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Abstrakt

Velikost a tvar zavitl (gyri) a zlabka (sulci) v oblasti ptedni cingularni kiry (ACC),
zejména sulcus cinguli (CS) a sulcus paracingularis (PCS), predstavuje anatomicky marker
vyvoje nervového systému. Odchylky ve vyvoji in utero u schizofrenie lze sledovat pomoci
morfometriec CS a PCS. V této studii jsme métili délku CS, PCS a jejich segmentli na
snimcich T1 MRI u 93 pacientll s prvni epizodou schizofrenie a u 42 zdravych kontrol.
Kromé délky sulci byla u pacientti a kontrol porovnavana také frekvence vyskytu a levoprava
asymetriec CS/PCS. Distribuce morfotypi CS a PCS u pacientd se liSila od kontrol.
Parcelovany typ CS3a v levé hemisfére byl u pacientt delsi (53,8 + 25,7 mm oproti 32,7 +
19,4 mm u kontrol, p < 0,05), zatimco u CS3c byl u kontrol naopak dlouhy (52,5 + 22,5 mm
oproti 36,2 + 12,9 mm, n.s. u pacientil). Neparcelovany PCS v pravé hemisféte byl delsi u
pacientll ve srovnani s kontrolami (19,4 + 10,2 mm oproti 12,1 £ 12,4 mm, p < 0,001).
Soucasna ptitomnost PCS1 a CS1 v levé hemisféie a do jisté miry 1 v pravé hemisféte tedy
muze svédcCit o vyssi pravdépodobnosti schizofrenie.

Me¢fteni plochy nebo objemu hipokampu je v klinické praxi uzitecné jako podplrna pomicka
pro diagnostiku Alzheimerovy choroby. Vzhledem k tomu, Ze je Casov€é naro¢né a neni
jednoduché, vyuziva se neptili§ Casto. Predkladame zjednoduseny protokol pro hodnoceni
atrofie hipokampu na zaklad¢ jednoho optimalniho fezu u Alzheimerovy choroby. Definovali
jsme jediny optimdlni fez pro stanoveni plochy hipokampu na magnetické rezonanci mozku
(MRI) v roviné, kde mizi amygdala a je pfitomen pouze hipokampus. Porovnali jsme
absolutni plochu a objem hipokampu na tomto optimalnim fezu mezi 40 pacienty s
Alzheimerovou chorobou a 40 star§imi kontrolami, sparovanymi podle véku, vzdélani a
pohlavi. Déle jsme tyto vysledky porovnali s vysledky vztazenymi k velikosti mozku nebo
lebky: plocha optimalniho fezu normalizovana k ploSe mozku v pfedni komisuie (commissura
anterior) a objem hipokampu normalizovany k celkovému intrakranidlnimu objemu (TIV).
Plochy hipokampii na jediném optimalnim fezu a objemy hipokampii vlevo a vpravo v
kontrolni skupiné¢ byly vyznamné vyssi nez ve skupin€¢ s AD. Normalizované hipokampalni
plochy a objemy vlevo a vpravo v kontrolni skupin¢ byly vyznamné vyssi nez ve skupiné s
AD. Absolutni plochy a objemy hipokampi se vyznamné neliSily od odpovidajicich
normalizovanych ploch hipokampi ani normalizovanych objemii hipokampli pomoci
porovnani ploch na ROC analyze. Plocha hipokampu na dobfe definovaném optimalnim fezu
MRI mozku mtize spolehlivé nahradit komplikované méteni objemu hipokampu. Piekvapive
normalizace téchto veli¢in vzhledem k mozku nebo lebce nepfidavd zadné vyznamnéjsi

vvvvv

ZmenSeni objemu struktur Sedé hmoty u pacientl s Alzheimerovou chorobou je ¢asto
doprovazeno asymetrickym zvySenim poctu vldken bilé hmoty, kterd se nachazeji v blizkosti
téchto struktur. Cilem této studie bylo prozkoumat zmény struktury bilé hmoty u motorickych
bazdlnich ganglii u pacientli s Alzheimerovou chorobou ve srovnani se zdravymi kontrolami
pomoci difuzniho tenzorového zobrazovani (DTI). U deseti pacientii s Alzheimerovou
chorobou a deseti zdravych kontrol bylo méfeno mnozstvi traktd, délka traktti, objem traktd,
kvantitativni anizotropie a generalizovana frakéni anizotropie. U pacientli s Alzheimerovou
chorobou byl ve srovnani s kontrolami zjiStén vyznamny pokles poctu traktl a generalizované
frak¢ni anizotropie v pravém nucleus caudatus, zatimco v levém a pravém putamen byl zjistén
narist. Dale byl pozorovan vyznamny pokles strukturdlniho objemu levého a pravého
putamen. ZvySeni parametrid DTI bilé hmoty u pacientll s Alzheimerovou chorobou bylo
pozorovano pouze v putamen oboustranné. Pravy nucleus caudatus vykazoval u pacientl s
Alzheimerovou chorobou pokles jak parametrti DTI, tak objemu. Pravé pallidum vykazovalo
u pacientll s Alzheimerovou chorobou zvySeni parametri DTI, ale i sniZzeni objemu.
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Abstract

Cortical folding of the anterior cingulate cortex (ACC), particularly the cingulate (CS)
and the paracingulate (PCS) sulci, represents a neurodevelopmental marker. Deviations in in
utero development in schizophrenia can be traced using CS and PCS morphometry. In the
present study, we measured the length of CS, PCS, and their segments on T1 MRI scans in 93
patients with first episode schizophrenia and 42 healthy controls. Besides the length, the
frequency and the left-right asymmetry of CS/PCS were compared in patients and controls.
Distribution of the CS and PCS morphotypes in patients was different from controls.
Parcellated sulcal pattern CS3a in the left hemisphere was longer in patients (53.8 + 25.7 mm
vs. 32.7 £ 19.4 mm in controls, p < 0.05), while in CS3c it was reversed—Ilonger in controls
(52.5 £22.5 mm as opposed to 36.2 £ 12.9 mm, n.s. in patients). Non parcellated PCS in the
right hemisphere were longer in patients compared to controls (19.4 + 10.2 mm vs. 12.1 £
12.4 mm, p < 0.001). Therefore, concurrent presence of PCS1 and CS1 in the left hemisphere
and to some extent in the right hemisphere may be suggestive of a higher probability of
schizophrenia.

Measurement of an hippocampal area or volume is useful in clinical practice as a
supportive aid for diagnosis of Alzheimer’s disease. Since it is time consuming and not
simple, it is not being used very often. We present a simplified protocol for hippocampal
atrophy evaluation based on a single optimal slice in Alzheimer’s disease. We defined a single
optimal slice for hippocampal measurement on brain magnetic resonance imaging (MRI) at
the plane where the amygdala disappears and only the hippocampus is present. We compared
an absolute area and volume of the hippocampus on this optimal slice between 40 patients
with Alzheimer disease and 40 age-, education- and gender-matched elderly controls.
Furthermore, we compared these results with those relative to the size of the brain or the
skull: the area of the optimal slice normalized to the area of the brain at anterior commissure
and the volume of the hippocampus normalized to the total intracranial volume. Hippocampal
areas on the single optimal slice and hippocampal volumes on the left and right in the control
group were significantly higher than those in the AD group. Normalized hippocampal areas
and volumes on the left and right in the control group were significantly higher compared to
the AD group. Absolute hippocampal areas and volumes did not significantly differ from
corresponding normalized hippocampal areas as well as normalized hippocampal volumes
using comparisons of areas under the receiver operating characteristic curves. The
hippocampal area on the well-defined optimal slice of brain MRI can reliably substitute a
complicated measurement of the hippocampal volume. Surprisingly, brain or skull
normalization of these variables does not add any incremental differentiation between
Alzheimer disease patients and controls or give better results.

The volume reduction of the gray matter structures in patients with Alzheimer’s
disease is often accompanied by an asymmetric increase in the number of white matter fibers
located close to these structures. The present study aims to investigate the white matter
structure changes in the motor basal ganglia in Alzheimer’s disease patients compared to
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healthy controls using diffusion tensor imaging. The amounts of tracts, tract length, tract
volume, quantitative anisotropy, and general fractional anisotropy were measured in ten
patients with Alzheimer’s disease and ten healthy controls. A significant decrease in the
number of tracts and general fractional anisotropy was found in patients with Alzheimer’s
disease compared to controls in the right caudate nucleus, while an increase was found in the
left and the right putamen. Further, a significant decrease in the structural volume of the left
and the right putamen was observed. An increase in the white matter diffusion tensor imaging
parameters in patients with Alzheimer’s disease was observed only in the putamen bilaterally.
The right caudate showed a decrease in both the diffusion tensor imaging parameters and the
volume in Alzheimer’s disease patients. The right pallidum showed an increase in the
diffusion tensor imaging parameters but a decrease in volume in Alzheimer’s disease patients.

Keywords
Alzheimer's disease, schizophrenia, morphometry, FreeSurfer, ImageJ, sulcus cinguli, sulcus

paracingularis, hippocampus, basal ganglia, white matter, gray matter, tractography, atrophy,
parcellation, cortex
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1. Introduction

1.1 Anatomical changes in the brain structure in Alzheimer's disease and schizophrenia

Alzheimer's disease and schizophrenia are two distinct disorders that are associated
with different anatomical changes in the brain structure.

Alzheimer's disease is a progressive neurodegenerative disorder that primarily affects the
memory and cognitive functions of the brain (Tang et al., 2019). The main anatomical
changes in the brain structure in Alzheimer's disease are the accumulation of beta-amyloid
plaques and neurofibrillary tangles, which derange the normal communication between
neurons and cause neuronal death (Perl, 2010). These changes primarily take place in the
hippocampus (Lakshmisha Rao et al., 2022) and temporal lobes of the brain, which are crucial
for memory formation and reconsolidation. As the disease progresses, the changes may spread
to other parts of the brain, leading to widespread neurodegeneration and cognitive decline. A
study has revealed that patients with Alzheimer's disease indicate depletion in the thickness of
layer III pyramidal neurons in specific regions of the brain. The affected regions incorporate
the right anterior cingulate gyrus, the left posterior cingulate gyrus, and entorhinal cortex, and
the right parahippocampal gyrus (Kutova et al., 2018) that are parts of the limbic system.

Schizophrenia, otherwise, is a serious mental disorder identified by disarranging in thoughts,
emotions, and behavior (McGrath et al., 2008). The morphological alterations in the brain
structure in schizophrenia are more implicit than those in Alzheimer's disease, but they are
still consequential (Shenton et al., 2010). Research established that patients with
schizophrenia have reduced gray matter volume in some areas of the brain, including the
prefrontal cortex, temporal lobe, and hippocampus (van Erp et al., 2016). Furthermore, there
is confirmation of changes in connectivity between distinct regions of the brain in
schizophrenia, which may grant to the cognitive and behavioral symptoms of the disorder.
Several studies showed that the areas presenting the most remarkable decline in connectivity
include the medial prefrontal cortex, anterior and posterior cingulate, temporal lobe, lobule IX
of the cerebellum, and premotor cortex (Orban et al., 2019).



1.2 A structural MRI studies of the brain

Magnetic resonance imaging is a technology that uses radio frequency signals from
hydrogen protons in the body to form images of body structure (Berger, 2002). MRI works on
special magnets that create a strong magnetic field that directs the protons in the body
according to this field .When a radiofrequency current is passed through the patient, the
protons are stimulated and out of equilibrium. As soon as the radiofrequency field is stopped,
the MRI sensors could confirm the energy released as the protons realign with the magnetic
field (Orth, 2012).There are two relaxation times associated with proton rearrangement: T1
and T2. T1-weighted MRI elevates adipose tissue signal and declines water signal. T2-
weighted MRI increases the water signal (Kawahara et al., 2021). Both images have excellent
soft tissue contrast.

The first MRI studies of the brain concentrated on creating techniques to acquire high-
resolution images of the brain's internal structures, such as the gray and white matter,
ventricles, and blood vessels (Jahng et al., 2020). Scientists also worked to develop methods
for distinguishing between normal and abnormal brain tissue, such as tumors and regions of
inflammation (Horska et al., 2010).

Years since its appearance, MRI has become the gold standard for imaging the brain,
presenting higher-ranking resolution and contrast compared to other methods (Chandarana et
al., 2018). It has enabled researchers and clinicians to make important discoveries about the
structure and function of the brain, as well as to diagnose and treat a wide range of
neurological conditions, including stroke, multiple sclerosis, schizophrenia and Alzheimer's
disease.

1.3 MRI and hippocampal volume reduction in AD

Several research studies have documented a reduction in hippocampal volume among
individuals with Alzheimer's disease (AD) in comparison to elderly controls (Shi et al.,
2009). In the Alzheimer's disease continuum (ADC), neurodegeneration initiates in the
transentorhinal cortex and advances through the hippocampal circuitry, following the
transsynaptic connectivity of its subfields (Hari et al., 2022).

This change leads to the strong cognitive impairment for patients connected with the
hippocampal texture marker correlated with hippocampal glucose metabolism, as suggested
by fluorodeoxyglucose-positron emission tomography (Sgrensen et al., 2016).

1.4 Asymmetry of the structural changes of the gray and white matter in the CNS in AD

Observations of brain asymmetry in norm have been made in both animals and
humans, spanning across structural, functional, and behavioral domains (Geschwind, 1965).
This lateralization is believed to represent a range of influences, including evolutionary,
hereditary, developmental, experiential, and pathological factors, because the left and right
hemispheres of the brain have differential growth patterns and connectivity that was already
proven from various imaging techniques, such as magnetic resonance imaging (MRI) and
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diffusion tensor imaging (DTI), which have allowed for the examination of the asymmetries
in gray and white matter in vivo (Good et al., 2001).

One example of structural asymmetry in gray matter is the planum temporale in the
temporal lobe, which is consistently larger in the left hemisphere in most individuals. This
region is important for language processing and has been implicated in speech perception and
phonological processing. In contrast, the right hemisphere appears to have a greater volume of
gray matter in the superior parietal lobule, which is involved in spatial processing and
attention (Toga et al., 2003). Asymmetric changes in the size and number of neurons in the
limbic cortex and planum temporale were found in AD patients compared to controls (Kutova
et al., 2018). The overall planum temporale right and left size differed in AD patients and also
in schizophrenia (Zach et al., 2009), as did the size of pyramidal neurons in different
subdivisions of the planum temporale in AD patients (Kutova et al., 2014). In an animal study
of the effect of chronic stress on hippocampal area and volume, a more pronounced atrophy of
the right hippocampus compared to the left was found, although the exact reason is still
unclear (Zach et al., 2010).

Previous findings of asymmetric morphology of CNS structures is important for our studies,
in which (see Results) we also observed such asymmetric impairment (or adaptation).

1.5 Neuroanatomy of anterior cingulate cortex and its clinical significance

The anterior cingulate cortex (ACC) lies on the medial surface of the brain and is
composed of several subregions. Two of them, the cingulate sulcus (CS) and the paracingulate
sulcus (PCS) might play an important role in relation to schizophrenia.

The CS runs along the callosal body and extends posteriorly into the parietal lobe as the
marginal branch. From the dorsal to the anterior portion of the CS, a sulcus that is often
present and runs parallel to the CS is referred to as the paracingulate sulcus (Smith, 1907).
The PCS shows significant individual and hemispheric differences. While the CS is present in
the majority of cases, the PCS is frequently missing or rudimentary (Wei et al., 2017).
Although it was recently reported to be present in 70.1% of the human population (Amiez et
al.,, 2021). Leftward asymmetry of PCS has been reported in healthy controls (Wei et al.,
2017), (Yiicel et al., 2001), (Paus et al., 1996). Inter-individual variation in the PCS presence
is transposed into the prenatal formation of single or double parallel type of the ACC, which
is reported in 76% and 24% of adults, respectively (Ono et al., 1990).

From the developmental perspective, the first appearance of the CS was reported in the 19th
week of the fetal period, and the marginal branch of the CS at the 30th = 3 weeks (Nishikuni
et al., 2013). An ultrasound study in 677 term-born neonates clearly identified four distinct
major folding patterns in the CS (Meng at al., 2018) which is consistent with reports of the
adult brain folding patterns on the MRI and autopsy materials (Sun et al., 2009).
Subsequently, an individual ACC sulcal pattern remains fixed from childhood to adulthood, at
the same time that quantitative structural ACC metrics are undergoing profound
developmental change (Cachia et al., 2016).
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1.6 Problem in establishing the optimal section for the hippocampus and its clinical
significance

The hippocampus is a region of the brain that plays an important role in learning,
memory, and spatial navigation. It is located in the medial temporal lobe, which is situated in
the center of the brain. The exact positioning of the hippocampus within the brain is crucial
for understanding its functions and for performing surgical interventions.

One problem in establishing the optimal section for the hippocampus is that it varies in size
and shape between individuals. In addition, the hippocampus is surrounded by other structures
that can make it difficult to identify and access during surgery.

Another important consideration in positioning the hippocampus is its functional connectivity
with other areas of the brain. The hippocampus is known to be involved in a variety of
cognitive processes, including memory, spatial navigation, and emotion regulation. Therefore,
it is important to consider the potential impact of surgical interventions on these functions and
to take steps to minimize any negative effects.

Measurement of an- hippocampal area or volume is useful in clinical practice as a supportive
aid for diagnosis of Alzheimer's disease. Since it is time-consuming and not simple, it is not
being used very often. At the same time rating of medial temporal lobe atrophy is
recommended in all current diagnostic guidelines to diagnose dementia (Harper et al., 2015).
Total brain volume and volume-to-brain ratio in comparison to hippocampal and temporal
horn measurements in traumatic brain injury showed hippocampal atrophy and temporal horn
enlargement. The hippocampus and temporal horn volumes were inversely correlated in the
group with traumatic brain injury (Bigler et al., 1997). The inverse relationship between the
hippocampus and adjacent ventricle or the third ventricle is also used for detection of
Alzheimer's disease (Bartos et al., 2019), (Schoemaker et al., 2019). The measure of temporal
atrophy (radial width of the temporal horn (rWTH)) was used to distinguish its asymmetry in
AD patients (Geroldi et al., 2000). Anatomical mapping of structural changes in AD showed
more sensitive temporal horn expansion compared to hippocampal atrophy, but both maps
correlated with clinical findings (Thompson et al., 2004).

1.7 Concept of compensatory hypertrophy of white matter surrounding structures of the
basal forebrain in AD or other neurodegenerative diseases

The concept of adaptive white matter changes in neurodegenerative diseases is
relatively new (Tuladhar et al., 2015; Zhang et al., 2023; Grady et al., 2003). It is based on the
assumption that atrophy of parts of the white matter, such as in Alzheimer's disease patients,
results in reactive hypertrophy (functional or morphological) in adjacent or even remote parts
of the brain, which would then be able to take over the function of the damaged part to some
extent. In our studies, we have described such changes in the area subcallosa and gyrus
paraterminalis, as well as in some basal ganglia (putamen, pallidum and caudate).

Our finding of white matter increase in the area subcallosa and gyrus paraterminalis was the
basis for a human study to demonstrate improved memory performance in Alzheimer's
disease patients as a consequence of morphological and functional compensatory white matter
hypertrophy (published in the prestigious NEJM, Deeb et al., 2019). Briefly, when the fornix
and other parts of the CNS were stimulated with ascending voltages (7-10 V) m vivo by
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applied electrodes, Alzheimer's disease patients showed a significant recovery from memory
of an event that had been completed by the participants prior to the experiment. The
maximum retrieval of episodic events was maintained when a voltage of 10 V was applied.

2 Hypothesis and goals

2.1 In patients with schizophrenia marked asymmetry of CS and PCS compared to
controls (study no. 1)

Our hypothesis was that more pronounced changes in CS and PCS length and
parcellation would be located in the right cerebral hemisphere. This assumption is based on
the introduction of the cited papers, where similarly larger changes in the planum temporale
or hippocampus are also observed on the right.

2.2 Possibility of selecting ‘optimal frontal section’ of the hippocampus so it could be
used for the visual assessment of the hippocampal atrophy in patients with Alzheimer
disease (study no. 2)

Our hypothesis was that it is possible to select an optimal coronal MRI slice from
which to determine hippocampal atrophy in AD patients in the office by simply inspecting the
image. This involved finding the site of the hippocampal size transition where the ratio of the
size of the cornu temporale to the lateral ventricle is clearly visible over the widest area of the
coronal section of the hippocampus. Such a procedure would facilitate the time-consuming
reconstructions and volumetrics of the hippocampus performed using reconstruction software
on computers and would facilitate the diagnosis of visual atrophy of the hippocampus in AD.

2.3 Compensatory changes in BG - hypertrophy of gray matter or surrounding white
matter following progression of atrophy in other structures in patients with Alzheimer's
disease (study no. 3)

Based on a previous study by Kuchtova et al., (2018) where compensatory
hypertrophy of the area subcallosa and gyrus paraterminalis was observed in AD patients,
probably as a consequence of atrophy and altered hippocampal function, we hypothesized that
a similar phenomenon may occur in the basal ganglia. Thus, again, compensatory hypertrophy
of either the basal ganglia themselves or the white matter in their immediate surroundings, as
an expression of increased functional connectivity, particularly with cortical areas.

2.4 All the above mentioned hypotheses are supplemented with asymmetry assessment,
so that our prediction would be right side dominance over the left one (studies no. 1 - 3)

In all of the above hypotheses, we hypothesized (see study no. 1) that the observed
changes would be more pronounced in the right hemisphere. Specifically, that the CS and
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PCS would be shorter and more segmented on the right in schizophrenia patients, that the
optimal hippocampal section would be smaller on the right in both AD patients and controls,
and finally that the increase in the volume of the BG (one or more of them) and/or the white
matter hypertrophy in their surroundings would also be more pronounced on the right.

3. Overview of used methods and techniques

Structural imaging methods such as MRI was the main one used during that study.
Routine MR images were analyzed through FreeSurfer (v6.0) and FiJi (Imagel) software,
while diffusion tensor images (DTI) were analyzed through the FSL Studio program.
Statistics were performed through Statistica v.6., v.10., v.13 software, online Effect Size
Calculator, MedCalc v. 19.2.1, R environment. The Mini-Mental State Examination (MMSE)
scale is used to detect mild cognitive impairment (MCI) in Alzheimer's disease patients.
Clinical information about Early-Stage Schizophrenia Outcome study (ESO) for the first
episode schizophrenia (FES) patients received from the National Institute of Mental Health,
Klecany, Czech Republic (NIMH).

3.1 Schizophrenia patients and control group

A total of 93 patients with a first episode of schizophrenia (FES, patients) and 42
healthy participants (controls) were recruited. The sample of patients came from the Early-
Stage Schizophrenia Outcome study (ESO), a prospective study on subjects with FES
conducted at the National Institute of Mental Health, Klecany, Czech Republic (NIMH).
Patients with FES were recruited between 2015 and 2019 through the ESO recruitment
network, which includes five large psychiatric hospitals in the country (total of 3700 beds),
with a total catchment area of 6.5 million people. The criteria for inclusion in the FES were as
follows: (1) a diagnosis of schizophrenia or schizophreniform illness or a diagnosis of acute
polymorphic psychotic disorder made by a psychiatrist in accordance with the Psychiatric
Care Act according to the criteria of the International Classification of Diseases-10; (2) a first
episode of psychotic illness diagnosed according to the criteria of the International
Classification of Diseases-10; and (3) a duration of untreated psychosis of less than 24
months. All patients with a psychotic mood disorder (including schizoaffective disorder,
bipolar disorder, and unipolar depression with psychotic symptoms) were excluded from the
study. All patients The ESO was approved by the NIMH Ethics Committee. The study was
conducted in accordance with the latest version of the Declaration of Helsinki.

3.2 Image J program and cingulate cortex morphology in patients with schizophrenia

To measure the size of the sulcus cinguli and sulcus paracingularis, Image J (FiJi,
Linux version, https://imagej.net/software/fiji/downloads) and MRIcron
(https://www.nitrc.org/projects/mricron) were installed in the XnView environment. The
MRIcron program was used to transpose the MRI images to all three planes (sagittal, frontal
and horizontal). To verify the setup, the MRI planes were then set up and compared directly
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in Image J (reslice option). The transformed files were saved in the Analysis and Data
directory to avoid increasing the data volume on the work server.

The length of the sulcus cinguli and sulcus paracingularis was determined in multiple
sagittal planes on MRI images. The reasons for measuring multiple sagittal planes were the
curvature of the cerebral hemispheres, differences in brain rotation during MRI scanning, and
differences in the depth of the sulci between the gyri or their irregular discontinuity during the
course. Thus, the patterns of all sulci variants were evaluated. The set scale for each brain was
set in Image J automatically, from the MRI image table.

3.3 Detailed neuroanatomy of the CS and PCS patterns in patients with schizophrenia

First, we measured non-parcellated CS and PCS (without separation of the sulci course
into interrupted segments). Next, we performed the segmentation of the CS and PCS. We
measured the linear length of the CS and observed how many parts it was composed of in the
case of interruption — in other words, CS morphology was assessed depending on the
integrity of the sulcal line. If there was no interruption of the sulcus, we labeled it as CS1, one
interruption of the sulcus was labeled as CS2, and two interruptions were labeled as CS3. For
the length measurement, two sulcal parts (segments) of CS2 were labeled as CS2a and CS2b,
and three sulcal parts of CS3 were labeled as CS3a, CS3b, and CS3c, and their length was
measured separately. Indexing parts (segments) followed the ventro-dorsal position so that,
for example, CS2a was located more ventrally compared to CS2b. The neuroanatomical
delineation of the PCS was adapted according to J. R. Garrison’s Paracingulate Sulcus
Measurement Protocol (Garrison, 2017), based on the original study (Garrison et al., 2015).
We selected the PCS sulcal pattern parcellation identical with Yiicel’s nomenclature (three
sulcal patterns type — absent, present, and prominent), (Yiicel et al., 2001). PCS morphology
was assessed as absent if the length was less than 2 cm (PCSO0), present if it extended more
than 2 cm (PCS1), and prominent if it was longer than 4 cm (PCS2).

3.4 Alzheimer's disease patients and control group

Brain magnetic resonance imaging (MRI) and the Mini-Mental State Examination
(MMSE) were examined in 80 individuals during our validation and normative study of the
MMSE. We included two groups of participants. The first group of patients (n = 40) was
diagnosed with dementia due to Alzheimer’s disease (AD) according to the National Institute
on Aging-Alzheimer’s Association (NIA-AA) criteria at memory clinic of the AD center,
Department of Neurology, Charles University, Prague, Czech Republic. The second group of
normal elderly controls (n = 40) had normal MMSE scores using our Czech norms and cut-
offs for mild AD. They were recruited mainly at Universities of Third Age (educational
courses for seniors) or were spouses of the patients. Sociodemographic characteristics and
cognitive scores of both groups were compared. All participants signed informed consent. The
research was approved by the Ethics Committee of the Prague Psychiatric Center/National
Institute of Mental Health.

15



3.5 Manual delineation of the hippocampal optimal section with Image J program

In order to define hippocampal shrinkage on MRI for the clinical applications
(dementia severity and its progression), we designed a protocol from a single coronal brain
slice. We found gray matter located inside the temporal lobe (at the caudal part of the
temporal horn of the lateral ventricle) by viewing the coronal slice on MRI in ventrodorsal
orientation. Then, we located the amygdalar complex in the temporal lobe, below the lateral
horn of the lateral ventricle. When we looked through coronal slices located more dorsally,
we could see the hippocampus positioned below the amygdalar complex. The absolute area of
the hippocampus in cm? separately for the left and right sides from a single optimal slice and
absolute area of the brain and skull slice in the coronal section at the level of commissura
anterior (CA) were manually delineated and calculated by an experienced neuroanatomist
using FiJi (ImageJ software suite, https://imagej.net/Fiji).

3.6 Optimal slice of the hippocampus measurement and BG volumes in patients with
Alzheimer's disease and controls by FreeSurfer analysis

For detailed familiarization with the FreeSurfer program, it was installed in the
DOSBox version (Oracle Virtual Box 6.1.44 for Windows),
(https://www.virtualbox.org/wiki/Download_OId_Builds_6_1) and as a  training,
reconstructions and analyses of MRI images of 5 controls were performed on local standard
PCs at the Department of Anatomy. To analyze a statistically sufficient number of controls
and patients with Alzheimer's disease, FS reconstructions and analyses of white and gray
matter were performed on standard PCs at the National Institute of Mental Health in Klecany.
All reconstructions were then entered into the MRAD database (database of images of
controls and patients with Alzheimer's disease, AD Centrum Praha, FNKV, Prague 10). FS
reconstructions were used to obtain automatic segmentation of white and gray matter, and
then to determine TIV (total intracranial volume) for the possibility of normalizing the
volume, area and size of hippocampal or basal ganglia structures in relation to the size of the
brain in individual patients.

In the case of optimal slice, hippocampal areas were measured manually using Image
J, but were normalized to TIV (cranial volume), which, together with hippocampal volumes,
was measured automatically using the FreeSurfer program. Similarly, basal ganglia volumes
were measured and calculated automatically using the FreeSurfer program.

3.7 DWI tractography and changes in the white matter around BG in patients with
Alzheimer's disease

In this study, we recruited 10 patients with a confirmed AD diagnosis and 10 healthy
controls. MRI and mini-mental state examination (MMSE) tests were performed on all
subjects at the Alzheimer’s Disease Center, Department of Neurology, Third Faculty of
Medicine, Charles University, Prague, Czech Republic. For the purpose of the study, we used
two groups of participants: (1) patients with mild cognitive impairment and dementia caused
by AD according to NIA-AA criteria (McKhann et al., 2011; Albert et al., 2011) and (2)
cognitively normal older adults. The research was approved by the Ethics Committee of the
Prague Psychiatric Center/National Institute of Mental Health and the Human Ethics
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Committee of the Third Faculty of Medicine, Charles University, Prague, Czech Republic,
(Protocol No. 2016/3), and informed consent was obtained for all patients according to the
Declaration of Helsinki.

The deterministic fiber tracking was conducted using DSI Studio, an open-source
tractography software tool that analyzes brain connectivity. The tracking parameters selected
for the fiber tracking were: the anisotropy threshold 0,05; the angular threshold 60 degrees;
the step size 1 mm. Tracts of length less than 60 mm were discarded. A total of 1.000.000
seeds were placed. As a method for reconstruction was selected the q-space diffeomorphic
reconstruction — QSDR, a model-free method. For the tractography we decided to use the g-
space diffeomorphic reconstruction, since Yeh et al. suggested that the transformed spin
distribution function used in the QSDR could resolve fiber orientations in the crossing
regions. In this way, we hoped to achieve more accurate results than with reconstruction
methods using the orientation distribution function (Yeh et al., 2011).

3.8 Statistics

3.8.1 CS and PCS length measurement in patients with schizophrenia and controls

For the purpose of general morphology, we fused all the subparts of each
measurement into one number and did the overall statistics. For the more detailed view of
morphology, we performed separate statistics for each part of the parcellation of the sulci.

Overall length differences between patients with schizophrenia and controls in the non
parcellated PCS and CS were calculated by t-test for groups, and separately for cingulate
sulcus right (CS R) and left (CS L) and paracingulate sulcus right (PCS R) and left (PCS L).
The differences in the length of the CS (1, 2, and 3) as well as PCS (0, 1, and 2) between
patients with schizophrenia and controls were calculated by nonparametric Mann — Whitney
U test and Kruskal — Wallis test (because of unequal numbers of subjects in each category).
ROC Curve Analysis was performed by an online ROC analysis web-based calculator with
the data format 5 selection. ROC curve analysis was performed for the CS L and the PCS R
only (because of the significant t-test). The differences between patients with schizophrenia
and controls in their distribution within CS and PCS morphology were evaluated separately
for the left and right hemispheres by a chi-squared test of the null hypothesis.

The Cochran — Mantel — Haenszel test (bilateral) was used to calculate the null
hypothesis, similarly to the chi-squared test, but with the sum of the left and right hemispheres
results. The differences between groups were also assessed in a formalized statistical model of
GAM (generalized additive model) of semiparametric nature, which allowed for careful
adjustment of the group (control versus schizophrenia) effect to sex and age (age effect was
modeled by penalized spline with penalty coefficient estimation via generalized cross
validation). GAM and ANOVA/ANCOVA modeling, chi-squared and Cochran — Mantel —
Haenszel testing was done in the R environment (R Core Team, Vienna, Austria).

Other statistics were calculated in Statistica v.6 software (StatSoft, Tulsa, OK, USA)
and the ROC curve analysis by an online program
(http://www.rad.jhmi.edu/jeng/javarad/roc/JROCFITi. html). Statistical significance was
commented at the 5% level (p < 0.05). Adjustment for Sex and Age Adjustment for age and
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sex was performed by the generalized additive model for both patients with schizophrenia and
controls for the left and the right side in the CS (1, 2, and 3) and the PCS (0, 1, and 2).

3.8.2 Optimal hippocampal slice for hippocampal shrinkage identification on MRI

A T-test for independent groups was used to calculate differences between the control
and AD groups (grouping factor) and left and right sides (variables). The T -test was
calculated separately for absolute hippocampal areas and volumes, hippocampal areas
normalized to brain areas at CA and hippocampal volumes normalized to TIV. The T-test was
used also for calculation of differences in demographic characteristics between the control
and AD groups (mean + standard deviation). Cohen’s d test, AUC-ROC, and comparison of
ROC curves evaluated differences between absolute and normalized measurements,
separately for the left and right sides. The T-test was calculated in Statistica v10 software,
Cohen’s d test in online Effect Size Calculator (https://Ibecker.uccs.edu/), and AUC-ROC test
in MedCalc v. 19.2.1. Statistical significance was accepted at p < 0,05.

3.8.3 Basal ganglia and surrounding white matter compensatory changes in AD

The statistical analysis was performed using the STATISTICA 13 software and the R
statistical computing environment. The two-way ANOVA with repeated measures was
applied for the analysis of the two independent groups (the AD patients and controls) and the
two dependent variables (the left and the right side). The Wilks lambda test was used to
evaluate the differences between the AD and control groups with the left and right sides as
variables for both the DTI analysis and the FreeSurfer volumetric analysis. Pearson
correlation coefficients were calculated to assess the relationship between the measures taken
for the same person at different locations. Subsequently, we tested the differences in these
correlations computed in the AD and control groups separately, using the Fisher z-transform
and the two-sided test. In particular, we tested the AD versus control difference in correlations
for both the number of tracts and the connectivity characteristics, comparing—(i) the laterality
(correlating the left and the right value of the same patient) of the putamen, pallidum, and the
caudate, (ii) the structure (correlating the putamen, pallidum, and the caudate, separately for
the left and right hemisphere), and then (iii) the structure segmentation volume (correlating
the brain segmentation volumes in the putamen, pallidum, and the caudate, separately for the
left and right hemisphere), plus (iv) the number of tracts/connectivity related to the volume of
the putamen, pallidum, and the caudate. We acknowledge that different characteristics (like
the number of tracts on the left and on the left) might be, to some extent, correlated.

4. Results

4.1 CS and PCS structural difference in patients with schizophrenia and controls (study
no. 1)

Characteristics of schizophrenia patients, controls and demographic data are stated in
section 2.1
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4.1.1 Length of CS and PCS without parcellation

The right hemisphere PCS was significantly longer in patients with schizophrenia
compared to controls (19,4 + 10.2 mm vs 12,1 £ 12,4 mm).

4.1.2 Length of parcellated CS (1, 2 and 3) and PCS (0, 1 and 2)

The length of CS3a in the left hemisphere was significantly longer in patients with
schizophrenia (53,8 + 25,7 vs 32,7 + 19,4 mm in controls) but in CS3c it was reversed -
longer in controls (52,5 + 22,5 mm) compared to schizophrenia patients (36,2 + 12,9 mm) but
without significance. The length of PCSO in the right hemisphere was significantly longer in
patients with schizophrenia (11,7 £ 5,2 mm) compared to controls (6,2 £ 6 mm), (it was not
present at all).

4.1.3 Incidence and distribution of patients and controls between CS and PCS
morphology types

Higher incidence of appearance in patients compared to controls in CS1, PCSO and
PCS1 were observed in both hemispheres; lower incidence in patients was observed in CS3 in
both hemispheres; in CS2 on the left there was more incidence in controls compared to
patients, and the opposite held true on the right - more in patients compared to controls (PCS2
in both hemispheres was not present). The number of patients with schizophrenia who had
concurrently present CS1 as well as PCS1 in both hemispheres was 9 (8.7%). The number of
patients with PCS1 L and concurrently present CS1 L was 25 (83%); PCS1 R and
concurrently CS1 R was 28 (68%).

4.1.4 Adjustment for age and sex performed by Generalized Additive Model

After the adjustment for age and sex, we found PCS on the right side to be
significantly (p<0,001) larger for schizophrenic patients than for controls (by about 7,346 on
average), PCS on the left was not significantly different between patients and controls
(p=0,304). Similarly, CS did not differ significantly between patients and controls neither on
right (p=0,375), nor on left side (p=0,877). Difference between PCS on the right and left
(laterality of the PCS) was significantly larger for patients than for controls (p=0,019) — by
about 5,587 on average. Analogous laterality for CS was not significantly different between
patients and healthy controls for CS (p=0,331).

4.1.5 ROC analysis evaluation

ROC analysis was performed for statistically significant results of the length of the CS
L and PCS R between patients and controls. For the CS L were estimates of binomial ROC
parameters A = 0.097 with standard error (SE) (A) = 0.24, B = 1.36 with SE (B) =0.19 and
correlation (A, B) = 0.032. The area under the fitted curve was 0.52 with SE = 0.056,
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trapezoidal (Wilcoxon) area = 0.51 with estimated SE = 0.054. For the PCS, R were estimates
of binomial ROC parameters A = 0.63 with SE (A) =0.31, B =1.58 with SE (B) =0.26 and
correlation (A, B) = 0.14. The area under the fitted curve was 0.63 with SE = 0.06, trapezoidal
(Wilcoxon) area = 0.63 with estimated SE = 0.055. Therefore, ROC analysis suggests that the
practical classification of schizophrenia patients and controls based only on the length of the
CS L and PCS R is (obviously) far from being perfect.

4.2 Hippocampal optimal slice on frontal section for the visual assessment of the atrophy
in AD patients (study no. 2)

4.2.1 Absolute Hippocampal Area and Volume

Hippocampal areas in the optimal slice on the left and right in the control group were
significantly higher than those in the AD group (p < 0:001). Hippocampal volumes on the left
and right in the control group were significantly higher than those in the AD group (p <
0,001).

4.2.2 Normalized Hippocampal Area and Volume

Normalized hippocampal areas on the left and right in the control group were
significantly higher compared to the AD group (p < 0:001). Normalized hippocampal
volumes on the left and right in the control group were significantly higher compared to the
AD group (p < 0,001).

4.2.3 Comparison of Absolute and Normalized Hippocampal Areas and Volumes

Normalized hippocampal areas as well as normalized hippocampal volumes did not
differ significantly from corresponding absolute hippocampal areas and volumes (p > 0,5).

4.3 Compensatory changes of the BG gray and/or surrounding white matter in patients
with AD compared to controls (study no. 3)

4.3.1 DTI Analysis

Differences between the AD patients and the healthy controls were observed only in
the NT and the normalized quantitative anisotropy (nQA). There were no significant
differences in the TL, TV, and QA.

4.3.2 Number of Tracts (NT)

Compared to the controls, the patients with AD (AD SD/ctrl SD) showed decreased
NT in the right caudate (7667 + 3557/10,945 + 2816) and increased in the right pallidum
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(24,882 + 5633/18,202 + 3649), the right putamen (38,715 + 9724/27,172 + 5618), and the
left putamen (42,603 + 9387/35,368 + 4250).

4.3.3 Normalized Quantitative Anisotropy (nQA)

Patients, compared to controls, showed higher nQA values in the right pallidum (0.21
+ 0.05/0.15 £ 0.06), left pallidum (0.21 £ 0.05/0.15 + 0.06), right putamen (0.19 + 0.05/0.13 +
0.05), and the left putamen (0.2 £ 0.05/0.15 £ 0.06).

4.3.4 FreeSurfer Volume Analysis

The differences between the patients with AD and the controls were observed in the
volume of the left and right putamen and in the nucleus accumbens area. On the other hand,
no significant differences were observed in the left and right caudate nucleus and also in the
brain segmentation volume. Further, a volume decrease in the right and left putamen was
found in the AD patients in comparison to controls (respectively, 3487.3 m® vs. 4283.9 m? and
3656.5 m® vs. 4302.2 m®).

4.3.5 Pearson Correlation Coefficients

Significant changes in the correlations of several characteristics were observed
between the patients with AD and the controls. In particular, the correlation between the
number of tracts in the left pallidum and the number of tracts in the left caudate was 0.609 for
the controls and -0.493 for the AD patients. The difference was highly significant, with the p-
value = 0.019. The correlation between the number of tracts in the right pallidum and the
number of tracts in the right caudate was 0.691 for the controls and -0.566 for the AD
patients; hence, their difference was highly significant, p-value = 0.005. The correlation
between the right putamen connectivity and the right putamen volume was -0.367 for the
controls and 0.678 for the AD patients; hence, their difference was significant, with the p-
value = 0.04.

4.4 Asymmetric nature of CNS changes in patients with schizophrenia, Alzheimer's
disease and controls (studies no. 1-3)

Distribution of the CS and PCS morphotypes in patients with schizophrenia was
different from controls. Parcellated sulcal pattern CS3a in the left hemisphere was longer in
patients (53,8 = 25,7 mm vs. 32,7 + 19,4 mm in controls, p < 0,05), while in CS3c it was
reversed—Ilonger in controls (52,5 + 22,5 mm as opposed to 36,2 + 12,9 mm, n.s. in patients).
Non parcellated PCS in the right hemisphere were longer in patients compared to controls
(19,4 £10,2 mm vs. 12,1 £ 12,4 mm, p < 0,001).

Hippocampal areas on the single optimal slice and hippocampal volumes on the left
and right in the control group were significantly higher than those in the AD group.
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Normalized hippocampal areas and volumes on the left and right in the control group were
significantly higher compared to the AD group.

A significant decrease in the number of tracts and general fractional anisotropy was
found in patients with AD compared to controls in the right caudate nucleus, while an
increase was found in the left and the right putamen. Further, a significant decrease in the
structural volume of the left and the right putamen was observed. An increase in the white
matter diffusion tensor imaging parameters in patients with AD disease was observed only in
the putamen bilaterally. The right caudate showed a decrease in both the diffusion tensor
imaging parameters and the volume in AD patients. The right pallidum showed an increase in
the diffusion tensor imaging parameters but a decrease in volume in AD patients.

5. Discussion

5.1 CS and PCS structural difference in patients with schizophrenia and controls (study
no. 1)

5.1.1 Distribution of CS and PCS morphological patterns

We found significant differences between schizophrenia patients and controls in all
types of the CS (1, 2 and 3) and the PCS (0, 1, and 2). Left-right asymmetries were not
significant with the exception of PCSO and PCS1 in schizophrenia patients. The most
common in schizophrenia patients and controls was the presence of PCSO morphology,
followed by PCS1 and PCS2. Schizophrenia patients were found to have the most common
CS1 morphology, followed by CS2 and CS3. This was in contrast with the control group
where the most common morphology was CS3 and CS2, followed by CS1. At least for the
distribution of the morphological patterns of both PCS and CS, there are significant
differences between schizophrenia patients and controls. The trend of these morphological
distributions in healthy subjects described by Wei et al. (2017) was similar to our results
(although the effects of sex and handedness were included as well).

5.1.2 Length of the PCS

In summary, we show that there is a reversed tendency in the PCSO and PCS1 length
between schizophrenia patients and controls. In PCSO type morphology (“absent” type
according to Yiicel’s nomenclature) we found a lower number of schizophrenic patients with
the absent PCS compared to controls, regardless of the hemisphere (left 67% patients and
81% controls; right 55% patients and 76% controls). This finding is consistent with reports of
(Yiicel et al., 2001; Le Provost et al., 2003). We found the opposite for PCS1 - a higher
number of patients with schizophrenia having PCS1 type of morphology (“present” type
according to Yiicel’s nomenclature), (left 32% patients and 19% controls; right 44% patients
and 19% controls) compared to controls. These differences may explain the inconsistency
between the observed leftward PCS hemispheric asymmetries in schizophrenia and healthy
controls (Fornito et al., 2008; Noga et al., 1995) versus reduced PCS asymmetries in
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schizophrenia patients (Yiicel et al., 2001; Le Provost et al., 2003) because of the intrinsic
differences in both the CS and the PCS.

5.1.3 Length of the CS

In summary, we show that there is a difference in length between CS1 and CS2 in
schizophrenia patients and controls. In CS1 type morphology (“uninterrupted” type), we
found a higher number of patients with schizophrenia with uninterrupted CS compared to
controls, regardless of the hemisphere (left - 66% patients and 14% controls; right - 62%
patients and 12% controls). On the contrary, in CS2 (one interruption) there was a higher
number of controls compared to patients (left - 41% controls and 26% patients; right - 43%
controls and 32% patients). In CS3, similarly to CS2, there was a higher number of controls
than patients (left - 45% controls and 6% patients; right - 45% controls and 5% patients).

5.1.4 Practical use of CS and PCS length as a support tool for schizophrenia diagnosis

Brain ultrasound and magnetic resonance images of fetuses 18-23 gestational weeks
showing the structure of the sulcus cinguli suggest the possibility of comparing morphology
between adult brains and possible changes in the ACC region from the prenatal period (Ghai
et al., 2006). The deviation in cortical folding within cingulate area suggest
neurodevelopmental alterations within this area albeit incomplete understanding of cellular,
genetic, and experience-dependent plasticity behind aberrant cortical folding precludes for the
time being conclusive statements about the neurobiological underpinnings of those changes.
Given current status of knowledge, further elucidation of the role of genes involved in driving
the maturational trajectories of cortical patterning and the impact of events that disrupt fetal
neurodevelopment is prerequisite for whole understanding of those processes inflicting upon
composition of cortical architecture in schizophrenia.

5.2 Hippocampal optimal slice on frontal section for the visual assessment of the atrophy
in AD patients (study no. 2)

Our results show that hippocampal shrinkage in the AD patients could be reliably
evaluated from the single coronal slice of the brain on the MRI and without normalization to
the TIV or other brain measures. We combined manual and automated (FS) delineation of the
hippocampus. It was found that there is high reliability and agreement between FreeSurfer
and manual hippocampal protocols (Fung et al., 2019). Our slice is at the level of the memory
processing (ventral hippocampus), (Takashima et al., 2006) but not at the level of 3D spatial
navigation (dorsal hippocampus), (Porter et al., 2018). Other studies used several slices and
stages of Alzheimer’s disease development but without having MRI slices precisely defined
by space position of the anatomical structures (Li et al., 2019). These slices often seem to be
localized at the level of the dorsal hippocampus. Numerous protocols in clinical studies with
Alzheimer’s disease patients often use the hippocampus to brain TIV normalization (Estévez-
Santé et al., 2020; Hu et al., 2015). However, our results show that normalization is not
necessary in order to evaluate hippocampal shrinkage as part of diagnosis. We also measured
the area of the coronal slice of the skull at the same level as the area of the brain (at CA) to do
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experimental area normalization to the brain/skull ratio. We found a significantly lower brain
area/skull area ratio in the AD group compared to the control group. Furthermore, another
experimental normalization of hippocampal areas (left and right) to the brain area/skull area
ratio showed similar results as the hippocampus to area of brain in CA normalization —
significantly lower in the AD group compared to the control one.

5.3 Compensatory changes in BG - hypertrophy of gray matter or surrounding white
matter following progression of atrophy in other structures in patients with Alzheimer's
disease (study no. 3)

In our study, the nQA parameter has been used for the fiber tracking (FT) instead of
the FA due to the fact that QA-aided tractography has reached a better resolution and is less
sensitive to partial volume effects of the crossing fibers than the tractography based on the FA
(Yeh et al., 2013). FA is defined for all the fiber populations within a voxel and suffers from
the partial volume effect. Therefore, the data were reconstructed using the DSI studio with the
GQI method. An increase in values of the quantitative DTI parameters in theWMof the AD
patients was observed only in the left and the right putamen, while their volumes were
reduced compared to the controls. The right caudate showed, as expected, a decrease in both
the DTI parameters and the volume in the AD patients compared to the controls. The right
pallidum showed, similarly to the putamen, an increase in the DTI parameters but a decrease
in volume in the AD patients compared to the controls. An increase in the values of the
quantitative DTI parameters of the WM observed in AD patients suggests the plasticity of
specific tracts. The question is whether the whole process should be labeled as degeneration.
Deposition of the amyloid plaques and deposits is typically present at the inferior part of the
temporal lobe and the posterior cingulum (Grothe et al., 2017; Tucholka et al., 2018). These
are also anatomical targets of the projections that undergo the WM hypertrophy or increase in
the tract fibers on the DTI. Why is there a decrease in the number of tracts in the caudate
nucleus but an increase in the pallidum and the putamen? When considering the loops of the
BG circuits, the motor loop skips the caudate nucleus but not the pallidum and the putamen.
On the contrary, the executive/associative loop of the BG skips the putamen but deploys the
caudate nucleus (DeLong et al., 2007). Since the motor skills are not affected in the early and
mid-stages of AD, while cognition and memory decline, the observed compensatory WM
hypertrophy in the putamen and the pallidum does not seem to be effective even though it is
present. Since the caudate nucleus inhibits the pallidum, the increase in the WM of the
pallidum could be due to its spontaneous activation after the caudate atrophies. Given that the
caudate is evolutionarily older compared to the relatively younger putamen (Grillner and
Robertson, 2016) we hypothesize that the caudate could be the first to suffer the loss of
structure and function. Thus, the putamen may not undergo neurodegeneration so easily; it
could stay intact for longer and may, to some extent, substitute for the loss of function of the
caudate. However, the observed caudate/putamen volume ratio in early caudate dysfunction in
PD patients suggests this is not the case (Pasquini et al, 2019). Although the WM
compensatory changes in AD on the DTI were not described frequently, they were observed
in PD (Sanjari et al., 2020), Tourette’s syndrome (Jackson et al., 2011), schizophrenia, and
bipolar disorder (Ji et al., 2019; Xekardaki et al., 2011). Interestingly, increased connectivity
in the right caudate nucleus was observed in cognitively normal PD patients (Wright et al.,
2020). Recently, we proposed that an increase in values of the quantitative DTI parameters of
the WM in the subcallosal area and the paraterminal gyrus is an aftermath of the hippocampal
atrophy (Kuchtovd et al, 2018; Deeb et al, 2019). We now propose another
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structural/functional compensatory mechanism for hippocampal atrophy in AD in terms of the
BG white matter volume increase. The reason for this compensatory hypertrophy could be
their participation in the association loop of the BG circuit (association cortex — BG —
thalamus — cortex).

6. Conclusions

6.1 CS and PCS structural difference in patients with schizophrenia and controls (study
no. 1)

Our study expands previously documented morphological classification of the sulcal
patterns within the anterior cingulate area, especially the quantification of various
morphology types of cingulate and paracingulate sulcus in patients with schizophrenia and the
healthy population. Based on our results on ACC parcellation (CS1, 2, and 3; PCSO, 1, and 2),
it is possible to postulate that the concurrent presence of PCS1 and CS1 in the left hemisphere
as well as, to some extent, in the right hemisphere suggests a higher probability of
schizophrenia. However, concurrent presence of PCS1 and CS1 in the left and right
hemisphere at once is not very frequent.

6.2 Hippocampal optimal slice on frontal section for the visual assessment of the atrophy
in AD patients (study no. 2)

We present a simplified protocol for hippocampal atrophy evaluation on MRI in
Alzheimer disease based on single optimal coronal slice analysis. In order to prove it, we
measured the absolute area of the hippocampus at the single optimal slice and compared it
with the normalized area of the same slice. We found no difference between the hippocampal
absolute and normalized area in control and AD patients. Similarly, we did not find a
difference between absolute and normalized hippocampal volumes. We found that estimation
of hippocampal shrinkage in Alzheimer disease on MRI could be reliably done without
normalization.

6.3 Compensatory changes in BG - hypertrophy of gray matter or surrounding white
matter following progression of atrophy in other structures in patients with Alzheimer's
disease (study no. 3)

Our data show there is an asymmetrical increase in the DTI parameters in patients with
AD, which is consistent with our hypothesis stating that the same pattern may appear in other
brain areas as well (which has not been proven yet). More specifically, a decrease in the
volume of the left and the right putamen in the AD patients compared to controls was
expected when measured by the FS. Interestingly, there was an increase in the NT in their
proximity. If this was the effect of the compensatory changes (i.e., reduced volume of the
structure and an increase in the amount of the WM fibers around it), then it remains unclear
why the pallidum or caudate would not show a similar compensatory effect as well.
Moreover, the timing of these changes remains unclear. Does it arrive prior to the decrease in
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the volume of the putamen and the increase in the white matter NT follows, or is it the other
way around? Or rather, do all the changes occur relatively simultaneously?

7. Summary

Monitoring the parcellation and length of the sulcus cinguli and sulcus paracingularis
in patients with schizophrenia shows a new possibility of using CNS morphometry in the
auxiliary diagnosis of this disease. A limitation, however, is the variability of this area with
respect to age and timing of diagnosis. Nevertheless, it relates well to the findings of
gyrification patterning in the fetal period.

Determination of the optimal hippocampal section may be a useful tool for the neurologist's
office, who, instead of tedious measurement of hippocampal area and volume, can use this
methodology to easily assess hippocampal atrophy in patients with Alzheimer's disease.
Asymmetric changes in the gray matter of the basal

ganglia and adjacent white matter suggest the possibility of compensatory hypertrophy in
patients with Alzheimer's disease. This finding supports a previous study in which
compensatory hypertrophy of the area subcallosua and gyrus paraterminalis was observed in
patients with Alzheimer's disease. Further measurements are needed in a larger sample of
patients and controls to compensate for this theory.

7. Souhrn

Sledovani parcelace a délky sulcus cinguli a sulcus paracingularis u pacienti se
schizofrenii ukazuje novou moznost vyuziti morfometrie CNS v pomocné diagnostice tohoto
onemocnéni. Omezenim je vSak variabilita této oblasti s ohledem na v€k a na¢asovani
diagn6zy. Nicméné dobfte to souvisi s nalezy morfologie gyrifikace ve fetalnim obdobi.
Stanoveni optimalniho fezu hipokampu miize byt uziteCnym nastrojem pro ordinaci
neurologa, ktery misto zdlouhavého méfeni plochy a objemu hipokampu muiize pomoci této
metodiky snadno posoudit atrofii hipokampu u pacientt s Alzheimerovou chorobou.

Asymetrické zmény v Sedé hmoté bazalnich ganglii a prilehlé bilé hmoté naznacuji moznost
kompenzacni hypertrofie u pacientl s Alzheimerovou chorobou. Toto zjisténi podporuje
predchozi studii, ve které byla u pacientii s Alzheimerovou chorobou pozorovana
kompenzacni hypertrofie area subcallosa a gyrus paraterminalis. K pritkazu této teorie jsou
zapotiebi dalsi méfeni na vétsSim vzorku pacientti a kontrol.
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