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Abstract in German

Abstract auf Deutsch

Die vorliegende Dissertation besteht aus 2 nacheinander durchgefiihrten Projekten mit dem
Schwerpunkt Magnet Resonanz Tomografie (MRT). Es war unser Ziel, die Rolle von
mikrostrukturellen Hirnveranderungen und deren Assoziation mit kognitiver
Leistungsfahigkeit (Studie #1) und Ganggeschwindigkeit (Studie #2) zu untersuchen.

Dafiir bedienten wir uns des Magnetisierungs Transfer Imagings (MT]I), einer MR-Modalitét

zur Visualisierung von mikrostrukturellen Hirnveranderungen.

In Studie #1 untersuchten wir die Assoziation zwischen der Magnetisierungs Transfer Ratio
(MTR) in der grauen und weillen Hirnsubstanz und kognitiver Leistungsfahigkeit an 355
Teilnehmern der Osterreichischen Schlaganfall Vorsorge-Familienstudie (OSVS-Fam). Die
Teilnehmer waren zwischen 38 und 86 Jahre alt. Jeder Teilnehmer wurde mittels 3 Tesla MR
inklusive MTI durchuntersucht. MTR wurde im Cortex, der tiefen grauen Substanz,
Hyperintensititen der Weillen Substanz (WMH) und normal aussehendem Hirngewebe
berechnet. Als signifikant erachteten wir einen p-wert <0.05. Adjustierte gemischte Modelle
ergaben einen direkten und signifikanten Zusammenhang zwischen totaler und lobérer
kortikaler MTR und Gedéachtnisfunktion, exekutiven Funktionen und motorischer
Geschicklichkeit. Die Dosis-Effekt Beziehung folgte einem linearen Trend. Die MTRs der
tiefen grauen Substanz, sowie jene der normal aussehenden weilen Substanz, korrelierten mit
exekutiver Dysfunktion. Alle Zusammenhénge waren unabhéngig von demographischen

Daten, vaskulédren Risikofaktoren, fokalen Hirnldsionen und Cortexvolumen.

In Studie #2 beniitzten wir voxel-basierendes Léasions-Symptom Mapping (VLSM) und
voxel-basierendes MTR-Symptom Mapping (VMTRSM) um die Zusammenhénge zwischen
makro- und mikrostrukturellen Hirnverdnderungen im Alter und Gangstérungen zu
untersuchen. Wir wihlten jene 230 Teilnehmer der OSVS-Fam aus, die 60 Jahre alt oder #lter
waren, da wir uns auf alters-assoziierte Verdnderungen fokussierten. Die
Ganggeschwindigkeit wurde mittels einer Stoppuhr gemessen. Jeder Teilnehmer wurde
mittels 3 Tesla MR, inklusive MTI, durchuntersucht. VLSM und VMTRSM wurden
verwendet um voxel- weise die Lokalisation von White Matter Hyperintensitdten und MTR

Verdnderungen des Gehirns, welche mit Ganggeschwindigkeit korrelieren, zu identifizieren.
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Alle Analysen wurden fiir Storvariablen und multiple Vergleiche kontrolliert. Als signifikant
erachteten wir einen p-wert <0.05.

In der VLSM Analyse konnten wir keine WMH Cluster identifizieren, welche mit
Ganggeschwindigkeit korrelierten. In der VMTRSM Analyse waren mehrere MTR Cluster
mit Ganggeschwindigkeit korreliert. Die signifikanteste Assoziation fand sich im Bereich des
Forceps Minor. Eine regionale Analyse (ROI) zeigte einen signifikanten Zusammenhang
zwischen der MTR des Forceps Minor und Ganggeschwindigkeit (Beta=0.160; 95%CI 0.025-
0.295; p=0.02). Dieser Zusammenhang war unabhingig von demografischen Daten,
Hirnvolumen und vaskuldren Risikofaktoren. In der Kovarianz Analyse fanden wir, dass die
Assoziation zwischen MTR in Quartilen und Ganggeschwindigkeit einem dosisabhéngigen,

linearen Trend folgte (p =0.016).

Zusammenfassend liefert diese Dissertation neue Evidenz fiir die Bedeutsamkeit von
mikrostrukturellen Hirnverdnderungen im Kontext von Kognition und Gangstérungen im
Alter. Weiterfithrende Forschung ist ntig um die Basis dieser Verdnderungen auf
Gewebsniveau zu verstehen und um die Bedeutung von MTR zur Vorhersage des
Krankheitsverlaufes bei kognitivem Abbau, Demenz und Gangverschlechterung zu
definieren. Dies ist insbesondere wichtig, da sich die MTR als Biomarker eignen und somit in

Interventionsstudien Verwendung finden konnte.
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Abstract in English

The present PhD thesis consists of 2 separate magnetic resonance imaging (MRI) studies that
are based on each other. Our aims were to elaborate the role of microstructural brain tissue
damage associated with cognitive performance (study #1) and gait disturbances (study #2). To
accomplish this, we used Magnetization Transfer Imaging (MTI). MTI can detect
microstructural brain tissue changes beyond what is visible on standard MRI and may be

helpful in determining age-related cerebral damage.

In study#1, we investigated the association between the magnetization transfer ratio (MTR) in
gray and white matter and cognitive functioning in 355 participants of the Austrian Stroke
Prevention Family Study (ASPS-Fam) aged 38 to 86 years. Every participant underwent 3T
MRI including MTI. MTR maps were generated for the neocortex, deep gray matter
structures, white matter hyperintensities, and normal appearing white matter. Adjusted mixed
models determined whole brain and lobar cortical MTR to be directly and significantly related
to performance on tests of memory, executive function and motor skills. There existed an
almost linear dose-effect relationship. MTR of deep gray matter structures and normal
appearing white matter correlated to executive functioning. All associations were independent
of demographics, vascular risk factors, focal brain lesions and cortex volume.

In study #2, we used voxel-based lesion symptom mapping (VLSM) and voxel-based MTR-
symptom mapping (VMTRSM) to assess the macrostructural and microstructural
determinants of gait velocity in aging. We chose those 230 non-disabled participants of the
ASPS-Fam who were over or equal to 60 years old. Gait velocity was calculated at normal
pace. Every participant underwent 3T MRI including Magnetization Transfer Imaging (MTI).
VLSM and VMTRSM were carried out to correlate white matter hyperintensity (WMH)
location and Magnetization Transfer Ratio (MTR) of each voxel with gait velocity. All
analyses were adjusted for possible confounders. To account for multiple comparisons, a
Family-Wise Error (FWE) corrected p-value <0.05 was considered statistically significant.
VLSM did not find any significant clusters where WMH were associated with slower gait. In
the VMTRSM analysis, MTR in several voxels was significantly associated with gait
velocity. Most significant voxels were located in the forceps minor. Region of interest (ROI)
analysis revealed a significant association between forceps minor MTR and gait velocity
(B=0.160; 95%CI 0.025-0.295; p=0.02), independent of demographics, brain volume and

vascular risk factors.
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Analysis of covariance (ANCOVA) demonstrated that the association between quartiles of
MTR within the forceps minor and gait velocity was dose-dependent (p for linear trend
=0.016).

Our studies provide new evidence for the importance of microstructural brain tissue changes
in cognition and gait disturbances at older age. Further research is needed to understand the
basis of these associations at the tissue level, and to determine the role of MTR in predicting

cognitive decline, dementia and gait impairment.



Publication Status

Study #1 has been published in Frontiers in Aging Neuroscience (1)
Study #2 has been submitted to Neurobiology of Aging

16
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Introduction

General background

The benefits of modern medicine unceasingly increase life expectancy. As a consequence of a
fall in mortality rates coupled with a fall in birth rates, the population of high-income
countries gets constantly older (2). With higher age, dangerous neurologic conditions occur,
including neurodegenerative- and cerebrovascular diseases, and impaired mobility. One
weakness of health-care systems is early detection and prevention of such age-related
illnesses. Early detection may help to considerably reduce costs and is highly warranted, but a

major challenge for researchers (3).

Magnetic Resonance Imaging (MRI) is a noninvasive method suitable to study age-associated
brain changes in a large number of subjects and relate them to clinical outcome. However,
visible changes like atrophy or ischemic infarcts insufficiently explain the variety of
trajectories in cognition and mobility in aging. There is evidence that microstructural brain
tissue changes that elude standard MRI might precede atrophy, ischemic brain lesions and

first clinical symptoms for years (1,4,5).

Newer imaging methods, developed to detect microstructural brain tissue changes are
Diffusion Weighted Imaging (DWI) and Magnetization Transfer Imaging (MTI). These
sequences make it possible to study the brain’s microstructure beyond what can be expected
from the routinely performed, standard MRI sequences (5-7). With help of these sequences,
we may detect microstructural brain tissue alterations that are associated with subtle cognitive
and functional changes in normal aging long before overt disease occurs. Early detection may
lead to a better prevention of risk factors like hypertension and diabetes and might ease the

development of treatment strategies.

In the present PhD thesis, MTI has been used to characterize brain tissue alterations on a
microstructural level. We assessed their relationship to cognitive impairment and gait

performance in a well-defined, large cohort of healthy community-dwelling adults.

The first section will give an overview of the project-relevant literature including standard

MRI, DWI and MTT and their ability to detect age-associated brain changes. Associations of
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macro- and microstructural brain changes with cognition and mobility will be elaborated.

MTI will be discussed in more detail.

Standard MRI for the study of age-related brain tissue changes

Standard MRI is the state of the art method for the in-vivo study of brain changes during
aging. The following subchapters will give a brief technical description of standard MRI and

a short literature review of study findings in aging.

A brief technical introduction to standard MRI

MRI can detect signals from protons (1H) of water molecules (H20), which is the most
frequent molecule in the human body. The 1H nucleus rotates (“spins’) and produces a
magnetic field parallel to the axis of rotation. When this magnetic field is placed inside of an
external static magnetic field (“B0”) it changes the orientation of the rotational axis alongside
BO (“precession”). The frequency of this precession can be estimated with the Larmor

equation.

f=vB0 (eq.1)

As can be seen from the equation, the relationship between the frequency of precession (f)
and BO is linear. vy is the so-called gyromagnetic ratio (i.e. the ratio of its magnetic dipole
moment to its angular momentum) and is (in the context of MRI) a specific property of the
HI nucleus.

Any signals received during an MRI acquisition are the result of the spins of up to 10°° nuclei.
When an external, static magnetic field is applied, a small number of spins favorably align
with it, instead of aligning with the opposite direction. The sum of spins aligned with the
magnetic field, results in the net magnetization (M0). MO actually produces the MR signal. A
higher MO increases the signal. By agreement, the external magnetic field runs parallel to the
z-axis of a Cartesian coordinate system. In the next step, the magnetization is moved from the

z-axis to the xy-plane (perpendicular to z) via a high-frequency radiofrequency (RF) pulse



19

(“excitation”). The so-called “saturation” of spins occurs, as soon as their net magnetization
has moved entirely to the xy plane. Immediately after excitation, the net magnetization vector
dephases and returns to the z-axis. The dephasing is called transverse relaxation or T2. The
consecutive increase of magnetization alongside the z-axis is longitudinal relaxation or T1.
Via further processing including recording of these signals by a receive coil and feeding into a
computer workstation, translation into the MR image can be achieved. Going into further
detail would extent the scope of the dissertation, but a comprehensive review on MRI can be

found in (8).

To understand basic MRI contrasts, T1 and T2 relaxation times are briefly described:

T1 relaxation time

The T1 relaxation time is a time constant that describes the rate at which the magnetization
returns from the z-axis to MO when the magnet is turned off. Terms commonly used are
longitudinal relaxation time or spin-lattice relaxation time. In images with a T1 weighted
contrast, tissue with short T1 appears bright and tissue with long T1 appears dark. T1
weighted images are part of every standard MRI examination and especially suited to depict

anatomical structures (8).

T2 relaxation time

T2 is called transversal relaxation time or spin-spin relaxation time. It represents a loss of
magnetization in terms of the loss of phase coherence in a plane perpendicular or transverse to
MO. Commonly, tissue with a long T2 appears bright and tissue with a short T2 appears dark.
Brain pathologies, like WMH, are usually hyperintense on T2-weighted images (8).

Standard MRI sequences used in aging research

High resolution T1 weighed scans with whole brain coverage provide excellent gray-white
matter contrast and are thus best suited to study morphological brain changes like brain

atrophy and changes in cortical thickness. These sequences are also the basis for automatic
evaluation of structural MRI provided by FSL (9) and FREESURFER (10), as used in part

within this dissertation.
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White matter pathology including WMH and lacunes are best seen on FLAIR weighted
images. FLAIR is a T2-weighted sequence with the signal of CSF suppressed.

Determinants of brain aging seen on standard MRI

Measurements of brain atrophy

High-resolution T1-weighted MRI sequences are best suited to study brain atrophy. The main
feature of these sequences is very good contrast between gray matter, white matter and CSF.
This allows delineation of the cortex, the deep gray matter structures and ventricles. Also

cortical thickness and surface area can be calculated (8,11).

Several cross-sectional and longitudinal studies have reported global, but also regional brain
volume loss during aging. In the Framingham Heart Study, 2200 individuals aged 30 to 90
were examined. Age explained 50% of total brain volume differences. The most prominent
changes were found after age 50 (4). Numerous recent studies evidenced prominent age-
related atrophy in a region-specific manner. Atrophy affects seemingly first and above other
regions the gray- and white matter of frontal lobes, followed by the temporal lobes (12-14).
Atrophy rates in the white- and gray matter are non-uniform. Aging is particularly associated
with a loss of gray matter volume (4). In community-dwelling individuals, annual loss of gray
matter volume across lifespan has shown to range from 0.45% to 0.83% (15,16). The loss of
gray matter seems to be paralleled by a loss of white matter volume that is non-linear and
again most pronounced in the frontal lobes (13). As a consequence, increasing ventricular
volumes can be observed with advancing age (4,13). Another brain structure, the
hippocampus, plays an important role for cognitive performance with aging. Loss of
hippocampus volume has been described with advancing age in cross-sectional (17-19) and
longitudinal (20,21) studies and seems to accelerate with aging (2.8% in a recent study) (19).
Patients with Alzheimer’s disease show significantly higher annual hippocampal atrophy rates

(up to 5.8%) relative to their healthy counterparts (1.7%; p < 0.001) (22).
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Cortical thickness and surface area are measures for gray matter loss with aging that can be
evaluated automatically. Cortical thinning associated with aging was found in the frontal (23),

prefrontal (24) and temporal lobes (25) with an annual decrease of about 0.35% (26).

Gray matter atrophy, atrophy of the hippocampus and cortical thinning are associated with
cognitive performance in healthy adults (27-29) and dementia (27,30-32). Within the white
matter, especially atrophy of the corpus callosum showed correlations with cognition (33).
Associations between brain atrophy and gait performance have been reported. Volume loss of
primary sensorimotor and medial temporal areas was associated with gait disturbances in
community-dwelling older adults (34). Atrophy of the corpus callosum correlated with

walking speed in a recent 3-year follow-up study (33).

Measurements of white matter damage

White matter hyperintensities (WMH)

WMH are areas of high signal intensity on T2- and FLAIR weighted images on standard MRI
of older adults (5,35). Population-based studies report that 45 to 95% of participants exhibit
some amount of WMH. 12-33% present with severe alterations (5,36). According to their
distribution within the brain parenchyma, we can distinguish between periventricular and
deep/subcortical WMH (37). Periventricular WMHs include caps around the frontal horns and
a thin lining or so-called “halo” adjacent to the lateral ventricles. Deep changes are graded
according to their severity into either punctate or beginning confluent or confluent (35).
Microscopically, periventricular WMH are seemingly nonvascular in their origin, most
probably resulting from transition of CSF from the ventricles through the ependyma. Punctate
lesions were identified as widening of Virchow-Robin spaces, accompanied by reduced
myelination around fibrohyalinotic arteries (5,38-41). Conversely, early confluent and
confluent white matter hyperintensities are true ischemic lesions ranging from perivascular
rarefaction of myelin and gliosis to complete infarcts. Punctate white matter lesions show low

rates of progression, while their early confluent and confluent counterparts progress fast (42).
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WDMHs are associated with cognitive decline (43-48) dementia (49,50) and progression from
mild cognitive impairment (MCI) to AD (51,52). Furthermore, higher volumes of WMH were
seen in patients with poorer gait performance (53-56), but there have also been reports that

did not corroborate these findings (57-59).

Lacunes

Lacunes are small cerebrospinal fluid (CSF) - filled cavities in the basal ganglia or white
matter, best observed on FLAIR images in older adults (60). Lacunes are vascular in their
origin, caused by ischemia in an area supplied by a small perforating artery (61). Prevalence
of lacunes ranges from 7.8% (62) to 47% (63), depending on the examined study population.
Incidence rates between 1.6% and 19% (48,62,64) have been reported. Lacunes correlate with
cognitive performance (65,66). Results from the LADIS study showed that lacunes in the
thalamus were associated with poorer MMSE, speed, motor control and executive function
scores, independent of WMH burden (63). Incident lacunes seem to go along with a higher
rate of executive dysfunction and lower psychomotor speed (67). In longitudinal studies, they
related to decline in MMSE scores, general cognitive function, executive function and
information processing speed (43,49,67). Most likely, the respective white matter tracts
involved determine the pattern of cognitive dysfunction by disruption of the respective fiber

bundles (66). Associations with gait disturbances have been reported (68,69).

Microbleeds (MB)

Cerebral microbleeds appear as hypointense susceptibility artifacts on T2* weighted MRI
sequences. These artifacts are caused by the paramagnetic properties of hemosiderin at the
location of the microbleed (70). Microscopically, they are of vascular origin as fibrohyalinosis
and amyloid deposits have been found in the respective vessel walls (71). The prevalence of
MBs ranges between 5% (72) and 24.4% (73), dependent on the examined cohort. Incidence

of new MBs varies from 10 to 12% and appears to be age-related (73). In cross-sectional (74-



80) and longitudinal studies (81-83), microbleeds were related to cognitive performance.

There is evidence that presence of microbleeds relates to gait instability (84).

Figure 1 shows representative examples of WMH, lacunes and microbleeds.
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Figure 1. Representative examples of age-associated brain changes. A. Periventricular
WMH; B-D. Deep/subcortical WMH. B. Punctate; C. Early confluent; D. Confluent; E.
Lacune; F. Microbleeds. WMH=White Matter Hyperintensities. Image is own work,
published in (52).
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Microstructural brain changes associated with aging

Diffusion Weighted Imaging (DWI)

DWI measures the diffusion properties of water molecules and is able to assess the
microstructure of brain tissue in vivo. In the brain, free water diffusion is constrained by the
properties of its tissue compartments (e.g. lipid bilayers and axons). As a consequence, the
diffusion of water molecules within brain white matter tissue is anisotropic (85). This
anisotropy can be calculated within defined brain regions using modern post-processing
methods (7). Measurements of diffusion are performed voxel-wise (a voxel is a 3-dimensional
pixel) along (at least) 6 axes. By doing so, the so-called “diffusion tensor” can be determined.
The diffusion tensor is an ellipsoid that is defined via the length of its longest, middle, and
shortest axes (eigenvalues) and their orientations (eigenvectors). These six parameters can be
obtained at each voxel and the degree of diffusion calculated. Diffusion values range across a
continuum from isotropic to anisotropic. The most widely used metric of diffusion anisotropy
is the “‘fractional anisotropy” (FA), scaled from 0 (isotropic diffusion) to 1 (anisotropic
diffusion). A color-coded orientation map (7) can be used to visualize the main direction of
the diffusion tensors within the image. Analysis is possible either voxel-wise or region of
interest (ROI)- based. It is also possible to reconstruct streamlines corresponding to white
matter fiber tracts (“tractography”) (86-90). There are also limitations. The echo-planar
sequence that DTI is based on is susceptible to artifacts. Especially subject movement can
lead to a significant signal phase shift and signal loss (85). However, good correlations with

cognitive performance have been described (see next section).

DTI findings in aging

Much about the tissue changes that underlie the DTI signal are unknown. However, post-
mortem studies indicate that DTI changes correlate with axonal loss and demyelination (91).
DTI measures get worse with aging and changes are non-uniformly distributed throughout the
brain. One recent study in 203 adults between 20 and 84 years of age found that annual

change of the usually used DWI markers fractional anisotropy (FA), axial diffusivity, radial
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diffusivity, and mean diffusivity (MD) was greatest within the frontal and parietal lobes.
Annual change increased with age, particularly within frontal regions, with age-related
decline estimated to begin in the fifth decade. Longitudinal declines were mainly found in
association and projection fibers (92). Vascular risk factors (VRF) seem to mediate the effects
of age on diffusivity changes (93). Interesting data come from Maillard et al. Longitudinally,
compared with individuals with no VRF, individuals with 1 VRF did not exhibit significantly
different change in FA. However, those with > 2 VRFs had greater decrease in FA within
multiple white matter regions including the splenium of the corpus callosum (94).
Accelerated and earlier deterioration of frontal lobe diffusivity measures has been discussed
(95,96), but results are controversial (97). Diffusion measures are more affected in age-related
white matter lesions than in normal appearing brain tissue (98,99). Notably, DTI measures in
the normal appearing brain tissue seem to be more closely related to the patients’ clinical
presentation than visible WMH load alone (5,99-102).

Correlations with cognitive test scores were described and include MMSE, executive function
and IQ (99,101,103). DTI measures are also related to gait disturbances in older age. Two
studies reported higher mean diffusivity (MD) and lower fractional anisotropy (FA) in the
genu of the corpus callosum to correlate with poorer gait performance independently of

visible WMH burden (59,104).

Magnetization Transfer Imaging (MTI) and Magnetization Transfer Ratio (MTR)

This section largely resembles the paper by Seiler S, Ropele S and Schmidt R
“Magnetization transfer imaging for in vivo detection of microstructural tissue
changes in aging and dementia: a short literature review”, published in the Journal
of Alzheimer’s disease 2014;42 Suppl 3:5S229-37. doi: 10.3233/JAD-132750 (105)

Basic principles of MTI

As mentioned above, standard MRI directly detects only signals from mobile water protons
with adequately long T2 relaxation times. In human brain tissue, this signal comes from free
intra- and extracellular tissue water (“free water pool”). Conversely, protons bound to
macromolecules have too short T2 relaxation times (about 10 us) to be detected directly.
Macromolecules that bind protons in brain tissue are myelin proteins and lipids. This bound

proton fraction (“bound water pool”’) can be imaged indirectly by exploiting the transfer of
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magnetization between both proton pools, which is caused by dipolar coupling and chemical
exchange mechanisms. In MTI, an off-resonance radio frequency (RF) pulse saturates the
bound pool magnetization. Subsequent magnetization transfer shifts this magnetization to the
magnetic resonance (MR) visible “free water pool”. As a consequence, longitudinal
magnetization decreases and causes a reduction of signal intensity. The degree of the
magnetization transfer induced signal decrease is usually assessed by MTR (106,107). The
MTR scales with the amount of magnetization exchange and with the extent of the bound

pool and is expressed through the formula

MO0—-MSS

MTR= 70 (eq.2).

MO characterizes the signal intensity of a voxel without RF saturation. MSS is the signal
intensity of the identical voxel, acquired with the RF saturation pulse (6,108,109). A common
approach to assess global MTR changes is histogram analysis. Regional MTR changes such
as in white matter hyperintensities or (semi-) automatically segmented brain tissue
compartments can be determined using a region of interest (ROI) analysis (110). Studies on
post-mortem tissue of multiple sclerosis (MS) brains have evidenced that demyelination is
most likely the correlate of MTR lowering within the white matter, but MTR reductions have
also been related to axonal loss (111). There is evidence for MTR-lowering correlating with

cortical demyelination in MS (112).

MTI findings in aging and dementia

Magnetization Transfer Imaging in Aging

MTR parameters changed with increasing age in several studies (113-115). Such associations
have been described for normal appearing white matter (NAWM)), i.e., all white matter
outside T2-visible lesions (115), and the cortex in histogram- (110,116) and voxel-based
analyses (106). According to study data, MTR lowering starts at the age of 40. MTR
reductions seem to proceed more rapidly in men (113,117) and presence of vascular risk

factors seemingly accelerates progression (113). Figure 2 shows a voxel-wise MTR map
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where lower MTR and higher age correlate in community-dwelling older adults (Data from

ASPS-Fam, preliminary results).
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Figure 2 Associations between MTR and age. Yellow/red areas represent significantly lower

MTR associated with higher age. Colour bar indicates statistical significance. Analyses were

performed with FSL (9). MTR=Magnetization Transfer Ratio. Image is own work, published
in (105)
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MTI and Cognition

Studies on MTR metrics and their correlations with cognitive performance are summarized in
Table 1.

In several investigations, lower MTR related to measures of executive dysfunction
(114,118,119). One study on 272 older adults reported lower MTR in the NAWM but not the
normal appearing gray matter, i.e., all gray matter outside T2-visible lesions, to be associated
with worse information processing, independent of demographics, gray matter volume and
WMH volume (118). Rather weak associations between lower MTR and impaired memory
performance were reported. Whole brain MTR correlated with episodic memory (114) and
frontal white matter MTR with verbal and working memory (120). In one study of our own
group, we found a direct relationship between lower MTR in the frontal white matter and
worse fine motor dexterity (110). Summing up, former studies on MTR and cognition were
small and followed a cross-sectional design. Future studies will preferably assess these

changes and their influence on cognition longitudinally, making causal inference possible.
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Table 1. Studies on MTR metrics and correlations with cognitive performance in normal

aging
Study Cohort (N) Brain region Findings
Schiavone et | 64 healthy MTR whole Correlations with information processing
al. 2009 subjects brain histograms, | speed (r=0.486;p<0.0001), executive function
(114) (r=0.412;p<0.001) and episodic memory
(r=0.376;p<0.003)
Fazekas etal. | 198 MTR of the Correlation with fine motor dexterity
2005 (110) neurologically | frontal NAWM (Purdue’s Pegboard Test) only (p=0.04)
asymptomatic
Venkatraman | 272 elderly Relative peak- Correlation with DSST in NAWM
etal. 2011 height MTR of (r=0.29;p<0.0001) and NAGM
(118) NAWM and (r=0.18;p<0.004)
NAGM
Lee et al. 35 healthy MTR whole brain | Correlation with MMSE (r=0.68,p<0.001),
2004 (119) community- histograms language (r=0.43;p<0.05), visuopspatial skills
dwelling (r=0.66;p<0.001), verbal memory (r=0.66,
elderly p<0.001), visual memory (r=0.49,p<0.05),
executive function r=0.68,p<0.001)
Diizel et al. 86 healthy MTR of Correlation of basal forebrain and frontal
2010 (120) older and 24 | substantia nigra, | white matter MTR with a factor combining
young adults | frontal white verbal learning and memory and working
matter, and memory
hippocampus
Seiler et al. 16 healthy MTR of cingulate, | Prediction of 55% of variance in accuracy in a
2011 (121) adults prefrontal region, | test of visual selective attention
thalami
Seiler et al. 355 healthy MTR of the Whole brain cortical MTR significantly related
2014 (1) adults cortex, NAWM to performance on tests of memory, executive
and deep gray function, and motor skills. MTR of deep gray
matter matter structures and NAWM correlated with

executive functioning

MTR=Magnetization Transfer Ratio, MMSE=Mini Mental State Examination;
NAWM=Normal Appearing White Matter; NAGM=Normal Appearing Gray Matter;

DSST=Digit Symbol Substitution Task; r=correlation coefficient
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MTR in subjects with age-related vascular changes

MTR and white matter hyperintensities (WMH)

Across WMH types, there is evidence that MTR within T2-visible lesions is approximately
10% lower than that within NAWM (110,113). MTR of periventricular WMH is lower than
that of deep lesions, suggesting more widespread microstructural tissue damage in
periventricular than in deep abnormalities (115). This is in line with studies that showed
more pronounced cognitive impairment in patients with periventricular WMH as compared to
those who exhibited predominantly deep lesions (45,122-125). The finding that MTR in
periventricular WMH of demented patients with Binswanger’s disease (a form of subcortical
arteriosclerotic encephalopathy including dementia, bilateral white matter abnormalities on
MRI, and at least two of the following clinical findings: a vascular risk factor or evidence of
systemic vascular disease, focal cerebrovascular disease, or “subcortical” cerebral dysfunction
(126)) was significantly lower than that in periventricular WMH of similar severity of non-
demented is in line with this observation (127). Tanabe et al. (128) presented comparable
results and described reduced periventricular WMH MTR in demented subjects with small

vessel disease as compared to control subjects.

MTR and normal-appearing brain tissue in patients with small vessel disease

As already stated, normal appearing brain tissue (including NAWM and NAGM) is defined as
all brain tissue outside T2-visible lesions. In patients with cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), the most
common heritable origin of cerebral small vessel disease caused by mutations in the
NOTCH3 gene, significantly lower MTRs in the NAWM of patients, relative to controls,
were described (129). Higher WMH load correlated significantly with worse NAWM MTR
(129). Lower NAWM MTR was significantly associated with poorer results on the SIDAM (a
test to screen for dementia and for evaluation of dementia severity) and Rankin scale
(assessment of the degree of disability and dependence in daily activities). This indicates
widespread microstructural tissue damage outside visible WMH in patients with CADASIL.
Maybe visible lesions are only the tip of the iceberg while more widespread tissue damage
invisible to standard MRI is present. This study evidences the importance of these

microstructural tissue abnormalities as diffuse tissue destruction of NAWM correlated better
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with the clinical status of patients than the degree of visible abnormalities. Comparable
relations between WMH severity and NAWM MTR of the frontal lobes were reported in
clinically asymptomatic older adults (110).

MTTI in the differential diagnosis of Alzheimer’s disease

The diagnostic value of hippocampus MTR has been assessed by one small study. In this
work, mean MTR of the hippocampus better discriminated (sensitivity 61%, specificity 90%)
between AD and controls than total brain volume (sensitivity 50%, specificity 90%).
However, hippocampal mean MTR was not superior to hippocampal volume (sensitivity 89%,
specificity 61%) (130). Concerning the value of mean hippocampal MTR compared to visual
atrophy rating, the discrimination rate reported by one recent study between AD and other
dementias was 77% for mean MTR and 65% for the visual atrophy rating (131). Numbers for
the discriminative power of DTI —based classifiers compared to MTI are not yet available. A
voxel-based study by Giulietti et al. (107) measured MT differences Between AD patients and
controls by using non-linear registration and inclusion of a volumetric map to minimize
partial volume effects resulting from atrophy and subsequent CSF contamination. The authors
identified reduced MTR values in AD patients mainly in the hippocampus, temporal lobe,
posterior cingulate, and parietal cortex. They show that MTR abnormalities in AD occur in a
disease-specific pattern, independent of cortical atrophy. Figure 3 shows exemplarily the
results of a preliminary analysis where reduced MTR in AD patients were compared to

controls (preliminary data from the prospective dementia registry in Austria — PRODEM).
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Figure 3. Voxel wise analysis. Red/yellow areas represent voxels with significantly lower
MTR in AD patients, as compared to healthy controls. Colour bar indicates statistical

significance. Analyses were performed with FSL (9). AD=Alzheimer’s disease. Image is own
work, published in (105)
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MTI for prediction of MCI-AD conversion

Patients with mild cognitive impairment (MCI) show cognitive deficits in any domain, but do
not yet fulfil dementia criteria (132). The individuals’ activities of daily living are not
troubled by these deficits. Annual conversion rates from MCI to AD are situated between 6.8
and 8.1% (133). Stable and even reversible courses have been reported. One study found MCI
patients returning to normal cognition in 42% over a period of 5 years (134,135). Recent data
suggest that both MCI and AD patients have more microstructural brain damage than healthy
controls (136). Therefore, microstructural brain tissue changes may be present early during
the disease process and most likely precede overt atrophy (137). Few cross-sectional studies
have found MT classifiers to differentiate AD from MCI. Automatic model-based
multiparameter MTI in the entorhinal cortex differentiated de novo AD from MCI with a
sensitivity of 100% and a specificity of 94% (138). Similarly, quantitative MTI of the
hippocampal head differentiated AD from MCI patients (139). One MTR study assessed
whether MCI patients with a single domain deficit differ from patients with deficits in
multiple domains (140). They found shared MTR reduction in the medial temporal lobe and
posterior white matter between patients with exclusive memory impairment and additional
executive dysfunction. Only those patients with additional executive dysfunction showed a

spread of MTR reduction to prefrontal white matter and the insula.
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Associations between MTR and cognition in AD

Previous studies on the association between MTR and cognitive functioning in AD were
small. Results can be seen in table 2.

A number of studies reported associations with MMSE scores (130,141,142). Two studies
evaluated whether regional MTR changes related to specific cognitive constellations in AD
patients (142,143). The results of these studies are conflicting. While Fornari et al. (142)
found lower MTR in the superficial white matter to be associated with worse performance on
memory and naming tests, the study by Van der Flier et al. (143) failed to show any
relationships between MTR and different cognitive domains. The authors reported non-
specific associations between global and regional MTR values with all cognitive domains,
indicating rather widespread microstructural brain damage in AD brain. One longitudinal
analysis of MTR histograms of AD patients showed a constant and significant decline of
global- and regional MTR over an observational period of 1 year (141). The authors found no

correlation between the MTR histogram parameter changes over time with cognitive decline.
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Table 2. Studies on MTR metrics and correlations with cognitive performance in

Alzheimer’s disease

Study Cohort (N) | Brainregions | findings
Ropele etal. | 28 AD Hippocampus | Left hippocampus (r=0.57;p<0.01), right
2012 (141) | 19CO Thalamus hippocampus (r=0.38;p=0.048), left
Putamen thalamus (r=0.52;p<0.01), right thalamus
Caudate (r=0.42;p=0.029), left putamen
Nucleus (r=0.7;p<0.001), right putamen
(r=0.60;p<0.01) MTR significantly
correlated with MMSE; stronger
associations in the left hemisphere
Van der 22 AD Whole Brain | Strong association of all regions with
Flier et al. 13 MCI Temporal MMSE and scores for memory, orientation,
2002 (143) 28 CO lobe language, praxis, gnosis, executive
Frontal lobe | functioning.
Fornarietal. | 15 AD WM (short correlation with MMSE, Lexis, and memory
2012 (142) |15cCO association tests
U-fibers)

MMSE=Mini Mental State Examination; MT=Magnetization Transfer;

MTR=Magnetization Transfer Ratio, WM= White Matter; r=correlation coefficient;

AD=Alzheimer’s disease; MCI=Mild cognitive Impairment; CO=Controls
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Cognitive domains and measures of mobility

Comprehensive neuropsychological testing procedures are available to assess patients’
performance in different cognitive domains. Recent studies have mainly distinguished
between memory, executive function and motor skills (1,144). As a measure of mobility, gait
velocity has been found suitable (58,145). Test procedures used in this PhD thesis will be

reviewed in the methods section.

Studies and hypotheses

Within this PhD project, 2 studies were performed. In study#1, we were interested whether
microstructural tissue alterations detected by MTI were associated with cognition. In study#2,
we tested for the association between MTR in the white matter of the brain and gait

disturbances. For better readability, the two studies will be discussed separately.

1* study: MTR and cognition

This section resembles the “introduction” of the paper by Seiler S, Pirpamer L, Hofer E,
Duering M, Jouvent E, Fazekas F, Mangin JF, Chabriat H, Dichgans M, Ropele S, Schmidt R
“Magnetization transfer ratio relates to cognitive impairment in normal elderly”
published in Frontiers in Aging Neuroscience 2014 Sep 25;6:263. doi:
10.3389/fnagi.2014.00263. eCollection 2014 (1)

Diffusion tensor imaging (DTI) and magnetization transfer imaging (MTI) are MR based
neuroimaging methods that allow the detection and quantification of microstructural tissue
changes in white- but also gray matter of the brain. By these methods, we can quantify
cerebral brain damage beyond what we can expect from standard MRI techniques like T1-
and T2-weighted sequences (99,101,146,147). DTI measures the diffusion properties of tissue
water (7). Conversely, MTI is based on the exchange of magnetization between tissue water
and protons bound to macromolecules (6,108). This exchange is expressed by the
magnetization transfer ratio (MTR). Histopathologically, lower MTR correlates with reduced
myelin content and lower axonal density in both the white- and gray matter (111,112,148).
Several studies showed MTR reductions in NAWM and the cortex with age (106,110).

Fazekas et al. found a significant age dependency of MTR lowering in the frontal and parieto-
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occipital gray matter. Draganski et al. found additional gray matter MTR changes in the basal
ganglia and cerebellar cortex. In AD brains, decreased MTR has been described in the
hippocampus (130,131), temporal lobe, posterior cingulate and parietal cortex. MTI changes
were present in a disease-specific distribution, independent of gray matter atrophy (107).
Concerning their correlations with cognitive decline, results of DTI and MTI studies are non-
uniform. DTI measures in the NAWM strongly correlate with cognitive function in normal
aging (97,146), and various diseases (147,149-151). However, little is known about the
clinical significance of MTR measures. Previous studies reported conflicting results. One
investigation in 64 healthy adults aged 50-90 years (114) reported associations of lower MTR
in the NAWM with poorer scores in tests of processing speed, executive function and
episodic memory. Another MTR study included 55 Alzheimer’s disease (AD) patients, 19
patients with mild cognitive impairment (MCI) and 43 healthy controls. They found a
significant and direct relationship between temporal gray matter MTR and MMSE across
disease groups (136). Interesting longitudinal data come from Ropele et al. The authors
describe an association between deep gray matter MTR of AD patients with MMSE scores,
constantly over a one-year time period (141). However, studies also failed to evidence
significant associations between both cortical- and white matter MTR and cognitive functions

(110,152).

Hypotheses/Aims

The current investigation examined a large cohort of 355 community dwelling subjects over a
wide age range. We hypothesized that MTR scales with the severity of tissue changes and
relates to worse cognitive performance even when controlling for vascular risk factors and
brain abnormalities on conventional MRI. We also hypothesized that the regional distribution

of MTR changes determines the pattern of cognitive impairment.
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2" study: MTR and gait abnormalities

Gait abnormalities in older adults are a common clinical finding and incidence of abnormal
gait increases with advancing age (153). A recent study on 488 older adults aged 70 to 99
years showed that 35% of study participants exhibited gait disturbances to some extent (154).
Gait disturbances, including slower gait velocity, have been associated with falls in several
studies (155-159). The hospitalizations and care-giving expenses associated with falls are
serious public health issues (153,160).

A complex higher-level network including the primary and supplementary motor cortex, basal
ganglia, cerebellum and brain stem manages the supraspinal control of motor performance
(161). Damage of white matter tracts might lead to disconnection of this network resulting in
disruption of function (57,162,163). In line with this assumption several studies found higher
volumes of white matter lesions (WMH) to be associated with poorer gait performance (53-
55), but there have also been reports that did not corroborate these findings (57-59). Factors
that might be responsible for these conflicting results are different measures of WMH severity
and gait performance between studies. Also sample sizes vary. Likewise, it is conceivable
that similar as in cognitive dysfunction, WMH do not represent the full extent of tissue
damage and age-or small vessel disease-related widespread microstructural abnormalities in
normal appearing white matter are more important for gait abnormalities than WMH volume
per se. Support for this hypothesis comes from two DTI studies that described higher mean
diffusivity (MD) and lower fractional anisotropy (FA) in the genu of the corpus callosum to
correlate with poorer gait performance independently of visible WMH (59,104).
Complementary information on microstructural brain tissue alterations may be obtained from
magnetization transfer imaging (MTI). MTI probes the magnetization exchange between
tissue water and protons bound to macromolecules. Other than DTI, which offers information
on brain tissue organization by probing the mobility of water protons in axons (7), MTI offers

information on tissue composition (6,108). Magnetization transfer ratio (MTR) is currently
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the only MR measure that has been validated in postmortem comparisons to represent a direct
marker of myelin content (111).

So far, only one study used MTI to determine the role of microstructural brain abnormalities
for gait dysfunction in the elderly. The authors used a histogram-based MTR analysis across
the whole brain parenchyma. They found lower whole-brain histogram peak-height MTR to
be associated with poorer gait performance, independent of WMH load (164).

Hypotheses/Aims

The approach is hypothesis-free (“hypothesis generating”) and relies on a minimum of prior
assumptions. We used for the first time a combination of voxel-based lesion symptom
mapping (VLSM) and voxel-based MTR symptom mapping (VMTRSM) to identify those
brain areas where white matter lesions or MTR-determined microstructural tissue alterations

relate to gait velocity.

Methods

There is some, but not substantial overlap between the methods sections of the 2 studies. For
the most part, methods are presented for both studies separately to enhance readability and

understandability.

1* study: MTR and cognition

This section resembles the “methods” of the paper by Seiler S, Pirpamer L, Hofer E,
Duering M, Jouvent E, Fazekas F, Mangin JF, Chabriat H, Dichgans M, Ropele S, Schmidt R
“Magnetization transfer ratio relates to cognitive impairment in normal elderly”
published in Frontiers in Aging Neuroscience 2014 Sep 25;6:263. doi:
10.3389/fnagi.2014.00263. eCollection 2014 (1)

Subjects

The study cohort is from the Austrian Stroke Prevention Family Study (ASPS-Fam), a
prospective single-center, community-based study on the cerebral effects of vascular risk

factors in the normal elderly population of the city of Graz, Austria. The ASPS-Fam
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represents an extension of the Austrian Stroke Prevention Study (ASPS), which was
established in 1991(165,166). Between 2006 and 2013, study participants of the ASPS and
their first grade relatives were invited to enter ASPS-Fam. Inclusion criteria were no history
of previous stroke or dementia and a normal neurologic examination. A total of 381
individuals from 169 families were included into the study. The number of members per
family ranged from 2 to 6.

The entire cohort underwent an extended diagnostic work-up including clinical history, blood
tests, cognitive testing and a thorough vascular risk factor assessment. All individuals
underwent MRI, except for 26 who had contraindications. Thus, magnetization transfer
imaging (MTI) was available in a total of 355 subjects. The study protocol was approved by
the ethics committee of the Medical University of Graz, Austria, and written informed

consent was obtained from all subjects.

Vascular risk factors

Assessment of vascular risk factors included arterial hypertension, diabetes mellitus, cardiac
disease, hypercholesterolemia, hypertriglyceridemia, hyperuricemia, peripheral vascular
disease and venous thrombotic disease and was determined based on history and

measurements at the examination as previously described (165).

Neuropsychological testing

We used a test battery assessing memory, executive function and motor skills as described
previously (165). The tests are well established and were always applied in the same order
and under identical laboratory conditions. The “Béumler’s Lern- und Gedéchtnistest” (LGT-
3) (167), a highly demanding paper-pencil procedure consisting of six subtests, assessed
intermediate memory recall and learning ability. Three subtests (word and digit association
tasks and story recall) screen for verbal memory. Two subtests (trail and design recall) assess
visuospatial memory. The total memory score used in this PhD thesis results from the sum of
weighted scores from the aforementioned subtests and of an image recognition paradigm
(165). Executive functions were tested by the Wisconsin Card Sorting Test (168), part B of
the Trail Making Test (169), and Digit Span Backwards, which is part of the Wechsler Adult

Intelligence Scale, revised (170). Adhering to Milner's criteria (171), the measures computed
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for the Wisconsin Card Sorting test were categories completed, perseverative errors, and total
errors (165).

Motor skills were evaluated by the Purdue Pegboard Test (172).

To reduce floor and ceiling artifacts and other sources of measurement error, we used
summary measures of cognitive function in the analyses rather than the results of individual
tests. We formed composite measures of the specific domains of cognitive function. Each
summary measure was calculated by converting individual test scores to z-scores within the

group and by computing the average of the scores in each cognitive domain (165).

Magnetic resonance imaging

MR imaging was performed on a 3T whole body scanner (TimTrio; Siemens Healthcare,
Erlangen, Germany) and included conventional imaging and MTI. The MT sequence was
based on a spoiled 3D gradient-echo sequence (TR=40ms, TE=7.38ms, flip angle=15°,
number of slices=40, slice thickness=3mm, in-plane resolution=0.86x0.86mm) that was
performed with and without a Gaussian shaped MT saturation pulse.

The conventional protocol included an axial FLAIR sequence (TR=10000ms, TE=69ms,
inversion time=2500ms, number of slices=40, slice thickness=3mm, in-plane
resolution=0.86x0.86 mm?) and a high resolution T1 weighted 3D sequences with
magnetization preparation (MPRAGE) and whole brain coverage (TR=1900ms, TE=2.19ms,
inversion time=900ms, flip angle=9°, isotropic resolution of 1 mm).

White matter hyperintensities (WMH), silent non-lacunar and lacunar infarcts were recorded
on FLAIR images as previously described (165) (Figurel). Non-lacunar infarcts were lesions
with typical signal characteristics of infarcts following a typical vascular territory or being
located in a border zone between two vascular territories. Lacunes were focal lesions
involving the basal ganglia, the internal capsule, the thalamus, the brainstem or the white
matter not exceeding a maximum diameter of 20 mm. All lesions were outlined using a
custom written IDL program (Exelis Visual Information Solutions, USA) (Figure4). Lesion
areas were segmented by combined region growing and local thresholding following manual
selection (173). The total lesion volume (mm?) was calculated using the program
FSLMATHS (FSL, Oxford, www.fmrib.ox.ac.uk) by multiplying the lesion area with the

slice thickness and normalized by head size. Cortex volume, normalized for the subject head
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size, was calculated from the T1weighted MPRAGE images using the fully automated

structural image evaluation of atrophy (FSL, Oxford, www.fmrib.ox.ac.uk) (9).

Figure 4. Example of lesion area segmentation. (A): Native FLAIR weighted scan with
WMH. The red outline in (B) shows a segmented periventricular WMH. WMH=White Matter
Hyperintensity; FLAIR=Fluid Attenuated Inversion Recovery


http://www.fmrib.ox.ac.uk/
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Image processing and MTR analysis

MTR metrics were assessed separately for the cortex, deep gray matter structures, white
matter hyperintensities (WMH) and normal appearing white matter (NAWM). MTR maps
were calculated according to (eq2). The MTR maps were registered to the corresponding
FLAIR and T1 scans by using an automated affine registration tool (FLIRT as part of FSL,
http://www.tmrib.ox.ac.uk/fsl/flirt/index.html) (174). WMH masks were generated from the
outlined lesions using our custom written IDL tool (173). A mean MTR was calculated in
MTR space for each WMH by masking the registered MTR maps with the WMH masks. The
MTRs of all WMHs were averaged to obtain a mean lesion MTR for each subject’s whole
brain-, periventricular- and deep WMH.

White matter (WM) and cortex masks were generated using the program FAST (FSL, Oxford,
www.fmrib.ox.ac.uk) (175). Both NAWM and cortex masks were generated separately and

comprised all WM and cortical tissue outside WMHSs, silent non-lacunar infarcts and lacunes,
1.e. it comprised all neocortical gray matter and WM with normal signal intensity on FLAIR
images. Corresponding MTR maps were produced by overlying both the cortex and NAWM
masks separately on the MTR maps and a mean MTR for total NAWM and cortex was
calculated for each subject. Calculation of lobar MTRs comprising frontal, parietal, occipital
and temporal lobes was done by applying a home-written atlas tool. The atlas tool was
generated in MNI 152 space by manually delineating neuroanatomical borders of the 4 lobes.
The atlas was then registered to the respective patient’s native space and overlaid on the total
NAWM/cortex MTR maps to obtain lobar MTR values.

Deep gray matter structures including the thalamus, putamen, pallidum, hippocampus,
caudate nucleus, amygdala and accumbens nucleus were generated using the program FIRST

(FSL, Oxford, www.fmrib.ox.ac.uk) (9,176) . Corresponding MTR maps were produced by

overlying the deep gray matter structure masks on the MTR maps and subsequently a mean
MTR of each structure was calculated for each subject. To reduce partial volume effects,
which might have occurred due to image registration and subsequent interpolation, we eroded

all masks by 1 pixel before overlying on the MTR maps.

Statistical analysis

Assumptions of normal distribution were tested with the Kolmogorov-Smirnov test. Normally
distributed variables are reported as mean +/- standard deviation and non-normally distributed

variables as median and interquartile range. For bivariate correlations, Pearson’s correlation


http://www.fmrib.ox.ac.uk/
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analysis has been performed. Due to the bimodal distribution of age (figure 5) we used age as
an ordinal variable categorized into three categories (38 years to 60 years; 61 years to 70

years; 71 years to 86 years) in all statistical models.

Frequency

| T

T T T T T

age (years)

Figure 5 Bimodal age distribution of study participants.
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WMH volume had a skewed distribution containing zero values and therefore the value 2 was
added to the volumes before natural log transformation.

Multivariate linear and logistic regression analyses were used to correlate visible brain
changes (WMH volume, presence of silent non-lacunar infarcts, presence of lacunes) with
global and regional MTR metrics in the cortex and NAWM. These models were adjusted for
age, sex, vascular risk factors and normalized cortex volume. We use cortex volume as a
covariate because it is widely accepted that it strongly correlates with cognitive changes
across the aging and dementia spectrum. To assess the associations between global and
regional mean MTRs in the cortex, NAWM and WMH and domain-specific
neuropsychological test performance, mixed models were calculated. The cognitive variable
was the dependent and MTR was the predictor variable. In addition, we performed age- and
sex stratified sub analyses. These models were adjusted for potential confounders to evaluate
the independent effect of MTR on cognitive functions. Selection of confounders was a priori
defined according to previous literature (177,178). We considered age, sex, education,
vascular risk factors, silent non-lacunar infarcts, lacunes, WMH volume and cortex volume as
possible confounders. Multicollinearity was assessed between the independent variables of
the models using the variance inflation factor (VIF). A VIF value > 10 is an indicator of
multicollinearity. There was no indication for multicollinearity in the models. The mean VIF
for predictor variables in our study was 1.34 (range 1.03 — 3.48).

To account for the sample relationships in current family-based study, a random effect was
added to each model using a kinship matrix describing the family structure (179,180).

To determine possible dose-effect relationships of significant associations between MTR and
cognitive functioning, subjects were categorized into quartiles according to MTR value
distribution. Linear regression analyses with MTR quartiles being the explanatory variables
and cognitive test results being the dependent variable adjusted for age, sex, education, risk
factors, lacunes, non-lacunar infarcts, WMH and normalized cortex volume were done. The
highest quartile of MTR values served as the reference.

For each regression coefficient, the 95% confidence interval and the p-value were determined.
A two-sided p-value <0.05 was considered to be statistically significant.

The Multicollinearity check and t-tests were performed with SPSS (IBM Statistics for
Windows, Version 19, Armonk, New York). The mixed models and the kinship matrices were
calculated using the coxme (Therneau, 2012) and kinship2 (Therneau, 2011) packages in R

(R: A language and Environment for Statistical Computing, Vienna, Austria. www.R-
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project.org). We assessed if age effects on cognitive function were mediated by MTR
variables. Estimation of mediator effect sizes was calculated using bootstrapped models
(181). According to Preacher and Hayes, “significant mediation can be determined via the
95% bootstrapped confidence interval. If “zero” lies within the interval range, it is possible
with 95% confidence that the true indirect effect would be zero (no mediation). If “zero” does
not occur between the interval boundaries then we can conclude that the indirect effect for
this mediator is significant” (182). Mediation was assessed for cortical and NAWM MTR
individually. We corrected the mixed model analyses and sub-analyses for multiple
comparisons within each domain using the Benjamini—-Hochberg false discovery rate (FDR, p

<0.05) (183).

2" study: MTR and gait abnormalities

Subjects

The study population is basically the same as in the 1*' study. However, because we focused
on age-related decline in gait velocity, we included all 230 subjects aged 60 years and older in
the current analysis. Table 1 provides subjects’ characteristics.

The ethics committee of the Medical University of Graz, Austria, approved the study protocol

and written informed consent was obtained from all subjects.

Measurement of gait velocity

Study participants were asked to walk a total distance of eight meters with three turns at their
usual, self-selected pace on level ground. Time was measured with a stopwatch. The faster

out of two trials was used for the subsequent analyses. We chose gait velocity, because it can
be measured quickly and in a clinical setting without apparative efforts. It has been shown to

be a good measure of mobility in elderly people (58).

Magnetic Resonance Imaging

MRI was performed on a 3T whole body scanner (Magnetom TimTrio; Siemens Healthcare,

Erlangen, Germany) and included conventional imaging and MTI. The MT sequence was
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based on a spoiled 3D gradient-echo sequence (TR=40ms, TE=7.38ms, flip angle=15°,
number of slices=40, slice thickness=3mm, in-plane resolution=0.86x0.86mm) that was
performed with and without a Gaussian shaped MT saturation pulse.

The conventional protocol included an axial FLAIR sequence (TR=10000ms, TE=69ms,
inversion time=2500ms, number of slices=40, slice thickness=3mm, no interslice-gap, in-
plane resolution=0.86x0.86 mm?) and a high-resolution T1-weighted 3D sequence with
magnetization preparation (MPRAGE) and whole brain coverage (TR=1900ms, TE=2.19ms,

inversion time=900ms, flip angle=9°, isotropic resolution of 1 mm).

Generation of WMH- and MTR maps

WMH maps were generated using a custom written IDL program (Exelis Visual Information
Solutions, Boulder, CO) as described previously (173). RS and SS segmented WMHs on
FLAIR images by combined region growing and local thresholding following manual
selection (173). The total lesion volume in mm3 was calculated by multiplying lesion area
with slice thickness. WMH volumes in white matter tracts were calculated by overlying the
probabilistic white matter tract atlas (25% probability) provided within the FMRIB software
library (184), on the normalized WMH maps.

MTR maps were calculated according to (eq2).

For the subsequent steps, tools from the Functional Magnetic Resonance Imaging of the Brain
(FMRIB) software library (FSL) (9) were used.

Because we found that MTR provides good contrast to perform tissue segmentation, gray
matter (GM), white matter (WM) and cerebrospinal fluid (CSF) partial volume maps were
derived from the MTR weighted scans using FSL FAST (FMRIB's Automated Segmentation
Tool; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST) (175).

The T1, FLAIR and MTR weighted scans were brain extracted using FSL BET (Brain
Extraction Tool; http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) (185).

The resulting skull-stripped T1 weighted images were non-linearly registered to the Montreal
Neurological Institute 152 standard space template (MNI 152) using FSL FNIRT (FMRIB's
Non-Linear Image Registration Tool; (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT) (9).



http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT
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Then, the brain extracted FLAIR and MTR scans were linearly registered to the
corresponding brain extracted T1 weighted images using FSL’s FLIRT (FMRIB's Linear
Image Registration Tool; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT (174).

We used the transformation matrices from these steps to warp FLAIR and WM MTR maps to
the MNI 152 standard space template. WMH maps were transformed to the MNI 152 standard
space template in the same way.

The resulting WM MTR maps in standard space were eroded by 1 voxel to reduce partial
volume effects resulting from “edge” voxels. To produce more normally distributed data,
reduce noise and account for the inter-subject and registration variability (186), we smoothed
the MTR maps with a 4mm Gaussian kernel.

A mean WM MTR mask was created and thresholded to exclude MTR values below 20%
(105). We chose this threshold to be sure to exclude voxels from CSF and to further reduce
the spurious effects of partial volume effects caused by the white matter-gray matter transition
zone.

Anatomical structures containing clusters of voxels in which MTR related significantly to gait
velocity were localized by overlying the probabilistic white matter tract atlas (25%
probability) provided within the FMRIB software library (184), on the normalized WM MTR
maps. As we did it in voxel-wise analysis, the segmentations of these tracts were eroded by 1
voxel to reduce CSF artifacts at “edge” zones. The resulting “core” white matter-mean MTR

was used in subsequent analyses.

Statistical analysis

Basic statistical analysis

Assumptions of normal distribution were tested with the Kolmogorov-Smirnov test. Normally
distributed variables are reported as mean +/- standard deviation and non-normally distributed
variables as median and interquartile range. WMH volume had a skewed distribution
containing zero values and therefore the value 2 was added to the volumes before natural log
transformation. To relate demographic, clinical and imaging characteristics of the study
participants to gait velocity, subjects were categorized into quartiles according to gait velocity
distribution. One-way analysis of variance (ANOVA) and Chi2 tests were performed to test
for significant associations with normally- and non-normally distributed variables,

respectively. Variables significantly (p<0.05) associated with gait speed in these analyses


http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT
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were entered as covariates in the VMTRSM and ROI analyses described in the subsequent

paragraphs.

Voxel-based lesion symptom mapping (VLSM)

Non-parametric mapping (NPM) was used to relate WMH location to gait velocity (187).
1000 permutations were carried out to build the null distribution and the Brunner-Munzel test
was applied to test for statistical significance (187,188). Briefly, permutation testing is a
procedure that compares a test statistic to a null distribution derived from the dataset of
interest itself. Permuting how the dependent and independent variables are paired typically
derives the permutation null distribution. When the null hypothesis is true (no effect), the
observed pairings should be no more likely to generate an extreme test statistic than any other
(189). Voxels affected in less than seven subjects were not considered for analysis.
Correction for multiple testing was achieved by permutation generated family-wise error
(FWE) thresholds. Age, sex, height and brain volume were entered as covariates. To identify
the localization of significant voxels within major white matter tracts, we used the

probabilistic white matter tract atlas (184) provided within the FMRIB software library.

Voxel-based MTR symptom mapping (VMTRSM)

To find associations between MTR values within a voxel and gait velocity, we used the
permutation-based statistical interference tool for non-parametric testing (RANDOMISE) as a
part of FSL(9). 5000 permutations were carried out to build the null distribution and
significant associations were determined selecting the threshold-free cluster- enhancement
(TFCE) option. To correct for multiple comparisons, a family-wise error (FWE) adjusted p-
value <0.05 was considered statistically significant. Age, sex, height and brain volume as well

as variables that were univariately associated with walking speed were entered as covariates.

Region of interest (ROI) analysis

To identify white matter tracts in which mean MTR correlates with gait velocity, we overlaid
the probabilistic white matter tract atlas (184) provided within the FMRIB software library

on significant voxels from the VMTRSM analysis.
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Mean MTR within identified tracts was calculated in standard space using FSLMATHS. To
reduce partial volume effects from “edge” voxels, identified tracts were eroded by 1 voxel to
exclude possible CSF contamination. The mean MTR in the resulting “skeletonized” tracts
was used in the subsequent linear multiple regression analysis.

A possible dose-effect relation of MTR within identified tracts and gait velocity was
investigated by means of analysis of covariance (ANCOVA) with MTR in quartiles.

Age, sex, height and brain volume as well as variables that were univariately associated with
walking speed were entered as covariates in the linear multiple regression analysis and the

ANCOVA. A p-value <0.05 was considered statistically significant.

Results

This chapter lists the results for each of the two studies separately.

1* study: MTR and cognition

This section resembles the “results” of the paper by Seiler S, Pirpamer L, Hofer E,
Duering M, Jouvent E, Fazekas F, Mangin JF, Chabriat H, Dichgans M, Ropele S, Schmidt R
“Magnetization transfer ratio relates to cognitive impairment in normal elderly”
published in Frontiers in Aging Neuroscience 2014 Sep 25;6:263. doi:
10.3389/fnagi.2014.00263. eCollection 2014 (1)

Demographics, frequency of vascular risk factors, neuropsychological test results and MRI

findings of the study participants are displayed in table 3.



Table 3. Demographics, risk factors, neuropsychological test performance
and MRI findings of study participants.

A. Basic demographics

Age, years (median, IQR) 68.00 (56.00-72.00)
Age category 1: 38-60 years, N(%) 100 (28.2)
Age category 2: 61-70 years, N(%) 131 (36.9)
Age category 3: 71-86 years, N(%) 124 (34.9)
Women N(%) 214 (60.3)
Education N(%)

primary school N(%) 70 (19.7)
apprenticeship N(%) 157 (44.2)
high school diploma N(%) 72(20.3)
university degree N(%) 56 (15.8)

B. Risk factors

Arterial hypertension N(%) 229 (64.5)
Diabetes N(%) 38 (10.7)
Heart disease N(%) 186 (52.4)
Hypercholesterolemia N(%) 272 (76.6)
Hypertriglyceridemia N(%) 60 (16.9)
Hyperuricemia N(%) 104 (29.3)
Peripheral vascular disease N(%) 5(1.4)

Venous embolic disease N(%) 38(10.7)

C. Neuropsychological testing (z-values)

Memory, z-values (range) -1.14-3.51
Executive function, z-values (range) -4.15-1.35
Motor skills, z-values (range) -2.49-3.12

D. MRI variables

Lacunes N(%) 33(9.4)

Silent non-lacunar infarcts N(%) 19(5.5)

Cortex volume, cm3 (mean, +/-SD) 599.69 (40.11)
WMH volume, cm3 (median, IQR) 5.63 (2.97-10.76)

MRI: Magnetic Resonance Imaging, WMH: White Matter Hyperintensities,
SD: Standard Deviation, IQR= interquartile range.
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Lacunes and non-lacunar infarcts were inversely related to cortical MTR (B = -0.55; 95%CI -
1.003, -0.112; p=0.014 and 8= -0.53; 95%CI -0.89, -0.17; p=0.003), and NAWM MTR (= -
0.603; 95%CI -0.958, -0.248; p=0.0009 and B=-0.44; 95%CI -0.90, 0.01; p=0.06) after
adjustment for age, sex and vascular risk factors.

There existed no significant association between WMH volume and cortical or NAWM MTR
(B=10.015; 95%CI1-0.037, 0.067 p=0.570 and 8=-0.002, 95%CI 0.054-0.050, p=0.940,
respectively).

MTR of cortex and NAWM correlated significantly and independently of subject
characteristics and MRI findings with each other (3 = 0.68; 95%CI 0.594-0.757; p <0.001).

There existed a strong correlation between cortical MTR and cognitive functions (figure 6).



Cortex MTR
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Memory

Executive function

Motor skills

Figure 6. Scatterplots showing the correlation between cortex MTR and domain-specific

neuropsychological test scores.

Abbreviations: MTR = Magnetization transfer ratio. x-axis displays z-values of
neuropsychological test scores, y-axis gives MTR values of whole brain cortex.

Pearson’s correlation analysis showed significant associations of cortex MTR with scores of
memory (r=0.338, p<0.01), executive function (r=0.326, p<0.01) and motor skills (=0.472,

p<0.01



Table 4. Independent relationship between cortical MTR and cognitive functioning.

Mean MTR Memory Executive function Motor skills
B 95% CI p B 95% CI p B 95% CI p

Cortex

Whole brain 0.129 [0.038;0.220] 0.0366 0.118 [0.051;0.192] 0.0044 0.111 [0.033;0.189] 0.0418
Frontal lobe 0.119 [0.030;0.209] 0.0366 0.116 [0.049;0.188] 0.0044 0.097 [0.020;0.173] 0.0616
Parietal lobe 0.129 [0.042;0.217] 0.0366 0.123 [0.058;0.194] 0.0033 0.095 [0.020;0.171] 0.0616
Occipital lobe 0.121 [0.035;0.208] 0.0366 0.129 [0.066;0.199] 0.0022 0.104 [0.030;0.178] 0.0418
Temporal lobe 0.108 [0.022;0.194] 0.0409 0.086 [0.022;0.155] 0.0229 0.111 [0.038;0.184] 0.0418

Deep gray matter

Thalamus 0.023 [-0.027;0.073] 0.4515 0.044 [0.006;0.082] 0.0421 0.038 [-0.008;0.078] 0.2514
Putamen 0.033 [-0.020;0.085] 0.3457 0.057 [0.017;0.097] 0.0183 0.036 [-0.013;0.077] 0.3025
Pallidum 0.023 [-0.022;0.068] 0.4262 0.034 [-0.001;0.068] 0.0864 0.045 [0.007;0.084] 0.0770
Caudate nucleus 0.024 [-0.025;0.074] 0.4400 0.062 [0.024;0.100] 0.0057 0.027 [-0.016;0.070] 0.4400
Amygdala 0.018 [-0.023;0.060] 0.4515 0.029 [-0.003;0.061] 0.1173 0.019 [-0.017;0.055] 0.5316
Accumbens nucleus -0.011 [-0.046;0.024] 0.5830 0.020 [-0.007;0.047] 0.1941 0.011 [-0.019;0.041] 0.5988

Adjusted for age, sex, years of education, vascular risk factors, Cortex volume, thromboembolic infarcts, lacunes, and WMH volume.
MTR=Magnetization Transfer Ratio. p-values adjusted for multiple testing.
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As can be seen from table 4, whole brain, and all lobar cortical MTRs were significantly and
directly associated with performance in memory and executive function. For motor skills only
the temporo-occipital MTRs were significantly related and there was a non-significant trend
for fronto-parietal lobe MTR. The MTR of deep gray matter structures correlated with

executive function, but not with scores of memory and motor skills.
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Table 5 displays the associations between MTR in NAWM and cognitive status. Significant direct relationships were found with memory and

executive function. This was seen for NAWM MTR in the whole brain and for NAWM MTR in all lobes with the exception of the temporal lobe.

Table 5. Multivariate linear regression analysis: Normal Appearing White Matter NAWM) and cognitive functioning

Memory Executive function Motor skills
Mean NAWM MTR B 95% CI p B 95% CI p B 95% CI p
Whole brain 0.112 [0.022;0.202] 0.0412 0.085 [0.015;0.155] 0.0340 0.030 [-0.048;0.108] 0.5988
Frontal lobe 0.100 [0.016;0.184] 0.0462 0.073 [0.007;0.139] 0.0524 0.023 [-0.050;0.096] 0.6252
Parietal lobe 0.121 [0.033;0.209] 0.0366 0.091 [0.022;0.160] 0.0229 0.032 [-0.044;0.108] 0.5988
Occipital lobe 0.114 [0.027;0.202] 0.0366 0.094 [0.026;0.161] 0.0201 0.047 [-0.028;0.122] 0.4400
Temporal lobe 0.062 [-0.015;0.139]  0.2200 0.036 [-0.024;0.096] 0.2778 0.047 [-0.019;0.113] 0.3911

Adjusted for age, sex, years of education, vascular risk factors, cortex volume, thromboembolic infarcts, lacunes

and WMH volume.

NAWM=Normal Appearing White Matter, MTR=Magnetization Transfer Ratio. p-values adjusted for multiple testing.



Lower mean MTR in WMH related to poorer performance in executive function tests
(B=0.038; 95%CI 0.008-0.069; p=0.033). The associations with test results in the other

cognitive domains were not significant.

Figure 7 demonstrates the associations between quartiles of mean MTR distribution in the
cortex and in NAWM of the whole brain and domain-specific cognitive test results. There
was a significant almost linear relationship between decreasing cortical MTR values and
impairment in memory and executive function. The association with motor skills was of
borderline significance and it was non-linear. For NAWM MTR a significant dose-effect

relationship existed for memory performance and executive function.

Mixed model analysis stratified by sex demonstrated that the relationship between MTR in
the cortex and memory as well as executive function scores was significant only in men but

not in women (table 6)
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Panel A: Cortex whole brain

Memory Executive function Motor skills
Category 4 Category 4 l Category 4
Category 3 Category 3 —l— Category 3
Category 2 —l— Category 2 — Category 2
—&— Category 1 —— Category 1 —8— Category 1
I ] I I ] ] I 1 [ I I I I [ I ] I I | I I ] | 1
-0.8 B 08 -038 B 0.8 -038 B 0.8
p for trend = 0.003 p for trend = 0.00007 p for trend = 0.017

Panel B: NAWM whole brain

Memory Executive function Motor skills
Category 4 Category 4 Category 4
Category 3 Category 3 Category 3
Category 2 Category 2 Category 2
—— Category 1 = Category 1 Category 1
[ | | | | | I 1 [ I | | | | [ | I I | | | | | |
-0.8 B 0.8 -08 B 08 -038 £] 0.8
p for trend = 0.023 p for trend = 0.039 p for trend = 0.95

Figure 7. Relationship between whole brain cortical (A) and normal appearing white matter
(NAWM) MTR (B) and domain-specific cognitive performance. Multiple regression analysis
adjusted for age, sex, educational level, vascular risk factors, cortex volume, silent non-
lacunar infarcts, lacunes and white matter hyperintensity volume compares the effect between
MTR quartiles on performance on tests of memory, executive function and motor skills with
the highest quartile of the MTR distribution serving as the reference. Squares on the x-axis
indicate the B-coefficients and bars give the 95% confidence intervals. (A) demonstrates that
decreasing MTR in whole brain cortical MTR related to poorer performance in memory,
executive function and motor skills tests. With decreasing MTR quartile distribution there was
an almost linear decline in memory and executive function performance. The association for
motor skills was non-linear. (B) demonstrates that also decreasing whole brain NAWM MTR
was significantly related to memory performance and executive function. The relative dose-
dependent effect of MTR in NAWM was less pronounced than that seen for cortical MTR.



Table 6. Multivariate linear regression analysis stratified for sex:
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Males Females
Memory Executive Motor skills Memory Executive Motor skills
MTR function function
p P p p p p p p p p
Cortex
Whole brain 0.265 0.007 0.193 0.002 0.133 0.154 0.048 0.660 | 0.077 0.203 0.092 0.314
Frontal lobe 0.253 0.007 0.180 0.003 0.107 0.254 0.028 0.809 | 0.077 0.203 0.090 0.314
Parietal lobe 0.257 0.007 0.209 0.000 0.133 0.154 0.051 0.623 | 0.072 0.212 0.066 0.462
Occipital lobe 0.250 0.007 0.216 0.000 0.133 0.154 0.063 0.480 | 0.075 0.203 0.084 0.314
Temporal lobe 0.225 0.013 0.145 0.024 0.131 0.154 0.040 0.707 | 0.060 0.284 0.092 0.314
Deep gray matter
Thalamus 0.063 0.416 0.071 0.061 0.045 0.440 | -0.013 0.809 | 0.031 0.316 0.028 0.566
Putamen 0.093 0.176 0.047 0.203 0.046 0.440 | -0.001 0.980 | 0.060 0.097 0.027 0.566
Pallidum 0.089 0.176 0.037 0.279 0.033 0.566 | -0.005 0.901 | 0.034 0.203 0.049 0.254
Caudate nucleus 0.044 0.623 0.048 0.203 0.010 0.880 0.024 0.707 | 0.076 0.024 0.039 0.440
Amygdala 0.072 0.228 0.050 0.173 0.038 0.440 | -0.010 0.809 | 0.011 0.633 -0.002 0.960
Accumbens nucleus -0.020 0.763 -0.006 0.760 0.010 0.854 0.005 0.901 | 0.043 0.097 0.016 0.645
NAWM
Whole brain 0.263 0.007 0.089 0.203 0.067 0.503 0.005 0.952 | 0.071 0.220 | -0.002 0.960
Frontal lobe 0.225 0.011 0.087 0.203 0.043 0.622 | -0.011 0.901 | 0.051 0.360 0.002 0.960
Parietal lobe 0.248 0.008 0.112 0.108 0.081 0.440 0.025 0.809 | 0.067 0.243 -0.009 0.960
Occipital lobe 0.276 0.007 0.118 0.097 0.096 0.314 0.026 0.809 | 0.074 0.203 0.012 0.949
Temporal lobe 0.204 0.020 0.029 0.616 0.097 0254 | -0.020 0.809 | 0.040 0.414 0.005 0.960

Adjusted for age, years of education, vascular risk factors, cortex volume, thromboembolic infarcts,

lacunes, and WMH volume.

MTR=Magnetization Transfer Ratio, NAWM=normal appearing white matter; WMH=white
matter hyperintensities; p values adjusted for multiple testing




When assessing a possible mediating effect of cortex and NAWM MTR on the relationship

between age and cognition, we found a significant mediation of cortical and NAWM MTR on

the relationship between age and executive function, but not on memory or on motor skills

(table 7).

Table 7. Analysis of mediating effects of MTR variables on the relationship between age
and cognitive test results:

MTR cortex whole brain
Total effect | Direct effect | Indirect effect Bootstrapped CI
memory -.0395 -.0344 -.0051 -.0114; .0006
executive function -.0211 -.0157 -.0055%* -.0103; -.0016
motor skills -.0408 -.0371 -.0036 -.0084; .0005
MTR NAWM whole brain
Total effect Direct effect Indirect effect Bootstrapped
CI
memory -.0397 -.0363 -.0034 -.0081; .0008
executive function -.0211 -.0183 -.0027* -.0059; -.0006
motor skills -.0413 -.0414 .0001 -.0026; .0031

Predictor variable=age; outcome variable=memory, executive function, motor skills; mediator

variable=MTR cortex whole brain, MTR NAWM whole brain. Abbreviations:

MTR=magnetization transfer ratio; NAWM=normal appearing white matter. Adjusted for

age, sex, years of education, vascular risk factors, cortex volume, thromboembolic infarcts,

lacunes, and WMH volume.

Significant indirect effects are marked (*)
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2" study: MTR and gait disturbances

Demographic, clinical and imaging characteristics of the study participants are summarized in
table 8. People who walked slower were significantly older and shorter as compared to their
faster counterparts. They were more often diabetics and suffered more frequently from

hyperuricemia.



Table 8. Characteristics of the study population by quartiles of walking speed.

Characteristics (N) Entire group (230) | WSP Quartile 1 (slowest) WSP Quartile 2 WSP Quartile 3 WSP Quartile 4 (fastest) Sig.
(58) (72) (50) (50)

Walking speed with 3 turns | 0.40 (0.10) 0.31(0.33) 0.39 (0.19) 0.44 (0.17) 0.53 (0.51) 0.001**

(m/s), mean (SD)

Age (years), mean (SD) 70.2 (4.9) 71.8 (5.0) 70.1(4.7) 68.8(4.7) 69.7(4.7) 0.013**

Female, N(%) 153 (66.5) 44(75.9) 41(56.9) 34(68.0) 34(68.0) 0.149°

Height (cm), mean (SD) 164.3 (8.3) 161.4(8.0) 166.0(8.7) 165.0(7.3) 164.6(8.5) 0.015**

Subjects with hypertension, | 165 (71.7) 47(81.0) 46(63.9) 37(74.0) 35(70.0) 0.182°

N(%)

Subjects with diabetes, 30 (13.0) 17(29.3) 8(11.1) 2(4.0) 3(6.0) 0.001%*"

N(%)

Subjects with 189 (82.2) 47(81.0) 58(80.6) 44(88.0) 40(80.0) 0.682°

hypercholesterolemia,

N(%)

Subjects with 40 (17.4) 14(24.1) 14(19.4) 7(14.0) 5(10.0) 0.226°

hypertriglyceridemia, N(%)

Subjects with 69 (30) 15(25.9) 30(41.7) 15(30.0) 9(18.0) 0.036*°

hyperuricemia, N(%)

Subjects with peripheral 1(0.4) 0(0.0) 1(1.4) 0(0.0) 0(0.0) 0.531°

vascular disease, N(%)

Subjects with venous 33 (14.3) 10(17.2) 7(9.7) 12(24.0) 4(8.0) 0.069°

embolic disease, N(%)

Normalized brain volume 990.3 (97.4) 974.0(95.8) 1000.0(100.4) 985.9(87.3) 999.7(104.2) 0411°

(cm3), mean (SD)

Normalized WMH volume | 13.3 (7.0;25.8) 11.7 (3.6;32.6) 12.7 (7.0;29.2) 14.7 (8.2;23.8) 14.4 (8.1;22.5) 0.663°

(cm3), median (IQR)

Lacunes, N(%) 32 (13.9) 10(17.2) 11(15.3) 6(12.0) 5(10.0) 0.696°

Silent, non-lacunar infarcts, | 13 (5.7) 5(8.6) 4(5.6) 2(4.0) 2(4.0) 0.689°

N(%)

WSP=walking speed; WMH=White Matter Hyperintensities; SD=Standard Deviation; IQR=Interquartile Range.
* Analysis of Variance (ANOVA)

b Chi2 Test
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There was no significant association between total WMH volume and gait velocity (B =
0.118, 95%CI -0.011-0.248, p= 0.073). Voxel-based lesion-symptom mapping (VLSM)

identified no voxel clusters in which WMH were significantly related to slower gait speed.

In the Voxel-based MTR symptom mapping (VMTRSM) analysis, we found significant
clusters of MTR voxels that were positively correlated with gait velocity bilaterally within the
frontal white matter (figure 8A). The association remained significant after correction for
multiple comparisons and adjustment for age, sex, height, brain volume and presence of
vascular risk factors that were significantly associated with walking speed (diabetes and
hyperuricemia). To examine the spatial relationship between these clusters and major white
matter tracts, we projected significant clusters from the VMTRSM analysis on the
probabilistic white matter tract atlas in MNI space. As shown in figure 8B, there was

substantial overlap with the forceps minor.

Figure 8. Voxel-wise analysis of the WM MTR positively associated with gait velocity. Adjusted for
age, sex, height, diabetes, hyperuricemia and brain volume. Thresholded at p<0.05 and FWE-corrected
for multiple comparisons. (A) The statistical map is superimposed on the MNI 152 standard space
template, (B) superimposed on the JHU DTI-based white-matter tract atlas. WM=White Matter;
MTR=Magnetization Transfer Ratio; FWE=Family-Wise Error; MNI=Montreal Neurological
Institute; DTI=Diffusion Tensor Imaging; image orientation follows radiological convention.
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Given the prominent association of MTR voxels and walking speed within the forceps minor,
we assessed the mean MTR of the forceps minor in standard space and used a linear
regression model, adjusted for age, sex, height, brain volume and vascular risk factors that
were significantly associated with walking speed (diabetes and hyperuricemia), to determine
the association between forceps minor MTR and gait velocity. Higher mean MTR within the
forceps minor was positively related with gait velocity (f=0.160; 95%CI 0.025-0.295;
p=0.02) (figure 9).

31

30

29

28

MTR

27

26

25

24

23 T T T T T T T T 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

walking speed

Figure 9. Correlation between walking speed (x-axis) and MTR of the forceps minor (y-axis).
MTR=Magnetization Transfer Ratio

This association remained virtually unchanged when global WMH volume or WMH volume
within the FM was added to the analysis (8=0.151,95%CI1 0.015-0.286; p=0.029) and
(B=0.161,95%CI 0.026-0.296; p=0.026), respectively.
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Figure 10 illustrates the associations between quartiles of mean MTR distribution in the
forceps minor and gait velocity. Analysis of covariance (ANCOVA), which we corrected for
age, sex, height, brain volume and vascular risk factors that were significantly associated with
walking speed (diabetes and hyperuricemia), showed an independent linear dose-effect
relationship between forceps-minor-MTR quartiles and gait velocity (p for linear trend

=0.016).
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0.420
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Figure 10 Analysis of covariance (ANCOVA) results. The mean MTR of the forceps minor
was divided in quartiles (x-axis), the first quartile (1) being the lowest. Values on the y-axis
represent the estimated mean walking speed of subjects within each quartile, adjusted for age,
sex, height, diabetes, hyperuricemia and brain volume. Increasing MTR values within the
forceps minor related to higher gait velocity in a dose-dependent manner (p for linear trend =
0.016). MTR=Magnetization Transfer Ratio
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Discussion

The discussion covers each study separately.

1* study: MTR and cognition

This section resembles in large the “discussion” of the paper by Seiler S, Pirpamer L,
Hofer E, Duering M, Jouvent E, Fazekas F, Mangin JF, Chabriat H, Dichgans M, Ropele S,
Schmidt R “Magnetization transfer ratio relates to cognitive impairment in normal
elderly” published in Frontiers in Aging Neuroscience 2014 Sep 25;6:263. doi:
10.3389/fnagi.2014.00263. eCollection 2014 (1)

In study#1, we assessed the association between MTR-determined microstructural tissue
changes in the cortex, NAWM and deep gray matter structures and cognitive performance in a
well-defined cohort of 355 older adults. The most striking result was that lower cortical MTR
related to performance in all cognitive domains examined. Regional analysis revealed that
associations were present across all lobes. Fascinatingly, we found an almost linear dose-
effect relationship between quartile distribution of cortical MTR and scores of memory,
executive function and motor skills. Within the deep gray matter nuclei, lowering of MTR

related mostly to executive dysfunction.

This is in line with our hypothesis that microstructural brain tissue alterations affect cognitive
performance according to their occurrence in distinct, well-defined brain regions. It is well
established that subcortical circuits spreading through the frontal lobes are important for the
maintenance of executive function. These networks interconnect the prefrontal cortex, the
striatum, the globus pallidus, the substantia nigra and thalamus (190,191).

Lesions within these circuits and interconnected structures are therefore important for the

pathogenesis of dysexecutive syndromes (66,192,193).

Intriguingly, the association between MTR in the NAWM and cognitive performance was
much weaker than that observed between MTR in the cortex and neuropsychological test
results. The consistent inverse relationship between cortex MTR and cognition in this study

in middle aged and elderly persons which was independent of the presence and extent of
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structural brain changes and normalized cortex volume suggests that widespread
microstructural tissue changes in the cortex are an important early substrate of age-related
cognitive decline. The cause for diffuse cortical MTR decrease during brain aging remains to
be determined. We realize that MTR calculations within the cortex are to be interpreted with
caution as diffuse cortical MTR reductions might simply reflect partial volume effects from
CSF as a consequence of age-related loss of brain parenchyma. CSF has MTR values
approaching zero and thus increased widening of sulci could result in a decrease of MTR in
voxels with mixed contributions from cortex and CSF. Several points argue against this
explanation. While the slice thickness of the MT sequence used in the current study was only
moderately thin, it had an in-plane resolution higher than the hires T1 scan that was used for
segmentation of the cortex. All analyses were corrected for cortical volume (194-196).
Moreover, all MTR masks in our study have been eroded by one voxel to avoid inclusion of
“edge” values, which should make CSF contamination of cortex MTR unlikely. It is also of
note, that an MTR decrease was associated with cognitive impairment not only in neocortical
but also in deep gray matter structures. Other than surface gray matter, which is surrounded
by CSF, deep gray matter structures are surrounded by white matter, which in case of partial

volume effects would have rather increased MTR values.

The histopathological tissue alterations that may lead to MTR lowering in the aging brain are
not yet determined. MTR post mortem comparisons were only done in patients with multiple
sclerosis (112,197). In these studies, MTR was considered to primarily reflect the amount of
myelin (148,198) in white matter structures, but also axonal count (148). A recent study also
reported MTR lowering with focal demyelination in the MS cortex (112).

In the aging brain demyelination often occurs as a consequence of cerebral small vessel
disease (5,199,200). If demyelination in the wake of cerebral small vessel disease was indeed
the leading cause for the MTR changes seen in our study we would have expected to find an
inverse relationship between MTR values in different tissue compartments and WMH
volume. This was not the case, neither for cortical MTR, nor for NAWM MTR. Thus, other
yet unknown microstructural changes might have been responsible. A recent study scanned
unfixed post-mortem brain slices of 12 multiple sclerosis patients by MTI at 1.5 Tesla,
assessed blocks containing non-lesional brain tissue microscopically, and microdissected
adjacent tissue to quantify specific protein levels (197). The authors reported that post-
translational modifications of axonal proteins such as phosphorylation of neurofilaments

occurred in non-lesional brain tissue and suggested that the resulting lowering of MTR was
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caused by a hyperphosphorylation-related change in proton mobility. Several mechanisms
driving neurodegeneration such as glutamate excitotoxicity or mitochondrial failure relate to
Ca’ " influx, activation of kinases and subsequent protein phosphorylation (201,202). Altered
cortical MTR in the aging brain may thus reflect hyper-phosphorylation of proteins and
pathologic accumulation of soluble and non-soluble proteins, a process that is known to
precede cell death in many primary degenerative diseases (203). In this context, a recent MTI
study in Alzheimer dementia and mild cognitive impairment is of interest (138). The authors
applied a model-based multiparameter approach that allowed to separately quantify the
presence and amount of macromolecules in pre-specified regions of interest and to investigate
the coupling characteristics of protons by modeling deposition and interactions between
macromolecules (138). MTI metrics indicating increased coupling to the environment which
can be expected under conditions of pathologic protein accumulation differentiated patients
with AD and MCI from controls with high accuracy. This suggests that MTI metrics
including MTR can depict changes in the macromolecular tissue composition caused by
neurodegenerative disease. This could be an explanation for our finding that a drop in MTR of
gray matter had much stronger effects on cognitive functioning than MTR lowering in the

white matter compartment.

Cortical and NAWM MTR mediated the association between age and executive function in
our analysis, but not between age and memory or motor skills. DTI studies found similar
mediating effects between age and executive function in NAWM of older adults (204,205).
Given the influence of higher age on both, MTR metrics and executive function, it is of
special interest that these mediating effects were present independent of atrophy. The brain’s
microstructure might change interindividually variable with aging and play an important part
in mediating age-related effects on cognitive performance, largely independent of cortical- or

subcortical atrophy.

Our study has several strengths. It is the largest cohort study using MTI to date. The study is
community-based with prospectively planned radiological and clinical protocols. Using MTI,
images with a much higher spatial resolution and signal-to-noise ratio can be produced than is
possible with DTT acquisitions. There are also no echo planar imaging-induced artefacts. The
high scan resolution allowed accurate registration of scans and segmentation of tissue types

and WMH. A thorough post-processing procedure and rigorous quality control of
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segmentations reduced the effects of coregistration errors and CSF contamination to a

minimum.

A limitation of our investigation is its cross sectional design.

The variability of MTR occurring in asymptomatic individuals is relatively low, but despite
that the associations between cortical MTR and cognitive performance were substantial with
little regional variability. At this point the importance of MTI in a clinical setting is unknown.
If a decrease in MTR indeed reflects alterations of the macromolecular tissue composition
resulting from age-related neurodegenerative processes, MTI metrics may turn out to be very
early markers of neurodegenerative processes during brain aging. There has been only a
single small longitudinal MTI study in Alzheimer patients, which showed a progressive
decrease of MTR paralleling cognitive decline over a one-year follow-up period (141).
Longitudinal data in cognitively healthy subjects or in cases with prodromal dementia are not
yet available. Such studies are warranted to determine the rate of MTR change over time
during normal and pathologic brain aging and to assess the role of MTR as possible imaging

biomarkers in dementia research.

2" study: MTR and gait disturbances

In study#2 of the PhD project, we assessed a large number of older adults free of stroke,
dementia and other neurological diseases with two observer-independent methods to identify
macro- and microstructural determinants of gait velocity: Voxel based lesion- symptom
mapping (VLSM) showed no voxel clusters in which WMH were significantly related to a
slower gait velocity. However, there was a dose-dependent association between MTR values
in the forceps minor and gait velocity, independent of age, sex, height, diabetes,
hyperuricemia, brain volume and WMH volume. Lower MTR, which is associated with

decreased myelin content (105), related to slower gait velocity.
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Our results are in line with DTI findings in normal aging and in patients with cSVD. De Laat
et al. (206) studied 429 individuals aged 50 to 85 years with cerebral small vessel disease.
These authors found loss of white matter integrity in the corpus callosum, particularly the
genu where the forceps minor crosses. Similar results were reported by Della Nave et al. (59)
and by Bhadelia et al. (104) who also showed that participants with abnormal gait had lower
FA in the genu of the corpus callosum. Even though DTI probes brain tissue organization
rather than brain tissue composition as MTI does, it is striking that previous DTI results in
large resemble our MTR finding. Microstructural brain tissue changes in the forceps minor
were consistently linked with gait disturbances both in normal aging but also in patients with

cerebral small vessel disease.

The forceps minor is a large fiber bundle that connects the bilateral prefrontal cortices of the
hemispheres (163,207), which play an important role in motor control, especially in older
adults (208). Intact interhemispheric connections may be important for maintaining motor
control at a high level (209). We observed no significant relationship between WMH and gait
performance in our community-dwelling sample. Moreover, the inclusion of WMH in the
regression analysis did not significantly change the association between microstructural
integrity of the forceps minor and gait velocity. The two previous DTI studies (59,104) also
found that DTI measures in the genu of the corpus callosum remained significantly associated
with poorer gait performance after adding WMH volume to the analysis. Under consideration
that more widespread WMH seen in elderly people are a marker of co-existing cSVD,
previous results and the results of current study indicate that factors other than cSVD may

also play an important role in the development of gait disturbances during aging.

Post-mortem studies, that correlate DTI measures and MTR with brain tissue alterations, are

thus likely to improve our pathophysiological understanding of age-related gait abnormalities.

The current study has several strengths. It is the largest cohort study on gait performance
using voxel-based MTR mapping to date. The study is community-based with prospectively
planned radiological and clinical protocols. Using MTI, images with a much higher spatial
resolution and signal-to-noise ratio can be produced than is possible with DTI acquisitions.
There are also no echo planar imaging-induced artefacts. The high scan resolution allowed

accurate registration of scans and segmentation of tissue types and WMH. A thorough post-
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processing procedure and rigorous quality control of segmentations reduced the effects of

coregistration errors and CSF contamination to a minimum.

There are also limitations. The study has a cross sectional design. Neurophysiological
examination to exclude peripheral neuromuscular disease was not performed. However,

participants were normal on standard neurological examination.

We realize that we tested the association between voxel values and walking speed in a far
larger number of voxels in MTR analysis that comprises the whole white matter, than in the
lesion based analysis. Consequently, the risk to find associations due to chance alone is
probably higher in the MTR analyses and by contrast, the risk to miss associations that
actually exist is probably higher in the lesion-based analysis. In this study, besides FWE-
control, the symmetry of our findings in both hemispheres is a strong argument against

findings due to chance alone.

Some subjects originate from the same families. This might lead to correlated errors in the
statistical models. FSL includes no regular option to correct voxel-wise analyses for family
structure. Including for instance random effects would be very difficult to interpret. However,

we consider this a minor issue here, given the small number of subjects per family.

In conclusion, our study provides new evidence for the importance of microstructural brain
tissue changes in gait disturbances at older age, particularly in the forceps minor.
Identification of the pathophysiological origin of these MR-detected tissue alterations is of

clinical importance as therapeutic measures may be derived.

Summary/general conclusion

In the course of this PhD project, we found evidence for the importance of microstructural
brain tissue changes in aging. MTR lowering was associated with cognitive decline and
poorer gait performance, independent of visible atrophy. Study #1 found associations between
lower MTR and poorer cognitive performance mainly in the neocortex. Although there is
some preliminary concept on the pathophysiological correlate of MTR in the cortex, no

histopathological studies have yet been performed to relate MTR to specific cortical
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macromolecules. Therefore, we hope that our results may stimulate future research in this
field, as it would be highly warranted to know the correlates of MTR lowering on the tissue
level.

In study #2, we evidenced an association between MTR in the forceps minor and gait
velocity. This is important, because the location of MTR lowering in the forceps minor was
found using an observer-independent method and the location of MTR lowering seems to
determine the clinical phenotype. In the white matter, MTR corresponds most likely to myelin
content. Importantly, the associations found in our study were independent of visible WMH.
This strengthens the theory that visible WMH, caused by chronic hypoperfusion or cerebral
small vessel disease are only the tip of the iceberg while widespread, strategically relevant
microstructural tissue damage is present, maybe years before visible changes occur. As
described in the former chapters, MTR is an attractive method to study the microstructure of
the brain because it has several advantages as compared to DTI that is much more known and
used. It produces fewer artifacts, a higher resolution is possible and the acquisition only takes
a few minutes. Although these advantages, MTR is currently underrepresented in the study of
age-related brain changes. The scarce literature on MTI in normal aging, cSVD and dementia
shows that lower MTR relates to worse cognitive performance in every single entity. Little is
known about the histopathological basis that underlies the MTI results and their relationship
with cognitive functioning. Oedema and demyelination give influence MTR values, and in the
multiple sclerosis literature, good correlation was found between the grade of demyelination
and axonal loss and MTR (210). Lowering of MTR due to demyelination as a consequence of
incomplete tissue destruction due to small vessel disease is the most likely substrate of MTR
alterations in NAWM during normal brain aging and in patients with various types of small
vessel disease-related brain lesions including WMH, lacunes, and microbleeds. The origin of
cortical MTR changes in MCI and AD and normal aging is also not known but maybe
resembles changes in the cortical macromolecular tissue composition caused by
neurodegenerative disease (138). The second pertinent question regarding MTT besides its
histopathological basis is the prognostic significance of MTR changes. Longitudinal studies
are still scarce and are needed to determine if MTR in NAWM and gray matter will allow the
prediction of cognitive decline beyond focal and diffuse brain abnormalities such as atrophy

in normal aging and AD and if it can determine the conversion from MCI to dementia (105).
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Biomarker research using neuroimaging is currently a rapidly evolving field of science. We
hope that our results may motivate researchers to apply MTR with more confidence in their

work, as MTR may serve as a helpful outcome measure in treatment studies.
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