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Abstract

Orientation in space is an important determinant of human behaviour. Spatial delusions
are a disrupting form of spatial disorientation characterized by a firm conviction of place
mislocation. Patients believe they are in a reduplicated, transformed or dislocated place
and are rather insensitive to surrounding incongruences. Spatial delusions are frequent
after right hemispheric lesions and in neurodegenerative diseases, but empirical evidence
about their presentation and pathophysiology is lacking. Here, we aimed to
comprehensively study stroke-associated spatial delusions’ clinical features and neural
basis.

The first study systematically reviewed the reported evidence about lesion-associated
spatial delusions. Then, we performed a prospective screening for spatial delusions in right
hemisphere acute stroke patients and were able to identify the largest sample of patients
with spatial delusion, to our knowledge. The second study described spatial delusions’
clinical and phenomenological features and analysed their neural correlations (n=60). Most
places of mislocation were closer to the patient’s home than to the hospital. The duration
of the syndrome was short (median: 3 days, interquartile range: 1-7 days) and moderately
correlated with structural disruption of left inferior temporal fibres (r=0.39). Each clinical
subtype (i.e., place reduplication, transformation or dislocation) had characteristic response
patterns, which were reported, and representative examples were provided. In the third
study, we performed a case-control analysis of the structural and functional predictors of
the syndrome (stroke patients with spatial delusions, n=64; stroke controls, n=233). Spatial
delusions were most strongly predicted by the structural disconnection of two distinct
streams, connecting right fronto-thalamic and right occipitotemporal structures. The
multivariate model also included age, anosognosia and lesion sparing of right dorsal
fronto-parietal regions as independent predictors. It was nested cross-validated with a
support-vector machine analysis and a good discrimination accuracy was demonstrated
(median area under the curve: 0.80, interquartile range: 0.75-0.85).

Cognitively, spatial delusions do not seem to be explained by deficits in single cognitive
domains but by a dysfunctional combination of multidomain information. The brain’s
functional organization comprises multimodal integrative networks, namely the default
mode network, and ventral and dorsal attention networks. The neuroimaging study of their

anatomy has taken a predominantly corticocentric approach, but clinical,
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electrophysiological and phylogenetic-derived data suggest that they have essential
subcortical components. In the fourth study, we applied neuroimaging methods of
functional alignment to healthy subjects’ resting-state functional MRI and demonstrated
that the default mode network comprises a subcortical network that matches the anatomical
model of the limbic system. Using a similar methodology, the fifth study revealed that the
ventral and dorsal attention networks include the pulvinar, the superior colliculi and group
brainstem nuclei whose projections are spatially correlated with the acetylcholine nicotinic
receptor and dopamine transporter systems.

The sixth study explored the relationship between spatial delusions and acute stroke
treatment modalities. We performed a subanalysis of the ischemic stroke sample collected
for the second and third studies and found an association between endovascular
thrombectomy and occurrence of the syndrome (multivariate logistic regression model
including age, clinical severity, vascular territory, inter-hospital transfer and endovenous
thrombolysis as covariates; odds ratio: 2.46, 95% confidence interval: 1.18 to 5.16). We
demonstrated that shared clusters of lesion and structural disconnection, overlapping right
thalamo-orbitofrontal fibres and right anterior temporal areas, mediate the association.
These regions are irrigated by proximal middle cerebral artery branches, which seem to be
particularly prone to ischemia during clot manipulation and extraction.

In conclusion, our results provide a broader characterization of stroke-associated spatial
delusions’ clinical and phenomenological features, which may support their appropriate
diagnosis. They also shed light on the functional and structural predictors of the syndrome
and on the subcortical organization of multimodal integrative functional networks. They
may contribute to a better understanding of delusional misidentifications and extend our

knowledge about the neurobiology of spatial orientation disorders.

Keywords: spatial orientation, delusions, stroke, connectivity.
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Resumo

A orientacdo no espago ¢ um importante determinante do comportamento humano. Os
delirios espaciais sdo uma forma de desorientagdo espacial caracterizada pela firme
convic¢ao de estar num local diferente daquele em que realmente se estd. Os doentes
acreditam estar num local reduplicado, transformado ou deslocado e as sua convicgdo ¢é
resistente as incongruéncias circundantes. Os delirios de espago sdo frequentes apds lesdes
hemisféricas direitas e em doengas neurodegenerativas, mas a evidéncia empirica sobre a
sua apresentagdo ¢ fisiopatologia ¢ escassa. Este trabalho teve como objectivo estudar as
caracteristicas clinicas e a base neuronal dos delirios espaciais associados ao acidente
vascular cerebral.

No primeiro estudo, procedeu-se a uma revisdo sistematica dos casos publicados de
delirios de espago apos lesdes focais. De seguida, realizamos uma avaliagdo prospectiva da
presenga de delirios espaciais em doentes com acidente vascular cerebral agudo do
hemisfério direito, tendo sido possivel identificar a maior amostra de doentes com delirios
espaciais reportada até ao momento, do nosso conhecimento. O segundo estudo descreveu
as caracteristicas clinicas e fenomenoldgicas dos delirios espaciais ¢ analisou as suas
correlagdes neuronais (n=60). A maioria dos locais erradamente identificados localizavam-
se mais préximo da casa do doente do que do hospital. A duragdo do sindrome foi breve
(mediana: 3 dias, intervalo interquartil: 1-7 dias) ¢ moderadamente correlacionada com a
magnitude de lesdo estrutural de fibras temporais inferiores esquerdas (r=0.39). Cada
subtipo clinico (ou seja, reduplicacdo, transformacdo ou deslocacdo de local) apresentou
padrdes de resposta caracteristicos, que foram descritos, ¢ exemplos representativos foram
reportados. No terceiro estudo, realizamos uma analise caso-controlo dos preditores
estruturais e funcionais dos delirios de espago (casos com acidente vascular cerebral e
delirio espacial, n=64; controlos com acidente vascular cerebral, n=233). O maior preditor
da ocorréncia de delirios de espaco foi a desconexao estrutural de duas vias do hemisfério
direito, conectando regides fronto-taldmicas e occipitotemporais. O modelo multivariado
incluiu também a idade, a anosognosia ¢ a auséncia de lesdo em regides fronto-parietais
dorsais direitas como preditores independentes. Foi feita uma valida¢do cruzada aninhada
usando uma andlise support-vector machine tendo-se demonstrado uma boa capacidade
discriminativa (mediana da area sob a curva: 0.80, intervalo interquartil: 0.75-0.85).

Cognitivamente, os delirios espaciais ndo parecem ser explicados por défices em

dominios cognitivos isolados, mas sim por uma combinac¢do disfuncional da informagao de
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varios dominios. A organizagdo funcional do cérebro compreende redes integradoras
multimodais, nomeadamente a default mode network, e as ventral and dorsal attention
networks. O estudo neuroimagioldgico da sua anatomia tem tido uma abordagem
predominantemente corticocéntrica, contudo dados clinicos, electrofisiologicos e
filogenéticos sugerem que estas redes também possuem componentes subcorticais
essenciais. No quarto estudo, aplicdmos métodos neuroimagioldgicos de alinhamento
funcional do sinal de repouso de ressonancia magnética funcional de individuos saudéaveis
e demonstramos que a default mode network compreende uma rede subcortical condizente
com o modelo anatémico do sistema limbico. Utilizando uma metodologia semelhante, o
quinto estudo revelou que as ventral and dorsal attention networks incluem o pulvinar, o
coliculo superior e nucleos de tronco cerebral cujas projegdes se correlacionam
espacialmente com os sistemas de receptores nicotinicos da acetilcolina e de
transportadores da dopamina.

O sexto estudo explorou a relagdo entre os delirios de espago e as modalidades de
tratamento do acidente vascular cerebral isquémico agudo. Realizdmos uma subanalise da
amostra de doentes com acidente vascular cerebral isquémico recolhida para o segundo ¢
terceiro estudos e encontramos uma associacdo entre a realizacdo de trombectomia
mecanica e os delirios espaciais (modelo de regressao logistica multivariada incluindo as
covariaveis idade, gravidade clinica, territério vascular, transferéncia inter-hospitalar e
trombolise endovenosa; odds ratio: 2.46, intervalo de confianca de 95%: 1.18 a 5.16).
Demonstramos que areas partilhadas de lesdo e desconexdo estrutural, intersectando fibras
talamo-orbitofrontais direitas e regides temporais anteriores direitas, medeiam esta
associacdo. Estas regides sdo irrigadas por ramos proximais da artéria cerebral média,
ramos estes que sdo particularmente suscetiveis a isquemia durante a manipulagdo e
extra¢do do trombo.

Em conclusdo, os resultados apresentado permitem uma caracterizacdo mais ampla das
caracteristicas clinicas e fenomenoldgicas dos delirios espaciais associadas ao acidente
vascular cerebral, o que pode facilitar o seu diagnostico adequado. Evidenciam também
novos modelos sobre os preditores funcionais e estruturais do sindrome e sobre a
organizagdo subcortical das redes funcionais integradoras multimodais. No seu conjunto
podem contribuir para uma melhor compreensdo das falsas identificagdes delirantes e para

o progresso do conhecimentos sobre a neurobiologia dos distirbios de orienta¢ao espacial.

Palavras-chave: orientagao espacial, delirio, AVC, conectividade.
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I. Introduction
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“Every act of perception, is to some degree an act of creation, and every act of
memory is to some degree an act of imagination.”

— Oliver Sacks, Musicophilia
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Delusions of space after stroke: clinical phenomenology and neural basis

Knowing where we are is a core feature of human consciousness and an important
determinant of human behaviour. Delusions of space, or reduplicative paramnesias, are a
particular type of spatial disorientation characterized by a severe disturbance of space
interpretation (Pick 1903). The analysis of a representative case of reduplicative

paramnesia demonstrates the unique nature of these disorders.

Mr. AB was a 76 years-old patient, right-handed and former bus driver in Lisbon. He
was admitted to the emergency department of ‘Hospital de Santa Maria’ with a severe right
middle cerebral artery ischemic stroke. The neurological examination at admission showed
left visuospatial neglect, anosognosia for hemiplegia, left homonymous hemianopsia,
right-side eye deviation, left facial palsy, left hemiplegia and left pain anesthesia (NIHSS
20). The brain CT angiography revealed an occlusion of the proximal segment of the right
middle cerebral artery (M1 segment) and the patient underwent endovascular
thrombectomy. Complete arterial recanalization was achieved (TICI 3) and the patient had
a notable clinical improvement. Figure 1 presents the cerebral digital subtraction
angiography performed before and after thrombectomy and the brain MRI showing the
infarcted brain regions.

Twenty-four hours after endovascular thrombectomy, Mr. AB presented left
visuospatial neglect, mild left facial palsy, a slight drift of the left upper limb, and left pain
hypoesthesia (NIHSS 5).

Pedro Nascimento Alves 3



Angiography

Before After
endovascular thrombectomy

MRI

Figure 1. Stroke imaging of Mr. AB. Top: Angiography performed before (left) and after
(right) endovascular thrombectomy. The white arrow highlights the arterial occlusion in
the M1 segment of the right middle cerebral artery. Bottom: Diffusion-weighted MRI

imaging performed 4 days after stroke. Hyperintensity indicates areas of brain infarct.
One week later, his hemi-attentional, motor and sensitive deficits had resolved entirely
(NIHSS 0) and he was autonomous in the hospital ward. However, a remarkable

disorientation in space persisted:

Question (Q): Do you know where you are?
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Answer (A): [ am at the hospital, at the ‘Hospital de Santa Maria’ (correct answer).

Q: Could you tell me our current location?
A: We are in Avenue ‘Amalia Rodrigues’, in Odivelas (a city inside Lisbon metropolitan

area, 9km away from the correct location of ‘Hospital de Santa Maria’).

Q: Odivelas?! Where is ‘Hospital de Santa Maria’ located?
A: ‘Hospital de Santa Maria’ is located towards that side, in ‘Cidade Universitaria’

(correct answer), but this building is in Odivelas.

Q: Is this hospital also called ‘Hospital de Santa Maria’?! How many hospitals do you
know with this name?
A: I knew only one. I had never realized that there was a hospital here. Now, with this one,

there are two.

Q: Are you familiar with Odivelas? Is there a hospital in Avenue ‘Amalia Rodrigues’?
A: Yes, [ know Odivelas very well. It is strange. I never realized there was a hospital here.

It should have been built very recently.

Mr. AB was asked to look at the window. The video with the dialogue in front of the
window is available at https://onlinelibrary.wiley.com/doi/abs/10.1002/ana.26079 or
through the following QR code (Alves et al. 2021a):

Q: Could you tell me which building is that one?

A: That is Sporting’s football stadium (correct answer).

Pedro Nascimento Alves 5



Q: And there?
A: That is Lisbon Airport (correct answer).

Q: If you were in Odivelas, would you be able to see this stadium and the airport?
A: T thought it was not possible. Odivelas lays lower than the stadium. We must be in a

high place in Odivelas.

Q: This is big trick your brain is playing you because of the stroke. You are in ‘Hospital de
Santa Maria’ at ‘Cidade Universitaria’.
A: No. This is not ‘Cidade Universitaria’. It looks like it... the building, the view from the

window... but it is not located at the right place.

Mr. AB was oriented in time. He could describe the correct route between ‘Hospital de
Santa Maria’ and his home and between the place where he believed he was and his home

(Figure 2).

1km

@ 'Hospital de Santa Maria' @ Patient's home @ Avenue 'Amalia Rodrigues'

@ Lisbon airport Sporting's football stadium
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Figure 2. Map representing relevant places for Mr. AB spatial delusion. ‘Hospital de Santa
Maria’ is where Mr. AB really was. Avenue ‘Amalia Rodrigues’ is where he believed he
was and where he located the replica of Hospital Santa Maria. Lisbon airport and
Sporting’s football stadium are the landmarks that Mr. AB correctly identified from the
window’s view. Red and green lines are the trajectories that Mr. AB mentally described
correctly between “here” and his home and between ‘Hospital de Santa Maria’ and his

home, respectively.
Immediately after discharge, his daughter took him to Avenue ‘Amalia Rodrigues’ in

Odivelas. Mr. AB asked to get into one building to ensure that there was not a hospital

inside.

Pedro Nascimento Alves 7



1. Spatial orientation

Spatial orientation can be defined as an incessant and dynamic process of perception,
integration and interpretation of sensory stimuli from the outside world and our body

(Gooddy and Reinhold 1952).

Space perception

Different perceptual afferences have complementary roles in spatial orientation
(Lackner and Dizio 2005). A dual system processes visual stimuli, where a ventral
(occipito-temporal) stream contributes to the recognition of environmental landmarks, and
a dorsal (occipito-parietal) stream infers visuospatial relationships (Goodale et al. 1991;
James et al. 2002). Vestibular inputs are fundamental for motion perception and real-time
positioning in a 3-dimensional spatial frame (Brandt et al. 2005; Angelaki and Cullen
2008), while proprioceptive afferences contribute to continuous sensing of the body

position in space (Berthoz et al. 1995; Simons and Wang 1998).

Space integration

Regarding sensory integration, Aguirre and D’Esposito proposed a taxonomic approach
in which the deficits of spatial navigation were classified into four categories (Aguirre and
D’Esposito 1999). Egocentric disorientation corresponded to the inability to represent the
relative location of objects and spatial landmarks to self and was associated with lesions of
the posterior parietal lobe. Heading or allocentric disorientation referred to the incapacity
to establish the relative position between landmarks in a map-like representation and was
found in lesions of the posterior cingulate or the right hippocampus and parahippocampal
cortex (Bohbot et al. 1998). Landmark agnosia was characterized by a reduced ability to
recognize salient environmental landmarks. It was associated with lesions of the right
lingual gyrus. Finally, anterograde disorientation was defined by the inability to learn new
environments or spatial routes. It was associated with lesions of the right parahippocampal
cortex. Whereas the previous classes of topographic disorientation affected both familiar
and novel spaces, patients with anterograde disorientation maintain a preserved orientation

in familiar environments (Aguirre and D’Esposito 1999).
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The incorporation of new cognitive, neurophysiological and neuroimaging data from
human and animal research led to substantial improvements of this model. John O'Keefe
and colleagues found a group of neurons in the rat hippocampus that changed their firing
rate according to the animals’ position in the environment (O’Keefe and Dostrovsky 1971;
O’Keefe and Burgess 1996; Eichenbaum et al. 1999). These cells were called “place cells’.
In the rat entorhinal cortex, May-Britt Moser, Edvard Moser and collaborators discovered
another cluster of cells whose pattern of activation geometrically mapped the space
available to the animals. They were called ‘grid cells’ (Fyhn et al. 2004; Hafting et al.
2005; Moser et al. 2014). In addition, specific cellular activations were demonstrated for
directional information. ‘Head direction cells’ increased their firing rates when the animals
pointed their head in a particular direction (Taube et al. 1990). These types of cells had a
broader distribution, being found in the rats’ entorhinal cortex and across different
structures of their Papez’s circuit (Taube 2007). The existence of human brain homologous
place, grid and head-direction cells was demonstrated later in functional MRI (fMRI)
studies with healthy subjects and in single neuron electrophysiological recordings of
neurological and neurosurgical patients implanted with intracranial depth electrodes
(Ekstrom et al. 2003; Doeller et al. 2010; Jacobs et al. 2010), providing the cellular

framework for the behavioural understanding of human spatial navigation.

Space interpretation

Ultimately, the spatial environment needs to be interpreted appropriately. The integrated
spatial information is combined with previous spatial memories and continuous feedback
input from external reality monitoring systems (Funahashi 2013; Eichenbaum 2017; Chen
et al. 2018). Importantly, this process involves balancing between overt and covert
mechanisms (Ellis and Young 1990; Ellis et al. 1997). Brain disease may selectively
disrupt interpretation mechanisms, provoking a double dissociation between overt and
covert deficits (Tranel et al. 1995). In overt recognition deficits (i.e., agnosia), patients
cannot explicitly identify certain stimuli but have a preserved sense of familiarity (de Haan
et al. 1991; Stumps et al. 2020). Conversely, patients with covert recognition deficits
explicitly recognize the stimuli’ physical features but cannot implicitly match them with
proper identity and familiarity attributes. Their erroneous convictions may be strongly
resistant to counterfactual evidence and lead to delusional misidentifications (Ellis and

Young 1990; Coltheart et al. 2011).
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2.Spatial delusions

Pioneer observations

Charles Bonnet is mainly known for describing the visual release hallucinations
syndrome, however the fascinating neurological observations of this naturalist and
philosophical writer of the eighteenth century are broader. He reported the clinical case of
a 70 years-old female patient who had suffered a unilateral hemiparesis of sudden onset
(presumably caused by a stroke) and started asking her maid to be dressed in a shroud and
put in a coffin because she was dead (Moritz et al. 1788; Forstl and Beats 1992). Her
family tried to convince her that she was alive, but their efforts were futile and even
induced agitation and anger. After the resolution of her delusion of death, she started
saying that she was not anymore in Copenhagen but in Norway. As an utmost attempt to
persuade her, she was taken in a carriage around the city. When she arrived back home, she
believed that she had just returned from Norway. This report corresponds to the first
known description of delusions of death and delusions of space. Delusion of death became
known as Cotard’s syndrome, after Jules Cotard’s manuscript in 1882 (Cotard 1882), and
delusions of space as reduplicative paramnesias, after Arnold Pick’s publication in 1903
(Pick 1903). Pick described a 67 years old woman admitted to a clinic due to the
progressive onset of cognitive and behavioural changes. The clinic was located in Prague.
During her stay, she started saying that she was not in the original clinic in Prague
anymore, but in a ‘suburb clinic’ located in her birthplace, a replica of the original one
(Pick 1903). As in the original Bonnet’s description, the patient could not be convinced
otherwise and constantly tried to find arguments against the counter-evidence that was
being shown. For instance, she reported that she already knew the ‘suburb clinic’ doctors

because they also worked in the original one in Prague.

Definition and clinical subtypes

Reduplicative paramnesia is defined as a spatial misidentification syndrome in which
patients firmly believe that they are in a different place from the real one and their
conviction does not change when are confronted with clear counterfactual evidence (Politis
and Loane 2012; Bartolomeo et al. 2016). Three different subtypes of reduplicative
paramnesia have been described: a) in place reduplication, patients believe that they are in

a replica of the original place, as Pick described (Pick 1903); b) in chimeric assimilation
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(Fisher 1982), patients are convinced that two places were combined or fused (e.g., the
hospital is inside the patient’s home); ¢) in confabulatory mislocation (Murai et al. 1997),
patients localize themselves in a considerably different place from the real one (e.g., the
conviction of being at home instead of being at the hospital). At the psychopathological
level, these three subtypes have been positioned in opposite pathological familiarity poles
(Devinsky 2009): place reduplication is thought to represent place hypofamiliarity, while
chimeric assimilation and confabulatory mislocation express an excessive familiarity for

places (Darby and Prasad 2016).

Pathophysiological models

At the behavioural level, spatial delusions seem to disrupt the matching between
implicit memory and explicit spatial interpretation processes. Three main empiric models
have been proposed in the literature to explain these phenomena. First, memory-related
theories advocate that reduplicative paramnesia results from an abnormal integration of
new visuospatial information with previous spatial memories, resulting in a pathological
update of patients’ mental representation of space (Staton et al. 1982). Second, implicit
recognition models propose that delusion misidentification syndromes result from the
abnormal unconscious assignment of familiarity and emotional values to spatial stimuli
(Ellis and Young 1990). Despite maintaining intact explicit recognition mechanisms, they
are overcome by the erroneous information provided by the covert recognition systems.
Third, it was also proposed that there might be an inter-hemispheric unbalance, in which
the right-hemispheric lesions impair self-monitoring and emotional valence attachment,
while the left hemisphere release contributes to the emergence of false explanations

(Devinsky 2009).
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3.Macroscale brain changes in behavioural disorders

Historically, the analyses of macroscale brain changes associated with cognitive and
behavioural disorders significantly contributed to the foundation of ‘modern neuroscience’
and to a better understanding of disease pathophysiology.

In the nineteenth century, Paul Broca reported a remarkable observation that
revolutionized our knowledge about the neurobiology of language disorders. He studied
two patients, Monsieur Leborgne and Monsieur Lelong, that lost the ability to produce
speech. He observed that both had structural lesions in the left inferior frontal gyrus (Broca
1861; Dronkers et al. 2007). Associating a specific mental process with a localized brain
region was the starting point of the cortical “localization” theories. A few years later, Carl
Wernicke also used the focal lesion model to propose that the left superior temporal gyrus
was the brain area responsible for language comprehension (Mesulam et al. 2015).
Notably, he and other eminent neuroscientists, such as Theodor Meynert, contributed to the
development of “connectionism”, a complementary school of thought that highlighted the
importance of anatomical connections between different regions for proper cognitive
functioning (Catani and Thiebaut de Schotten 2012).

The mentioned observations were based on post-mortem assessments of brain anatomy.
During the last decades, the methods used to explore the brain anatomical changes

associated with behavioural disorders dramatically improved.

Structural imaging

The advent of brain CT and brain MRI allowed the in vivo delimitation of brain lesions.
Later on, statistical methods were developed to analyze large groups of patients, such as
voxel-based and cluster-based lesion-symptom mapping (Bates et al. 2003; Foulon et al.
2018). With this, the “localization” models of cognitive function were complemented and
refined (Lerch et al. 2017).

Structural MRI also allowed the study of structural disconnection. Tractography
consists of the indirect reconstruction of brain white matter tracts by analyzing anisotropic
diffusion patterns of water molecules in the brain. The study of structural disconnection
enlightened the pathophysiology of behavioral syndromes that were not sufficiently

explained by a single lesion location, i.e., the disconnection syndromes (Catani and
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Ffytche 2005; Catani and Thiebaut de Schotten 2008; Herbet and Duffau 2020; Thiebaut
de Schotten et al. 2020).

Functional imaging

Furthermore, the analysis of the blood-oxygen-level-dependent (BOLD) signal in MRI
permitted the indirect assessment of metabolically active brain areas during a particular
cognitive task. This MRI modality was called functional MRI (fMRI).

Interestingly, the investigation of BOLD during rest revealed the existence of
correlations between the low-frequency fluctuations (0.01— 0.1 Hz) of distant brain regions
(Power et al. 2011). These synchronous fluctuations match the patterns of activation in
task-based fMRI. The first demonstration was in the sensorimotor cortex when Biswal and
colleagues realized that the map of fMRI activation during bilateral finger-tapping closely
matched the low-frequency resting-state correlation maps seeded from the same region
(Biswal et al. 1995). Later, the same effect was observed across different sensorial and
cognitive tasks (Lowe et al. 2000; Cordes et al. 2001; Fox and Raichle 2007; Smith et al.
2009) and the correlation profiles were spatially consistent between subjects (Damoiseaux
et al. 2006). The analysis of resting-state functional connectivity transition patterns led to
the parcellation of the brain in major functional networks (Gordon et al. 2016; Eickhoff et

al. 2018).

Resting-state functional networks

Functional networks can be organized according to their physiological roles: 1) the
visual, the auditory and the sensorimotor networks are primary networks; 2) the language,
the fronto-parietal and the executive-control networks are higher-order cognition networks;
2) the default mode, the ventral attention and the dorsal attention networks are multimodal
integrative networks (Thomas Yeo et al. 2011; Sepulcre et al. 2012; Gordon et al. 2016;
Margulies et al. 2016; Lopez-Larson et al. 2017; Jimenez-Marin et al. 2018). Aberrant
patterns of network activation and deactivation have been associated with several
neurological and psychiatric brain diseases, such as Alzheimer’s disease, Parkinson’s
disease, epilepsy and schizophrenia (Menon 2011; Spetsieris et al. 2015), as well as with
specific behavioural syndromes, namely visuospatial neglect (He et al. 2007a),

anosognosia (Perrotin et al. 2015) and auditory hallucinations (Alderson-Day et al. 2016).
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Phenomenologically, delusions of space do not seem to be explained by deficits in
single cognitive domains but by a dysfunctional multidomain integration. Patients with
reduplicative paramnesia can correctly identify and explicitly say the correct location of
surrounding environmental landmarks, but still misinterpret their own spatial position
(Benson et al. 1976). Furthermore, they understand the counter-arguments presented, and
may even admit some oddness in their thoughts, but still do not update their spatial

misbelieves (Kapur et al. 1988).

Multimodal integrative networks I: the default mode network

The default mode network was initially defined as a set of brain regions that were
metabolically more active during resting wakefulness than when performing an externally
oriented task (Shulman et al. 1997b; Raichle et al. 2001). It was viewed as the functional
backbone of internally driven mental activities, such as mind-wandering, autobiographical
memory, theory of mind and future thinking (Buckner and Carroll 2007). Currently, the
actual role of the default mode network in brain physiology is still intensively discussed,
but leading perspectives regard it as the central integrative system of high order functions,
such as memory, emotion and abstract thinking (Vatansever et al. 2015; Smallwood et al.
2021). It is on the apex of functional cortical gradients, on the opposite side of primary
networks, such as the somatosensory network (Margulies et al. 2016; Buckner and
Margulies 2019). In addition, stepwise functional connectivity analysis places the default
mode network at the top of the hierarchal organization, acting as a hub of brain activity
(Sepulcre et al. 2012).

Anatomically, two core regions compose the default mode network: the posterior
cingulate and anterior medial prefrontal cortex. The other network nodes are functionally
organized in two subsystems: a) the dorsal medial prefrontal cortex subsystem, constituted
by the dorsal medial prefrontal cortex, the temporal pole, the lateral temporal cortex and
the temporoparietal junction; b) the medial temporal subsystem, comprised by the
hippocampal formation, the parahippocampal cortex, the retrosplenial cortex, the posterior
inferior parietal lobule and the ventral medial prefrontal cortex (Andrews-Hanna et al.

2010).
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Multimodal integrative networks II: attention networks

The attentional processes integrate sensorial information with expectancies, prior
knowledge and current objectives (Corbetta and Shulman 2002). Attention networks are
segregated into two main systems: the ventral attention network and the dorsal attention
network (Corbetta and Shulman 2002; Petersen and Posner 2012). The dorsal attention
network acts as a top-down modulator and participates in goal-driven tasks. The ventral
attention network is a stimulus-driven system that mediates reorientation to relevant or
unexpected events.

Anatomically, the core regions of the dorsal attention network are the intraparietal
sulcus, the superior parietal lobe and the frontal eye fields (Corbetta et al. 2000; Buschman
and Miller 2007), whereas the temporo-parietal junction and the ventrolateral prefrontal

cortex constitute the central regions of the ventral attention network (Downar et al. 2000).

Pedro Nascimento Alves 15



4.Stroke

Stroke is the third most common cause of morbidity worldwide (Feigin et al. 2017). In
Portugal, approximately 23.000 patients/year are discharged from hospitals with stroke
diagnosis. It is estimated that more than 25 million people in the world have already had a

stroke (Direcgdo Geral de Satude 2014; Feigin et al. 2017).

Stroke and behaviour

Behavioural changes and cognitive impairment are very frequent after stroke. It is
estimated that at least one cognitive deficit is present in almost 70% of patients during the
first month after stroke (Rasquin et al. 2004) and in around 50% one year later (Barbay et
al. 2018; Pendlebury and Rothwell 2019; Weaver et al. 2021). Cognitive deficits are a
major contributor to stroke morbidity and the treatment of cognitive impairment was
considered one of the most critical priorities of stroke research (Pollock et al. 2012).

Over decades, stroke-associated cognitive deficits have been conceptualized and their
pathophysiology investigated (Caplan and van Gijn 2012). In language disorders, the
subtypes of aphasia were defined (Geschwind 1971; Damasio 1992), reading and writing
deficits were characterized (Benson 1977; Roeltgen and Lacey 2010) and category-specific
naming impairments were reported (Hillis and Caramazza 1991; Martins and Farrajota
2007). Major elucidations were also made in other cognitive domains. For instance, neglect
for personal, extra personal and representational spaces was described (Bisiach and
Luzzatti 1978; Buxbaum et al. 2004), and its expression in different spatial references and
sensory-motor forms was observed (Ferro et al. 1984; Andre et al. 2000; Corbetta and
Shulman 2011; Heilman and Valenstein 2012). In the study of agnosias, the
neuropsychological differentiation between apperceptive and associative deficits and their
association with stroke-lesion patterns was reported (De Renzi et al. 1969; McCarthy and
Warrington 1986). Advances of similar importance were made in other cognitive domains

(Caplan and van Gijn 2012).

Acute stroke treatment
Acute stroke treatment evolved dramatically during the last three decades. Firstly, the

clinical efficacy of endovenous thrombolysis in improving post-stroke disability was
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shown (The NINDS rt-PA Stroke Study 1995). Alteplase and tenecteplase convert
plasminogen to plasmin, a proteolytic enzyme that lyses fibrin and favours clot dissolution.
More recently, endovascular thrombectomy has also been shown to reduce stroke-
associated impairment. It consists of the mechanical removal of the occluding clot with an
arterial catheter. Currently, endovenous thrombolysis and endovascular thrombectomy can
be performed until 9 hours or 24 hours after symptoms onset, respectively, according to
clinical and advanced imaging parameters (Badhiwala et al. 2015; Nogueira et al. 2018;

Ma et al. 2019).
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1. Clinical features and pathophysiology of spatial delusions

Open questions

Reduplicative paramnesia may be more frequent than classically thought. Murai and
colleagues reported a prevalence of 17% in a cohort of patients admitted to a rehabilitation
unit with either right-sided or bilateral lesions — mainly stroke and traumatic brain injuries
(Murai et al. 1997). In neurodegenerative brain diseases, a prevalence of 20% was reported
in Dementia with Lewy bodies (Nagahama et al. 2007, 2010). In the moderate stage of
Alzheimer’s disease, it might be as high as 30% (Perini et al. 2016). However, the
available knowledge about reduplicative paramnesia is mostly based on case reports and
small case series (Politis and Loane 2012) and broader empirical evidence is lacking. On
the one hand, the neuroanatomical systems supporting the phenomenon of spatial delusions
are generally undefined. Reduplicative paramnesia is mainly associated with right
hemispheric injury, but the lesions’ topography is heterogeneous (Politis and Loane 2012;
Bartolomeo et al. 2016). Damage of right frontal, temporal and thalamic regions has been
described (Leiguarda 1983; Hudson and Grace 2000; Pignat et al. 2013; Peckins et al.
2016) so that the dysfunction of a single brain region does not seem to be a satisfactory
anatomical explanation. On the other hand, a comprehensive and systematic
characterization of the clinical features of this syndrome, based on larger samples, is
missing.

Narrowing the gap of unanswered questions about reduplicative paramnesia would be
relevant. At the clinical level, spatial delusions can disturb patients’ behaviour and their
misdiagnosis as an acute confusional state (delirium) or psychomotor agitation might
occur. Proper recognition of the syndrome might also be important to elucidate patients’
relatives and reduce their distress when confronted with patients’ beliefs. At the
physiopathological level, delusions are a core manifestation of several brain diseases.
However, the mechanisms underlying thought content incongruences and thematic
specificities are still under large debate in the literature (Sacks and Hirsch 2008; Coltheart
et al. 2011; Feeney et al. 2017). The association of reduplicative paramnesia with focal
brain lesions constitutes a particular opportunity to better understand the pathophysiology

of delusional and spatial interpretation disorders.
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Aims
1. Describe the phenomenological features of spatial delusions in acute stroke.

2. Investigate the structural and functional basis of spatial delusion in acute stroke.
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2. Anatomical models of multimodal integrative networks

Open questions

The neuroimaging exploration of the default mode and of the attention networks has
taken a corticocentric approach. However, clinical, electrophysiological and phylogenetic
data suggest that they also comprise subcortical components.

First, the default mode network topographically overlaps with the extended model of
the limbic system (MacLean 1949, 1952). However, limbic subcortical structures, such as
the anterior thalamic nuclei and the mammillary bodies, are not represented in the default
mode network anatomical models (Papez 1937; Catani et al. 2013). Second, some
paradigmatic attentional deficits arise from subcortical lesions, such as subcortical
visuospatial neglect (Healton et al. 1982; Karnath et al. 2002; Lamar et al. 2011). Finally,
phylogenetically distant animals, such as rats and pigeons, have markedly different cortical
anatomies, but possess default mode network and exhibit human-like attention behaviours,
respectively (Blough 1977; Sforazzini et al. 2014).

The main clusters of stroke lesions are subcortical (Corbetta et al. 2015). Understanding
the subcortical anatomy of the default mode network and the ventral and dorsal attention

networks would be important to better understand stroke-induced cognitive disturbances.

Aims
3. Investigate the subcortical anatomy of the default mode network.

4. Investigate the subcortical anatomy of the ventral and dorsal attention networks.
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3. Spatial delusions and stroke treatment modalities

Open questions

Endovenous thrombolysis and endovascular thrombectomy may change the anatomy of
stroke brain damage. These treatments reduce lesion volumes (Mair et al. 2018; Nogueira
et al. 2018) and change their anatomical distribution. Successful recanalization of the
middle cerebral artery after endovenous thrombolysis has been shown to result in
predominantly peri-insular infarcts (Seitz et al. 2009). In endovascular thrombectomy, clot
fragmentation and arterial ostia occlusion may occur during thrombus manipulation and
extraction, leading to infarcts in initially spared arterial territories (Puntonet et al. 2019).
The proximal branches of the middle cerebral arteries seem to be particularly prone to this
phenomenon.

These new infarct configurations may modulate the behavioural consequences of stroke,
by modifying the patterns of strategic lesions and connectivity disruptions. Previous
studies demonstrated that endovenous thrombolysis alters the profile of post-stroke aphasia
(Jacquin et al. 2014; Martins et al. 2017). The impact of intravenous thrombolysis and
mechanical thrombectomy on the frequency and nature of other behavioural stroke

syndromes, such as delusions of space, is largely unknown.

Aim
5. Analyse how acute stroke revascularization therapies may modulate the occurrence of

spatial delusions.
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III. Studies
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In this chapter, we describe the studies that constitute this thesis. They are not presented
by the chronological order of performance but in line with a scientific and clinical
rationale. The sample sizes vary according to the periods of recruitment.

In study I, we performed a systematic review of focal brain lesion-associated spatial
delusions reports and investigated their phenomenological and neuroimaging features.

In studies II and III, we analysed a prospectively collected sample of acute right
hemisphere stroke patients screened for the occurrence of spatial delusions. Study II
focused on describing the clinical and phenomenological features of spatial delusions and
their neural correlates. In study III, we performed a case-control analysis of the structural
and functional basis of the syndrome.

Given the putative relationship of the multimodal integrative networks with the
pathophysiology of spatial delusions, studies IV and V investigated the anatomy of the
default mode networks and the ventral and dorsal attention networks, particularly of their
subcortical structures. These studies were based on the analysis of healthy subjects’ MRI
samples.

Finally, in study VI, we investigated the relationship between acute stroke treatment
modalities and the occurrence of spatial delusions. This study derived from a subanalysis

of the ischemic stroke patients included in studies IT and III.
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1. Spatial delusions after focal brain lesions: a systematic review

Part of this section was published in the following article:
* Alves PN, Silva DP, Fonseca AC, Martins IP (2021) Mapping delusions of space
onto a structural disconnectome that decouples familiarity and place networks.

Cortex 146:250-260. https://doi.org/10.1016/j.cortex.2021.11.008
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Introduction

Observational studies have demonstrated that reduplicative paramnesia is a frequent
manifestation of different brain disorders, either of degenerative or focal aetiology. In a
cohort of patients with right hemispheric focal brain injuries (either right-side or bilateral)
who were admitted to a rehabilitation centre (mostly stroke and traumatic brain injuries),
Murai and colleagues reported a prevalence of 17% (Murai et al. 1997). In Dementia with
Lewy bodies, the described prevalence is 20% (Nagahama et al. 2007), while in the
moderate stages of Alzheimer’s disease it might be as high as 30% (Perini et al. 2016). At
the neuropsychological level, reduplicative paramnesia has been associated with
neuropsychological deficits in executive functions and in non-verbal episodic memory
tasks (Borghesani et al. 2019). However, the neuroanatomical basis of this syndrome
remains elusive (Bartolomeo et al. 2016). On the one hand, delusions misidentifications
have been associated with functional disturbances of familiarity and belief evaluation
networks (Darby et al. 2017), but how this relationship is established at the structural level
is uncertain. On the other hand, the neural basis of the content specificity for places that
characterizes the delusional beliefs of reduplicative paramnesia is undetermined. The
occurrence of delusions of space after focal brain lesions constitutes a particular
opportunity to unveil the neuroanatomical circuits underlying their phenomenological and
functional features.

Here, we performed a systematic review of lesion-associated spatial delusions. We
aimed to analyse their clinical and phenomenological features, to study their topographic
and connectivity patterns, and to investigate their spatial relationship with functionally

related network maps.

Methods

Search strategy and selection criteria

To identify cases of reduplicative paramnesia associated with focal brain lesions, we
performed a systematic review. Protocol development and result reports were done
according to The Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines.

The search term ‘reduplicative paramnesia’ and the related search terms ‘reduplicative
phenomenon’, ‘chimeric assimilation’, ‘confabulatory mislocation’, ‘extravagant spatial

localization’, ‘delusional misidentification’, ‘space confabulation’, ‘spatial confabulation’
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and ‘spatial delirium’ were applied in the databases Pubmed, EMBASE, PsycInfo and Web
of Science. First, the abstracts were screened. If there was not enough information in the
abstract, the full text was consulted. The specific search formulas are available Table 1.

The inclusion and exclusion criteria, and the data extracted are available in Table 2.

Table 1. Search formulas used in each database (from their inception until 30/1/2018).

Database | Search formula

Pubmed | (reduplicative paramnesia OR reduplicative phenome* OR chimeric
assimilation OR confabulatory mislocation OR extravagant spatial
locali* OR delusional misidentification OR space confabulation OR
spatial confabulation OR spatial delusion)

EMBASE | reduplicative AND paramnesia OR (reduplicative AND phenome*) OR
(chimeric AND assimilation) OR (confabulatory AND mislocation) OR
(extravagant AND spatial AND locali*) OR (delusional AND
misidentification) OR (space AND confabulation) OR (spatial AND
confabulation) OR (spatial AND delusion)

PsycInfo | (reduplicative paramnesia OR reduplicative phenome* OR chimeric
assimilation OR confabulatory mislocation OR extravagant spatial
locali* OR delusional misidentification OR space confabulation OR
spatial confabulation OR spatial delusion)

Web of TOPIC:(reduplicative  paramnesia) OR  TOPIC: (reduplicative
Science phenome*) OR TOPIC: (chimeric assimilation) OR TOPIC:
(confabulatory mislocation) OR TOPIC: (extravagant spatial locali*)
OR TOPIC: (delusional misidentification) OR TOPIC: (space
confabulation) OR TOPIC: (spatial delusion) OR TOPIC: (spatial
confabulation)

Lesion topography analysis

The reports with brain images available were selected. Each lesion was mapped onto a
common brain atlas, the MNI152 1mm standard space. Two clinicians with experience in
the analysis of brain images performed lesion tracing. The slices that best matched the
published images in each article (either, axial, coronal or sagittal) were chosen by
consensus between the two clinicians. Neuroanatomical landmarks were used as reference
for slice selection (Boes et al. 2015). Then, both authors independently performed lesion
tracing on the selected slices using FSLeyes

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLeyes).
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Inter-observer agreement was analysed by calculating the Dice similarity coefficient
(Liew et al. 2018):
21X NY|
T X+ Y]
where X and Y represent the voxels selected by each investigator, and DC represents the
similarity coefficient that ranges from 0 (no overlap) to 1 (perfect overlap). The percentage
of voxels for which the investigators disagreed was also calculated. Lesions were extended
2mm perpendicular to the planes they were registered. According to Boes and colleagues,
this method allows a conservative balance between inflated and scarce lesion overlap when

lesions are extracted from the literature (Boes et al. 2015).

Table 2. Inclusion and exclusion criteria, and data extracted.

Inclusion | - Manuscripts reporting on reduplicative paramnesia.

criteria All types of observational studies were considered.
Exclusion | - Spatial delusions secondary to a primary delusional disorder of
criteria psychiatric aetiology;

- Studies about delusional misidentification syndromes in general,
without a proper discrimination of delusional misidentification for
places;

- Reviews;
- Inability to access the full version of the article.

Data - Study design;

extracted | _ Demographic features;

- Aetiology;

- Subtype of reduplicative paramnesia;

- Place of mislocation;

- Duration of reduplicative paramnesia;

- Coexistence of other delusional misidentification syndromes;

- Neuroimaging data.

For statistical analysis, two different control datasets were used. We used a database of
233 stroke lesions prospectively collected in our stroke unit. Patients were recruited from
December 2016 to February 2020. Reduplicative paramnesia is a right-hemisphere
syndrome (Bartolomeo et al. 2016). The database included ischemic stroke and
intracerebral haemorrhage lesions with right hemisphere involvement (either right-sided or
bilateral). Patients were systematically evaluated for reduplicative paramnesia and none of

the included patients presented reduplicative paramnesia during the period of their
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hospitalization (median length of hospitalization=7 days, interquartile range 5-11 days).
Lesion delimitation was performed manually based on MRI (preferentially) or CT images
in the native space. Then, the images were registered to the MNI152 space. For MRI, the
sequence of reference for lesion delimitation was the diffusion-weighted imaging (de Haan
and Karnath 2018). T1 images were linearly registered applying an affine transformation
(12 degrees of freedom) using FSL’s tool flirt (Jenkinson et al. 2012). Then, a non-linear
registration was performed using FSL’s tool fnirt. For CT images, a linear registration with
an affine transformation was performed (de Haan and Karnath 2018). Finally, the
deformation fields were applied to the lesion masks.

In addition, we used the open-source dataset ATLAS (Anatomical Tracings of Lesions
After Stroke; Liew et al., 2018). ATLAS is a multicentre neuroimaging collection, derived
from 11 cohorts worldwide, that includes 304 ischemic stroke lesions of different arterial
territories. Lesions were manually delimited based on high resolution T1-weighted
structural MRI, and 229 of them were normalized to the MNI152 space. No behavioural
data is publicly available in this dataset.

For proper comparison of reduplicative paramnesia lesions extracted from the literature,
we selected the slices from the stroke controls dataset where there were lesions in the
reduplicative paramnesia group (Barahona-Corréa et al. 2020). Then, they were matched
for lesion volume and for hemispheric lateralization (either right, left or bilateral). Each
reduplicative paramnesia lesion was matched with four control stroke lesions, two from
our inward dataset and two from the ATLAS dataset.

Randomise is a FSL tool that computes nonparametric permutation inference on
neuroimaging data (Winkler et al. 2014). To calculate brain areas significantly associated
with reduplicative paramnesia, a permutation test comparing cases and stroke controls was
performed using this tool (Winkler et al. 2014). Five thousand permutations were
computed, applying a threshold-free cluster enhancement, and the statistical maps were
family-wise error corrected.

To evaluate the generalization of our results, the sample was split in two groups: the
exploratory sample and the validation sample. Splitting was performed randomly,
controlling for lesion volume. First, we run randomise in the exploratory sample. If there
were statistically significant differences between cases and stroke controls, we analysed if
the results were replicable in the validation sample, i.e., if the regions that were found in
the exploratory sample also presented statically significant differences in the validation

sample.
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Age is a proxy of brain reserve and is an important determinant of cognitive
disturbances after focal brain lesions (Umarova et al. 2021). Therefore, we also performed
a regression analysis, using FSL’s tool randomise, in which we included patients’ age as a
covariate in the model (de Haan and Karnath 2018). In this analysis, we could not include
the control stroke lesions from ATLAS dataset, because the information about the age of
these patients is not publicly available. Since no information is available about the putative
occurrence of reduplicative paramnesia in the ATLAS dataset, this sensitivity analysis also
allowed a comparison with control stroke patients that were systematically assessed for the

presence of the syndrome.

Structural connectivity

Disconnectome (http://www.bcblab.com; Foulon et al., 2018; Thiebaut de Schotten et
al., 2014) is a tool that superimposes brain lesion maps onto tractography reconstructions
obtained from a group of healthy controls and indirectly estimates which fibre tracts would
be disrupted by a focal lesion. The output is a structural disconnection map representing
the probability of each voxel being disconnected by a certain lesion. We derived
disconnection maps from the 7 Tesla dataset of the Human Connectome Project (n=178;
Vu et al.,, 2015). Tractographies were obtained using a whole-brain determinist approach,
using the StarTrack software (https://mr-startrack.com), and applying a spherical
deconvolution methodology, specifically a damped Richardson-Lucy algorithm. They were
made available with BCBtoolkit (http://www.bcblab.com) and the full details of pre-
processing are described in Karolis et al, 2019. Voxels were included in the
disconnectome map if they were disconnected in more than 50% of tractographies (Foulon
et al. 2018).

Randomise was used to perform the permutation test comparing the structural
disconnection maps between cases and stroke controls, using the same settings and the
same cross-validation approach detailed in the section about the lesion topography
analysis. In addition, we performed a regression analysis including patients’ age as a
covariate in the model, as specified in the previous section. Since tumours may displace
surrounding white matter tracts (Witwer et al. 2002) and bias the structural connectivity

analysis, a supplemental analysis excluding tumoral lesions was also computed.
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Classification performance of the lesion topography and of the structural

disconnection maps

To evaluate the classification performance of the neuroimaging models, i.e. their
accuracy to correctly identify cases of reduplicative paramnesia in an independent lesion
sample, voxel-wise balanced accuracy maps were computed using lesion topography maps
or structural disconnection maps as predictors. Logistic regression was the classification
algorithm applied, and the output variable was the occurrence of reduplicative paramnesia.
First, the models were trained (i.e. the logistic weights were estimated) in the exploratory
sample. Then, the performance of the logistic model to correctly classify a neuroimaging
input as corresponding or not to a case of reduplicative paramnesia (at a voxel level) was
evaluated in the validation sample. Therefore, the classification performance was evaluated
in a group of neuroimaging maps that did not contribute to the building of the model.

Our dataset was imbalanced, in a ratio of 1 case to 4 controls. Evaluation of
classification performance in imbalanced datasets can be misleading, because most
predictive techniques have a poor performance on the minority class (He and Garcia 2019).
To address this issue, we used the Synthetic Minority Over-sampling Technique (SMOTE)
algorithm to perform a synthetic over-sampling of the minority class in the exploratory
sample, by linearly interpolating new minority instances between the 5 nearest neighbours,
as recommended (Chawla et al. 2002; Luque et al. 2019). Balanced accuracy was chosen
as the classification metric, to avoid the spuriously high accuracy estimations that may
occur in the evaluation of imbalanced datasets (Chawla 2005). The analysis was performed

using scikit-learn 0.24.1 package (Pedregosa et al. 2011).

Structural-functional coupling

Neurosynth (http://neurosynth.org/) is an automated and validated tool to extract large-
scale neuroimaging data from the literature (Yarkoni et al. 2011). Based on text-mining
and machine-learning techniques, it generates meta-analytic maps of functional studies
whose abstract mention a certain term of interest.

Darby and colleagues (Darby et al. 2017) studied the relationship between the
functional meta-analytic maps of familiarity and belief evaluation and the functional
connectivity maps of 17 lesion-induced delusional misidentifications. They found an
overlap between them, however it is unknown how this relationship is established at the

structural level, i.e. if it is mediated directly by the lesions or by structural disconnection.
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Here, we used Neurosynth to generate functional meta-analytic maps of similar terms,
namely ‘familiarity’ and ‘belief’. There are several forms of delusional misidentifications,
which manifest for different kinds of stimuli. Reduplicative paramnesia is a delusional
misidentification of space and places. Therefore, these two terms — ‘space’ and ‘place’ —
were also included. Other monothematic delusional misidentification syndromes manifest
for other kinds of stimuli (Devinsky 2009): Capgras and Fregoli syndromes for faces,
somatoparaphrenia for parts of the body, most commonly limbs; and Cotard syndrome for
interoceptive stimuli. To test the hypothesis that reduplicative paramnesia would be
associated with ‘place’ or ‘space’-related functional networks, but not with networks
related to ‘faces’, ‘limb’, ‘body’ and ‘interoceptive’, these terms were included too.

Since reduplicative paramnesia was also associated with neuropsychological deficits in
executive functions and in non-verbal episodic memory tasks (Borghesani et al. 2019), we
performed a supplemental analysis including the Neurosynth terms ‘executive functions’
and ‘memory task’.

The Neurosynth extracted maps are thresholded to correct for multiple comparisons,
using a False Discovery Rate criterion of 0.01. This threshold is applied by default in
Neurosynth (http://neurosynth.org/). No additional threshold was applied.

Then, we analysed the spatial correlation between the functional meta-analytic maps of
the terms of interest and the lesion topography maps. In addition, we performed the same
analysis with the structural disconnection maps. Since Neurosynth maps predominantly
represent areas of cortical activation, while the tractography-derived masks mainly
correspond to white matter regions, we projected the disconnectome maps to the cortical
ribbon. First, we converted streamline tractographies into streamline density volumes, in
which voxel values corresponded to the number of fibres crossing each voxel (Nozais et al.
2021). This step was performed using the MRtrix3 command fckmap (Tournier et al.
2019). Second, all individual streamline density volumes were aligned with each other by
performing a diffeomorphic normalization (Nozais et al. 2021). This step was computed
using the Advance Normalisation Tools’ script buildtemplateparallel.sh, and defining
cross-correlation as the similarity measure and greedy SyN as the transformation model
(Avants et al. 2011). With this, we obtained an average template of the streamline density
volumes. Third, we registered the average template to the MNI152 Imm standard space,
using FSL’s tool flirt (Jenkinson et al. 2012; Nozais et al. 2021), and applied the
transformation warp to the individual disconnection maps. With this, we obtained

disconnectome maps projected into grey matter. Then, we analysed the spatial correlation
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between the functional meta-analytic maps of the terms of interest and the projected
disconnectome maps.

Finally, we also analysed if the relative spatial overlap of the lesion topography and of
the structural disconnection maps with the meta-analytic functional maps was significantly
different, in the cases of reduplicative paramnesia. The Dice similarity coefficient was

calculated and a paired comparison was performed.

Statistical analysis

Continuous variables were reported as mean (standard deviation) or median
[interquartile range] and compared using two-tailed unpaired-t test or Mann-Whitney test,
as appropriate. Categorical variables were reported as frequencies.

Alpha levels were set at 0.05 for statistical significance. In the neuroimaging analysis, a
family-wise error rate approach was used to correct for multiple comparisons. For the
comparison of other variables, a Bonferroni correction was applied.

The statistical approach to build and evaluate the classification performance of the

neuroimaging models was presented previously, in the corresponding section.

Results

Our database search retrieved a total of 1949 references, 932 repeated references were
removed and the free search resulted in 7 new references. The total number of analysed
references was 1024. A total of 708 references were excluded after abstract screening and
166 after assessing the full text. Of the 57 articles included, most were case reports and
case series. The flow diagram of study selection is displayed in Figure 3. The total number
of patients with reduplicative paramnesia was 123. Of these, 67 were associated with focal
brain lesions. Twenty-four cases had MRI or CT images available (MRI, n=10; CT, n=14).

All images were reported separately, i.e., none corresponded to group-level analyses.
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Records identified through
database searching
(n=1949):

* Pubmed (n=365)

* EMBASE (n=641)

* PsyclInfo (n=357)

* Web of Science (n=586)

Additional records identified
through free search

Records after duplicates removed
(n=1024)

A

Abstracts

screened

(n=1024)

A

Abstracts excluded (n=801):
* Not an article (n=61)

* Subject not related (n=344)
» Other DMS (n=324)

* Unspecified DMS (n=11)
* Psychiatric etiology (n=3)
* Review (n=45)

* Full text not found (n=13)

Full-text

articles

assessed for eligibility
(n=223)

A

Full-text articles excluded (n=166):
* Subject not related (n=34)
* Other DMS (n=102)
* Unspecified DMS (n=25)
* Psychiatric aetiology (n=5)

Studies in
qualitative

cluded in
synthesis

(n=57)

* Case report (n=39)
* Case series (n=9)

* Cross-sectional (n=7)
» Case-control (n=2)

quanti

Studies included in

tative

neuroimaging analysis
(n=23)

Figure 3. Flow diagram of study selection. DMS, Delusional Misidentification Syndromes.

The numbers reported refer to the number of studies in each step of the flowchart.

Demographic and phenomenological characteristics

The median age of the 67 patients reported was 66 [53-72] years old and the median
time duration of delusions of space was 60 [30-113] days (reported in 31 cases). The

phenomenological features of the reported cases are presented in Table 3.
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Table 3. Phenomenological characteristics of delusions of space

Subtype of Place reduplication 35 (52%)
;‘)zi:llﬂilc;tii:e Chimeric assimilation 9 (13%)
(reported in 67) Confabulatory mislocation 9 (13%)
Place reduplication and confabulatory mislocation 7 (10%)
Reduplication and chimeric assimilation 3 (4%)
Confabulatory mislocation and chimeric assimilation | 4 (6%)
Content of Reduplication of the hospital 31(46%)
g;::iiions of Reduplication of the patient’s home 8 (20%)
(reported in 67) Combination of hospital and patient’s home spaces 8 (12%)
Mislocation of the hospital to a familiar place 2 (3%)
Misidentification of home as another familiar place 2 (3%)
Misidentification of the hospital as patient’s home 2 (3%)
Reduplication of other places 1 (1%)
Combinations of other places 1 (1%)
Other mislocations 2 (3%)
Other misidentifications 1 (1%)
Mixture of two of the previous delusional contents 9 (13%)
Association with | Capgras syndrome 2 (3%)
f;:ls:;e(il?ililisci::lizlrn Reduplication of people 7 (11%)
syndromes Fregoli syndrome 2 (3%)
(reported in 66) | Reduplication of body parts 3 (5%)
Intermetamorphosis 3 (5%)
Cotard syndrome 2 (3%)
Self-misidentification 1 (2%)
Fregoli syndrome and reduplication of body parts 1 (2%)
Unspecified misidentification of people 11 (17%)
No association with other delusional 34 (52%)
misidentification syndromes
ll:.sychiatric Previou§ suicic.le attempt ' ' 1 2%)
istory (unspecified disease; no history of delusions)
(reported in 49) No antecedents of major psychiatric disease 48 (98%)
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The aetiologies of the lesions with brain images available (n=24) were: stroke, n=17;
tumour, n=3; trauma, n=2; encephalitis, n=1; and subarachnoid haemorrhage with focal
parenchymal lesions, n=1. A summarizing table, detailing the type of study, the number of
patients assessed, the patients’ age and schooling, the lesion aetiologies and locations, and

the results of the neuropsychological assessment for each case is provided in Table 4.
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Lesion topography

Individual lesions are represented in Figure 4.

Patient 1 Patient 2 Patient 3 Patient 4
(Peckins et al., (Nishio and Mori, (Fisher, 1982) (Budson et al.,
2016) 2012) 2000)

Patient 5 Patient 6 Patient 7 Patient 8
(Likitcharoen and ~ (Hudson and Grace, (Pignat et al., 2013) (Yamada et al.,
Phanthumchinda, 2000) 2003)

2004)
L
y <

Patient 9 Patient 10 Patient 11 Patient 12

(Jocic and Staton, (Lee et al., 2011) (Bez and (Murai et al., 1997)
1993) Nurmedov, 2007)

Continues in the next page
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”~
..

Patient 13 Patient 14 Patient 15 Patient 16
(Murai et al., 1997)  (Moser et al., 1998)  (Kapur et al., 1988)  (Nighoghossian et
al., 1992)

Patient 17 Patient 18 Patient 19 Patient 20
(Sellal et al., 1996) (Osmon, 1996) (Vighetto et al., (Ovelacg et al.,
1980) 1988)

Patient 21 Patient 22 Patient 23 Patient 24
(Leiguarda, 1983) (Vighetto et al., (Aimard et al., (Cambier et al.,
1985) 1981) 1980)

Figure 4. Lesions associated with spatial delusions. The 24 cases used in neuroimaging
analysis are presented with the corresponding reference below. A single slice is presented

per patient. Only the voxels that both authors agreed that were lesioned are presented.

The Dice similarity coefficient for lesion delimitation was 0.79 [0.77-0.84] (median
[interquartile range]). The percentage of voxels for which the raters disagreed was 18% [12
— 27%] (median [interquartile range]). Almost all lesions were right sided or bilateral,

except one (ischemic stroke) that was located in the left temporo-parieto-occipital junction
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(Budson et al. 2000). This patient presented clinical evidence of right hemisphere
dominance, namely right side neglect and impaired visual memory with preserved verbal
memory.

The maximum value of overlap at a voxel-level was 3/24, in the right ventrolateral

prefrontal, right temporal lateral and right insular regions (Figure 5A).

A

RP lesion overlap map

overlap
proportion

0.01

p-value
(FWE
corrected)

0.05

Cases > controls Controls > cases

Figure 5. Lesion topography analysis. A - Lesion overlap maps of cases of reduplicative
paramnesia. B - Statistical brain maps of the voxels more often lesioned in cases than in
stroke controls (left) and more often lesioned in stroke controls than in cases (right), in the
exploratory sample. The validation sample is not represented because no statistical
significant differences were found. FWE, Family-wise error rate; RP, reduplicative

paramnesia.

The permutation analysis of the exploratory sample revealed that: a) a region of the
right lateral temporal lobe was more frequently lesioned in cases than in stroke controls; b)
a region of the right dorsal striatum was more frequently lesioned in stroke controls than in
cases (Figure 5B). However, these findings were not replicated in the validation sample
and no statistically significant differences were found in the regression analysis including

age as a covariate.
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Structural disconnectome

In the structural connectivity analysis, the permutation test of the exploratory sample
revealed that reduplicative paramnesia was significantly associated with higher
probabilities of disconnection of: a) a right ventral temporo-occipital region; b) a right

ventrolateral prefrontal region (Figure 6A, top row).

Statistical mapping of the disconnected areas

0.01

% p-value

(FWE
Cases > controls corrected)

Exploratory
sample

0.05

0.01

p-value
(FWE
corrected)

Validation
sample

0.05

Controls > cases

Figure 6. Structural disconnection analysis. A - Statistical brain maps of voxels with
significantly higher probabilities of disconnection in cases than in stroke controls (top row)

and with significantly higher probabilities of disconnection in stroke controls than in cases
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(bottom row). B - Statistical brain maps of the replication analysis performed in the

validation sample. FWE, Family-wise error rate.

A similar statistically significant disconnection map was obtained in the regression

analysis including age as a covariate (Figure 7).

Statistical mapping of the disconnected areas controlling for age

0.01

p-value
(FWE
corrected)

0.05

Cases > controls

Figure 7. Structural disconnection analysis including age as a covariate in the regression
analysis. Statistical brain maps of voxels with significantly higher probabilities of
disconnection in cases than in stroke controls. No voxels had higher probabilities of
disconnection in stroke controls than in cases. In this analysis, the control stroke lesions
from ATLAS dataset could not be included, because the information about the age of these

patients is not publicly available. FWE, Family-wise error rate.

Conversely, reduplicative paramnesia was significantly associated with lower
probabilities of disconnection of dorsal inter-hemispheric pathways (Figure 6A, bottom
row). These results were replicated in the validation sample (Figure 6B), but not when age
was included as a covariate in the regression analysis.

The results of the sensitivity analysis excluding tumoral lesions were similar (Figure 8).
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Statistical mapping of the disconnected areas excluding tumours

0.01

p-value
(FWE
corrected)

0.05

Controls > cases

Figure 8. Structural disconnection analysis excluding tumoral lesions. Statistical brain
maps of voxels with significantly higher probabilities of disconnection in cases than in
stroke controls (top row) and with significantly higher probabilities of disconnection in

stroke controls than in cases (bottom row). FWE, Family-wise error rate.

Classification performance of the lesion topography and of the structural

disconnection maps

The structural disconnectome model demonstrated a maximum balanced accuracy value
in the validation sample of 0.78 (Figure 9A). The voxels with higher balanced accuracy
were located in two clusters: a) a right temporal cluster with an overall balanced accuracy
of 0.77, a sensitivity of 0.75 and a specificity of 0.79; b) a right ventrolateral prefrontal
cluster, with an overall balanced accuracy of 0.75, a sensitivity of 0.67 and a specificity of
0.83 (Figure 9B).

The lesion topography model revealed lower capacity to predict delusions of space with

a maximum balanced accuracy value of 0.69.
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Balanced accuracy mapping of the disconnected areas

Temporal cluster
Balanced accuracy=0.77
Sensitivity=0.75
Specificity=0.79

Frontal cluster
Balanced accuracy=0.75
Sensitivity=0.67

balanced 0.8 S Specificity=0.83
accuracy

Figure 9. Balanced accuracy mapping of the structural disconnectome model. A - Voxel-
wise representation of the balanced accuracy scores. B - Balanced accuracy score,
sensitivity and specificity of the right temporal and of the right ventrolateral prefrontal

clusters.

Structural-functional coupling

The meta-analytic functional maps are provided in Figure 10.

Meta-analytic functional maps

Neurosynth term-related functional maps Neurosynth term-related functional maps
Belief B Familiarity Faces B Limb
M Place [ Space M Body [ Interoceptive
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Figure 10. Brain surface representation of the functional meta-analysis results, for the

different terms of interest.

The number of studies from which the meta-analytic maps derived from were: belief,
n=83; familiarity, n=188; place, n=189; space, n=303; faces, n=864; limb, n=127; body,
n=552; interoceptive, n=81.

The lesions associated with spatial delusions had significantly higher spatial overlap
with the belief-related functional network than stroke controls (Figure 11A). There was no
significant difference for familiarity, place and space-related functional networks.

Regarding structural disconnection, the disconnectome maps associated with delusions
of space had significantly higher spatial overlap with the familiarity-related and with the

place-related functional networks than stroke controls (Figure 11A).
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Figure 11. Spatial overlap between the meta-analytic functional maps and the lesion
topography maps (left) and the projected structural disconnection maps (right). A -
Comparison regarding spatial delusions-related terms. B - Comparison regarding the
control terms that would be the content-related equivalents for other monothematic
delusional misidentifications. Data is presented in violin plots. The dashed lines represent
quartiles and the asterisks represent statistically significant differences between cases and

stroke controls (Bonferroni-corrected p-value<0.0125).

For the control terms, that would be the content-related equivalents for other
monothematic delusional misidentifications, there was no significant difference of spatial
overlap regarding lesion topography or structural disconnection (Figure 11B). No
significant difference was also found for the ‘executive functions’ and ‘memory task’-

related functional maps.

Comparing the relative spatial overlap (Dice similarity coefficient) with the meta-
analytic functional maps, the structural disconnection maps had a higher coefficient of
overlap with the familiarity and with the place-related functional networks than the lesion
topography maps (Figure 12). No significant difference was found for the belief and for the

space-related functional maps.
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Figure 12. Comparison of the relative spatial overlap (Dice similarity coefficient) of the

meta-analytic functional maps between the lesion topography and the projected structural
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disconnection maps in the cases of reduplicative paramnesia. The dashed lines represent
quartiles and the asterisks represent statistically significant differences (Bonferroni-

corrected p-value<0.0125).

Discussion

In this work, we systematically reviewed cases reported in literature of lesion-associated
reduplicative paramnesias. First, we presented their clinical and phenomenological features
Second, we found that they are associated with structural disconnection of right temporal
and right ventrolateral prefrontal areas. This pattern of disconnection was replicated in an
independent validation sample. Third, we showed that structural disconnectomes provide
the anatomical framework to explain associated functional changes. Specifically, we
demonstrated the existence of a spatial relationship between the structural disconnectome
maps of reduplicative paramnesias and the familiarity and place-related functional
networks.

Reduplicative paramnesia is a right hemisphere syndrome (Feinberg 2013; Bartolomeo
et al. 2016), however a sole lesion location or the lesion location per se may not be a
satisfactory neuroanatomical explanation for this type of spatial disorientation (Griffis et
al. 2019; Thiebaut de Schotten et al. 2020). Our results provide evidence to support that
reduplicative paramnesia is a disconnection syndrome.

Darby and colleagues (Darby et al. 2017) previously showed the association between
delusional misidentification syndromes and functional disconnection of the right
ventrolateral prefrontal cortex and of the left retrosplenial cortex (Darby et al. 2017). Here,
we showed that the right ventrolateral prefrontal region is also structurally disconnected,
which provides evidence for the existence of structure-function coupling in this region and
reinforces its pathophysiological relevance (Baum et al. 2020). The two-hit model of
delusional belief states that two factors contribute to the emergence of delusional
misidentifications (Coltheart et al. 2011). The first is an abnormal covert (i.e. implicit)
recognition of the misidentified stimuli (Ellis and Young 1990). The second is an
impairment of the belief and familiarity evaluation processes (Coltheart et al. 2011).
Evidence suggests that the neural basis of the second factor is the dysfunction of the right
lateral prefrontal cortex (Coltheart 2010) and our results support it. The ventrolateral
prefrontal cortex is activated during the presentation of unexpected perceptual events and

during implicit false belief processing (Sharp et al. 2010; Kandylaki et al. 2015). We also
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replicated the previous finding that delusional misidentification lesions were spatially
correlated with belief-related networks (Darby et al. 2017). In addition, the right
ventrolateral prefrontal cortex has an important role in reality monitoring (Badre and
Wagner 2004). Its damage or disconnection has been associated with anosognosia for
hemiplegia (Berti et al. 2005; Prigatano 2010; Pacella et al. 2019), a disorder characterized
by the patients’ failure to acknowledge limb paralysis, even after being clearly confronted
with the deficit. Our results fits this evidence, since both disorders share a disturbance in
reality awareness and belief update (Vocat et al. 2013; Fotopoulou 2014).

The right ventrolateral prefrontal cortex is also a core area to emotional regulation, and
seems to be particularly important when personal significance factors are involved in belief
reasoning (Hartwright et al. 2012) and to explicit decisions on the relative familiarity of
stimuli (Petrides et al. 2002). It establishes bi-directional connections with ventral limbic
structures (Petrides 2005) and with limbic nuclei of the thalamus through the anterior
thalamic radiations (Rojkova et al. 2016), and integrates the default mode network, a
fundamental network for transmodal processing of limbic information (Alves et al. 2019).
Ellis and Young proposed that a defective attribution of appropriate emotional valences to
stimuli was involved in the pathogenesis of delusional misidentification syndromes
(Young et al. 1994; Devinsky 2009). Darby and colleagues (Darby et al. 2017) established
a functional association between delusional misidentifications and familiarity networks.
We demonstrated that this association is neuroanatomically mediated by structural
disconnection.

The delusional content of reduplicative paramnesia is very specific for places,
distinguishing it from other monothematic delusional misidentifications. Still according to
the two-hit model, all delusional misidentification syndromes would have a first factor that
determines the content of delusional belief (Coltheart et al. 2011). Here, we provide the
first group-level evidence showing that there is a spatial correlation between reduplicative
paramnesia and place-related functional networks. Ventral occipito-temporal pathways are
fundamental for orientation in allocentric spatial references (Ekstrom et al. 2014) and to
the emotional recognition of visual cues (Herbet and Duffau 2020). We propose that the
disconnection of this pathway may impair a proper update and integration of visual
information in allocentric, place-related networks.

Other authors have hypothesized that delusional misidentifications results from
unbalanced activity of the two hemispheres, with right hemisphere hypofunction and left

hemisphere overactivity (Young et al. 1994; Devinsky 2009). We found that dorsal fronto-
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parietal inter-hemispheric connections were more frequently spared in cases of
reduplicative paramnesia, when compared with stroke controls. This might mediate
dysfunctional interhemispheric communication, but this finding was not replicated when
age was included in the model. Further studies are needed.

As limitations of our study, the meta-analytic functional maps do not reflect the
complex associations and the dynamic interactions of brain systems. The lesion mapping
analysis was also constrained by the available images in the cases reports. Although we
replicated 2D lesion tracing methodologies that have been applied to study cognitive and
behavioural syndromes about which the available neuroanatomical evidence is scarce
(Boes et al. 2015; Cohen et al. 2019; Darby et al. 2019), the lesion masks may not
represent the full 3D geometry of the original lesions. In addition, we cannot guarantee that
the control stroke patients did not develop reduplicative paramnesia after the period of
systematic assessment. These bias may increase the risk of false negative results (Cohen et
al. 2019). It is also known that the years of education, as well as co-occurring cognitive
deficits, may correlate with the cognitive syndrome of interest (de Haan and Karnath 2018;
Borghesani et al. 2019; Umarova et al. 2021). However, the absence of information about
the years of schooling, the heterogeneity of the reported neuropsychological evaluations
and the number of cases available precluded the inclusion of these covariates in the
neuroimaging model.

In conclusion, our work suggests that delusions of space may be associated with
structural disconnection of right ventrolateral prefrontal and right temporal regions and that
these structural connectivity changes might mediate functional interactions with familiarity

and place-related networks.
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2.Phenomenological features of stroke-associated spatial

delusions

Part of this section is included in the following manuscript:
* Alves PN, Fonseca AC, Pinho-e-Melo T, Martins IP (2022) Clinical features and

neural correlates of stroke-associated spatial delusions. Eur J Neurol 30(1):125-133.

https://doi.org/10.1111/ene.15557.
And in the following book chapter (in press):

* Ferro JM, Alves PN, Martins IP. Memory loss. Caplan’s Stroke Syndromes, 4

edition, Cambridge University Press. In press.
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Introduction

Different forms of spatial delusions have been described (Politis and Loane 2012)
representing different poles of pathological familiarity (Devinsky 2009). Place
reduplication typifies hypofamiliarity for places and corresponds to the original description
made by Pick, i.e. the patients are convinced that they are in a replica of the original place
(Pick 1903). Chimeric assimilation is characterized by the fusion or combination of two
different places (e.g. the hospital is inside patients’ home). In confabulatory mislocation,
patients believe that they are in a place that is substantially different from the real one (e.g.
believing to be at home instead of being at the hospital). Both embody place
hyperfamiliarity (Darby and Prasad 2016).

At the structural and functional levels, we demonstrated that spatial delusions are
associated with a dual pattern of structural disconnection involving right frontal and
temporal circuits, which prompts structural-functional decoupling of belief, familiarity and
place-associated functional networks (Alves et al. 2021b). At the clinical level, the striking
incongruence between the patients’ conviction and the surrounding environment may
markedly disturb patients’ behaviour (Moser et al. 1998; Borghesani et al. 2019). Although
traditionally seen as an infrequent syndrome, evidence suggests that spatial delusions can
be a frequent manifestation of right hemisphere lesions (Murai et al. 1997). So far, the
available knowledge about the clinical features of spatial delusions is mostly based in cases
reports and small case series (Politis and Loane 2012; Borghesani et al. 2019).
Misdiagnosis of spatial delusions as delirium or psychomotor agitation may lead to
erroneous approaches in terms of pharmacological treatment, behavioural interventions,
and support of family members and caregivers.

Here, we systematically studied the largest published sample of patients with spatial
delusions after right hemisphere acute stroke to shed light on their clinical presentation and
pathophysiology. First, we aimed to characterize the clinical phenotype of spatial delusions
and their subtypes. Second, we studied the neural correlations of these clinical features.
Specifically, we hypothesized that there was a correlation between the duration of the
reduplicative paramnesia and the magnitude of structural disruption of belief-associated
functional networks and that the disturbances of familiarity-associated networks would

predict the subtype of reduplicative paramnesia.

56 Pedro Nascimento Alves



Delusions of space after stroke: clinical phenomenology and neural basis

Methods

Study sample

We performed a prospective, cumulative, case-control study from December 2016 to
June 2021 in a stroke unit of a tertiary university hospital in Lisbon, Portugal. Five
hundred and four patients admitted within the acute phase (72 hours or less) of right
hemisphere stroke (ischemic or haemorrhagic) were screened for the presence of spatial
delusions. The exclusion criteria were: acute confusional state (delirium), according to the
criteria defined in the Diagnostic and Statistical Manual of Mental Disorders — fifth
edition; decreased level of consciousness; subarachnoid haemorrhage; epileptic seizures
during admission; aphasia or severe dysarthria precluding evaluation; severe visual deficit,
precluding confrontation with counter-evidence stimuli; history of dementia, i.e. a
cognitive decline that interfered with the instrumental activities of daily living, as stated in
the criteria of major neurocognitive disorder of the Diagnostic and Statistical Manual of
Mental Disorders — fifth edition; absence of a stroke lesion in brain imaging, or unavailable
brain images.

Screening was performed in the first 72 hours of admission and then at regular intervals
of 48 hours until the patients’ discharge, using the systematic approach detailed in the
following section. The patients that presented the syndrome and whose phenomenological
presentation was fully registered were selected for this study.

The study was approved by the Joint Ethics Committee of the Lisbon Academic
Medical Centre.

Screening and phenotypic characterization of reduplicative paramnesia

To screen for reduplicative paramnesia, patients were asked if they knew where they
were, specifically the type of building (hospital), the city (Lisbon) and the city district they
were in. If the patients did not know or gave a wrong answer, their correct location was
explained, namely that they were in a hospital, which was called “Hospital de Santa
Maria” and was located in Lisbon, more specifically in “Campo Grande/Cidade
Universitaria” (city district). When the patients disagreed, counter-evidence was
systemically shown to convince them otherwise. The questions and confrontations were
tailored to the subtype of reduplicative paramnesia. When the patients believed they were
in a place other than a hospital (i.e. confabulatory mislocation) they were asked: question
1) why health care professionals would be in the referred place; question 2) why medical

equipment (oxygen masks, infusion tubes, vital signs monitor) would be there; question 3)
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why the patients’ clothes and bed sheets were labelled “Hospital de Santa Maria”; question
4) why other patients would be in the referred place; question 5) in which home division
they would be (in the case they believed they were at home/living house); question 6) why
it would be possible to see from the window distinct landmarks, such as Alvalade Stadium
(the stadium of a leading football club in Portugal), the Lisbon airport or the Lisbon
University (for those whose clinical condition allowed to stand and show the window
view).

For patients presenting chimeric assimilation, besides the questions referred above, they
were asked: question 7) if they had noticed or heard about any construction work in the
referred place; question 8) why a hospital would be constructed inside that place.

For patients presenting with place reduplication, questions 3 and 6 were posed. In
addition they were asked: question 9) why “Lisbon” would be written next to the Hospital
logo; question 10) how many “Hospital de Santa Maria” they think there were.

The diagnosis of reduplicative paramnesia was made when the patients maintained the

belief of mislocation after being exposed to the referred counter-evidences.

Clinical characterization

Demographic and stroke clinical data were collected, namely, age, type of stroke
(ischemic or haemorrhagic), NIHSS at admission and at discharge, and length of
admission.

Regarding reduplicative paramnesia, we also registered: a) the duration of the
phenomenon; b) the day it was diagnosed; c) if there was an observation prior to spatial
delusion onset in which the patient was oriented in space; d) if the patient called “Hospital
de Santa Maria” to the misidentified place; e) if the patients knew the location of the
(original) “Hospital de Santa Maria” (to consider the answer correct, for patients living in
Lisbon, the city and the city district were required; for patients living outside, saying
Lisbon was enough); f) if the patient knew his own home address; g) if the patient was able
to mentally describe routes between relevant places (specifically, between home, “Hospital
de Santa Maria” and the place they believed they were); h) if the patient was oriented in
time (namely, year and month).

The geodesic distances (based on latitude and longitude coordinates) between the

misidentified place, the patients’ home and “Hospital de Santa Maria” were calculated and
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the relative distance of the misidentified place to the patients home and to “Hospital Santa
Maria” was determined:

Aplace_hospital

rA=
Aplac ehospital + Aplac €home

where A means the relative distance, Aplace hospital the distance between the
misidentified place and the “Hospital de Santa Maria” and Aplace home the distance
between the misidentified place and patients’ home (values closer to one represent
mislocation closer to the hospital; values closer to zero represent mislocation closer to
patient’s home). For illustration purposes, we used the geographical maps from

OpenStreetMaps (https://www.openstreetmap.org).

Neuroimaging correlations

Stroke lesions were defined based on brain MRI (preferentially) or CT images
performed 24 to 72 hours of stroke onset. Delimitation was manually performed on axial
slices with a thickness of 3mm. Researchers were blind to patients’ clinical features at the
time of lesion delimitation. Lesions were normalized to a common space, the MNI152
(Jenkinson et al. 2012). MRI images were acquired in a Philips Achieva 3.0 Tesla or
Philips Intera 1.5 Tesla scanner. The diffusion-weighted imaging was the sequence of
reference for delimitation (de Haan and Karnath 2018). T1 images were registered to the
MNI152 space using linear and nonlinear transformations (Jenkinson et al. 2012). CT
images were acquired in a Philips Brilliance 64-channel scanner. Their registration was
made to the CT-derived MNI152 template using a linear transformation (Rorden et al.
2012). Finally, the registration deformation fields were applied to the lesion masks.

To compute the structural disconnection pattern of each lesion, we used a tract-wise
approach (Thiebaut de Schotten et al. 2011a). Using the tool Disconnectome from the
software package BCBtoolkit (http://toolkit.bcblab.com), each lesion was overlapped with
a group of 178 healthy subjects’ tractography from the Human Connectome Project 7 Tesla
dataset (Vu et al. 2015). Tractographies were obtained using a whole-brain deterministic
approach, in StarTrack software (https://mr-startrack.com), applying a spherical
deconvolution methodology, specifically a damped Richardson-Lucy algorithm. They were
made available with BCBtoolkit (http://www.bcblab.com). The full details of pre-

processing are described in Karolis et al (2019). A voxel-wise probability of disconnection
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was calculated (Foulon et al. 2018). The voxels were included in the disconnectome map if
they were disconnected in more than 50% of healthy subjects’ tractographies (Foulon et al.
2018).

It has been demonstrated that delusional misidentifications are associated in structural-
functional decoupling of belief and familiarity-associated functional networks (Darby et al.
2017; Alves et al. 2021b). Neurosynth is a validated brain-mapping platform that performs
large-scale automated extraction of meta-analytic functional maps of terms of interest
(Yarkoni et al. 2011). We used Neurosynth to extract the meta-analytic maps of the terms
‘belief’, ‘familiar’ and ‘unfamiliar’. Neurosynth maps are corrected for multiple
comparisons applying a False Discovery Rate of 0.01. No additional threshold was applied.
Then, we computed the volumetric spatial overlap of these meta-analytic maps with the
individual stroke lesion and with the structural disconnectome maps.

The Spearman’s correlation between the duration of spatial delusions and the structural
disruption (either lesion or structural disconnection) of belief-associated networks was
calculated. Lesion volume is an important confounder in the establishment of lesion-
behaviour associations (Sperber and Karnath 2017; DeMarco and Turkeltaub 2018). A
regression analysis was computed to investigate if the putative correlations were
independent of lesion volume. In addition, we computed a voxel-wise beta-coefficient map
using the linear regression function of scikit-learn (Pedregosa et al. 2011), to analyse
which voxels’ lesion or disconnection best predicted the duration of the phenomenon. DSI
Studio (http://dsi-studio.labsolver.org) and Surflce (https://www.nitrc.org/projects/surfice/)
were used to create tract and surface map illustrations.

To evaluate the classification performance of cases based on the structural disruption of
familiarity-associated networks, we performed an unsupervised machine learning partition
using a k-means clustering algorithm, from scikit-learn (Pedregosa et al. 2011). The
number of clusters to form was defined as three (the number of clinical subtypes of
reduplicative paramnesia). The variables included in the model were the structural
disruption (either lesion or structural disconnection) of ‘familiar’ specific regions and the
structural disruption of ‘unfamiliar’ specific regions. Then, we calculated the Rand index
to determine the similarity between the familiarity-derived clustering and the clinical
subtype classification (one meaning perfect agreement and zero no agreement). An
alternative analysis was computed in which we defined the number of clusters to form as
two, considering confabulatory mislocation and chimeric assimilation as a unique category

of hyperfamiliarity syndromes and place reduplication as a hypofamiliarity syndrome
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(Darby and Prasad 2016). For patients presenting more than one subtype of reduplicative
paramnesia, the first presentation was considered. Graphical representations were created

with matplotlib 3.4.2 (https://matplotlib.org).

Statistical analysis

Categorical variables were presented as frequencies and continuous variables as
meantstandard deviation or as median[interquartile range (IQR)], according to their
distribution. For patients who changed the place of mislocation during their presentation,
the Wilcoxon signed-rank test was calculated to determine if the distance to the hospital
between the first and the second places of mislocation was statistically different (paired
analysis). The Spearman’s correlation and the k-means clustering algorithm were applied,
as explained above. For the multivariate analysis, a linear regression was computed. When
the residuals of the model were not normally distributed (assumption of linear regression),
a quantile regression was performed.

Alpha levels were set at 0.05 for statistical significance. The software packages
scipy.stats 1.7.1, Statal4® and scikit-learn 0.24.1 (Pedregosa et al. 2011) were used to

perform the statistical analysis.

Results

Clinical and demographic features

Sixty patients with spatial delusions were identified and fully characterized (the
flowchart of patients’ inclusion is available in the Figure 13).

Fifty-seven had an ischemic stroke (95%) and three a haemorrhagic stroke (5%). The
median age of patients was 81 years old [IQR 73-85 years old, range 55-93 years old] and
the female/male ratio was 31/29. The median NIHSS was 14 [IQR 12-18] at admission and
8 [IQR 3-12] at discharge. The median admission time was 8 days [IQR 6-12, range 2-46].

The arterial territories of ischemia and haemorrhage are reported in Table 5.
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December 2016 - June 2021

Patients screened
n=504

Reasons for exclusion

- Decreased level of counsciouness (n=37)
- Acute confusional state (n=23)

- Severe dysarthria (n=13)

- Aphasia precluding assessment (n=8)

- Dementia (n=7)

- Epileptic seizures (n=3)

- Severe visual deficit (n=1)

- Absence of stroke lesion in imaging (n=22)
- Brain images not available (n=5)

Patients included

fully registered

Y

Patients selected
n=60

Figure 13. Flowchart of patients’ inclusion.

The median time of diagnosis of reduplicative paramnesia was 1 day after stroke (IQR
1-3 days, range 0-7 days). Nineteen patients (32%) had at least one observation in which
they were oriented in space before the manifestation of reduplicative paramnesia. Twenty-

eight patients (47%) spontaneously referred that they had previously been in the (original)

n=385
Reduplicative paramnesia No reduplicative paramnesia
n=81 n=304
Phenomenology

“Hospital Santa Maria” before being brought to the place they believed they were.

62
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Table 5. Territories of ischemia and hemorrhage*

Ischemic strokes

Right middle cerebral artery 43 (75%)
Right middle cerebral artery and right anterior cerebral artery 5(9%)
Right middle cerebral artery and right posterior cerebral artery 4 (7%)

Right posterior cerebral artery (including thalamic branches) and basilar | 2 (4%)
artery

Right posterior cerebral artery 1 (2%)
Right and left middle cerebral arteries 1 (2%)
Right and left middle cerebral arteries and right posterior inferior 1 (2%)

cerebellar artery

Haemorrhagic strokes

Right lenticulo-capsular 2 (67%)

Right thalamo-capsular 1 (33%)

The right column represents the number of cases and the corresponding percentage.
*Seven patients (12%) had history of a previous ischemic stroke and one (2%) of a

previous hemorrhagic stroke.

Subtypes of reduplicative paramnesia and places of mislocation

Confabulatory mislocation was the most frequent presentation subtype (n=36, 60%),
followed by place reduplication (n=16, 27%) and chimeric assimilation (n=8, 13%). The
majority of patients maintained the same subtype during the period of spatial delusion
(n=48, 80%).

The geographical positions of mislocation and their absolute and relative distances to
the patients’ home and to “Hospital de Santa Maria” are presented in Figure 14. Most
places of mislocation were closer to the patients’ home than to the hospital (n=56, 93%).
The presentation subtypes of the four patients (7%) with an inverse pattern were: place

reduplication (n=2), confabulatory mislocation (n=1) and chimeric assimilation (n=1).
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Figure 14. Geographical location of the mislocation places. The markers symbolize the
different subtypes of reduplicative paramnesia and the actual location of “Hospital de
Santa Maria”. The colour gradient represents the relative position of the mislocation place
to the patient’s home and to the hospital (values closer to one represent mislocation closer
to the hospital; values closer to zero represent mislocation closer to patient’s home). In
patients that presented more than one place of mislocation, only the first is shown. The

geographical maps were obtained from OpenStreetMaps (https://www.openstreetmap.org).

Patients with confabulatory mislocation most frequently believed that they were at
home (n=27, 75%), followed by believing they were in their relatives’ home or holidays
home (n=4, 11%) or in another hospital or clinic (n=2, 6%). The remaining were
mislocated in extravagant places: in an ambulance (n=1, 3%), in a former bus garage (n=1,

3%) and in a social security office (n=1, 3%). Of these, 14 patients (39%) changed the
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place of delusional mislocation during their presentation: five patients (14%) changed to a
chimeric assimilation subtype, five patients (14%) to a place reduplication subtype and
four patients (11%) changed the place of confabulatory mislocation.

All patients with place reduplication were convinced they were in a branch of “Hospital
de Santa Maria” (n=9, 56%) or in a replica of the hospital (n=7, 44%), located in another
place. During the period of spatial delusion, three of these patients (19%) changed the
localization of the reduplicated building and one (6%) changed to a confabulatory
mislocation form.

Regarding the patients presenting chimeric assimilation, three (38%) believed their
home had been transformed into a hospital, three (38%) that the relative’s home where
they were had been transformed into a hospital and two (25%) that the hospital was inside
their home. One patient (13%) changed his delusional belief to a place reduplication form.

Overall, 19 patients changed the place of mislocation during the period of reduplicative
paramnesia (32%). The second place of mislocation was closer to the hospital in the
majority of patients (n=11, 58%; distance difference: median 28.86 km, range 0.39-201.26
km) and farther in four patients (21%; distance difference: 0.08 km, range 0.01-2.03 km).
The difference was statistically significant (p<0.01). The remaining four patients changed
the misidentification belief, but the geographical position of the misidentified place

remained the same (21%).

Name of the misidentified place

Eighteen patients (30%) called “Hospital de Santa Maria” to the place that was
misidentified (two of them to the second place of mislocation). In these cases, the presence
of reduplicative paramnesia was uncovered when the patients were asked about their
location (i.e. the city or town they were). The majority (n=15) referred that the name was
that one because they were in a replica or in a branch of the original hospital (i.e. place
reduplication). The remaining three patients believed that there was a hospital ward inside

their homes (i.e. chimeric assimilation), which was also called “Hospital de Santa Maria”.

Duration of spatial delusions and disruption of belief-associated network
The median duration of reduplicative paramnesia was 3 days (IQR 1-7 days, range 1-29
days; Figure 15A). In 23 cases, the patients were discharged still presenting reduplicative

paramnesia.
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The duration of reduplicative paramnesia was moderately correlated with the volume of
structural disconnection overlapping the belief-associated functional network (Spearman’s
correlation=0.39; p=0.02; Figure 15B), and this association was independent of lesion
volume (beta coefficient = 3.18; 95% confidence interval [0.12, 6.24]; p=0.04). The
disconnected fibres with the highest beta-coefficient values were located in left inferior
temporal regions (Figure 15C). It was also moderately correlated with the volume of stroke
lesion overlapping the belief-associated functional network (Spearman’s correlation=0.41;
p=0.01), but the association was not independent of lesion volume (beta coefficient = 0.54;
95% confidence interval [-1.20, 2.28]; p = 0.53). The lesion and the structural
disconnection overlap maps are available in Figure 16. The belief-associated meta-analytic

functional map, which derived from 83 studies, is available in Figure 17.
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Figure 15. Duration of reduplicative duration. Density distribution of the duration of

reduplicative paramnesia (A). Relationship between the duration of reduplicative
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paramnesia and the structural disconnection of the belief network, expressed in the volume
of overlap (B) and in a voxel-wise beta-coefficient tract representation (C). ‘r’ denotes the
Spearman correlation value and ‘p’ the p-value. The blue line represents the robust
regression line between the two variables and the blue shadows the 95% confidence
interval. The colormap represents the beta-coefficient values. ITF, inferior temporal fibers;
L, left; RP, reduplicative paramnesia. DSI Studio (http://dsi-studio.labsolver.org) was used

to create tract map representations.
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Figure 16. Lesion (top rows) and structural disconnectome (bottom rows) overlap maps of

cases of reduplicative paramnesia. The colourmap represents the proportion of overlap.
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Meta-analytic functional maps

Neurosynth term-related functional maps

I Belief B Familiar B Unfamiliar

Figure 17. Surface representation of the Neurosynth meta-analytic functional maps for the

terms ‘belief’, ‘familiar’ and ‘unfamiliar’.

Semantic knowledge about the location of places and of spatial routes

All patients were able to say their own address and the majority knew the location of the
(original) ‘Hospital de Santa Maria’ (n=52, 87%).

Twenty-eight patients (47%) were able to correctly describe the route between two or
more points of interest in space (home — ‘Hospital de Santa Maria’, place of mislocation —

home, place of mislocation — ‘Hospital de Santa Maria’).

Orientation in time

Most patients correctly knew the current year (n=48, 80%) and month (n=49, 82%).

Clustering based on familiarity-associated functional networks
The k-means clustering results based on the volume of lesion and volume of structural
disconnection overlapping familiar and unfamiliar-associated functional networks are

presented in Figure 18.
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Figure 18. Reduplicative paramnesia subtypes and familiarity-associated functional

networks. Clustering of reduplicative paramnesia cases based on the volume of lesion (top
left) and of structural disconnection (top right) overlapping familiar and unfamiliar-
associated functional networks, compared with the ground truth classification based on

clinical presentation (bottom).

The familiar and unfamiliar-associated meta-analytic functional maps, which derived
from 275 and 183 studies respectively, are available in the Figure 17.

The Rand index, expressing the similarity between the k-means -clustering
categorization and the clinical classification, was 0.47 for lesion maps and 0.51 for
structural disconnection maps (poor similarity). The classification similarity remained low
when the number of clusters was reduced to two (grouping confabulatory mislocation and
chimeric assimilation in a unique category): Rand index of 0.64 for lesion maps and of

0.56 for structural disconnection maps.
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Specific phenomenology of confabulatory mislocation
Representative descriptions of patients with confabulatory mislocation are presented in

Table 6.

Table 6. Representative descriptions of patients with confabulatory mislocation

Why are health care professionals here?

“You are the doctor from ‘Hospital de Santa Maria’. You came here to take care of

me. [ was there before. How did you know the address of my home? Did you find it
well?”

“You are here to take care of me. The doctors and the nurses have been here, at my
home, day and night. I don't have money to pay everything.”

Why is medical equipment here?

“The equipment came in the ambulance. This looks like a hospital, but it's not. It's my
home.”

“Usually, this equipment exists in the hospitals. It is similar to the one I had in
‘Hospital de Santa Maria’. The hospital should have put it here. Nowadays,
technology can be anywhere. This building is my home, but a lot of things should

2 9

have been brought from ‘Hospital de Santa Maria’.

Why does it say ‘Hospital de Santa Maria’ in your bed sheets and hospital
clothes?

“The coats may belong to ‘Hospital de Santa Maria’, but that doesn't mean that we
are in ‘Hospital de Santa Maria’. I can have a card with a certain name, but still don't
be there.”

“These clothes should have come in the ambulance. When the ambulance was called,
the clothes should have been put inside.”

Why are other patients in this room?

“These patients should have come with me in the ambulance, with the permission of
the doctors and the nurses. It would be rude to send them away of my home.”

“I don't know why these patients are at my home. I don't know them. The hospital
might be full and they were brought here.”

What do you think about this window view? The building, the stadium...

“I had never noticed that I could see Sporting's stadium from home. But if I were in
‘Hospital de Santa Maria’, I would see Benfica's stadium as well.”

“I am seeing the stadium. This is a big confusion to my head, but I know I am at
home. This is my home.”

When asked about the presence of health care professionals in the misidentified place,
most patients referred that they were there to help or assist them (n=22, 59%), followed by

manifestations of surprise (n=5, 14%). When confronted with the presence of medical
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equipment, the most common argument was that it had been brought from the hospital or
by the health care professionals (n=11, 30%), followed by manifestations of surprise
(n=10, 27%). When faced with the presence of the logo and the name of “Hospital de
Santa Maria” in their bed sheets and hospital clothes, they most frequently stated that the
clothes should belong to the “Hospital de Santa Maria” (n=18, 49%), followed by
reaffirmations that they were not in “Hospital de Santa Maria” (n=6, 16%). Concerning the
presence of other patients in the room, the patients most frequently did not present a
justification (n=14, 38%). The most frequently presented argument was that they had come
from the hospital or were sent by the hospital as well (n=9, 24%), and two of them added
that the reason for that was that the hospital was full. It was possible to show the window
view to 12 patients (32%). The most frequent reactions were justifying the unexpected
view with changes in the neighbourhood or in the point of view (n=4, 33%) and of surprise
(n=4, 33%).

For those who believed they were at home, in their relatives’ home or in their holydays
home (n=31, 84%), the most frequent house division of mislocation was the bedroom

(n=16, 52%), followed by the living room (n=5, 16%).

Specific phenomenology of place reduplication

Representative descriptions of patients with place reduplication are presented in Table

When faced with the presence of the logo and the name of “Hospital de Santa Maria” in
their bed sheets and hospital clothes, most patients said that it was happening because the
building was a branch of the main hospital (n=12, 55%), followed by saying that the
replica had the same name of the original hospital (n=5, 23%). When confronted with the
reference to “Lisbon” next to the logo, the most frequent answer was that the clothes
should belong “Hospital de Santa Maria” in Lisbon. When asked about how many
“Hospital de Santa Maria” they knew, most patients said that before they knew only one,
but at that time they realized there should be two (n=10, 45%), followed by referring that
there is only one and that the building where they were was a branch of the main one (n=9,
41%). It was possible to show the window view to 18 patients (82%). The most frequent
reaction was of denial (n=6, 33%), i.e. despite recognizing that the window view was
suggestive of being in the original “Hospital de Santa Maria”, they refused they could be

there. The second most common justification was that they were in a particular privileged
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position that allowed them to see landmarks which would not usually be seen from the

location they referred they were (n=4, 22%), namely that they were in very high positions.

Table 7. Representative descriptions of patients with place reduplication

Why does it say ‘Hospital de Santa Maria’ in your bed sheets and hospital
clothes?

“This shall be a duplication of the service provided by ‘Hospital de Santa Maria’. The
name is the same, but it covers other geographical areas.”

“You are the doctor from ‘Hospital de Santa Maria’. But this is not ‘Hospital de Santa
Maria’. This is a dependency of ‘Hospital de Santa Maria’. When there are many
patients, they send some patients to here.”

Why does it say ‘Lisbon’ next to the hospital logo?

“I hadn't read it. They made a mistake. They should have put the name of this town.”

“I know I am in (fown X). The clothes might belong to the ‘Hospital de Santa Maria’
of Lisbon.”

How many ‘Hospital de Santa Maria’ do you think there are?

“There is only one ‘Hospital de Santa Maria’. I don't know why there is this one here
too. You should ask the health minister why this is also called ‘Hospital de Santa

29

Maria’.

“There is only one. The original one. This is a dependency, not the main one. They
might have built this one for the periods when the main one is completely full.
‘Hospital de Santa Maria’ is much bigger than this one.”

What do you think about this window view? The building, the stadium...

“These buildings are not typical of this district. I had never seen them. The
architecture has some similarities with the original ‘Hospital de Santa Maria’. I am
going to put my glasses, so that you don't say I am confused or disoriented. I might
have loss some cognitive abilities after the stroke, but my spatial orientation is intact.
The proof that it is possible to see Sporting's stadium from this district is that I am
seeing it.”

“I didn't know that we could see the Sporting’s stadium, the airport and the
University from here. We must be in a very high spot to have this window view.”

Specific phenomenology of chimeric assimilation
Representative descriptions of patients with chimeric assimilation are presented in

Table 8.
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Table 8. Representative descriptions of patients with chimeric assimilation

Why does it say ‘Hospital de Santa Maria’ in your bed sheets and hospital
clothes?

“The clothes should belong to ‘Hospital de Santa Maria’. First [ went to (hospital X).
Then, I was transferred to “Hospital de Santa Maria”. After that, | was brought here,

29

to my son's home. Now his home belongs to ‘Hospital de Santa Maria’.

“That’s because ‘Hospital de Santa Maria’ is here and my home is here too. Please
open the door because my maid should be arriving. The house is mine. The hospital is
not mine.”

Why are other patients in this room?

“The hospital sent them to here as well. They may stay as long as they want. As the
doctors came to my home, the patients also came. I am not paying these expenses.”

“I don't know these patients. I don't know what they are doing here. They should have
been brought here when I was sleeping. Probably, there weren’t enough beds at the
hospital and they were sent to here.”

Have you noticed or heard about any construction work?

“It's strange how they have made it so quickly. They transformed my home into a
hospital. In the future, I might make some profit from this.”

“The construction was not ordered by me. I didn't pay it. It may have been my
husband while I was at ‘Hospital de Santa Maria’. My home is very different now.
There is some furniture that is missing and I hadn't that basin there.”

Why would a hospital be build inside your home (or in your relatives’ home)?

“Maybe the hospital was full and they used this space. The other patients were
brought here too. You are asking me all these questions to see if my thought is fine,
but I assure you that it is.”

“People from (fown X) really needed a hospital here. Now they have it.”

What do you think about this window view? The building, the stadium...

“The building looks like ‘Hospital de Santa Maria’. It could easily trick you. But this
is my home.”

“My building is very similar to “Hospital de Santa Maria”. It should have been
designed by the same architect. Everything with public funds, maybe...”

When faced with the presence of the logo and the name “Hospital de Santa Maria” in
their bed sheets and hospital clothes, most patients said that they should belong to
“Hospital de Santa Maria” (n=7, 54%), followed by stating that it was because “Hospital
de Santa Maria” was inside their home (n=2, 15%). Concerning the presence of other
patients in the room, the most frequent explanation was that they had been sent by
“Hospital de Santa Maria” (n=4, 31%), followed by stating that they came because the
hospital was full (n=2, 15%). When asked if they had noticed or heard about any

Pedro Nascimento Alves 73



Delusions of space after stroke: clinical phenomenology and neural basis

construction work, none had a positive answer, but most regarded it as a positive
occurrence (n=3, 23%), followed by saying that it should have been allowed or arranged
by a relative (n=2, 15%). When questioned about the reason to build a hospital inside their
homes or their relatives’ home, the most frequent answer was that the hospital was full
(n=4, 31%), followed by saying that the region they were convinced they were needed a
hospital (n=2, 15%). It was possible to show the window view to six patients (46%). The
most frequent reaction was of denial (n=3, 50%), followed by justifying the unexpected
view with changes in the neighbourhood (n=2, 33%)).

Regarding the division of the home or of their relatives’ home that they believed they
were, the most frequent was the bedroom (n=5, 38%), followed by the living room (n=3,

23%) and the kitchen (n=2, 15%).

Discussion

In this work, we analysed the clinical phenomenology and neural correlates of stroke-
associated spatial delusions. First, we characterized the location of misidentified places and
described the general phenotypic features of the syndrome. We demonstrated that the
duration of spatial delusions is moderately correlated with the structural decoupling of
belief-associated functional networks. Second, we reported associated clinical features,
such as the patients’ knowledge about the location of the misidentified places and their
orientation in time. Third, we showed that case clustering based on structural disruption of
familiar/unfamiliar-associated functional regions poorly matches the clinical classification.
Finally, we described the most common patterns of patients’ response according to spatial
delusion subtypes and provided representative examples to facilitate recognition and
diagnosis.

The large majority of patients localized the misidentified place closer to their homes
than to the hospital. Limbic models of delusional misidentifications advocate that
misidentified stimuli tend to be emotionally relevant for patients (Ellis and Young 1990),
and an association between spatial delusions and structural disconnection of limbic
structures was demonstrated (Alves et al. 2021a). Curiously, in those that changed the
place of mislocation during the presentation, the second place was significantly closer to
the hospital than the first, which putatively indicates that the update of spatial references
until a correct allocentric localization might be a progressive process.

Belief, as a neural process, can be defined as the integration of perceived information

with internal representations of personal significance and emotional value (Seitz 2021).
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Distinct neural systems in the prefrontal cortex and in the limbic system mediate the states
of assent, dissent and uncertainty (Harris et al. 2008; Sacks and Hirsch 2008).
Deregulations of belief processes seem to be a cardinal condition for delusional
misidentifications (Pacella et al. 2019; Seitz 2021). As our phenomenological analysis
showed, patients recognize that the surrounding environment looks like “Hospital de Santa
Maria” but still, they don’t believe they are there. For the first time, we showed that the
magnitude of structural disconnection of belief-associated functional networks is correlated
with the duration of reduplicative paramnesia. Interhemispheric unbalance models propose
that delusional misidentifications result from right hemisphere damage and left hemisphere
unleashing (Devinsky 2009). While previous evidence show that the emergence of spatial
delusions is predicted by disconnection of right temporal regions (Alves et al. 2021a, b),
here we showed that it is the disconnection of left temporal regions that best predicts the
duration of the syndrome. This result may provide a structural-functional support to the
role of left hemisphere dysfunction in the pathophysiology of reduplicative paramnesia.

The erroneous beliefs and the disturbed mechanisms of implicit memory and
recognition overwhelm the patient’s semantic knowledge about the spatial localizations of
misidentified places (Ellis and Young 1990; Ellis et al. 1997; Coltheart et al. 2011). In our
sample, all patients were able to say their own address and the large majority knew the
location of (the original) “Hospital de Santa Maria”. Egocentric systems also seem to be
preserved. Although we were not able to systematically assess real spatial navigation,
nearly half of the patients were able to mentally describe routs correctly. This evidence is
in line with neuroanatomical studies showing that reduplicative paramnesia is associated
with disruption of ventral (allocentric-related) pathways (Budson et al. 2000; Alves et al.
2021a; Evensmoen et al. 2021), while dorsal (egocentric-related) regions are more
frequently spared (Kravitz et al. 2011; Alves et al. 2021a). The spatial-specificity of the
syndrome is also evident in the fact that the large majority of patients were oriented in
time.

The strong emotional valence associated with reduplicative paramnesia, evident in the
pioneer and in subsequent descriptions (Pick 1903; Benson et al. 1976; Murai et al. 1997),
manifests at opposite poles of pathological familiarity (Devinsky 2009). However, the
clustering classification based on structural disruption of familiar/unfamiliar-associated
functional networks had a poor capacity to predict clinical subtype classification. Finer

functional interactions between familiarity-associated brain regions not detected by our
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model, as well as psychological factors (Ovelacg et al. 1988), might be crucial to
determine this phenomenological divergence.

Knowledge about the phenomenological features of the syndrome is important to make
an appropriate diagnosis and to avoid misinterpretations of patients’ general cognitive
status. Nearly one third of the patients called “Hospital de Santa Maria” to the
misidentified place, which may contribute to the underdiagnosis of the syndrome. Simple
questions, such as asking in which town/district patients are, might be crucial for the
diagnosis and should be performed during neurological examination, specially in patients
with right hemisphere lesions. In addition, in at least one-third of the patients, the
syndrome was not hyperacute, i.e. the patients were at least one day oriented in space
before the emergence of reduplicative paramnesia, and nearly half spontaneously said that
they had previously been in the (original) “Hospital de Santa Maria” before being brought
to the place they were at that moment. The physiopathological reason for this delayed
onset remains to be clarified.

As limitation of our study, we were not able to conduct a prospective follow-up of
patients after their hospital discharge. In addition, the study was performed in a tertiary
stroke unit and may not be representative of the entire stroke population. Finally, our
sample did not include patients with aphasia and severe dysarthria.

In conclusion, our work reports a systematic description of the peculiar clinical features
of stroke-associated spatial delusions, which may boost the awareness and the proper
diagnosis of the syndrome. It also provides novel evidence about the neural correlates of

the syndrome.
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3. Neural basis of stroke-associated spatial delusions

Part of this section was published in the following article:

* Alves PN, Fonseca AC, Silva DP, Andrade MR, Pinho-e-Melo T, Thiebaut de
Schotten M, Martins IP (2021) Unravelling the neural basis of spatial delusions after
stroke. Ann Neurol 89:1181-1194. https://doi.org/10.1002/ana.26079.

Pedro Nascimento Alves 77



Delusions of space after stroke: clinical phenomenology and neural basis

Introduction

Interpretation of space is a continuous process that allows us to explicitly know where
we are (Gooddy and Reinhold 1952). Perceived sensorial information from the
environment is integrated in spatial orientation networks that mediate the recognition of
known spatial landmarks and navigation with regard to allocentric and egocentric
references (Aguirre and D’Esposito 1999). While comprehensive cognitive models have
been proposed for spatial representation (Burgess 2014), the anatomical systems
supporting spatial interpretation remain poorly documented.

The intriguing nature of reduplicative paramnesia has fostered the development of
different models to explain its pathophysiology. Memory-related theories have proposed an
abnormal integration of new visual information with past memories, leading to a defective
update of patients’ spatial representations (Staton et al. 1982). Ellis and Young emphasized
that patients with delusional misidentification have a deficit in the attribution of
appropriate emotional valences to visual stimuli (Ellis and Young 1990). They
demonstrated that the expected autonomic responses are not generated in these patients
when confronted with familiar stimuli (Ellis et al. 1997). In addition, it has been proposed
that reduplicative paramnesia and other delusional misidentification syndromes result from
a combination of right hemisphere injury and left hemisphere overactivity (Devinsky
2009). Different neuroanatomical hypotheses have emerged from these cognitive models;
however, solid empirical evidence is lacking (Politis and Loane 2012).

Here, we explored the anatomy of lesions leading to reduplicative paramnesia in a large
dataset of patients to shed light on the brain mechanisms supporting the interpretation of

space.

Methods

Study design and patient selection

We performed a prospective, cumulative, case-control study that included patients from
the stroke unit of a tertiary university hospital in Lisbon, Portugal. Recruitment lasted from
December 2016 to February 2020. Reduplicative paramnesia is a right-hemisphere stroke
syndrome (Bartolomeo et al. 2016). We consecutively included adult patients with right
hemisphere stroke who were admitted in the acute phase (72 hours or less) of stroke.
Patients with either ischaemic or haemorrhagic strokes were considered. The exclusion

criteria were as follows: acute confusional state, according to the criteria defined in the
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fifth edition of the Diagnostic and Statistical Manual of Mental Disorders; decreased level
of consciousness, either somnolence, stupor or coma; subarachnoid haemorrhage; epileptic
seizures during admission, either symptomatic or in patients with a previous diagnosis of
epilepsy; aphasia or severe dysarthria, precluding screening for reduplicative paramnesia;
severe visual deficit, precluding confrontation with counter-evidence stimuli; previous
history of dementia, defined as a cognitive decline that interfered with the instrumental
activities of daily living (according to the clinical history provided by the patient’s
relatives and/or to the patient’s medical records in the national electronic health platform),
as referred in the criteria of major neurocognitive disorder in the fifth edition of the
Diagnostic and Statistical Manual of Mental Disorders; absence of a stroke lesion in brain
imaging or unavailable brain images.

A prior history of stroke was not an exclusion criterion, because there are reports
hypothesizing that prior brain lesions may contribute to the occurrence of reduplicative
paramnesia (Moser et al. 1998).

This study was approved by the Joint Ethics Committee of the Lisbon Academic
Medical Centre.

Clinical screening

Patients were screened for reduplicative paramnesia within the first 72 hours of
admission and then at regular intervals of 48 hours. Spatial orientation was evaluated
through a structured interview asking patients if they knew where they were, namely, the
kind of building (hospital), the city (Lisbon) and the city district they were in. The patients
who did not know or who gave a wrong answer were given the correct location. If patients
disagreed with the given answer, they were then confronted with clear evidence proving
otherwise. Whenever they thought they were in a place other than a medical facility, they
were shown and asked to identify medical equipment (vital signs monitor, venous infusion
tubes, oxygen masks), other patients in the same room or medical staff (physicians, nurses,
physiotherapist). Whenever they believed they were in another hospital or in another
place/city, they were shown either a) the hospital logotype in the medical coats and bed
sheets and asked to read the corresponding inscription, which included the hospital and the
city names, or/and b) the view from a window and asked to identify unique nearby
landmarks, such as Lisbon airport and the stadium of an emblematic Portuguese football

team. The patients who maintained a false conviction of spatial mislocation after being
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effectively exposed to these counterfactual stimuli (either confabulatory mislocation, place
reduplication or chimeric assimilation) were considered cases of reduplicative paramnesia.
The patients who were oriented in space or patients who were disoriented but accepted
evaluator’s explanation or changed their belief after being exposed to the referred counter-
evidence were considered controls.

Clinical and demographic data were collected. The descriptions of the patients with
reduplicative paramnesia were classified according to the subtypes defined in the literature,
i.e. place reduplication, confabulatory mislocation and chimeric assimilation (Politis and
Loane 2012). We also screened for other delusional misidentification syndromes, namely,
Capgras syndrome, Fregoli syndrome, asomatognosia and somatoparaphrenia.

Regarding neuroimaging parameters, the grades of cerebral atrophy and small-vessel
disease burden were visually rated (either on CT or MRI, as specified in the following
section). The Global Cortical Atrophy scale was used to assess cortical atrophy (Pasquier
et al. 1996). This scale was originally designed to grade cortical atrophy in stroke patients
and consists of an ordinal scale, ranging from 0 (no atrophy) to 3 (‘knife blade’ atrophy),
that includes a discrete assessment of the frontal, the parieto-occipital and the temporal
regions. The Medial Temporal Lobe Atrophy score was also evaluated (Scheltens et al.
1992). It is a widely used ordinal scale to assess medial temporal lobe atrophy that ranges
from 0 (no atrophy) to 4 (marked widening of the choroid fissure and of the temporal horn,
marked atrophy and internal structure loss of the hippocampus). The Age-Related White
Matter Changes was used to grade small-vessel disease burden (Wahlund et al. 2001). It
evaluates both white matter disease and basal ganglia small-vessel lesions in two ordinal
scales ranging from 0 (no lesions) to 3 (diffuse or confluent lesions). These three scales
were chosen because they have good intra and interobserver reliability (Wahlund et al.
2001; Harper et al. 2015) and they have been recommended for the routine clinical
assessment of CT and MRI images (Wahlund et al. 2017). The rater was blind to patients’

outcome during the assessment.

Lesion topography analysis

Brain MRI or CT images were used to define stroke lesions. Delimitation was manually
performed on axial slices with a thickness of 3mm. The researchers were blind to the status
of the patient (i.e., case or control). MRI images were acquired in a Philips Achieva 3.0

Tesla or Philips Intera 1.5 Tesla scanner. The sequence of reference in MRI was the
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diffusion-weighted imaging (de Haan and Karnath 2018). When MRI was not available,
CT performed 24-72 hours after stroke onset was used. CT images were acquired in a
Philips Brilliance 64-channel scanner.

Brain MRI and CT images were normalized to MNI152 space. For MRI, T1 images
were used as the reference for normalization. We performed a first step of linear
registration, applying an affine transformation (12 degrees of freedom), using FSL’s flirt
tool. A second step of non-linear registration was performed using FSL’s fnirt tool
(Jenkinson et al. 2012). For CT, a linear registration was performed applying the same
parameters as before and using the CT-derived MNI152 template (de Haan and Karnath
2018). In both cases, the calculated deformation field was applied to the lesions.

Randomise is an FSL tool that allows nonparametric comparisons of brain images
(Winkler et al. 2014). A two-sample unpaired analysis was performed using this tool to
compare lesion maps of the two groups. Five thousand permutations were computed, a
threshold-free cluster enhancement was applied, and the obtained p-values were family-
wise error (FWE) corrected. Possible confounders were included in the model as
covariates, namely, lesion volume, stroke clinical severity (measured by the National
Institutes of Health Stroke Scale), imaging modality (MRI or CT) and stroke vascular
territory. The analysis was whole-brain based.

A brain map of the arecas whose lesion or sparing was significantly associated with
reduplicative paramnesia was created.

A less conservative follow-up analysis was also performed, applying a False Discovery
Rate (FDR) correction for multiple comparisons. FDR-corrected maps were computed
using FSL’s fdr tool.

To investigate neuroimaging differences between the three subtypes of reduplicative
paramnesia, we also computed an F-test with randomise, contrasting patients with place
reduplication, confabulatory mislocation and chimeric assimilation (Winkler et al. 2014). If
the F-test revealed statistically significant intergroup differences, individual two sample
tests were calculated to determine the direction of the effect.

We included prior brain lesions in the lesion mask. Since the neurobiological processes
underlying acute and chronic stroke lesions differ, a sensitivity analysis including only

patients with first-ever strokes was performed.
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Structural disconnection analysis

Some neurobehavioural syndromes are better explained by the pattern of white matter
disconnection rather than by a specific lesion localization (Herbet and Duffau 2020;
Thiebaut de Schotten et al. 2020). With this in mind, we also compared the pattern of
structural disconnection between the cases and controls.

The tool  Disconnectome  from  the  software  package  BCBtoolkit
(http://toolkit.bcblab.com) indirectly calculates the probability of structural disconnection
caused by focal lesions (Foulon et al. 2018). The probability of disconnection was derived
from healthy subjects’ tractography (n=178) from the Human Connectome Project 7T
dataset (Vu et al. 2015). Tractography was processed as described by Karolis and
colleagues (2019). This analysis produces a disconnectome map revealing disconnection
patterns only when more than 50% of the tractographies of healthy subjects were
disconnected.

A randomise two-sample test was computed to compare the disconnectome maps of the
two groups using the same parameters and the same confounding covariates considered in
the lesion topography analysis (Winkler et al. 2014). A brain map of areas whose
disconnection was significantly associated with reduplicative paramnesia was created.

Similarly to the approach taken in the previous section, a F-test was calculated to
investigate structural disconnection differences between the subtypes of reduplicative
paramnesia.

We also computed a structural disconnection matrix. The Automated Anatomical
Labelling atlas 3 (AAL3) was the chosen parcellation because it includes cortical and
subcortical structures (Rolls et al. 2020). We used MRtrix’s tool tckedit to select the tracts
of each of 178 tractographies of reference that crossed the individual stroke lesions
(Tournier et al. 2019). Then, MRtrix’s tool tck2connectome was run to create a
connectivity matrix. To calculate the proportion of disruption, we divided the number of
disrupted streamlines by the total number of streamlines connecting each pair of regions.
The mean of the 178 individual matrices was computed, in order to obtain single individual
connectivity matrices. The difference in the proportion of disruption between the cases and
controls and a two-sample unpaired statistics were calculated, applying a multiple

comparisons Bonferroni-corrected p-value (p-value<3.5E-6).
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Functional connectivity analysis

There is a considerable relationship between structural and functional disconnection,
but the overlap is far from absolute (Sudrez et al. 2020). Lesion network mapping of some
neuropsychiatric syndromes, such as peduncular hallucinosis, has been achieved through
functional connectivity analysis (Boes et al. 2015). Therefore, we complemented the
connectivity characterization of reduplicative paramnesia with a functional connectivity
study.

Stroke lesions were used as seeds. We calculated the correlation between the average
time course of every lesion and the time course of the other brain voxels using the Funcon
connectivity tool from BCBtoolkit (http://toolkit.bcblab.com; Foulon et al. 2018). We
used 175 preprocessed 7.0 Tesla resting state functional MRIs from the Human
Connectome Project S1200 dataset (Glasser et al. 2013). Preprocessing was performed
according to the Human Connectome Project pipelines (Glasser et al. 2013). To create the
functional disconnectome map of each patient, we followed the protocol developed by the
Laboratory for Brain Network Imaging and Modulation (Fox 2018). Correlation values
were converted to a normal distribution using Fisher’s r to z transform. FSL’s tool
randomise one-sample test was used to compute statistically significant correlations,
applying a threshold-free cluster enhancement. Statistical maps were thresholded and
binarized at t>+4.25 to create positive and negative functional disconnectome maps (Fox et
al. 2012; Darby et al. 2017). We chose the same threshold as Darby and colleagues in their
work about delusional misidentifications syndromes, to allow a more direct comparison
between studies (Darby et al. 2017). A randomise two-sample test was applied to compare
the maps of the two groups using the same parameters and the same confounding
covariates applied in the lesion topography and in the structural connectivity analyses. We
run additional analyses without a t-value threshold and with alternative t-value thresholds
of 4.16 (p<0.00005) and of 4.71 (p<0.000005) to evaluate the consistency of the results
(Cohen and Fox 2020). A F-test to investigate intergroup functional connectivity
differences between the subtypes of reduplicative paramnesia was computed as well.

It has been demonstrated that cognitive processing is enhanced when there is functional-
structural coupling (Medaglia et al. 2018). In addition, it is expected that white matter
disruption induces functional changes at the cortical level (Wu et al. 2020). Therefore, we
performed a complementary analysis aimed to integrate functional and structural maps. We
defined significant functional regions and adjacent white matter voxels as seeds for

tractography in the seed-tracking algorithm provided by DSI Studio (http://dsi-
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studio.labsolver.org). Then, we identified the areas of overlap between the obtained

structural connectivity map and the map of significant structural disconnection.

Statistical analysis

Continuous variables were reported as the mean (standard deviation) or median
[interquartile range] and compared using two-sample unpaired t-tests or Mann-Whitney
tests, according to their distribution. Categorical variables were reported as frequencies and
compared using chi-square or Fisher’s tests, as appropriate.

A multivariate logistic regression model was built using Statal4®. Variables with a
statistically significant association in the bivariate analysis or those that were considered
clinically or biologically relevant were included using a step-up approach. Competing
models were evaluated by their goodness-of-fit and complexity using Akaike information
criterion.

Finally, the obtained model was cross-validated. We computed a support vector
machine  k-fold nested  cross-validation  using  scikit-learn. ~ We  used
RepeatedStratifiedKFold as a randomized cross-validation splitter, and 50 splits were
performed, leaving 20% of the data out (Varoquaux et al. 2017). A structural disconnection
map and a lesion spared map were computed in each cross-validation fold (i.e. 50 different
structural disconnection and lesion spared maps were calculated). The maps derived solely
from the training sample that was randomly selected at each iteration, so that the predictive
capacity of the model was tested in a group of subjects (test sample) that did not contribute
to the computation of these maps. We applied GridSearchCV for parameter
hyperoptimization and C-Support Vector Classification as a classifier. A receiver operating
characteristic (ROC) curve was plotted to evaluate the classifier’s output, and the median
and interquartile range of the area under the curve (AUC) scores were computed. The
positive and negative predictive values of the model were also calculated.

Due to the hypothesis that psychiatric co-morbidities might increase the likelihood of
delusional misidentifications of space, a subgroup analysis was performed comparing
demographic, clinical and neuroimaging parameters between reduplicative paramnesia
patients with and without prior psychiatric disease.

Alpha levels were set at 0.05 for statistical significance, and the p-value was corrected

for multiple comparisons whenever appropriate, as specified in the previous sections.

84 Pedro Nascimento Alves



Delusions of space after stroke: clinical phenomenology and neural basis

Results

Out of 400 patients screened, 297 fulfilled our study criteria. The reasons for patient

exclusion are presented in Table 9. Sixty-four out of the 297 patients presented with

reduplicative paramnesia.

Table 9. Reasons for patient exclusion.

Reason for exclusion N
Decreased level of consciousness 32
Acute confusional state 18
Severe dysarthria 12
Aphasia precluding assessment 7
Dementia 5
Epileptic seizures 3
Absence of stroke lesion in imaging 21
Brain images not available 5

Clinical features

The demographic, clinical and neuroimaging features of the

presented in Table 10.

Table 10. Demographic, clinical and neuroimaging features

cases and controls are

Cases Controls | p-value
(n=64) (n=233)
Demographic | Age (years) 78 [71-83] | 68 [58-78] | <0.01
features Gender (F/M), n 31/33 99/134 0.40
Clinical Type of stroke (Isch/ICH), n 62/2 212/21 0.18
features Screening start (days) 2 [1-2] 2 [1-2] 0.18
Length of admission (days) 8 [5-12] 7 [5-11] 0.44
NIHSS admission 15[12-18] | 11[6-15] | <0.01
NIHSS discharge 10 [5-15] 3[1-8] <0.01
mRankin discharge 4 [3-4] 2 [1-4] <0.01
Anosognosia, n (%) 44 (69%) 73 (31%) | <0.01
Neglect, n (%) 41 (64%) 109 (47%) | 0.01
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Other DMS, n (%) 12 (21%) | 6 (3%) <0.01
Fregoli syndrome 8 (14%) 1 (0.4%)
Asomatognosia 1 (1.7%) 2 (0.9%)
Somatoparaphrenia 2 (3%) 3 (1.3%)
Fregoli + asomatognosia 1 (1.7%) 0 (0%)
Ischaemic territory, n (%) 0.02
MCA 45 (73%) 161 (76%)
ACA 0 (0%) 2 (1%)
PCA 1 (2%) 19 (9%)
Thalamic 1 (2%) 7 (3%)
MCA plus 11 (17%) 16 (8%)
Other 4 (6%) 7 (3%)
ICH location, n (%) 0.18
Lobar 0 (0%) 13 (62%)
Deep 2 (100%) | 8 (38%)
Comorbidities | Prior psychiatric disease, n(%) | 9 (14%) 26 (11%) | 0.52
Depression 8 (13%) 19 (8%)
Anxiety 0 6 (3%)
Bipolar disorder 1 (2%) 0
PTSD 0 1 (0.4%)
Neuroimaging | Modality (MRI/CT), n 23/41 118/115 0.06
features Lesion volume (cm3) 54[25-136] | 17 [4-61] | <0.01
ARWMC
White matter 1[1-2 1[0-2 0.19
Basal ganglia 1 [0-2] 1 [0-2] 0.46
Global cortical atrophy
Frontal 1 [0-2] 0 [0-1] 0.02
Parieto-occipital 1[1-2] 1 [0-2] <0.01
Temporal 1 [0-2] 0 [0-1] 0.04
Medial temporal atrophy 2 [1-2] 1 [0-2] <0.01

Values are presented as the median [interquartile range], unless otherwise specified. ACA,
anterior cerebral artery; ARWMC, age-related white matter changes; DMS, delusional

misidentification syndromes; F, female; ICH, intracerebral haemorrhage; Isch, ischaemic;
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M, male; MCA, middle cerebral artery; NIHSS, National Institutes of Health stroke scale;
mRankin, modified Rankin scale; PCA, posterior cerebral artery; PTSD, post-traumatic

stress disorder.

The patients with reduplicative paramnesia were older, had more severe neurological
deficits and had worse functional outcomes at discharge than controls. Anosognosia,
neglect and other delusional misidentification syndromes were more frequent in patients
with reduplicative paramnesia. There was no difference in terms of prior history of
psychiatric disease. The patients with reduplicative paramnesia had higher lesion volumes
and higher grades of cortical atrophy. There was no difference in terms of small vessel
disease burden, both at the white matter and basal ganglia levels.

The median duration of reduplicative paramnesia was 2 days (interquartile range: 1-5
days) and ranged from 1 to at least 17 days. Nineteen patients maintained reduplicative
paramnesia at the time of discharge (or transference to another hospital).

The most frequent subtype of reduplicative paramnesia was confabulatory mislocation
(56%), followed by place reduplication (19%) and chimeric assimilation (13%).

In the subgroup of patients with prior psychiatric disease, none had a previous history of
delusions. There was no statistically significant difference between reduplicative
paramnesia patients with and without prior psychiatric disease in terms of age, frequency

of anosognosia, clinical severity, lesion volume and small vessel disease burden.

Lesion topography

Lesion overlap maps of cases and controls are presented in Figure 19A. The comparison
between the two groups, regressing for confounders, did not reveal any voxels significantly
more often lesioned in the cases than controls (both in the primary FWE adjusted and in
the follow-up FDR adjusted analyses). Conversely, there were voxels topographically
located in the dorsal regions of the parietal and frontal lobes that were significantly more
often lesioned in controls than in cases (FWE-corrected p-value<0.05; Figure 19B).

The proportion of MRI/CT scans in the groups of cases and controls were 23/41 and
118/115, respectively (p=0.06).
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A B

Lesion overlap maps RP lesion spared map

Cases Controls

0.05 p-value 0.01
2/64 42/64  2/233 76/233 (FWE corrected)

Figure 19. Lesion topography analysis. A — Lesion overlap maps of cases (left) and
controls (right). B — Statistical mapping of areas significantly more often spared in cases of
reduplicative paramnesia than in controls, regressing for confounders. RP, reduplicative

paramnesia.

The sensitivity analysis including only patients with a first-ever stroke (n=276; 60
cases, 216 controls) revealed similar results.

There was no statistically significant intergroup difference between the three subtypes
of reduplicative paramnesia or between reduplicative paramnesia patients with and without

prior psychiatric disease.

Structural disconnection

The comparison of the structural disconnection maps between cases and controls,
regressing for confounders, revealed a map of voxels significantly more often disconnected
in cases than controls (FWE-corrected p-value<0.05; Figure 20A). There were no voxels
significantly more often disconnected in the controls than in cases. Two main segments of
disconnection were evident: right thalamo-frontal and right occipito-temporal (Figure
20B). The right thalamo-frontal segment overlapped the anterior thalamic radiations and
the fronto-striatal projections (Figure 20C, left). The right occipito-temporal segment
overlapped the inferior fronto-occipital fasciculus and the inferior longitudinal fasciculus
(Figure 20C, right).

The sensitivity analysis including only patients with a first-ever stroke (n=276; 60

cases, 216 controls) revealed similar results.

88 Pedro Nascimento Alves



Delusions of space after stroke: clinical phenomenology and neural basis

All the lesions associated with reduplicative paramnesia hit at least one of these
segments (Figure 21B). Most intersected both the right thalamo-frontal and the right
occipito-temporal segments (81%, n=52). The remaining intersected the right occipito-
temporal segment only (19%, n=12).

The structural disconnection matrix is presented in Figure 20D. The pairs of AAL3
nodes with the highest differences in terms of proportion of disconnection between the two
groups were: a) the right fusiform gyrus with the right anterior orbitofrontal cortex; b) the
right cuneus and superior occipital gyrus with the right superior temporal gyrus; c) the
right thalamic ventral anterior nucleus with the right frontal middle gyrus; and d) the right
midbrain with the right medial superior frontal gyrus (Figure 20E). The difference between
the two groups was statistically significant (Bonferroni’s corrected p-value<3.5E-6), with
higher proportions of disconnection in patients with reduplicative paramnesia than in

controls.
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Figure 20. Structural disconnection analysis. A — Statistical mapping of areas more often
disconnected in patients with reduplicative paramnesia than controls, regressing for
confounders. B — Three-dimensional representation of statistical mapping, evidencing the
segments of the right thalamo-frontal and right occipito-temporal disconnection. C —
Volume and proportion of the right fronto-striatal projections (FSrP), right anterior
thalamic radiations (AThR), right inferior fronto-occipital fasciculus (IFOF) and right
inferior longitudinal fasciculus (ILF) that are intersected by the statistical map of
disconnection. D — Structural disconnection matrix. The left half represents the difference
between the proportions of disconnection in cases and controls (cases minus controls). The
right half represents the corresponding p-values (in a natural logarithmic scale). Each line
represents an AAL3 node. Nodes were grouped into regions according to the
corresponding labels (Bg, basal ganglia; Cb, cerebellum; F, frontal; HA, hipoccampal-
amygdaline complex; Mid, midbrain; O, occipital; P, parietal; T, temporal; Th, thalamus).
A complete indexing of AAL3 nodes is available in Table 11. E - Surface representation of
the pairs with the highest difference of disconnection between the cases and controls. Each
colour represents a pair of nodes. FrontMid, medial frontal gyrus; FrontSMed, medial
surface of the superior frontal gyrus; Fus, fusiform gyrus; MidB, midbrain; OccS Cun,
superior occipital gyrus and cuneus; OrbFrontA, anterior orbitofrontal cortex; TempS,
superior temporal gyrus; ThVA, thalamic ventral anterior nucleus. FWE, family-wise

error; RP, reduplicative paramnesia.

In the analysis of intergroup differences between the different subtypes of reduplicative
paramnesia, we found a statistically significant effect in a right frontal region that overlaps
the thalamo-frontal circuit (Figure 21A). The individual two-sample analyses showed that
the effect was driven by higher probabilities of disconnection of this circuit in patients with
place reduplication or with confabulatory mislocation than in patients with chimeric

assimilation.

There was no statistically significant difference between reduplicative paramnesia

patients with and without prior psychiatric disease.
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Table 11. Indexing of the structural disconnection matrix nodes represented in Figure 20.

Numbers represent the position of each node in the matrix.

Matrix Position — AAL3 Labelling

1 Precentral L 58 Vermis 4 5 115 | Occipital_Inf R

2 Frontal Sup2 L 59 Vermis_7 116 | Fusiform R

3 Frontal Mid2 L 60 Vermis 9 117 | Postcentral R

4 Frontal Inf Oper L | 61 Thal AV L 118 | Parietal Sup R

5 Frontal Inf Tri L 62 Thal LP L 119 | Parietal Inf R

6 Frontal Inf Orb2 L | 63 Thal VA L 120 | SupraMarginal R
7 Rolandic_Oper L 64 Thal VL L 121 | Angular R

8 Supp Motor L 65 Thal VPL L 122 | Precuneus R

9 Olfactory L 66 Thal IL L 123 | Paracentral Lb R
10 | Frontal Sup Med L | 67 Thal Re L 124 | Caudate R

11 | Frontal Med Orb L | 68 Thal MDm_L 125 | Putamen R

12 | Rectus L 69 Thal MDI L 126 | Pallidum R

13 | OFC Med L 70 Thal LGN L 127 | Thalamus R

14 | OFC Ant L 71 Thal MGN L 128 | Heschl R

15 | OFC Post L 72 Thal PuA L 129 | Temporal Sup R
16 | OFC Lat L 73 Thal PuM L 130 | Temporal P_Sup R
17 | Insula L 74 Thal PuL L 131 | Temporal Mid R
18 | Cingulate Ant L 75 Thal Pul L 132 | Temporal P Mid R
19 | Cingulate Mid L 76 ACC subg L 133 | Temporal Inf R
20 | Cingulate Post L 77 ACC preg L 134 | Cerebelum Crl R
21 | Hippocampus L 78 ACC supc L 135 | Cerebelum Cr2 R
22 | ParaHippocampal L | 79 Vent Str L 136 | Cerebelum 3 R
23 | Amygdala L 80 VTA L 137 | Cerebelum 4 5 R
24 | Calcarine L 81 SN pc L 138 | Cerebelum 6 R
25 | Cuneus L 82 SN pr L 139 | Cerebelum 7b R
26 | Lingual L 83 Red N L 140 | Cerebelum 8 R
27 | Occipital Sup L 84 LC L 141 | Cerebelum 9 R
28 | Occipital Mid L 85 Raphe Dor 142 | Cerebelum 10 R
29 | Occipital Inf L 86 Raphe Med 143 | Vermis_1 2

30 | Fusiform L 87 Precentral R 144 | Vermis 4 5

31 | Postcentral L 88 Frontal Sup2 R 145 | Vermis_7
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32 | Parietal Sup L 89 Frontal Mid2 R 146 | Vermis_9

33 | Parietal Inf L 90 Frontal Inf Oper R | 147 | Thal AV_R
34 | SupraMarginal L 91 Frontal Inf Tri R 148 | Thal RP_R
35 | Angular L 92 Frontal Inf Orb2 R | 149 | Thal VA R
36 | Precuneus L 93 Rolandic_Oper R 150 | Thal VL R
37 | Paracentral Lb L 94 Supp_Motor R 151 | Thal VPL R
38 | Caudate L 95 Olfactory R 152 | Thal IL R

39 | Putamen L 96 Frontal Sup Med R | 153 | Thal Re R
40 | Pallidum_ L 97 Frontal Med Orb R | 154 | Thal MDm_R
41 | Thalamus L 98 Rectus R 155 | Thal MDI R
42 | Heschl L 99 OFC Med R 156 | Thal LGN R
43 | Temporal Sup L 100 | OFC_Ant R 157 | Thal MGN R
44 | Temporal P Sup L. | 101 | OFC Post R 158 | Thal PuA R
45 | Temporal Mid L 102 | OFC Lat R 159 | Thal PuM R
46 | Temporal P Mid L. | 103 | Insula R 160 | Thal Pul. R
47 | Temporal Inf L 104 | Cingulate Ant R 161 | Thal Pul R

48 | Cerebelum Crl L 105 | Cingulate Mid R 162 | ACC sub R
49 | Cerebelum Cr2 L 106 | Cingulate Post R 163 | ACC pre R

50 | Cerebelum 3 L 107 | Hippocampus R 164 | ACC sup R
51 | Cerebelum 4 5 L 108 | ParaHippocampal R | 165 | Vent Str R
52 | Cerebelum 6 L 109 | Amygdala R 166 | VTA R

53 | Cerebelum_7b L 110 | Calcarine R 167 | SN _pc R

54 | Cerebelum 8 L 111 | Cuneus R 168 | SN pr R

55 | Cerebelum 9 L 112 | Lingual R 169 | Red N R

56 | Cerebelum 10 L 113 | Occipital Sup R 170 |LC R

57 | Vermis_1 2 114 | Occipital Mid R

ACC; anterior cingulate cortex; Ant, anterior; AV, anteroventral; Cr, crus; IL, intralaminar;
Dor, dorsal; Inf, inferior; L, left; Lat, lateral; Lb, lobule; LC, locus coeruleus; LGN, lateral
geniculate nucleus; LP, lateral porterior; MDI, mediodorsal lateral; MDm, mediodorsal
medial; Med, medial; MGN, medial geniculate nucleus; Mid, middle; N, nucleus; OFC,
orbitofrontal; Orb, orbitalis; Oper, opercular; Orb, orbital; P, pole; pc, pars compacta; Post,
posterior; pr, pars reticulata; preg, pregenual; PuA, pulvinar anterior; Pul, pulvinar inferior;
PuL, pulvinar lateral; PuM, pulvinar medial; R, right; Re, reuniens; Str, striatum; SN,

substantia nigra; subg, subgenual; Sup, superior; supc, supracallosal; Supp, supplementary;
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Thal, thalamus; Tri, triangular; VA, ventral anterior; Vent, ventral, VL, ventral lateral;

VPL, ventral posterolateral; VTA, ventral tegmental area.
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Figure 21. A — Structural disconnection differences between the different subtypes of
reduplicative paramnesia; left: inter-group differences; centre: structural disconnection
more frequent in place reduplication than in chimeric assimilation; right: structural
disconnection more frequent in confabulatory mislocation than in chimeric assimilation.
B — Intersection of reduplicative paramnesia lesions with the disconnected circuits of
interest; left: percentage of the right occipito-temporal circuit and of the right thalamo-
frontal circuit that are intersected by each lesion; right: number of patients in whom the

stroke lesion hit both circuits, the right occipito-temporal circuit only, the right thalamo-
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frontal circuit only or none of the circuits. OT, occipito-temporal circuit; TF, thalamo-

frontal circuit.

Functional disconnection

The statistical comparison of the positive correlation maps, regressing for confounders,
revealed one area significantly associated with reduplicative paramnesia that was located
in the right precuneus (FWE-corrected p-value<0.05; Figure 22A). There was no

significant association when the negative correlation maps were compared.

A RP functional B Functional-Structural

disconnection map seeding

0.05 p-value 0.01
(FWE corrected)

Functional-Structural coupling

Figure 22. Functional disconnection analysis. A — Statistical map corresponding to the

comparison of the positive correlation maps between patients and controls, regressing for
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confounders, projected on a cortical surface. The mapped area is significantly associated
with reduplicative paramnesia. B — White matter tracts seeding from the significant
functional area. C — Areas of intersection (in red) of the structural connectivity map seeded
from areas of significant functional disconnection with the map of significant structural

disconnection. FWE, family-wise error; RP, reduplicative paramnesia.

White matter tracts seeded from the significant functional area in the right precuneus,
included: a) a right lateral temporal bundle (Figure 22B, top) that partially overlapped the
temporal region with significant structural disconnection (Figure 22C); and b) a right
medial bundle (Figure 22B, bottom), that partially overlapped the frontal region with
significant structural disconnection (Figure 22C).

The sensitivity analysis including only patients with a first-ever stroke (n=276; 60
cases, 216 controls) revealed similar results.

The additional analyses applying t-value thresholds of 4.16 and 4.71 showed similar
results. The unthresholded analysis did not reveal statistically significant differences
between cases and controls.

There was no statistically significant intergroup difference between the three subtypes

of reduplicative paramnesia.

Multivariate model

The multivariate model with the best classification performance included the following
independent variables: volume of an individual’s structural disconnection map intersecting
the reduplicative paramnesia structural disconnection map, volume of an individual’s
lesion intersecting the reduplicative paramnesia lesion spared map, age and anosognosia
(Table 12). The total volume of the lesion, the total volume of the individual
disconnectome map and the grade of cortical atrophy were not independent predictors of
reduplicative paramnesia.

The validation of this model, namely, performing a support vector machine 50-fold
nested cross-validation, revealed good discrimination accuracy with a median AUC of 0.80

(interquartile range: 0.75-0.85; Figure 23).
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Table 12. Logistic model with the best classification performance

Variable Odds ratio | 95% CI p-value

Structural disconnection intersecting 1.26 1.17-1.36 | <0.01
reduplicative paramnesia structural
disconnection map (cm3)

Lesion intersecting reduplicative 0.79 0.68-0.92 | <0.01
paramnesia lesion spared map (cm3)

Age (years) 1.08 1.05-1.12 | <0.01
Anosognosia (yes/no) 2.54 1.24-5.19 | 0.01

CI, confidence interval.

SVM 50-fold nested
cross-validation

0.8 -7

0.6' -7

TPR

0.41

0.2 -’

O 02 04 06 08 1
FPR
— = Chance
— Median ROC (AUC 0.80)
IQR (AUC 0.75-0.85)

Figure 23. Multivariate model ROC curves from the 50-fold nested support vector machine
cross-validation. ROC curves for individual folds are represented by different colours.
FPR, false positive ratio; IQR, interquartile range; SVM, support vector machine; TPR,

true positive ratio.

The model correctly classified 85% of the patients, presenting a positive predictive

value of 70% and a negative predictive value of 87%. The variable with best
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discriminability per se was the volume of an individual’s structural disconnection map

intersecting the reduplicative paramnesia structural disconnection map (AUC = 0.80).

Discussion

In this study, we investigated the anatomical basis of delusional misidentifications of
space. We analysed lesion topography and structural and functional connectivity patterns,
addressing the pathophysiological hypotheses that had been proposed to date. Three main
findings emerged from this research. First, the structural disconnection map was the most
important predictor of reduplicative paramnesia and was composed of two main streams,
connecting the right anterior thalamus with the right prefrontal cortex and the right
occipital cortex with the right temporal cortex. Second, reduplicative paramnesia was
associated with functional disconnection with the right precuneus, and a functional-
structural link was demonstrated at this level. Finally, we found that the independent
predictors of reduplicative paramnesia were structural disconnection of the above-
mentioned regions, lesion sparing of the right dorsal fronto-parietal areas, age and

anosognosia.

At a neurobehavioural level, delusional misidentifications have been associated with
defective binding of a proper emotional value to perceived visual information (Ellis and
Young 1990). In reduplicative paramnesia, misidentified spaces are mostly reduplicated or
mislocated to emotionally relevant places (Murai et al. 1997). The limbic system is a key
circuit for emotional integration, particularly the limbic temporo-amygdala-orbitofrontal
division (Catani et al. 2013). It has been shown that visual scenes that are affectively
significant induce stronger amygdaline responses (Lim et al. 2009) and that lesions of the
right inferior longitudinal fasciculus disturb visual-emotional integration (Bauer 1982;
Fischer et al. 2016). The amygdala and the orbitofrontal cortex are densely connected by
bidirectional pathways and synergistically regulate the cognitive control of emotions
(Ochsner et al. 2012). The anterior nuclei of the thalamus belong to the limbic system
(Papez 1937). They seem to modulate amygdala-orbitofrontal activity and participate in
emotional-cognitive interactions (Child and Benarroch 2013). The connection of the
anterior thalamic nuclei with the limbic regions of the prefrontal cortex is through the
anterior thalamic projections that run in the anterior limb of the internal capsule (Catani et

al. 2013). This pattern matches the thalamo-frontal stream identified in our study.
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Translating these findings to the functional network organization of the brain, we have
demonstrated that the anterior thalamus integrates the default mode network (Alves et al.
2019). The default mode network works as a multimodal integrator of domain-specific
networks. The disruption of multimodal integration is phenomenologically evident in
reduplicative paramnesia. For instance, patients recognize environmental landmarks and
know where these landmarks are located but still misjudge their own position in space.
Furthermore, they understand the counter-evidence that is shown but still do not update
their belief.

The processes of identifying incongruent information and reality monitoring are
mediated by the anterior prefrontal cortex (Simons et al. 2017). The anterior prefrontal
cortex also has a determinant role in the self-referential processing of external stimuli
through the activation of a network composed of the anterior right middle frontal gyrus, the
medial superior frontal gyrus and the anterior orbitofrontal cortex (Vinogradov et al.
2006). Early reports identified frontal lesions as an important risk factor for reduplicative
paramnesia (Benson et al. 1976), but several cases were described missing this feature
(Politis and Loane 2012). Our results revealed that the significant determinant for the
emergence of reduplicative paramnesia is the disconnection of distinct areas of the
prefrontal cortex, rather than frontal lesion per se.

In addition to right fronto-thalamic disruption, the structural disconnection map
associated with reduplicative paramnesia included a right occipito-temporal stream.
Ventral visual pathways constitute a core system for visual categorization and mediate the
connection of the occipital cortex with medial temporal structures involved in object-
context memory, such as the hippocampus (Smith and Bulkin 2014). Furthermore, ventral
visual pathways include longer fibres connecting the occipito-temporal cortex with the
ventrolateral prefrontal cortex and with the orbitofrontal cortex (Borra et al. 2011). We
showed that the occipito-temporal stream associated with reduplicative paramnesia
overlaps both the right inferior longitudinal fasciculus and the inferior fronto-occipital
fasciculus and that the right fusiform gyrus and the right anterior orbitofrontal cortex were
among the pairs of regions with the highest difference in structural disconnection between
the cases and controls. This anatomical relationship between posterior and anterior regions
has important functional implications since perceptual integration is strictly linked with
reality monitoring (Mesulam 2008). Such a relationship has been demonstrated in other

delusional disorders, namely in schizophrenia (Fletcher and Frith 2009).
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The wventral visual system is also the main mediator of allocentric spatial
representations. Hippocampal cells are well known to fire in specific spatial locations
(Ekstrom et al. 2003), while the parahippocampal cells are activated by objects that are
implicitly or explicitly retrieved in decisive points during navigation (Janzen and Van
Turennout 2004). The precuneus interacts with this system and seems to be important for
updating the representation of objects in space (Wolbers et al. 2008). Defective allocentric
positioning is manifested in patients with reduplicative paramnesia by their inability to
properly localize themselves and the place where they are in the environment. Conversely,
egocentric references seem to be intact in reduplicative paramnesia. Patients are able to
correctly describe routes between different places, including routes starting from the place
that they are misinterpreting (Benson et al. 1976). Egocentric spatial references are
processed in the dorsal visual stream (Kravitz et al. 2011), and our data showed that lesion
sparing of the right dorsal frontal and parietal regions is an independent predictor of
reduplicative paramnesia. The right dorsal fronto-parietal network also contributes to the
attentional shifts between external stimuli and internal representations, favouring the
processing of internally generated mnemonic constructions (Wagner et al. 2005;
Liickmann et al. 2014). We hypothesize that injury of this network may preclude the
creation of the resilient internal spatial representations that could support the emergence of
reduplicative paramnesia.

The pattern of structural disconnection differed between the subtypes of reduplicative
paramnesia. We speculate that the stronger association of place reduplication and of
confabulatory mislocation with disconnection of the thalamo-frontal stream might be due
to higher limbic dysregulation in these subtypes. In place reduplication, there is a notable
loss of familiarity for place, since patients typically believe that they are in a replica rather
than in the original place (Devinsky 2009). Conversely, in confabulatory mislocation there
is a resilient increase of familiarity for place, as patients usually misidentify a strange
environment as a familiar one (Devinsky 2009). Chimeric assimilation might be more
heavily related with a defective interpretation of allocentric spatial references and with
dysfunction of the occipito-temporal stream.

In this imbalance of familiarity regulation, stroke patients tend to be particularly prone
to hyperfamiliarity phenomena. The most frequent place of mislocation in our sample was
patients’ home. In addition, hyperfamiliarity misidentifications in other modalities, namely

Fregoli syndrome, were more frequent than hypofamiliar delusions, such as Capgras
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syndrome or somatoparaphrenia. The inverse pattern is observed in other diseases, namely
in schizophrenia spectrum disorders (Kirov et al. 1994).

In addition to neuroimaging variables, age and anosognosia were independent
predictors of reduplicative paramnesia. A systematic review of how ageing affects spatial
navigation showed that allocentric strategies are particularly prone to deterioration
(Colombo et al. 2017). Ageing may also increase the risk of deficits in neuropsychological
domains associated with reduplicative paramnesia, namely, executive dysfunction, visual
memory impairment and visuospatial deficits. In anosognosia, patients are resistant to
demonstrations of their deficits. This shared behavioural feature with reduplicative
paramnesia, as well as a common neuroanatomical limbic dysfunction (Pacella et al. 2019),
may justify its predictive significance.

As limitations of our study, brain imaging does not reflect the full extent of brain
dysfunction after stroke, and the delimitation of the visible lesion varies according to the
modality used (Hillis et al. 2000). In addition, the results obtained in the thresholded
functional connectivity analyses were not corroborated in the unthresholded analysis. The
presence of large lesions may have affected the performance of lesion network mapping
methodology in our sample (Boes 2020). Finally, this study was performed in a tertiary
stroke unit and may not be representative of the entire stroke population.

In conclusion, on the basis of a large sample of patients with reduplicative paramnesia,
we demonstrated that delusional misidentifications of space occur due to a pattern of
disconnection involving fronto-thalamic limbic regions and occipito-temporal ventral
visual structures of the right hemisphere. We propose that disruption of this network might
explain the abnormal spatial-emotional binding and the defective updating of spatial

representations that characterize delusional misidentifications of space.
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4.Subcortical anatomy of multimodal integrative networks

4.1. Subcortical anatomy of the default mode network

Part of this section was published in the following article:

* Alves PN, Foulon C, Karolis V, Bzdok S, Margulies DS, Volle E, Thiebaut de
Schotten M (2019) An improved neuroanatomical model of the default-mode
network reconciles previous neuroimaging and neuropathological findings. Commun

Biol 2:370. https://doi.org/10.1038/s42003-019-0611-3
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Introduction

For the first time in 1979, David Ingvar used Xenon clearance to investigate resting
wakefulness (Ingvar 1979). When aligned by scalp and skull markers, the 11 brains
examined indicated an evident increase of the blood flow levels in the frontal lobe
interpreted as a surrogate for undirected, spontaneous, conscious mental activity. Later,
Positron Emission Tomography (PET) was used to map more systematically task-related
activation in the brain, often with resting wakefulness as a control task. The contrast
between task-related and resting wakefulness led to the description of deactivation (i.e.
active at rest more than during the task) in a set of regions including retrosplenial cortex,
inferior parietal cortex, dorsolateral frontal cortex, inferior frontal cortex, left inferior
temporal gyrus, medial frontal regions and amygdala (Shulman et al. 1997a; Mazoyer et al.
2001) that quickly bore the name of default mode network (DMN; Raichle et al. 2001). In
these studies, skull landmarks or structural MRI were used to align PET images in
Talairach stereotaxic or in Montreal Neurological Institute (MNI) templates (Shulman et
al. 1997a; Mazoyer et al. 2001). The advent of functional Magnetic Resonance Imaging,
particularly of methods for analysing functional connectivity, led to the allocation of new
structures to this network, such as the hippocampal formation (Greicius et al. 2004;
Vincent et al. 2006; Buckner et al. 2008).

Today, the DMN has largely been a cortically-defined set of network nodes. Consisting
of distinct regions/nodes distributed across the ventromedial and lateral prefrontal,
posteromedial and inferior parietal, as well as lateral and medial temporal cortex, the DMN
is considered a backbone of cortical integration (Andrews-Hanna et al. 2010; Margulies et
al. 2016; Kernbach et al. 2018; Lopez-Persem et al. 2018). Its subcortical components are,
however, less well characterized. Studies of whole-brain network organization reveal
subregions of the cerebellum (Stoodley and Schmahmann 2009; Buckner et al. 2011) and
striatum (Choi et al. 2012) that are functionally connected with the cortical regions of the
DMN. Seed-based functional connectivity studies further demonstrate additional DMN-
specific connectivity to several subcortical structures, including the amygdala (Roy et al.
2009; Bzdok et al. 2012) and striatum (Di Martino et al. 2008). The thalamus has also been
shown to be structurally and functionally connected to DMN regions (Fransson 2005;
Cunningham et al. 2016). These studies are important, as a cleaner characterization of the
anatomy of the DMN is an essential step towards understanding its functional role and its
involvement in brain diseases. Particularly, an increased activity characterises the regions

that compose DMN during tasks involving autobiographical, episodic and semantic
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memory, mind wandering, perspective-taking or future thinking (Shapira-Lichter et al.,
2013; Shulman et al., 1997b; Bendetowicz et al. 2018). Conversely, DMN regions show a
decreased neural activity during attention-demanding and externally-oriented tasks
(Shulman et al. 1997b; Spreng et al. 2009). Finally, altered connectivity in the DMN has
been observed in a large variety of brain diseases, including Alzheimer’s disease,
Parkinson’s disease, schizophrenia, depression, temporal lobe epilepsy, attention deficit
and hyperactivity disorder, drug addiction, among others (Broyd et al. 2009; Tessitore et
al. 2012; Voets et al. 2012; Whitfield-Gabrieli and Ford 2012; Geng et al. 2017; Zhu et al.
2017). Hence, while prior research provides first hints towards a broader definition of the
DMN system, further research is necessary to articulate the anatomical extent of specific
subcortical contributions, and to understand the independent contribution of these

structures in DMN function and pathologies.

Yet, since the DMN has repeatedly been characterized as a cohesive functional network
(Buckner et al. 2008), an average of brain images relying exclusively on anatomical
references and landmarks may be suboptimal (Brett et al. 2002; Thiebaut de Schotten and
Shallice 2017) whether the method employed is a surface-based or volume-based
registration (Brett et al. 2002; Despotovic et al. 2015). Small structures of the brain may be
particularly susceptible to this misalignment, especially when MRI lacks contrast. Besides
morphology, cytoarchitecture and function are poorly overlapping, especially in the DMN
(Bzdok et al. 2015; Eickhoff et al. 2016). Consequently, functional areas present in every
subject may not overlap after averaging all structurally aligned brain images in a group
analysis (Brett et al. 2002; Braga and Buckner 2017). This biological misalignment can be
particularly problematic for revealing significant small regions of the DMN (Figure 24A
and B). A better alignment is also essential for the subcortical structures of the brain as
their variability is still considerable (Amunts et al. 1999, 2005; Zaborszky et al. 2008;
Croxson et al. 2017). Specifically, cytoarchitectonic studies have shown that only one-
quarter of the volume of cholinergic nuclei overlaps in at least half of the individuals
studied (Zaborszky et al. 2008). Similarly, structures such as mammillary bodies, nucleus
basalis of Meynert, or anterior thalamic nuclei, can vary in size, morphology and locations,
and are particularly prone to misalignment with the current methods of structural
registration (Tagliamonte et al. 2013; Despotovic et al. 2015; Liu et al. 2015; Moéttonen et
al. 2015). Functional alignment methods have already been used to overcome the high

interindividual variability of the morphology of some areas of heteromodal association
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cortex and led to a more accurate mapping of resting-state functional connectivity (Mueller
et al. 2013; Robinson et al. 2014; Langs et al. 2015). They also have led to better
predictions of task activation patterns in group-analysis when compared to morphological
alignment methods and have recently enabled much improved models of cortical

parcellation (Langs et al. 2015; Glasser et al. 2016).
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Figure 24. Illustration of intersubject alignment of brain images and of the unitary model
of the limbic system. Blue and green rectangles represent the same functional area in two
subjects, while yellow rectangles illustrate the overlap of the two individual areas after
alignment. With structural alignment, there can be a complete misalignment of small
functional areas (A) or partial misalignment of large functional areas (B) due to functional-
anatomical variability or poor anatomical contrasts in MRI imaging. If an additional step
of functional alignment is performed, an optimized overlap of functional areas is obtained.
C - The limbic system (left panel) as originally depicted by Papez (1937) and (right panel)
diagram of the unitary model of the limbic system (MacLean 1949, 1952; Haber et al.
1990, 1995; Kunishio and Haber 1994; Aggleton 2008; Catani et al. 2013).
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To address several of these challenges that may impede proper group analysis if relying
exclusively on MRI structural landmarks, we propose to revisit the anatomical scaffold of
the DMN using a coregistration based on functional alignment. We hypothesised that using
a functional alignment will reveal structures of basal forebrain and the Papez’s circuits,
namely anterior and mediodorsal thalamic nuclei and mammillary bodies, as constituent
nodes of the DMN for several reasons. First, all these regions are highly interconnected
which suggest they belong to the same functional system (Yakovlev 1948; Yakovlev and
Locke 1961). Second, the current conceptualization of DMN anatomy resembles the
unitary model of the limbic system (Figure 24C) which, through the coordination of its
subregions, subserves the elaboration of emotion, memories and behaviour (Papez 1937;
MacLean 1949, 1952; Catani et al. 2013). Third, the basal forebrain comprises a group of
neurochemically diverse nuclei, involved in dopaminergic, cholinergic and serotoninergic
pathways, that are crucial in the pathophysiology of the aforementioned diseases that affect
the DMN connectivity. Finally, recent electrophysiological evidence has shown that in rats
the basal forebrain exhibits the same pattern of gamma oscillations than DMN and that it
influences the activity of anterior cingulate cortex (Nair et al. 2018).

Therefore, in this study, we used a functional alignment of resting state fMRI-based
individual DMN maps to build a more comprehensive DMN model that includes the
contribution of subcortical structures. To provide a complete window into the anatomy of
the DMN, we explored the structural connectivity of our new model of the DMN using
tractography imaging techniques and revealed that the thalamus and basal forebrain had

high importance in term of values of node degree and centrality for the DMN.

Methods

Subjects and MRI acquisition

MRI images of subjects without neurological or psychiatric disease were obtained (age
meantSD 29+6 years, range 22-42 years; 11 female, 9 male) with a Siemens 3 Tesla
Prisma system equipped with a 64-channel head coil.

An axial 3D T1-weighted imaging dataset covering the whole head was acquired for
each participant (286 slices, voxel resolution=0.7mm’, echo time=2.17ms, repetition
time=2400ms, flip angle=9°).

Resting state functional MRI images were obtained using T2*-weighted echo-planar

imaging (EPI) with blood oxygenation level-dependent (BOLD) contrast. EPIs (repetition
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time/echo time=2050/25ms) comprised 42 axial slices acquired with a multiband pulse
(Feinberg et al. 2010; Moeller et al. 2010; Setsompop et al. 2012; Xu et al. 2013) covering
the entire cerebrum (voxel size=3mm?’) including 290 brain scan volumes in one run of 10

minutes.

A diffusion-weighted imaging acquisition sequence, fully optimised for tractography,
provided isotropic (1.7x1.7x1.7mm) resolution and coverage of the whole head with a
posterior-anterior phase of acquisition, with an echo time of 75ms. A repetition time
equivalent to 3500ms was used. At each slice location, six images were acquired with no
diffusion gradient applied (b-value of 0 s/mm?). Additionally, 60 diffusion-weighted
images were acquired, in which gradient directions were uniformly distributed on the
hemisphere with electrostatic repulsion. The diffusion weighting was equal to a b-value of
2000 s/mm”. This sequence was fully repeated with reversed phase-encode blips. This
provides us with two datasets with distortions going in opposite directions. From these
pairs, the susceptibility-induced off-resonance field was estimated using a method similar
to that described in Andersson et al. (2003) and corrected on the whole diffusion-weighted
dataset using the tool TOPUP and EDDY as implemented in FSL (Smith et al. 2004).

Resting-state functional MRI analysis - overview

Resting state functional MRI images were corrected for artefacts in Funcon-
Preprocessing tool of the Brain Connectivity and Behaviour toolkit
(http://toolkit.bcblab.com; Foulon et al., 2018; Jenkinson et al., 2002; Woolrich et al.,
2009). Then, they were registered to T1 high resolution individual structural images and
normalized to MNI152 standard space using Advanced Normalization Tools (ANTs;
http://stnava.github.io/ANTs; Avants and Gee, 2004; Avants et al., 2010). Preprocessing
steps in detail:

a) fMRI images were first motion corrected using mcflirt (Jenkinson et al. 2002), then
corrected for slice timing, smoothed with a full half width maximum equal to 1.5 times the
largest voxel dimension and finally filtered for low temporal frequencies using a gaussian-
weighted local fit to a straight line. These steps are available in feat, as part of FSL
package (Woolrich et al. 2009).

b) fMRI images were linearly registered to the T1 images, and subsequently to the
MNI152 template (2mm) using affine and diffeomorphic transformations (Klein et al.
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2009; Avants et al. 2011). Confounding signals were discarded from fMRI by regressing
out a confound matrix from the functional data. The confound matrix included the
estimated motion parameters obtained from the previously performed motion correction,
the first eigenvariate of the white matter and cerebrospinal fluid, as well as their first
derivative. Eigenvariates were extracted using fs/meants combined with the --eig option.
White matter and cerebrospinal fluid eigenvariates were extracted using masks based on
the T1 derived 3-classes segmentation thresholded to a probability value of 0.9, registered
to the resting state fMRI images and binarised. Finally, the first derivative of the motion
parameters, white matter and cerebrospinal fluid signal was calculated by linear
convolution between their time course and a [-1 0 1] vector.

c) Since the resting state fMRI signal can be heavily affected by motion, even
following motion correction between temporally adjacent volumes (van Dijk et al. 2012),
we estimated the signal fluctuation associated with motion and regressed it out from the
fMRI. To this aim, we employed a recently developed and validated procedure based on
data-driven Independent Component Analysis, termed ICA-Aroma (Pruim et al. 2015).
This method performs an Independent Component Analysis decomposition of the data and
estimates which components reflect motion-related noise in the fMRI signal on the basis of
a robust set of spatial and temporal features. This is made possible due the distinctiveness
of the motion-related components isolated by Independent Component Analysis on the
fMRI signal (Salimi-khorshidi et al. 2014). This approach outperforms other methods such
as the regression of the motion parameter estimates, while limiting in the same time the
loss in degrees of freedom (Pruim et al. 2015). Compared to spike removal methods such
as scrubbing (Power et al. 2012), ICA-Aroma has the advantage of preserving the temporal
structure of the fMRI signal.

Individual DMN maps in the structural space

Individual subject-tailored/fitted DMN maps were obtained by correlation with seed
regions of interest of a functional parcellated brain template. The regions used for the seed-
based functional connectivity analysis were those defined as DMN regions in the resting-
state parcellation map by Gordon and collaborators (Gordon et al. 2016; Shine et al. 2016;
Tomasi and Volkow 2018). Gordon and collaborators created these parcellations according
to abrupt changes in resting state’s time course profile, each parcel having a homogenous

time course profile. This general-purpose atlas provides a total of 40 DMN nodes (20 in
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each hemisphere). The DMN nodes as defined by Gordon et al. are displayed in Figure 25
and Table 13.

Figure 25. DMN nodes according to the functional parcellated cortical template of Gordon
et al (2016), represented on an inflated cortical surface. Right hemisphere is represented in

the upper images and the left hemisphere in the bottom.

These 40 regions were used as seeds. The correlation map for each seed was obtained
using the Funcon-Connectivity tool of the Brain Connectivity and Behaviour toolkit
(http://toolkit.bcblab.com; Foulon et al., 2018). This tool calculates the Pearson's
correlation between the mean resting state fMRI time-course of the seed with the rest of
the brain to generate the functional connectivity map for every seed (Foulon et al. 2018).

The DMN map of each participant was obtained by calculating the median of the 40
seed-based correlation maps of each individual using FSL (Jenkinson et al. 2012). We then
calculated the median across the DMN maps of the 20 participants to obtain the median
DMN map in the MNI152 space. The median was used, instead of the mean, because it is
less sensitive to outliers, being a better centrality measure for small sample sizes (Kenney

1939).
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Table 13. MNI coordinates of the centres of gravity and volume of DMN cortical nodes.
These nodes, defined by Gordon and collaborators, were used as seeds for building
correlation maps.

110

Left hemisphere
DMN seed MNI (X) | MNI(Y) | MNI(Z) | Volume (mm?)
Seed 1 -7 -50 34 4152
Seed 2 -12 28 57 1368
Seed 3 -48 -58 32 3240
Seed 4 -5 43 35 1312
Seed 5 -3 -15 38 1336
Seed 6 -20 29 47 1360
Seed 7 -40 -74 37 2048
Seed 8 -28 55 -1 568
Seed 9 -6 58 -9 2000
Seed 10 -7 37 -9 1008
Seed 11 -60 -28 -9 1248
Seed 12 -56 -11 -16 2488
Seed 13 -13 48 40 1384
Seed 14 -20 53 27 1088
Seed 15 -7 55 19 1936
Seed 16 -14 64 15 904
Seed 17 -7 44 7 864
Seed 18 =27 28 39 832
Seed 19 -29 15 52 896
Seed 20 -39 15 49 1192
Right hemisphere

DMN seed MNI (X) | MNI(Y) | MNI(Z) | Volume (mm?)
Seed 21 8 -50 34 4096
Seed 22 12 23 60 1472
Seed 23 8 41 4 1136
Seed 24 23 21 50 968
Seed 25 52 -53 28 1736
Seed 26 61 -26 -6 896
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Seed 27 9 -68 50 752
Seed 28 45 -67 35 2776
Seed 29 8 63 -5 1800
Seed 30 6 44 -13 2104
Seed 31 58 -8 -17 1896
Seed 32 22 33 41 720
Seed 33 21 45 35 560
Seed 34 14 62 19 1128
Seed 35 9 54 13 1232
Seed 36 7 54 30 824
Seed 37 13 45 45 1160
Seed 38 7 41 37 992
Seed 39 31 19 49 840
Seed 40 53 1 -15 952

Individual DMN maps in the “functional space”

To achieve the proposed optimized map of the DMN, the same twenty individual maps
were functionally aligned with each other in a new “functional space”.

Individual DMN maps (obtained in the previous section) were aligned with each other
using ANTS' script buildtemplateparallel.sh, defining cross-correlation as the similarity
measure and greedy SyN as the transformation model (Avants et al. 2008, 2011; Klein et
al. 2009). This approach consists in an iterative (n=4) diffeomorphic transformation to a
common space. The group map was obtained by calculating the median of all DMN maps
after functional alignment.

The resulting maps correspond to alignment of the 20 individual DMN maps in a

“functional space”.

Functional connectivity comparison of the two DMN
We applied a 0.3 threshold on the functional connectivity strength for both the
functional and structural-based DMN maps. This value was chosen because it corresponds

to a medium effect size (Cohen 1992). Time-series of resting state fMRI of each individual
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in the different regions of interest identified in the DMN maps were extracted and the
mean value of the voxels of each region was obtained, using the command fs/stats (with
the options —k and —M) (Jenkinson et al. 2012). Cortical regions of interest were defined
according to the previous anatomical models of the DMN (Buckner et al. 2008; Andrews-
Hanna et al. 2010). Subcortical regions of interest were defined manually based on the
experienced judgment of the neuroanatomists among the authors combined with the careful
comparison with previously published atlases (Nieuwenhuys et al. 2008; Catani and
Thiebaut de Schotten 2012). Correlation and partial correlation coefficients were
determined as measures of functional connectivity.

Two matrices, representing the median correlation values in the MNI152 space and in
the functional space, were created using BrainNet Viewer (Xia et al. 2013). A paired t-test
was calculated for each cell of the two connectivity matrices using Python’s Scipy
package, version 0.19.1 (https://www.scipy.org/; scipy.stats.ttest rel). A p-value corrected
for multiple comparisons at a threshold of <0.0001 (Bonferroni correction) was used.
Circos software was used to illustrate functional connections in the functional space

(http://circos.ca/; Krzywinski, 2009).

Anatomical validation in thalamic, basal forebrain and mesencephalic areas

Meynert nuclei, medial septal nuclei and diagonal band of Broca probabilistic maps
were derived from the work of Zaborszky and colleagues, the Harvard-Oxford
probabilistic atlas was employed for nucleus accumbens, Talairach atlas registered to the
MNI152 space for mammillary bodies and thalamic nuclei, and Harvard Ascending
Arousal Network Atlas for ventral tegmental area (Talairach and Tournoux 1988; Desikan
et al. 2006; Lancaster et al. 2007; Zaborszky et al. 2008; Edlow et al. 2012). A percentage
of volume overlap between the DMN map and each nucleus of interest was subsequently
calculated for each subject. The same threshold of a Pearson’s correlation of 0.3 was

applied for this analysis, as specified in the previous section.

Tractography analysis
Diffusion Weighted Images were corrected for signal drift (Vos et al. 2017), motion and

eddy current artefacts using ExploreDTI (http://www.exploredti.com; Leemans et al.,

2009).
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Whole-brain tractography was performed on the software StarTrack using a
deterministic approach (https://www.mr-startrack.com). A damped Richardson-Lucy
algorithm was applied for spherical deconvolutions (Dell’Acqua et al. 2010). A fixed fibre
response corresponding to a shape factor of a=1.5x10-3 mm?/s was adopted. The defined
number of iterations was 150 and the geometric damping parameter was 8. The absolute
threshold was defined as 3 times the spherical fibre orientation distribution of a grey matter
isotropic voxel and the relative threshold as 8% of the maximum amplitude of the fibre
orientation distribution (Thiebaut de Schotten et al. 2014). A modified Euler algorithm was
used (Dell’Acqua et al. 2013). An angle threshold of 35°, a step size of 0.85mm, and a
minimum length of 20mm were chosen.

Diffusion tensor images were registered to the MNI152 standard space and, then, into
the “functional space” applying the affine and diffeomorphic deformation generated in the
previous sections, using the tool tractmath as part of the software package Tract Querier
(Wassermann et al. 2016).

The same regions of interest used for functional connectivity calculation were also used
for the tractography analysis.

The command tckedit of MRtrix toolbox (http://www.mrtrix.org/; Tournier et al., 2012)
was used to extract the tracts of interest. The —include arguments were composed by
combinations of DMN regions of interest to guarantee that the selected streamlines crossed
at least two DMN regions of interest.

In order to have a group-representative map for each tract, individual tracts were
converted into maps using tckmap command of MRtrix toolbox (http://www.mrtrix.org/;
Calamante et al., 2010). Each voxel was binarised in 1 or 0 according to being or not being
intersected by a streamline (Thiebaut de Schotten et al. 2011b). Lastly, a one sample t-test
was calculated using FSL randomise, with variance smoothing of 4mm (Thiebaut de
Schotten et al. 2011b). The resulting group-representative tract maps using this method
were shown to have a good anatomical correspondence with histological atlas of white
matter tracts (Biirgel et al. 2006; Thiebaut de Schotten et al. 2011b). BrainVisa was used to
create the corresponding illustration of the tracts that reached significance (Riviere et al.

2011).
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Graph theory analysis of structural connectivity

To explore whether the new putative regions of the DMN are essential structures and
potential areas of vulnerability in the network, we investigated the hub properties of the
network nodes using graph theory measures, namely node degree and betweenness
centrality (Bullmore and Sporns 2009). Node degree refers to the number of connections
between a given node and the other nodes of the network. Betweenness centrality is the
fraction of all shortest paths in the network that pass through a given node (Bullmore and
Sporns 2009).

For each participant, an anatomical connectome matrix of the DMN was built using the
tck2connectome command of MRtrix (http://www.mrtrix.org/; Tournier et al., 2012). Each
region of interest was defined as a node. Only the streamlines that ended in both regions of
interest were considered (Gong et al. 2009; Shu et al. 2011). The matrices were binarised
depending on the existence or absence of streamlines connecting two regions of interest
(Gong et al. 2009; Shu et al. 2011). The defined threshold for the binarisation was 1
because the number of streamlines does not reflect the connectivity strength or the true
number of axonal projections between two brain regions (Gong et al. 2009; Jones et al.
2013), and previous evidence has shown that changing the streamline count threshold for
binarisation (between 1 and 5) does not change the overall results of the network analysis.
Brain Connectivity Toolbox for Python (https://pypi.python.org/pypi/bctpy) was used to
obtain the network measures. The functions degrees und and betweenness bin were run,
respectively, for each individual matrix (Rubinov and Sporns 2010). The median values for
each measure were obtained. The illustration of the network was made using Surf Ice

(https://www.nitrc.org/projects/surfice/)

Results

Anatomical comparison between the two alignment methods

DMN connectivity maps obtained from structural and functional alignments are
displayed in Figure 26A-C. In both maps, classical areas of the DMN were observed,
namely: posterior cingulate cortex and retrosplenial cortex; ventromedial, anteromedial,
and dorsal prefrontal cortex; temporal pole; middle temporal gyrus; hippocampus and

parahippocampal cortex; amygdala; and the posterior parietal cortex.
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Figure 26. Maps of the DMN structurally or functionally aligned. A - 3D view of the two
DMN left panel corresponds to the structural space alignment, right panel to the functional
space alignment. B - brain sections of the structurally aligned DMN. C - brain sections of
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the functionally aligned DMN. D - subtraction of the structurally and the functionally
aligned DMN maps. E - statistical comparison (paired t-test) between the two methods of
alignment (structurally and functionally aligned DMN) in the three hypothesized regions,
with colours indicating statistically significant differences at two levels of significance:
<0.05 and <0.01, family-wise error (FWE) corrected p-values (higher in the functional
space). DPFC, Dorsal Prefrontal Cortex; PPC, Posterior Parietal Cortex; VLPFC, Ventro-
Lateral Prefrontal Cortex; MTG, Middle Temporal Gyrus; PCC, Posterior Cingulate
Cortex; C, Caudate; DPFC, Dorsal Prefrontal Cortex; AMPFC, Antero-Median Prefrontal
Cortex; VMPFC, Ventro-Median Prefrontal Cortex; TP, Temporal Pole; BF, Basal
Forebrain; T, Thalamus; PH, Parahippocampal.

Figure 26D illustrates the simple voxel-based subtraction between the DMN
connectivity maps obtained from structural and functional alignments. Higher average
connectivity was achieved in the functionally aligned DMN map in large areas, such as
medial prefrontal cortex and posterior cingulate cortex, mostly in the border zones. In fact,
the highest differences in connectivity between structural and functional aligned DMN
were at the level of the basal forebrain and thalamus. These areas were poorly or even not
represented with alignment in the MNI152 space, but were visible after the functional
alignment. DMN connectivity was also visible in the medial mesencephalic region, as well
in inferior regions in the caudate nuclei, ventrolateral prefrontal cortex, cerebellar tonsils
and cerebellar hemispheres. As expected, a significant difference was found between the
two maps bilaterally in the thalamus and in the basal forebrain, and in a peripheral zone of

the left mammillary body (Figure 26E, Table14).

Unthresholded statistical maps of the comparison between the two methods of
alignment - structurally and functionally aligned DMN - are available at neurovault.org

(https://neurovault.org/collections/ OCAMCQFKY/).
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Table 14. Clusters of the statistical maps obtained when comparing the two methods of
alignment. Coordinates represent the centre of gravity and ‘p-value’ of the lowest value

found in the cluster.

Cluster index Voxels | p-value | MNI (X) | MNI (Y) | MNI (Z)
Basal fi i

asal forebrain 43 0.001 |9 13 7
- Right nucleus accumbens
Basal fi i

asal forebrain 21 0.007 9 16 6
- Left nucleus accumbens
Basal forebrai

asal forebrain 38 0007 |0 q 1
- Medial septal nuclei
Limbic thal

imbic thalamus 72 0001 |8 12 9
- Right
Limbic thal

imbic thalamus 146 <0.001 | -7 14 8
- Left
M ) )

ammillary bodies 3 0.001 5 11 14
- Left

Functional connectivity of the DMN in the functional space

Twenty-four regions of interest were defined based on the DMN we obtained in the

functional space and concordant with the previous anatomical models of the DMN

(Buckner et al. 2008; Andrews-Hanna et al. 2010). Nine additional regions were defined as

being solely revealed after the functional alignment. These regions included the left and

right thalamus, the left and right basal forebrain, the midbrain, the left and right ventral

lateral prefrontal cortex and the left and right caudate nucleus (inferior regions of the

nuclei), resulting in a total of 33 regions of interest. The association strength determined by

Pearson’s correlation between the resting state fMRI time-series of the regions of interest

(i.e. functional connectivity) were higher with alignment in the functional space, compared

with structural space, in all pairs of regions (Figure 27A).
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Figure 27. Functional connectivity. A - Matrices of the Pearson’s correlations between
resting state fMRI time series of the regions of interest in the structural and in the
functional space. B - Graph representation of the partial correlations between regions of
interest in the functional space (connections with partial correlation above 0.2 are depicted;
darker grey tones represent stronger connections). Statistically significant partial
correlations have a dashed borderline (one-sample t test; p<0.0001, which corresponds to
the Bonferroni corrected level of significance). The left side structures are not represented,
for a clearer visualisation. DPFC dorsal prefrontal cortex, PPC posterior parietal cortex,
VLPFC ventrolateral prefrontal cortex, Rsp retrosplenial cortex, MTG middle temporal
gyrus, PCC posterior cingulate cortex, C caudate, DPFC dorsal prefrontal cortex, AMPFC
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antero-median prefrontal cortex, VMPFC ventro-median prefrontal cortex, TP temporal
pole, BF basal forebrain, T thalamus, PH parahippocampal region, CbH cerebellar
hemisphere, CbT cerebellar tonsil, Amy amygdala, MidB midbrain. n =20 participants.

The difference was statistically significant in 18% of pairs after Bonferroni correction
for multiple comparisons (p-value<0.0001). Table 15 represents the MNI coordinates of
the centres of gravity of all the regions of interest in the DMN map.

Table 15. Regions of interest. MNI coordinates represent the centre of gravity of each
region.

Region of interest Voxels 1(\)/[(1)\11 1(\;[(1)\11 1(\;1)\11
Left Ventro-Medial Prefrontal Cortex 2267 -11 55 -5
Right Ventro-Medial Prefrontal Cortex 2673 11 53 -6
Left Antero-Medial Prefrontal Cortex 2243 -10 50 20
Right Antero-Medial Prefrontal Cortex 2144 10 50 19
Left Dorsal Prefrontal Cortex 3818 -20 31 46
Right Dorsal Prefrontal Cortex 3084 23 32 46
Left Posterior Cingulate Cortex 2484 -5 -50 35
Right Posterior Cingulate Cortex 2224 7 -51 34
Left Retrosplenial Cortex 845 -6 -55 12
Right Retrosplenial Cortex 638 6 -54 13
Left Posterior Parietal Cortex 2448 -46 -64 33
Right Posterior Parietal Cortex 1733 50 -59 34
Left Middle Temporal Gyrus 2406 -58 -21 -15
Right Middle Temporal Gyrus 2170 59 -17 -18
Left Temporal Pole 348 -38 17 -34
Right Temporal Pole 318 43 15 -35
Left Ventro-Lateral Cortex 706 -36 23 -16
Right Ventro-Lateral Cortex 487 37 25 -16
Left Parahippocampal Region 355 -24 -30 -16
Right Parahippocampal Region 287 26 -26 -18
Left Amygdala 66 -15 -9 -18
Right Amygdala 58 17 -8 -16

Pedro Nascimento Alves 119




Delusions of space after stroke: clinical phenomenology and neural basis

Left Caudate 303 -11 12 7
Right Caudate 266 13 11 9
Left Cerebellar Hemisphere 906 -26 -82 -33
Right Cerebellar Hemisphere 1500 29 -79 -34
Left Cerebellar Tonsil 184 -6 -57 -45
Right Cerebellar Tonsil 278 8 -53 -48
Left Thalamus 382 -7 -14 8
Right Thalamus 305 7 -11 8
Left Basal Forebrain 456 -7 12 -12
Right Basal Forebrain 351 7 9 -12
Midbrain 65 -1 -22 -21

Regarding the hypothesized areas, the left basal forebrain had significantly higher
correlations with the right antero-medial prefrontal cortex, with the right posterior parietal
cortex and with the midbrain area, while the right basal forebrain had significantly higher
correlations with the right temporal pole and with the left cerebellar hemisphere. The left
thalamus had significantly higher correlations with the left parahippocampal region, with
the left temporal pole, with the right and the left antero-medial prefrontal cortex, with the
left and the right ventro-lateral prefrontal cortex and with the right posterior parietal
cortex, while the right thalamus had significantly higher correlations with the right and the
left antero-medial prefrontal cortex, with the left temporal pole and with the left cerebellar

tonsil. No significant difference was found for partial correlations.

Anatomical validation in thalamic, basal forebrain and mesencephalic areas
Figure 28 illustrates the intersection of the new DMN map after its translation to the
MNI group space using individual inverse transformation matrices specific for each

individual.
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Figure 28. Density maps of the functionally-aligned individual DMN networks

superimposed in the MNI152 space. Colour bar represents the percentage of individuals

with a significant correlation in each voxel. This map is freely available at

https://neurovault.org/collections/CTTXXAYJ/.

Table 16. Proportion of individual DMN maps intersecting, average proportion of the

intersection and average volume of the intersection for each nucleus.

Nuclei

Percentage of
individual DMN
maps intersecting
the nuclei

Percentage of
nuclei volume
intersected -

median [IQR]

Absolute volume
of intersection -
median [IQR]

L middle septal nuclei 100% 22% [15-29] 248mm’ [169-327]
R middle septal nuclei 100% 26% [21-30] 291mm’ [235-336]
L mediodorsal thalamic 100% 64% [53-77] 696mm’ [577-838]
R mediodorsal thalamic 100% 33% [11-42] 401mm’ [134-511]
L anterior thalamic 100% 80% [75-88] 160mm’ [150-176]
R anterior thalamic 95% 62% [28-60] 193mm’ [87-187]
L nucleus accumbens 100% 51% [15-84] 367mm’ [108-605]
R nucleus accumbens 95% 49% [33-58] 333mm’ [224-394]
Ventral Tegmental Area 90% 17% [6-24] 48mm’ [17-67]

L mammillary body 50% 2% [0-9] 4mm’ [0-17]

L Meynert nucleus 40% 0% [0-1] Omm’[0-22]

R Meynert nucleus 45% 0% [0-4] Omm® [0-97]

IQR, interquartile range; L, Left; R, Right.
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All subjects’ DMN spatially overlapped with the templates of the left anterior thalamic
nucleus, mediodorsal thalamic nuclei, medial septal nuclei and left nucleus accumbens
(Table 16; Talairach and Tournoux 1988; Desikan et al. 2006; Lancaster et al. 2007;
Zaborszky et al. 2008; Edlow et al. 2012). The number of subjects with an intersection
with the right anterior thalamic nucleus, right nucleus accumbens and ventral tegmental
area was also very high (95%, 95% and 90% respectively), while the intersection with the
other basal forebrain nuclei occurred in approximately half of the subjects, possibly due to

their very small size.

Tractography
We explored the structural connectivity of our new model of the DMN using
tractography imaging techniques. The regions of interest were the same used for functional

connectivity analysis. Figure 29 represents the structural connectivity of the network.

Medial view Lateral view

Association pathways

Cingulum anterior

Cingulum posterior

Uncinate

Superior Longitudinal Il

Arcuate (posterior)
__|Inferior Longitudinal

Frontal Orbito-Polar

Projection pathways

Basal forebrain - Thalamus
Anterior thalamic radiations
Fornix

Figure 29. Structural connections supporting the DMN. The upper panel corresponds to the
association pathways connecting the cortical regions of the DMN. The lower panel
illustrates the projection pathways mediating the connections between subcortical and

cortical regions of the DMN.
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Results indicated that both anterior and posterior portions of the cingulum, as well as
inferior longitudinal fasciculus, the second branch of the superior longitudinal fasciculus,
the posterior segment of arcuate fasciculus, the uncinate fasciculus and some fibres of the
frontal orbito-polar tract (Figure 27, upper panel) connected the different nodes of the
DMN. Additionally, the anatomical connectivity of the basal forebrain and the thalamus
with other regions of interest included: the anterior thalamic projections, connecting
thalamus with medial prefrontal cortex; the cingulum, connecting basal forebrain with
medial prefrontal cortex and posterior cingulate cortex; the fornix, connecting basal
forebrain (specifically the region correspondent to the medial septal nuclei) to the
hippocampus; and fibres connecting basal forebrain and thalamus, some of the most medial

possibly corresponding to the bundle of Vicq D’ Azyr (Figure 29, lower panel).

Graph theory analysis
Figure 30 represents the analysis of the DMN structural network with a graph theory

approach using the 33 regions of interest defined from the DMN in the functional space.

Betweenness Degree
centrality
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Figure 30. Graph theory analysis of structural connectivity. The node size represents node
degree and the node colour illustrates node betweenness centrality. The edges denote
presence of structural connection. DPFC, dorsal prefrontal cortex; PPC, posterior parietal
cortex; VLPFC, ventro-lateral prefrontal cortex; Rsp, retrosplenial cortex; MTG, middle

temporal gyrus; PCC, posterior cingulate cortex; C, caudate; DPFC, dorsal prefrontal
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cortex; AMPFC, antero-medial prefrontal cortex; VMPFC, ventro-medial prefrontal

cortex; TP, temporal pole; BF, basal forebrain; T, thalamus; PH, parahippocampal region;

CbH, cerebellar hemisphere; CbT, cerebellar tonsil; Amy, amygdala; MidB, midbrain.

Results indicate that high degrees and high betweenness centrality in the network were

obtained for the basal forebrain and thalamic regions, alongside the medial prefrontal

cortex and the posterior cingulate—retrosplenial cortex as well as in regions which were

previously considered as hubs in the DMN.

More precisely, the [maximum-minimum] range of distribution of node degrees was [12

- 1] and the median [interquartile range] was 5 [8 - 2]. The node degrees of the left and

right thalamus were 9 and 7, and of the left and right basal forebrain were 8 and 7,

respectively (Table 17).

Table 17. Node degree and betweenness centrality of the network nodes.

Data is presented as median [interquartile range].

Nodes Node degree Betwee.nness
centrality
Right Ventro-Medial Prefrontal Cortex 12[10—-14] | 0.104 [0.087 —0.126

[ ]
Left Ventro-Medial Prefrontal Cortex 12[11—-14] | 0.070[0.041 —0.123]
Right Antero-Medial Prefrontal Cortex 12 [9-13] 0.060 [0.029 — 0.093]
Left Antero-Medial Prefrontal Cortex 11[10-12] | 0.040[0.025 —0.058]
Left Dorsal Prefrontal Cortex 10 [9—11] 0.075[0.055 — 0.095]
Right Dorsal Prefrontal Cortex 10 [8 —11] 0.057[0.033 - 0.116]
Left Posterior Cingulate Cortex 9[8-10] 0.025[0.014 —0.055]
Left Thalamus 9[7-11] 0.029[0.016 — 0.047]
Left Basal Forebrain 8[7-9] 0.032 [0.021 — 0.058]
Right Posterior Cingulate Cortex 8[7-10] 0.028 [0.012 — 0.047]
Left Retrosplenial Cortex 8[7-9] 0.020 [0.008 — 0.039]
Right Basal Forebrain 7[5-8] 0.024 [0.011 — 0.054]
Right Retrosplenial Cortex 76— 8] 0.020 [0.008 — 0.035]
Right Thalamus 7[5-9] 0.033[0.016 — 0.057]
Left Caudate 5[4 -6] 0.003 [0.001 —0.015]
Left Parahippocampal region 5[4 -6] 0.003 [0.001 — 0.042]
Right Middle Temporal Gyrus 5[3-6] 0.020 [0.007 — 0.042]
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Left Middle Temporal Gyrus 414-6] 0.013 [0.005 — 0.060]
Left Ventro-Lateral Prefrontal Cortex 4[3-4] 0.002 [0.001 —0.017]
Right Parahippocampal region 4[3-75] 0.004 [0.001 —0.017]
Left Temporal Pole 3[2-5] 0.002 [0.000 — 0.014]
Right Caudate 3[2-4] 0.001 [0.000 — 0.002]
Left Posterior Parictal Cortex 3[2-3] 0.002 [0.000 — 0.018]
Midbrain 3[1-5] 0.000 [0.000 — 0.059]
Right Cerebellar hemisphere 2[1-3] 0.000 [0.000 — 0.031]
Right Temporal Pole 2[0-75] 0.003 [0.000 — 0.032]
Right Posterior Parietal Cortex 2[2-3] 0.001 [0.000 — 0.005]
Right Ventro-Lateral Prefrontal Cortex 2[2-13] 0.000 [0.000 — 0.002]
Left Amygdala 1[1-2] 0.000 [0.000 — 0.000]
Left Cerebellar Hemisphere 1[1-2] 0.000 [0.000 — 0.004]
Left Tonsil 1[0-1] 0.000 [0.000 — 0.000]
Right Amygdala 1[0-1] 0.000 [0.000 — 0.000]
Right Tonsil 1[0-1] 0.000 [0.000 — 0.000]

Therefore, thalamus and basal forebrain are among the structures in the network that
have connections with a high number of nodes. For betweenness centrality, the [maximum-
minimum] range of distribution was [0.104 - 0] and the median [interquartile range] was
0.004 [0.03 - 0.001]. The betweenness centrality of the left and right thalamus was 0.03
and of the left and right basal forebrain were 0.03 and 0.02, respectively (Table 17).
Hence, thalamus and basal forebrain make part of a high fraction of shortest paths in the

network, that is, the shortest connections between two nodes.

Discussion

In this study, we revisited the constituent elements of the default mode network using
an optimized method of coregistration in a functional space, besides the conventional
structural alignment. Three main findings emerge from this research in healthy humans.
First, higher functional connectivity correlation and sharper anatomical details were
achieved when registering the DMN maps in a functional space. Second, we confirmed the
hypothesis that structures of basal forebrain and anterior and mediodorsal thalamic nuclei

belong to the DMN. Lastly, we characterised in detail the structural connectivity
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underlying functional connectivity. Based on these findings, we provided a more
comprehensive neurobiological model of the DMN that bridge the gap between local
differences in subcortical structures and global differences in the DMN reported in clinical
studies.

The difference between alignment in the functional space and the structural space was
characterised by an increase of the connectivity strength across the brain as well as in
many subcortical areas classically not considered to be constituent nodes of the DMN. As
previously reported, this confirmed that registration in the functional space provides a
more accurate interindividual anatomical description and is recommended when doing
functional connectivity analyses (Mueller et al. 2013; Langs et al. 2015).

The maps of the DMN registered in the functional space revealed previously
underappreciated parts of this network such as basal forebrain and anterior and
mediodorsal thalamic nuclei. Tractography analysis yielded structural connectivity of these
new DMN regions to the other regions of the network. Mainly, the cingulum connected the
basal forebrain with medial prefrontal cortex, posterior cingulate region, retrosplenial
cortex, and hippocampus and parahippocampal regions (Catani et al. 2002, 2012). The
fornix linked basal forebrain, specifically the medial septal nuclei, with the hippocampus
and parahippocampal regions (Aggleton 2000; Saunders and Aggleton 2007; Catani et al.
2013). The anterior thalamic projections connected the thalamus with medial and
ventrolateral prefrontal regions (Behrens et al. 2003) and finally some of the most medial
fibres connecting the basal forebrain with the thalamus, probably corresponded to the
mammillothalamic tract of Vicq D’Azyr (Vicq D’ Azyr 1786; Balak et al. 2018).

Our graph theory approach (Bullmore and Sporns 2009) applied to the measures of
structural connectivity revealed a high node degree of the basal forebrain and the thalamus
in the network, as well as high betweenness centrality (Rubinov and Sporns 2010). These
results indicate that basal forebrain and thalamus have high centrality within the network,
and therefore can have an important role for network integration and resilience (Hagmann
et al. 2008; Bullmore and Sporns 2009; Rubinov and Sporns 2010), along with the
classically defined hubs such as the medial prefrontal region as well as posterior cingulate
and retrosplenial region (van Oort et al. 2014).

The involvement of basal forebrain and anterior and mediodorsal thalamus in the DMN
has theoretical and functional repercussions beyond the purely anatomical level. For
instance, Kernbach and colleagues recently demonstrated that grey-matter variability

across the DMN can well predict population variation in the microstructural properties of
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the anterior thalamic radiation and the fornix in 10,000 people (Kernbach et al. 2018). As
another example, Margulies and colleagues studied functional gradients along cortical
surface and found that DMN areas were at the opposite end of primary motor/sensory areas
in a spectrum of connectivity differentiation and that DMN areas exhibit the most
considerable geodesic distance at the cortical level, being equidistant to the unimodal
cortical areas (Margulies et al. 2016). These investigators suggested that the DMN acts as a
neural relay for transmodal information. We speculate that thalamus and basal forebrain
may follow the same model at a subcortical level, integrating functional networks related
to primary functions and brainstem inputs to the associative areas (Dringenberg and
Olmstead 2003; Mease et al. 2016). The involvement of the anterior and mediodorsal
thalamic nuclei as well as the basal forebrain are concordant with the role of the DMN in
memory processes (Schacter et al. 2007; Andrews-Hanna et al. 2010), as all these regions
are relays of the unitary model of the limbic system (MacLean 1949, 1952; Catani et al.
2013). Previous reports of engagement of the mediodorsal thalamic nucleus and the DMN
during memory tasks and the memory deficits provoked by lesions of the anterior and the
mediodorsal thalamic nuclei also support this claim (Rabin et al., 2010; Spreng and Grady,
2010; Child and Benarroch, 2013; Danet et al., 2015). At a neurochemical level, the basal
forebrain is also a principal actor in the production of acetylcholine (Zaborszky et al.
2015). Acetylcholine has a physiological and a neuropharmacological effect on memory
processes. For instance, cholinergic system mediates rhythmic oscillation in the
hippocampus that facilitates encoding (Hasselmo 2006; Zaborszky et al. 2008). The basal
forebrain also contains GABAergic and glutamatergic neurons that mediate hippocampal
theta synchronization through an indirect septo-hippocampal pathway (Dannenberg et al.
2015). By providing evidence of the involvement of medial septal cholinergic nucleus and
its structural connection to the hippocampus in our DMN model, the present work
indicates a match between connectivity, neurochemistry and cognition.

The same correspondence between connectivity, neurochemistry and cognition applies
to the relation between DMN and emotional modulation (Mars et al. 2012; Bzdok et al.
2013; Raichle 2015; Alcala-Lopez et al. 2017; Spies et al. 2017; Zhao et al. 2017). The
nucleus accumbens is a central output for the dopaminergic projections and is involved in
emotion regulation and affect integration (Laviolette 2007; Floresco 2015). The nucleus
accumbens also receives glutamatergic inputs from the hippocampus and the prefrontal
cortex (Britt et al. 2012) belonging to the DMN. Surprisingly, our analysis also revealed

the ventral tegmental area, which is also a dopaminergic nucleus with projections to the
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nucleus accumbens and the medial prefrontal cortex (Morales and Margolis 2017). This
association with the mesolimbic dopaminergic pathway is reinforced by our results of
functional connectivity, since ventromedial prefrontal cortex and midbrain were among the
structures with highest partial correlations with basal forebrain. Hence, combining present
and previous findings, we speculate that the DMN, as defined by functional connectivity,
might have a putative role in the integration of cholinergic and dopaminergic systems
dedicated to memory and emotion.

The new DMN's subcortical structures identified in the current work have cognitive and
neurochemical roles that open a new window to the understanding of distinct brain
pathologies affecting DMN connectivity (Table 18). Indeed, functional connectivity in
each area of the DMN is an estimate of the global coherence of the DMN. Since we
demonstrated that limbic thalamus and basal forebrain are nodes with high degree and high
centrality in the DMN, damage in these structures should lead to a drastic decrease of
functional connectivity in the whole DMN (van den Heuvel and Sporns 2013). For
instance, Alzheimer’s disease is associated with degeneration of the cholinergic system,
including the medial septal nuclei, even in the earliest clinical stages of Mild Cognitive
Impairment (Grothe et al. 2010) and apparently related to decreased functional coherence
and deactivation in hub regions of DMN (He et al. 2007b; Persson et al. 2008). The high
centrality of the basal forebrain in the DMN network may explain this early link between
DMN and Alzheimer’s disease. In schizophrenia, also associated with decreased DMN
connectivity and activation (Bluhm et al. 2007; Pomarol-Clotet et al. 2008),
neuropathological evidence suggests an abnormal glutamatergic-dopaminergic interaction
at the level of nucleus accumbens (McCollum and Roberts 2015). Additionally, the ventral
tegmental area is connected to the nucleus accumbens through the mesolimbic system, the
classical dopaminergic pathway associated with schizophrenia, and functional data shows a
decrease of connectivity between ventral tegmental area and several brain regions,
including the thalamus, in unmedicated patients with schizophrenia (Hadley et al. 2014).
The pathophysiology of others diseases, such as drug addiction, depression, temporal lobe
epilepsy and attention deficit and hyperactivity disorder involve modifications in the
nucleus accumbens, medial septal nuclei or the thalamic nuclei that connect limbic regions
as well as dysfunctional connectivity of the DMN (specified in Table 18; Butler et al.,
2013; Dinkelacker et al., 2015; Ivanov et al., 2010; Scofield et al., 2016; Vialou et al.,
2010; Voets et al., 2012; Volkow et al., 2011; Yamamura et al., 2016; Zhu et al., 2016).

Hence, the involvement of the basal forebrain and the thalamic nuclei in the DMN appears
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to bridge the gap between the subcortical anatomical differences and the global differences

in the DMN previously reported.

Table 18. Pathophysiological associations of the subcortical structures of DMN.

Disease associated
with DMN
dysfunction

Pathophysiological associations
with subcortical DMN

References

Degeneration of cholinergic system
(including medial septal nuclei),
even in MCI stage

Grothe et al., 2010

Alzheimer’s disease | Dysfunction of limbic thalamus in
early stages of the disease

Aggleton et al.,
2016

Decreased functional coherence and
deactivation in hub regions of DMN

He et al., 2007;
Persson et al., 2008

Abnormalities in glutamatergic-
dopaminergic interaction in Nucleus
Accumbens

McCollum and
Roberts, 2015

Decreased functional connectivity
Schizophrenia between ventral tegmental area and
thalamus

Hadley et al., 2014

Decreased connectivity and
activation of hub regions of DMN

Bluhm et al., 2007;
Pomarol-Clotet et
al., 2008

Dysfunctional increase in
hippocampus - mediodorsal
thalamus connectivity

Dinkelacker et al.,
2015

Stimulation of anterior thalamic

Osorio et al., 2007;

Nucleus accumbens mediates
response to stress and to anti-
depressant medication

Tel.nporal Lobe nucleus is efficacious in treatment of | Salanova et al.,
Epilepsy TLE 2015
(TLE) Enl t of medial septal nuclei
nlargement of medial septal nuclei
in TLE Butler et al., 2013
Decreased functional connectivity
between hippocampus and DMN Voets et al., 2012
Resting activity of the thalamus Yamamura et al
predicts response to anti-depressant 2016 ”
medication
Depression

Vialou et al., 2010

MCI, mild cognitive impairment
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Interestingly, the thalamus and the basal forebrain are phylogenetically older than many
cortical structures and especially those that compose the DMN (Butler 2008; Karten 2015;
Yamamoto et al. 2017). The inclusion of these structures in the anatomical model of the
DMN can open a window to the exploration of DMN in other mammalian species as well
(Rilling et al. 2007; Vincent et al. 2007; Lu et al. 2012; Buckner and Margulies 2018). The
medial thalamus has already been shown to be part of the mouse’s DMN (Gozzi and
Schwarz 2016), as found in resting state fMRI studies (Sforazzini et al. 2014; Liska et al.
2015; Bertero et al. 2018). Our results are also concordant with recent neurophysiological
evidence in rats about the influence of basal forebrain in the regulation of the DMN (Nair
et al. 2018). Namely, it has been shown that gamma-band local field potentials in the basal
forebrain exerts influence on one of the hub regions of rat’s DMN, the anterior cingulate
cortex (Nair et al. 2018). The cellular basis for the association of these two areas has been
characterized with retrograde tracing studies (Chandler and Waterhouse 2012; Chandler et
al. 2013). In humans, it has been demonstrated that basal forebrain has a major functional
coupling with the anterior cingulate cortex and with ventromedial prefrontal cortex
(Markello et al. 2018). We speculate that the putative differences in the basal forebrain
projections may be one explanation for the more diffuse DMN activation at the midline
level in rats, when compared to humans (Lu et al. 2012).

One limitation of the present work is that the overlap between the DMN map and the
nuclei studied is based on comparison with templates or variability maps, and not with the
individual location of the nucleus in the explored subjects. The limited capacity of
structural MRI to differentiate these small nuclei does not allow such comparison. Besides,
the reverse transformation of the DMN from the functional space to the MNI space may
not be exact, due to inherent limitations of inverse transformations. Although these
limitations may decrease the accuracy of the intersection quantification with discrete
nuclei, they did not alter the apparent overlap with basal forebrain and with the thalamus.
Furthermore, demonstrating that the additional step of functional alignment results in
higher correlation values is somewhat circular. However, our purpose was to demonstrate
that this increase in correlation revealed subcortical structures that were previously
neglected in the literature. The intra-individual functional connectivity variation across
time may also be a source of bias (Braga and Buckner 2017). However, this factor and the
lack of uniformity regarding the optimal functional alignment method have not precluded
the achievement of higher accurate results in previous studies (Mueller et al. 2013;

Robinson et al. 2014; Langs et al. 2015; Glasser et al. 2016). Finally, tractography analyses
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can produce inaccurate results (Jones and Cercignani 2010; Maier-Hein et al. 2017). In
order to avoid these caveats, we employed methods that have previously demonstrated
high anatomical reliability when compared to axonal tracing and with post-mortem
dissections (Thiebaut de Schotten et al. 2011a; Catani et al. 2012; Dell’Acqua et al. 2013;
Karolis et al. 2019).

In conclusion, this work demonstrates that the registration of individual DMN maps in a
functional space improves the definition of the anatomy of DMN by including additional

structures, such as the thalamus and basal forebrain.
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4.2. Subcortical anatomy of the ventral and dorsal attention networks

Part of this section is included in the following manuscript:
* Alves PN, Forkel JS, Corbetta M, Thiebaut de Schotten M (2022) The subcortical
and neurochemical organisation of the ventral and dorsal attention networks.

Commun Biol 5:1343. https://doi.org/10.1038/s42003-022-04281-0 (accepted).
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Introduction

“Everyone knows what attention is. It is the taking possession by the mind, in clear and
vivid form, of one out of what seem several simultaneously possible objects or trains of
thought.” (James 1890).

The pioneer elucidations of the paramount role of attention for the maintenance of a
coherent behaviour fostered an endeavour, taken by different fields of neuroscience, to
understand the neural basis of attentional processes (Petersen and Posner 2012).
Neuroimaging studies prompted the identification of two fundamental macroscale
networks - the dorsal attention network and the ventral attention network (Corbetta and
Shulman 2002). The dorsal attention network (DAN) acts as a top-down modulator and
participates in goal-driven tasks. The ventral attention network (VAN) is a stimulus-driven
system and mediates reorientation to relevant or unexpected events. Neuroanatomically,
the core regions of the DAN are the intraparietal sulcus, the superior parietal lobe, and the
frontal eye fields (Corbetta et al. 2000; Buschman and Miller 2007), while the temporo-
parietal junction and the ventrolateral prefrontal cortex constitute the central regions of the
VAN (Downar et al. 2000).

Yet, evidence from diverse grounds suggests that purely concentric-based models might
be insufficient to explain the neuroanatomical framework of attentional mechanisms. First,
neuronal electrical recordings in primates showed that subcortical structures have crucial
roles in the neural mechanisms of attention. For instance, inactivation of the superior
colliculus during motion-change detection markedly disturbs visual attention without
affecting the neuronal activity in the visual cortex (Zénon and Krauzlis 2012).
Furthermore, it has been demonstrated that attentional states modulate the cellular activity
of the thalamic pulvinar nuclei (Bender and Youakim 2001), while different patterns of
neuronal discharge in the locus coeruleus promote changes between selective and scanning
attention (Aston-Jones et al. 1999; Vazey et al. 2018). Second, pathophysiological data
from human brain disease supports the foremost relevance of deep brain nuclei. Neglect is
a clinical syndrome characterized by pathological hemispatial inattention and might arise
from exclusively subcortical lesions, namely in the pulvinar or in the striatum (Healton et
al. 1982; Ferro et al. 1984; Karnath et al. 2002). Moreover, the patients with attention
deficit hyperactivity disorder present morphological alterations of the pulvinar, a change
that is influenced by the severity of the disease and the use of stimulants (Ivanov et al.
2010). Third, phylogenetic distant species, such as pigeons, have markedly different

cortical morphologies, but exhibit patterns of attention errors and reaction times that are
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similar to humans (Blough 1977). Even with close mammals, such as the macaques,
relevant functional attention dissimilarities have been found at the cortical level, namely
concerning the VAN (Patel et al. 2015).

Average group alignments of functional connectivity maps exclusively based on
structural landmarks might fail to represent the full architecture of a functional network
(Brett et al. 2002; Thiebaut de Schotten and Shallice 2017). Subcortical nuclei are
particular prone to structural misalignment due to their low dimension, lower anatomical
definition in structural MRI and intersubject cytoarchitectonic variability (Carmack et al.
2004; Amunts et al. 2005; Zaborszky et al. 2008). Functional alignment improves
structural-functional correspondence of heteromodal association cortical areas across
subjects (Mueller et al. 2013; Robinson et al. 2014; Langs et al. 2015; Glasser et al. 2016).
At the subcortical level, we demonstrated that the employment of functional alignment
methods uncovered the deep brain nuclei that integrate the default mode network (Alves et
al. 2019).

Finally, knowledge about the DAN and the VAN neurochemistry is limited to primate
studies that indicated a noradrenergic innervation of the DAN and the VAN, including the
temporo-parietal junction and frontal lobe (Morrison and Foote 1986; Foote and Morrison
1987; Bouret and Sara 2005). Additionally, noradrenaline has been proposed as a critical
trigger of the reorientation of attention (Bouret and Sara 2005; Corbetta et al. 2008).
However, despite its essential neuroscientific and medical importance (Sanefuji et al.
2017), the neurochemical signatures of the VAN and the DAN have never been contrasted
in humans.

Therefore, we explored the subcortical anatomy of attention networks by aligning the
individual resting-state functional maps of the VAN and the DAN in a common functional
space. We hypothesized that basal ganglia and brainstem nuclei, namely the pulvinar, the
striatum, the superior colliculus and the locus coeruleus, were functional constituents of
attention networks. An optimized model of the VAN and the DAN was uncovered together
with the structural, functional, graph centrality and neurochemical properties of theirs

subcortical structures.
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Methods

Resting-state fMRI

We used 110 7T resting-state fMRIs from the Human Connectome Project S1200
dataset (Glasser et al. 2013). Images were preprocessed and registered to the MNI152
space as  specified in the Human  Connectome  Project  protocol
(http://www.humanconnectome.org/storage/app/media/documentation/s1200/HCP_S1200
Release Reference Manual.pdf; Glasser et al. 2013).

VAN and DAN maps in the structural space

VAN and DAN maps were computed using the seeding regions of interest defined in
the functional cortical parcellation map provided by Gordon and colleagues (2016). This
template includes 23 VAN parcels (11 in the left hemisphere and 12 in the right
hemisphere) and 32 DAN parcels (19 in the left hemisphere and 13 in the right
hemisphere). This parcellation was performed according to the patterns of resting-state
functional connectivity, each parcel having a homogeneous resting-state functional
connectivity arrangement and being separated from neighbour parcels by abrupt changes of
their connectivity profile (Gordon et al. 2016).

We calculated functional correlation maps seeded from each of the VAN cortical
parcels, using the Funcon-Connectivity tool of the Brain Connectivity and behaviour
toolkit (http://toolkit.bcblab.com; Foulon et al. 2018). This tool computes the Pearson’s
correlation between the mean resting state activity of the seed region and the other voxels
of the brain. Then, the median of the 23 functional connectivity maps (generated from the
23 VAN seeds) was computed, in order to obtain the VAN representative map of each
subject. The median was the chosen central tendency measure, because it is less affected
by outliers than the mean (Kenney 1939). One hundred and ten individual VAN maps in
the MNI152 were obtained (i.e. one per subject). To obtain DAN maps, the same steps
were performed, using the 32 DAN seeds.

DAN and VAN maps in the functional space

The 110 individual VAN maps were aligned with each other in a functional space
(Mueller et al. 2013; Robinson et al. 2014; Langs et al. 2015; Glasser et al. 2016). We used
the Advanced Normalization Tools’ (ANTS) script buildtemplateparallel.sh to perform an
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iterative (n=4) diffeomorphic transformation to a common space (Avants et al. 2011; Alves
et al. 2019). Cross-correlation was set as the similarity measure and greedy SyN as the
transformation model (Avants et al. 2008; Klein et al. 2009). The resulting transformation
warps were applied to the MNII52 aligned VAN maps, using the ANTSs’ script
WarpImageMultiTransform, to obtain the representation of the 110 individual VAN maps
in the common functional space. The same steps were performed with the DAN maps.

To calculate group statistical VAN and DAN maps, we performed a permutation
inference analysis using the FSL’s tool randomise one-sample and applying a Threshold-
Free Cluster Enhancement (Jenkinson et al. 2012). To evaluate the similarity between the
VAN and the DAN statistical maps, the t-maps were converted to z-maps and a
conjunction analysis was computed (Nichols et al. 2005). The illustrations were made in
Surflce (https://www.nitrc.org/projects/surfice/) and MRIcroGL

(https://www.nitrc.org/projects/mricrogl/).

Anatomical validation of the subcortical structures

To identify thalamic nuclei, we used the DISTAL (Deep brain stimulation Intrinsic
Template Atlas; Ewert et al. 2018) and the THOMAS (Thalamus Optimized Multi Atlas
Segmentation; Su et al. 2019) atlases. The DISTAL atlas is a high-resolution template of
subcortical structures in the MNI space used as a reference to localize targets for deep
brain stimulation (Ewert et al. 2018). Its segmentation was performed manually, based on
histology, structural imaging and diffusion-weighted imaging (Chakravarty et al. 2006;
Ewert et al. 2018). The THOMAS atlas is a template of thalamic nuclei derived from the
manual segmentation of 20 White-Matter-Nulled Magnetization Prepared Rapid Gradient
Echo (MP-RAGE) 7T datasets, warped to the MNI space (Su et al. 2019). Its segmentation
accuracy is high compared to the Morel histological atlas (Morel et al. 1997; Su et al.
2019).

To map the brainstem nuclei, we used the WIKIBrainStem atlas (Lechanoine et al.
2021). This template is based on mesoscopic T2-weighted and diffusion-weighted images
obtained from the ultra-high-field scanning (11.7T) of an ex vivo specimen. It provides

detailed segmentation rules of 99 brainstem structures (Lechanoine et al. 2021).
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Tractography analysis

Functional interactions in the brain are shaped by the underlying structural properties,
both at the cellular and at the neuroanatomical levels (Suarez et al. 2020; Thiebaut de
Schotten et al. 2020). We analysed the structural connectivity of the VAN and the DAN,
including the newly identified subcortical structures.

Tractography was computed using 177 diffusion-weighted images from the 7T dataset
of the Human Connectome Project (Vu et al. 2015). The scanning parameters are detailed
in Vu et al. 2015. Preprocessing was performed according to the default Human
Connectome Project pipeline (v3.19.0; Glasser et al. 2013). Tractography was processed as
described in Thiebaut de Schotten et al. 2020. Briefly, a whole brain determinist approach
was employed, using the StarTrack software (https://mr-startrack.com), and applying a
damped Richardson-Lucy algorithm for spherical deconvolution (Dell’Acqua et al. 2010).
Then, the individual whole-brain streamline tractographies were registered to the MNI152
space. First, they were converted into density maps, in which the voxel densities
corresponded to the number of streamlines crossing each voxel (Thiebaut de Schotten et al.
2020). Second, individual density maps were aligned in a common template using the
Greedy symmetric diffeomorphic normalization of the Advanced Normalization Tools
pipeline (Avants et al. 2011). Third, the resulting template was co-registered to the
MNI152 2mm template using the FSL’s tool flirt (Jenkinson et al. 2002). Finally, the
resulting transformation warps were applied to the individual whole-brain streamline
tractographies using the Tract Querier package (Wassermann et al. 2016).

Then, we computed the structural connectome of the VAN and the DAN models. The
cortical nodes were defined according to the parcellation of Gordon and colleagues (2016).
To determine the subcortical regions of interest (ROI), we selected the statistically
significant voxels of the subcortical structures identified in the previous sections with a
median Pearson’s correlation higher than 0.1. This correlation threshold was applied to
avoid including voxels significantly associated with the network, but with very weak
correlations (Cohen 1988). The streamlines that crossed at least two ROIs (cortico-cortical,
cortico-subcortical or subcortical-subcortical) were selected using the MRtrix3’s tool
tckedit (Tournier et al. 2019). Afterwards, the selected streamlines were volume-mapped
into the MNI space using the MRtrix3’s tool tckmap (Tournier et al. 2019). The volume

maps were binarized and a group level overlap map was computed.
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ROI-to-ROI structural and functional connectivity analysis

To analyse ROI-to-ROI structural connectivity, we used the MRtrix3’s tool
tck2connectome. The cortical and subcortical ROIs were defined as stated in the previous
section. Regarding ROI-to-ROI functional connectivity, we computed the partial
correlation between the network nodes using the nilearn’s function ConnectivityMeasure
(Pedregosa et al. 2011). The illustrations of the connectivity matrices were created with

Matplolib 3.4.2 (Hunter 2007).

Graph theory analysis of structural connectivity

To analyse if the newly identified subcortical nuclei would be core regions in the
networks, we performed a graph theory analysis of the hub properties of the VAN and the
DAN nodes. Two measures were used, the degree centrality and the betweenness centrality
(Bullmore and Sporns 2009). Degree centrality denotes the fraction of nodes connected to
the node of interest. Betweenness centrality is the fraction of all-pairs shortest paths that
pass through the node of interest (Bullmore and Sporns 2009).

The 177 individual binarized structural connectivity matrices were converted into
undirected connectivity graphs and both measures were calculated, using the NetworkX
package (https://networkx.org/). Then, we calculated the median value of both measures
across the 177 network graphs, for each node. The illustrations of the network graphs were

created with Surf Ice (https://www.nitrc.org/projects/surfice/).

Structural correlations with the neurotransmitter system

Subcortical structures play critical roles in the neurotransmitter systems. The brainstem
nuclei are the main sources of neurotransmitter synthesis and send axonal projections to
the cortex and the basal ganglia. The basal ganglia are central targets of the
neurotransmitter axonal projections and mediate their physiological effects.

Hansen and colleagues have recently mapped the macroscale neuroanatomy of the
neurotransmitter receptors and transporters (Hansen et al. 2021). Based on positron
emission topography (PET) and single-photon emission computerized tomography
(SPECT) scans derived from more than 1200 healthy individuals, they provided an atlas of
nine neurotransmitter systems aligned in the MNI space (Hansen et al. 2021).

Here, we studied the relationship between the subcortical structural projections of the

proposed neuroanatomical models and the spatial distribution of the neurotransmitter
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systems. First, we selected the newly identified brainstem nuclei that synthesize
neurotransmitters, according to the cytochemical evidence in the literature. Second, we
computed the structural projections of these nuclei to the remaining nodes of the VAN and
the DAN, i.e. we selected the streamlines that crossed the brainstem nuclei of interest and
every other node of the network, using the MRtrix3’s tool tckedit (Tournier et al. 2019).
Then, we used the MRtrix3’s tool tckmap to map those streamlines into the MNI space
(Tournier et al. 2019). The binarized structural connectome maps were overlapped and a
group representative map expressing the proportion of structural projections was created.
Finally, we computed the Spearman’s correlation between the spatial distribution of the
created structural projection map and the neurotransmitter maps provided by Hansen and
colleagues, using the neuromaps’ tool compare images (Hansen et al. 2021;
https://netneurolab.github.io/neuromaps/). The graphical representations were created with

Matplolib 3.4.2 and with Datashader 0.13.0 (Hunter 2007; https://datashader.org).

Results

VAN anatomical map

The statistical map of the VAN, after functional alignment, is represented in Figure 31
(left column).

At the cerebral cortical level, the peaks of statistical association were found in the
temporo-parietal junction, in the inferior frontal gyrus, in the anterior part of the superior
frontal gyrus and the superior temporal gyrus (Figure 31A). Additionally, peaks of
statistical association were also present in the crus I and crus II of the cerebellar cortex
(Figure 31D).

At the thalamus and basal ganglia level, we found areas with high statistical association
in the head of caudate nuclei and in the pulvinar (Figure 31B). In the brainstem, the high
statistical association was found in voxels overlapping the superior colliculi, the
interpeduncular nucleus, the pedunculopontine-cuneiforn nuclei complex, the nucleus
pontis oralis, the gigantocellular nuclei and the raphe pallidus and median nuclei (Figure
31C). Table 19 represents the centres of gravity coordinates of the subcortical regions of
interest. The VAN statistical and correlation maps are available at

https://neurovault.org/collections/ XONZLGPJ/.
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VAN DAN
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Figure 31. VAN (left) and DAN (right) maps after functional alignment, at different
anatomical levels, namely cerebral cortical surface (A), thalamus and basal ganglia (B),
brainstem (C) and cerebellar cortical surface (D). The colourmap gradient represents the t-
values distribution. CnF, cuneiform nucleus; Cr I, cerebellar crus I lobule; Cr II, cerebellar
crus II lobule; DAN, dorsal attention network; Gi, gigantocellular nucleus; HCaN, head of
caudate nucleus; HIIb, cerebellar lobule IIb; HVI, cerebellar lobule VI; HIX, cerebellar
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lobule IX; IFG, inferior frontal gyrus; IPN, interpeduncular nucleus; IPS, intraparietal
sulcus; MnR, median raphe nucleus; MD, mediodorsal nucleus of the thalamus; MTG,
middle temporal gyrus; PnO, nucleus pontis oralis; PPN, pedunculopontine nucleus; Pul,
pulvinar; Rpa, raphe pallidus nucleus; SC, superior colliculus; SFG, superior frontal gyrus;
SPL, superior parietal lobule; STG, superior temporal gyrus; TPJ, temporoparietal

junction; VAN, ventral attention network.

Table 19. MNI coordinates of the VAN subcortical regions centres of gravity.

Regions of MN | MNI | MNI

interest I (X)| (Y) (Z2)
HCaN L -11 | 8 13
Pul L -4 -30 1
SCL -9 -31 -3

PPN/CnFL | -14 | -29 -25

GiL -10 | -25 -36
CrIL -31 | -73 -31
CrlIL 21 | -79 -42
IPN 1 -19 -21
MnR -3 -29 -28
Rpa 1 -28 -43
HCaN R 13 11 12
Pul R 6 -29 1
SCR 13 -30 -3

PPN/CnF R | 13 -31 -25

GiR 11 -24 -35
CrIR 30 -74 -30
CrlIR 24 -79 -41
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CnF, cuneiform nucleus; Cr I, cerebellar crus I lobule; Cr II, cerebellar crus II lobule; Gi,
gigantocellular nucleus; HCaN, head of caudate nucleus; IPN, interpeduncular nucleus; L,
left; MnR, median raphe nucleus; PnO, nucleus pontis oralis; PPN, pedunculopontine

nucleus; Pul, pulvinar; R, right; Rpa, raphe pallidus nucleus; SC, superior colliculus.

DAN anatomical map

The statistical map of the DAN, after functional alignment, is represented in the Figure
31 (right column).

At the cerebral cortical level, the peaks of statistical association were found in the
intraparietal sulcus and superior parietal lobule, in the middle and superior frontal gyrus,
and in the posterior part of inferior temporal sulcus (Figure 31A). Peaks of statistical
association were also found in the cerebellar cortex areas VIIb, IX, left VI and left crus I
lobules (Figure 31D).

At the thalamus and basal ganglia level, we found areas with high statistical association
in the head of caudate nuclei and in the thalamic pulvinar and mediodorsal nuclei (Figure
31B). In the brainstem, high statistical association was found in voxels overlapping the
superior colliculi, the interpeduncular nucleus, the pedunculopontine-cuneiforn nuclei
complex, the gigantocellular nuclei and the raphe pallidus nuclei (Figure 31C). Table 2
represents the centres of gravity of the subcortical regions of interest. The DAN statistical

and correlation maps are available at https://neurovault.org/collections/ XONZLGPJ/.

Table 20. MNI coordinates of the DAN subcortical regions centres of gravity.

Regions of | MNI | MNI | MNI

interest X)) | YY) (Z2)
HCaN L -10 | 4 10
MD L -9 -18 8
PulL -4 -30 1
SCL -8 -31 -3

PPN/CnFL | -14 | -30 -25

GiL -10 | -24 -35

142 Pedro Nascimento Alves



Delusions of space after stroke: clinical phenomenology and neural basis

CrIL -39 | -64 -29
HVIL -25 | -62 -24
HVIIb L -24 | -66 -49
HIX L -11 -51 -50
IPN 1 -19 -21
Rpa 1 -28 -42
HCaN R 12 7 10
MD R 9 -16 8
Pul R 6 -29 1
SCR 11 -30 -3
PPN/CnFR | 14 -30 -25
GiR 11 -25 -34
HVIIb R 25 -68 -49
HIX R 11 -53 -51

CnF, cuneiform nucleus; Cr I, cerebellar crus I lobule; Gi, gigantocellular nucleus; HCaN,
head of caudate nucleus; HVI, cerebellar lobule VI; HIX, cerebellar lobule IX; IPN,
interpeduncular nucleus; L, left; MD, mediodorsal nucleus of the thalamus; PPN,
pedunculopontine nucleus; Pul, pulvinar; R, right; Rpa, raphe pallidus nucleus; SC,

superior colliculus.

The conjunction analysis showed that most of the subcortical peaks of statistical
association were shared by both networks (Figure 32), explicitly overlapping the pulvinar,
the superior colliculi, the interpeduncular nuclei, the pedunculopontine-cuneiform nuclei

complex, the gigantocellular nuclei and the raphe pallidus nuclei.
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Figure 32. Conjunction analysis of the VAN and DAN statistical maps, at the thalamus and
basal ganglia (A) and at the brainstem (B) levels. The colourmap gradient represents the z-
values distribution. CnF, cuneiform nucleus; DAN, dorsal attention network; Gi,
gigantocellular nucleus; IPN, interpeduncular nucleus; PPN, pedunculopontine nucleus;
Pul, pulvinar; Rpa, raphe pallidus nucleus; SC, superior colliculus; VAN, ventral attention

network.

Structural and functional connectivity of the VAN nodes

The structural connectivity map of the VAN is represented in Figure 33A.
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Figure 33. Structural and functional connectivity of the VAN and DAN nodes. A -
Structural connectivity map of the VAN. B - Matrix with the node-to-node functional and
structural connectivity of the VAN, represented on the left and right halves, respectively. C
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- Structural connectivity map of the DAN. D - Matrix with the node-to-node functional and
structural connectivity of the DAN, represented on the left and right halves, respectively.
The nodes of the matrices were labelled in groups according to their anatomical location,
for a clearer reading. A full list with node labels is available in the Tables 21 and 22.
Colour gradients represent the structural connectivity (expressed as the proportion of

connection) or the functional connectivity (expressed as the median partial correlation).

Cb, cerebellum; L, left; R, right; SLF, superior longitudinal fasciculus.

Table 21. Detailed list of the nodes represented in the VAN connectivity matrices

Nodes are ordered according to their position in the connectivity matrix. Numerated parcel

correspond to the cortical parcels of the VAN, described by Gordon and colleagues (2016).

146

Group Node Group Node Group Node
label label label
Parcel 23 HCaN L Parcel 221
Parcel 60 PulL Parcel 222
Parcel 61 SCL Parcel 226
Parcel 62 PPN/CnF L Parcel 228
Parcel 75 GiL Parcel 229
Cortical L | Parcel 79 IPN Parcel 231
Cortical R
Parcel 80 Subcortical | MnR Parcel 237
Parcel 85 Rpa Parcel 241
Parcel 86 HCaN R Parcel 242
Parcel 158 Pul R Parcel 243
Parcel 161 SCR Parcel 332
CrIL PPN/CnF R Parcel 333
Cb L
CrlIL GiR CrIR
Cb R
CrlIR
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Cb, cerebellum; CnF, cuneiform nucleus; Cr I, cerebellar crus I lobule; Cr II, crus II
lobule; Gi, gigantocellular nucleus; HCaN, head of caudate nucleus; IPN, interpeduncular
nucleus; L, left; MnR, median raphe nucleus; PnO, nucleus pontis oralis; PPN,
pedunculopontine nucleus; Pul, pulvinar; R, right; Rpa, raphe pallidus nucleus; SC,

superior colliculus.

Table 22. Detailed list of the nodes represented in the DAN connectivity matrices

Group Node Group Node Group Node
label label label
Parcel 41 HCaN L Parcel 189
Parcel 42 MD L Parcel 199
Parcel 43 Pul L Parcel 203
Parcel 49 SCL Parcel 208
Parcel 51 PPN/CnF L Parcel 211
Parcel 52 GiL Parcel 236
Parcel 55 IPN Cortical R | Parcel 250
Subcortical
Parcel 74 Rpa Parcel 252
Cortical L. | Parcel 87 HCaN R Parcel 253
Parcel 88 MD R Parcel 262
Parcel 91 Pul R Parcel 266
Parcel 92 SCR Parcel 271
Parcel 95 PPN/CnF R Parcel 275
Parcel 100 GiR HVIIb R
CbR
Parcel 106 HIX R
Parcel 107
Parcel 110

Pedro Nascimento Alves
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Parcel 113

Parcel 155

CrIL

HVIL
Cb L

HVIIb L

HIX L

Nodes are ordered according to their position in the connectivity matrix. Numerated parcel
correspond to the cortical parcels of the DAN, described by Gordon and colleagues (2016).
Cb, cerebellum; CnF, cuneiform nucleus; Cr I, cerebellar crus I lobule; Gi, gigantocellular
nucleus; HCaN, head of caudate nucleus; HVI, cerebellar lobule VI; HVIIb, cerebellar
lobule VIIb; HIX, cerebellar lobule IX; IPN, interpeduncular nucleus; L, left; MD, medial
dorsal nucleus of the thalamus; PPN, pedunculopontine nucleus; Pul, pulvinar; R, right;

Rpa, raphe pallidus nucleus; SC, superior colliculus.

The cortical regions of the VAN were connected by the third branch of the Superior
Longitudinal Fasciculus and by the uncinate fasciculus (Figure 33A). Fronto-pulvinar and
tecto-pulvinar projections established the connections with or between subcortical
structures (Figure 33A).

The node-to-node structural and functional connectivity patterns are represented in
Figure 33B.

The maps of the VAN ROIs and of the structural connectivity analysis are available at
https://neurovault.org/collections/ XONZLGPJ/.

Structural and functional connectivity of DAN nodes

The structural connectivity map of the DAN is represented in Figure 33C.

The cortical regions of the DAN established connections through the first branch of the
Superior Longitudinal Fasciculus (Figure 33C). Fronto-pulvinar, parieto-pulvinar and
tecto-pulvinar projections mediated the links with or between subcortical structures (Figure

33Q).
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The node-to-node structural and functional connectivity patterns are shown in the figure
33D.

The maps of the DAN ROIs and of the structural connectivity analysis are available at
https://neurovault.org/collections/ XONZLGPJ/.

Graph theory analysis
Figure 34 illustrates the graph theory representation of the VAN and DAN structural
connectivity.
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Figure 34. A - Graph theory analysis of the VAN and DAN structural connectivity. Circles
illustrate nodes. Circle colours represent the median betweenness centrality of each node
(according to the colour gradient), while circle dimension represent the median degree
centrality. Brown lines represent node-to-node structural connections that were presented
in at least half of the subjects. B — Anatomical model of the VAN and DAN. CnF,
cuneiform nucleus; DAN, dorsal attention network; Gi, gigantocellular nucleus; HCaN,
head of caudate nucleus; IPN, interpeduncular nucleus; MnR, median raphe nucleus; MD,

medial dorsal nucleus of the thalamus; PnO, nucleus pontis oralis; PPN, pedunculopontine
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nucleus; Pul, pulvinar; Rpa, raphe pallidus nucleus; SC, superior colliculus; VAN, ventral

attention network.

In the VAN, the subcortical structures with the highest median betweenness centrality
were the right pulvinar and the left caudate nucleus head (the second and the third highest
of all nodes, respectively) and the ones with the highest median degree centrality were the
interpeduncular nucleus and the left pedunculopontine-cuneiform nuclei complex (the first
and the second highest of all nodes, respectively).

In the DAN, the subcortical structures with the highest median betweenness centrality
were the raphe pallidus nucleus and the right mediodorsal nucleus of the thalamus (the first
and the seventh highest of all nodes, respectively) and the ones with the highest median
degree centrality were the raphe pallidus nucleus and the left superior colliculus (the first
and the second highest of all nodes, respectively).

Overall, the subcortical structures had high centrality values in both networks. The
betweenness centrality and degree centrality values of all nodes in the VAN and in the

DAN are detailed in Tables 23 and 24.

Table 23. Centrality measures of the VAN nodes

Node Betweenness Degree Node Betweenness Degree
centrality centrality centrality centrality
Parcel 62 0.102 0.23 CrIR 0.014 0.28
Pul R 0.085 0.26 Parcel 231 0.013 0.26
HCaN L 0.070 0.28 CrlIlIL 0.012 0.28
SCL 0.069 0.28 Parcel 237 0.012 0.10
Parcel 242 0.067 0.26 CrIL 0.011 0.28
Parcel 243 0.051 0.21 CrlIIR 0.011 0.28
SCR 0.050 0.21 Parcel 333 0.010 0.23
Rpa 0.046 0.31 Parcel 85 0.010 0.18
IPN 0.045 0.33 Parcel 222 0.006 0.23
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Parcel 80 0.042 0.21 Parcel 229 0.005 0.23
HCaN R 0.036 0.18 GiR 0.004 0.26
Parcel 75 0.036 0.21 PPN/CnF R | 0.004 0.23
Pul L 0.034 0.23 Parcel 226 | 0.003 0.21
Parcel 241 0.029 0.18 Parcel 228 | 0.003 0.21
Parcel 79 0.028 0.21 GiL 0.000 0.18
MnR 0.021 0.31 Parcel 158 0.000 0.05
Parcel 23 0.020 0.21 Parcel 161 0.000 0.10
Parcel 332 0.020 0.23 Parcel 221 0.000 0.18
PPN/CnF L | 0.020 0.31 Parcel 60 0.000 0.05
Parcel 86 0.015 0.18 Parcel 61 0.000 0.05

Nodes are ordered according to their betweenness centrality value. Numerated parcel

correspond to the cortical parcels of the VAN, described by Gordon and colleagues (2016).

CnF, cuneiform nucleus; Cr I, cerebellar crus I lobule; Cr II, cerebellar crus II lobule; Gi,

gigantocellular nucleus; HCaN, head of caudate nucleus; IPN, interpeduncular nucleus; L,

left; MnR, median raphe nucleus; PnO, nucleus pontis oralis; PPN, pedunculopontine

nucleus; Pul, pulvinar; R, right; Rpa, raphe pallidus nucleus; SC, superior colliculus.

Table 24. Centrality measures of the DAN nodes.

Node Betweenness Degree Node Betweenness Degree
centrality centrality centrality centrality
Rpa 0.056 0.47 Parcel 74 0.010 0.22
Parcel 275 | 0.049 0.33 PPN/CnF L | 0.009 0.31
Parcel 100 0.046 0.33 Parcel 253 0.009 0.18
Parcel 87 0.041 0.35 HVIL 0.009 0.27
Parcel 106 0.041 0.35 Parcel 110 0.009 0.20
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Parcel 41 0.038 0.35 GiL 0.009 0.29
MD R 0.032 0.37 GiR 0.008 0.27
SCL 0.031 0.41 PPN/CnF R | 0.007 0.29
MD L 0.030 0.39 Parcel 42 0.007 0.22
Parcel 252 0.028 0.25 Parcel 199 0.007 0.22
Parcel 189 | 0.026 0.31 HVIIb L 0.006 0.31
SCR 0.025 0.35 Parcel 107 | 0.006 0.20
CdL 0.025 0.35 Parcel 155 | 0.006 0.18
CdR 0.025 0.31 Parcel 88 0.005 0.18
Parcel 49 0.023 0.31 HVIIb R 0.005 0.29
CrlL 0.019 0.33 Pul L 0.005 0.22
Parcel 236 0.017 0.22 Parcel 250 0.004 0.14
Parcel 51 0.016 0.24 Parcel 113 0.003 0.16
IPN 0.015 0.35 Parcel 52 0.003 0.14
Pul R 0.015 0.27 Parcel 92 0.003 0.18
Parcel 208 | 0.014 0.25 HIX L 0.002 0.24
Parcel 91 0.013 0.27 Parcel 95 0.002 0.14
Parcel 262 | 0.013 0.18 HIX R 0.002 0.22
Parcel 43 0.012 0.24 Parcel 55 0.002 0.10
Parcel 271 0.011 0.24 Parcel 211 0.001 0.10
Parcel 203 | 0.011 0.24 Parcel 266 | 0.000 0.06

Nodes are ordered according to their betweenness centrality value. Numerated parcel
correspond to the cortical parcels of the VAN, described by Gordon and colleagues (2016).
CnF, cuneiform nucleus; Cr I, cerebellar crus I lobule; Gi, gigantocellular nucleus; HCaN,

head of caudate nucleus; HVI, cerebellar lobule VI; HVIIb, cerebellar lobule VIIb; HIX,
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cerebellar lobule IX; IPN, interpeduncular nucleus; L, left; MD, medial dorsal nucleus of
the thalamus; PPN, pedunculopontine nucleus; Pul, pulvinar; R, right; Rpa, raphe pallidus

nucleus; SC, superior colliculus.

Correlation with the neurotransmitter system

The brainstem nuclei identified in the VAN anatomical map that synthetize
neurotransmitters are the pedunculopontine nuclei (cholinergic, glutamatergic and
GABAergic; Benarroch 2013), the cuneiform nuclei (glutamatergic and GABAergic;
Chang et al. 2020), the gigantocellular nucleus (glutamatergic and GABAergic; Martin et
al. 2011), the median raphe nucleus (serotoninergic; Van De Kar and Lorens 1979) and the
raphe pallidus nucleus (serotoninergic; Heym et al. 1982).

The spatial correlations of these VAN brainstem nuclei structural projections with the
neurotransmitter systems are represented in figure 35A. The highest spatial correlations
(figure 35B) were with the distribution of the acetylcholine alpha-4 beta-2 nicotinic
receptors (Spearman’s r=0.23, p<0.001; PET derived map from Hillmer et al. 2016) and
with the distribution of the dopamine transporters (Spearman’s r=0.20, p<0.001, SPECT
derived map from Dukart et al. 2018; Spearman’s r=0.17, p<0.001, PET derived map from
Sasaki et al. 2012). There was also a positive spatial correlation with the distribution of the
vesicular acetylcholine transporters (Spearman’s r=0.16, p<0.001, PET derived map from
Bedard et al. 2019; Spearman’s r=0.13,p<0.001, PET derived map from Tuominen and
Guimond; Spearman’s r=0.05, p<0.001, PET derived map from Aghourian et al. 2017) and
with the distribution of fluorodopa uptake (Spearman’s r=0.08, p<0.001, PET derived map
from Gomez et al. 2015).
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Figure 35. Correlation between the structural projections of the brainstem nuclei and the
neurotransmitter systems. A - Spearman’s correlation with the available maps of
neurotransmitter receptors and transporters; for the receptors or transporters with two or
more maps available, the mean correlation was calculated. B - Graphical representation of
the highest correlations, i.e. with the acetylcholine alpha-4 beta-2 nicotinic receptor map
(top) and with the dopamine transporter map (bottom). The colourmap represents the
relative voxel density at each point of the graph. SHT1a, serotonin la receptors; SHT1b,
serotonin 1b receptors; SHT2a, serotonin 2a receptors; SHTT, serotonin transporters;
A4B2, acetylcholine alpha-4 beta-2 nicotinic receptors; CB1, cannabinoid receptors 1; D1,
dopamine receptors 1; D2, dopamine receptors 2; DAT, dopamine transporters; FDOPA,
fluorodopa; GABAa, GABAa receptors; H3, histamine receptors 3; M1, muscarinic
receptors 1; mGluRS, metabotropic glutamate receptors 5; MU, mu-opioid receptors; NET,

norepinephrine transporters; VAchT, vesicular acetylcholine transporters.

The brainstem nuclei identified in the DAN anatomical map that synthetize
neurotransmitters are the pedunculopontine nuclei, the cuneiform nuclei, the
gigantocellular nucleus and the raphe pallidus nucleus (corresponding neurotransmitters

and references stated in the first paragraph of this section).
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The highest spatial correlations of these DAN brainstem nuclei (figure 35) projections
were also with the distribution of the acetylcholine alpha-4 beta-2 nicotinic receptors
(Spearman’s r=0.24, p<0.001; PET derived map from Hillmer et al. 2016) and with the
distribution of the dopamine transporters (Spearman’s r=0.23, p<0.001, SPECT derived
map from Dukart et al. 2018; Spearman’s r=0.21, p<0.001, PET derived map from Sasaki
et al. 2012). There was also a positive spatial correlation with distribution of the vesicular
acetylcholine transporters (Spearman’s r=0.19, p<0.001, PET derived map from Bedard et
al. 2019; Spearman’s r=0.17,p<0.001, PET derived map from Tuominen and Guimond;
Spearman’s r=0.08, p<0.001, PET derived map from Aghourian et al. 2017) and with the
distribution of fluorodopa uptake (Spearman’s r=0.10 , p<0.001, PET derived map from
Gomez et al. 2015).

Discussion

In this study, we reexamined the neuroanatomy of the VAN and of the DAN by co-
registering individual network maps in a common functional space. Based on the
convergence of functional, structural and neurochemical findings, we propose an
optimized model of these networks. First, we confirmed the initial hypothesis that
subcortical structures, namely the pulvinar, the superior colliculi, the head of caudate
nuclei and a group of brainstem nuclei are constituent elements of the attentional networks.
Second, we characterized the structural connections underlying functional connectivity.
Deep brain nuclei are densely connected and proved to be structural network hubs. Third,
we showed that the identified brainstem nuclei projections are spatially correlated with the
distribution of the acetylcholine alpha-4 beta-2 nicotinic receptors and of the dopamine
transporters.

Pulvinar is a high order thalamic relay nucleus, participating in cortico-thalamo-cortical
circuits that modulate information processing (Sherman 2007). Citoarchitectonically, it is
divided into four regions: the anterior pulvinar, the inferior pulvinar, the medial pulvinar
and the lateral pulvinar (Stepniewska and Kaas 1997). The medial pulvinar is particularly
important in the establishment of connections with heteromodal association areas, such as
the superior and inferior temporal, the inferior parietal, the dorsolateral prefrontal and the
orbitofrontal cortices (Bridge et al. 2016). In our model, the pulvinar regions with highest
statistical association were medial and we demonstrated that they were structurally

connected with VAN cortical areas, through fronto-pulvinar projections, and with DAN
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cortical areas, by fronto-pulvinar and parieto-pulvinar projections (Bos and Benevento
1975; DeVito 1978; Lemaire et al. 2011).

As previously stated, pulvinar lesions may provoke hemispatial attention deficits
(Karnath et al. 2002). Decades ago, Sprague impressively found that lesion-provoked
hemispatial neglect in cats was attenuated by removing the contralateral superior colliculus
(Sprague 1966; Krauzlis et al. 2013). This effect was later observed in humans (Weddell
2004). In our model, the pulvinar established connections with the superior colliculi
through tecto-pulvinar fibres (Luppino et al. 1988), reinforcing the involvement of pulvinar
- superior colliculus interactions in attention processes.

The so-called Sprague effect is in part mediated by the pedunculopontine nuclei
(Durmer and Rosenquist 2001; Valero-Cabré et al. 2020), which is one of the brainstem
nuclei included in our model. The pedunculopontine nuclei posses a population of
cholinergic neurons in their caudal portion that give rise to a distinctive network that
regulate attentional states and enhance the processing of salient stimuli (Mena-Segovia and
Bolam 2017). The descending projections from these cholinergic neurons innervate the
nucleus pontis oralis (Mena-Segovia et al. 2008) and the gigantocellular nuclei (Martinez-
Gonzalez et al. 2014), while their dorsal ascending projections innervate the colliculi (Jeon
et al. 1993; Motts and Schofield 2009) and several nuclei of the thalamus, including the
pulvinar and the mediodorsal nuclei (Steriade et al. 1988). The pattern of the
pedunculopontine projections closely matches the brainstem and thalamic map evidenced
in our analysis.

The proposed relationship between the subcortical nuclei of the attention networks and
the acetylcholinergic system was reinforced by the neurotransmitter system correlation
analysis. The highest spatial correlation of both networks was with the acetylcholine alpha-
4 beta-2 nicotinic receptors and both were also spatially correlated with the distribution of
the vesicular acetylcholine transporters. The acetylcholine alpha-4 beta-2 nicotinic
receptors have a well-established relationship with sustained attention processes.
Acetylcholine alpha-4 beta-2 nicotinic receptors agonists reduce distractibility of adult
monkeys during the performance of matching-to-sample tasks with distractors (Prendergast
et al. 1998) and increase the firing rate of dorsolateral prefrontal neurons during sustained
attention tasks, an effect that is reversed by the co-administration of receptor antagonists
(Sun et al. 2017). In humans, transdermal nicotine administration improves attentiveness

(Levin et al. 1998; Valentine and Sofuoglu 2017).
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The projections of the VAN and DAN brainstem nuclei were also spatially correlated
with the distribution of the dopamine transporters and fluorodopa uptake. This finding is
consistent with the psychopharmacological knowledge about attention. Methylphenidate is
the first-line treatment for attention deficit hyperactivity disorder (Cortese et al. 2018).
Pharmacologically, it is a noradrenaline-dopamine reuptake inhibitor, with higher potency
for dopamine transporters (Gatley et al. 1996; Faraone 2018). Modafinil is a selective
inhibitor of dopamine transporters (Zolkowska et al. 2009) and also produces attention
enhancement effects (Turner et al. 2004; Repantis et al. 2010). Further studies are needed
to understand how the interplay between the nicotinic acetylcholine and the dopamine
systems occurs in attention networks, but it might be mediated by their interaction at the
levels of the striatum (Zoli et al. 2002; Exley and Cragg 2008) and midbrain (Blaha and
Winn 1993; Forster and Blaha 2003).

The characterization of the subcortical anatomy of attention networks in the human
brain fosters the exploration of a common structural-functional attentional framework
across species. Attention is far from being a specific cognitive ability of human beings
(Washburn and Taglialatela 2006). Species with either close or distant common ancestors
in the phylogenetic tree, such as monkeys, rats and pigeons, are able to scan, select and
maintain attention in surrounding environmental stimuli (Mackintosh 1965; Blough 1977,
Washburn and Taglialatela 2006; Wasserman and Castro 2021). A common subcortical
attention framework may surpass the challenge to find the cortical homologues of the
human VAN and DAN in other species (Patel et al. 2015).

The subcortical nuclei described in our model probably have different hierarchical and
functional roles. First, most of them are shared by the VAN and the DAN, while the
cortical regions of these networks are largely segregated (Vossel et al. 2014). Second,
certain distinctive attention disorders, such as hemispatial neglect, rarely occur after
brainstem lesions (Ringman et al. 2004). Brainstem nuclei are putatively closer linked with
more primary components of attention, such as arousal and alertness (Boucetta et al. 2014;
Petzold et al. 2015; Cox et al. 2016).

A limitation of our study is the inability to untangle the different roles of and the
dynamic interactions between the proposed subcortical structures. While the cortical
regions of the DAN and the VAN are quite neatly segregated (Vossel et al. 2014) the
subcortical nuclei described in our model probably contributed to both the VAN and the
DAN. Future investigations using our model to explore the BOLD signal during task-

related fMRI in humans or direct electrical recordings in animals might dissociate the
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hierarchical organisation and functional role of subcortical regions better than resting-state
fMRI.

In conclusion, this work proposes an improved neuroanatomical model of the VAN and
the DAN that includes the pulvinar, the superior colliculi, the head of caudate nuclei and a
group of brainstem nuclei interrelated with the acetylcholine nicotinic and with the
dopamine transporter systems. This novel framework reconciles behavioural,
electrophysiological and psychopharmacological data, and provides a common background

to understand the neural basis of attention across different species and brain pathologies.
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5.Spatial delusions and acute stroke treatment

Part of this section is included in the following manuscript (submitted):
* Alves PN, Fonseca AC, Pinho-e-Melo T, Martins IP. Novel patterns of stroke neural
damage link endovascular thrombectomy to the occurrence of spatial delusions.

Submitted.
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Introduction

Endovascular thrombectomy has markedly changed the paradigm of acute stroke
treatment (Powers et al. 2019), leading to better functional outcomes (Badhiwala et al.
2015; Rodrigues et al. 2016), milder neurological deficits (Berkhemer et al. 2015) and
smaller infarct volumes (Nogueira et al. 2018). However, the impact of revascularization
techniques goes far beyond these global outcome measures.

Behavioural changes are debilitating stroke sequelae (Krakauer and Hillis 2014) and
their occurrence is closely linked to specific patterns of damage in strategic brain regions
(Weaver et al. 2021) and neural networks (Thiebaut de Schotten et al. 2020). Importantly,
endovascular thrombectomy may change the classical distribution of stroke lesions
(Puntonet et al. 2019). Catheter manipulations close to vessels’ ostia and thrombus
fragmentation during extraction may prompt new infarcts in primarily unaffected arterial
territories (Puntonet et al. 2019). How these changes interfere with the behavioural
neurology of stroke is largely unknown.

Delusions of space, or reduplicative paramnesias, are disturbing right hemisphere
syndromes (Pick 1903) that result from a dual stream disconnection of right fronto-
thalamic and occipito-temporal fibres (Alves et al. 2021a, b). Recently, we prospectively
assessed the presence of this syndrome during the acute phase of right hemisphere stroke
and found a prevalence of 23% (Alves et al. 2021a), which was surprisingly high
considering previous observations (Murai et al. 1997; Dragicevic and Hoffmann 2015;
Stangeland et al. 2018).

Here, we aimed to investigate if the performance of endovascular thrombectomy was
associated with the occurrence of reduplicative paramnesia, and if this putative relationship

could be explained by novel patterns of lesion and structural disconnection.

Methods

Study sample and design

This research work is a subanalysis of a prospective, cumulative, case-control study that
aimed to evaluate the neural basis of spatial delusions after right hemisphere stroke (Alves
et al. 2021a). The study was performed from December/2016 to February/2020 in a stroke
unit of a university hospital in Lisbon, Portugal. Briefly, we consecutively evaluated 400
patients with right hemispheric ischemic or hemorrhagic strokes, admitted with less than

72 hours of symptoms onset, for the presence of spatial delusions. The screening was
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performed during the first 72 hours of admission and then at regular intervals of 48 hours
using a structured interview, until patients’ discharge (Alves et al. 2021a). The exclusion
criteria were: acute confusional state (delirium); decreased level of consciousness;
subarachnoid hemorrhage; epileptic seizures during admission; aphasia or severe
dysarthria precluding evaluation; severe visual deficit, precluding confrontation with
counter-evidence stimuli; history of dementia; absence of a stroke lesion in brain imaging,
or unavailable brain images (Alves et al. 2021a).

Of the 297 patients that fulfilled the study criteria, 64 cases of spatial delusions and 233
controls were identified. Additional cases were prospectively included from March/2020 to
June/2021 (n=17). For the present case-control analysis, we selected the ischemic stroke
patients (cases, n=78; controls, n=212).

Our center follows the standard of care guidelines of stroke treatment (Powers et al.
2019; Turc et al. 2019).

The study was approved by the Ethics Committee of the Lisbon Academic Medical

Centre.

Clinical characterization

Demographic and stroke clinical data were collected, namely, age, gender, NIHSS at
admission and discharge, stroke vascular territory and acute treatment.

In Lisbon, endovascular thrombectomy is performed by four hospitals, in rotation shifts
(including our centre). Inter-hospital transfers are frequent between these centres and with
smaller peripheral hospitals. Due to the putative contribution of inter-hospital transfers to
the onset of space misinterpretations, this variable was also registered.

Patients solely submitted to arterial puncture and angiography (due to proximal
extracranial artery obstruction or unfavourable anatomy, or due to spontaneous
recanalization) were included in the no thrombectomy group, because the study hypotheses
were based on the putative lesion pattern changes induced by thrombus manipulation and

extraction.

Neuroimaging analysis
Stroke lesion delimitation was performed on the diffusion diffusion-weighted imaging

sequence of brain MRI (preferentially) or on the brain CT images performed 24-72 hours
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after stroke onset (MRI, n=122; CT, n=168). Standard linear and nonlinear transformations
were used to normalize lesion mask into the MNI152 space (Jenkinson et al. 2012).
Structural disconnectomes were computed using a tract-wise approach, with the
BCBtoolkit’s tool Disconnectome (Foulon et al. 2018). Each lesion was superimposed on a
group of 178 healthy subjects’ tractography from the Human Connectome Project 7 Tesla
dataset and the voxel-wise probability maps of disconnection were calculated. The voxels
disconnected in a least half of tractography maps were included (Thiebaut de Schotten et

al. 2020).

Endovascular thrombectomy and reduplicative paramnesia

The bivariate association between endovascular thrombectomy (independent variable)
and spatial delusions (dependent variable) was determined with a chi-square test. In the
multivariate analysis, a logistic regression was performed including the covariates: age,
clinical severity (measured by the NIHSS at admission), vascular territory, inter-hospital
transfer and endovenous thrombolysis. These variables were chosen based on clinical and
statistical rationale, namely previously demonstrated clinical association and statistical

correlation with the dependent and independent variables.

Endovascular thrombectomy and brain structural changes

A voxel-wise logistic regression was performed to analyse the association between
endovascular thrombectomy (independent variable) and brain structural changes (lesion or
structural disconnection as dependent variable). Clinical severity, stroke vascular territory

and endovenous thrombolysis treatment were included as covariates.

Correlation and conjunction analyses

First, we analysed if the voxel-wise reduplicative paramnesia proportion maps were
correlated with the endovascular thrombectomy proportion maps, using the neuromaps’
tool ‘compare images’ (Hansen et al. 2021; https://netneurolab.github.io/neuromaps/).
These correlations were compared with the control correlations using cocor (Diedenhofen
and Musch 2015).

Then, we determined if the endovascular thrombectomy statistical maps spatially

overlapped the reduplicative paramnesia disconnection statistical map (available at
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https://neurovault.org/collections/DCRSGZBD/; Alves et al. 2021a). Both were converted
into z-maps and a conjunction analysis was performed. Significantly shared clusters were

identified with a Gaussian Random Field theory approach, using FSL’s function cluster

(Jenkinson et al. 2012).

Statistical significance and software
Alpha levels were set at 0.05 for statistical significance. Statal4® and the python
package statsmodels (https://www.statsmodels.org/) were used to perform the statistical

analysis.

Results

Demographic and clinical features

The detailed descriptive statistics and bivariate analysis of the demographic and clinical
features of the cases and controls are available in Table 25. Patients that presented
reduplicative paramnesia were older, had higher NIHSS scores at admission, and were
subjected to endovascular thrombectomy and interhospital transfer more frequently. There
were no significant differences in the NIHSS at hospital discharge and in the frequency of
treatment with endovenous thrombolysis.

The detailed descriptive statistics and bivariate analysis about endovascular treatment in
cases and controls are available in Table 26. Endovascular thrombectomy was performed
in the anterior circulation in most patients (right middle cerebral artery, n=92, 69%; right
internal carotid artery, n=40, 30%; basilar artery, n=2, 1%). There was no significant
difference between cases and controls in terms of occluded vessels, treated vessel, TICI

score, reperfusion technique (stent retriever and/or aspiration), and number of passages.
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Table 25. Demographic and clinical features of cases and controls

Cases Controls | p-value
(n=78) (n=212)
Age (years-old) 78 [71-83] | 69 [59-78] | <0.001
Gender (F/M) 37/41 93/119 0.588
NIHSS admission 16 [13-18] | 11[6-16] | <0.001
NIHSS discharge 4 [1-10] 5[2-11] 0.308
Vascular territory 0.004

ACAR 0 (0%) 2 (1%)

AChA R 0 (0%) 1 (0.5%)

MCA R 61 (78%) 161 (76%)

MCA RL + PICA 1 (1%) 0 (0%)

MCAR+ACAR 7 (9%) 6 (3%)

MCAR+ACAR+PCAR 1 (1%) 7 (3%)

MCA + AChA R 0 (0%) 1 (0.5%)

MCAR +PCAR 4 (5%) 3 (1%)

MCA R +PICAR 0 (0%) 3 (1%)

PCAR 2 (3%) 26 (12%)

PCAR +PICAR 0 (0%) 1 (0.5%)

Basilar artery + PCA R 2 (3%) 0 (0%)

Basilar artery + PCA RL 0 (0%) 1 (0.5%)
Endovenous thrombolysis 42 (54%) 133 (63%) | 0.170
Endovascular thrombectomy 54 (69%) 80 (38%) | <0.001
Interhospital transfer 44 (56%) 83 (39%) | 0.009

ACA, anterior cerebral artery; AChA, anterior choroidal artery; L, left; MCA, middle
cerebral artery; PCA, posterior cerebral artery; PICA, posterior inferior cerebellar artery;
R, right.
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Table 26. Endovascular thrombectomy features of cases and controls.

Cases Controls | p-value
(n=54) (n=80)
Occluded intracranial segment 0.248
Basilar artery, top 2 (4%) 0 (0%)
Internal carotid artery, top 16 (30%) 24 (30%)
M1 28 (52%) 48 (60%)
M1 + A2 1 (2%) 0 (0%)
M1 + A3 1 (2%) 0 (0%)
M1 + A4 0 (0%) 1 (1%)
M2 5(9%) 7 (9%)
M2 + Al 1 (2%) 0 (0%)
Treated intracranial segment 0.364
Basilar artery, top 2 (4%) 0 (0%)
Internal carotid artery, top 16 (30%) 24 (30%)
M1 30 (56%) 49 (61%)
M2 5(9%) 7 (9%)
M2 + Al 1 (2%) 0 (0%)
TICI score 0.835
0 5 (9%) 3 (4%)
1 0 (0%) 1 (1%)
2a 2 (4%) 2 (3%)
2b 26 (48%) 16 (20%)
2c 11 (20%) 9 (11%)
3 36 (67%) 23 (29%)
Treatment technique* 0.150
Aspiration 29 (56%) 38 (54%)
Stent retriever 9 (17%) 21 (30%)
Aspiration + stent retriever 14 (27%) 11 (16%)
Number of attempts™ 2 [1-4] 2 [1-3] 0.736

* 12 missing values.
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Multivariate statistical association
Endovascular thrombectomy was an independent predictor of reduplicative paramnesia

in the multivariate analysis (Table 27).

Table 27. Multivariate regression for the occurrence of reduplicative paramnesia
(dependent variable).

Independent variables Odds Ratio | Confidence interval (95%) | p-value
Endovascular thrombectomy 2.46 [1.18, 5.16] 0.017
Endovenous thrombolysis 0.62 [0.34, 1.15] 0.128
NIHSS at admission 1.12 [1.05, 1.19] <0.001
Age 1.07 [1.04, 1.09] <0.01
Inter-hospital transfer 0.91 [0.46, 1.78] 0.777
Vascular territory 1.06 [0.30, 3.73] 0.922

The wvariables endovascular thrombectomy, intravenous thrombolysis, inter-hospital
transfer and vascular territory were dichotomous. The dichotomy in vascular territory was

between infarct of the middle cerebral artery territory vs other territories.

Maps’ spatial correlation

Endovascular thrombectomy was associated with lower probabilities of lesion and
structural disconnection of frontal, parietal and temporal regions and with higher
probabilities in deep subcortical and insular regions (regressing for NIHSS at admission,
endovenous thrombolysis and stroke territory; Figure 36).

The lesion proportion map of the patients submitted to endovascular thrombectomy had
a significantly higher spatial correlation with the lesion proportion map of cases than
controls (Figure 37A; Spearman’s r cases=0.96, controls=0.85; p<0.001). The same
relationship was observed with structural disconnection proportion maps (Figure 37B;

Spearman’s r cases=0.98, controls=0.94; p<0.001).
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Figure 36. Beta coefficient maps for the association of endovascular thrombectomy with
lesion (top) and structural disconnection (bottom), regressing for clinical severity, stroke
vascular territory and endovenous thrombolysis treatment. Only the statistically significant

voxels are represented.
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Figure 37. Spatial correlations between the proportion maps of the patients submitted to

endovascular thrombectomy and the proportion maps of cases and controls, regarding

voxel lesion (A) and voxel structural disconnection (B). EVT, endovascular

thrombectomy; r, Spearman’s correlation; SpD, spatial delusions.
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Shared clusters of lesion and disconnection

The conjunction analysis showed that both the endovascular thrombectomy lesion and
structural disconnection maps had significant clusters of intersection with the reduplicative
paramnesia disconnection map (Figure 38). The lesion cluster overlapped the anterior limb
of the internal capsule and the anterior temporal regions (Figure 38A). The structural
disconnection cluster involved thalamo-orbitofrontal and anteroinferior temporal fibres

(Figure 38B).

A Lesion B Structural disconnection

Odds ratio Odds ratio

1 4 6 1 2 3

Figure 38. Statistically significant clusters of the conjunction analysis between the
structural disconnectome map of reduplicative paramnesia and the endovascular
thrombectomy associated lesion maps, regressing for NIHSS at admission, endovenous
thrombolysis and stroke territory (A); and between the structural disconnectome map of
reduplicative paramnesia with the endovascular thrombectomy associated lesion maps,
regressing for the same variables (B). The colourmaps represent odds ratios. AIC, anterior
limb of the internal capsule; AITF, anteroinferior temporal fibres; ATL, anterior temporal

lobe; R, right; TOF, thalamo-orbitofrontal fibres.
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Discussion

In this study, we demonstrated an association between the occurrence of spatial
delusions and the performance of endovascular thrombectomy after right hemisphere
stroke. We showed the existence of shared clusters of lesion and structural disconnection,
which overlapped the anterior limb of the internal capsule, disrupting thalamo-orbitofrontal
fibres, and anterior temporal regions.

Most of the arterial ostia supplying these anatomical regions emerge from the MI
segment of the middle cerebral artery. The internal capsule anterior limb receives blood
supply from perforating lenticulostriate arteries, which variably arise from the anterior and
the middle cerebral arteries (Shapiro et al. 2020). The anterior temporal region is irrigated
by the anterior temporal and temporopolar arteries, which most frequently emerge before
middle cerebral artery bifurcation (Tanriover et al. 2003).

Proximal middle cerebral artery branches seem to be particularly prone to ischemia in
endovascular thrombectomy. Nearly half of new territory infarcts are associated with
catheter manipulation past arterial ostia (Kaesmacher et al. 2020) and more than one fifth
of patients submitted to middle cerebral artery thrombectomy have lenticulostriate infarcts
proximal to the occluded segment, in arteries that were permeable before the recanalization
(Kleine et al. 2017).

As limitation, this work was performed in a tertiary stroke unit and may not be
representative of the entire stroke population.

Despite the undoubted effectiveness of endovascular thrombectomy, it may condition
new patterns of lesion and putatively modulate the behavioural neurology of stroke. Our
work demonstrates how it affects the occurrence of spatial delusions after right hemisphere

stroke.
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IV. General discussion and

conclusions
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In this thesis, we investigated the neurology of stroke-associated spatial delusions. We
analysed their clinical presentation and neural basis, studied the neuroanatomy of
putatively related multimodal integrative functional networks, and explored their

association with endovascular thrombectomy.

Clinical phenomenology of spatial delusions
Our results show that spatial delusions have characteristic patterns of presentation. The

places of mislocation typically are affectively relevant and most patients localize them
closer to their home than to the hospital (studies 1 and 2). The abnormal modulation of
place-emotion binding putatively leads to an adaptive behaviour of mislocation to a
psychologically more pleasant place (Paterson and Zangwill 1944; Ovelacg et al. 1988).

The time duration of stroke-associated spatial delusions is generally short (study 2).
This feature is shared with other right hemisphere disconnection syndromes involving
belief and reality monitoring disturbances, such as anosognosia for hemiplegia (Vocat et
al. 2010; Pacella et al. 2019). We showed that their duration was moderately correlated
with the magnitude of structural-functional decoupling of belief-related networks. Inferior
temporal fibres were the major drivers of this relationship. Left hemisphere disconnection
may contribute to syndrome prolongation by further unleashing false explanations
(Devinsky 2009).

Most patients maintain a correct semantic knowledge about hospital location and
orientation in time, and nearly half were able to describe spatial routes mentally (study 2).
This evidence highlights the specificity of the syndrome to place-related misinterpretation.

Confabulatory mislocation is the most frequent delusion subtype after stroke, followed
by place reduplication and chimeric assimilation (study 2). Although these three clinical
subtypes represent different poles of pathological familiarity for space (Devinsky 2009),
case clustering based on structural decoupling of familiar and unfamiliar-associated
functional networks poorly matched clinical categorization. We provided a comprehensive
description of the patients’ response patterns according to the spatial delusion subtype.
Representative examples were reported, which may facilitate the clinical diagnosis of the

syndrome.
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Neural basis of spatial delusions

We showed that delusions of space after stroke are associated with structural
disconnection of right thalamo-orbitofrontal and right occipito-temporal fibres (study 3).
This dual-stream pattern of disconnection putatively constitutes the two-hit model
neurobiological basis (Coltheart et al. 2011).

The orbitofrontal cortex and the anterior temporal lobe compose the temporo-amygdala-
orbitofrontal division of the limbic system. They are fundamental for cognitive-emotional
integration (Catani et al. 2013) and participate in evaluating false beliefs, reality
monitoring and attribution of proper familiarity values to visual stimuli (Petrides et al.
2002; Hartwright et al. 2012; Kandylaki et al. 2015; Simons et al. 2017). Notably, the
activity of the temporo-amygdala-orbitofrontal system is modulated by thalamic nuclei
(Romanski et al. 1997; Child and Benarroch 2013; Arcaro et al. 2018). We propose that
fronto-thalamic disconnection might cause an imbalance of the temporo-amygdala-
orbitofrontal system.

The occipito-temporal pathways are critical in visual environmental perception and
allocentric positioning (Epstein and Kanwisher 1998; Evensmoen et al. 2021). A proper
implicit spatial interpretation depends on integrating place-related information with the
belief and familiarity limbic networks. We propose that disconnection of the occipito-
temporal pathways might cause an abnormal interaction between place-related networks
and the limbic temporo-amygdala-orbifrontal system, leading to disturbed covert
identifications of spatial stimuli.

The dual-stream pattern of structural disconnection matches the results obtained in the
analysis of cases reported in the literature (study 1). The spatial delusions-associated
structural changes mediate functional decoupling of the belief, familiarity and place
networks (study 1), further supporting the temporo-orbitofrontal limbic disconnection

model.

Subcortical anatomy of multimodal integrative functional networks

In studies 4.1 and 4.2, we unveiled the subcortical anatomy of multimodal integrative
functional networks, namely the default mode network and the ventral and dorsal attention
networks.

We found that basal forebrain nuclei and the anterior and mediodorsal thalamic nuclei

integrate the default mode network (study 4.1). The proposed configuration matches the
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unitary model of the limbic system (MacLean 1949; Yakovlev and Locke 1961). The
default mode network works as a transmodal integrator of semantic, episodic and
autobiographical memory with emotion and social cognition (Margulies et al. 2016). The
identified deep brain nuclei are the probable mediators of this function at the subcortical
level.

In addition, we demonstrated that the pulvinar, the superior colliculi, the head of
caudate nuclei and a cluster of brainstem nuclei incorporate the ventral and dorsal attention
networks (study 4.2). Neurochemically, our results reveal that their brainstem nuclei
projections are spatially correlated with the acetylcholine nicotinic and dopamine
transporter systems. Along with the cortical structures of the attention networks, we
propose that this subcortical circuits take part in the prioritization of relevant sensory
inputs and in the selection of external information according to internal goals and
expectations (Corbetta and Shulman 2002; Petersen and Posner 2012).

The cortico-subcortical structural connections of the default mode network and the
ventral attention network include thalamic connections with ventral regions of the frontal
lobe (studies 4.1 and 4.2), raising the hypothesis of a common connectivity background
between these networks and spatial delusions. Further studies would be important to
endorse this hypothesis by contrasting resting-state connectivity during spatial delusions

and after their resolution.

Association of spatial delusions with endovascular thrombectomy

In study 5, we established an association between the occurrence of spatial delusions
after stroke and the performance of endovascular thrombectomy. Despite the remarkable
benefits of endovascular thrombectomy for ameliorating the neurological sequela of stroke,
thrombus manipulation and extraction may change the classical pattern of stroke neural
damage (Kleine et al. 2017; Puntonet et al. 2019). Our results show that endovascular
thrombectomy shares anatomical clusters of higher lesion probability with the structural
disconnectome map of spatial delusions. This relationship occurred at the anterior limb of
the internal capsule, disrupting thalamo-orbitofrontal fibres, and at anterior temporal
regions. Perforating lenticulostriate arteries and the anterior temporal and temporo-polar
arteries irrigate these regions. They commonly arise from the middle cerebral artery’s
proximal segment and seem to be particularly vulnerable to post-procedure ischemia

(Kleine et al. 2017).
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Figures 39 and 40 illustrate the main findings and interpretations of this thesis.

Clinical phenomenology of spatial delusions

Short duration syndrome )
"Why are these patients at my home?"

\, “This shall be a duplication of the hospital."

13 days 29

Mislocation closer to home “How did you find my home?"
ESESE 5990)) A "My home is now a hospital.
[ES 7777 i | might make profit"
93%
Association with thrombectomy "The architect should have been the same."

Shared clusters
of lesion and
disconnection

"The hospital might not have
enough beds"

Figure 39. Summary of the clinical and phenomenological features of spatial delusions

after stroke.
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Figure 40. Illustration of the proposed pathophysiology of spatial delusions. DAN, dorsal

attention network; DMN, default mode network; VAN, ventral attention network.
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In conclusion, our results provide a more comprehensive understanding of the clinical
and phenomenological features of stroke-associated spatial delusions, which may foster the
awareness and the proper diagnosis of the syndrome. The novel knowledge about stroke-
associated spatial delusions neural basis may contribute to disentangling the

pathophysiology of delusional misidentifications and spatial misinterpretation disorders.
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Interpretation of space is an important determinant of human behaviour. Delusions of
space, or reduplicative paramnesias, are a particularly disturbing form of spatial disori-
entation characterized by the patients' strong belief of place reduplication, transformation
or mislocation. Their occurrence following focal brain damage provides a unique oppor-
tunity to unveil the structural-functional basis of space misinterpretations.

First, we identified reports of lesion-associated reduplicative paramnesias with brain
images available through a systematic review of the literature (n = 24). Each lesion was
matched with 4 stroke controls and the sample was randomly split in an exploratory
(n = 60) and in a validation (n = 60) dataset. Second, we used 178 7T tractographies to
compute structural disconnectome maps and analysed lesion topography and discon-
nection patterns. Delusions of space were significantly associated with structural discon-
nection of right ventrolateral prefrontal and right temporal regions, and this finding was
replicated in the validation sample. Third, we performed a functional meta-analysis of
syndrome-related terms. We demonstrated that the structural disconnectomes of de-
lusions of space were spatially correlated with the functional meta-analytic maps of fa-
miliarity and place, and replicated the previous evidence that the lesion topography maps
are spatially correlated with belief-related functional networks. No association was found
with control terms.

These results reveal that structural disconnection putatively mediates functional
changes associated with reduplicative paramnesias and provide a possible neural basis for
the content specificity for places that characterizes these delusional beliefs.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Spatial disorientation is a striking manifestation of brain
disease, which profoundly disturbs patients' behaviour. De-
lusions of space, also known as reduplicative paramnesia, are
a particularly disrupting subtype of spatial disorientation.
Patients present prominent misinterpretations of space,
believing that they are in a different place from the real one,
and their conviction is unchangeable even after being exposed
to evidence that would clearly prove otherwise (Pick, 1903).
They may believe that they are in a replica or duplication of a
certain place (i.e., place reduplication), in a space that results
from the combination or fusion of two distinct places (i.e.,
chimeric assimilation), or in a place that is substantially
different from the real one (i.e., confabulatory mislocation;
Politis & Loane, 2012).

Observational studies have demonstrated that reduplica-
tive paramnesia is a frequent manifestation of different brain
disorders, either of degenerative or focal aetiology. In a cohort
of patients with right hemispheric focal brain injuries (either
right-side or bilateral) who were admitted to a rehabilitation
centre (mostly stroke and traumatic brain injuries), Murai and
colleagues reported a prevalence of 17% (Murai, Toichi,
Sengoku, Miyoshi, & Morimune, 1997). In Dementia with
Lewy bodies, the described prevalence is 20% (Nagahama
et al.,, 2007), while in the moderate stages of Alzheimer's dis-
ease it might be as high as 30% (Perini et al., 2016). At the
neuropsychological level, reduplicative paramnesia has been
associated with neuropsychological deficits in executive
functions and in non-verbal episodic memory tasks
(Borghesani, Monti, Fortis, & Miceli, 2019). However, the
neuroanatomical basis of this syndrome remains elusive
(Bartolomeo, Vito, & Seidel, 2016). On the one hand, delusions
misidentifications have been associated with functional dis-
turbances of familiarity and belief evaluation networks
(Darby, Laganiere, Pascual-Leone, Prasad, & Fox, 2017), but
how this relationship is established at the structural level is
uncertain. On the other hand, the neural basis of the content
specificity for places that characterizes the delusional beliefs
of reduplicative paramnesia is undetermined.

The occurrence of delusions of space after focal brain le-
sions constitutes a particular opportunity to unveil the
neuroanatomical circuits underlying their phenomenological
and functional features. Here, we aimed to study the struc-
tural connectivity patterns of reported lesion-associated
reduplicative paramnesias, and to analyse their spatial rela-
tionship with functionally related network maps.

2. Materials and methods
2.1. Search strategy and selection criteria

To identify cases of reduplicative paramnesia associated with
focal brain lesions, we performed a systematic review. Pro-
tocol development and result reports were done according to
The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (PRISMA checklist pro-
vided in the Supplemental Table 1).

The search term ‘reduplicative paramnesia’ and the related
search terms ‘reduplicative phenomenon’, ‘chimeric assimi-
lation’, ‘confabulatory mislocation’, ‘extravagant spatial
localization’, ‘delusional misidentification’, ‘space confabula-
tion’, ‘spatial confabulation’ and ‘spatial delirium’ were
applied in the databases Pubmed, EMBASE, PsycInfo and Web
of Science. First, the abstracts were screened. If there was not
enough information in the abstract, the full text was con-
sulted. The specific search formulae, the inclusion and
exclusion criteria, and the data extracted are available in the
Supplemental Tables 2 and 3.

Our database search retrieved a total of 1949 references,
932 repeated references were removed and the free search
resulted in 7 new references. The total number of analysed
references was 1024. A total of 708 references were excluded
after abstract screening and 166 after assessing the full text.
Of the 57 articles included, most were case reports and case
series. The flow diagram of study selection is displayed in
Supplemental Fig. 1. The total number of patients with redu-
plicative paramnesia was 123. Of these, 67 were associated
with focal brain lesions. Twenty-four cases had MRI or CT
images available (MRI, n = 10; CT, n = 14). All images were
reported separately, i.e., none corresponded to group-level
analyses.

2.2. Neuroimaging analysis

2.2.1. Lesion topography

The reports with brain images available were selected. Each
lesion was mapped onto a common brain atlas, the MNI152
1 mm standard space. Two clinicians with experience in the
analysis of brain images (PNA and DPS) performed lesion
tracing. The slices that best matched the published images in
each article (either, axial, coronal or sagittal) were chosen by
consensus between the two clinicians. Neuroanatomical
landmarks were used as reference for slice selection (Boes
et al., 2015). Then, both authors independently performed
lesion tracing on the selected slices using FSLeyes (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FSLeyes). Inter-observer agreement
was analysed by calculating the Dice similarity coefficient
(Liew et al., 2018):

~ 2XnY|
IX| +1Y]

where X and Y represent the voxels selected by each investi-
gator, and DC represents the similarity coefficient that ranges
from 0 (no overlap) to 1 (perfect overlap). The percentage of
voxels for which the investigators disagreed was also calcu-
lated. Lesions were extended 2 mm perpendicular to the
planes they were registered. According to Boes and colleagues,
this method allows a conservative balance between inflated
and scarce lesion overlap when lesions are extracted from the
literature, as performed in our study (Boes et al., 2015).

For statistical analysis, two different control datasets were
used. We used a database of 233 stroke lesions prospectively
collected in our stroke unit. Patients were recruited from
December 2016 to February 2020. Reduplicative paramnesia is a
right-hemisphere syndrome (Bartolomeo et al.,, 2016). The
database included ischaemic stroke and intracerebral hae-
morrhage lesions with right hemisphere involvement (either
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right-sided or bilateral). Patients were systematically evaluated
for reduplicative paramnesia and none of the included patients
presented reduplicative paramnesia during the period of their
hospitalization (median length of hospitalization = 7 days,
interquartile range 5—11 days). Lesion delimitation was per-
formed manually based on MRI (preferentially) or CT images in
the native space. Then, the images were registered to the
MNI152 space. For MR], the sequence of reference for lesion
delimitation was the diffusion-weighted imaging (de Haan &
Karnath, 2018). T1 images were linearly registered applying
an affine transformation (12 degrees of freedom) using FSL
FLIRT tool (Jenkinson, Beckmann, Behrens, Woolrich, & Smith,
2012). Then, a non-linear registration was performed using FSL
FNIRT tool. For CT images, a linear registration with an affine
transformation was performed (de Haan & Karnath, 2018).
Finally, the deformation fields were applied to the lesion
masks.

In addition, we used the open-source dataset ATLAS
(Anatomical Tracings of Lesions After Stroke; Liew et al., 2018).
ATLAS is a multicentre neuroimaging collection, derived from
11 cohorts worldwide, that includes 304 ischaemic stroke le-
sions of different arterial territories. Lesions were manually
delimited based on high resolution T1-weighted structural
MRI, and 229 of them were normalized to the MNI152 space.
No behavioural data is publicly available in this dataset.

For proper comparison of reduplicative paramnesia lesions
extracted from the literature, we selected the slices from the
stroke controls dataset where there were lesions in the
reduplicative paramnesia group (Barahona-Correa et al.,
2020). Then, they were matched for lesion volume and for
hemispheric lateralization (either right, left or bilateral). Each
reduplicative paramnesia lesion was matched with four con-
trol stroke lesions, two from our inward dataset and two from
the ATLAS dataset.

Randomise is a FSL tool that computes nonparametric
permutation inference on neuroimaging data (Winkler,
Ridgway, Webster, Smith, & Nichols, 2014). To calculate
brain areas significantly associated with reduplicative
paramnesia, a permutation test comparing cases and stroke
controls was performed using this tool (Winkler et al., 2014).
Five thousand permutations were computed, applying a
threshold-free cluster enhancement, and the statistical maps
were family-wise error corrected.

To evaluate the generalization of our results, the sample
was split in two groups: the exploratory sample and the vali-
dation sample. Splitting was performed randomly, controlling
for lesion volume. First, we run randomise in the exploratory
sample. If there were statistically significant differences be-
tween cases and stroke controls, we analysed if the results
were replicable in the validation sample, i.e., if the regions
that were found in the exploratory sample also presented
statically significant differences in the validation sample.

Age is a proxy of brain reserve and is an important deter-
minant of cognitive disturbances after focal brain lesions
(Umarova et al., 2021). Therefore, we also performed a
regression analysis, using FSL's tool randomise, in which we
included patients' age as a covariate in the model (de Haan &
Karnath, 2018). In this analysis, we could not include the
control stroke lesions from ATLAS dataset, because the in-
formation about the age of these patients is not publicly

available. Since no information is available about the putative
occurrence of reduplicative paramnesia in the ATLAS dataset,
this sensitivity analysis also allowed a comparison with con-
trol stroke patients that were systematically assessed for the
presence of the syndrome.

2.2.2. Structural connectivity

Disconnectome (http://www.bcblab.com; Foulon et al., 2018;
Thiebaut de Schotten et al., 2014) is a tool that superimposes
brain lesion maps onto tractography reconstructions obtained
from a group of healthy controls and indirectly estimates
which fibre tracts would be disrupted by a focal lesion. The
output is a structural disconnection map representing the
probability of each voxel being disconnected by a certain
lesion. We derived disconnection maps from the 7T dataset of
the Human Connectome Project (n = 178; Vu et al., 2015).
Tractographies were obtained using a whole-brain deter-
minist approach, using the StarTrack software (https:/mr-
startrack.com), and applying a spherical deconvolution
methodology, specifically a damped Richardson-Lucy algo-
rithm. They were made available with BCBtoolkit (http://
www.bcblab.com) and the full details of pre-processing are
described in Karolis, Corbetta, & Thiebaut de Schotten, 2019.
Voxels were included in the disconnectome map if they were
disconnected in more than 50% of tractographies (Foulon
et al., 2018).

Randomise was used to perform the permutation test
comparing the structural disconnection maps between cases
and stroke controls, using the same settings and the same
cross-validation approach detailed in section about the lesion
topography analysis. In addition, we performed a regression
analysis including patients' age as a covariate in the model, as
specified in the previous section. Since tumours may displace
surrounding white matter tracts (Witwer et al., 2002) and bias
the structural connectivity analysis, a supplemental analysis
excluding tumoral lesions was also computed.

2.2.3. Classification performance of the lesion topography and
of the structural disconnection maps

To evaluate the classification performance of the neuro-
imaging models, i.e., their accuracy to correctly identify cases
of reduplicative paramnesia in an independent lesion sample,
voxel-wise balanced accuracy maps were computed using
lesion topography maps or structural disconnection maps as
predictors. Logistic regression was the classification algorithm
applied, and the output variable was the occurrence of redu-
plicative paramnesia. First, the models were trained (i.e., the
logistic weights were estimated) in the exploratory sample.
Then, the performance of the logistic model to correctly
classify a neuroimaging input as corresponding or not to a
case of reduplicative paramnesia (at a voxel level) was eval-
uated in the validation sample. Therefore, the classification
performance was evaluated in a group of neuroimaging maps
that did not contribute to the building of the model.

Our dataset was imbalanced, in a ratio of 1 case to 4 con-
trols. Evaluation of classification performance in imbalanced
datasets can be misleading, because most predictive tech-
niques have a poor performance on the minority class (He &
Garcia, 2019). To address this issue, we used the Synthetic
Minority Over-sampling Technique (SMOTE) algorithm to
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perform a synthetic over-sampling of the minority class in the
exploratory sample, by linearly interpolating new minority
instances between the 5 nearest neighbours, as recommended
(Chawla, Bowyer, Hall, & Kegelmeyer, 2002; Luque, Carrasco,
Martin, & de lasHeras, 2019). Balanced accuracy was chosen
as the classification metric, to avoid the spuriously high ac-
curacy estimations that may occur in the evaluation of
imbalanced datasets (Chawla, 2005). The analysis was per-
formed using scikit-learn .24.1 package (Pedregosa et al., 2011).

2.2.4. Structural—functional coupling

Neurosynth (http://neurosynth.org/) is an automated and
validated tool to extract large-scale neuroimaging data from
the literature (Yarkoni, Poldrack, Nichols, Essen, & Wager,
2011). Based on text-mining and machine-learning tech-
niques, it generates meta-analytic maps of functional studies
whose abstract mention a certain term of interest.

Darby and colleagues (Darby et al., 2017) studied the rela-
tionship between the functional meta-analytic maps of fa-
miliarity and belief evaluation and the functional connectivity
maps of 17 lesion-induced delusional misidentifications. They
found an overlap between them, however it is unknown how
this relationship is established at the structural level, i.e., if it
is mediated directly by the lesions or by structural discon-
nection. Here, we used Neurosynth to generate functional
meta-analytic maps of similar terms, namely ‘familiarity’ and
‘belief’. There are several forms of delusional mis-
identifications, which manifest for different kinds of stimuli.
Reduplicative paramnesia is a delusional misidentification of
space and places. Therefore, these two terms — ‘space’ and
‘place’ — were also included. Other monothematic delusional
misidentification syndromes manifest for other kinds of
stimuli (Devinsky, 2009): Capgras and Fregoli syndromes for
faces, somatoparaphrenia for parts of the body, most
commonly limbs; and Cotard syndrome for interoceptive
stimuli. To test the hypothesis that reduplicative paramnesia
would be associated with ‘place’ or ‘space’-related functional
networks, but not with networks related to ‘faces’, ‘limb’,
‘body’ and ‘interoceptive’, these terms were included too.

Since reduplicative paramnesia was also associated with
neuropsychological deficits in executive functions and in non-
verbal episodic memory tasks (Borghesani et al., 2019), we
performed a supplemental analysis including the Neurosynth
terms ‘executive functions’ and ‘memory task’.

The Neurosynth extracted maps are thresholded to correct
for multiple comparisons, using a False Discovery Rate crite-
rion of .01. This threshold is applied by default in Neurosynth
(http://neurosynth.org/). No additional threshold was applied.

Then, we analysed the spatial correlation between the
functional meta-analytic maps of the terms of interest and the
lesion topography maps. In addition, we performed the same
analysis with the structural disconnection maps. Since Neu-
rosynth maps predominantly represent areas of cortical acti-
vation, while the tractography-derived masks mainly
correspond to white matter regions, we projected the dis-
connectome maps to the cortical ribbon. First, we converted
streamline tractographies into streamline density volumes, in

which voxel values corresponded to the number of fibres
crossing each voxel (Nozais, Forkel, Foulon, Schotten, & Petit,
2021). This step was performed using the MRtrix3 command
tckmap (Tournier et al.,, 2019). Second, all individual stream-
line density volumes were aligned with each other by per-
forming a diffeomorphic normalization (Nozais et al., 2021).
This step was computed using the Advance Normalisation
Tools' script buildtemplateparallel.sh, and defining cross-
correlation as the similarity measure and greedy SyN as the
transformation model (Avants et al., 2011). With this, we ob-
tained an average template of the streamline density volumes.
Third, we registered the average template to the MNI152 1 mm
standard space, using FSL's tool flirt (Jenkinson et al., 2012;
Nozais et al., 2021), and applied the transformation warp to
the individual disconnection maps. With this, we obtained
disconnectome maps projected into grey matter. Then, we
analysed the spatial correlation between the functional meta-
analytic maps of the terms of interest and the projected dis-
connectome maps.

Finally, we also analysed if the relative spatial overlap of
the lesion topography and of the structural disconnection
maps with the meta-analytic functional maps was signifi-
cantly different, in the cases of reduplicative paramnesia. The
Dice similarity coefficient was calculated and a paired com-
parison was performed.

2.3. Statistical analysis

Continuous variables were reported as mean (standard devi-
ation) or median [interquartile range] and compared using
two-tailed Mann—Whitney test or two-tailed unpaired-t test,
as appropriate. Categorical variables were reported as
frequencies.

Alpha levels were set at .05 for statistical significance. In
the neuroimaging analysis, a family-wise error rate approach
was used to correct for multiple comparisons. For the com-
parison of other variables, a Bonferroni correction was
applied.

The statistical approach to build and evaluate the classifi-
cation performance of the neuroimaging models was pre-
sented previously, in the corresponding section.

3. Results
3.1. Demographic and phenomenological characteristics

The median age of the 67 patients reported was 66 [53—72]
years old and the median time duration of delusions of space
was 60 [30—113] days (reported in 31 cases). The phenome-
nological features of the reported cases are presented in
Table 1.

The aetiologies of the lesions with brain images available
(n = 24) were: stroke, n = 17; tumour, n = 3; trauma, n = 2;
encephalitis, n = 1; and subarachnoid haemorrhage with focal
parenchymal lesions, n = 1. A summarizing table, detailing
the type of study, the number of patients assessed, the
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Table 1 — Phenomenological characteristics of delusions of space.

Subtype of Reduplication 35 (52%)
reduplicative Chimeric assimilation 9 (13%)
paramnesia Confabulatory mislocation 9 (13%)
(reported in 67) Reduplication and confabulatory mislocation 7 (10%)

Reduplication and chimeric assimilation 3 (4%)
Confabulatory mislocation and chimeric assimilation 4 (6%)

Content of delusions Reduplication of the hospital 31 (46%)
of space (reported Reduplication of the patient's home 8 (20%)
in 67) Combination of hospital and patient's home spaces 8 (12%)

Mislocation of the hospital to a familiar place 2 (3%)
Misidentification of home as another familiar place 2 (3%)
Misidentification of the hospital as patient's home 2 (3%)
Reduplication of other places 1 (1%)
Combinations of other places 1(1%)
Other mislocations 2 (3%)
Other misidentifications 1(1%)
Mixture of two of the previous delusional contents 9 (13%)

Association with Capgras syndrome 2 (3%)
other delusional Reduplication of people 7 (11%)
misidentification Fregoli syndrome 2 (3%)
syndromes Reduplication of body parts 3 (5%)
(reported in 66) Intermetamorphosis 3 (5%)

Cotard syndrome 2 (3%)
Self-misidentification 1(2%)
Fregoli syndrome and reduplication of body parts 1 (2%)
Unspecified misidentification of people 11 (17%)
No association with other delusional misidentification syndromes 34 (52%)

Psychiatric history Previous suicide attempt (unspecified disease; no history of delusions) 1 (2%)

(reported in 49) No antecedents of major psychiatric disease 48 (98%)

patients' age and schooling, the lesion aetiologies and loca-
tions, and the results of the neuropsychological assessment
for each case is provided in the Supplemental Table 5.

3.2 Lesion topography

Individual lesions are represented in Supplemental Fig. 2. The
Dice similarity coefficient for lesion delimitation was .79
[.77—.84] (median [interquartile range]). The percentage of
voxels for which the raters disagreed was 18% [12—27%] (me-
dian [interquartile range]). Almost all lesions were right sided
or bilateral, except one (ischaemic stroke) that was located in
the left temporo-parieto-occipital junction (Budson, Roth,
Rentz, & Ronthal, 2000). This patient presented clinical evi-
dence of right hemisphere dominance, namely right side
neglect and impaired visual memory with preserved verbal
memory.

The maximum value of overlap at a voxel-level was 3/24, in
the right ventrolateral prefrontal, right temporal lateral and
right insular regions (Supplemental Fig. 3a).

The permutation analysis of the exploratory sample
revealed that: a) a region of the right lateral temporal lobe was
more frequently lesioned in cases than in stroke controls; b) a
region of the right dorsal striatum was more frequently
lesioned in stroke controls than in cases (Supplemental
Fig. 3b). However, these findings were not replicated in the
validation sample and no statistically significant differences
were found in the regression analysis including age as a
covariate.

3.3. Structural disconnectome

In the structural connectivity analysis, the permutation test of
the exploratory sample revealed that reduplicative param-
nesia was significantly associated with higher probabilities of
disconnection of: a) a right ventral temporo-occipital region;
b) a right ventrolateral prefrontal region (Fig. 3a, top row). A
similar statistically significant disconnection map was ob-
tained in the regression analysis including age as a covariate
(Supplemental Fig. 4), as well as in the supplemental analysis
considering the delimitations of each rater separately.
Conversely, reduplicative paramnesia was significantly asso-
ciated with lower probabilities of disconnection of dorsal
inter-hemispheric pathways (Fig. 1a, bottom row). These re-
sults were replicated in the validation sample (Fig. 1b), but not
when age was included as a covariate in the regression
analysis.

The results of the sensitivity analysis excluding tumoral
lesions were similar (Supplemental Fig. 5), as well as when the
discrete lesion delimitations of each researcher were consid-
ered separately (Supplemental Fig. 6).

3.4. Classification performance of the lesion topography
and of the structural disconnection maps

The structural disconnectome model demonstrated a
maximum balanced accuracy value in the validation sample
of .78 (Fig. 2a). The voxels with higher balanced accuracy were
located in two clusters: a) a right temporal cluster with an
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Statistical mapping of the disconnected areas
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Fig. 1 — Structural disconnection analysis. (a) Statistical

brain maps of voxels with significantly higher probabilities
of disconnection in cases than in stroke controls (top row)
and with significantly higher probabilities of disconnection
in stroke controls than in cases (bottom row). (b) Statistical
brain maps of the replication analysis performed in the

validation sample. A, anterior; L, left; P, posterior; R, right.

overall balanced accuracy of .77, a sensitivity of .75 and a
specificity of .79; b) a right ventrolateral prefrontal cluster,
with an overall balanced accuracy of .75, a sensitivity of .67
and a specificity of .83 (Fig. 2b).

The lesion topography model revealed lower capacity to
predict delusions of space with a maximum balanced accu-
racy value of .69.

3.5.  Structural—functional coupling

The meta-analytic functional maps are provided in the
Supplemental Fig. 7. The number of studies from which the

meta-analytic maps derived were: belief, n = 83; familiarity,
n = 188; place, n = 189; space, n = 303; faces, n = 864; limb,
n = 127; body, n = 552; interoceptive, n = 81.

The lesions associated with spatial delusions had signifi-
cantly higher spatial overlap with the belief-related functional
network than stroke controls (Fig. 3a). There was no signifi-
cant difference for familiarity, place and space-related func-
tional networks.

Regarding structural disconnection, the disconnectome
maps associated with delusions of space had significantly
higher spatial overlap with the familiarity-related and with the
place-related functional networks than stroke controls (Fig. 3a).

For the control terms, that would be the content-related
equivalents for other monothematic delusional mis-
identifications, there was no significant difference of spatial
overlap regarding lesion topography or structural disconnec-
tion (Fig. 3b). No significant difference was also found for the
‘executive functions’ and ‘memory task’-related functional
maps.

Comparing the relative spatial overlap (Dice similarity co-
efficient) with the meta-analytic functional maps, the struc-
tural disconnection maps had a higher coefficient of overlap
with the familiarity and with the place-related functional
networks than the lesion topography maps (Fig. 4). No sig-
nificant difference was found for the belief and for the space-
related functional maps.

4, Discussion

In this work, we performed a case-control analysis of the
neural basis of reduplicative paramnesias. First, we found that
they are associated with structural disconnection of right
temporal and right ventrolateral prefrontal areas. This pattern
of disconnection was replicated in an independent validation
sample. Second, we showed that structural disconnectomes
provide the anatomical framework to explain associated
functional changes. Specifically, we demonstrated the exis-
tence of a spatial relationship between the structural dis-
connectome maps of reduplicative paramnesias and the
familiarity and place-related functional networks.
Reduplicative paramnesia is a right hemisphere syndrome
(Bartolomeo et al., 2016; Feinberg, 2013), however a sole lesion

Balanced accuracy mapping of the disconnected areas
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Sensitivity=0.75
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Sensitivity=0.67
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Fig. 2 — Balanced accuracy mapping of the structural disconnectome model. (a) Voxel-wise representation of the balanced
accuracy scores. (b) Balanced accuracy score, sensitivity and specificity of the right temporal and of the right ventrolateral

prefrontal clusters.
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Fig. 3 — Spatial overlap between the meta-analytic functional maps and the lesion topography maps (left) and the projected
structural disconnection maps (right). (a) Comparison regarding spatial delusions-related terms. (b) Comparison regarding
the control terms that would be the content-related equivalents for other monothematic delusional misidentifications. Data
is presented in violin plots. The dashed lines represent quartiles and the asterisks represent statistically significant
differences between cases and stroke controls (Bonferroni-corrected p-value <.0125).

location or the lesion location per se may not be a satisfactory
neuroanatomical explanation for this type of spatial disori-
entation (Griffis, Metcalf, Corbetta, & Shulman, 2019; Thiebaut
de Schotten, Foulon, & Nachev, 2020). Our results provide
evidence to support that reduplicative paramnesia is a
disconnection syndrome.

Darby and colleagues (Darby et al, 2017) previously
showed the association between delusional misidentification
syndromes and functional disconnection of the right ventro-
lateral prefrontal cortex and of the left retrosplenial cortex
(Darby et al., 2017). Here, we showed that the right ventro-
lateral prefrontal region is also structurally disconnected,
which  provides evidence for the existence of
structure—function coupling in this region and reinforces its
pathophysiological relevance (Baum et al., 2020). The two-hit
model of delusional belief states that two factors contribute
to the emergence of delusional misidentifications (Coltheart,
Langdon, & Mckay, 2011). The first is an abnormal covert

(i-e., implicit) recognition of the misidentified stimuli (Ellis &
Young, 1990). The second is an impairment of the belief and
familiarity evaluation processes (Coltheart et al., 2011). Evi-
dence suggests that the neural basis of the second factor is the
dysfunction of the right lateral prefrontal cortex (Coltheart,
2010) and our results support it. The ventrolateral prefrontal
cortex is activated during the presentation of unexpected
perceptual events and during implicit false belief processing
(Kandylaki et al., 2015; Sharp et al., 2010). We also replicated
the previous finding that delusional misidentification lesions
were spatially correlated with belief-related networks (Darby
et al.,, 2017). In addition, the right ventrolateral prefrontal
cortex has an important role in reality monitoring (Badre &
Wagner, 2004). Its damage or disconnection has been associ-
ated with anosognosia for hemiplegia (Berti et al., 2005; Pacella
et al., 2019; Prigatano, 2010), a disorder characterized by the
patients' failure to acknowledge limb paralysis, even after
being clearly confronted with the deficit. Our results fits this
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similarity coefficient) of the meta-analytic functional maps
between the lesion topography and the projected
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paramnesia. The dashed lines represent quartiles and the
asterisks represent statistically significant differences
(Bonferroni-corrected p-value <.0125).

evidence, since both disorders share a disturbance in reality
awareness and belief update (Fotopoulou, 2014; Vocat, Saj, &
Vuilleumier, 2013).

The right ventrolateral prefrontal cortex is also a core area
to emotional regulation, and seems to be particularly impor-
tant when personal significance factors are involved in belief
reasoning (Hartwright, Apperly, & Hansen, 2012) and to
explicit decisions on the relative familiarity of stimuli
(Petrides, Alivisatos, & Frey, 2002). It establishes bi-directional
connections with ventral limbic structures (Petrides, 2005) and
with limbic nuclei of the thalamus through the anterior
thalamic radiations (Rojkova et al., 2016), and integrates the
Default Mode Network, a fundamental network for trans-
modal processing of limbic information (Alves et al., 2019).
Ellis and Young proposed that a defective attribution of
appropriate emotional valences to stimuli was involved in the
pathogenesis of delusional misidentification syndromes
(Devinsky, 2009; Young, Hellawell, Wright, & Ellis, 1994). Darby
and colleagues (Darby et al., 2017) established a functional
association between delusional misidentifications and famil-
iarity networks. We demonstrated that this association is
neuroanatomically mediated by structural disconnection.

The delusional content of reduplicative paramnesia is very
specific for places, distinguishing it from other monothematic
delusional misidentifications. Still according to the two-hit
model, all delusional misidentification syndromes would
have a first factor that determines the content of delusional
belief (Coltheart et al., 2011). Here, we provide the first group-
level evidence showing that there is a spatial correlation be-
tween reduplicative paramnesia and place-related functional
networks. Ventral occipito-temporal pathways are funda-
mental for orientation in allocentric spatial references
(Ekstrom, Arnold, & Iaria, 2014) and to the emotional

recognition of visual cues (Herbet & Duffau, 2020). We propose
that the disconnection of this pathway may impair a proper
update and integration of visual information in allocentric,
place-related networks. The dual pattern of disconnection
that was found validates what we have recently described in
acute stroke patients (Alves et al., 2021).

Other authors have hypothesized that delusional mis-
identifications results from unbalanced activity of the two
hemispheres, with right hemisphere hypofunction and left
hemisphere overactivity (Devinsky, 2009; Young et al., 1994).
We found that dorsal fronto-parietal inter-hemispheric con-
nections were more frequently spared in cases of reduplica-
tive paramnesia, when compared with stroke controls. This
might mediate dysfunctional interhemispheric communica-
tion, but this finding was not replicated when age was
included in the model. Further studies are needed.

As limitations of our study, the meta-analytic functional
maps do not reflect the complex associations and the dynamic
interactions of brain systems. The lesion mapping analysis was
also constrained by the available images in the cases reports.
Although we replicated 2D lesion tracing methodologies that
have been applied to study cognitive and behavioural syn-
dromes about which the available neuroanatomical evidence is
scarce (Boes et al., 2015; Cohen et al., 2019; Darby, Joutsa, & Fox,
2019), the lesion masks may not represent the full 3D geometry
of the original lesions. In addition, we cannot guarantee that
the control stroke patients did not develop reduplicative
paramnesia after the period of systematic assessment. These
bias may increase the risk of false negative results (Cohen et al,,
2019). It is also known that the years of education, as well as co-
occurring cognitive deficits, may correlate with the cognitive
syndrome of interest (Borghesani et al, 2019; de Haan &
Karnath, 2018; Umarova et al., 2021). However, the absence of
information about the years of schooling, the heterogeneity of
the reported neuropsychological evaluations and the number
of cases available precluded the inclusion of these covariates in
the neuroimaging model.

In conclusion, our work suggests that delusions of space
may be associated with structural disconnection of right
ventrolateral prefrontal and right temporal regions and that
these structural connectivity changes might mediate func-
tional interactions with familiarity and place-related net-
works. These results shed light on the neural basis of spatial
orientation disorders and of delusional misidentifications.
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Abstract

Background and purpose: Incongruent beliefs about self-localization in space markedly
disturb patients' behavior. Spatial delusions, or reduplicative paramnesias, are character-
ized by a firm conviction of place reduplication, transformation, or mislocation. Evidence
suggests they are frequent after right hemisphere lesions, but comprehensive informa-
tion about their clinical features is lacking.

Methods: We prospectively screened 504 acute right-hemisphere stroke patients for
the presence of spatial delusions. Their behavioral and clinical features were systemati-
cally assessed. Then, we analyzed the correlation of their duration with the magnitude of
structural disruption of belief-associated functional networks. Finally, we described the
syndrome subtypes and evaluated whether the clinical categorization would be predicted
by the structural disruption of familiarity-associated functional networks using an unsu-
pervised k-means clustering algorithm.

Results: Sixty patients with spatial delusions were identified and fully characterized. Most
(93%) localized the misidentified places closer to home than the hospital. The median
time duration was 3days (interquartile range = 1-7days), and it was moderately corre-
lated with the magnitude of structural-functional decoupling of belief-associated func-
tional networks (r =0.39, p =0.02; beta coefficient regressing for lesion volume = 3.18,
p=0.04). Each clinical subtype had characteristic response patterns, which were reported,
and representative examples were provided. Clustering based on structural disruption of
familiarity- and unfamiliarity-associated functional networks poorly matched the clinical
categorization (lesion: Rand index = 0.47; structural disconnection: Rand index = 0.51).
Conclusions: The systematic characterization of the peculiar clinical features of stroke-
associated spatial delusions may improve the syndrome diagnosis and clinical approaches.
The novel evidence about their neural correlates fosters the clarification of the patho-

physiology of delusional misidentifications.
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INTRODUCTION

In 1788, Charles Bonnet reported a peculiar form of spatial disori-
entation characterized by an incoherent belief of space mislocation
[1]. Later, in 1903, Arnold Pick further characterized the syndrome
and denominated it "reduplicative paramnesia" [2]. Pick described
a 67-year-old woman who had been admitted to a clinic in Prague
due to the subacute onset of cognitive and behavioral changes. Five
months after her admission, she started to believe that she was not
in Prague anymore, but in a replica of the original clinic that was
located in her birthplace, "the suburb clinic." She could not be con-
vinced otherwise and insistently tried to find explanations to justify
her belief [2]. Since Pick's description, reduplicative paramnesias
(also called spatial delusions or delusional misidentifications of
space) were defined as a firm conviction of being in a different place
from the real one, which does not change when the patient is con-
fronted with clear counterfactual evidence [3, 4].

Different forms of spatial delusions have been described [5], rep-
resenting different poles of pathological familiarity [6]. Place redu-
plication typifies hypofamiliarity for places and corresponds to the
original description made by Pick, that is, the patients are convinced
that they are in a replica of the original place. Chimeric assimilation
is characterized by the fusion or combination of two different places
(e.g., the hospital is inside the patient's home). In confabulatory mis-
location, patients believe that they are in a place that is substantially
different from the real one (e.g., believing to be at home instead of
being at the hospital). Both embody place hyperfamiliarity [7].

At the structural and functional levels, spatial delusions are as-
sociated with a dual pattern of structural disconnection involving
right frontothalamic and right occipitotemporal circuits [8], which
prompts structural-functional decoupling of belief, familiarity, and
place-associated functional networks [9]. At the clinical level, the
striking incongruence between the patient's conviction and the sur-
rounding environment may markedly disturb the patient's behavior
[3, 10]. Although traditionally seen as a rare syndrome, evidence
suggests that spatial delusions can be a frequent manifestation of
right hemisphere lesions [11-13], particularly in the acute phase of
right hemisphere strokes [8]. So far, the available knowledge about
spatial delusions' clinical features is mainly based on case reports
and small case series [3, 5]. Misdiagnosis of spatial delusions as de-
lirium or psychomotor agitation may lead to erroneous approaches
in terms of pharmacological treatment, behavioral interventions, and
support of family members and caregivers.

Here, we systematically studied a large sample of patients with
spatial delusions after right hemisphere acute stroke to shed light
on their clinical presentation and pathophysiology. First, we aimed
to characterize the clinical phenotype of spatial delusions and their
subtypes. Second, we studied the neural correlates of these clinical
features. Specifically, we hypothesized that there was a correlation
between the duration of the reduplicative paramnesia and the mag-
nitude of structural disruption of belief-associated functional net-
works and that the disturbances of familiarity-associated networks
would predict the syndrome subtypes.

METHODS
Study design and patient selection

This research work is a subanalysis of a prospective, cumulative, case-
control study that we performed from December 2016 to February
2020 in a stroke unit of a tertiary university hospital in Lisbon, Portugal
[8]. The study aimed to investigate the neural basis of spatial delusions
after stroke. Spatial delusions are right hemisphere syndromes [4].
Four hundred patients admitted within the acute phase (<72h) of right
hemisphere stroke (ischemic or hemorrhagic) were screened for the
presence of spatial delusions. An additional 104 cases were recruited
from March 2020 to June 2021. Patients with dementia, acute confu-
sional state (delirium), and decreased level of consciousness were ex-
cluded (the full description of exclusion criteria is detailed in Table S1).

The screening was performed in the first 72 h of admission and
then at regular intervals of 48h until the patients' discharge, using
the systematic approach detailed in the following section. Patients
with the syndrome whose phenomenological presentation was fully
registered were selected for this study.

The study was approved by the Joint Ethics Committee of the
Lisbon Academic Medical Centre.

Screening and phenotypic characterization of
reduplicative paramnesia

Patients were asked if they knew where they were, specifically the
type of building (hospital), the city (Lisbon), and the city district. If the
patients did not know or gave a wrong answer, their correct location
was explained, namely that they were in a hospital, which was called
“Hospital de Santa Maria” and was located in Lisbon, more specifically
in “Campo Grande/Cidade Universitaria” (city district). When the pa-
tients disagreed, counterevidence was systemically shown to convince
them otherwise. The questions and confrontations were tailored to the
subtype of reduplicative paramnesia. When the patients believed they
were in a place other than a hospital (i.e., confabulatory mislocation),
they were asked: Question 1) why health care professionals would be
in the referred place; Question 2) why medical equipment (oxygen
masks, infusion tubes, vital signs monitor) would be there; Question
3) why the patients' clothes and bed sheets were labeled “Hospital de
Santa Maria”; Question 4) why other patients would be in the referred
place; Question 5) in which home division they would be (in the case
they believed they were at home/living house); and Question 6é) why
it would be possible to see from the window distinct landmarks, such
as Alvalade Stadium (the stadium of a leading football club in Portugal),
the Lisbon airport, or Lisbon University (for those whose clinical condi-
tion allowed them to stand and to show them the window view).

For patients presenting chimeric assimilation, in addition to the
questions referred to above, they were asked: Question 7) whether
they had noticed or heard about any construction work in the re-
ferred place; and Question 8) why a hospital would be constructed
inside that place.
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For patients presenting with place reduplication, Questions 3
and 6 were posed. In addition, they were asked: Question 9) why
“Lisbon” would be written next to the hospital logo; and Question
10, how many “Hospital de Santa Maria” they thought there were.

The diagnosis of reduplicative paramnesia was made when the
patients maintained the belief of mislocation after exposure to the

abovementioned counterevidence.

Clinical characterization

Demographic, clinical, and reduplicative paramnesia-related vari-
ables were collected (detailed in Table S2).

The geodesic distances between the misidentified place, the pa-
tients' home, and “Hospital de Santa Maria” were calculated and the
relative distance of the misidentified place to the patient's home and
to “Hospital de Santa Maria” (rA) was determined:

Aplace _hospital

A=
r Aplace _hospital + A place_home

where Aplace_hospital =the distance between the misidentified place
and the “Hospital de Santa Maria” and Aplace_home =the distance be-
tween the misidentified place and the patient's home (values closer to
1 represent mislocation closer to the hospital; values closer to O repre-

sent mislocation closer to the patient's home).

Neuroimaging correlations

Stroke lesions were defined based on brain magnetic resonance
imaging (MRI; preferentially) or on computed tomography (CT)
performed 24-72h after stroke onset (MRI, n = 22; CT, n = 38).
Magnetic resonance images were acquired with a Philips Achieva
3-T or Philips Intera 1.5-T scanner. CT images were acquired with
a Philips Brilliance 64-channel scanner. The delineation was done
manually on axial slices with a thickness of 3mm in the patient's na-
tive space by a researcher with clinical experience in acute stroke
lesion analysis. The researcher was blind to clinical variables. Lesions
were normalized to a common space, MNI152 [14]. For MRI, the
diffusion-weighted imaging was the sequence of reference for de-
lineation [15]. T1 images were registered to MNI152 space through
linear (affine transformation, 12 degrees of freedom) and nonlinear
transformations, using the FMRIB Software Library functions "flirt"
and "fnirt" [14]. For CT images, the registration was made to the CT-
derived MNI152 template using a linear transformation [16]. Finally,
the registration deformation fields were applied to the lesion masks.

To compute the structural disconnection pattern of each lesion,
we used a tractwise approach [17]. Using the tool "Disconnectome"
from the software package BCBtoolkit (www.bcblab.com), each lesion
was overlapped with a group of 178 healthy subjects' tractography
from the Human Connectome Project 7-T dataset [18]. Tractographies
were obtained using a whole-brain deterministicapproach in StarTrack

software (https://mr-startrack.com), applying a spherical deconvolu-
tion methodology, specifically a damped Richardson-Lucy algorithm.
They were made available with the BCBtoolkit (http://www.bcblab.
com). The full details of preprocessing are described in Karolis et al.
[19]. A voxelwise probability of disconnection was calculated [20]. The
voxels were included in the disconnectome map if they were discon-
nected in >50% of healthy subjects' tractographies [20].

It has been demonstrated that delusional misidentifications
are associated with structural-functional decoupling of belief and
familiarity-associated functional networks [9, 21]. Neurosynth is a
validated brain-mapping platform that performs large-scale auto-
mated extraction of meta-analytic functional maps of terms of inter-
est [22]. We used Neurosynth to obtain the meta-analytic maps of
the terms "belief," "familiar," and "unfamiliar." Association test maps
were extracted [22]. The maps are corrected for multiple compari-
sons applying a false discovery rate of 0.01. Then, we computed the
volumetric spatial overlap of these meta-analytic maps with the in-
dividual stroke lesion and with the structural disconnectome maps.

The Spearman correlation between the duration of spatial delu-
sions and the structural disruption (either lesion or structural discon-
nection) of belief-associated networks was calculated. Lesion volume
is an important confounder in the establishment of lesion-behavior
associations [23, 24]. A regression analysis was performed to inves-
tigate whether the putative correlations were independent of lesion
volume. In addition, we computed a voxelwise beta-coefficient map
using the linear regression function of scikit-learn [25], to analyze
which voxels' lesion or disconnection best predicted the duration of
the phenomenon.

To evaluate the classification performance of cases based on
the structural disruption of familiarity-associated networks, we per-
formed an unsupervised machine learning partition using the k-means
clustering algorithm from scikit-learn [25]. The number of clusters to
form was defined as three (the number of clinical subtypes of redu-
plicative paramnesia). The variables included in the model were the
structural disruption (either lesion or structural disconnection) of "fa-
miliar" specific regions and the structural disruption of "unfamiliar"
specific regions. Then, we calculated the Rand index to determine the
similarity between the familiarity-derived clustering and the clinical
subtype classification (1 meaning perfect agreement and O meaning
no agreement). An alternative analysis was computed in which we
defined the number of clusters to form as two, considering confabu-
latory mislocation and chimeric assimilation to be a unique category
of hyperfamiliarity syndromes and place reduplication to be a hypo-
familiarity syndrome [7]. The first presentation was considered for

patients with more than one subtype of reduplicative paramnesia.

Statistical analysis

The Spearman correlation, linear regression, and k-means cluster-
ing were applied as explained above. When the residuals of the lin-
ear model were not normally distributed, a quantile regression was

performed.

9SUDIT SuoWo)) 2N dqedorjdde oy) Aq pauroaos are sa[oNIR YO (98N JO sa[nI 10j A1eIqI] uljuQ) A9JIAL UO (SUONIPUOD-PUB-SULI) /WO’ K3[1m’ K1eiqi[out[uo,/:sdiy) suonipuo)) pue SWd [, oyl 998 *[7z07/71/91] uo Areiqry autjuQ A9[ip ‘[eSniod aueiyoo)) Aq LGS aud/[ [ ][ /10p/wod Ka[im° Kreiqrjourjuo//:sdny woiy papeojumo( ‘1 ‘€207 ‘1€€189%1


http://www.bcblab.com
https://mr-startrack.com
http://www.bcblab.com
http://www.bcblab.com

128

ALVES €T AL.

Alpha levels were set at 0.05 for statistical significance. The sta-
tistical software packages scipy.stats 1.7.1, Stata 14, and scikit-learn
0.24 [25] were used.

RESULTS
Clinical and demographic features

Sixty patients with spatial delusions were identified and fully charac-
terized (the flowchart of patients' inclusion is available in Figures S1
and S2). Fifty-seven had an ischemic stroke (95%), and three had a
hemorrhagic stroke (5%). Their median age was 81years (interquar-
tile range [IQR] = 73-85, range = 55-93), and the female/male ratio
was 31/29. The median National Institutes of Health Stroke Scale at
admission was 14 (IQR = 12-18) and at discharge was 8 (IQR = 3-12).
The median admission time was 8days (IQR = 6-12, range = 2-46).
The affected territories are reported in Table S3.

The median time of diagnosis of reduplicative paramnesia was
1 day after stroke (IQR = 1-3days, range = 0-7 days). Nineteen pa-
tients (32%) had at least one observation in which they were ori-
ented in space before the manifestation of reduplicative paramnesia.
Twenty-eight patients (47%) spontaneously expressed that they had
previously been in the (original) “Hospital de Santa Maria” before
being brought to the place where they believed they were.
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Subtypes of reduplicative paramnesia and places of
mislocation

Confabulatory mislocation was the most frequent presentation sub-
type (n = 36, 60%), followed by place reduplication (n = 16, 27%)
and chimeric assimilation (n = 8, 13%). Most patients maintained the
same subtype during the period of spatial delusion (n = 48, 80%).
Most places of mislocation were closer to the patient's home than to
the hospital (n = 56, 93%; Figure 1).

Patients with confabulatory mislocation most frequently be-
lieved that they were at home (n = 27, 75%), followed by believing
they were in their relative's home or vacation home (n =4, 11%) or in
another hospital or clinic (n = 2, 6%). The remaining three were mis-
located in extravagant places: an ambulance, a former bus garage,
and a social security office. Of these, 14 patients (39%) changed the
place of delusional mislocation during their presentation; five (14%)
changed to a chimeric assimilation subtype, five (14%) changed to
a place reduplication subtype, and four (11%) changed the place of
confabulatory mislocation.

All patients with place reduplication were convinced they were
in a branch of “Hospital de Santa Maria” (n = 9, 56%) or in a replica
of the hospital (n = 7, 44%) located in another place. During the
period of spatial delusion, three (19%) changed the location of the
reduplicated building and one (6%) changed to a confabulatory

mislocation form.
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Regarding the patients presenting chimeric assimilation, three
(38%) believed their home had been transformed into a hospital,
three (38%) that a relative's home had been transformed into a hos-
pital, and two (25%) that the hospital was inside their home. One
patient (13%) changed his delusional belief to a place reduplication
form.

Overall, 19 patients changed the place of mislocation during
the period of reduplicative paramnesia (32%). The second place of
mislocation was significantly closer to the hospital in the majority
of patients (n = 11, 58%; distance difference: median = 28.86km,
range = 0.39-201.26 km) and farther in four patients (21%; dis-
tance difference: 0.08km, range 0.01-2.03km; p <0.01). The
remaining four changed the misidentification belief, but the
geographical position of the misidentified place remained the
same (21%).

Name of the misidentified place

Eighteen patients (30%) named the place that was misidentified as
“Hospital de Santa Maria”. In these cases, reduplicative paramnesia
was uncovered when they were asked about their location (i.e., the
city or town in which they were). The majority (n = 15) expressed
that it was because they were in a replica or in a branch of the
original hospital (i.e., place reduplication). The remaining three pa-
tients believed that there was a hospital ward inside their homes

(i.e., chimeric assimilation), also named “Hospital de Santa Maria”.

Duration of spatial delusions and disruption of belief-
associated networks

The median duration of reduplicative paramnesia was 3days
(IQR = 1-7 days, range = 1-29days; Figure 2a). In 23 cases, the pa-
tients were discharged still presenting reduplicative paramnesia.

The duration of reduplicative paramnesia was moderately cor-
related with the volume of structural disconnection overlapping the
belief-associated functional network (Spearman correlation = 0.39,
p = 0.02; Figure 2b), and this association was independent of lesion
volume (beta coefficient = 3.18, 95% confidence interval = 0.12-
6.24, p = 0.04). The voxelwise linear regression revealed that higher
beta-coefficients mostly overlapped inferior temporal white matter
fibers of the left hemisphere (Figure 2c), that is, the disconnection
of these fibers had a stronger association with the duration of redu-
plicative paramnesia. No independent association was found with
lesion overlap (p = 0.53).

The lesion and the structural disconnection overlap maps are
available in Figure S3. The belief-associated meta-analytic functional

map, derived from 83 studies, is available in Figure S4.
Semantic knowledge about the location of places and
spatial routes

All patients were able to say their own address, and the majority knew
the location of the (original) “Hospital de Santa Maria” (n = 52, 87%).
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TABLE 1 Representative descriptions of patients with confabulatory mislocation

Why are health care professionals here?

“You are the doctor from Hospital de Santa Maria. You came here to take care of me. | was there before. How did you know the address of my
home? Did you find it well?”

Why is medical equipment here?

“Usually, this equipment exists in the hospitals. It is similar to the one | had in Hospital de Santa Maria. The hospital should have put it here.
Nowadays, technology can be anywhere. This building is my home, but many things should have been brought from Hospital de Santa Maria.”

Why does it say “Hospital de Santa Maria” on your bed sheets and hospital clothes?
“These clothes should have come in the ambulance. When the ambulance was called, the clothes should have been put inside.”
Why are other patients in this room?

“These patients shoul have come with me in the ambulance, with the permission of the doctors and the nurses. It would be rude to send them
away from my home.”

What do you think about this window view? The building, the stadium...

“I had never noticed that | could see the sports stadium from home. But if | were in Hospital de Santa Maria, | would also see Benfica's stadium.”

TABLE 2 Representative descriptions of patients with place reduplication

Why does it say “Hospital de Santa Maria” on your bed sheets and hospital clothes?

“This shall be a duplication of the service provided by Hospital de Santa Maria. The name is the same, but it covers other geographical areas.”
Why does it say "Lisbon" next to the hospital logo?

“l had not read it. They made a mistake. They should have put the name of this town.”

How many “Hospital de Santa Maria” do you think there are?

“There is only one. The original one. This is a dependency, not the main one. They might have built this one for the periods when the main one is
full. Hospital de Santa Maria is much bigger than this one.”

What do you think about this window view? The building, the stadium...

“These buildings are not typical of this district. | had never seen them. The architecture is similar the original Hospital de Santa Maria. | am going
to put on my glasses, so that you do not say | am confused or disoriented. | might have lost some cognitive abilities after the stroke, but my

spatial orientation is intact. The proof that it is possible to see Sporting's Stadium from this district is that | am seeing it.”

Twenty-eight patients (47%) were able to correctly describe
the spatial route between two or more points of interest (home-
“Hospital de Santa Maria”, place of mislocation-home, place of

mislocation-“Hospital de Santa Maria”).
Orientation in time
Most patients correctly knew the current year (n = 48, 80%) and
month (n = 49, 82%).
Specific phenomenology of confabulatory
mislocation
Representative descriptions of patients with confabulatory misloca-
tion are presented in Table 1.

The most frequent answers are presented in Table S4.
Specific phenomenology of place reduplication
Representative descriptions of patients with place reduplication are

presented in Table 2.
The most frequent answers are presented in Table S5.

Specific phenomenology of chimeric assimilation

Representative descriptions of patients with chimeric assimilation
are presented in Table 3.

The most frequent answers are presented in Table Sé.

Clustering based on familiarity-associated
functional networks

The k-means clustering results based on the volume of lesion and volume
of structural disconnection overlapping familiarity- and unfamiliarity-
associated functional networks are presented in Figure 3. The familiar-
ity- and unfamiliarity-associated meta-analytic functional maps, derived
from 275 and 183 studies, respectively, are available in Figure S4.

The Rand index was 0.47 for lesion maps and 0.51 for structural dis-
connection maps (poor similarity). The classification similarity remained
low when the number of clusters was reduced to two: lesions maps,

Rand index = 0.64; structural disconnection maps, Rand index = 0.56.

DISCUSSION

In this work, we analyzed the clinical phenomenology and neural corre-
lates of stroke-associated spatial delusions. First, we characterized the
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TABLE 3 Representative descriptions of patients with chimeric assimilation

Why does it say “Hospital de Santa Maria” in your bed sheets and hospital clothes?

“That's because Hospita is here and my home is here too. Please open the door because my maid should be arriving. The house is mine. The

hospital is not mine.”

Why are other patients in this room?

“l do not know these patients. | do not know what they are doing here. They should have been brought here when | was sleeping. Probably, there
were not enough beds at the hospital and they were sent here.”

Have you noticed or heard about any construction work?

“It's strange how they have done it so quickly. They transformed my home into a hospital. In the future, | might make some profit from this.”

Why would a hospital be built inside your home (or in your relatives' home)?

“Maybe the hospital was full and they used this space. The other patients were brought here too. You are asking me all these questions to see if

my mind is fine, but | assure you that it is.”

What do you think about this window view? The building, the stadium...

“My building is very similar to Hospital de Santa Maria. It should have been designed by the same architect. Everything with public funds,

maybe...”
Lesion Structural disconnection
3 1.75. °
. 2.5 _ 1.5 . ° o
[ ]
% 2] 2 1.25- &
($]
K-means = 15 AT ° e o o
clustering 2 2 ®o o
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FIGURE 3 Reduplicative paramnesia subtypes and familiarity-associated functional networks. Clustering of reduplicative paramnesia
cases based on the volume of the lesion (top left) and of structural disconnection (top right) overlapping familiarity- and unfamiliarity-
associated functional networks are compared with the ground truth classification based on clinical presentation (bottom)

location of misidentified places and described the general phenotypic
features of the syndrome. We demonstrated that the duration of spa-
tial delusions is moderately correlated with the structural decoupling

of belief-associated functional networks. Second, we reported associ-
ated clinical features, such as the patients' knowledge about the loca-
tion of the misidentified places and their orientation in time. Third, we

9SUDIT SuoWo)) 2N dqedorjdde oy) Aq pauroaos are sa[oNIR YO (98N JO sa[nI 10j A1eIqI] uljuQ) A9JIAL UO (SUONIPUOD-PUB-SULI) /WO’ K3[1m’ K1eiqi[out[uo,/:sdiy) suonipuo)) pue SWd [, oyl 998 *[7z07/71/91] uo Areiqry autjuQ A9[ip ‘[eSniod aueiyoo)) Aq LGS aud/[ [ ][ /10p/wod Ka[im° Kreiqrjourjuo//:sdny woiy papeojumo( ‘1 ‘€207 ‘1€€189%1



132

ALVES €T AL.

described the most common patterns of patients' response according
to spatial delusion subtypes and provided representative examples
to facilitate recognition and diagnosis. Finally, we showed that case
clustering based on structural disruption of familiarity/unfamiliarity-
associated functional regions poorly matches the clinical classification.

The large majority of patients localized the misidentified place
closer to their homes than to the hospital. Limbic-related models of
delusional misidentifications support that misidentified stimuli tend
to be emotionally relevant for patients [26], and an association be-
tween spatial delusions and structural disconnection of limbic struc-
tures has been established [8].

Belief, as a neural process, can be defined as the integration of
perceived information with internal representations of personal sig-
nificance and emotional value [27]. Distinct neural systems in the
prefrontal cortex and the limbic system mediate the states of assent,
dissent, and uncertainty [28, 29]. Deregulations of belief processes
seem to be a cardinal condition for delusional misidentifications [27,
30]. As our phenomenological analysis showed, patients recognize that
the surrounding environment looks like “Hospital de Santa Maria” but
still do not believe they are there. For the first time, we showed that the
magnitude of structural disconnection of belief-associated functional
networks is correlated with the duration of reduplicative paramnesia.
Interhemispheric unbalance models propose that delusional misiden-
tifications result from right hemisphere damage and left hemisphere
unleashing [6]. Whereas previous evidence shows that the emergence
of spatial delusions is predicted by disconnection of right temporal re-
gions [8, 9], here we showed that the disconnection of left temporal
regions best predicts the syndrome's duration. This result may provide
structural-functional support to the role of left hemisphere dysfunc-
tion in the pathophysiology of reduplicative paramnesia [6, 31]. This
effect might be mediated by contralateral hemisphere diaschisis [32].

The erroneous beliefs and the disturbed mechanisms of implicit
memory and recognition overwhelm the patient's semantic knowl-
edge about the spatial localization of misidentified places [26, 33,
34]. In our sample, all patients were able to say their own address
and the large majority knew the location of (the original) “Hospital de
Santa Maria”. The maintenance of correct orientation of time in most
patients evidences the spatial specificity of the syndrome.

The strong emotional valence associated with reduplicative param-
nesia, evident in the pioneer and in subsequent descriptions [2, 11, 35],
manifests at opposite poles of pathological familiarity [6]. However,
the clustering classification based on structural disruption of familiar-
ity/unfamiliarity-associated functional networks had a poor capacity
to predict clinical subtype classification. Finer functional interactions
between familiarity-associated brain regions and psychological factors
might be crucial to determine this phenomenological divergence [36].

Knowledge about the phenomenological features of the syn-
drome is important to make an appropriate diagnosis and to avoid
misinterpretations of patients' general cognitive status. Nearly
one third of the patients called “Hospital de Santa Maria” to the
misidentified place, which may contribute to the underdiagnosis
of the syndrome. Simple questions, such as asking in which town/
district patients are, might be crucial for the diagnosis and should

be performed during the neurological examination, especially in pa-
tients with right hemisphere lesions. In addition, in at least one third
of the patients, the syndrome was not hyperacute, that is, the pa-
tients were oriented in space for at least 1 day before the emergence
of reduplicative paramnesia, and nearly half spontaneously said that
they had previously been in the (original) “Hospital de Santa Maria”
before being brought to the place where they were at that moment.
The physiopathological reason for this deferred onset remains to be
clarified but may be due to delayed diaschisis [32].

As a limitation of our study, we were not able to conduct a pro-
spective follow-up of patients after their hospital discharge. In ad-
dition, the study was performed in a tertiary stroke unit and may
not represent the entire stroke population. Finally, in a considerable
proportion of patients, MRl was not performed. However, modern
CT scanners also provide high-resolution images suitable for stroke
lesion analysis studies [15].

In conclusion, our work reports a systematic description of the
peculiar clinical features of stroke-associated spatial delusions,
which may boost the awareness and the proper diagnosis of the syn-
drome. It also contributes to a better understanding of the neural
background of delusional misidentifications by providing novel evi-

dence about the neural correlates of the syndrome.
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Unravelling the Neural Basis of Spatial
Delusions After Stroke

Pedro N. Alves, MD ®,"?3 Ana C. Fonseca, MD, MPH, PhD,?2 Daniela P. Silva, MD,?
Matilde R. Andrade, MSc,* Teresa Pinho-e-Melo, MD,?3
Michel Thiebaut de Schotten, PhD,> and Isabel P. Martins, MD, PhD"?3

Objective: Knowing explicitly where we are is an interpretation of our spatial representations. Reduplicative paramne-
sia is a disrupting syndrome in which patients present a firm belief of spatial mislocation. Here, we studied the largest
sample of patients with delusional misidentifications of space (ie, reduplicative paramnesia) after stroke to shed light
on their neurobiology.
Methods: In a prospective, cumulative, case-control study, we screened 400 patients with acute right-hemispheric
stroke. We included 64 cases and 233 controls. First, lesions were delimited and normalized. Then, we computed struc-
tural and functional disconnection maps using methods of lesion-track and network-mapping. The maps were com-
pared, controlling for confounders. Second, we built a multivariate logistic model, including clinical, behavioral, and
neuroimaging data. Finally, we performed a nested cross-validation of the model with a support-vector machine
analysis.
Results: The most frequent misidentification subtype was confabulatory mislocation (56%), followed by place reduplica-
tion (19%), and chimeric assimilation (13%). Our results indicate that structural disconnection is the strongest predictor
of the syndrome and included 2 distinct streams, connecting right fronto-thalamic and right occipitotemporal struc-
tures. In the multivariate model, the independent predictors of reduplicative paramnesia were the structural disconnec-
tion map, lesion sparing of right dorsal fronto-parietal regions, age, and anosognosia. Good discrimination accuracy
was demonstrated (area under the curve = 0.80 [0.75-0.85]).
Interpretation: Our results localize the anatomic circuits that may have a role in the abnormal spatial-emotional bind-
ing and in the defective updating of spatial representations underlying reduplicative paramnesia. This novel data may
contribute to better understand the pathophysiology of delusional syndromes after stroke.

ANN NEUROL 2021;89:1181-1194

nterpretation of space is a continuous process that allows

us to explicitly know where we are.! Perceived sensorial
information from the environment is integrated in spatial
orientation networks that mediate the recognition of known
spatial landmarks and navigation with regard to allocentric
and egocentric references.” Although comprehensive cogni-
tive models have been proposed for spatial representation,’
the anatomic systems supporting explicit spatial interpreta-

tion remain poorly documented.

Stroke lesions may strikingly disrupt spatial interpre-
tation. Reduplicative paramnesia is a rare spatial mis-
identification syndrome in which patients firmly believe
that they are in a different place from the real one.
Despite recognizing surrounding landmarks, they believe
that a certain place is mislocated (ie, confabulatory mis-
location), reduplicated (ie, place reduplication), or fused
with other space (ie, chimeric assimilation).’ Notably, they

are rather insensitive to surrounding incongruences, and
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their convictions do not change when confronted with
clear counter-evidence. Even with an otherwise coherent
behavior, this may increase patients’ disability and compli-
cate medical care.

The intriguing nature of reduplicative paramnesia
has fostered the development of different models to
explain its pathophysiology. Memory-related theories have
proposed an abnormal integration of new visual informa-
tion with past memories, leading to a defective update of
patients” spatial representations.® Ellis and Young empha-
sized that patients with delusional misidentification have a
deficit in the attribution of appropriate emotional valences
to visual stimuli.” They demonstrated that the expected
autonomic responses are not generated in these patients
when confronted with familiar stimuli.® In addition, it has
been proposed that reduplicative paramnesia and other
delusional misidentification syndromes result from a com-
bination of right hemisphere injury and left hemisphere
overactivity.” Different neuroanatomic hypotheses have
emerged from these cognitive models; however, solid
empirical evidence is lacking.’

Here, we explored the anatomy of lesions leading to
reduplicative paramnesia in a large dataset of patients to
shed light on the brain mechanisms supporting the
explicit interpretation of space.

Methods
Study Design and Patient Selection

We performed a prospective, cumulative, case-control
study that included patients from the stroke unit of a ter-
tiary university hospital in Lisbon, Portugal. Recruitment
lasted from December 2016 to February 2020. Reduplica-
tive paramnesia is a right-hemisphere stroke syndrome.'”
We consecutively included adult patients with right hemi-
sphere stroke who were admitted in the acute phase
(72 hours or less) of stroke. Patients with either ischemic
or hemorrhagic strokes were considered. The exclusion
criteria were as follows: acute confusional state, according
to the criteria defined in the fifth edition of the Diagnostic
and Statistical Manual of Mental Disorders; decreased
level of consciousness, somnolence, stupor, or coma; sub-
arachnoid hemorrhage; epileptic seizures during admis-
sion, either symptomatic or in patients with a previous
diagnosis of epilepsy; aphasia or severe dysarthria, preclud-
ing screening for reduplicative paramnesia; severe visual
deficit, precluding confrontation with counter-evidence
stimuli; history of dementia, defined as a cognitive decline
that interfered with the instrumental activities of daily liv-
ing (according to the clinical history provided by the
patient’s relatives and/or to the patient’s medical records
in the national electronic health platform), as referred in
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the criteria of major neurocognitive disorder in the fifth
edition of the Diagnostic and Statistical Manual of Mental
Disorders; absence of a stroke lesion in brain imaging, or
unavailable brain images.

A history of stroke was not an exclusion criterion,
because some pathophysiological models of delusional
misidentification syndromes propose a “2-hit” process'’
and there are reports hypothesizing that prior brain lesions
may contribute to the occurrence of reduplicative
paramnesia. 12

This study was approved by the Joint Ethics Com-
mittee of the Lisbon Academic Medical Centre, and
patient informed consent was obtained for acquisition and

publication of individuals’ data.

Clinical Screening

Of 400 patients screened, 297 fulfilled our study criteria.
The reasons for patient exclusion are presented in the
Supplementary Table S1. Sixty-four of the 297 patients
presented with reduplicative paramnesia. Patients were
screened for reduplicative paramnesia within the first
72 hours of admission and then at regular intervals of
48 hours. Spatial orientation was evaluated through a
structured interview asking patients if they knew where
they were, namely, the kind of building (hospital), the city
(Lisbon), and the city district they were in. The patients
who did not know or who gave a wrong answer were
given the correct location. If patents disagreed with the
given answer, they were then confronted with clear evi-
dence proving otherwise. Whenever they thought they
were in a place other than a medical facility, they were
shown and asked to identify medical equipment (vital
signs monitor, venous infusion tubes, and oxygen masks),
and other patients in the same room or medical staff (phy-
sicians, nurses, and physiotherapist). Whenever they
believed they were in another hospital or in another place/
city, they were shown either (a) the hospital logotype in
the medical coats and bed sheets and asked to read the
corresponding inscription, which included the hospital
and the city names, or/and (b) the view from a window
and asked to identify unique nearby landmarks, such as
Lisbon airport and the stadium of an emblematic Portu-
guese football team. The patients who maintained a false
conviction of spatial mislocation after being effectively
exposed to these counterfactual stimuli (confabulatory
mislocation, place reduplication, or chimeric assimilation)
were considered cases of reduplicative paramnesia. The
patients who were oriented in space or patients who were
disoriented but accepted the evaluator’s explanation or
changed their belief after being exposed to the referred

counter-evidence were considered controls.
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An illustrative case of reduplicative paramnesia is
described in the Supplementary Table S2 and in the
Supplementary Video S1.

Clinical and demographic data were collected. The
descriptions of the patients with reduplicative paramnesia
were classified according to the subtypes defined in the litera-
ture (ie, place reduplication, confabulatory mislocation, and
chimeric assimilation).” We also screened for other delusional
misidentification syndromes, namely, Capgras syndrome,
Fregoli syndrome, asomatognosia, and somatoparaphrenia.

Regarding neuroimaging parameters, the grades of
cerebral atrophy and small-vessel disease burden were visu-
ally rated (either on computed tomography [CT] or mag-
netic resonance imaging [MRI], as specified in the
following section). The Global Cortical Atrophy scale was
used to assess cortical atrophy.'® This scale was originally
designed to grade cortical atrophy in patients who had a
stroke and consists of an ordinal scale, ranging from
0 (no atrophy) to 3 (“knife blade” atrophy), that includes a
discrete assessment of the frontal, the parieto-occipital, and
the temporal regions. The Medial Temporal Lobe Atrophy
score was also evaluated."® It is a widely used ordinal scale
to assess medial temporal lobe atrophy that ranges from
0 (no atrophy) to 4 (marked widening of the choroid fis-
sure and of the temporal horn, marked atrophy, and inter-
nal structure loss of the hippocampus). The Age-Related
White Matter Changes was used to grade small-vessel dis-
case burden.'” It evaluates both white matter disease and
basal ganglia small-vessel lesions in 2 ordinal scales ranging
from 0 (no lesions) to 3 (diffuse or confluent lesions)."”
These 3 scales were chosen because they have good intra

1516 and they have been rec-

and interobserver reliability
ommended for the routine clinical assessment of CT and
MRI images.'” The rater was blind to patients’ outcome

during the assessment.

Lesion Topography Analysis
Brain MRI or CT images were used to define stroke
lesions. Delimitation was manually performed on axial slices
with a thickness of 3 mm. The researchers were blind to
the status of the patient (ie, case or control). MRI images
were acquired in a Philips Achieva 3.0 T or Philips Intera
1.5 T scanner. The sequence of reference in MRI was the
diffusion-weighted imaging.'"® When MRI was not avail-
able, CT was performed 24 to 72 hours after stroke onset
was used. CT images were acquired in a Philips Brilliance
64-channel scanner. The proportion of MRI/CT scans in
the groups of cases and controls were 23/41 and 118/115,
respectively (p = 0.06).

Brain MRI and CT images were normalized to
MNI152 space. For an MRI, T1 images were used as the
reference for normalization. We performed a first step of
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linear registration, applying an affine transformation
(12 degrees of freedom), using the FSL software FLIRT
tool. A second step of nonlinear registration was per-
formed using FSL’s FNIRT tool."? For a CT, a linear reg-
istration was performed applying the same parameters as
before and using the CT-derived MNI152 template.18 In
both cases, the calculated deformation field was applied to
the lesions.

Randomise is an FSL tool that allows nonparametric
comparisons of brain images.20 A 2-sample unpaired anal-
ysis was performed using this tool to compare lesion maps
of the 2 groups. Five thousand permutations were com-
puted, a threshold-free cluster enhancement was applied,
and the obtained p values were family-wise error (FWE)
corrected. Possible confounders were included in the
model as covariates, namely, lesion volume, stroke clinical
severity (measured by the National Institutes of Health
Stroke Scale), imaging modality (MRI or CT), and stroke
vascular territory. The analysis was whole-brain based.

A brain map of the areas where the lesion or sparing
was significantly associated with reduplicative paramnesia
was created.

A less conservative follow-up analysis was also per-
formed, applying a false discovery rate (FDR) correction
for multiple comparisons. FDR-corrected maps were com-
puted using FSL’s fdr tool.

To investigate neuroimaging differences among the
3 subtypes of reduplicative paramnesia, we also computed
an F-test with Randomise, contrasting patients with place
reduplication, confabulatory mislocation, and chimeric
assimilation.”® If the F-test revealed statistically significant
intergroup differences, individual 2 sample tests were cal-
culated to determine the direction of the effect.

We included prior brain lesions in the lesion mask.
Because the neurobiological processes underlying acute and
chronic stroke lesions differ, a sensitivity analysis including

only patients with first-ever strokes was performed.

Structural Disconnection Analysis

Some neurobehavioral syndromes are better explained by
the pattern of white matter disconnection rather than by a
specific lesion localization.*"** With this in mind, we also
compared the pattern of structural disconnection between
the cases and controls.

The tool Disconnectome from the software package
BCBrtoolkit (http://toolkit.bcblab.com) indirectly calculates
the probability of structural disconnection caused by focal
lesions.”> The probability of disconnection is derived from
healthy subjects’ tractography from the Human Connectome
Project 7 T dataset (n = 178).%* Tractography was processed
as described by Karolis and colleagues.”> This analysis pro-

duces a Disconnectome map revealing disconnection patterns
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only when more than 50% of the tractographies of healthy
subjects were disconnected.

A Randomise 2-sample test was computed to com-
pare the Disconnectome maps of the 2 groups using the
same parameters and the same confounding covariates
considered in the lesion topography analysis.”® A brain
map of areas whose disconnection was significantly associ-
ated with reduplicative paramnesia was created.

Similar to the approach taken in the previous section,
an F-test was calculated to investigate structural disconnec-
tion differences between the subtypes of reduplicative
paramnesia.

We also computed a structural disconnection matrix.
The Automated Anatomical Labeling atlas 3 (AAL3)?® was
the chosen parcellation because it includes cortical and
subcortical structures. We used MRurix’s tool #ckedir to
select the tracts of each of 178 tractographies of reference
that crossed the individual stroke lesions.”” Then,
MRtrix’s tool zck2connectome was run to create a connec-
tivity matrix. To calculate the proportion of disruption,
we divided the number of disrupted streamlines by the
total number of streamlines connecting each pair of
regions. The mean of the 178 individual matrices was
computed, in order to obtain single individual connectivity
matrices. The difference in the proportion of disruption
between the cases and controls and 2-sample unpaired sta-
tistics were calculated, applying a multiple comparisons
Bonferroni-corrected p value (p value < 3.5E-6).

Functional Connectivity Analysis

There is a considerable relationship between structural
and functional disconnection, but the overlap is far from
absolute.”® Lesion network mapping of some neuropsychi-
atric syndromes, such as peduncular hallucinosis, has been
achieved through functional ~connectivity ~analysis.”’
Therefore, we complemented the connectivity characteri-
zation of reduplicative paramnesia with a functional con-
nectivity study.

Stroke lesions were used as seeds. We calculated the
correlation between the average time course of every lesion
and the time course of the other brain voxels using the
Funcon connectivity tool from BCBroolkit (http://toolkit.
beblab.com).?®> We used 175 preprocessed 7 T resting
state functional MRIs from the Human Connectome
Project S1200 dataset.”® Preprocessing was performed
according to the Human Connectome Project pipelines.*
To create the functional Disconnectome map of each
patient, we followed the protocol developed by the Labo-
ratory for Brain Network Imaging and Modulation.’
Correlation values were converted to a normal distribu-
tion using Fisher’s r to z transform. FSL’s tool Randomise
1-sample test was used to compute statistically significant
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correlations, applying a threshold-free cluster enhance-
ment. Statistical maps were thresholded and binarized at
t> + 4.25 to create positive and negative functional Dis-
connectome maps.3 233 We chose the same threshold as
Darby and colleagues in their work about delusional mis-
identifications syndromes, to allow a more direct compar-
ison between studies.’®> A Randomise 2-sample test was
used to compare the maps of the 2 groups using the same
parameters and the same confounding covariates applied
in the lesion topography and in the structural connectiv-
ity analyses. We run additional analyses without a t-value
threshold and with alternative t-value thresholds of 4.16
(p < 0.00005) and of 4.71 (p < 0.000005) to evaluate the
consistency of the results.>* An F-test to investigate inter-
group functional connectivity differences between the
subtypes of reduplicative paramnesia was computed
as well.

It has been demonstrated that cognitive processing is
enhanced when there is functional-structural coupling.’®
In addition, it is expected that white matter disruption
induces functional changes at the cortical level.>® There-
fore, we performed a complementary analysis aimed to
integrate functional and structural maps. We defined sig-
nificant functional regions and adjacent white matter
voxels as seeds for tractography in the seed tracking algo-
rithm provided by DSI Studio (http://dsi-studio.labsolver.
org). Then, we identified the areas of overlap between the
obtained structural connectivity map and the map of sig-
nificant structural disconnection.

Statistical Analysis

Continuous variables were reported as the mean (SD) or
median (interquartile range) and compared using 2-sample
unpaired # tests or Mann—Whitney tests, according to
their distribution. Categorical variables were reported as
frequencies and compared using chi-square or Fisher’s
tests, as appropriate.

A multivariate logistic regression model was built
using Statal4. Variables with a statistically significant asso-
ciation in the bivariate analysis or those that were consid-
ered clinically or biologically relevant were included using
a step-up approach. Competing models were evaluated by
their goodness-of-fit and complexity using Akaike infor-
mation criterion.

Finally, the obtained model was cross-validated. We
computed a support vector machine k-fold nested cross-
validation using sklearn. We used RepeatedStratifiedKFold
as a randomized cross-validation splitter, and 50 splits
were performed, leaving 20% of the data out.’” A struc-
tural disconnection map and a lesion spared map were
computed in each cross-validation fold (ie, 50 different

structural disconnection and lesion spared maps were
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calculated). The maps derived solely from the training sam-
ple that was randomly selected at each iteration, so that the
predictive capacity of the model was tested in a group of
subjects (test sample) that did not contribute to the compu-
tation of these maps. We applied GridSearchCV for param-
eter hyperoptimization and C-Support Vector Classification
as a classifier. A receiver operating characteristic (ROC)
curve was plotted to evaluate the classifier’s output, and the
median and interquartile range of the area under the curve
(AUC) scores were computed. The positive and negative
predictive values of the model were also calculated.

Due to the hypothesis that psychiatric comorbidities
might increase the likelihood of delusional misidentifica-
tions of space, a subgroup analysis was performed compar-
ing demographic, clinical, and neuroimaging parameters
between reduplicative paramnesia patients with and with-
out prior psychiatric disease.

Alpha levels were set at 0.05 for statistical signifi-
cance, and the p value was corrected for multiple compari-
sons whenever appropriate, as specified in the previous

section.

Results

Clinical Features

The demographic, clinical, and neuroimaging features of
the cases and controls are presented in Table 1 and in the
Supplementary Table S3.

The patients with reduplicative paramnesia were older,
had more severe neurological deficits, and had worse func-
tional outcomes at discharge than controls. Anosognosia,
neglect, and other delusional misidentification syndromes
were more frequent in patients with reduplicative paramne-
sia. There was no difference in terms of history of psychiatric
disecase. The patients with reduplicative paramnesia had
higher lesion volumes and higher grades of cortical atrophy.
There was no difference in terms of small vessel disease bur-
den, both at the white matter and basal ganglia levels.

The median duration of reduplicative paramnesia
was 2 days (interquartile range = 1-5 days) and ranged
from 1 to at least 17 days. Nineteen patients maintained
reduplicative paramnesia at the tme of discharge
(or transference to another hospital).

The most frequent subtype of reduplicative param-
nesia was confabulatory mislocation (56%), followed by
place reduplication (19%), and chimeric assimilation
(13%). The most frequent places of mislocation were:
believing to be at home, in confabulatory mislocation;
believing to be at a replica of the original hospital, in place
reduplication; or believing that home was inside the hospi-
tal or transformed into a hospital, in chimeric assimilation.
In 8 patients (12%), there was a change of the subtype of
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reduplicative paramnesia during the period of hospitaliza-
tion. A detailed description of the subtypes of reduplica-
tive paramnesia and of the places of mislocation is
presented in Table 2.

In the subgroup of patients with prior psychiatric
disease, none had a history of delusions. There was no sta-
tistically significant difference between patients with redu-
plicative paramnesia with and without prior psychiatric
disease in terms of age, frequency of anosognosia, clinical
severity, lesion volume, and small vessel disease burden.
There was a tendency, not statistically significant, for
lower grades of parieto-occipital and temporal atrophy in

patients with prior psychiatric disease (Supplementary
Table S4).

Lesion Topography

Lesion overlap maps of cases and controls are presented in
Figure 1A. The comparison between the 2 groups,
regressing for confounders, did not reveal any voxels sig-
nificantly more often lesioned in the cases than controls
(both in the primary FWE adjusted and in the follow-up
FDR adjusted analyses). Conversely, there were voxels
topographically located in the dorsal regions of the parietal
and frontal lobes that were significantly more often
lesioned in controls than in cases (FWE-corrected
2 value < 0.05; Fig 1B).

The sensitivity analysis including only patients with
a first-ever stroke (n = 276, 60 cases, 216 controls) rev-
ealed similar results.

There was no statistically significant intergroup dif-
ference among the 3 subtypes of reduplicative paramnesia
or between reduplicative paramnesia patients with and
without prior psychiatric disease.

Structural Disconnection
The comparison of the structural disconnection maps
between cases and controls, regressing for confounders, rev-
ealed a map of voxels significantly more often disconnected
in cases than controls (FWE-corrected p value < 0.05;
Fig 2A). There were no voxels significanty more often dis-
connected in the controls than in cases. Two main seg-
ments of disconnection were evident: right thalamo-frontal
and right occipitotemporal (Fig 2B). The right thalamo-
frontal segment overlapped the anterior thalamic radiations
and the fronto-striatal projections (Fig 2C, left). The right
occipitotemporal segment overlapped the inferior fronto-
occipital fasciculus and the inferior longitudinal fasciculus
(see Fig 2C, right).

The sensitivity analysis, including only patients with
a first-ever stroke (n = 276, 60 cases, 216 controls) rev-
ealed similar results.
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Demographic features Age (years)
Gender (F/M), n
Clinical features Type of stroke (Isch/ICH), n
Screening start (days)
Length of admission (days)
NIHSS admission
NIHSS discharge
mRankin discharge
Anosognosia, n (%)
Neglect, n (%)
Other DMS, n (%)
Fregoli syndrome
Asomatognosia
Somatoparaphrenia
Fregoli + asomatognosia
Comorbidities Prior psychiatric disease, n
Depression
Anxiety
Bipolar disorder
PTSD
Neuroimaging features Lesion volume (cm3)
ARWMC
White matter
Basal ganglia
Global cortical atrophy
Frontal
Parieto-occipital

Temporal

TABLE 1. Demographic, Clinical, and Neuroimaging Features

Values are presented as the median [interquartile range], unless otherwise specified.
ARWMC = age-related white matter changes; DMS = delusional misidentification syndromes; F = female; Isch/ICH = ischemic; M = male;
NIHSS = National Institutes of Health stroke scale; mRankin = modified Rankin scale; PTSD = post-traumatic stress disorder.

Cases (n = 64) Controls (n = 233) p value

78 [71-83] 68 [58-78] <0.01
31/33 99/134 0.40

62/2 212/21 0.18
2 [1-2] 2 [1-2] 0.18
8 [5-12] 7 [5-11] 0.44

15 [12-18] 11 [6-15] <0.01
10 [5-15] 3 [1-8] <0.01
4 [3-4] 2 [1-4] <0.01
44 (69%) 73 (31%) <0.01
41 (64%) 109 (47%) 0.01
12 21%) 6 (3%) <0.01
8 (14%) 1 (0.4%)

1 (1.7%) 2 (0.9%)
2 (3%) 3 (1.3%)
1 (1.7%) 0 (0%)
9 (14%) 26 (11%) 0.52
8 (13%) 19 (8%)
0 6 (3%)
1 (2%) 0
0 1 (0.4%)

54 [25-1306] 17 [4-61] <0.01
1[1-2] 1 [0-2] 0.19
1 [0-2] 1 [0-2] 0.46
1 [0-2] 0 [0-1] 0.02
1[1-2] 1 [0-2] <0.01
1 [0-2] 0 [0-1] 0.04

All the lesions associated with reduplicative param-
nesia hit at least one of these segments (Fig 3B). Most
intersected both the right thalamo-frontal and the right
occipitotemporal segments (81%, n = 52). The remaining
intersected the right occipitotemporal segment only
(19%, n = 12).
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The structural disconnection matrix is presented in
Figure 2D. The pairs of AAL3 nodes with the highest dif-
ferences in terms of proportion of disconnection between
the 2 groups were: (1) the right fusiform gyrus with the
right anterior orbitofrontal cortex; (2) the right cuneus
and superior occipital gyrus with the right superior
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TABLE 2. Subtypes of Reduplicative Paramnesia and Places of Mislocation
Subtype
Place 19% (n = 12)
reduplication
Chimeric 13% (n = 8)
assimilation
Confabulatory 56% (n = 36)
mislocation
More than Confabulatory mislocation 6% (n = 4)
one subtype  and place reduplication
Confabulatory mislocation 6% (n = 4)
and chimeric assimilation

Place of mislocation

Hospital replica 13% (n = 8)
Hospital dependency 6% (n = 4)
Home inside hospital 5% (n = 3)
Home transformed into a hospital 5% (n = 3)
Relative’s house transformed into a hospital 3% (n = 2)

Home 41% (n = 26)
New clinic 3% (n = 2)
Other clinic 3% (n = 2)
Relative’s house 2% (n=1)
Ambulance 2% (n=1)
Farm 2% (n = 1)
Garage 2% (n=1)
Kindergarten 2% (n=1)
Military base 2% (n = 1)
Home and hospital dependency 5% (n = 3)
Relative’s house and hospital dependency 2% (n=1)
Home and home inside hospital 5% (n = 3)
Home and home transformed into a hospital 2% (n=1)

temporal gyrus; (3) the right thalamic ventral anterior
nucleus with the right frontal middle gyrus; and (4) the
right midbrain with the right medial superior frontal
gyrus (Fig 2E). The difference between the 2 groups
was statistically significant (Bonferroni’s corrected
p value < 3.5E-6), with higher proportions of disconnection
in patients with reduplicative paramnesia than in controls.
In the analysis of intergroup differences between the
different subtypes of reduplicative paramnesia, we found a
statistically significant effect in a right frontal region that
overlaps the thalamo-frontal circuit (see Fig 3A). The indi-
vidual 2-sample analyses showed that the effect was driven
by higher probabilities of disconnection of this circuit in
patients with place reduplication or with confabulatory
mislocation than in patients with chimeric assimilation.
There was no statistically significant difference
between patients with reduplicative paramnesia with and

without prior psychiatric disease.

Functional Disconnection
The statistical comparison of the positive correlation maps,
regressing for confounders, revealed one area significantly
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associated with reduplicative paramnesia that was located in
the right precuneus (FWE-corrected p value < 0.05; Fig 4A).
There was no significant association when the negative corre-
lation maps were compared. White matter tracts seeded from
the significant functional area in the right precuneus included:
(a) a right lateral temporal bundle (Fig 4B, top) that partially
overlapped the temporal region with significant structural dis-
connection (Fig 4C); and (b) a right medial bundle (see
Fig 4B, bottom), that partially overlapped the frontal region
with significant structural disconnection (see Fig 4C).

The sensitivity analysis, including only patients with
a first-ever stroke (n = 276, 60 cases, 216 controls) rev-
ealed similar results.

The additional analyses applying t-value thresholds
of 4.16 and 4.71 results. The
unthresholded analysis did not reveal statistically signifi-

showed similar

cant differences between cases and controls.
There was no statistically significant intergroup dif-

ference among the 3 subtypes of reduplicative paramnesia.

Multivariate Model
The multivariate model with the best classification perfor-
mance included the following independent variables:
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A
Lesion overlap maps

Cases Controls

76/233

2/64 42/64  2/233

RP lesion spared map

0.05 p-value 0.01
(FWE corrected)

FIGURE 1: Lesion topography analysis. (A) Lesion overlap maps of cases (left) and controls (right). (B) Statistical mapping of areas
significantly more often spared in cases of reduplicative paramnesia than in controls, regressing for confounders. FWE = family-

wise error family-wise error; RP = reduplicative paramnesia.

volume of an individual’s structural disconnection map
intersecting the reduplicative paramnesia structural discon-
nection map, volume of an individual’s lesion intersecting
the reduplicative paramnesia lesion spared map, age, and
anosognosia (Table 3). The total volume of the lesion, the
total volume of the individual Disconnectome map and
the grade of cortical atrophy were not independent predic-
tors of reduplicative paramnesia.

The validation of this model, namely, performing a
support vector machine 50-fold nested cross-validation,
revealed good discrimination accuracy with a median
AUC of 0.80 (interquartile range = 0.75-0.85; Fig 5).

The model correctly classified 85% of the patients,
presenting a positive predictive value of 70% and a nega-
tive predictive value of 87%. The variable with best dis-
criminability per se was the volume of an individual’s
structural disconnection map intersecting the reduplicative
paramnesia structural disconnection map (AUC = 0.80).

Discussion

In this study, we investigated the anatomic basis of delu-
sional misidentifications of space. We analyzed lesion
topography and structural and functional connectivity pat-
terns, addressing the pathophysiological hypotheses that
had been proposed to date. Three main findings emerged
from this research. First, the structural disconnection map
was the most important predictor of reduplicative param-
nesia and was composed of 2 main streams, connecting
the right anterior thalamus with the right prefrontal cortex
and the right occipital cortex with the right temporal cor-
tex. Second, reduplicative paramnesia was associated with
functional disconnection with the right precuneus, and a
functional-structural link was demonstrated at this level.
Finally, we found that the independent predictors of
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reduplicative paramnesia were structural disconnection of
the above-mentioned regions, lesion sparing of the right
dorsal frontoparietal areas, age, and anosognosia.

At a neurobehavioral level, delusional misidentifica-
tions have been associated with defective binding of a
proper emotional value to perceived visual information.”
In reduplicative paramnesia, misidentified spaces are
mostly reduplicated or mislocated to emotionally relevant
places.”® The limbic system is a key circuit for emotional
integration, particularly the limbic temporo-amygdala-
orbitofrontal division.”” Tt has been shown that visual
scenes that are affectively significant induce stronger
amygdaline responses™® and that lesions of the right infe-
rior longitudinal fasciculus disturb visual-emotional inte-

41,

gration.*""*? The amygdala and the orbitofrontal cortex

are densely connected by bidirectional pathways and syn-
ergistically regulate the cognitive control of emotion.*
The anterior nuclei of the thalamus belong to the limbic
system.*® They seem to modulate amygdala-orbitofrontal
activity and participate in emotional-cognitive interac-
tions.*> The connection of the anterior thalamic nuclei
with the limbic regions of the prefrontal cortex is through
the anterior thalamic projections that run in the anterior
limb of the internal capsule.”® This pattern matches the
thalamo-frontal stream identified in our study.
Translating these findings to the functional net-
work organization of the brain, we have recently demon-
strated that the anterior thalamus integrates the default
mode network.*® The default mode network works as a
multimodal integrator of domain-specific networks. The
disruption of multimodal integration is phenomenologi-
cally evident in reduplicative paramnesia. For instance,
patients recognize environmental landmarks and know
where these landmarks are located but still misjudge their
own position in space. Furthermore, they understand the

Volume 89, No. 6
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B Thalamo-frontal
disconnection

A RP structural
disconnection map

Occipito-temporal
dlsconnectlon

(FWE corrected)

4
3
2
1
0

0.05 p-value 0.01
(FWE corrected) FSrP AThR IFOF 1L

o w o ©
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D Structural disc. matrix E Disconnected AAL3 pairs
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FIGURE 2: Structural disconnection analysis. (A) Statistical mapping of areas more often disconnected in patients with reduplicative
paramnesia than controls, regressing for confounders. (B) Three-dimensional representation of statistical mapping, evidencing the
segments of the right thalamo-frontal and right occipitotemporal disconnection. (C) Volume and proportion of the right fronto-striatal
projections (FSrP), right anterior thalamic radiations (AThR), right inferior fronto-occipital fasciculus (IFOF) and right inferior longitudinal
fasciculus (ILF) that are intersected by the statistical map of disconnection. (D) Structural disconnection matrix. The left half represents
the difference between the proportions of disconnection in cases and controls (cases minus controls). The right half represents the
corresponding p values (in a natural logarithmic scale). Each line represents an AAL3 node. Nodes were grouped into regions according
to the corresponding labels (Bg = basal ganglia; Cb = cerebellum; F = frontal; HA = hipoccampal-amygdaline complex; Mid = midbrain;
O = occipital; P = parietal; T = temporal; Th = thalamus). A complete indexing of AAL3 nodes is available in the Supplementary
Table S5. (E) Surface representation of the pairs with the highest difference of disconnection between the cases and controls. Each
color represents a pair of nodes. AAL3 = Automated Anatomical Labeling atlas 3; FrontMid = medial frontal gyrus; FrontSMed = medial
surface of the superior frontal gyrus; Fus = fusiform gyrus; FWE = family-wise error; MidB = midbrain; OccS_Cun = superior occipital
gyrus and cuneus; OrbFrontA = anterior orbitofrontal cortex; RP = reduplicative paramnesia; TempS = superior temporal gyrus;
ThVA = thalamic ventral anterior nucleus.

but several cases were
Our results revealed that

counter-evidence that is shown but still do not update for reduplicative paramnesia,49

their belief.

described missing this feature.’

The processes of identifying incongruent information
and reality monitoring are mediated by the anterior pre-
frontal cortex.”” The anterior prefrontal cortex also has a
determinant role in the self-referential processing of external
stimuli through the activation of a network composed of
the anterior right middle frontal gyrus, the medial superior
frontal gyrus, and the anterior orbitofrontal cortex.® Early

reports identified frontal lesions as an important risk factor

June 2021

the significant determinant for the emergence of reduplica-
tive paramnesia is the disconnection of distinct areas of the
prefrontal cortex, rather than frontal lesion per se.

In addition to right fronto-thalamic disruption, the
structural disconnection map associated with reduplicative
paramnesia included a right occipitotemporal stream. Ven-
tral visual pathways constitute a core system for visual cat-

egorization and mediate the connection of the occipital
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A Structural disconnection differences between RP subtypes
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FIGURE 3: (A) Structural disconnection differences between the different subtypes of reduplicative paramnesia; left: intergroup
differences; center: structural disconnection more frequent in place reduplication than in chimeric assimilation; and right:
structural disconnection more frequent in confabulatory mislocation than in chimeric assimilation. (B) Intersection of reduplicative
paramnesia lesions with the disconnected circuits of interest; left: percentage of the right occipitotemporal circuit and of the
right thalamo-frontal circuit that are intersected by each lesion; right: number of patients in whom the stroke lesion hit both
circuits, the right occipitotemporal circuit only, the right thalamo-frontal circuit only or none of the circuits. FWE = family-wise
error; OT = occipitotemporal circuit; RP = reduplicative paramnesia; TF = thalamo-frontal circuit.

cortex with medial temporal structures involved in object-
context memory, such as the hippocampus.”® Furthermore,
ventral visual pathways include longer fibers connecting
the occipitotemporal cortex with the ventrolateral pre-
frontal cortex and with the orbitofrontal cortex.”’ We
showed that the occipitotemporal stream associated with
reduplicative paramnesia overlaps both the right inferior
longitudinal fasciculus and the inferior fronto-occipital
fasciculus and that the right fusiform gyrus and the right
anterior orbitofrontal cortex were among the pairs of
regions with the highest difference in structural discon-
nection between the cases and controls. This anatomic
relationship between posterior and anterior regions has
important functional implications because perceptual inte-
gration is strictly linked with reality monitoring.”* Such a
relationship has been demonstrated in other delusional dis-

orders, namely in schizophrenia.53
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The ventral visual system is also the main mediator of
allocentric spatial representations. Hippocampal cells are well
known to fire in specific spatial locations,”® whereas the
parahippocampal cells are activated by objects that are
implicitly or explicitly retrieved in decisive points during
navigation.” The precuneus interacts with this system and
seems to be important for updating the representation of

¢ Defective allocentric positioning  is

objects in space.
manifested in patients with reduplicative paramnesia by their
inability to properly localize themselves and the place where
they are in the environment. Conversely, egocentric refer-
ences seem to be intact in reduplicative paramnesia. Patients
are able to correctly describe routes between different places,
including routes starting from the place that they are mis-
interpreting,*’ Egocentric spatial references are processed in
the dorsal visual stream,”” and our data showed that lesion

sparing of the right dorsal frontal and parietal regions is an

Volume 89, No. 6
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FIGURE 4: Functional disconnection analysis. (A) Statistical map corresponding to the comparison of the positive correlation
maps between patients and controls, regressing for confounders, projected on a cortical surface. The mapped area is
significantly associated with reduplicative paramnesia. (B) White matter tracts seeding from the significant functional area.
(C) Areas of intersection (in red) of the structural connectivity map seeded from areas of significant functional disconnection with
the map of significant structural disconnection. FWE = family-wise error; RP = reduplicative paramnesia.

independent predictor of reduplicative paramnesia. The
right dorsal frontoparietal network also contributes to the
attentional shifts between external stimuli and internal repre-
sentations, favoring the processing of internally generated
mnemonic constructions.”®*® We hypothesize that injury of
this network may preclude the creation of the resilient

internal spatial representations that could support the emer-
gence of reduplicative paramnesia.

The pattern of structural disconnection differed
between the subtypes of reduplicative paramnesia. We
speculate that the stronger association of place reduplica-
tion and of confabulatory mislocation with disconnection

TABLE 3. Logistic Model with the Best Classification Performance

Variable Odds ratio 95% CI p value
Structural disconnection intersecting reduplicative 1.26 1.17-1.36 <0.01
paramnesia structural disconnection map (cm3)

Lesion intersecting reduplicative paramnesia lesion 0.79 0.68-0.92 <0.01
spared map (cm3)

Age (years) 1.08 1.05-1.12 <0.01
Anosognosia (yes/no) 2.54 1.24-5.19 0.01

CI = confidence interval.
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FIGURE 5: Multivariate model ROC curves from the 50-fold
nested SVM cross-validation. ROC curves for individual folds
are represented by different colors. AUC = area under the
curve; FPR = false positive ratio; IQR = interquartile range;
ROC = receiver operating characteristicc SVM = support
vector machine; TPR = true positive ratio.

of the thalamo-frontal stream might be due to higher lim-
bic dysregulation in these subtypes. In place reduplication,
there is a notable loss of familiarity for place, because
patients typically believe that they are in a replica rather
than in the original place.” Conversely, in confabulatory
mislocation, there is a resilient increase of familiarity for
place, as patients usually misidentify a strange environ-
ment as a familiar one.” Chimeric assimilation might be
more heavily related with a defective interpretation of
allocentric spatial references and with dysfunction of the
occipitotemporal stream.

In this imbalance of familiarity regulation, patients
who undergo a stroke tend to be particularly prone to
hyperfamiliarity phenomena. The most frequent place of
mislocation in our sample was patients’ homes. In addi-
tion, hyperfamiliarity misidentifications in other modali-
ties, namely Fregoli syndrome, were more frequent than
hypofamiliar delusions, such as Capgras syndrome or
somatoparaphrenia. The inverse pattern is observed in

other diseases, namely in schizophrenia spectrum

disorders.®’

In addition to neuroimaging variables, age and
anosognosia were independent predictors of reduplicative
paramnesia. A systematic review of how aging affects spa-

tial navigation showed that allocentric strategies are
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particularly prone to deterioration.®’ Aging may also
increase the risk of deficits in neuropsychological domains
associated with reduplicative paramnesia, namely, execu-
tive dysfunction, visual memory impairment, and visuo-
spatial deficits. In anosognosia, patients are resistant to
demonstrations of their deficits. This shared behavioral
feature with reduplicative paramnesia, as well as a com-
mon neuroanatomic limbic dysfunction,®* may justify its
predictive significance.

As limitations of our study, brain imaging does not
reflect the full extent of brain dysfunction after stroke, and
the delimitation of the visible lesion varies according to the
modality used.®> In addition, the results obtained in the
thresholded functional connectivity analyses were not cor-
roborated in the unthresholded analysis. The presence of
large lesions may have affected the performance of lesion
network mapping methodology in our sample.** Finally,
this study was performed in a tertiary stroke unit and may
not be representative of the entire stroke population.

In conclusion, on the basis of a large sample of
patients with reduplicative paramnesia, we demonstrated
that delusional misidentifications of space occur due to a
pattern of disconnection involving fronto-thalamic limbic
regions and occipitotemporal ventral visual structures of the
right hemisphere. We propose that disruption of this net-
work might explain the abnormal spatial-emotional binding
and the defective updating of spatial representations that
characterize delusional misidentifications of space.
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An improved neuroanatomical model of the
default-mode network reconciles previous
neuroimaging and neuropathological findings
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The brain is constituted of multiple networks of functionally correlated brain areas, out of
which the default-mode network (DMN) is the largest. Most existing research into the DMN
has taken a corticocentric approach. Despite its resemblance with the unitary model of the
limbic system, the contribution of subcortical structures to the DMN may be under-
appreciated. Here, we propose a more comprehensive neuroanatomical model of the DMN
including subcortical structures such as the basal forebrain, cholinergic nuclei, anterior and
mediodorsal thalamic nuclei. Additionally, tractography of diffusion-weighted imaging was
employed to explore the structural connectivity, which revealed that the thalamus and basal
forebrain are of central importance for the functioning of the DMN. The contribution of these
neurochemically diverse brain nuclei reconciles previous neuroimaging with neuropatholo-
gical findings in diseased brains and offers the potential for identifying a conserved homo-
logue of the DMN in other mammalian species.
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Xenon clearance to investigate resting wakefulness!. When

aligned by scalp and skull markers, the 11 brains examined
indicated an evident increase of the blood flow levels in the
frontal lobe interpreted as a surrogate for undirected, sponta-
neous, conscious mental activity. Later, positron emission
tomography (PET) was used to map more systematically task-
related activation in the brain, often with resting wakefulness as a
control task. The contrast between task-related and resting
wakefulness led to the description of deactivation (i.e., active at
rest more than during the task) in a set of regions, including
retrosplenial cortex, inferior parietal cortex, dorsolateral frontal
cortex inferior frontal cortex, left inferior temporal gyrus, medial
frontal regions and amygdala?> that quickly bore the name of
default-mode network (DMN)4. In these studies, skull landmarks
or structural magnetic resonance imaging (MRI) were used to
align PET images in Talairach stereotaxic or in Montreal Neu-
rological Institute (MNI) templates®>. The advent of functional
magnetic resonance imaging (fMRI), particularly of methods for
analysing functional connectivity, led to the allocation of new
structures to this network, such as the hippocampal formation>=7.

Today, the DMN has largely been a cortically defined set of
network nodes. Consisting of distinct regions/nodes distributed
across the ventromedial and lateral prefrontal, posteromedial and
inferior parietal, as well as the lateral and medial temporal cortex,
the DMN is considered a backbone of cortical integration3-11, Tts
subcortical components are, however, less well characterised.
Studies of whole-brain network organisation reveal subregions of
the cerebellum!>!3 and striatum!4 that are functionally con-
nected with the cortical regions of the DMN. Seed-based func-
tional connectivity studies further demonstrate additional DMN-
specific connectivity to several subcortical structures, including
the amygdala!>1® and striatum!”. The thalamus has also been
shown to be structurally and functionally connected to DMN
regions!®19. These studies are important, as a cleaner character-
isation of the anatomy of the DMN is an essential step towards
understanding its functional role and its involvement in brain
diseases. Particularly, an increased activity characterises the
regions that compose DMN during tasks involving auto-
biographical, episodic and semantic memory, mind wandering,
perspective-taking or future thinking2?2!; Bendetowicz et al.22.
Conversely, DMN regions show a decreased neural activity dur-
ing attention-demanding and externally oriented tasks2!:23,
Finally, altered connectivity in the DMN has been observed in a
large variety of brain diseases, including Alzheimer’s disease,
Parkinson’s disease, schizophrenia, depression, temporal lobe
epilepsy, attention deficit and hyperactivity disorder, drug
addiction, among others?*-2%. Hence, while prior research pro-
vides first hints towards a broader definition of the DMN system,
further research is necessary to articulate the anatomical extent of
specific subcortical contributions, and to understand the inde-
pendent contribution of these structures in DMN function and
pathologies.

Yet, since the DMN has repeatedly been characterised as a
cohesive functional network®, an average of brain images relying
exclusively on anatomical references and landmarks may be
suboptimal3%:3! whether the method employed is a surface-based
or volume-based registration3%32, Small structures of the brain
may be particularly susceptible to this misalignment, especially
when MRI lacks contrast. Besides morphology, cytoarchitecture
and function are poorly overlapping, especially in the DMN?33:34,
Consequently, functional areas present in every subject may not
overlap after averaging all structurally aligned brain images in a
group analysis’®3>. This biological misalignment can be parti-
cularly problematic for revealing significant small regions of the
DMN (Fig. 1). A better alignment is also essential for the

I n 1979, for the first time to our knowledge, David Ingvar used

subcortical structures of the brain, as their variability is still
considerable36-39,  Specifically, cytoarchitectonic studies have
shown that only one-quarter of the volume of cholinergic nuclei
overlaps in at least half of the individuals studied?. Similarly,
structures such as mammillary bodies, nucleus basalis of Meynert,
or anterior thalamic nuclei can vary in size, morphology and
locations, and are particularly prone to misalignment with the
current methods of structural registration3240-42, Functional
alignment methods have already been used to overcome the high
interindividual variability of the morphology of some areas of the
heteromodal association cortex and led to a more accurate
mapping of resting-state functional connectivity*3-4>. They also
have led to better predictions of task activation patterns in group
analysis when compared with morphological alignment methods
and have recently enabled much improved models of cortical
parcellation®3-46,

To address several of these challenges that may impede proper
group analysis if relying exclusively on MRI structural landmarks,
we propose to revisit the anatomical scaffold of the DMN using a
coregistration based on functional alignment. We hypothesised
that using a functional alignment will reveal structures of basal
forebrain and the Papez’s circuits, namely anterior and medio-
dorsal thalamic nuclei and mammillary bodies, as constituent
nodes of the DMN for several reasons. First, all these regions are
highly interconnected which suggest they belong to the same
functional system®743. Second, the current conceptualisation of
DMN anatomy resembles the unitary model of the limbic system
which, through the coordination of its subregions, subserves the
elaboration of emotion, memories and behaviour*~>2. Third, the
basal forebrain comprises a group of neurochemically diverse
nuclei, involved in dopaminergic, cholinergic and serotoninergic
pathways, that are crucial in the pathophysiology of the afore-
mentioned diseases that affect the DMN connectivity. Finally,
recent electrophysiological evidence has shown that in rats the
basal forebrain exhibits the same pattern of gamma oscillations
than DMN and that it influences the activity of the anterior
cingulate cortex>3.

Therefore, in this study, we used a functional alignment of
resting-state functional MRI (rs-fMRI)-based individual DMN
maps to build a more comprehensive DMN model that includes
the contribution of subcortical structures. To provide a complete
window into the anatomy of the DMN, we explored the structural
connectivity of our new model of the DMN using tractography
imaging techniques and revealed that the thalamus and basal
forebrain had high importance in term of values of node degree
and centrality for the DMN.

Results

Comparison between structural and functional alignment.
DMN connectivity maps obtained from structural and functional
alignmentsare displayed in Fig. 2a—c. In both maps, classical areas
of the DMN were observed, namely: posterior cingulate cortex
and retrosplenial cortex; ventromedial, anteromedial and dorsal
prefrontal cortex; temporal pole; middle temporal gyrus; hippo-
campus and parahippocampal cortex; amygdala and the posterior
parietal cortex.

Figure 2d illustrates the simple voxel-based subtraction
between the DMN connectivity maps obtained from structural
and functional alignments. Higher average connectivity was
achieved in the functionally aligned DMN map in large areas,
such as the medial prefrontal cortex and posterior cingulate
cortex, mostly in the border zones. In fact, the highest differences
in connectivity between structural and functional aligned DMN
were at the level of the basal forebrain and thalamus. These areas
were poorly or even not represented with alignment in the
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Fig. 1 lllustration of intersubject alignment of brain images and unitary model of the limbic system. Blue and green rectangles represent the same functional
area in two subjects, while yellow rectangles illustrate the overlap of the two individual areas after alignment. With structural alignment, there can be a
complete misalignment of small functional areas (a) or partial misalignment of large functional areas (b) due to functional-anatomical variability or poor
anatomical contrasts in MRI imaging. If an additional step of functional alignment is performed, an optimised overlap of functional areas is obtained. ¢ The
limbic system as originally depicted by Papez®2 and (d) diagram of the unitary model of the limbic system49-51165-168

MNI152 space, but were visible after the functional alignment.
DMN connectivity was also visible in the medial mesencephalic
region, as well in inferior regions in the caudate nuclei,
ventrolateral prefrontal cortex, cerebellar tonsils and cerebellar
hemispheres. As expected, a difference was found between the
two maps bilaterally in the thalamus and in the basal forebrain,
and in a peripheral zone of the left mammillary body (Fig. 2e,
Table 1). Unthresholded statistical maps of the comparison
between the two methods of alignment—structurally and
functionally aligned DMN-—are available at neurovault.org
(https://neurovault.org/collections/ OCAMCQFK/). Two repre-
sentative cases of individual maps in the MNI152 space and in
the functional space are presented in the Supplementary Fig. 1.

Functional connectivity of the DMN in the functional space.
Twenty-four regions of interest were defined based on the DMN
we obtained in the functional space and concordant with the
previous anatomical models of the DMN®>8. Nine additional
regions were defined as being solely revealed after the functional
alignment. These regions included the left and right thalamus, the
left and right basal forebrain, the midbrain, the left and right
ventral lateral prefrontal cortex (VLPFC) and the left and right
caudate nucleus (inferior regions of the nuclei), resulting in a total
of 33 regions of interest (Supplementary Fig. 2). The association
strength determined by Pearson’s correlation between the rs-

/MRI time series of the regions of interest (i.e., functional con-
nectivity) were higher with alignment in the functional space,
compared with structural space, in all pairs of regions (Fig. 3a).
The difference was statistically significant in 18% of pairs after
Bonferroni correction for multiple comparisons (p-value <
0.0001). Table 2 represents the MNI coordinates of the centres of
gravity of all the regions of interest in the DMN map. The
alternative correlation matrices using cortical DMN areas
according to Gordon et al.>* are presented in the Supplementary
Fig. 3.

Regarding the hypothesised areas, the left basal forebrain
demonstrated higher correlations with the right antero-median
prefrontal cortex, the right posterior parietal cortex and the
midbrain area, while the right basal forebrain had higher
correlations with the right temporal pole and with the left
cerebellar hemisphere (Supplementary Data 1). The left thalamus
had higher correlations with the left parahippocampal region, the
left temporal pole, the right and the left antero-median prefrontal
cortex, the left and the right ventrolateral prefrontal cortex and
the right posterior parietal cortex, while the right thalamus had
higher correlations with the right and the left antero-median
prefrontal cortex, with the left temporal pole and with the left
cerebellar tonsil (Supplementary Data 1). No significant differ-
ence was found for partial correlations. Tables presenting the
median, range and interquartile range of partial correlations
between all regions of interests, the statistical comparison of
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partial correlations between the two methods of alignment and
the partial correlations of two representative cases are also shown
in the Supplementary Data 2, 3, 4 and 5, respectively.

Anatomical validation in thalamic, basal forebrain and
mesencephalic areas. Figure 4 illustrates the intersection of the
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new DMN map after its translation to the MNI group space using
individual inverse transformation matrices specific for each
individual. All subjects’s DMN spatially overlapped with the
templates of the left anterior thalamic nucleus, mediodorsal
thalamic nuclei, medial septal nuclei and left nucleus accumbens
(Table 3)355-58 The number of subjects with an intersection
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Fig. 2 Maps of the DMN structurally or functionally aligned. a 3D view of the two DMN left panel corresponds to the structural space alignment, right panel
to the functional space alignment, b brain sections of the structurally aligned DMN, ¢ brain sections of the functionally aligned DMN, d subtraction of the
structurally and the functionally aligned DMN maps, e statistical comparison (paired t test) between the two methods of alignment —structurally and

functionally aligned DMN—in the three hypothesised regions, with colours indicating statistically significant differences at two levels of significance: <0.05
and <0.01, family-wise error (FWE) corrected p-values (higher in the functional space). DPFC dorsal prefrontal cortex, PPC posterior parietal cortex, VLPFC
ventrolateral prefrontal cortex, MTG middle temporal gyrus, PCC posterior cingulate cortex, C caudate, DPFC dorsal prefrontal cortex, AMPFC antero-
median prefrontal cortex, VMPFC ventro-median prefrontal cortex, TP temporal pole, BF basal forebrain, T thalamus, PH parahippocampal. n = 20

participants

Table 1 Clusters of the statistical maps obtained when comparing the two methods of alignment (t test)

Cluster index Voxels p-value Effect size MNI (X) MNI (Y) MNI (2)
Right nucleus accumbens 43 0.001 0.839 9 13 -7
Left nucleus accumbens 21 0.007 0.721 -9 16 -6
Medial septal nuclei 38 0.007 0.721 0 -1 1
Right limbic thalamus 72 0.001 0.839 8 -12 9
Left limbic thalamus 146 <0.001 0.879 -7 —14 8
Left mammillary bodies 3 0.001 0.839 -5 -1 —14

Coordinates represent the centre of gravity and ‘p-value’ of the lowest value found in the cluster

with the right anterior thalamic nucleus, right nucleus accumbens
and ventral tegmental area was also very high (95, 95 and 90%,
respectively), while the intersection with the other basal forebrain
nuclei occurred in approximately half of the subjects, possibly due
to their very small size. Maps of the mean and standard deviation
Pearson’s correlation of the new DMN map after registration to
the MNI space are available in the Supplementary Figs. 4 and 5,
respectively.

Tractography. We explored the structural connectivity of our
new model of the DMN using tractography imaging techniques.
The regions of interest were the same used for functional con-
nectivity analysis (Supplementary Fig. 2). Figure 5 represents the
structural connectivity of the network.

The results indicated that both anterior and posterior portions
of the cingulum, as well as inferior longitudinal fasciculus, the
second branch of the superior longitudinal fasciculus, the
posterior segment of arcuate fasciculus, the uncinate fasciculus
and some fibres of the frontal orbito-polar tract (Fig. 5, upper
panel) connected the different nodes of the DMN. In addition, the
anatomical connectivity of the basal forebrain and the thalamus
with other regions of interest included: the anterior thalamic
projections, connecting thalamus with medial prefrontal cortex;
the cingulum, connecting basal forebrain with medial prefrontal
cortex and posterior cingulate cortex; the fornix, connecting basal
forebrain (specifically the region correspondent to the medial
septal nuclei) to the hippocampus and fibres connecting basal
forebrain and thalamus, some of the most medial possibly
corresponding to the bundle of Vicq D’Azyr (Fig. 5, lower panel).
Statistical maps of the tractography analysis are presented in the
Supplementary Fig. 6.

Graph theory analysis. Figure 6 represents the analysis of the
DMN structural network with a graph theory approach using the
33 regions of interest defined from the DMN in the functional
space.

The results indicate that high degrees and high betweenness
centrality in the network were obtained for the basal forebrain
and thalamic regions, alongside the medial prefrontal cortex and
the posterior cingulate-retrosplenial cortex, as well as in regions
which were previously considered as hubs in the DMN.

More precisely, the [maximum-minimum] range of distribu-
tion of node degrees was [12-1] and the median [interquartile
range] was 5 [8-2]. The node degrees of the left and right
thalamus were 9 and 7, and of the left and right basal forebrain
were 8 and 7, respectively (Supplementary Table 1). Therefore,
thalamus and basal forebrain are among the structures in the
network that have connections with a high number of nodes. For
betweenness centrality, the [maximum-minimum] range of
distribution was [0.104-0] and the median [interquartile range]
was 0.004 [0.03-0.001]. The betweenness centrality of the left and
right thalamus was 0.03, and of the left and right basal forebrain
were 0.03 and 0.02, respectively (Supplementary Table 1). Hence,
thalamus and basal forebrain make part of a high fraction of
shortest paths in the network, that is, the shortest connections
between two nodes.

A table showing the values for node degree and betweenness
centrality at the individual level in two representative cases is
shown in the Supplementary Table 2.

Discussion

In this study, we revisited the constituent elements of the DMN
using an optimised method of coregistration in a functional
space, besides the conventional structural alignment. Three main
findings emerge from this research in healthy humans. First,
higher functional connectivity correlation and sharper anatomical
details were achieved when registering the DMN maps in a
functional space. Second, we confirmed the hypothesis that
structures of basal forebrain and anterior and mediodorsal tha-
lamic nuclei belong to the DMN. Lastly, we characterised in detail
the structural connectivity underlying functional connectivity.
Based on these findings, we provided a more comprehensive
neurobiological model of the DMN that bridges the gap between
local differences in subcortical structures and global differences in
the DMN reported in clinical studies.

The difference between alignment in the functional space and
the structural space was characterised by an increase in the
connectivity strength across the brain, as well as in many sub-
cortical areas, classically not considered to be constituent nodes of
the DMN. As previously reported, this confirmed that registration
in the functional space provides a more accurate interindividual
anatomical description and is recommended when doing func-
tional connectivity analyses*3-44,
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Fig. 3 Functional connectivity. a Matrices of the Pearson’s correlations between rs-fMRI time series of the regions of interest in the structural and in the
functional space. b Graph representation of the partial correlations between regions of interest in the functional space (connections with partial correlation
above 0.2 are depicted; darker grey tones represent stronger connections). Statistically significant partial correlations have a dashed borderline (one-
sample t test; p < 0.0001, which corresponds to the Bonferroni corrected level of significance). The left side structures are not represented, for a clearer
visualisation. DPFC dorsal prefrontal cortex, PPC posterior parietal cortex, VLPFC ventrolateral prefrontal cortex, Rsp retrosplenial cortex, MTG middle
temporal gyrus, PCC posterior cingulate cortex, C caudate, DPFC dorsal prefrontal cortex, AMPFC antero-median prefrontal cortex, VMPFC ventro-median
prefrontal cortex, TP temporal pole, BF basal forebrain, T thalamus, PH parahippocampal region, CbH cerebellar hemisphere, CbT cerebellar tonsil, Amy
amygdala, MidB midbrain. n = 20 participants
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Table 2 Regions of interest

Region of interest Voxels MNI (X) MNI (Y) MNI (2)
Left ventro-median 2267 -n 55 -5
prefrontal cortex

Right ventro-median 2673 n 53 -6
prefrontal cortex

Left antero-median 2243 —10 50 20
prefrontal cortex

Right antero-median 2144 10 50 19
prefrontal cortex

Left dorsal prefrontal cortex 3818 —-20 31 46
Right dorsal prefrontal cortex 3084 23 32 46
Left posterior cingulate cortex 2484 -5 -50 35
Right posterior 2224 7 —51 34
cingulate cortex

Left retrosplenial cortex 845 -6 -55 12
Right retrosplenial cortex 638 6 —54 13
Left posterior parietal cortex 2448  —46 —64 33
Right posterior parietal cortex 1733 50 -59 34
Left middle temporal gyrus 2406  —58 =21 —15
Right middle temporal gyrus 2170 59 =17 —18
Left temporal pole 348 —38 17 —34

Right temporal pole 318 43 15 -35
Left ventrolateral cortex 706 -36 23 -16
Right ventrolateral cortex 487 37 25 -16
Left parahippocampal region 355 —24 -30 -16
Right parahippocampal region 287 26 —26 -18
Left amygdala 66 -15 -9 -18
Right amygdala 58 17 -8 -16
Left caudate 303 el 12 7
Right caudate 266 13 n 9
Left cerebellar hemisphere 906 —26 —-82 -33
Right cerebellar hemisphere 1500 29 -79 —-34
Left cerebellar tonsil 184 -6 -57 —45
Right cerebellar tonsil 278 8 —-53 —48
Left thalamus 382 -7 -14 8
Right thalamus 305 7 el 8
Left basal forebrain 456 -7 12 —12
Right basal forebrain 351 7 9 -12
Midbrain 65 -1 -22 =21

MNI coordinates represent the centre of gravity of each region

The maps of the DMN registered in the functional space
revealed previously underappreciated parts of this network, such
as basal forebrain and anterior and mediodorsal thalamic nuclei.
Tractography analysis yielded structural connectivity of these new
DMN regions to the other regions of the network. Mainly, the
cingulum connected the basal forebrain with the medial pre-
frontal cortex, posterior cingulate region, retrosplenial cortex and
hippocampus and parahippocampal regions®®®0. The fornix
linked basal forebrain, specifically the medial septal nuclei, with
the hippocampus and parahippocampal regions?>01:62, The
anterior thalamic projections connected the thalamus with medial
and ventrolateral prefrontal regions®® and finally some of the
most medial fibres connecting the basal forebrain with the tha-
lamus, probably corresponded to the mammillothalamic tract of
Vicq D’Azyr®46>, The graph theory approach® applied to the
measures of structural connectivity revealed a high node degree of
the basal forebrain and the thalamus in the network, as well as
high betweenness centrality®”. These results indicate that basal
forebrain and thalamus have high centrality within the network,
and therefore can have an important role for network integration
and resilience®-%8, along with the classically defined hubs, such
as the medial prefrontal region as well as posterior cingulate and
retrosplenial region®.

The involvement of basal forebrain and anterior and medio-
dorsal thalamus in the DMN has theoretical and functional
repercussions beyond the purely anatomical level. The involve-
ment of the anterior and mediodorsal thalamic nuclei as well as
the basal forebrain are concordant with the role of the DMN in
memory processes®70, as all these regions are relays of the unitary
model of the limbic system#?->L. Previous reports of engagement
of the mediodorsal thalamic nucleus and the DMN during
memory tasks and the memory deficits provoked by lesions of the
anterior and the mediodorsal thalamic nuclei also support this
claim”1-74, At a neurochemical level, the basal forebrain is also a
principal actor in the production of acetylcholine””. Acetylcholine
has a physiological and a neuropharmacological effect on mem-
ory processes. For instance, cholinergic system mediates rhythmic
oscillation in the hippocampus that facilitates encoding%7°. The
basal forebrain also contains GABAergic and glutamatergic
neurons that mediate hippocampal theta synchronisation through
an indirect septo-hippocampal pathway’’. By providing evidence
of the involvement of medial septal cholinergic nucleus and its
structural connection to the hippocampus in our DMN model,
the present work indicates a match between connectivity, neu-
rochemistry and cognition.

The same correspondence between connectivity, neurochem-
istry and cognition applies to the relation between DMN and
emotional modulation”8-83, The nucleus accumbens is a central
output for the dopaminergic projections and is involved in
emotion regulation and affect integration848>. The nucleus
accumbens also receives glutamatergic inputs from the hippo-
campus and the prefrontal cortex®¢ belonging to the DMN.
Surprisingly, our analysis also revealed the ventral tegmental area,
which is also a dopaminergic nucleus with projections to the
nucleus accumbens and the medial prefrontal cortex8”. This
association with the mesolimbic dopaminergic pathway is rein-
forced by our results of functional connectivity, since ven-
tromedial prefrontal cortex and midbrain were among the
structures with highest partial correlations with basal forebrain.
Hence, combining present and previous findings, we speculate
that the DMN, as defined by functional connectivity, might have
a putative role in the integration of cholinergic and dopaminergic
systems dedicated to memory and emotion.

The new DMN’s subcortical structures identified in the current
work have cognitive and neurochemical roles that open a new
window to the understanding of distinct brain pathologies
affecting DMN connectivity (Table 4). Indeed, functional con-
nectivity in each area of the DMN is an estimate of the global
coherence of the DMN. Since we demonstrated that limbic tha-
lamus and basal forebrain are nodes with high degree and high
centrality in the DMN, damage in these structures should lead to
a drastic decrease of functional connectivity in the whole DMN®3,
For instance, Alzheimer’s disease is associated with degeneration
of the cholinergic system, including the medial septal nuclei, even
in the earliest clinical stages of Mild Cognitive Impairment3® and
apparently related to decreased functional coherence and deac-
tivation in hub regions of DMN®%91. The high centrality of the
basal forebrain in the DMN network may explain this early link
between DMN and Alzheimer’s disease. In schizophrenia, also
associated with decreased DMN connectivity and activation®>%3,
neuropathological evidence suggests an abnormal glutamatergic—
dopaminergic interaction at the level of nucleus accumbens®. In
addition, the ventral tegmental area is connected to the nucleus
accumbens through the mesolimbic system, the classical dopa-
minergic pathway associated with schizophrenia, and functional
data show a decrease of connectivity between VTA and several
brain regions, including the thalamus, in unmedicated schizo-
phrenic patients®. The pathophysiology of others diseases, such
as drug addiction, depression, temporal lobe epilepsy and
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Fig. 4 Density maps of the functionally aligned individual DMN networks superimposed in the MNI152 space. Colour bar represents the percentage of
individuals with a significant correlation in each voxel. This map is freely available at https://neurovault.org/collections/CTTXXAYJ/. n= 20 participants

intersection for each nucleus

Nuclei Percentage of individual DMN maps

intersecting the nuclei

Table 3 Proportion of individual DMN maps intersecting, average proportion of the intersection and average volume of the

Percentage of nuclei volume
intersected—median [IQR]

Absolute volume of intersection—
median [IQR]

L middle septal nuclei 100% 22% [15-29] 248 mm3 [169-327]
R middle septal nuclei 100% 26% [21-30] 291 mm3 [235-336]
L mediodorsal thalamic  100% 64% [53-77] 696 mm3 [577-838]
R mediodorsal thalamic  100% 33% [11-42] 401 mm3 [134-511]

L anterior thalamic 100% 80% [75-88] 160 mm3 [150-176]
R anterior thalamic 95% 62% [28-60] 193 mm3 [87-187]

L nucleus accumbens 100% 51% [15-84] 367 mm3 [108-605]
R nucleus accumbens 95% 49% [33-58] 333 mm3 [224-394]
Ventral Tegmental Area 90% 17% [6-24] 48 mm3 [17-67]

L mammillary body 50% 2% [0-9] 4 mm3 [0-17]

L Meynert nucleus 40% 0% [0-1] 0 mm3[0-22]

R Meynert nucleus 45% 0% [0-4] 0 mm3 [0-97]

IQR interquartile range, L left, R right

attention-deficit and hyperactivity disorder involve modifications
in the nucleus accumbens, medial septal nuclei or the thalamic
nuclei that connect limbic regions as well as dysfunctional con-
nectivity of the DMN (specified in Table 427:90-103). Hence, the
involvement of the basal forebrain and the thalamic nuclei in the
DMN appears to bridge the gap between the subcortical anato-
mical differences and the global differences in the DMN pre-
viously reported.

Our results is also concordant with recent findings. For
instance, Kernbach et al. recently demonstrated that grey matter
variability across the DMN can well predict population variation
in the microstructural properties of core white matter tracts of the
limbic system—the anterior thalamic radiation and the fornix in
10,000 people®. As another example, Margulies et al. studied
functional gradients along cortical surface and found that DMN
areas were at the opposite end of primary motor/sensory areas in
a spectrum of connectivity differentiation and that DMN areas
exhibit the most considerable geodesic distance at the cortical
level, being equidistant to the unimodal cortical areas!!. These
investigators suggested that the DMN acts as a neural relay for
transmodal information. We speculate that the thalamus and

basal forebrain may follow the same model at a subcortical level,
integrating functional networks related to primary functions and
brainstem inputs to the associative areas!0410,

Interestingly, the thalamus and the basal forebrain are phylo-
genetically older than many cortical structures, and especially
those that compose the DMN!06-108 The inclusion of these
structures in the anatomical model of the DMN can open a
window to the exploration of DMN in other mammalian species
as welll9%-112 The medial thalamus has already been shown to be
part of the mouse’s DMN!13, as found in rs-fMRI studies!14-116,
Our results are also concordant with recent neurophysiological
evidence in rats about the influence of basal forebrain in the
regulation of the DMN>3. Namely, it has been shown that
gamma-band local field potentials in the basal forebrain exerts
influence on one of the hub regions of rat’s DMN, the anterior
cingulate cortex®3. The cellular basis for the association of these
two areas has been characterised with retrograde tracing
studies!!7>118 In humans, it has been demonstrated that basal
forebrain has a major functional coupling with the anterior cin-
gulate cortex and with ventromedial prefrontal cortex!!®. We
speculate that the putative differences in the basal forebrain
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Fig. 5 Structural connections supporting the DMN. a corresponds to the association pathways connecting the cortical regions of the DMN. b illustrates the
projection pathways mediating the connections between subcortical and cortical regions of the DMN

DPFC
PPC® RCC
F\'sp = C
T @
PH Amy BF
k3
Mo € &, o
MidB VLPFC
CbhH®
TP @
CbTe

Betweenness Degree
centrality
I 0.1 12
0.05 O 6
O
0 ° 1

Fig. 6 Graph theory analysis of structural connectivity. The node size represents node degree and the node colour illustrates node betweenness centrality.
The edges denote presence of structural connection. DPFC dorsal prefrontal cortex, PPC posterior parietal cortex, VLPFC ventrolateral prefrontal cortex,
Rsp retrosplenial cortex, MTG middle temporal gyrus, PCC posterior cingulate cortex, C caudate, DPFC dorsal prefrontal cortex, AMPFC antero-median
prefrontal cortex, VMPFC ventro-median prefrontal cortex, TP temporal pole, BF basal forebrain, T thalamus, PH parahippocampal region, CbH cerebellar
hemisphere, CbT cerebellar tonsil, Amy amygdala, MidB midbrain. n = 20 participants

projections may be one explanation for the more diffuse DMN
activation at the midline level in rats when compared with
humans!12,

One limitation of this work is that the overlap between the
DMN map and the nuclei studied is based on comparison with
templates or variability maps, and not with the individual loca-
tion of the nucleus in the explored subjects. The limited capacity
of structural MRI to differentiate these small nuclei does not
allow such comparison. Besides, the reverse transformation of the
DMN from the functional space to the MNI space may not be
exact, due to inherent limitations of inverse transformations.
Although these limitations may decrease the accuracy of the
intersection quantification with discrete nuclei, they did not alter
the apparent overlap with basal forebrain and with the thalamus.

Furthermore, demonstrating that the additional step of functional
alignment results in higher correlation values is somewhat cir-
cular. However, our purpose was to demonstrate that this
increase in correlation revealed subcortical structures that were
previously neglected in the literature. The intra-individual func-
tional connectivity variation across time may also be a source of
bias3>. However, this factor and the lack of uniformity regarding
the optimal functional alignment method have not precluded the
achievement of higher accurate results in previous studies*3-4°,
Finally, tractography analyses can produce inaccurate
results!2%:121, In order to avoid these caveats, we employed
methods that have previously demonstrated high anatomical
reliability when compared with axonal tracing and with post-
mortem dissections>®122-124,
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Disease associated with DMN dysfunction

Table 4 Pathophysiological associations of the subcortical structures of DMN

Pathophysiological associations with subcortical DMN

References

Alzheimer's disease

Degeneration of cholinergic system (including medial septal nuclei), even in MCl stage 89

Dysfunction of limbic thalamus in early stages of the disease 169
Decreased functional coherence and deactivation in hub regions of DMN 90,91
Schizophrenia Abnormalities in glutamatergic-dopaminergic interaction in the nucleus accumbens 94
Decreased functional connectivity between the ventral tegmental area and thalamus 95
Decreased connectivity and activation of hub regions of DMN 92,93
TLE Dysfunctional increase in the hippocampus-mediodorsal thalamus connectivity 97
Stimulation of anterior thalamic nucleus is efficacious in treatment of TLE 170171
Enlargement of medial septal nuclei in TLE %
Decreased functional connectivity between the hippocampus and DMN 27
Depression Resting activity of the thalamus predicts response to anti-depressant medication 102
100

Nucleus accumbens mediates response to stress and to anti-depressant medication

MCI mild cognitive impairment, TLE temporal lobe epilepsy

In conclusion, this work demonstrates that the registration of
individual DMN maps in a functional space improves the defi-
nition of the anatomy of DMN by including additional structures,
such as the thalamus and basal forebrain. Future research should
focus on the cascade of neurochemical and pathophysiological
events that follow small subcortical lesions of the DMN.

Methods

The local ethics committee (Comité de Protection des Personnes “CPP Ile de
France V”) approved the experiment, and all participants provided written
informed consent.

Subjects and MRI acquisition. MRI images of subjects without neurological or
psychiatric disease were obtained (age mean + SD 29 + 6 years, range 22-42 years;
11 females, 9 males) with a Siemens 3 Tesla Prisma system equipped with a 64-
channel head coil.

An axial 3D T1-weighted imaging data set covering the whole head was
acquired for each participant (286 slices, voxel resolution = 0.7 mm3, echo time
(TE) = 2.17 ms, repetition time (TR) = 2400 ms, flip angle = 9°).

rs-fMRI images were obtained using T2*-weighted echo-planar imaging (EPI)
with blood oxygenation level-dependent (BOLD) contrast. EPIs (TR/TE = 2050/25
ms) comprised 42 axial slices acquired with a multiband pulse!2>-128 covering the
entire cerebrum (voxel size = 3 mm?) including 290 brain scan volumes in one run
of 10 min.

A diffusion-weighted imaging (DWI) acquisition sequence, fully optimised for
tractography, provided isotropic (1.7 x 1.7 x 1.7 mm) resolution and coverage of
the whole head with a posterior-anterior phase of acquisition, with an echo time
(TE) = 75 ms. A repetition time (TR) equivalent to 3500 ms was used. At each slice
location, six images were acquired with no diffusion gradient applied (b-value of
0s mm~2). In addition, 60 diffusion-weighted images were acquired, in which
gradient directions were uniformly distributed on the hemisphere with electrostatic
repulsion. The diffusion weighting was equal to a b-value of 2000 s mm~2. This
sequence was fully repeated with reversed phase-encode blips. This provides us
with two data sets with distortions going in opposite directions. From these pairs,
the susceptibility-induced off-resonance field was estimated using a method similar
to that described in ref. 129 and corrected on the whole diffusion-weighted data set
using the tool TOPUP and EDDY as implemented in FSL!30.

rs-fMRI analysis—overview. rs-fMRI images were corrected for artefacts in the
Funcon-Preprocessing tool of the Brain Connectivity and Behaviour toolkit (http://
toolkit.bcblab.com!31-133). Then, they were registered to T1 high-resolution indi-
vidual structural images and normalised to MNI152 standard space using
Advanced Normalization Tools (ANTS; http://stnava.github.io/ ANTs;134135),
Preprocessing steps in details:

a. fMRI images were first motion corrected using MCFLIRT!32, then corrected
for slice timing, smoothed with a full half-width maximum equal to 1.5
times the largest voxel dimension and finally filtered for low temporal
frequencies using a Gaussian-weighted local fit to a straight line. These steps
are available in FEAT, as part of FSL package!®.

b. fMRI images were linearly registered to the T1 images, and subsequently to
the MNI152 template (2mm) using affine and diffeomorphic
transformations!'3¢137. Confounding signals were discarded from fMRI by
regressing out a confound matrix from the functional data. The confound
matrix included the estimated motion parameters obtained from the
previously performed motion correction, the first eigenvariate of the white

matter and cerebrospinal fluid, as well as their first derivative. Eigenvariates
were extracted using fslmeants combined with the-eig option. White matter
and cerebrospinal fluid eigenvariates were extracted using masks based on
the T1-derived 3-classes segmentation thresholded to a probability value of
0.9, registered to the rs-fMRI images and binarised. Finally, the first
derivative of the motion parameters, white matter and cerebrospinal fluid
signal were calculated by linear convolution between their time course and a
[—1 0 1] vector.

c. Since the rs-fMRI signal can be heavily affected by motion, even following
motion correction between temporally adjacent volumes!38, we estimated
the signal fluctuation associated with motion and regressed it out from the
/MRIL To this aim, we employed a recently developed and validated
procedure based on data-driven Independent Component Analysis (ICA),
termed ICA-Aroma!3°. This method performs an ICA decomposition of the
data and estimates which components reflect motion-related noise in the
MRI signal on the basis of a robust set of spatial and temporal features. This
is made possible due the distinctiveness of the motion-related components
isolated by ICA on the fMRI signal'4’. This approach outperforms other
methods such as the regression of the motion parameter estimates, while
limiting in the same time the loss in degrees of freedom!3%. Compared with
spike removal methods such as scrubbing!4!, ICA-Aroma has the advantage
of preserving the temporal structure of the fMRI signal.

Individual DMN maps in the structural space. Individual subject-tailored/fitted
DMN maps were obtained by correlation with seed regions of interest of a func-
tional parcellated brain template. The regions used for the seed-based functional
connectivity analysis were those defined as DMN regions in the resting-state
parcellation map by Gordon et al. 142143 Gordon et al. created these parcellations
according to abrupt changes in resting-state’s time course profile, each parcel
having a homogenous time course profile. This general-purpose atlas provides a
total of 40 DMN nodes (20 in each hemisphere). The DMN nodes as defined by
Gordon et al. are available in the Supplementary Fig. 7 and Supplementary Table 3,
respectively). These 40 regions were used as seeds. The correlation map for each
seed was obtained using the Funcon-Connectivity tool of the Brain Connectivity
and Behaviour toolkit (http://toolkit.bcblab.com;!31). This tool calculates the
Pearson’s correlation between the mean rs-fMRI time course of the seed with the
rest of the brain to generate the functional connectivity map for every seed!3!.

The DMN map of each participant was obtained by calculating the median of
the 40 seed-based correlation maps of each individual using FSL144. We then
calculated the median across the DMN maps of the 20 participants to obtain the
median DMN map in the MNI152 space. The median was used, instead of the
mean, because it is less sensitive to outliers, being a better centrality measure for
small sample sizes!4>.

Individual DMN maps in the functional space. To achieve the proposed opti-
mised map of the DMN, the same 20 individual maps were functionally aligned
with each other in a new functional space using the following steps:

Individual DMN maps were aligned with each other using ANTS’ script
buildtemplateparallel.sh, defining cross-correlation as the similarity measure and
greedy SyN as the transformation model!36-137:146 This approach consists in an
iterative (n = 4) diffeomorphic transformation to a common space. The group map
was obtained by calculating the median of all DMN maps after functional
alignment.

The resulting maps correspond to alignment of the 20 individual DMN maps in
a functional space (Fig. 2).
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Functional connectivity comparison of the two DMN. We applied a 0.3
threshold on the functional connectivity strength for both the functional and
structural-based DMN maps. This value was chosen because it corresponds to a
medium effect size!4’. Time series of rs-fMRI of each individual in the different
regions of interest identified in the DMN maps were extracted and the mean value
of the voxels of each region was obtained, using the command fslstats (with the
options —k and -M)!44, Cortical regions of interest were defined according to the
previous anatomical models of the DMN>8. Subcortical regions of interest were
defined manually based on the experienced judgement of the neuroanatomists
among the authors combined with the careful comparison with previously pub-
lished atlases!43:149, Correlation and partial correlation coefficients were deter-
mined as measures of functional connectivity.

Two matrices, representing the median correlation values in the MNI152 space
and in the functional space, were created using BrainNet Viewer!%0. A paired  test
was calculated for each cell of the two connectivity matrices using Python’s Scipy
package, version 0.19.1 (https://www.scipy.org; scipy.stats.ttest_rel). A p-value
corrected for multiple comparisons at a threshold of <0.0001 (Bonferroni
correction) was used. Circos software was used to illustrate functional connections
in the functional space (http://circos.ca;!°1).

Two alternative correlation matrices using cortical DMN areas according to
Gordon et al.>4, instead of the ones defined in classical anatomical models of
Andrews-Hanna et al.® and Buckner et al.%, were calculated.

Anatomical validation in thalamic, basal forebrain and mesencephalic areas.
Meynert nuclei, medial septal nuclei and diagonal band of Broca probabilistic maps
were derived from the work of Zaborszky et al., the Harvard-Oxford probabilistic
atlas was employed for the nucleus accumbens, Talairach atlas registered to the
MNI152 space for mammillary bodies and thalamic nuclei, and Harvard Ascending
Arousal Network Atlas for ventral tegmental area3®>>-38, A percentage of volume
overlap between the DMN map and each nucleus of interest was subsequently
calculated for each subject. The same Pearson’s correlation threshold of 0.3 was
applied for this analysis, as specified in 2.2.3.

Tractography analysis. Diffusion-Weighted Images were corrected for signal
drift!>2, motion and eddy current artefacts using ExploreDTI (http://www.
exploredti.com;!%3).

Whole-brain tractography was performed on the software StarTrack using a
deterministic approach (https://www.mr-startrack.com). A damped
Richardson-Lucy algorithm was applied for spherical deconvolutions'>*. A fixed
fibre response corresponding to a shape factor of a =1.5x10.3 mm?/s was
adopted. The defined number of iterations was 150, and the geometric damping
parameter was 8. The absolute threshold was defined as three times the spherical
fibre orientation distribution (FOD) of a grey matter isotropic voxel and the
relative threshold as 8% of the maximum amplitude of the FOD!>. A modified
Euler algorithm was used!23. An angle threshold of 35°, a step size of 0.85 mm and
a minimum length of 20 mm were chosen.

Diffusion tensor images were registered to the MNI152 standard space and,
then, into the functional space applying the affine and diffeomorphic deformation
generated in the previous sections, using the tool tractmath as part of the software
package Tract Querier!®.

The same regions of interest used for functional connectivity calculation
(section 2.2.3) were also used for the tractography analysis.

The command tckedit of MRtrix toolbox (http://www.mrtrix.org/1%7) was used
to extract the tracts of interest. The —include arguments were composed by
combinations of DMN regions of interest to guarantee that the selected streamlines
crossed at least two DMN regions of interest.

In order to have a group-representative map for each tract, individual tracts
were converted into maps using tckmap command of MRtrix toolbox (http://www.
mrtrix.org;!>8). Each voxel was binarised in 1 or 0 according to being or not being
intersected by a streamline!”. Lastly, a one-sample ¢ test was calculated using FSL
randomise, with variance smoothing of 4 mm!*°. The resulting group-
representative tract maps using this method were shown to have a good anatomical
correspondence with histological atlas of white matter tracts!**1%0, BrainVisa was
used to create the corresponding illustration of the tracts that reached
significance!¢l,

Graph theory analysis of structural connectivity. To explore whether the new
putative regions of the DMN are essential structures and potential areas of vul-
nerability in the network, we investigated the hub properties of the network nodes
using graph theory measures, namely node degree and betweenness centrality®.
Node degree refers to the number of connections between a given node and the
other nodes of the network. Betweenness centrality is the fraction of all shortest
paths in the network that pass through a given node®®.

For each participant, an anatomical connectome matrix of the DMN was built
using the tck2connectome command of MRtrix (http://www.mrtrix.org;'*’). Each
region of interest was defined as a node. Only the streamlines that ended in both
regions of interest were considered!©>163, The matrices were binarised depending
on the existence or absence of streamlines connecting two regions of interest!62163,
The defined threshold for the binarisation was 1 because the number of streamlines

does not reflect the connectivity strength or the true number of axonal projections
between two brain regions!>164, and previous evidence has shown that changing
the streamline count threshold for binarisation (between 1 and 5) does not change
the overall results of the network analysis. Brain Connectivity Toolbox for Python
(https://pypi.python.org/pypi/bctpy) was used to obtain the network measures. The
functions degrees_und and betweenness_bin were run, respectively, for each
individual matrix®’. The median values for each measure were obtained. The
illustration of the network was made using Surf Ice (https://www.nitrc.org/projects/
surfice/).

Statistics and reproducibility. In order to assess reproducibility, the effects of
interest were also measured at the individual level (i.e., replicated for every subject).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The raw data used for this research are available on demand from the corresponding
authors pedroascimentoalves@gmail.com and michel.thiebaut@gmail.com. The data for
the statistical comparisons presented in the paper are available in Supplementary Data 1-
5. Unthresholded statistical maps of the comparison between the two methods of
alignment—structurally and functionally aligned DMN—are available at neurovault.org
(https://neurovault.org/collections/ OCAMCQFK/).
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The subcortical and neurochemical organization of
the ventral and dorsal attention networks

Pedro Nascimento Alves'2* Stephanie J. Forkel®4°©, Maurizio Corbetta® 78210 &
Michel Thiebaut de Schotten@® 311>

Attention is a core cognitive function that filters and selects behaviourally relevant infor-
mation in the environment. The cortical mapping of attentional systems identified two seg-
regated networks that mediate stimulus-driven and goal-driven processes, the Ventral and
the Dorsal Attention Networks (VAN, DAN). Deep brain electrophysiological recordings,
behavioral data from phylogenetic distant species, and observations from human brain
pathologies challenge purely corticocentric models. Here, we used advanced methods of
functional alignment applied to resting-state functional connectivity analyses to map the
subcortical architecture of the Ventral and Dorsal Attention Networks. Our investigations
revealed the involvement of the pulvinar, the superior colliculi, the head of caudate nuclei, and
a cluster of brainstem nuclei relevant to both networks. These nuclei are densely connected
structural network hubs, as revealed by diffusion-weighted imaging tractography. Their
projections establish interrelations with the acetylcholine nicotinic receptor as well as
dopamine and serotonin transporters, as demonstrated in a spatial correlation analysis with a
normative atlas of neurotransmitter systems. This convergence of functional, structural, and
neurochemical evidence provides a comprehensive framework to understand the neural basis
of attention across different species and brain diseases.
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session by the mind, in clear and vivid form, of one out
of what seem several simultaneously possible objects or
trains of thought.”l.

Everything we see, feel, or smell is an illusion elaborated by our
brain circuits. However, the brain’s capacity is limited. This
requires mechanisms for the selection of the most relevant
information. The ensemble of cognitive and neural processes
involved in capacity limitation and selection underlies ‘attention’
as defined by James!. Behavioral studies have distinguished
orienting of attention into a slow, strategic, goal-directed, and
voluntary component versus a swift, unexpected, bottom-up, and
automatic component®3. Task-related functional neuroimaging
(fMRI) studies segregated these two attentional processes anato-
mically into a dorsal and ventral attentional network?. The dorsal
attention network (DAN) encodes and maintains preparatory
signals and modulates top-down sensory (visual, auditory, olfac-
tory and somatosensory) regions.

In contrast, the ventral attention network (VAN) is recruited
when attention is re-oriented to novel behaviorally relevant
events. Classical core regions of the DAN are the intraparietal
sulcus, the superior parietal lobe, and the frontal eye fields. The
DAN is considered to have no hemispheric lateralization®=. In
contrast, the temporoparietal junction and the ventrolateral pre-
frontal cortex constitute the central regions of the VAN. Evidence
demonstrates that the VAN is right-lateralized”-310, Within their
respective networks, DAN and VAN regions have synchronous
fMRI signal oscillations at rest®11-18. Thanks to this synchroni-
zation, the two networks have consistently been identified and
segregated in resting-state fMRI cortical parcellations!416-18,
although their taxonomy has not always been homogenous in the
literature!®20, Hence, the DAN and VAN are organized as
independent networks even in the absence of task signals. How-
ever, their synchronization can change according to task
demands, and they can be acting jointly or separately?122. Fur-
thermore, DAN and VAN task activations and synchronization
levels are modified by focal lesions and correlate with behavioral
deficits23-30,

Yet, electrical recording, pathological observations, and
phylogenetic comparisons demonstrate that the neuroanato-
mical framework of attentional mechanisms should extend well
beyond a corticocentric model. Electrical recordings in primates
showed that subcortical structures have a crucial role in the
neural mechanisms of attention. For instance, inactivation of
the superior colliculus during motion-change detection mark-
edly disturbs visual attention without affecting the neuronal
activity in the visual cortex3!. Attentional states also modulate
the thalamic pulvinar nuclei®?33 and neuronal discharge pat-
terns in the locus coeruleus®»3>. Pathophysiological data from
human brain disease supports the critical relevance of deep
brain nuclei. Neglect is a clinical syndrome characterized by
pathological hemispatial inattention®® and can arise from sub-
cortical lesions in the pulvinar, striatum, or superior
colliculus37-40, Patients with attention deficit hyperactivity
disorder also present alterations beyond the cortex28, such as in
the pulvinar, which is influenced by the severity of the disease
and the use of stimulants*!.

Additionally, distant phylogenetic species, such as pigeons,
have markedly different cortical morphologies but exhibit
attention errors and reaction times similar to humans*2. With
close mammals, such as macaques, relevant functional attention
dissimilarities have been described at the cortical level, includ-
ing the complete absence of a VAN“3. Hence, a core phylo-
genetically relevant subcortical network of areas appears to
support the orientation of attention that has been mostly dis-
regarded in the functional neuroimaging literature because of

11 Everyone knows what attention is. It is the taking pos-

limited field strength or issues arising from average group
alignments. Average group alignments of functional neuroi-
maging maps exclusively based on structural landmarks might
typically fail to represent an accurate functional network due to
interindividual differences*44>, Specifically, subcortical nuclei
are prone to structural misalignment due to their small size,
poor contrast in structural MRI, and intersubject cytoarchitec-
tonic variability*0-4%. In contrast, advanced methods of func-
tional alignment improve structural-functional correspondence
across participants®0->3. Further, surface interindividual align-
ment based on morphological features, such as cortical folding,
fairly aligns unimodal cortical areas, such as the primary visual
and motor cortices, but poorly overlaps higher-order cortical
areas®%>%, Methods of functional alignment based on fMRI
signals during cognitive activation paradigms®>°¢ and resting-
state fMRI connectivity patterns®?>’ provided better function
matching and have also been used for cross-species functional
comparisons8. Functional alignment is different from hyper-
alignment techniques that project shared neural information
beyond the three-dimensional anatomical space, i.e., in high-
dimensional spaces®*~¢1. At the subcortical level, our team also
demonstrated that functional alignment methods can optimize
the group-level mapping of functional networks, improving
functional correlations and uncovering a network’s deep brain
nuclei components®2. However, this method has never been
applied to explore the subcortical anatomy of the VAN and
the DAN.

Delineating the subcortical components of the DAN and the
VAN would allow us to revisit their underlying circuitry through
diffusion-weighted imaging tractography that enables in vivo
reconstruction of associative, commissural, and projection white-
matter tracts®3-05. A clearer characterization of the DAN and
VAN circuitry will help to better understand brain interactions in
healthy and pathological brains®0:67.

Subcortical structures also play a critical role within the neu-
rotransmitter systems. Brainstem nuclei are the primary sources
of neurotransmitter synthesis and send axonal projections to the
cortex and the basal ganglia. The basal ganglia are central targets
of the neurotransmitter axonal projections and mediate their
physiological effects. Yet the neurochemistry of the DAN and the
VAN is limited to primate studies. These studies reported a
noradrenergic innervation of regions of the primate attention
networks, including the temporoparietal junction and the frontal
lobe®-70, Noradrenaline has been proposed as a critical trigger
for the reorientation of attention®70. However, despite its
essential neuroscientific and medical importance?$, the neuro-
chemical signatures of the VAN and the DAN have never been
contrasted in humans. Such an endeavor is now possible thanks
to the macroscale mapping of the neurotransmitter receptors and
transporters in humans by means of positron emission tomo-
graphy (PET) and single-photon emission computerized tomo-
graphy (SPECT) scans’!. Accordingly, a normative atlas of nine
neurotransmitter systems aligned in the MNI space is now openly
available and allows the investigation of the neurochemical sig-
nature of brain circuits’2-76.

Therefore, we explored the subcortical anatomy of attention
networks by aligning the individual resting-state functional maps
of the VAN and the DAN in a common functional space. Based
on previous electrical recordings, pathological observations, and
phylogenetic reports, we hypothesized that basal ganglia and
brainstem nuclei, namely the pulvinar, the striatum, the superior
colliculi, and the locus coeruleus, are core phylogenetically rele-
vant and functional constituents of the attention networks.
Finally, an optimized model of the VAN and the DAN was
proposed together with their structural, functional, graph cen-
trality, and neurochemical signature.
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VAN anatomical map. The statistical map of the VAN, after
functional alignment, is represented in Fig. 1 (left column).

At the cerebral cortical level, the peaks of statistical association
were observed in the temporoparietal junction, the inferior
frontal gyrus, the anterior part of the superior frontal gyrus, and
the superior temporal gyrus (Fig. la). Additionally, peaks of

PPN/CnF

Rpa PPN/CnF

P

PPN/CnF Gi

HVIIb

t value

I
30

statistical association were also present in the crus I, crus II and
superior IX cerebellar cortex (Fig. 1d).

A high statistical association was present at the thalamus and
basal ganglia level in the head of caudate nuclei and the pulvinar
(Fig. 1b). In the brainstem, a high statistical association was
observed in voxels overlapping with the superior colliculi, the
interpeduncular nucleus, and the pedunculopontine-cuneiform
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Fig. 1 VAN and DAN maps after functional alignment. VAN (left) and DAN (right) maps after functional alignment at different anatomical levels, namely
the cerebral cortical surface (a), subcortical thalamus and basal ganglia (b), brainstem (c), and cerebellar cortical surface (d). The color gradient represents
the t-value distribution (n =110). CnF cuneiform nucleus, Cr | cerebellar crus | lobule, Cr Il cerebellar crus Il lobule, DAN dorsal attention network, Gi
gigantocellular nucleus, HCaN head of caudate nucleus, HIlb cerebellar lobule lIb, HVI cerebellar lobule VI, HIX cerebellar lobule IX (cerebellar tonsils), IFG
inferior frontal gyrus, IPN interpeduncular nucleus, IPS intraparietal sulcus, MnR median raphe nucleus, MD mediodorsal nucleus of the thalamus, MTG
middle temporal gyrus, PCu precuneus, PnO nucleus pontis oralis, PPN pedunculopontine nucleus, Pul pulvinar, Rpa raphe pallidus nucleus, SC superior
colliculus, SFG superior frontal gyrus, SPL superior parietal lobule, STG superior temporal gyrus, TPJ temporoparietal junction, VAN ventral attention

network.

nuclei complex pontis oralis, the gigantocellular nuclei, the raphe
pallidus, and median nuclei (Fig. 1c). Table 1 represents the
centers of gravity coordinates of the subcortical regions of
interest. The VAN statistical and correlation maps are available at
https://neurovault.org/collections/ XONZLGPJ/.

DAN anatomical map. The statistical map of the DAN, after
functional alignment, is represented in Fig. 1 (right column).

The peaks of the statistical association at the cerebral cortical
level were in the intraparietal sulcus and superior parietal lobule,
in the middle and superior frontal gyrus, and in the posterior part
of the middle temporal gyrus (Fig. la). Peaks of statistical
association were also present in the cerebellar cortex’s areas VIIb,
inferior IX, left VI, and left I (Fig. 1d).

At the thalamus and basal ganglia level, areas with a high
statistical association were located in the head of caudate nuclei and
the thalamic pulvinar and mediodorsal nuclei (Fig. 1b). High
statistical associations also included voxels overlapping the superior
colliculi, the interpeduncular nucleus, the pedunculopontine-
cuneiform nuclei complex, the gigantocellular nuclei, and the
raphe pallidus nuclei in the brainstem (Fig. 1c). Table 2 represents
the centers of gravity of the subcortical regions of interest. The
DAN statistical and correlation maps are available at https://
neurovault.org/collections/XONZLGP]/.

The conjunction analysis showed that most of the subcortical
peaks of statistical association were shared by both networks
(Fig. 2), explicitly overlapping the pulvinar, the superior colliculi,

Table 1 MNI coordinates of the VAN subcortical regions’ Table 2 MNI coordinates of the DAN subcortical regions’
centers of gravity. centers of gravity.

Regions of MNI (X) MNI (Y) MNI (2) Regions of MNI (X) MNI (Y) MNI (2)
interest interest

HCaN L -n 8 13 HCaN L -10 4 10
Pul L -4 -30 1 MD L -9 -18 8
SCL -9 —31 -3 Pul L -4 -30 1
PPN/CnF L -14 -29 —25 SCL -8 —31 -3
GiL -10 -25 —-36 PPN/CnF L —14 -30 -25
CrlL =31 -73 —31 Gi L -10 —24 -35
CrilL =21 -79 —42 CrillL -39 —64 -29
IPN 1 -19 -21 HVI L -25 —62 —24
MnR -3 -29 —28 HVIIb L -24 —66 —49
Rpa 1 —28 —43 HIX L -1 —51 -50
HCaN R 13 n 12 IPN 1 -19 —21
Pul R 6 -29 1 Rpa 1 —28 —42
SCR 13 -30 -3 HCaN R 12 7 10
PPN/CnF R 13 =31 -25 MD R 9 -16 8
GiR n —24 -35 Pul R 6 —-29 1
CrlIR 30 -74 -30 SCR n -30 -3
CrllR 24 -79 -4 PPN/CnF R 14 -30 -25
c - : Gi R n -25 —34
e e e e o || HVIER 2 68 49
median raphe nucleus, PnO nucleus pontis oralis, PPN pedunculopontine nucleus, Pul pulvinar, R HIX R n —53 =51
right, Rpa raphe pallidus nucleus, SC superior colliculus.

CnF cuneiform nucleus, Cr | cerebellar crus | lobule, Gi gigantocellular nucleus, HCaN head of
caudate nucleus, HVI cerebellar lobule VI, HIX cerebellar lobule IX (cerebellar tonsils), IPN
interpeduncular nucleus, L left, MD mediodorsal nucleus of the thalamus, PPN pedunculopontine
nucleus, Pul pulvinar, R right, Rpa raphe pallidus nucleus, SC superior colliculus.

the interpeduncular nuclei, the pedunculopontine-cuneiform
nuclei complex, the gigantocellular nuclei, and the raphe pallidus
nuclei.

Structural and functional connectivity of the VAN nodes. The
structural connectivity map of the VAN is represented in Fig. 3a.

The cortical regions of the VAN were connected by the third
branch of the Superior Longitudinal Fasciculus (SLF III) and the
uncinate fasciculus (Fig. 3a). Fronto-pulvinar and tecto-pulvinar
projections established the connections with or between sub-
cortical structures (Fig. 3a). The node-to-node structural and
functional connectivity patterns are represented in Fig. 3b.

The maps of the VAN ROIs and the structural connectivity
analysis are available at https://neurovault.org/collections/
XONZLGPJ/.

Structural and functional connectivity of DAN nodes. The
structural connectivity map of the DAN is represented in Fig. 3c.

The cortical regions of the DAN established connections
through the first branch of the Superior Longitudinal Fasciculus
(SLF 1, Fig. 3c). Fronto-pulvinar, parieto-pulvinar, and tecto-
pulvinar projections mediated the links with or between
subcortical structures (Fig. 3c).
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Fig. 2 VAN and DAN maps similarity. a Conjunction analysis of the VAN and DAN statistical maps at the thalamus, basal ganglia, and brainstem levels
(n=110). b Difference map resulting from the subtraction of the median DAN Pearson's correlation map from the VAN. CnF cuneiform nucleus, DAN
dorsal attention network, Gi gigantocellular nucleus, IPN interpeduncular nucleus, PPN pedunculopontine nucleus, Pul pulvinar, Rpa raphe pallidus nucleus,
SC superior colliculus, VAN ventral attention network. (see maps at https://neurovault.org/collections/XONZLGPJ/).

The node-to-node structural and functional connectivity
patterns are shown in Fig. 3d.

The maps of the DAN ROIs and the structural connectivity
analysis are available at https://neurovault.org/collections/
XONZLGPJ/.

Lateralization assessment. Figure 4 illustrates the hemispheric
distribution of the structural and functional connectivity mea-
sures of the VAN and the DAN.

The structural connectivity connecting the VAN was significantly
larger in the right hemisphere than in the left (right hemisphere
18.7[16.5,21.1]cm3, left hemisphere 17.0[15.3,19.7]cm3; p value
<0.001). Pearson’s correlations were not different between the right
and left VANs (right hemisphere 0.185[0.162,0.218], left hemi-
sphere 0.188[0.160,0.222]; p value = 0.125).

The DAN’s structural connectivity was also significantly larger
in the right hemisphere (right hemisphere 33.6[30.0,36.6]cm?, left
hemisphere 30.2[28.0,32.9]cm3; p value <0.001). Pearson’s
correlations were significantly higher in the left hemisphere than
in the right (right hemisphere 0.240(0.049), left hemisphere
0.246(0.050); p value <0.001).

Graph theory analysis. Figure 5a illustrates the graph theory
representation of the VAN and DAN structural connectivity.

The subcortical structures with the highest median between-
ness centrality in the VAN were in the right pulvinar and the left
caudate nucleus head (the second and the third highest of all
nodes, respectively). The highest median degree of centrality was
in the interpeduncular nucleus and the left pedunculopontine-
cuneiform nuclei complex (the first and the second highest of all
nodes, respectively).

In the DAN, the subcortical structures with the highest median
betweenness centrality were the raphe pallidus nucleus and the
right mediodorsal nucleus of the thalamus (the first and the
seventh highest of all nodes, respectively). The highest median
degree of centrality was the raphe pallidus nucleus and the left
superior colliculus (the first and the second highest of all nodes,
respectively).

Overall, the subcortical structures had high centrality values in
both networks. The betweenness centrality and degree centrality
values of all nodes in the VAN and the DAN are detailed in
Supplementary Tables 3, 4. The anatomical models of the VAN
and DAN are illustrated in Fig. 5b.

Correlation with the neurotransmitter system. The brainstem
nuclei identified in the VAN anatomical map that synthesize
neurotransmitters are the pedunculopontine nuclei (cholinergic,
glutamatergic, and GABAergic; Benarroch’2), the cuneiform
nuclei (glutamatergic and GABAergic; Chang et al.73), the
gigantocellular nucleus (glutamatergic and GABAergic; Martin et
al.74), the raphe nucleus (serotonergic; Van De Kar and Lorens’°),
and the raphe pallidus nucleus (serotonergic; Heym et al.”®). The
brainstem nuclei identified in the DAN anatomical map synthe-
sizing neurotransmitters are the pedunculopontine, the cunei-
form, the gigantocellular nuclei, and the raphe pallidus nucleus.

The spatial correlations of these brainstem nuclei structural
projections with the neurotransmitter systems are represented in
Fig. 6. The distributions of acetylcholine a4{2 nicotinic receptors,
dopamine transporters, and serotonin transporters were posi-
tively correlated with the distribution of VAN and DAN
brainstem projections (p <0.001; Fig. 6a). The scatterplots
representing the distributions of the significantly correlated
systems are presented in Fig. 6b. Acetylcholine a4f2 nicotinic
receptors and serotonin transporters had a higher spatial
correlation with the VAN than with the DAN, whereas dopamine
transporters had a higher spatial correlation with the DAN
(p<0.001).

The supplemental pairwise correlation analyses between the
average VAN and DAN structural projection maps and the
neurotransmitter maps revealed similar results: the VAN had a
significant positive spatial correlation with acetylcholine a4fp2
nicotinic receptors and acetylcholine, dopamine, noradrenaline,
and serotonin transporters (Supplementary Table 5); the DAN
had a significant positive spatial correlation with acetylcholine
a4B2 nicotinic receptors and acetylcholine, dopamine and
noradrenaline transporters (Supplementary Table 6).
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Fig. 3 Structural and functional connectivity of VAN and DAN nodes. a Structural connectivity map of the VAN. b Matrix with the node-to-node
functional and structural connectivity of the VAN, represented on the left and right halves, respectively. ¢ Structural connectivity map of the DAN. d Matrix
with the node-to-node functional and structural connectivity of the DAN, represented on the left and right halves, respectively. Nodes of the matrices were
labeled in groups according to their anatomical location. A complete list with node labels is available in Supplementary Tables 1, 2. As indicated, color
gradients represent the structural connectivity (expressed as the proportion of connection) or the functional connectivity (defined as the median partial
correlation). Cb cerebellum, L left, R right, SLF superior longitudinal fasciculus.
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volumes of the structural connection maps (a) and functional connectivity
in average Pearson’s correlations (b) across hemispheric nodes. Dashed
lines represent the median and the interquartile range; the minimum and
maximum correspond to the violin limits. DAN dorsal attention network,
VAN ventral attention network. Asterisk (*), significant differences
between the right and the left hemispheres (p < 0.05; paired analysis;
structural connectivity, n=177; functional connectivity, n=110).

The correlation of VAN and DAN brainstem projections with
the acetylcholine a4f2 nicotinic receptors was significantly higher
in the left hemisphere. In contrast, the correlations with the
dopamine and serotonin transporters were higher in the right
hemisphere (Fig. 6¢).

Discussion

This study re-examined the VAN and the DAN neuroanatomy by
co-registering individual network maps in a common functional
space. We propose a comprehensive model of these networks
based on the convergence of functional, structural, and neuro-
chemical findings. First, we confirmed the initial hypothesis that
subcortical structures, namely the pulvinar, the superior colliculi,
the head of caudate nuclei, and a group of brainstem nuclei, are
constituent elements of the attentional networks. Second, we
characterized the structural connections underlying functional
connectivity. Deep brain nuclei are densely connected and
structural network hubs. Third, we showed that the identified
brainstem nuclei projections are spatially correlated with the

acetylcholine a4p2 nicotinic receptors and serotonin and dopa-
mine transporters.

Pulvinar is a high-order thalamic relay nucleus participating in
cortical-thalamocortical circuits that modulate information
processing’’. Cytoarchitectonically, the pulvinar is divided into
four regions: the anterior pulvinar, the inferior pulvinar, the
medial pulvinar, and the lateral pulvinar’8. The medial pulvinar is
particularly important in establishing connections with hetero-
modal association areas, such as the superior and inferior tem-
poral, the inferior parietal, the dorsolateral prefrontal, and the
orbitofrontal cortices’®. In our model, the pulvinar regions with
the highest statistical level were medial, and we demonstrated that
they were structurally connected with VAN cortical areas,
through fronto-pulvinar projections, and with DAN cortical
areas, by fronto-pulvinar and parieto-pulvinar projections30-82.
Pulvinar lesions may induce hemispatial neglect®. Decades ago,
Sprague impressively found that hemispherectomy prompted
symptoms of hemispatial neglect in cats which were attenuated by
removing the contralesional superior colliculus®384. This effect
was later observed in humans®>. In our model, the pulvinar
connects with the superior colliculi through the tecto-pulvinar
fibers80, demonstrating the importance of pulvinar—superior
colliculi interactions in attention processes. Therefore, in the
context of the so-called Sprague effect, removing the contrale-
sional superior colliculus in cats with hemispatial neglect would
damage the spared attentional network and might partially
compensate for the imbalance in the attentional processing®”-88.
Recently, hemispatial neglect was linked to lesions of the human
superior colliculus?, The Sprague effect is also mediated by the
pedunculopontine nuclei®®?0, which is one of the brainstem
nuclei included in our model. The pedunculopontine nuclei
possess a population of cholinergic neurons in their caudal por-
tion, giving rise to a distinct network that regulates attentional
states and enhances the processing of salient stimuli®l. The des-
cending projections from these cholinergic neurons innervate the
nucleus pontis oralis?? and the gigantocellular nuclei®3, while
their dorsal ascending projections innervate the colliculi®*%> and
several nuclei of the thalamus, including the pulvinar and the
mediodorsal nuclei®. The pattern of the pedunculopontine pro-
jections closely matches the brainstem and thalamic map evi-
denced in our analysis. Hence, lesion analyses and axonal tracings
studies confirm the validity of our subcortical model of the VAN
and the DAN.

The graph theory analysis results are consistent with the sub-
cortical nuclei hub role in the VAN and the DAN organization.
Centrality measures indicate how connected a node is with other
nodes. These measures are considered surrogates of the node’s
relevance for the flow of information and communication within
a network®”%8, The DAN and the VAN subcortical nuclei had a
high degree and betweenness centrality scores, positioning them
as networks’ core regions as previously suggested®®-101,

The neurotransmitter system correlation analysis reinforced
the proposed relationship between the subcortical nuclei of the
attention networks. The highest spatial correlation of both net-
works was with the acetylcholine a4f2 nicotinic receptors. The
acetylcholine a4p2 nicotinic receptors have a well-established
relationship with sustained attention. Acetylcholine a4f2 nico-
tinic receptors agonists reduce adult monkey distractibility during
matching-to-sample tasks with distractors!92 and increase the
firing rate of dorsolateral prefrontal neurons during sustained
attention tasks, an effect that is reversed by the co-administration
of receptor antagonists!®3. In humans, transdermal nicotine
administration improves attentiveness!0%105, All these observa-
tions in animals and humans support the critical role of the
subcortical acetylcholinergic system in attentional processes.
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Fig. 5 Graph theory analysis and anatomical model of the VAN and DAN. a Graph theory analysis of the VAN and DAN structural connectivity. Circles
illustrate nodes. Circle colors represent the median betweenness centrality of each node (according to the color gradient), while circle dimensions

represent the median degree centrality. Brown lines represent node-to-node structural connections present in at least half of the subjects. b Anatomical
model of the VAN and DAN. A anterior, CnF cuneiform nucleus, DAN dorsal attention network, Gi gigantocellular nucleus, IPN interpeduncular nucleus, L
left, P posterior, PPN pedunculopontine nucleus, Pul pulvinar, R right, Rpa raphe pallidus nucleus, SC superior colliculus, VAN ventral attention network.

The VAN and DAN brainstem nuclei projections were also
spatially correlated with the distribution of dopamine and ser-
otonin transporters. This finding is consistent with the psycho-
pharmacological knowledge about attention. Methylphenidate is
the first-line treatment for attention deficit hyperactivity
disorder!9®. Pharmacologically, it is a noradrenaline-dopamine
reuptake inhibitor with higher potency for dopamine
transporters!07-108, Modafinil is a selective inhibitor of dopamine
transporters!®®  and  produces  attention  enhancement
effects! %111, Further studies are needed to understand how the
interplay between the nicotinic acetylcholine and the dopamine
systems occurs in attention networks, but it might be mediated by
their interaction at the levels of the striatum!!>113 and
midbrain!411> Serotonin reuptake inhibitors also modulate
attentional processes!!®. They increase the perceptual bias
towards emotional stimuli!!”-118 by regulating the activity of
visual processing circuits!1®, Therefore, our improved model of
the DAN and VAN functional neuroanatomy appears to recon-
cile previous neuroimaging and pharmacological findings. As
previously suggested®, additional pharmacological studies will be
required to understand the preferential association of VAN with
acetylcholine a4p2 nicotinic receptors. Similarly, pharmacological
studies are required to shed light on the effect of serotonin
transporter on the VAN and to reveal the relationship between
dopamine transporters and the DAN. Finally, understanding the
relationship between the neurochemical signature and hemi-
spheric functional dominance still requires more research in
animals and humans8.

Characterizing the human brain’s subcortical anatomy of
attention networks fosters the exploration of a common
structural-functional attentional framework across species.
Attention is far from being a specific cognitive ability of human
beings!!®. Species with either close or distant common ancestors
in the phylogenetic tree, such as monkeys, rats, and pigeons, can
scan, select and maintain attention to surrounding environmental

stimuli*>119-121 " A" common subcortical attention framework
may surpass the challenge of finding the cortical homologs of the
human VAN and DAN in other species®3. Accordingly, future
studies might use the subcortical areas we highlighted to explore
comparatively the organization of the VAN and the DAN in non-
human species.

In our analysis, VAN and DAN structural connectivity maps were
right-lateralized. The right lateralization of the VAN is established in
the literature. Evidence demonstrates that the SLF III has a larger
volume in the right hemisphere and that its anatomical lateralization
correlates with visuomotor processing abilities and the asymmetries
of visuospatial task performance”%122-125, The SLF I, the main tract
connecting DAN  cortical regions, does not show a preferential
lateralization”®. However, some DAN areas might be right-
lateralized!2°, The right intraparietal sulcus!?’ and frontal eye
field!?8 increase their activity for both visual fields, while the left
preferentially reacts to contralateral stimulations. The processing of
both visual fields in the right hemisphere is corroborated by right
hemisphere stroke patients with hemispatial neglect who also present
with deficits in goal-driven selective attention for ipsilateral
stimuli'?®. Hence, while the cortical extent of the DAN was not
asymmetrical, our structural connectivity analysis, including the
cortico-subcortical projection tracts, might have the function-specific
dimension of the right lateralization of the DAN.

Regarding functional connectivity, the distribution of VAN was
not different between hemispheres, and the DAN was slightly left-
lateralized. Task-based fMRI studies indicate right lateralization
of the VAN!®11 but the asymmetry might vary according to the
nature of the task!3%. Accordingly, while functional asymmetry is
expected for some task-related activations!3!, resting-state func-
tional connectivity may not capture function-specific asymme-
tries due to its global nature.

A limitation of our study is the inability to untangle the dif-
ferent roles and dynamic interactions between the proposed
subcortical structures. While the cortical regions of the DAN and
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the VAN are quite neatly segregated!32, the subcortical nuclei
described in our model probably contributed to both the VAN
and the DAN. Future investigations using our model to explore
the BOLD signal during task-related fMRI in humans or direct
electrical recordings in animals might better dissociate the hier-
archical organization and functional role of subcortical regions
than resting-state fMRI. In addition, the neurotransmitter

DAN VAN DAN

H Right hemisphere

systems normative atlas is derived from different samples’!. As
PET and SPECT tracers are radioactive, it is not possible to map
several neurotransmitter systems in the same participants.
Although the atlas was replicated in an independent auto-
radiography dataset and all scans were acquired in healthy
volunteers’, the heterogeneity of the data sources may represent
a limitation for its interpretation.
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Fig. 6 Correlation between the structural projections of the brainstem nuclei and the neurotransmitter systems. a Distributions of the Spearman’s
correlations for the available maps of neurotransmitter receptors and transporters; for the receptors or transporters with two or more maps available, the
mean correlation was calculated. Dashed lines represent the median and the interquartile range; the minimum and maximum correspond to the violin
limits. b Graphical representation of the statistically significant positive correlations, i.e., the acetylcholine a4f2 nicotinic receptor, dopamine, and serotonin
transporter maps. The color map represents the relative voxel density at each graph point. € Spearman'’s correlation of the statistically significant positive
correlations with the left and right hemispheres. Dashed lines represent the median and the interquartile range; the minimum and maximum correspond to
the violin limits. 5HT1a serotonin 1a receptors, 5HT1b serotonin 1b receptors, 5HT2a serotonin 2a receptors, 5SHTT serotonin transporters, A4B2
acetylcholine a4p2 nicotinic receptors, CB1 cannabinoid receptors 1, D1 dopamine receptors 1, D2 dopamine receptors 2, DAT dopamine transporters,
FDOPA fluorodopa, GABAa GABAa receptors, H3 histamine receptors 3, M1 muscarinic receptors 1, mGIuR5 metabotropic glutamate receptors 5, MU mu-
opioid receptors, NAT noradrenaline transporters, VAchT vesicular acetylcholine transporters. * Statistically significant positive correlation, corrected for
multiple comparisons (p < 0.003); # Statistically significant difference between the VAN and the DAN, corrected for multiple comparisons (p < 0.017); &
Statistically significant difference between right and left hemispheres, corrected for multiple comparisons (p < 0.017); n=177.

In conclusion, this work proposes an improved neuroanato-
mical model of the VAN and the DAN that includes the pulvinar,
the superior colliculi, the head of caudate nuclei, and a group of
brainstem nuclei interrelated with the acetylcholine nicotinic and
the dopamine and serotonin transporter systems. This compre-
hensive framework reconciles behavioral, electrophysiological,
and psychopharmacological data and provides a shared founda-
tion to explore the neural basis of attention across different
species and brain pathologies.

Methods

Resting-state functional imaging (rs-fMRI). We used 110 7 T resting-state
functional MRI datasets from the Human Connectome Project $12001%3. Images
were preprocessed and registered to the MNI152 space as specified in the Human
Connectome Project protocol (http://www.humanconnectome.org/storage/app/
media/documentation/s1200/HCP_S1200_Release_Reference_Manual.pdf; Glasser
et al. 2013). The Human Connectome Project open access data use terms were
followed.

VAN and DAN maps in the structural space. VAN and DAN maps were
computed using seed regions of interest defined in the functional cortical parcel-
lation map!4. This template includes 23 VAN parcels (11 in the left and 12 in the
right hemisphere) and 32 DAN parcels (19 in the left and 13 in the right hemi-
sphere). This parcellation was performed according to resting-state functional
connectivity patterns. Each parcel has a homogeneous resting-state functional
connectivity signature and is separated from neighboring parcels by abrupt changes
in their connectivity profile!4.

We calculated functional correlation maps seeded from each VAN cortical
parcel using the Funcon-Connectivity tool implemented in the Brain Connectivity
and Behavior toolkit (http://toolkit.bcblab.com)!34. This tool computes Pearson’s
correlation between a seed region’s mean resting-state activity and the brain’s other
voxels. Then, the median of the 23 functional connectivity maps (generated from
the 23 VAN seeds) was computed to obtain the VAN’s most representative map for
each participant. We chose a median because it is less affected by outliers than the
mean!3°. 110 individual VAN maps in the MNI152 were obtained (i.e., one per
subject). The same steps were performed to obtain 32 DAN maps.

VAN and DAN maps in the functional space. The 110 individual VAN Pearson’s
correlation maps in the MNI152 space were aligned in a functional space to
optimize their interindividual alignment of functional areas®*->3. We used the
Advanced Normalization Tools (ANTSs) script “buildtemplateparallel.sh” to per-
form an iterative (n =4) diffeomorphic transformation to a common space®2136,
Cross-correlation was set as the similarity measure and greedy SyN as the trans-
formation model!37:138, The resulting transformation warps were applied to the
MNI152 aligned VAN maps, using the ANTs’ script “WarpImageMultiTransform”
to represent the 110 individual VAN maps in the functional space. The same steps
were performed with the 110 DAN Pearson’s correlations maps. A schematic
representation of the functional alignment steps is available in Supplementary
Fig. 1.

To calculate group statistical VAN and DAN maps, we performed a
permutation inference analysis using FSL’s “randomise” one-sample (5000
permutations) and applied a threshold-free cluster enhancement!%. To evaluate
the similarity between the VAN and DAN statistical maps, the t-maps were z-
transformed, and a conjunction analysis was computed!40. A difference map was
also calculated by subtracting the median DAN Pearson’s correlation map from the
VAN. Illustrations were produced in Surflce (https://www.nitrc.org/projects/
surfice/) and MRIcroGL (https://www.nitrc.org/projects/mricrogl/).

Anatomical validation of the subcortical structures. To identify thalamic nuclei,
we visually compared our results with the DISTAL (Deep brain stimulation
Intrinsic Template Atlas; Ewert et al. 2018) and the THOMAS (Thalamus Opti-
mized Multi Atlas Segmentation; Su et al. 2019) atlases. The DISTAL atlas is a
high-resolution template of subcortical structures in the MNI space used as a
reference to localize targets for deep brain stimulation!4l. The DISTAL atlas seg-
mentation was performed manually, based on histology, structural imaging, and
diffusion-weighted imaging!41:143. The THOMAS atlas is a template of thalamic
nuclei derived from the manual segmentation of 20 White-Matter-Nulled Mag-
netization Prepared Rapid Gradient Echo (MP-RAGE) 7 T datasets warped to the
MNI space!42. We used the WIKIBrainStem atlas to identify the brainstem
nuclei'#4. This template is based on mesoscopic T2-weighted and diffusion-
weighted images obtained from the ultra-high-field scanning (11.7 T) of an ex vivo
human specimen. It provides detailed segmentations of 99 brainstem structures!44.

Tractography analysis. We analyzed the structural connectivity of the VAN and
DAN, including the new subcortical structures identified in our resting-state
functional connectivity analysis. Tractography was computed using 177 diffusion-
weighted images from the 7 T dataset of the Human Connectome Project!4°. The
scanning parameters are detailed in Vu et al.'4%. Preprocessing was performed
according to the default Human Connectome Project pipeline (v3.19.0)!33. The
Human Connectome Project open access data use terms were followed. Tracto-
graphy processing was prepared as described in Thiebaut de Schotten et al.b”
(available at http://opendata.bcblab.com). Briefly, a whole-brain deterministic
algorithm was employed using StarTrack (https://mr-startrack.com), applying a
damped Richardson-Lucy algorithm optimized for spherical deconvolution!46.
Then, the individual whole-brain streamline tractograms were registered to the
MNI152 space. First, they were converted into density maps, in which the voxel
densities corresponded to the number of streamlines crossing each voxel®’. Second,
individual density maps were aligned to a standard template using the Greedy
symmetric diffeomorphic normalization of the Advanced Normalization Tools
pipeline!3°. Third, the resulting template was co-registered to the MNI152 2 mm
template using the FSL’s tool “flirt”147. Finally, the resulting transformation warps
were applied to the individual whole-brain streamline tractography using Tract
Querier!48,

Then, we computed the structural connectome of the VAN and DAN models.
The cortical nodes were defined according to Gordon et al.'4. To determine the
subcortical regions of interest, we selected the statistically significant voxels of the
subcortical structures identified in the previous sections with a median Pearson’s
correlation above r = 0.1. This correlation threshold was applied to avoid including
voxels significantly associated with the network but with weak correlations'4®. The
streamlines that crossed at least two ROIs (cortico-cortical, cortico-subcortical, or
subcortical-subcortical) were selected using the MRtrix3’s tool “tckedit”!%0.
Afterward, the selected streamlines were converted into streamline density maps
using the MRtrix3’s tool ‘tckmap’!*’. The streamline density maps were binarized,
and a group-level overlap map was computed.

ROI-to-ROI structural and functional connectivity analysis. We used MRtrix3’s
tool “tck2connectome” to analyze ROI-to-ROI structural connectivity. The cortical
and subcortical ROIs were defined as stated in the previous section. Regarding
ROI-to-ROI functional connectivity, we computed the partial correlation between
the network nodes using the nilearn’s function “ConnectivityMeasure”!5!. The
illustrations of the connectivity matrices were created with Matplotlib 3.4.2152.

Networks lateralization. We assessed the lateralization of the VAN and DAN
networks. For functional connectivity, the average Pearson’s correlation across each
hemisphere’s VAN and DAN nodes was calculated using the FSL’s function
“fslmeants”. The obtained values were compared between the right and left
hemispheres. For structural connectivity, we extracted the fiber tracts that crossed
two nodes of the same hemisphere. Then, the fiber tracts were converted into
volume maps using the MRtrix3’s tool “tckmap”, and the individual volumes were
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compared between the two hemispheres!>?. Data were presented as mean (with
standard deviations) or median (with interquartile ranges), and paired analyses
were performed with paired t-test or Wilcoxon test, according to their distribution.

Graph theory analysis of structural connectivity. To analyze if the newly
identified subcortical nuclei would be core regions in the networks, we performed a
graph theory analysis of the hub properties of the VAN and DAN nodes. Two
measures were used, the degree centrality and the betweenness centrality’. Degree
centrality denotes the fraction of nodes connected to the node of interest.
Betweenness centrality is the fraction of all-pairs shortest paths that pass through
the node of interest?”. In graph theory, nodes with high centrality are considered
network hubs, i.e., they play a crucial role in the global network function!>3.

The 177 individual binarized structural connectivity matrices were converted
into undirected connectivity graphs, and both measures were calculated using the
NetworkX package (https://networkx.org/). ROIs, as defined in the previous
sections, constituted the network nodes. The streamlines that crossed at least two
ROIs defined network vertices. Considering the conservative parameters of our
tractography adjusted over the years to match post-mortem Klingler
dissections!>#-1>7, there was no threshold for the streamline considered for
binarization. Additionally, the streamline count does not accurately reflect the
number of axonal projections between regions or the strength of connectivity?®18,
and previous work showed that the overall results of the network analysis do not
change with modifications in the streamline count binarization threshold!%°. Then,
we calculated the median value of both measures across the 177 network graphs for
each node. The illustrations of the network graphs were created with Surflce
(https://www.nitrc.org/projects/surfice/).

Structural correlations with the neurotransmitter system. We studied the rela-
tionship between the proposed neuroanatomical models’ subcortical structural projections
and the neurotransmitter systems’ spatial distribution. First, we selected the newly iden-
tified brainstem nuclei that synthesize neurotransmitters, according to the cytochemical
evidence in the literature. Second, we computed the structural projections of these nuclei to
the remaining nodes of the VAN and DAN, ie., we selected the streamlines that crossed
the brainstem nuclei of interest and every other node of the network, using the MRtrix3
tool “tckedit”*". Then, we used the MRtrix3 tool “tckmap” to map those streamlines into
the MNI space!*” and computed the individual Spearman’s correlation between the spatial
distribution of the created structural projection map and the neurotransmitter maps
provided by Hansen and colleagues using the neuromaps’ tool “compare_images”/1-160;
https://netneurolab.github.io/neuromaps/). We obtained the correlation values distribu-
tion between the 110 individual VAN and DAN maps and each neurotransmitter map. To
analyze if the obtained distributions (each composed of 110 correlation values) were
significantly higher than zero, a non-parametric statistical test was performed (one-sided
Wilcoxon test). The obtained p values were corrected for multiple comparisons using the
Bonferroni correction. Finally, we analyzed whether the correlation distributions were
different between VAN and DAN, and if they were different between hemispheres (paired
t-test or Wilcoxon test, according to data distribution; the Bonferroni correction was also
applied). A supplemental pairwise analysis was performed. The average map of the 110
individual VAN and DAN structural projection maps was correlated with the neuro-
transmitter maps (Spearman’s correlation; neuromaps’ tool “compare_images”; https://
netneurolab.github.io/neuromaps/) 1. To control for spatial autocorrelations and reduce
the risk of false positive results, statistical significance was inferred based on null models
generation!61-163, Volumetric data were parcellated according to the Automated Anato-
mical Labeling atlas 3 (AAL3; Rolls et al.'%), using the neuromaps’ utility “Parcellater”
(https://netneurolab.github.io/neuromaps/)1®. AAL3 was chosen because it includes
cortical and subcortical parcels. The null parcellations were generated from the average
VAN and DAN structural projection maps using the neuromaps’ function “nulls.-
burt2020” (5000 permutations, generating 5000 null parcellations; https://netneurolab.
github.io/neuromaps/)10%162, The graphical representations were created with Matplotlib
3.4.2 and Datashader 0.13.0 (Hunter!2 https:/datashader.org).

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The presented brain maps are openly available at https://neurovault.org/collections/
XONZLGPJ/, the resting-state functional 7 T MRI datasets in the Human Connectome Project
S$1200 dataset, and the processed tractographies at http://opendata.bcblab.com. Data were
provided by the McDonnell Center for Systems Neuroscience at Washington University. All
other data were available from the corresponding author on reasonable request.

Code availability

Analyses were conducted using open software and toolboxes, as specified in the methods. The
Funcon-Connectivity code is openly available at https://github.com/chrisfoulon/BCBToolKit;
the ANTs scripts “buildtemplateparallel.sh” and “WarpImageMultiTransform” at https://
github.com/ANTsX/ANTs; the code where these scripts were applied for the functional

alignment performed in this work at https:/github.com/Pedro-N-Alves/VAN_DAN_
functional_alignment (doi: 10.5281/zenodo.7307027); the “easythresh_conj.sh” code (used for
the conjunction analysis) at https://warwick.ac.uk/fac/sci/statistics/staff/academic-research/
nichols/; the “tckedit”, “tckmap”, and “tck2connectome” commands’ codes at https://github.
com/MRtrix3/mrtrix3; the “ConnectivityMeasure” script at https://github.com/nilearn/
nilearn/; the “betweenness_centrality” and “degree_centrality” scripts at https://github.com/
networkx/networkx; and the “compare_images”, “Parcellater”, and “nulls.burt202” scripts at
https://github.com/netneurolab/neuromaps.
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