal FA -0.055 0.014 -0.501 0.106 -4.744 <0.001
Age-Group — Right Arcuate FA -0.004 0.016 -0.036 0.151 -0.239 0.811
Callosal FA — ITD Digit Segregation 0.555 0.313 0.243 0.133 1.833 0.067
Right Arcuate FA — ITD Digit Segregation 0.844 0.327 0.356 0.128 2.775 0.006
X2(26) =38.033, p = 0.060, AIC = -1012.179, BIC = -980.064.

Motor

Age-Group — Callosal FA -0.061 0.017 -0473 0.112 -4.232 <0.001
Age-Group — Right Arcuate FA -0.003 0.016 -0.027 0.152 -0.178 0.859
Callosal FA — ITD Digit Segregation 0.419 0.273 0.216 0.138 1.572 0.116
Right Arcuate FA — ITD Digit Segregation 0.767  0.330 0.329 0.133 2.473 0.013
x2(26) = 49.353, p = 0.004, AIC = -972.209, BIC = -940.508.

Somatosensory

Age-Group — Callosal FA -0.069 0.015 -0.574 0.097 -5.931 <0.001
Age-Group — Right Arcuate FA -0.002 0.017 -0.022 0.158 -0.141 0.888
Callosal FA — ITD Digit Segregation 0.343 0.312 0.159 0.142 1.116 0.265
Right Arcuate FA — ITD Digit Segregation 0.939 0.348 0.393 0.132 2.963 0.003
X2(26) =35.694, p = 0.097, AIC = -905.436, BIC = -875.036.

Superior Parietal

Age-Group — Callosal FA -0.065 0.022 -0.409 0.122 -3.362 0.001
Age-Group — Right Arcuate FA -0.005 0.016 -0.049 0.152 -0.322 0.748
Callosal FA — ITD Digit Segregation 0.191 0.225 0.118 0.138 0.856 0.392
Right Arcuate FA — ITD Digit Segregation 0.975 0.338 0.405 0.127 3.186 0.001
X2(26) =36.595, p = 0.081, AIC = -951.040, BIC = -919.338.

Posterior Parietal

Age-Group — Callosal FA -0.071 0.019 -0.484 0.108 -4.466 <0.001
Age-Group — Right Arcuate FA -0.001 0.015 -0.008 0.151 -0.056 0.955
Callosal FA — ITD Digit Segregation 0.527 0.234 0.309 0.130 2.372 0.018
Right Arcuate FA — ITD Digit Segregation 0.759 0.338 0.308 0.130 2.367 0.018

x2(26) = 43.775, p = 0.016, AIC = -996.299, BIC = -964.184.
Occipital
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SEM Parameter B SE B SE z p
Estimates
Age-Group — Callosal FA -0.042 0.017 -0.345 0.127 -2.705 0.007
Age-Group — Right Arcuate FA -0.006 0.016 -0.053 0.149 -0.359 0.719
Callosal FA — ITD Digit Segregation 0.392 0.283 0.191 0.136 1.409 0.159
Right Arcuate FA — ITD Digit Segregation 0.794 0.325 0.339 0.130 2.611 0.009
X2(26) =53.928, p = 0.001, AIC = -1021.153, BIC = -988.633.
Temporal
Age-Group — Callosal FA 0.001 0.015 0.008 0.151 0.052 0.959
Age-Group — Right Arcuate FA -0.006 0.016 -0.055 0.150 -0.368 0.713
Callosal FA — ITD Digit Segregation -0.229 0.362 -0.085 0.134 -0.635 0.526
Right Arcuate FA — ITD Digit Segregation 1.094 0.335 0.447 0.121 3.704 <0.001

x3(26) = 47.594, p = 0.006, AIC = ~1005.528, BIC = ~973.413.
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