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Diffusion along the perivascular space
influenced by handedness and language
lateralisation

Gabor Per’laki,"z’3’4 Barnabas Duda’ts,2 Réka HOI’Vé.th,z ©®Gergely Orsi,"z’3’4
Gergely Darnai,® Akos Araté,? Szilvia Anett Nagy,''**® Tamas Déczi,**

Samuel Komoly,? Norbert Kovacs? and J6zsef Janszky'?

The DTI-ALPS;, 4« (diffusion tensor image analysis along the perivascular space index) has been tested in several diseases, but a lim-
ited number of studies are available in healthy normal populations. Given that some of the examined diseases show asymmetric fea-
tures (e.g. Parkinson’s disease, epilepsy) and considering that the DTI-ALPS;, 4« is calculated from white matter regions involved in
motor and language functions, our aim was to examine whether the index is influenced by handedness and/or functional language
lateralisation. Eighty-two Caucasian adults (35 males; mean age: 26.91 + 10.17, range: 18-66 years) were included in this retrospect-
ive cross-sectional study. Handedness was assessed by the Edinburgh Handedness Inventory, while language lateralisation was deter-
mined by functional MRI at 3T using a verbal fluency paradigm. The left- and right-hemispheric as well as the bilateral DTI-ALPS
indices were calculated independently by two observers. Multiple linear regression corrected for age and sex indicated that handedness
was inversely related to the left ALPS;,4ex by Observer1 (=81, two-tailed P =0.030) and the bilateral ALPS;, 4. by both observers
(n=82,P=0.025 and P = 0.044), but not significantly related to the right ALPS;,4cx. In females, multiple linear regression corrected
for age indicated that language laterality index was inversely related to the left ALPS; 4oy (=47, P <0.001) and the bilateral
ALPS;,gex (n=47, P <0.003) by both observers, but not significantly associated with the right ALPS;; 4ex. In males, language laterality
index was not related to any of the ALPS indices. Providing further insights into the normal DTI-ALPS patterns, our study supports the
hypothesis that both language laterality and handedness can affect DTI-ALPS index that should be considered in future studies.
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The effects of handedness and language lateralization on
diffusion along the perivascular space (DTI-ALPS) index

DTI-ALPS calculations
Association (white) and
projection tracts (yellow)

Edinburgh
Handednessj®
Inventory

Language lateralization & handedness
Language task activation: red-yellow

Broca’s area: blue

o Hand & language dominance affect the left DTI-ALPS index

o Higher left DTI-ALPS index may reflect atypical
handedness or language lateralization

o Right DTI-ALPS index is not sensitive to handedness or

language lateralization

o Examination of right-handed subjects exclusively is an
effective way to eliminate confounding effects of
handedness and language lateralization

Introduction

Although it was historically thought that there is no lymph-
atic system in the brain,' animal studies demonstrated an
aquaporin 4-mediated paravascular pathway, contributing
to the clearance of interstitial solutes/wastes from the brain
(referred to as glymphatic system),” in addition to confirming
the existence of meningeal lymphatic vessels.> As demon-
strated by both small animal and human studies, the newly
proposed ‘glymphatic system’ can potentially be assessed
using intrathecal contrast-enhanced MRL*® However, due
to the associated health risks and time-consuming process as-
sociated with this invasive method, it has not become wide-
spread to study the human glymphatic system.®”

The method of DTI-ALPS (diffusion tensor image analysis
along the perivascular space) index was introduced by Taoka
et al.® in 2017 with the intention of enabling a more exten-
sive non-invasive study of the glymphatic system.
Importantly, in this initial study, the index was only theoret-
ically speculated to be associated with glymphatic function,

and although later Zhang et al.” showed its correlation
with invasive contrast-enhanced glymphatic MRI measure-
ments, at the current state of our knowledge, its rigorous val-
idation as a marker for glymphatic system is still missing.'®
Some recent studies suggested that changes in the ratio of ra-
dial diffusivities of the diffusion tensor (i.e. A,/A3) occurring
with aging and neurodegeneration, as well as the presence
of crossing fibres may bias the ALPS index.""*'* While the in-
dex is often handled as a synonym for glymphatic function
and interpreted accordingly, given criticisms of this inter-
pretation and ongoing research on its exact underlying/con-
founding factors, without further validation, any claims
linking the ALPS index to glymphatic function should be
approached with caution.® Nevertheless, the ‘DTI-ALPS in-
dex’ is fortunately become a widely established well-known
term that could be interpreted in its own right (i.e. increased/
decreased ALPS index), as suggested."’

The favourable reproducibility, intra- and inter-rater
reliability of DTI-ALPS index have been shown, and the non-
invasive method has been used in a number of clinical condi-
tions, such as Alzheimer’s disease,® multiple sclerosis,"* mild

Gz0z lequisldas pz uo 1sanb Aq GO0/ | 8/2SZIEDY /2 /8101B/SWILIOoUIRIC/WOo0 dNo olwapeoe//:sdijy Woll papeojumo(]



Hand and language dominance affect DTI-ALPS

. e 1 . 16.1 . .
traumatic brain injury," epilepsy'®'” or Parkinson’s dis-

ease.'”® Even though DTI-ALPS has been studied for
many other disease-related conditions, a limited number of
studies are available in healthy normal population. Many
studies observed an inverse association between age and
DTI-ALPS index, but the influence of sex is rather still under
investigation.'”"*° Furthermore, as far as we know the poten-
tial influence of handedness or language lateralisation on the
DTI-ALPS index has not yet been studied and without under-
standing their potential confounding effects, some of the
studies calculated an index averaged across both hemi-
spheres,”! while others obtained measurements only from
the left hemisphere ‘justified’ by the right-handedness of their
subjects.®

Considering that some of the above-mentioned diseases
show asymmetric characteristics (e.g. Parkinson’s disease,
epilepsy), and the fact that DTI-ALPS index is calculated
from white matter regions involved in motor and language
functions (i.e. corona radiata and superior longitudinal fas-
ciculus),?! examining the influence of handedness and lan-
guage dominance on DTI-ALPS index may be an essential
step to extend our understanding of normal DTI-ALPS pat-
terns in healthy populations. Moreover, investigating the
normal variations of DTI-ALPS index is extremely important
to avoid misinterpretation of the results found in patient
groups. The aim of the present study was to examine whether
DTI-ALPS index is influenced by handedness or language
lateralisation.

Materials and methods

Data for this retrospective study were collected from indivi-
duals without known neuropsychiatric diseases or MRI ab-
normalities, who underwent both DTI (diffusion-tensor
imaging) and task-based fMRI (functional MRI) for lan-
guage lateralisation assessment according to the same im-
aging protocol between 2009 and 2013 at the University of
Pécs as part of a larger study focusing on handedness and lan-
guage dominance. Of the 86 subjects in this group, four were
excluded due to insufficient fMRI data (i.e. missing activa-
tions in the Broca’s area in both hemispheres or serious
movement artefacts). The final sample included 82
Caucasian adults (35 males; mean age: 26.91 + 10.17, range:
18-66 years). The handedness of all subjects was assessed by
the Edinburgh Handedness Inventory (EHI).** All partici-
pants provided written informed consent in accordance
with the Declaration of Helsinki. The retrospective study
was approved by Regional Ethical Board of the University
of Pécs (9910-PTE 2024).

All imaging data were acquired on the same Siemens TIM
Trio 3T MRI scanner with a 12-channel head coil.
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Functional MRI data were measured using a 2D
gradient-echo EPI sequence (TR/TE=2000/36 ms; Flip
Angle = 76°; 23 axial slices; slice thickness = 4 mm; no inter-
slice gap; FOV =192 %192 mm?; matrix size =92 x 92;
voxel size=2.1x2.1x4 mm?> receiver bandwidth=
1360 Hz/pixel; interleaved slice order to avoid crosstalk
between contiguous slices; 210 volumes). A 2D diffusion-
weighted spin-echo EPI sequence was used for diffusion ten-
sor imaging measurements (TR/TE =6700/78 ms; 60 axial
slices; slice thickness=2 mm; no interslice gap; FOV =
211 x 260 mm?; matrix size =104 x 128; voxel size =2 X
2 x 2 mm?; diffusion gradients were applied in 20 directions
with a b-value of 700 s/mm? and a single volume was col-
lected with no diffusion gradients applied; bandwidth =
1698 Hz/pixel; number of averages = 3).

A 3D T1-weighted axial (TR/TI/TE = 1900/900/3.41 ms;
Flip Angle = 9°; 144 axial slices; slice thickness =0.9 mm;
no interslice gap; FOV =201x230 mm?; matrix size=
224 %2565 voxel size =0.9 x 0.9 X 0.9 mm?>; receiver band-
width = 180 Hz/pixel) or sagittal (TR/T/TE =2530/1100/
3.37 ms; Flip Angle = 7°; 176 sagittal slices; slice thickness
=1 mm; FOV =256 x256 mm?; matrix size=256x256;
voxel size=1x1x1mm?>; receiver bandwidth =199 Hz/
pixel) MPRAGE sequence was obtained to help fMRI data
registration into MNI152 standard space.

Language lateralisation was assessed based on a verbal flu-
ency task with a block design including seven cycles of
30-second-long rest alternating with 30-second-long silent
word generation task according to given initial letters pre-
sented by MRI-compatible electrostatic headphones
(NordicNeuroLab, Bergen, Norway). For a more detailed
description of the paradigm see the study by Perlaki et al.>*

The analysis of fMRI data was performed using FEAT v6.00
(FMRI Expert Analysis Tool), part of FSL v6.0.6.5
(FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl).
Preprocessing steps included brain extraction (by BET), mo-
tion correction (by MCFLIRT), spatial smoothing with the
default 5 mm full width at half maximum and high-pass tem-
poral filtering (100 s cutoff). General linear model time-
series statistical analyses were carried out using FMRIB’s
Improved Linear Model with local autocorrelation correc-
tion.”* The first-level analysis included a single regressor of
interest modelling the response to silent word generation
and the temporal derivative of this waveform was also in-
cluded in the design-matrix to correct for slight overall tem-
poral shifts between the model and the data. To visually
assess whether language areas were activated by the para-
digm, first-level statistical maps were thresholded using clus-
ters determined by Z>35.0 and a corrected cluster
significance threshold of P=0.05.
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The single-session data sets were registered into the
MNI152 standard space using a two-stage process. First, the
middle volume in the fMRI time-series of each subject was re-
gistered to that subject’s T1-weighted MPRAGE using BBR (6
degrees-of-freedom).” Then, each subject’s MPRAGE image
was registered to the 2mm MNI152 standard-space
T1-weighted template using a 12 degrees-of-freedom linear
fit followed by non-linear registration (warp resolution =
10 mm).”**” For each subject, the transformations of the
two stages were combined into a single transformation and ap-
plied to individual first-level #-map to transform it straight into
MNI152 space (trilinear interpolation used for resampling).

Language lateralisation assessment was focused on the
Broca region, for which a symmetrical MNI152 standard
space region-of-interest (ROI) mask was defined based on
the Harvard-Oxford Cortical Structural Atlas provided by
FSL. First, the bilateral Inferior Frontal Gyrus, pars triangu-
laris and pars opercularis probabilistic masks of the atlas
were thresholded at 10%, binarized, then incorporated
into a single mask and finally recombined with its left-right
flipped version. Based on this ROI for Broca and the MNI
transformed individual #-maps, language laterality index
(LI) was calculated for each subject using the LI-toolbox
v1.3.2 with weighted mean and bootstrap methods.***’

After creating a binary brain mask for diffusion data by running
FSL’s BET on the first b0 volume (i.e. b-value =0 s/mm?),>°
eddy current-induced distortions and subject movements were
corrected as well as outlier slices with an average intensity at
least 3 standard deviations lower than expected were detected
and replaced with Gaussian Process prediction using the
CUDA version of FSL’s eddy (eddy_cuda10.2).>"** Diffusion
tensor model was fitted on the preprocessed data using FSL’s dti-
fit command. The calculated FA map of each subject was linear-
ly registered to the 1 mm JHU-ICBM-FA template supplied by
FSL using 6 degrees-of-freedom.® The resulting transformation
matrix was applied to the diffusion tensor using the vecreg com-
mand line tool of FSL and diffusivity maps in the x-(left-right),
y-(anterior-posterior) and z-(inferior-superior) directions (i.e.
Dy, Dyy, D,,) were extracted from the resampled tensor.>”
For the calculation of DTI-ALPS indices, four spherical ROIs
(each having a volume of 123 mm?®) were placed in the projec-
tion and association fibres for both the left- and right-
hemispheres at the level of upper part of lateral ventricle
body. To minimize the bias from positioning the ROIs manual-
ly, the ROIs for ALPS calculations were placed independently
by two independent Observers (Fig. 1). The DTI-ALPS index
was calculated separately for the left- and right-hemispheres
(i.e. left ALPS;,gex and right ALPS;, 4.«) according to the
following:

ALPSindex = Mean(Dxx,proiection’ Dxx,association)/

Mean(Dyy,proiection ) Dzz,association )>

G. Perlaki et al.

Figure | Regions of interest positioning for DTI-ALPS
index calculations. Spherical ROls in the association and
projection tracts used for DTI-ALPS index calculations by Observer
2 are shown on top of the MNI-transformed coloured fractional
anisotropy map in one of our subjects. Coronal and axial images
represent slices at the centre of the ROls.

where Dy projection 15 the diffusivity along the x-direction
averaged over the spherical ROI for projection fibres,
D x association 18 the x-axis diffusivity averaged over the
ROI for association fibres, Dyy projection 18 the y-axis diffu-
sivity averaged over the ROI for projection fibres, while
D, association 1S the z-axis diffusivity averaged over the
ROI for association fibres. A bilateral ALPS;, 4.« was also
calculated by averaging the left- and right-sided indices.
The bash codes for ALPS index calculations are provided
within the Supplementary material.

Statistical analyses were performed using IBM SPSS Statistics
for Windows, Version 29.0 (IBM Corp., Armonk, NY,
USA).

To assess the effects of handedness, multiple linear regres-
sion with left-, right-, or bilateral ALPS;, 4. of each Observer
as dependent variable and sex, age and EHI score as inde-
pendent variables were performed. To assess the effects of
LI, multiple linear regression with left-, right-, or bilateral
ALPS;, gex of each Observer as dependent variable and sex,
age and LI score as independent variables were performed.
Since general linear models, with left-hemispheric
ALPS; gex Of each Observer or the bilateral ALPS; 4cx by
Observer 1 as dependent variables indicated significant inter-
action effects between sex and LI (0.002 <P <0.042), the
multiple linear regression analyses were rather performed
separately for males and females including age and LI as in-
dependent variables in the model. Significant outliers result-
ing in standardized residuals >+3 standard deviations from
the multiple linear regression models were excluded (actual
sample size always indicated). Wilcoxon signed ranked test
was performed to assess ALPS;, 4., differences between the
hemispheres. Two-tailed P-values are reported and P <
0.05 was the significance cutoff for all statistical tests.

Intraclass correlation coefficients (ICCs) were used to as-
sess the consistency (i.e. systematic differences are irrelevant)
and absolute agreement (i.e. systematic differences are rele-
vant) between the DTI-ALPS indices by the two Observers.
Two-way mixed model was selected, and both single- and
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average measures ICCs were obtained. As a rule of thumb,
ICC values were classified as excellent (>0.9), good (0.9 >
ICC > 0.8) and acceptable (0.8 > ICC > 0.7).

Results

Based on previously suggested optimal EHI score cut-off,**
our study group contained 45 right-handed (EHI > 60; 19
males; mean age: 27.96 + 10.91, range: 18-64 years) and
37 atypical-handed (left- or mixed-handed; EHI < 60; 16
males; mean age: 25.65 + 9.18, range: 20-66 years) subjects.
Based on the verbal fluency fMRI task, the LI ranged from
—0.65 to +0.76, with a mean LI of 0.54 + 0.31.

Multiple linear regression corrected for age and sex indicated
that handedness was inversely related to the left ALPS;, 4. by
Observer 1 (=281, P =0.030) and the bilateral ALPS;, 4. by
both Observers (=82, P=0.025 and P =0.044), suggest-
ing that the more left-handed the subjects were, the higher
the left and bilateral DTI-ALPS indices, and vice versa. As
the significance pattern of the association between handed-
ness and left ALPS; 4.« was different for our two
Observers, multiple linear regression analysis was also per-
formed using the left ALPS;,4.x averaged across the
Observers as a dependent variable, indicating a trend-like in-
verse association with handedness (7 =80, P=0.109). Yet,
handedness was not significantly related to right-sided
ALPS;, gex for any Observers (Table 1). Age and gender nei-
ther had significant effects from these multiple linear regres-
sion models for any of the DTI-ALPS indices/Observers (P >
0.349). No significant interactions were found between any
pairs of the independent variables (i.e. handedness, age,
sex), except for the significant sex X age interaction term in
case of left ALPS; 4.« by Observer 2 (P =0.027). The add-
ition of this significant term to the model did not change
the significance pattern (Table 1).

Table | Association between handedness and
DTI-ALPS index

Handedness
P-value t (df)

Observer |

L_ALPS;, dex 0.030 —2.204 (77)

R_ALPS; dex 0.263 —1.128 (78)

B_ALPS;,gex 0.025 —2.293 (78)
Observer 2

L_ALPS;,gex 0.200 (0.201%) —1.292 (76)

R_ALPS;ndex 0.251 —1.155 (78)

B_ALPS;,gex 0.044 —2.048 (78)

L_ALPS;ndexs R_ALPS;dex and B_ALPS;,qex are left, right and bilateral DTI-ALPS indices,
respectively. P-value and t (df) are specific to handedness-related term in the multiple
linear regression analyses adjusted for age and sex. P-values smaller than 0.05 are in bold.
?In this case P-value is reported when significant sex X age interaction term was also
added to the model.
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Due to the significant interactions mentioned in the statistic-
al analysis (i.e. sex x LI), LI-related statistics were rather per-
formed separately for males and females. In females, multiple
linear regression analysis corrected for age indicated that LI
was inversely related to the left ALPS;, 4.« (7 =47, P <0.001)
and the bilateral ALPS;,4cx (7 =47, P <0.003) by both ob-
servers, suggesting that the more right-lateralized (i.e. atyp-
ical) language processing was indicative of higher left and
bilateral ALPS;, 4ex, and vica versa. However, language lat-
eralisation was not significantly associated with the right
ALPS; gex- In males, LI was not related to any of the
DTI-ALPS indices (Table 2). Age had no significant effects
in these models for any of the sexes/DTI-ALPS indices/
Observers (P>0.107). No significant interactions were
found between LI x age for any of the sexes/DTI-ALPS indi-
ces/observers (P > 0.383).

Since handedness may modulate LI to some extent (i.e.
higher incidence of atypical language lateralisation in
left-handers),>® as an exploratory analysis, we also examined
whether the inclusion of handedness as an additional covari-
ate affects our Ll-related results in women. Although the sig-
nificance pattern of Ll-related results in women was not
changed by adding handedness to the model, we found a sig-
nificant interaction between handedness and LI for the
left-hemispheric ALPS;4cx by Observer 1 (P =0.021), sug-
gesting that it is statistically more reliable to examine the ef-
fects of LI separately for right-handed and atypical-handed
(i.e. mixed- and left-handed) female groups. Repeating mul-
tiple linear regression analyses separately for the right-
handed (EHI >+60; 7 =26) and atypical-handed (left- or
mixed-handed; EHI < 60; 7 =21) female subgroups, LI re-
mained negatively related to the left- and bilateral
ALPS;, 4ex by both Observers in the atypical-handed female
subgroup (Observer 1: t=-4.947, P<0.001 and ¢=
—-3.867, P=0.001 respectively; Observer 2: t=-3.927,
P <0.001 and t=-3.248, P =0.004 respectively), but not
in the right-handed subgroup (P >0.126). We did not find
significant interactions between LI X age or significant effect
of age from these models either (P > 0.185).

The consistency and the absolute agreement among the two
observers were good for all three versions of the ALPS;; g«
(i.e. left, right and bilateral) when using the Single
Measures ICCs and excellent when using the Average
Measures ones (Table 3).

Left hemispheric ALPS;, 4.« was significantly higher than the
right one for both observers (n=82, z=-6.109, P <0.001
and z=-6.474, P<0.001) even if considering males
(n=35, z=-4.291, P<0.001 and z=-4.390, P <0.001)
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Table 2 Association of language lateralisation with DTI-ALPS index

Males, lateralisation index

Females, lateralisation index

P-value t (df) P-value t (df)

Observer |

L_ALPS;, gex 0.527 0.639 (32) <0.001 —4.535 (44)

R_ALPS; gex 0.843 —0.200 (32) 0.211 —1.270 (44)

B_ALPS;,gex 0.812 0.239 (32) 0.001 —3.447 (44)
Observer 2

L_ALPS;, gex 0.613 0.511 (32) <0.001 (<0.001%) —3.925 (44)

R_ALPS; dex 0.390 —0.872 (32) 0.200 —1.301 (44)

B_ALPS;,gex 0.790 —0.269 (32) 0.003 —3.094 (44)

L_ALPS;ndexs R_ALPS;ngex and B_ALPS;,4ex are left, right and bilateral DTI-ALPS indices, respectively. P-value and t (df) are specific to language lateralisation-related term in the multiple
linear regression analyses adjusted for age. P-values smaller than 0.05 are in bold. *In this case P-value is reported after square-root transforming the ALPS;, 4. in order to deal with slight

non-normality of the standardized residuals (Shapiro-Wilk test, P = 0.048).

Table 3 Intraclass correlation coefficients between the two observers for DTI-ALPS indices

L_ALPS; dex R_ALPS;, 4ex B_ALPS; dex
ICC Absolute agreement Consistency Absolute agreement Consistency Absolute agreement Consistency
Single Measures 0.857 0.856 0.843 0.845 0.898 0.899
Average Meaures 0.923 0.922 0.915 0916 0.946 0.947

ICC intraclass correlation coefficient; L_ALPS;,4ex, R_ALPS;dex and B_ALPS;4ex are the left, right and bilateral DTI-ALPS indices, respectively. Single- and average measures ICCs were

obtained based on two-way mixed model.

and females (n =47, z=-4.318, P < 0.001 and z = —4.741,
P <0.001) separately. The Ileftward dominance of
ALPS; gex Was also significant for both observers, when
right-handed (EHI > 60; 2 =45, P < 0.001), atypical-handed
(left- or mixed-handed; EHI < 60572 =37; P < 0.001), mixed-
handed (-60 <EHI<60; n=26; P<0.001) or the pure
left-handed (EHI< —60; n=11; P=0.033 and P=0.050
for Observer 1 and Observer 2) groups—defined based on
previously suggested optimal EHI score cut-off**—were ex-
amined separately.

Discussion

The present study aimed to analyze the relationship of the
DTI-ALPS index with handedness and language lateralisa-
tion. Since there is no clear conclusion in the literature
whether the index should be extracted only from the
left-hemisphere, averaged over the two hemispheres or as-
sessed separately for both hemispheres,®?*!3* all three ver-
sions of the index were examined.

Both handedness and language lateralisation were inverse-
ly related to the left- and/or bilateral ALPS indices, but not to
the right-hemispheric one. Although the exact influence of
handedness/LI on ALPS;, 4.« was not examined previously,
some studies tried to address the potential confounding ef-
fects of handedness by including only right-handed sub-
jects.’® Examining a right-handed population does not
automatically guarantee that the Ll-related changes of DTI
measures disappear as demonstrated by Ocklenburg
et al.>” who found correlation between LI and the strength

of fractional anisotropy asymmetries of the arcuate fascic-
ulus in a right-handed population. However, our results
proved that the examination of right-handed subjects exclu-
sively is indeed an effective way to eliminate the effects of LI
on ALPS; 4. (i.e. in our right-handed female subgroup, LI
was not related to the left- or bilateral ALPS;,4ex), which
can also be intuitively expected given that, in general,
94-96% of right-handers show left-hemispheric language
dominance.”

A considerable proportion of ALPS studies are retrospect-
ive, possibly without information on handedness/LI.
Considering the lack of influence of handedness/LI on the
right ALPS;, gex, the right-hemispheric ALPS;, 4., may be pre-
ferred in such situations. Moreover, investigating the right
ALPS;, gex, while also keeping left handers in the study, could
be an effective way to increase the number of subjects with-
out introducing serious confounding effects. However, it is
important to note that this suggestion somewhat contrasts
with the original DTI-ALPS study, suggesting that the index
should be measured in the left hemisphere, which is probably
why early ALPS studies focused less on the right side.® In cer-
tain cases (including our present study) left- and right hemi-
spheric indices may behave differently.’® Previous studies
also reported discrepant results for the two hemispheres
(e.g. only the left hemispheric ALPS; 4., not the right one,
was reduced in patients with spontaneous intracerebral
haemorrhage in the left hemisphere,*® patients with left tem-
poral lobe epilepsy'” or early stage Parkinson’s disease pa-
tients®), suggesting that ALPS; 4.« may change somewhat
independently in the two hemispheres and thus should be in-
vestigated separately for the two hemispheres. We are not
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aware of any human or animal studies investigating the lat-
eralisation of the glymphatic system using methods more
convincing than DTI-ALPS. However, if future studies
were to show the absence of glymphatic lateralisation, the in-
dependent changes of DTI-ALPS between the two hemi-
spheres would provide additional support that DTI-ALPS
index is unlikely to represent glymphatic activity.

While the validity of DTI-ALPS index as a marker of glym-
phatic brain clearance is questioned by some research-
ers,'%* we cannot exclude the possibility that changes in
glymphatic system function still underlie our correlations.
However, it would be imprudent to interpret our correla-
tions based on the very simplistic view of DTI-ALPS index
as a marker of glymphatic function, i.e. atypical language
dominance associated with increased glymphatic function
in the left hemisphere.

Our results may be explained in another and potentially
more plausible way, by structural differences related to lan-
guage lateralisation, which could influence the ALPS;, 4. va-
lue. Although the white matter correlates of LI have not been
very thoroughly examined, the superior longitudinal and ar-
cuate fasciculus (SLF and AF; association tracts) have been
probably most frequently studied in this regard.*'**
Unfortunately, due to the close proximity and the potential
spatial overlap of SLF and AF*’ and because their names
are often used interchangeably in the literature, previous
studies may represent results mixed from both tracts.?>*!
The normal left-right asymmetry of AF using both micro-
structural (i.e. FA = fractional anisotropy) and macrostruc-
tural (i.e. volume) white matter measures as well as the
relevance of left AF in language functions have been demon-
strated.*> Moreover, significant positive correlations be-
tween FA lateralisation in language-related pathways and
fMRI activation asymmetries during language tasks have
been reported,’”**>** indicating that more pronounced
left-greater-than-right FA asymmetry means stronger left-
ward fMRI lateralisation. Though not consistently observed
in all previous studies, but the correlation between the lat-
erality of AF volume and language lateralisation has been
also demonstrated in both adults* and preadolescent chil-
dren.*® Based on this latter study, this correlation could be
at least partially driven by the positive association reported
between left AF volume and LL* that may potentially ex-
plain the direction of our inverse correlations between the
left ALPS;,4.x and LI. Although our fixed-size ROIs were
carefully positioned in the centre of relevant tracts for
ALPS calculations, it can happen that smaller left association
tracts in subjects with smaller LI may result in partial volume
effects from the adjacent subcortical fibres, whose main dif-
fusion axis is in the x-direction. If the subcortical fibres are
partially mixed, the ALPS;, 4. Will increase as suggested by
Taoka et al."® However, it should be noted that most of pre-
vious studies examined the AF as a whole (or divided it into a
few segments), making it difficult to unequivocally conclude
about Ll-related diameter changes of AF in the short section
where our ALPS ROIs were placed. Clearly, further pro-
spective studies using high spatial and angular resolution
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advanced diffusion techniques combined with tractography
methods (e.g. XTRACT, TRACULA) are needed, to specific-
ally address the association between the final DTI-ALPS in-
dex and the morphological, micro- and macrostructural
properties of AF locally measured at the level of ALPS ROlIs.

DTI-ALPS index can also be influenced by many other fac-
tors, including the perivascular spaces (PVS) as shown by
some studies detecting inverse relationship between enlarged
PVS (EPVS) and the index.>**” However, this correlation is
not strong enough to present in all scenarios*® and its pres-
ence may also be dependent on the anatomical location of
PVS measurements (i.e. ALPS;,4.x negatively correlated
with EPVS in the basal ganglia versus uncorrelated with
EPVS in the centrum semiovale).*’ Asymmetric distribution
of EPVS has been described in temporal lobe, post-traumatic
and post-stroke epilepsy,'” but we are not aware of studies
about the lateralized distribution of PVS related to handed-
ness or LI in healthy normal population. Although we cannot
exclude the role of PVS in our results, it should be noted that
typically only the PVS enlargement is detected on MRI scans
and most PVS remain invisible,"® making it challenging to
even plan future studies on the relationships among handed-
ness/LL, PVS and ALPS;, 4. in a healthy normal population.

Like Zhang et al.>® we can also speculate that different
findings in the left- and right hemispheres might be asso-
ciated with the separate blood supply of the two hemispheres
and with the potential vascular correlates of handedness and
cerebral dominance.’®’! However, further studies are
needed to justify the background of these speculations.

Both ICCs for consistency and absolute agreement were
good to excellent for all three versions of the ALPS;, gy, indi-
cating high inter-rater reliability of our measures.
Unfortunately, previous articles providing ICCs for
ALPS;, 4ex between observers rarely describe the exact type
of the reported ICC values (e.g. Single- versus Average
Measures, Absolute agreement versus consistency, 1-way
random versus 2-way random effects versus 2-way mixed
effects), making it rather difficult to compare our ICCs
with those in the literature.?**%:3%%3 However, despite our
high inter-observer reliability, instead of averaging the
DTI-ALPS measures between the observers, we ran all statis-
tics separately for the two observers to be even more confi-
dent that the results are robust and observer independent.
In this sense, it is important to mention that the inverse asso-
ciation between handedness and the left ALPS;, 4. was the
only one of our results that showed some observer depend-
ence (i.e. significant for Observer 1 versus non-significant
for Observer 2), and working with a left ALPS;, 4.« averaged
across observers resulted in only a non-significant trend for
this inverse association.

Left hemispheric ALPS;, 4.« was significantly higher than
the right one. The leftward asymmetry of ALPS;, 4cy in nor-
mal adult brain has also been described by others and sug-
gested that it may be associated with the structural and
functional asymmetries of the brain.'”*® Wang et al.>® sug-
gested that one possible reason for the leftward dominance
of ALPS;,gex may come from right-handedness of their
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subjects, but here we proved that leftward dominance was
present in the non-right handed subgroups as well.

In our sample, age had no significant effect on the exam-
ined DTI-ALPS indices. While the inverse association
between age and ALPS; 4.« was described by previous
reports,”* Taoka et al.?® demonstrated that the age-related
association is rather non-monotonic. Based on their statistic-
al analysis over age groups created on decades, no significant
differences were observed among the 10’s, 20’s, 30’s, 50’s
and 60’s generations, that represent 94% of our subjects,
and the second-degree association found is mainly driven
by the 40’s and 70’s generation. However, in our sample
only 6% of subjects fell into the 40’s generation and nobody
into the 70’s one. In addition, <10% of our sample was older
than 40 years, not allowing us to examine how the index
changes in older generations.

Sex differences in ALPS;,qcy is rather controversial in the
literature. Similar to our present study, several previous stud-
ies found a non-significant difference between males and
females,’* but contradictory results suggesting larger
ALPS;, 4ex in females were also reported, including a study
with very large sample size based on UK biobank.’®
However, according to a recent study, head-size is a major
contributing factor to sex difference in ALPS; 4., and
when the statistics are corrected for intracranial volume,
males and females are no longer statistically different.’®
Based on this, it can be also speculated that without a head-
size correction, the presence or absence of difference depends
on the similarity in head size between the involved male and
female groups. This phenomenon is not unique to the
ALPS; 4ex, but the hippocampal morphology shows the
same behaviour (i.e. sex difference in the hippocampal vol-
ume depends on whether head-size correction is applied or
not; and no difference is observed between head-size
matched males and females even when no head-size correc-
tion is applied).’”

In our cohort, a significant sex X language lateralisation
interaction was found. This interaction suggests different as-
sociation between LI and ALPS;,4cx for males and females,
that was later also confirmed by results of the separate stat-
istical analyses in men and women (i.e. no relationship be-
tween LI and ALPS;, 4.« for males and significant inverse
association for females). This specific interaction was not ex-
amined/reported previously, thus further studies needed for
better understanding the exact mechanisms underlying it.

In the present study we retrospectively evaluated DTI mea-
surements acquired with b =700 s/mm?, which is a little
<b=1000 s/mm” used in many ALPS studies. However, it
is not verified whether this latter is the optimal b-value for
ALPS;,gex. > The ROIs for ALPS calculations were placed
manually, that may add subjectivity to our measurements.
Nevertheless, we repeated all statistical analyses separately
for our two observers, and our findings were rather robust
to be observer-independent. The theoretical basis of
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DTI-ALPS index as a marker of glymphatic system is criti-
cized by recent studies.'®*" Given the complexity of the
glymphatic system, like Haller et al.'® we also have doubts
about the ability of this simple measure to fairly represent
the whole glymphatic system. However, the changes of
ALPS;, dex in various diseased conditions and its correlation
with cognitive functions make it a valuable measure and
any new studies about its correlates may help to find out
what it truly represents and to identify its potential
confounders.

In this study, we manually placed the ROIs at the projec-
tion and association fibres. The applied method (i.e. using ve-
creg function of FSL to register tensor data into standard
space combined with manual ROI placement) demonstrated
good-to-excellent inter-rater reliability on our data, and
Tatekawa et al.>* also reported both good-to-excellent intra-
and inter-reliabilities for this method. However, future
multi-site ALPS studies targeting large sample sizes may re-
quire validated automated methods in order to reduce hu-
man resources (e.g. https:/github.com/gbarisano/alps).*'-*®

Since <10% of our sample were older than 40 years, and
because we also corrected for age in the statistics, age-related
confounding effects are unlikely to affect our results. On the
other hand, it may be possible that our results are not directly
generalisable for the whole (including the older) population.

Since different language fMRI tasks may lead to activation
of different language regions (e.g. Broca’s versus Wernicke’s
area) that may be lateralized in varying degrees,>® future
studies are warranted to test the generalizability of our find-
ings using other types of language fMRI tasks.

In the present study, we also reported results for the bilat-
eral ALPS; 4cx in addition to left- and right hemispheric
versions of the index. However, associations between
handedness/LI and the bilateral ALPS;, 4.« are probably dri-
ven by the left hemisphere making the inclusion of bilateral
results somewhat questionable. While we suggest that keep-
ing the left and right hemispheric indices separate without
averaging them would enhance clarity, the bilateral index
was suggested to be more reproducible,® which makes it ra-
ther difficult to simply ignore it in the present or future
studies.

Although all of our analyses were controlled for age and
gender, which were shown to be the two strongest independ-
ent predictors of ALPS index among a variety of demograph-
ic and vascular factors,'” future prospective studies should
definitely consider a broader range of confounding factors,
especially the vascular risk factors. Nevertheless, given the
absence of any studies linking handedness/LI to vascular
risk factors, it is unlikely that our findings for handedness/
LI are primarily driven by these factors.

Conclusions

In conclusion, both language laterality and handedness can
affect DTI-ALPS index that should be considered in future
studies. To control this confounding factor, handedness/
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LI-related changes should be statistically modelled. If this is
not possible, DTI-ALPS index should either be derived from
the right hemisphere, or the subject population should con-
tain only right-handed individuals.

Supplementary material

Supplementary material is available at Brain Communications
online.
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