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Abstract

Diffusion weighted imaging (DWI) was used to investigate white matter asymmetries in participants with situs inversus
totalis (SIT) and matched controls. Regardless of visceral condition, hemispheric differences were found for the arcuate
fasciculus (ARC) and the superior longitudinal fasciculus (SLF), which are involved in language and visuospatial function-
ing, respectively. The ARC appears lateralized to the left hemisphere, analogous to the left lateralization of functional areas
associated with language. The SLF, on the other hand, is lateralized to the right, corresponding with rightward lateralization
of visuospatial functioning. Interestingly, SIT participants show a significantly lower number of streamlines in the Uncinate
Fasciculus (UNC). In addition, UNC volume appears associated with measures of cognitive performance, a finding in line

with previously reported performance differences between SIT participants and controls.
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Introduction

Situs inversus totalis (SIT) is a rare anatomical condition in
which the internal organs are in mirrored position compared
to their typical location with the heart on the left and the
liver on the right (Grimes and Burdine 2017). The condi-
tion may go unnoticed for decades until it is discovered by
chance during medical examination for an unrelated event.
In others, the condition is revealed soon after birth because
associated congenital heart disease required surgical inter-
vention. Still others are diagnosed with primary ciliary dys-
kinesia (PCD), a genetic dysfunction of hair-like cells in
respiratory and genital tracts that cause chronic bronchitis
and rhinitis, and subfertility (Bush et al. 1998). Fifty percent
of patients with PCD have SIT, as hypomotility of nodal cilia
during embryogenesis is believed to result in a randomiza-
tion of visceral situs (Leigh et al. 2009).
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Recently, we compared brain structural and functional
asymmetries in 15 participants with SIT and 15 matched
control participants. We aimed to investigate whether
humans show an association between visceral and brain
asymmetries, an observation reported in other animal spe-
cies (Goto et al. 2010). Results showed that visceral reversal
in humans has only limited effects on typical brain asym-
metry. Structural and functional asymmetries associated
with language revealed no significant differences with con-
trol participants (Vingerhoets et al. 2018b). On the other
hand, the ‘Yakovlevian’ brain torque, a population-wide
lobar asymmetry seen in most human brains, was generally
reversed in participants with SIT and appeared predomi-
nantly driven by SIT participants without primary ciliary
dyskinesia. In addition, the SIT-group showed significantly
more frequent atypical functional segregation, in which one
or two cognitive functions present with atypical hemispheric
dominance while others show typical lateralization (Ving-
erhoets et al. 2018a).

Thus far our anatomical reports on this cohort focused
mainly on brain structural and functional language-related
asymmetries. Here, we turn to results from diffusion
weighted imaging (DWI) and explore white matter asym-
metries of major association tracts in the SIT and control
group. High anatomical consensus exists for five tracts
(Hua et al. 2008; Oishi et al. 2011; Webb 2017; Haines
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and Mihailoff 2018): arcuate fasciculus (ARC), inferior
fronto-occipital fasciculus (IFO), inferior longitudinal fas-
ciculus (ILF), superior longitudinal fasciculus (SLF), and
the uncinate fasciculus (UNC). Furthermore, hemispheric
differences in these five tracts have been reported in white
matter asymmetry studies in healthy participants. For exam-
ple, Ocklenburg and Giintiirkiin (2018) reviewed leftward
lateralization of ARC and hemispheric differences of sub-
components of UNC and SLF; Thiebaut de Schotten et al.
(2011b) found leftward asymmetry for ILF and for the long
segment of the ARC, but rightward asymmetry for the IFO;
and the results of Slater et al. (2019) showed left laterali-
zation of ARC and UNC and right lateralization of IFO.
We present hemisphere data on fractional anisotropy (FA)
and number of streamlines (NoS), two adequate measures
in DTI which are frequently reported in WM asymmetry
research (Van Hecke et al. 2016). Two main questions will
be addressed: (1) do these white matter tracts show signifi-
cant between hemisphere differences, and (2) do we find
white matter differences between participants with SIT and
matched controls.

Method
Participants

Following institutional and ethical approval the databases of
Ghent University Hospital and Middelheim Hospital Ant-
werp were searched for the term ‘situs inversus’ in radiologi-
cal protocols of patients aged 18—70 years. Fifteen partici-
pants with situs inversus totalis were included after written
informed consent was obtained according to the Declaration
of Helsinki. The SIT cohort consisted of 15 individuals, 7
women and 8 men that were between 18 and 50 years old.
A group of healthy control participants was also recruited
that were individually matched for gender, age, years of for-
mal education, and handedness with the SIT participants (7
women, 8 men, 19-51 years old). All participants underwent
the same research protocol. Detailed information on partici-
pant recruitment and demographic and medical details can
be found elsewhere (Vingerhoets et al. 2018a, b).

Cognitive performance

Cognitive performance was measured using a Dutch adapta-
tion of the Repeatable Battery for the Assessment of Neu-
ropsychological Status (RBANS), (Randolph 2002). For
SI06 and CO17, French and Italian adaptations were used,
respectively. The RBANS comprises ten cognitive subtests
and provides index scores for five domains: immediate mem-
ory, visuospatial/constructional, language, attention, and
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delayed memory. The index scores are reported as standard
scores with a mean of 100 and a standard deviation of 15.

MRI data

A 3.0 T TIM Trio (release VB17) and a standard 32-channel
head coil (Siemens Healthineers, Erlangen, Germany) were
used for MRI data acquisition. The parameters for DWI were
as follows: a twice refocused single-shot echo-planar diffu-
sion pulse sequence with an isotropic image resolution of
2.5 mm°, one non-diffusion weighted b0 image, 64 different
non-collinear directions with b= 1200 s/mm2, 60 contiguous
slices, TR/TE =10,800/83 ms, FOV =240 mm, matrix size
96 x 96, bandwidth 1736 Hz/Px, epi factor=96, PAT=3,
and acquisition time = 12:36 min (see also Vingerhoets et al.
2018b).

WM tracts

The DWI brain scans were processed using Eddy (Anders-
son and Sotiropoulos 2016) from FDT (FMRIB diffusion
toolbox, which is part of FSL). First, the images were pre-
processed, correcting for eddy current distortions and head
motion using a 12-parameter affine registration to a refer-
ence volume (non-diffusion weighted volume). The gradi-
ent directions were rotated accordingly (Leemans and Jones
2009). Euler integration was used to perform deterministic
tractography (Basser et al. 2000), with a step size of 1 mm.
The stopping criteria for reconstructing fiber pathways were
either when the FA-value in a voxel was lower than 0.20 or
when the angle between two consecutive tractography steps
was greater than 35°.

TrackVis was used to delineate the fiber tracts (Wang
et al. 2007). For the ARC, two ROIs were selected in accord-
ance with Kamali et al. 2014. The first one was placed on a
bundle of association white matter (coded as green on the
color maps) passing through the fronto-temporal junction
on the coronal slice. The second ROI consisted of projec-
tion fibers passing through the temporal plane on the axial
slice. To delineate the SLF, the classification of Makris et al.
(2005) was used. He argued that the SLF consists of four
subcomponents: SLF I, SLF II, SLF III, and the Arcuate
Fasciculus. In the present study, we focus on the SLF II
component of the SLF, which is primarily involved in visual
processing and spatial attention. Hereafter, the SLF II com-
ponent will be referred to as SLF. The first ROI for the SLF
was the same as for the ARC. The second one was situated
in the angular gyrus and consisted of a bundle of association
white matter on the coronal slice. For the UNC, two ROIs
were placed, a coronal inclusion ROI at the fronto-tempo-
ral junction and an inclusion ROI in the temporal plane.
(Van Hecke et al. 2016). To delineate the ILF, an inclusion
ROI was placed at the temporal lobe on the coronal slice
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and another large coronal inclusion ROI was placed in the
parieto-occipital area. Furthermore, an exclusion ROI was
placed at the fronto-temporal junction on the coronal slice
(Van Hecke et al. 2016). For the IFO, there were two coronal
inclusion ROIs placed. The first at the fronto-temporal junc-
tion, but posterior to the UNC, and the second in the parieto-
occipital area (Van Hecke et al. 2016). After the delineation
of all tracts in each subject, NoS and FA were computed.
Furthermore, lateralization indices were calculated both for
NoS and for FA. This was done by dividing the difference
in NoS or FA between the right and left hemispheres by the
sum of NoS or FA of both hemispheres: (R—L)/(R+L).

Data analysis

The data was analyzed in R version 3.4.2 using a 2 X2
repeated measures MANOVA. The first factor, Group, is
a between-subjects factor with two levels, the SIT group
and the control group. The second factor, Hemisphere, is a
within-subjects factor with two levels that refers to the left or
right hemisphere. Ten dependent variables were examined:
the number of streamlines and the FA-value of each of the
five tracts. Subsequently, post hoc tests were conducted to
check the influence of Group and Hemisphere on each of
the dependent variables. The p values of the post hoc tests
were corrected using false discovery rate correction (FDR).

A NoS ARC and SLF by Hemisphere

arcuate SLF
*kk *%k
L
L]
o 400-
@
£ S
£
©
o
6 L]
ks
— L]
(V]
o
£ 200~ :
=] &
2 — bl
N =
L R L R

Fig. 1 a Hemispheric differences for ARC and SLF with higher FA
and higher NoS in the left hemisphere for ARC and higher NoS in the
right hemisphere for SLF. b Group differences for UNC with higher

Results

First, we looked at the repeated measures MANOVA omni-
bus effect with all ten dependent variables. Both the main
effect of Group (£(10,47)=5.71, p=0.00027, n*=0.48)
and the main effect of Hemisphere (F(10,47)=4.31,
p=0.00002, »*=0.55) were significant. However, the
Group X Hemisphere interaction did not reach signifi-
cance (F(10,47)=1.23, p=0.297). Since both main effects
were of interest, we looked further into the effect on each
of the dependent variables using post hoc repeated meas-
ures ANOVA. For the ARC, there was a main effect of
Hemisphere for both NoS (F(1,56)=20.9, Pad =0.0003,
n*=0.27), see also Vingerhoets et al. (2018b), and FA
(F(1,56)=6.74, p,;;=0.0401, n*=0.1).

In particular, there were significantly more streamlines
and higher FA in the left hemisphere (NoS: M =171.93,
SD=94.6; FA: M=0.47, SD=0.03) compared to the right
hemisphere (NoS: M=72.57, SD=72.1; FA: M=0.39,
SD=0.16), see Fig. la. Also, for the SLF, a main effect
of Hemisphere was found for NoS (F(1,56)=11.46,
Pagj=0.0065, 7*=0.16), showing higher No$ in the right
hemisphere (M =172.2, SD=109.46) compared to the left
hemisphere (M =90.67, SD=_81.08), see Fig. 1a. No effect
for FA was found (F(1,56)=1.98, p,4;=0.33). For all other
tracts, the main effect of Hemisphere was not significant.
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Hence, the omnibus main effect of Hemisphere appears to
be driven by the number of streamlines of the ARC and the
SLF and the FA-value of the ARC. The main effect of Group
was only significant for NoS of the UNC (F(1,56)=28.52,
Padj =0.00002, 172:0.31), with the NoS being higher in the
control group (M =171.27, SD=49.37) compared to the
SIT-group (M =85, SD=47.53). Hence, there are differ-
ences in white matter between the SIT and control group,
which are expressed in a lower number of streamlines in
the uncinate fasciculus for the SIT group compared to the
control group (Fig. 1b). Within the SIT group, no WM dif-
ferences were found between SIT participants with primary
ciliary dyskinesia and SIT participants without primary cili-
ary dyskinesia (F(10,19)=1.192, p=0.355).

Since previous research revealed that SIT is associ-
ated with lower cognitive performance compared to con-
trols (Vingerhoets et al. 2018a) and the current findings
reveal between-group differences in the uncinate fascicu-
lus, we wanted to check whether the NoS in the UNC is
associated with cognitive performance. A repeated meas-
ures MANCOVA was conducted with five dependent
variables, which were the five cognitive domain scores
of the RBANS. The model consisted of two predictors:
a continuous variable (NoS) and a factor (Hemisphere).
We found a main effect of NoS (F(5,52)=2.5, p=0.042,
7*=0.2) on cognitive performance, but no main effect of
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Hemisphere (F(5,52)=0.09, p=0.993) nor an interac-
tion effect (F(5,52)=0.34, p=0.887). Post hoc ANCOVA
analysis revealed that the effect was significant for Imme-
diate Memory (F(1,56)=7.32, p,q;=0.023, n*=0.12) and
visuospatial/constructional (F(1,56)=12.59, Padi =0.004,
n?=0.19), with better performances being associated with
higher NoS (Fig. 2).

Discussion

In the present study, we found evidence for (1) hemi-
spheric white matter differences, specifically in the ARC
and in the SLF; and (2) white matter differences between
participants with SIT and matched controls, characterized
by a lower NoS in the UNC in SIT. In addition, higher
NoS in the UNC is associated with higher performance
on tasks of immediate memory and visuospatial/construc-
tional ability.

Previous research already reported hemispheric differ-
ences in WM tracts. Catani et al. (2010) found a higher NoS
in the right IFO and there is consensus that the ILF shows
leftward asymmetry for both FA (Ashtari et al. 2007; Catani
et al. 2010) and volume (Wakana et al. 2007). The ARC
is asymmetrical as well, with higher FA (e.g. Biichel et al.
2004) and a larger volume (e.g. Good et al. 2001) in the
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Fig.2 Visuospatial/Constructional performance (left) and immediate memory (right) in function of NoS in the UNC
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left hemisphere, which seems to be in accordance with its
putative role in language (Catani and Mesulam 2008; Rill-
ing et al. 2008). Although we did not find any differences
between the left and right hemisphere for the ILF or the IFO,
we did find significant effects for the ARC with higher levels
for both FA and NoS in the left hemisphere compared to
the right hemisphere. The present study, therefore, confirms
leftward lateralization of the ARC.

Similar to typical left hemispheric dominance for lan-
guage, spatial attention is known to be functionally lateral-
ized to the right hemisphere. An important white matter tract
in spatial attention is the SLF II component of the SLF. For
example, Thiebaut de Schotten et al. (Thiebaut de Schot-
ten et al. 2011a) found that lateralization of the SLF II is
associated with an asymmetry in behavioral performance
on a visuospatial task. He also pointed out that there is a
trend towards rightward lateralization of the SLF II. The
current study confirms the rightward asymmetry of the SLF
11, though only for NoS and not for FA. Again, these results
indicate that white matter and functional asymmetry are
intertwined.

As for the UNC, there is some ambiguity in the literature
about its hemispheric differences. Some researchers report
asymmetry to the right hemisphere (e.g. Good et al. 2001;
Highley et al. 2002), while others report leftward asymmetry
(e.g. Hervé et al. 2006; Rodrigo et al. 2007). In the present
study, no evidence for hemispheric asymmetry of the UNC
was found. However, SIT participants showed lower NoS in
the UNC compared to control participants. Similar altera-
tions in the UNC have been described for various clinical
groups in other research, for example in participants with
Autism Spectrum Disorder (Ameis 2015; Kumar et al. 2010;
Pugliese et al. 2009), participants with a social anxiety disor-
der (Phan et al. 2009), and participants with Alzheimer’s dis-
ease (Yasmin et al. 2008). Overall, these pathologies seem to
be associated with alterations in the UNC, mostly expressed
in lower FA and lower NoS in the UNC. Since several of
these pathologies are accompanied by cognitive deficits, the
question arises whether there is a link between alterations
in the UNC and cognitive performance. Interestingly, the
present data seem to confirm this relation, as the fewer NoS
in the UNC, the lower the performance on visuospatial/con-
structional and on immediate memory tasks. Especially the
latter behavioral effect is in agreement with the UNC’s pre-
sumed function. The UNC connects anterior temporal with
orbital and polar frontal regions and has strong connections
with the limbic system (Thiebaut de Schotten et al. 2012).
It has been involved in social and emotional processing, in
memory, and in language processing, (Mega et al. 1997;
Von Der Heide et al. 2013). Hence, memory is one of the
UNC’s core functions and it seems that if the UNC’s volume
is reduced, memory performance is affected as well. The
association between lower UNC volume in SIT and reduced

performance on selected cognitive domains is noteworthy
but does not explain the global suboptimal cognitive per-
formance reported in this cohort before (Vingerhoets et al.
2018a). Certainly, no causal interpretation is warranted here
as reduced UNC volume might be the consequence of subop-
timal cognition or related to an intermediate neurodevelop-
mental variable. This is the largest neuro-imaging study on
SIT to date. The still relatively small number of participants
precludes more sophisticated analysis of the data and limits
interpretation until replication in a larger cohort is provided.
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