bioRxiv preprint doi: https://doi.org/10.1101/2024.08.16.608246; this version posted August 17, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

1

Recovery of Verbal Working Memory Depends

on Left Hemisphere White Matter Tracts

Randi C. Martin®’, Junhua Ding?, Ali 1. Alwani®, Steve H. Fung®,

and Tatiana T. Schnur?

! psychological Sciences, Rice University, Houston, Texas, USA
2 psychology, University of Edinburgh, Edinburgh, UK
® Radiology, Houston Methodist Research Institute, Houston, Texas, USA
* Physical Medicine and Rehabilitation, University of Texas Health Sciences Center, Houston,

Texas, USA


https://doi.org/10.1101/2024.08.16.608246
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.16.608246; this version posted August 17, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

2

Abstract

Researchers propose that the recovery of language function following stroke depends on
the recruitment of perilesional regionsin the left hemisphere and/or homologous regions in the
right hemisphere (Kiran, 2012). Many investigations of recovery focus on changesin gray matter
regions (e.g., Turkeltaub et al., 2011), whereas relatively few examine white matter tracts (e.g.,
Schlaug et al., 2009) and none address the role of these tractsin the recovery of verbal working
memory (WM). The present study addressed these gaps, examining the role of left vs. right
hemisphere tracts in the longitudinal recovery of phonological and semantic WM. For 24
individuals with left hemisphere stroke, we assessed WM performance within one week of stroke
(acute timepoint) and at more than six months after stroke (chronic timepoint). To address
whether recovery depends on the recruitment of left or right hemisphere tracts, we assessed
whether changes in WM were related to the integrity of five white matter tractsin the left
hemi sphere which had been implicated previously in verbal WM and their right hemisphere
analogues. Behavioral results showed significant improvement in semantic but not phonological
WM from the acute to chronic timepoints. Improvements in semantic WM significantly
correlated with tract integrity as measured by functional anisotropy in the left direct segment of
the arcuate fasciculus, inferior fronto-occipital fasciculus and inferior longitudinal fasciculus.
The results confirm the role of white matter tracts in language recovery and support the

involvement of the left rather than right hemisphere in the recovery of semantic WM.

Key words: |eft-hemisphere acute stroke, longitudinal recovery, white matter
tractography, semantic working memory, phonological working memory, right hemisphere

recruitment
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Introduction

The neural basis of the recovery of language function following brain damage is of
theoretical and clinical significance. Studies on the topic have typically focused on the role of
gray matter regions (Hartwigsen & Saur, 2019; Kiran, 2012), with findings indicating that
perilesional left hemisphere gray matter regions and/or homologous regions in the right
hemi sphere support language recovery (Crinion & Price, 2005; Hartwigsen & Saur, 2019;
Stefaniak et al., 2022; Turkeltaub et al., 2011; cf. Wilson & Schneck, 2021). Given the
importance of the interaction among gray matter regions in cognition and language processing
(Kiran & Thompson, 2019; Ribeiro et al., 2024), one would also expect that the integrity of
white matter tracts connecting gray matter regions would influence recovery (Han et al., 2024,
Siegel et a., 2022; Tilton-Bolowsky et al., 2024). A smaller body of research on the role of white
matter tracts has again provided evidence supporting the involvement of the left and/or right
hemispheres, with the integrity of tractsin one or both hemispheres relating to recovery for both
spontaneous and treatment-driven language recovery (e.g., Breier et al., 2011; Schlaug et al.,
2009; Sihvonen et a., 2023). These studies have most often examined the relation of white
matter tractsto recovery of specific language processes such asword production (Hilliset al.,
2018; McKinnon et al., 2018), sentence production (Ding & Schnur, 2022) or sentence
comprehension (Xing et a., 2017). The present research addressed a novel topic — specifically,
examining the role of white matter tractsin the recovery of verba working memory (WM),
which has been shown to play an important role in language comprehension and production
(Martin, 2021; Martin & Schnur, 2019). In the current study, WM was assessed within the
domain-specific model, which postulates separate phonological and semantic components, which

play different roles in language processing (Martin, 2021; Purcell et al., 2021). Thus, the study
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assessed whether different white matter tracts supported the recovery of the phonological and

semantic components of WM.

Domain-specific WM

Working memory is a system that allows for the maintenance and manipulation of
information over short time periodsin the service of carrying out complex cognitive tasks, such
as reasoning and language processing (Cowan, 2011). Considerable evidence supportsthe clam
that there are specialized WM capacities for different domains — for instance, with separate
capacities for maintaining verbal and visuo-spatial information (Baddeley, Hitch, & Allen., 2021)
and, within the verbal domain, separate capacities for maintaining phonologica and semantic
information (Martin, Rapp, & Purcell, 2021). The current study focuses on this latter distinction
between phonological and semantic information. In the domain-specific model proposed by
Martin et a., (1999), thereis atight linkage between word processing and these phonol ogical
and semantic working memory capacities. That is, as a series of words are presented, their
lexical-semantic and phonological representations are activated and stored in separate buffers,
which can be independently disrupted by brain damage. Prior results implicate different roles for
the two buffers in language comprehension and production, and thus recovery of each capacity
could lead to different language outcomes (Martin & Schnur, 2019; Zahn et al., 2022; Zahn &

Martin, 2024).

The initial evidence supporting the distinction between phonological and semantic WM
came from case studies of brain damaged individuals who showed different patterns on tasks
tapping the maintenance of phonological or semantic information for word or nonword lists.
Individuals argued to have phonological WM deficits did not show standard phonological effects

on WM, such as phonological similarity or word length effects, suggesting that they could not
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rely on phonological information for recall (Martin & He, 2004; Vallar & Baddeley, 1984). In
contrast, they did show standard the standard pattern of better performance on word than
nonword lists, which could be attributed to their ability to retain semantic information which was
available in words but not nonwords (Papagno et al., 1991; Papagno & Vallar, 1992). Those
argued to have semantic WM deficits did not show the standard advantage for memory of words
over nonwords though they did show typical phonological effectson WM (Martin & He, 2004,
Romani & Martin, 1999). Evidence from recognition probe tasks designed to tap the two
capacities also supported the distinction in the nature of their WM deficits (Allen et al., 2012,
Hamilton & Martin, 2007). The category probe task, emphasizing semantic WM, required
participants to listen to word lists and judge whether a probe word was in the same semantic
category (e.g., list: tulip, desk, hat; probe: rose). The rhyme probe task, emphasizing
phonological WM was similar, but required participants to judge whether a probe word rhymed
with any list word (e.g., list: bread table fork; probe: sled). Those with semantic WM deficits
performed better on the rhyme than category probe task whereas those with phonological WM
deficits showed the reverse (e.g. Martin et al., 1994). In terms of language processing, those with
semantic WM deficits performed more poorly than those with phonological WM deficit on
comprehension requiring integrating elements across some distance whereas those with
phonological WM deficits performed more poorly than those with semantic WM deficits on

verbatim sentence repetition (Martin et al., 1994; Martin & He, 2004).

More recent work taking large sample case series approaches with brain damaged
individuals or individual differences approaches with healthy younger and older participants has
provided factor analytic evidence of separate phonological and semantic WM factors (Zahn &

Martin, 2024) and separate influences of phonological and semantic WM in language production
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(Martin & Schnur, 2019; Zahn et al., 2022) and comprehension (Horne et a., 2022; Tan et d.,
2017; Tan & Martin, 2018; Lu, Fischer-Baum, & Martin, 2024). In general, there is evidence a

greater contribution of semantic WM in both (see Martin, 2021 for review).

Neural correlates of domain-specific WM

Relations to gray matter regions. In line with distinctive behavioral patterns, different
gray matter regions have been identified as supporting phonological and semantic WM. Early
case study findings indicated maximum lesion overlap in the left supramarginal gyrus (SMG) for
those individuals showing a phonological WM deficit (see Vallar & Papagno, 2002). The role of
the SMG in phonological WM has been corroborated by recent findings using multivariate lesion
symptom mapping for brain damaged participants (Martin et al., 2021; Pisoni et a., 2019) and
multivariate decoding methods in functional MRI studies of healthy individuals (Yue et al., 2019;
Yue & Martin, 2021). It should be noted that the SM G is thought to be involved in the storage of
phonological representations whereas frontal regions involved in motor planning and execution
have been implicated in articulatory rehearsal of these representations (Martin et al., 2021; Vallar
& Papgno, 2002; Yue et al., 2019). With respect to semantic WM, fewer studies have been
carried out. However, evidence from lesion symptom mapping (Martin et a., 2021) and
univariate and multivariate fMRI methods in unimpaired populations (Crosson et al., 1999;
Hamilton, Martin, & Burton, 2009; Shivde & Thompson-Schill, 2004; Yue & Martin, 2021)
implicates the left inferior frontal gyrus and the angular gyrus, regions which are distinct from

those involved in phonological WM.

Relations to white matter tract integrity. With respect to the white matter correlates of

verbal WM, research typically relates white matter integrity to performance on tasks such as

digit, word, and nonword span (e.g. Charlton et al., 2013; Jstby et al., 2011). These tasks are
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primarily phonological in nature, as there islittle semantic information in random word and
nonword lists and phonological features of the stimulus lists influence performance (e.g.,
phonological similarity and word length; Mueller et al., 2003). Thus, these measures are often
assumed to measure the short-term retention of phonological information. Work on the white
matter correlates of phonological WM typically implicates fronto-parietal tracts including the
superior longitudinal fasciculus, and more specifically, the arcuate fasciculus. These findings
have been replicated across many different study populations, including healthy younger and
older adults (Burzynska, Preuschhof, Backman, Nyberg, Li, Lindenberger, & Heekeren, 2010;
Charlton et al., 2013; Takeuchi et al., 2011), children (dstby et al., 2011), and people with
neurological disorders (Audoin et al., 2007; Meyer et al., 2015; Sepulcre et al., 2009). In studies
with healthy individuals, relations between verbal WM performance and white matter integrity
have been documented for both left and right hemisphere tracts (Burzynskaet al., 2010;

Takeuchi et al., 2011). However, these studies often involved complex WM functions through the
comparison of performance on 3-back vs. 1-back tasks (Burzynska et al., 2010) or performance
on acombination of forward and backward span (Charlton et al., 2013; QDstby et al., 2011;
Takeuchi et al., 2011), it ispossible that the involvement of the right hemisphere tracts resulted
from the role of attentional and other executive processes in these WM tasks, rather than the
storage of phonological and semantic information, which has been the focus of relations to

language processing (Martin et al., 2021).

Recently, Horne, Ding, Martin, and Schnur (2022) examined the white matter correlates
of phonological and semantic WM for 45 individuals at one year or more post-left hemisphere
stroke. Performance on a semantic WM task (category probe) and phonological WM task (digit

matching) was related to fractional anisotropy (FA) values for five left hemisphere white matter
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tracts. The tracts were selected on the grounds of prior literature implicating that tract in
supporting verbal WM or because they had terminations in gray matter regions involved in
phonological or semantic WM. Thus, the AF and its anterior and posterior subsegments (AAF,
PAF) were included because the AAF connects the SMG, the proposed location of the
phonological WM buffer (Crosson et al., 1999; Hamilton et al., 2009; Shivde & Thompson-
Schill, 2004; Yue & Martin, 2021), to regions in the frontal lobe that support articulatory
rehearsal (Chein & Fiez, 2001; Yue, 2018) and executive function (Smith et al., 1998) and the
PAF connects the SM G to temporal |obe regions that support speech perception (Turkeltaub &
Codlett, 2010). Tractswith terminationsin either the inferior frontal lobe or the angular gyrus
were included because of the evidence for the involvement of these regions in semantic WM.
These included the direct segment of the AF (DAF), theinferior longitudinal fasciculus (ILF),
inferior frontal-occipital fasciculus (IFOF), and uncinate fasciculus (UF), and the middie
longitudinal fasciculus (MLF). Multiple regression analyses were carried out which used tract
integrity as the dependent measure and semantic or phonological WM as the main predictor,
while controlling for the other WM measure, single word comprehension, and gray matter
damage at tract termini. These analyses reveal ed a significant independent relation of
phonological WM to the integrity of the AF (overall) and the ILF. A significant independent
relation to semantic WM was obtained for the PAF and the IFOF. The findings conformed to
some degree to predictions, with phonological WM related to the integrity of the AF asawhole,
consistent with prior findings, and semantic WM related to the integrity of the IFOF. It was
suggested that the unexpected relations of the integrity of the ILF to phonological WM and the
PAF to semantic WM might arise due to possible variation in terminations across individuals,

with some having terminations of the ILF in the SMG and not the AG and vice versafor the
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PAF, given the proximity of the two regions. Thus, these findings documented the importance of
left hemisphere tractsin predicting WM performance at a chronic stage post-stroke, with
different tracts implicated as more important for either semantic or phonological WM. Relations
to right hemisphere tract integrity were not reported, and thus this study did not address whether

tracts in both hemispheres potentially contributed to performance.

Current study

Whereas the Horne et al. study examined relations of verbal WM to white matter tract
integrity at one timepoint (the chronic stage of stroke) solely in the left hemisphere, the present
study examined the relation of tract integrity to longitudinal recovery as measured in changesin
WM performance from an acute to a chronic timepoint within the same individuals, considering
both left and right hemisphere tracts. Thus, the individuals tested in the present study were
assessed on WM measures at an acute stage post-stroke (mean = 4 days, range: 2-10 days) and
again at a chronic timepoint of at least 6 months post-stroke. To the extent that recovery depends
solely on connections among left hemisphere brain regions, one would predict that the degree of
improvement would be related only to the integrity of white matter tracts in the left hemisphere.
On the other hand, if recovery depends on the functioning of homologous right hemisphere
regions, one would predict that improvement would also relate to the integrity of white matter
tracts in the right hemisphere — either alone or in conjunction with left hemisphere tracts. The
participantsin the current study were part of larger study recruiting individuals at the acute stage
of left hemisphere stroke (Ding et al., 2020), which excluded those with prior strokes. Thus,

these individuals did not have lesions in the right hemisphere.

We selected and dissected bilaterally two tracts for which significant relations of FA

values to either phonological or semantic WM were obtained (i.e., the ILF and IFOF; Horne et
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al., 2022). In addition, we examined three subsegments of the arcuate fasciculus (AF) including
the anterior, direct, and posterior segments following their hypothesized different contributions
to language processing (Forkel et al., 2020). Thus, five tracts were examined in both the left and
right hemispheres. With respect to predictions, thereis, to our knowledge, no prior literature
regarding white matter involvement in verbal WM recovery. One might hypothesi ze that those
tracts uncovered in the Horne et a. study to support phonological or semantic WM would be
those that would support recovery of their respective capacities, though perhaps with the
involvement of right hemisphere homologues. However, several considerations might argue
against these predictions. For one, if the left hemisphere tracts typically involved are very
damaged, recovery using these tracts may be impossible and other left hemisphere tracts may
become more involved (rather than just right hemisphere homologues; Keser, Sebastian, et al.,
2020; van Hees et al., 2014). Also, it ispossible that if tracts supporting, for instance, semantic
WM are damaged, preserved phonological WM might be used as a backup to aid access to
semantic information until gray matter or white matter changes take place to support
maintenance of semantic information. Finally, although about half of the participantsin the
Horne et a study were recruited at the acute stage of stroke, but tested at |east one year post-
stroke, the other half were those recruited at the chronic stage of at least one year post-stroke and
many of them were several years post-stroke. The two subsets differed substantially in lesion
size, with much larger lesions for those recruited at the chronic stage (see Zahn et al., 2022 for
discussion). Thus, the inclusion of those with much larger lesionsin the Horne et al study may
have led to adifferent pattern of relations of tract integrity to WM than might be observed for
those with smaller lesions, like the individuals tested here. Given these considerations, it is

difficult to make predictions about which specific tracts might be involved in phonological or
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semantic WM recovery. Because of the exploratory nature of the involvement of specific tracts,
it was critical that corrections for multiple comparisons were made, which was done here using
the false discovery rate (FDR) method. The results provide the first direct evidence regarding

whether there isinvolvement of left or right hemisphere tracts, or both, in verbal WM recovery.
M ethods

1. Participants

As part of alarger project involving multiple comprehensive stroke centers, we
consecutively recruited monolingual English speakers with left hemisphere stroke without other
health conditions which impacted cognition (i.e., tumor, dementia, alcohol and/or drug
dependency). Among enrolled participants, 24 (acute age = 58 years, range = 20-78 years;
Education = 15 years, range = 12-23 years; 11 males; 20 right-handed) completed working
memory assessments at both acute (within an average of 4 days post stroke, range: 2-12 days)
and chronic (>6 months since stroke; with an average of 324 days, range: 175-480 days)
timepoints as well as follow-up neuroimaging at the chronic timepoint. Left hemisphere lesions
affected frontal, temporal, and parietal lobes, subcortical nuclel, white matter, and cerebellum
(lesion size: average 6728 mm?, range 51-37085 mm®; Figure 1). All the participants or their

caregivers provided informed consent.
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Figure 1. Lesion overlap. Number of individualswith lesions at each voxel.

2. Working memory

Digit matching span measured phonological working memory ability (Allen et al., 2012)
for 22 of the 24 participants. Two participants completed the digit span task using the standard
Wechsler Adult Intelligence Scale-Revised [WAIS-R] procedure (Wechsler, 1981). With respect
to digit matching span, participants heard 2-digit lists (one digit/second) and then judged whether
the 2 lists were the same or not. Half of the trials matched, half did not. In the ‘non-match’ trials,
the second list reversed two adjacent digits and the reversed position was randomized. The list
length gradually increased from 2-6 digits, with 6, 8, 6, 8 and 10 trials per list length.

A category probe task tested semantic working memory ability (Martin et al., 1994,
2021). In this task, participants heard aword list (1 word/second) and then a probe word.
Participants judged whether the probe belonged to the same semantic category as any list item
(e.g., matching list: tulip, desk, hat; probe: rose). Categories included animals, body parts,
clothing, fruit and kitchen equipment. On half of the trials the probe matched the category of a
list item and on half it did not. List length gradually increased from 1 to 4 items, with 8, 8, 12

and 16 trials per list length. For both tests of working memory, we stopped testing if accuracy
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fell below 75% for a particular list length. We used linear interpolation to estimate the list length

corresponding to 75% accuracy.

3. Neuroimaging data

Due to an extended participant recruitment period, two different sets of high-resolution
T1 and DTI sequences were employed at the chronic stage. Eight participants were scanned in a
Philips Intera 3T scanner. The acquisition parameters were as follow: (1) diffusion tensor
imaging: TR = 11098 ms, TE = 60 ms, 70 axial dices, dice thickness = 2mm, in-plane
resolution: 2mm * 2mm, 32 directions plus 1 bO volume, b-value = 800; (2) 3D T1L TFE: TR =
8.4 ms, TE = 3.9 ms, flip angle = 8 deg, 175 sagittal dlices, dlice thickness = 1mm, in-plane
resolution: 0.94 mm * 0.94 mm. Other participants were scanned in a Siemens Prisma 3T
scanner. The acquisition parameters were as follow: (1) diffusion tensor imaging: TR = 7700 ms,
TE =70 ms, 72 axial dices, dice thickness = 2mm, in-plane resolution: 2mm * 2mm, 64
directions plus 1 bO volume, b-value = 1000; (2) 3D T1 MPRAGE: TR = 2600 ms, TE = 3.02
ms, flip angle = 8 deg, 176 sagittal slices, dlice thickness = 1mm, in-planeresolution: 1 mm* 1
mm.

We used PANDA (https.//www.nitrc.org/projects/panda/) (Cui et al., 2013) to perform

preprocessing of diffusion weighted images. Specifically, we corrected for the eddy-current
distortions, fitted the tensor model, calculated FA values, and performed deterministic
tractography using the FACT algorithm, with 45°angle and 0.2 FA thresholds (Mori & van Zijl,
2002; Wang, Benner, Sorensen, & Wedeen, 2007).

Five working memory-related tracts were selected and dissected bilaterally including the

anterior, direct and posterior segments of arcuate fasciculus (AF), inferior longitudinal fasciculus
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(ILF), and inferior frontal-occipital fasciculus (IFOF) (Horne et al., 2022; Figure 2). We used a

two Region of Interest (ROI) method to isolate different tracts in TrackVis (http://trackvis.org/).

The anterior segment of the AF was captured by the inferior frontal gyrus and supramarginal
gyrus disk ROIs. The direct segment of the AF was captured by the inferior frontal gyrus and
posterior middle temporal gyrus disk ROIs. The posterior segment of the AF was captured by the
angular gyrus and posterior middle temporal gyrus disk ROIs (Catani et al., 2007). The IFOF
was defined by two disk ROIs located in the ventral medial occipital 1obe and anterior floor of
the external/extreme capsule (Catani & Thiebaut de Schotten, 2008; Fekonja et al., 2019). The
ILF was defined using the anterior temporal l1obe disk ROI and the occipital lobe ROI of the

IFOF (Catani & Thiebaut de Schotten, 2008; Fekonja et al., 2019). When the tract was

identifiable within a participant, we extracted the FA value (Table 1).
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Figure 2. Representative tracts of interest from a single participant after left hemisphere

stroke.

Table 1. Tract FA values

Mean SD Min Max
Left Hemisphere
AAF (n=20) 0.39 0.03 0.33 0.45
DAF (n=17) 0.43 0.03 0.37 0.47
PAF (n=18) 0.38 0.03 0.33 0.42
IFOF (n=24) 0.43 0.03 0.37 0.47
ILF (n=24) 0.41 0.03 0.36 0.48
Right Hemisphere
AAF (n=23) 0.40 0.03 0.33 0.45
DAF (n=9) 0.42 0.03 0.36 0.46
PAF (n=21) 0.39 0.04 0.29 0.45
IFOF (n=24) 0.43 0.03 0.38 0.47
ILF (n=24) 0.41 0.03 0.34 0.48

To rule out the potential influence of gray matter damage, we calculated the gray matter
damage at the tracts' termini and used that as a control variable in our analyses. First, lesion
masks were manually drawn on T1 images using I TK-snap (Yushkevich et al., 2006). Then we

registered T1 images to the Colin-27 template usng ANTs and normalized masks to the MNI
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space based on the transformation parameters (Avants et al., 2008; cf. (Ding & Schnur, 2022) for
asimilar approach). Using the AAL atlas to define regions, we estimated a region’s gray matter
damage as the region’s intersection with the lesion masks. The AAF s termini included the
inferior frontal gyrus and supramarginal gyrus. The DAF s termini included the inferior frontal
gyrus and middle temporal gyrus. The PAF s termini included the angular gyrus and middlie
temporal gyrus. The IFOF s termini included the frontal orbital gyrus and occipital lobe. The
ILF s termini included the temporal pole and occipital lobe. We calculated total gray matter
damage related to each tract as the summation of the two termini # voxels damaged divided by

the summed number of total voxelsincluded in the two termini regions.

4. Statistical analysis

To explore the relation between white matter tracts and working memory recovery, we
conducted partial correlations between FA values of the white matter tracts and changesin WM
performance from the acute to chronic timepoints. For both left and right hemisphere analyses,
we controlled for acute WM basdline. In addition, for the left hemisphere, we controlled for gray
matter damage of the tracts' two termini asaresult of the left hemisphere stroke. As tracts were
not identified in all participants, we only analyzed tractsidentified in more than half of the
sample. Therefore, the right DAF was excluded from this analysis (n = 9). FDR correction was
conducted within each hemisphere and within each WM task to account for multiple

comparisons.

Results

1. Behavioral results
Patients' working memory performance is shown in Figure 3. Participant working

memory spans and changes in span demonstrated large variability (semantic WM 2.7 + 1.3
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(acute), 3.7 £ 1.1 (chronic), 1.0 £ 1.3 (change); phonological WM 5.2 + 1.4 (acute), 5.4 + 1.4
(chronic), 0.2 + 1.3 (change)). Paired t-tests indicated a significant improvement in semantic

WM (t = 2.36, p = 0.03) from acute to chronic stroke, but not in phonological WM (t =0.21, p=

0.84).
Working Memory
6 6 “ q N =
4 4 : =X “;
Semantic Phonological [~~~ ‘- - _"_"_

Acute Chronic Acute Chronic

Timepoints Timepoints

Figure 3. Individuals semantic and phonological working memory perfor mance at acute

and chronic post-stroke time points.

2. Réationship between FA and working memory recovery
After controlling for acute performance and gray matter LH damage of tracts' termini,
three white matter tracts' FA significantly related with the degree of semantic WM change from
acute to chronic timepoints (FDR corrected; Table 1 and Figure 4): left DAF (r = 0.70; p =
0.002), left IFOF (r = 0.52, p=0.01) and left ILF (r = 0.56, p =0.006; no significant effects after
FDR correction in the right hemisphere). Higher tract FA aways led to better semantic WM

recovery. No significant effects were found for phonological WM after FDR correction.
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Table 1. Correlations between FA and WM change controlling for acute WM and tract

termini damage (LH).

Semantic WM Phonological WM
R p R p

LH

AAF (n=20) 0.39 0.11 0.30 0.23
DAF (n=17) 0.74 0.002 0.29 0.30
PAF (n=18) 0.33 0.21 0.52 0.04
IFOF (n=24) 0.51 0.02 0.35 0.11
ILF (n=24) 0.56 0.006 0.43 0.05
RH

AAF (n=23) 0.44 0.04 0.40 0.06
PAF (n=21) 0.30 0.20 0.35 0.13
IFOF (n=24) 0.44 0.04 0.26 0.23
ILF (n=24) 0.44 0.04 0.32 0.14

Bold numbers are significant after FDR correction.
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Figure 4. Thesignificant effect of tracts' FA on semantic wor king memory performance.
SWM: semantic working memory; DAF: direct segment of arcuate fasciculus; |FOF:

inferior fronto-occipital fasciculus; ILF: inferior longitudinal fasciculus.
Discussion

While considerable research has documented changes in gray matter function in both the
left and the right hemi spheres during recovery of language processing following stroke (e.g.,
Crinion & Price, 2005; Hartwigsen & Saur, 2019; Stefaniak et al., 2022; Turkeltaub et al., 2011;
cf. Wilson & Schneck, 2021), a much smaller body of research has examined the role of white
matter tractsin recovery, again with some evidence indicating the involvement of both left and
right hemisphere tracts (e.g. Breier et al., 2011; Schlaug et al., 2009; Sihvonen et al., 2023). Our
principal aim in the current study was to determine whether both left and right hemisphere white
matter tracts contribute to the recovery of phonological and semantic WM, an issue not
previously addressed. For our participants with left hemisphere stroke tested at acute and chronic
timepoints, semantic WM showed significant improvement, whereas phonological WM did not.
Recovery of semantic WM was related to the integrity of left hemisphere tracts and not to right

hemisphere tracts. For phonological WM, none of the relations to white matter tractsin either
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the left or right hemisphere met statistical significance. That semantic WM recovery relies
exclusively on the integrity of white matter tractsin the left hemisphere contributes to current
debates concerning the degree to which recruitment of the right hemisphere contributesto the
recovery of function in language processes (Makin & Krakauer, 2023.; K. C. Martin et ., 2022;
Wilson et al., 2023), extending the findings to verbal WM, where atight linkage between word
processing and WM capacitiesis assumed in the domain-specific model (Martin et al., 1999,

2021).

It should be noted that the lack of relation of phonological WM to white matter tract
integrity could not be attributed to a restriction of range in phonological WM change scores.
While phonological WM did not improve at the group level, there was considerable variability in
the magnitude of performance change in phonological WM, with some individuals showing
improvements and others showing decrements. In fact, the degree of variability in WM change
was dlightly higher for phonological (sd=1.29) than for semantic WM (sd=1.26). Thus, although
there are many potential reasons for non-statistically significant effects, we consider a lack of

variability in the change of phonological WM over time not alikely candidate.

The white matter tracts for which a significant correlation between FA values and
semantic WM change scores was obtained were the |eft DAF, IFOF, and ILF. In the Horne et al.,
(2022) study which examined relations between white matter tracts and WM at a chronic
timepoint, when examining pairwise correlations between FA values and semantic WM, we
obtained significant correlations for all three of these tracts. However, in the multiple regression
results, a significant independent contribution of semantic WM to the prediction of FA values
was obtained only for the IFOF. In fact, for the ILF, a significant independent contribution was

obtained for phonological WM. For the DAF, neither semantic nor phonological WM had an


https://doi.org/10.1101/2024.08.16.608246
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.16.608246; this version posted August 17, 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.

21
independent contribution. As discussed in the introduction, however, the predictions regarding
the relation between tracts supporting WM at a given time point and those supporting recovery
are not entirely straightforward. It is possible, for instance, that support from atract supporting
phonological WM (e.g., ILF) was helpful in providing a scaffold for the recovery of semantic
WM, particularly if damage to tracts was severe —that is, providing the ability to maintain
phonological representations that connect to semantic representations while mechanisms for
semantic retention recover. For the DAF, it is possible that the tract supports aspects of WM
common to both phonological and semantic WM (e.g., executive processes; Ribeiro et al., 2024)
and the intercorrelation between the two WM measures prevented either type of WM from
showing an independent contribution. Also, as noted earlier, it is possible that relations of
semantic and phonological WM to tract integrity were different for the sample tested in Horne et
al., which included many individuals with much larger lesions than those reported here (see Zahn
et a., 2022). Only further studies having sufficient numbers of individuals at varying levels of
tract disruption or lesion volume would be able to provide evidence regarding the potential

contribution of these factors to tract involvement in recovery .

Another factor that may influence tract involvement during recovery is the presence or
absence of language therapy. In prior studies of the role of white matter tracts in recovery, some
have examined recovery without respect to the type or duration of therapy that might have been
received (e.g., Keser, Mder, et a., 2020; Keser, Sebastian, et al., 2020; Schevenels et al., 2022)
whereas other studies have examined the relation between behavioral treatment gains and the
integrity of tracts at the outset of treatment or the relations between behavior changes and tract
changes (e.g., Breler et a., 2011; Schlaug et al., 2009; Sihvonen et al., 2023). The former type

often found language recovery was related to the left white matter tracts (Keser, Meier, et al.,
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2020). The few effects of right white matter tracts were negatively related to recovery (Keser,
Sebastian, et al., 2020; c.f. Sihvonen et a., 2023). In contragt, the latter type often revealed
elevated white matter changes in the right hemisphere after therapies and such changes were
related to degree of behavioral recovery (Schlaug et al., 2009; Wan et al., 2014). The current
study was of the former type, examining WM change without respect to treatment. Although
some individuals tested here may have received treatment for language disorders between the
acute and chronic testing timepoints, it is highly unlikely that this treatment was directed at WM
processes. Although arguably testing and treatment for WM deficits should be incorporated into
standard speech/language therapy (e.g., Greenspan et al., 2024), such is not common practice.
Moreover, most studies on WM treatment have focused on phonological WM rather than both
semantic and phonological WM (though see Harris et al., 2014). It is certainly possible that, if
WM treatment was employed, greater involvement of right hemisphere tracts might be observed

than was found here.

It should be noted, however, that a consensus seems to be emerging that there is no large-
scal e reorgani zation of language processes to the right hemisphere following brain damage
(Wilson et al., 2023). Furthermore, others have argued that the terminology of “reorganization” is
misleading, in that neural changes do not reflect a region taking on different functions that it did
prior to brain damage (Makin & Krakauer, 2023). Instead, regions that become more involved
during recovery are those that played some subsidiary rolein that cognitive process prior to
damage and the loss of regions more typically involved lead to greater activation in these
subsidiary regions. Thus, to the extent that greater right hemisphere involvement is observed in
language processes, such may reflect the enhancement of weak right hemisphere processing that

persistsin healthy individuals from childhood to adulthood (Martin et al., 2022). Interestingly,
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Makin and Krakauer suggest that greater changes in processing may occur in higher level regions
that carry out more domain-general processes. On those grounds, one might have expected that
WM processes would show greater right hemisphere involvement in recovery. However, as
emphasized in the introduction, the type of WM that was investigated here focused on the
maintenance of language representations, rather than on complex executive processes which

might lead to more right hemisphere involvement.

Limitations

Our claims regarding the absence of right hemisphere tract involvement in WM recovery
are based on null results. Some of the partial correlations for right hemisphere tracts had p-
values < .05, but were non-significant when controlling for multiple comparisons. Thus, itis
certainly necessary to examine whether these null results would replicate in subsequent studies.
Another concern is the absence of behavioral improvement in phonological WM at the group
level. Itisunclear why this occurred when semantic WM improved. Although mean
performance was higher for the phonological WM task than the semantic WM task, the same was
the case in a study using the same tasks for age-matched controls (N=13; 4.7 for category probe
and 6.1 for rhyme probe) and a larger sample of acute stroke participants (N=69; 2.5 category
probe and 5.0 digit matching) (Martin & Schnur, 2019). These results indicate that a higher list
length is needed to equate difficulty of the two tasks. Standard deviations of mean scores and of
change scores were similar for the two tasks. Thus, it does not appear that a ceiling effect
prevented finding improvement on the digit matching task. Nonetheless, it would be valuable for
future work to examine a number of different measures of phonological WM to determine if

consistent results are found across measures.

Conclusion
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Here, we examined the degree to which white matter tractsin both left and right
hemi spheres contributed to the longitudinal recovery of two types of verbal working memory,
phonological and semantic working memory from the acute to chronic stages of left hemisphere
stroke. Tract integrity of the direct segment of the arcuate fasciculus, the inferior frontal-occipital
fasciculus, and the inferior longitudinal fasciculus within the left hemisphere, but not the right
hemisphere contributed to the recovery of semantic working memory. We found no significant
effects associated with phonological working memory recovery in either hemisphere. To our
knowledge, thisisthe first study relating bilateral changes in white matter tractsto the recovery
of verbal working memory after acute stroke. Our study provides several additional advances
over previous work. Because we assessed working memory performance within afew days after
an initial left hemisphere stroke, we were able to assess the relationship between white-matter
structure and function from before to after reorganization allowing a wider window for mapping
the trajectory of recovery. Further, we examined this relationship within the same individuals,
thus controlling for individual differences that are potential confounds in cross-sectional
comparisons, and critically allowing for a more accurate assessment of causality when
examining the relationship between white-matter integrity and verbal working memory. Overall,
these results demondtrate that during the initial stages of recovery during the first year after
stroke, the left hemisphere plays a significant role in recovery of verbal working memory, thus
providing support for the hypothesis that spontaneous recovery of language-related processes

depends on connections that are pre-morbidly associated with function.
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