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ABSTRACT
Visual short-term memory (vSTM) capacity represents the maximum number of visual items that can
be perceived and stored into vSTM. One way to measure it is by using simple psycho-physical
experiments together with the theory of visual attention (TVA) computational framework in which
visual processing is conceived as a race between objects to be consciously perceived and stored into
vSTM. The neural theory of visual attention (NTVA), which gives an interpretation of the TVA at
both the cellular and systemic level, suggests that recurrent loops between posterior thalamus and
visual cortices are relevant for vSTM capacity. Nevertheless, no clear evidence for the role of
posterior thalamus and its connection to visual cortices in vSTM capacity has been found thus far.
This thesis investigated the role of posterior thalamo-cortical connectivity in vSTM capacity in healthy
young individuals as well as in two populations that have shown to exhibit both vSTM capacity
impairments and posterior cortical and subcortical white matter damages: healthy aging and premature
birth. We found that vSTM capacity in healthy young adults was significantly associated with the
tracts connecting posterior thalamus to occipital cortices and their microstructure. However, this
association was modified in elderly individuals and in young adults born prematurely, in which the
recruitment of additional, cortico-cortical, tracts, takes place. Together, these findings bring the first
structural evidence for the NTVA model with respect to the relevance of posterior thalamo-cortical
tracts for vSTM capacity and show how alterations of these tracts affect vSTM capacity.
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OVERVIEW
Every day, our visual system is confronted with more stimuli that it can process due to its limited
resources. Indeed, the number of visual items that can be stored into visual short-term memory
(vSTM) or vSTM capacity – and be consciously perceived - is limited to a few items, usually around
four. The theory of visual attention computational framework (TVA, Bundesen et al., 1990) allows for
parametric quantification of such vSTM capacity independently of other attentional sub-functions.
According to the neural interpretation of the TVA or NTVA (Bundesen et al., 2005), recurrent loops
between the thalamus and parieto-occipital cortices subserve vSTM capacity. However, there is no
clear evidence for the relevance of posterior thalamo-cortical connectivity for vSTM capacity.
Therefore, as suggested by NTVA, we first investigated whether posterior thalamo-cortical structural
connectivity was associated with vSTM capacity in a group of healthy young adults aged 21 to 53
years.
Using the TVA framework, it has been shown that aging was associated with a reduced attentional
capacity i.e lower processing speed and reduced visual short term memory storage capacity
(McAvinue et al., 2012, Wiegand et al., 2014a). Similarly, it has been shown that early life adversity
such as premature birth was also associated with long lasting impairments in vSTM capacity
(D’Onofrio et al., 2013, Finke et al., 2015). Nevertheless, the structural underpinnings of this
impairment in both populations remain unclear. Interestingly, it has been shown that both aging and
premature birth lead to alterations in posterior white matter microstructure and connectivity (Vernoiij
et al., 2008 , de Groot et al., 2015; Ball et al., 2012; Counsell et al., 2007; Meng et al., 2015). Thus, we
investigated the relevance of posterior thalamo-cortical connectivity for vSTM capacity in healthy
individuals aged 20 to 77 years and in young adults born prematurely.
In the introduction I will describe the TVA model and its neural interpretation (NTVA), the
experimental methods to obtain a vSTM capacity measure and the different ways to study thalamocortical connections. Since the first study investigated vSTM capacity together with attentional
selection, the method to assess attentional selection parameters will be presented as well. Lastly, I will
introduce two models of vSTM capacity deficits and posterior white matter alterations, healthy aging
and premature birth. Finally, the three guiding hypotheses of the thesis are presented: (i) Based on the
NTVA model and macaque studies of attentional selection, we hypothesized that vSTM capacity and
top down control are associated with the structural connectivity of posterior thalamus to occipital
cortex, (ii) Since it has been shown that vSTM capacity and posterior white matter microstructure
were impaired in elderly individuals, we investigated whether the association between vSTM capacity
and the structural connectivity of posterior thalamus to occipital cortex (PT-OC) might be affected by
aging (iii) Finally, based on changes in thalamo-cortical connectivity in preterm-born infants and on
the emergence of compensatory activity pattern in posterior cortices associated with vSTM capacity
in preterm born adults, we hypothesized that the association between vSTM capacity and the posterior
thalamo-cortical tracts microstructure changes following preterm birth. The three studies addressing
these hypotheses respectively are then presented.
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In brief, all three studies provided evidence for the three stated hypotheses i.e., we provide strong
empirical evidence for the critical role of the structural connectivity of posterior thalamus to occipital
cortices for vSTM capacity.
In the end I will discuss the three studies main findings in detail i.e. the association between vSTM
capacity and the structural connectivity and integrity of posterior thalamus to visual cortices in healthy
individuals and individuals with early and late life disturbances. This thesis is based on three papers:
Structural connectivity between posterior thalamus and occipital cortices underpins visual short-term
memory capacity and attentional weighting in humans (under review in NeuroImage); Aging
modulates the association between vSTM capacity and the structural connectivity of posterior
thalamus to occipital cortices (in prep.); Impaired visual short-term memory capacity is distinctively
associated with structural connectivity of the posterior thalamic radiation and the splenium of the
corpus callosum in preterm-born adults (published in NeuroImage in 2017).
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1 INTRODUCTION
1.1 Visual attentional capacity and the Theory of
Visual attention framework
Our environment is composed of more stimuli than our visual system can process. Thus, it is
necessary to filter out relevant information from irrelevant one. This function is called visual attention.
Considering the limited processing resources of the visual system, objects of the environment compete
to be selected i.e. encoded into visual short term memory (vSTM). This competition can be biased by
attention so that the most important objects are favored. This constitutes the basis of the biased
competition model by Desimone and Duncan (1995) and a core principle of the Theory of visual
attention mathematical model formulated by Bundesen in 1990.

1.1.1 Biased Competition, attentional selection and capacity
The biased competition model by Desimone and Duncan (1995) has profoundly influenced the domain
of cognitive psychology and neuroscience. It describes the mechanisms underlying selective visual
attention. According to this model, objects represented in the visual field compete for access to the
limited processing resources of the brain. Biased competition elucidates this competition so that the
more important objects are given more processing resources. Indeed, both target- and non-target
stimuli compete for attention which is resolved by bottom up and top down processes. For example, if
a red apple, which is the target, is located in the middle of a box of yellow apples, bottom up processes
take place based on the saliency of the visual object (red apple) whereas top down processes represent
goal oriented processes such as aiming to find the blue target and then the green one. Both bottom up
and top down processes will influence which objects are represented and stored into visual short term
memory (vSTM). Objects that are stored into vSTM are done so in an accessible form to interact with
the changing environment.
At the cellular level, the biased competition model is based on the assumption that the amount of
competition is affected by the size of the receptive fields in visual areas, with large receptive fields
leading to increased competition. The size of the receptive fields increases from the primary visual
cortex toward the inferotemporal cortex. In the biased competition model, information about any
stimulus decreases as more objects enter the receptive field. When several objects enter a cell’s
receptive field, they supposedly compete for the limited processing resources. Evidence for this
mechanism has been found in single cells recordings in higher visual areas such as V2 and V4, but not
primary visual areas. (Luck et al., 1997; Reynolds, Chelazzi & Desimone, 1999). At the system level,
frontoparietal networks, posterior parietal and occipital cortices as well as posterior thalamic nuclei
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including the pulvinar are supposed to be the regions relevant for biased competition. To sum up, the
biased competition model suggests that the need for attentional selection arises from the competition
between objects in the visual field and is influenced by both the properties of the objects and the goal
of the task.

1.1.2 Modeling visual attention in TVA
Similarly, visual processing in TVA is conceived as a parallel race between objects of the visual
display to be represented in the vSTM store (Bundesen 1990). According to the TVA, an object can be
consciously recognized only if one or several properties of this object can be encoded into vSTM.
Using different colored shapes in a visual array, Luck and Vogel (1997) directly assessed the capacity
of vSTM and showed that it was around 4 items, it did not vary when increasing display duration. This
constitutes the capacity of vSTM or parameter K in TVA. The TVA model also specifies that although
all objects in the visual field are processed independently and in parallel, they are not processed
equally fast. If the vSTM store is filled, no further objects can be encoded. If the store is not fully
filled, the probability of an object encoding will be determined by the processing rate which reflects
the amount of total processing capacity allocated to the object (its attentional weight). This mechanism
is described by the rate equation of TVA:
𝜈 (𝑥, 𝑖 ) = 𝜂 (𝑥, 𝑖 )𝛽!

𝑤$
∑%&' 𝑤%

Where 𝜈(𝑥, 𝑖 ) represents the processing rate at which a visual categorization “x belongs to i“ is
encoded into vSTM, 𝜂(𝑥, 𝑖 ) is the strength of the sensory evidence that x belongs to category i, 𝛽! is the
perceptual bias associated with category i with 0<𝛽! <1 and

")
∑*+, "*

represents the relative attentional

weight of object x. More specifically, 𝑤$ is the weight of object x and ∑%&' 𝑤% represents the sum of
weights across all objects in the visual field 𝑆.
The sum of the processing rates for all objects in the visual environment constitutes the total
processing speed of the visual system or parameter C. Together, vSTM capacity K and visual
processing speed C parameters constitute attentional capacity.
The attentional weight of an object x is determined by bottom up and top down generated bias signals.
It is described by the weight equation of TVA:
𝑤$ = 2 𝜂(𝑥, 𝑗 ) 𝜋(
(&)
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Attentional weights are derived from pertinence values 𝜋j. Every visual category j has a pertinence, 𝜋j,
which is a nonnegative real number representing the temporary importance of attending to objects that
belong to category j. In this equation, R is the set of all visual categories and 𝜂(𝑥, 𝑗 ) the strength of
sensory evidence that object x belongs to category j. Thus, the weight equation of TVA is a weighted
sum of pertinence values.
The computation of attentional weights as described by the equation above allows for comparison of
weights between different objects and thus provides the basis of two additional parameters: the
efficiency of top down control of attention or parameter α which reflects the task related differences in
weights for targets wT and distractors wD and is defined by the ratio

"5
"6

, and the spatial attentional bias

(parameter wlat ) which describes the spatial distribution of attentional weights across the left and right
visual hemifields and is defined by the ratio

"789:
"789: +";<=>:

. Accordingly, a value of wlat = 0.5 indicates

balance weighting across hemifields. The TVA model contains a 5th parameter called perceptual
threshold or t0 which is a measure of the lower threshold for visual perception i.e it is the time at
which the processing race starts and objects in the visual field start to have a probability above 0 of
being recognized.

1.1.3 TVA and the brain: NTVA and the particular relevance of
thalamo-cortical connections

Cellular Interpretation
The Neural Theory of Visual Attention (NTVA) is based on event related potentials and single-cell
recordings in monkeys and provides an interpretation at the cellular level of the rate and weight
equations. Together, those equations describe two mechanisms of selection, one for the selection of
objects called filtering and another for selection of features called pigeonholing. Filtering and
pigeonholing are terms used in reference to Broadbent (1971). Filtering changes the number of
neurons representing an object so that the number of neurons increases with the behavioral importance
of the object, while pigeonholing influences the level of activation of neurons coding for a specific
feature. Based on these two mechanisms, behaviorally relevant features and objects will dominate and
become encoded into vSTM. Thus, the total activation representing a visual categorization “object x
has feature i” described by the rate equation is proportional to the number of neurons representing the
visual categorization, as regulated by filtering, and the level of activation of the individual neurons
representing the categorization as regulated by pigeonholing. According to NTVA, a neuron in the
visual system is assumed to represent one single feature which can be a simple physical feature or a
micro feature in a wide representation. This neuron can also respond to the properties of solely one
object at any given time. Moreover, the activation of a neuron corresponds to the increase in firing rate
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above a baseline rate which represents the undriven activity of this neuron. A neuron gets activated by
the appearance of an object in its receptive field. If the baseline is zero, then activation corresponds to
the firing rate. Such activation can be calibrated independently of filtering, i.e., independently of the
number of neurons coding for an object. This calibration of firing rates corresponds to 𝛽! values in the
rate equation.
As mentioned previously, filtering influences the number of neurons coding for an object with a
higher number of neurons corresponding to higher behavioral importance of the object, so that
important objects are represented in many cells. Considering that the attribution of processing
resources depends on the attentional weight of objects, the computation of the weights must precede
such attribution of resources. Thus visual processing is divided into two processing waves, the first
unselective and the second selective. In the first wave, processing resources are distributed randomly
(unselectively) across the visual field resulting in the computation of one attentional weight per object
of the visual field which is stored into a priority map. In the second wave, the reallocation of visual
processing capacity based on the attentional weights takes place through dynamic remapping of the
receptive fields of cortical neurons. As a result, the higher the attentional weight of an object, the
higher the number of neurons allocated to this object. Thus, the dynamic remapping of receptive fields
corresponds to the filtering mechanism. The second wave of processing is said to be selective since the
number of neurons coding for the object (processing resources) varies with the attentional weight of
the object. Given that more processing resources are allocated to more important objects than less
important ones, important objects are more prone to be encoded into vSTM. The vSTM system can be
considered as a feedback mechanism sustaining the activity of the neurons that have won the
competition. Such feedback mechanism follows the notion formulated by Hebb (1949) that short-term
memory relies on the activity of neurons coding for the selected information which is sustained in a
positive feedback loop. This notion has since gained wide acceptance in neuroscience. A main
candidate for this feedback mechanism is thalamo-cortical interaction which is also suggested in the
NTVA model.

Systems-level interpretation
Indeed, the NTVA does not depend on any specific brain localization of the neural computations it
describes. Nevertheless, it is important to consider how the computations are distributed across the
brain and one possibility is the thalamic model of NTVA (figure 1). According to this model, visual
inputs from the retina enter the lateral geniculate nucleus (LGN) of the thalamus and are then
transmitted to the striate and extrastriate visual cortices. There, individual perceptual values of the
objects 𝜂 are computed and multiplied with their pertinence values 𝜋 before entering the pulvinar
nucleus of the thalamus where the saliency map of objects is assumed to be located. In the pulvinar,
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products are summed up as attentional weights. This constitutes the first and unselective wave of
processing (Fig1).

Figure 1: NTVA thalamic model of visual processing. Reproduced with permission from
Bundesen et al., 2005

During the second and selective wave, weighted information 𝑤 is processed from the pulvinar to
higher level visual cortical areas so that objects with higher attentional weights are processed by many
neurons. The resulting perceptual values 𝜂 are multiplied by bias values 𝛽 and their products are
transmitted from the cortex to a vSTM storage capacity map of locations localized in the thalamic
reticular nucleus (TRN). This topographically organized map does not represent (per se) the
characteristics of the selected objects, but rather operates as an indication of their location. Thus,
neurons representing the characteristics or features of objects in the visual cortex are kept active once
the sensory stimulation has disappeared by reciprocal connections to the corresponding areas in the
vSTM map of locations of the TRN. This feedback interaction between sensory neurons and the
vSTM map of locations allows visual representation to remain despite the sensory stimulation
disappearing.
Figure 2:
Winner-take-all network.
Arrows represent excitatory connections
and lines ending in solid circles represent
inhibitory connections. Reproduced with
permission from Bundesen et al., 2005.
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Finally, encoding information into vSTM starts every time the map is cleared of the previous activity
(initialized). The process of selection operates in a winner-take-all manner, i.e., the first
representations of objects in the vSTM map prevent further representation of objects from entering
(figure 2). This winner-take-all network functions in the following manner: When externally triggered,
all nodes in the network excite themselves while inhibiting each other. In more detail: once a node is
externally triggered, its activity will sustain itself while inhibiting the other nodes so they can no
longer be activated by external stimulation. Thus, when fewer than K units are active, an external
stimulation can still overcome the inhibition. However, when K objects are active, an external
stimulation corresponding to a new object cannot activate a new object node anymore. This K-winnertake-all network also explains the limitation of storage capacity of vSTM to only K active objects at
the same time.

1.2 Experiments: psychophysical assessment of
attention functions
In the TVA framework, measures of attentional capacity (vSTM capacity K, processing speed C, and
perceptual threshold t0) and attentional selection (top down control α, spatial bias ѡlat) can be obtained
using a whole and partial report paradigm, respectively. Both paradigms are composed of briefly
presented letter arrays appearing on a black screen and preceded by a fixation point. The letters’
exposure duration is determined for each participant individually in a pretest session. In both tasks, the
presented letters are randomly chosen from a predefined set and appear only once in a given trial.
Following stimulus presentation, participants are asked in the whole report task to verbally report to
the experimenter every letter they are fairly certain to have seen while only reporting the target letters
for the partial report task. The verbal report of individual letters is performed in arbitrary order and
without speed constraint. In order to avoid too liberal or too conservative responses, participants
receive after each trial a visual performance feedback displaying the correctness of the letters actually
reported and allowing them to adjust their performance, e.g. guess less, when the accuracy is below
70% or to try to report more letters when it reaches 90%. During both whole and partial report tasks,
the experimenter is sitting behind the participant and manually enters the letters reported by the
participants on a keyboard. The applied neuropsychological study that aimed at assessing parameters
K, C, α and wlat in patients was implemented by Duncan and colleagues (Duncan et al., 1999).
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1.2.1 Assessment of attentional capacity: The whole report
paradigm
The original whole report paradigm designed by Duncan and colleagues (1999) displayed five letters
in a column either on the left or on the right side of the screen. Letters were flashed during a welldefined presentation time, or exposure duration, and followed by pattern masks in half of the trials in
order to erase the visual afterimage and thus control exactly the time the stimuli are available for
processing. Five exposure duration times set during a pre-test session are used in such a version of the
whole report task. It is advised to precede the testing by a short practice session of 30 to 40 trials so
the participant can get used to the task. A reliability study by Finke and colleagues (2005) has shown
that 192 trials were sufficient to get reliable measures of vSTM capacity K and visual processing
speed C. Following a sufficient number of trials with exposure times avoiding floor and ceiling
effects, the number of correct letters reported is estimated as a function of exposure duration (see
figure 3). Parameter t0 (in ms) represents the visual perception threshold below which no letters can be
reported. The number of correct letters reported increases as the exposure duration t increases above
t0. The slope of the curve for t = t0 represents the visual processing speed parameter C while the
maximum storage capacity of vSTM, parameter K corresponds to the asymptote curve where the
number of corrected reported letters is stable while exposure duration continues to increase. For more
details on the fitting procedure see Kyllingsbaek and colleagues (2006).

Figure 3: Typical performance curve of a whole report paradigm. Reproduced with permission
from Habekost et al., 2005.

The original whole report paradigm described above was used in the third study of this thesis while a
modified version was used in our first and second studies due to event-related electroencephalography
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(EEG) assessment (See figure 4). In this modified version of the task, letters are briefly presented on
an imaginary semi-circle rather than in a column. Moreover, for event related components (ERP)
assessment with EEG, it is necessary to ensure balanced visual stimulation in both hemifields. Thus,
symbols were presented in the visual hemifield opposite to the target stimuli. Furthermore, due to the
special requirements of ERP assessment; some of the experimental trials in the whole and partial
report tasks were repeated more often than others. These specific manipulations, however, should not
affect the TVA parameters derived from fitting report accuracy in the different conditions. For details
about fitting procedure see Dyrholm et al., 2011.

Figure 4:
studies.

Example of the EEG-adapted whole report paradigm used in our first and second

1.2.2 Assessment of attentional selection: The partial report
paradigm
In the partial report task, two types of stimuli are flashed on the screen, target letters and distractor
ones. The aim of the task is to report only the target letters and ignore the distractors. There are three
different combinations of stimuli that can be presented, one single target letter, two target letters or
one target letter and one distractor. When both a target and a distractor are presented, performance, i.e.
report of the target, will be reduced compared to when only one target is presented. The report of the
target will suffer even more when it is presented together with a second target of equal relevance. The
relative performance in the target plus distractor condition might be either more equal to that of the
single target condition (reflecting efficient selection) or might be more equal to that of the dual target
condition (indicating less efficient selection). This allows the measure of top down selectivity
efficiency (or top-down control), parameter α. As described previously, α reflects the task related

1.2

Experiments: psychophysical assessment of attention functions

10
"

differences in weights for targets wT and distractors wD and is defined by the ratio "5 . Thus, an α value
6

of 1 indicates no selectivity between targets in distractor while perfect selection would correspond to
an α value of 0. Since in reality selection is not perfect, the lower the α value of an individual, the
better his top down control. As both targets and distractors can be displayed on the left and right visual
hemifield, a measure of the spatial distribution of attentional weights across the left wleft and right wright
visual hemifield can be obtained. This represents the spatial distribution of attentional weights
parameter wlat. A wlat value of 0 indicates balanced weighting across hemifields whereas a value of
wlat > 0,5 indicates a leftward spatial bias and a value of wlat < 0,5 indicates a rightward bias.

Figure 5: example of a partial report task

The psychometric properties of TVA-based assessment, such as the reliability of the tests, have been
investigated in several studies. Using bootstrap methods, Habekost and Bundesen (2003) and
Habekost and Rostrup (2006) have shown that the measurement error related to each of the TVA
parameters was very low, especially for the K parameter. Bootstrap statistics was also used by Finke
and colleagues (2005) to compare parameters estimates based on full or subsets of datasets. They
demonstrated that after just 192 trials, K and C parameters were highly stable, thus implying that a
minimum of 30 min testing is necessary to obtain reliable results. In a more general study, Habekost
and colleagues (Habekost et al., 2014) found that TVA-based assessments provided more reliable
results than the attentional network test (ANT; Fan et al., 2002). Another strength of TVA-based
assessment is its specificity, with five different aspects of attention being measures separately. With
the exception of K and C being moderately correlated with each other (r = 0,3 to 0,4), TVA parameters
are not correlated with each other. Moreover, as neither the whole nor the partial report tasks involve
reaction time measures, the influence of motor processes on performance is removed. Finally, TVA-
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based assessment is very sensitive. Indeed, it has been used successfully to assess attention deficits in
a wide range of disorders and diseases such as neglect (Duncan et al., 1999; Habekost and Bundesen
2003), simultagnosia (Duncan et al., 2003), alexia (Starrfelt et al., 2009; Starrfelt et al., 2010), stroke
(Habekost and Rostrup 2006; Habekost and Rostrup 2007), mild cognitive impairment (Bublak et al.,
2006; Bublak et al., 2011; Redel et al., 2012), Alzheimer’s disease (Sorg et al., 2012), Huntington’s
disease (Finke et al., 2006; Finke et al., 2007) or ADHD (Finke et al., 2011; McAvinue et al., 2012).
Given such advantages, TVA based assessment constitutes the appropriate tool to investigate attention
in healthy individuals and in people with brain alterations such as older individuals or individuals born
prematurely.

1.3 Investigating thalamo-cortical connections
with Diffusion Tensor Imaging (DTI)
As previously presented, the NTVA suggests interactions between thalamus and visual cortices to
subserve vSTM capacity. Thus, it seems highly relevant to focus our investigation on the white matter
tracts connecting those regions and their properties. In order to assess the structural characteristics of
thalamo-cortical connections, two types of analysis can be done: investigation of thalamo-cortical
tracts’ microstructure and reconstruction of pathways via fiber tracking. Both analyses are performed
on diffusion weighted imaging data.

1.3.1 Basic principles of DTI
Diffusion Tensor imaging is an MRI technique providing in vivo non-invasive mapping of white
matter tracts at a millimeter resolution (Le Bihan et al., 1988; Le Bihan 1990; Basser et al., 1994). It
measures the displacement of water molecules at the scale of tens of microns and is extremely
sensitive to changes in tissue microstructure. It is based on the principle that at non-zero temperature,
water molecules are in constant motion, which is also known as Brownian motion. In free water,
molecules can diffuse equally in all directions, a phenomenon which is called isotropic diffusion.
However, in biological tissues, the diffusion of such water molecules will be restricted by cell
membranes and organelles, thus resulting in anisotropic diffusion. This is particularly the case in
axons where water molecules will diffuse primarily according to the main orientation of the axons
whereas diffusion will occur almost equally in all directions in grey matter or cerebro-spinal fluid.
Based on such differential diffusion patterns, it is possible to distinguish white matter and delineate
tract pathways. By applying magnetic gradients in different directions it is possible to estimate the
diffusion of water molecules in the entire brain. The direction of maximum diffusivity has been shown
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to coincide with the white matter fiber tract orientation (Moseley ME et al., 1990; Pierpaoli and
Basser, 1996). The diffusion information can be modeled in 3D space using a tensor. A tensor is a 3x3
matrix subjects to diagonalization and resulting in a set of three eigenvectors. A tensor can be
visualized as an ellipsoid where the three eigenvectors represent the major, medium and minor axis of
the ellipsoid and the corresponding three eigenvalues (λ1 λ2 λ3) represent the apparent diffusivities
along these axes (see figure 6 A and B). From the tensor, one can determine the direction of maximum
diffusivity or estimate the diffusivity in any arbitrary direction (Jellison et al., 2004). A typical
diffusion MRI sequence is composed of a non-diffusion weighted image called b0 as well as a number
of direction-related gradient images (minimum 6 directions and in clinical use, usually around32).
Several measures can be derived from the tensor, each supposedly reflecting different properties of
white matter. Fractional anisotropy (FA) describes how directional diffusion is (Basser and Pierpaoli,
1996) with 0 < FA < 1. A FA value close to 1 indicates that water molecules diffuse along one main
direction while a value close to 0 suggests no preferential direction of diffusion. In parallel fiber
bundles, FA values will typically be very high while in case of degeneration or demyelination, FA
values will be lower (see figure 6D). Thus, FA as well as mean diffusivity, (MD) which represents the
average diffusion along the 3 axis of the ellipsoid, radial diffusivity (RD), which represents the
diffusivity perpendicular to axonal fibers, and axial diffusivity (AD), representing the diffusion
parallel to the axon fibers, reflect the microstructure of white matter (see figure 6C). A change in any
of these values is indicative of changes in white matter microstructure, often referred to as white
matter integrity. Those measures are derived in both animal and human studies. The results of these
studies suggest compatibility between species which makes these measures highly relevant for the
study of abnormal developments or diseases.

1.3

Investigating thalamo-cortical connections with Diffusion Tensor Imaging (DTI)

Figure 6: Principles of Diffusion tensor imaging and main output measures (adapted with
permission from Jellison et al., 2004). A: Fiber tracts have an arbitrary orientation with respect to
scanner geometry (x, y, z axes) and impose directional dependence (anisotropy) on diffusion
measurements. The three-dimensional diffusivity is modeled as an ellipsoid whose orientation is
characterized by three eigenvectors(ε1,ε2,ε3) and whose shape is characterized by three
eigenvalues (λ1, λ2, λ3). B: This ellipsoid model is fitted to a set of at least six non collinear
diffusion measurements by solving a set of matrix equations involving the diffusivities and
requiring a procedure known as matrix diagonalization. C: Example of b0, DWI, MD images of a
subject. On the right side, an example of an FA image modulated by the main eigenvector V1 is
shown (red represent a left-right orientation, green antero-posterior and blue up and down
orientation). On the bottom left, an example of FA skeleton obtained by TBSS is shown as well as
an example of probabilistic tractography between left occipital cortex (in blue) and left thalamus
(green). The color gradient from red to yellow represent the number of streamlines generated
from the seed region that reach the target region with yellow representing a higher number of
streamlines. D: MD and FA formulas.
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1.3.2 Investigating white matter microstructure with TractBased Spatial Statistics
When investigating white matter microstructure in healthy or diseased populations, studies commonly
used voxelwise analysis of FA images. However such investigations are compromised by the use of
standard registration algorithms, which do not account well for differences in brain structure, caused,
e.g., by age or neurodegenerative diseases, and, thus, potentially lead to false discoveries. Another
issue with voxelwise analysis comes from the fact that no satisfactory solutions regarding the
alignment of FA have been found and that there is no universal agreement on the issue of spatial
smoothing.
Tract-Based Spatial Statistics (TBSS; Smith et al., 2004; Smith et al., 2006) aims at overcoming such
difficulties via the use of non-linear registration and projection onto an alignment-invariant tract
representation, the mean FA skeleton. Globally, after being obtained via tensor modeling, FA images
are aligned to a template, usually from the Montreal Neurological Institute (MNI) via non-linear
registration, thus enabling FA group comparisons. All standardized FA images are then merged
together to create a mean FA image and ran into a skeletonization program to obtain the mean FA
skeleton image. The skeleton provides the location of the center of white matter tracts and is
thresholded to FA > 0.2 in order to keep the main tracts. A distance map from the skeleton mask is
then created so that each subject’s FA image can be projected onto the mean FA skeleton (see figure
6C). The file containing all subjects’ skeletonized FA images is then used for voxelwise statistics
using permutation testing, for example to examine which FA voxels are significantly different
between term and preterm born adults or between young and old adults. Although a whole brain
approach using the mean FA skeleton is often used, it is also possible to use regions of interest (ROIs),
such as the splenium of the corpus callosum, obtained from an atlas. Combining ROIs created from an
atlas with the TBSS skeleton can allow us to investigate the anisotropy of white matter tract such as
posterior thalamic radiations or splenium of the corpus callosum without doing tractography or
tracing-based tract estimation and without worrying about the extent of spatial smoothing that should
be used. Such advantages make TBSS a widely used and reliable method to analyze changes in white
matter properties.

1.3.3 Studying thalamo-cortical structural connectivity with
probabilistic tractography
Measures such as FA and MD are based on the principal direction of water diffusion, and thus
indirectly reflect the microstructure of white matter tracts. Nevertheless, they do not provide
information about the pathway connecting two regions, such as, for example, the thalamus and the
occipital cortex. The optimum standard in measuring connections has been neuroanatomical tracing
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which consists in injecting a compound in a specific location of the brain. The localization of the
compound in locations distant from the original injection site provides strong evidence for a
connection between the two regions (Schuz, 2002). Unfortunately, it is not possible to use such
methods to study connections in vivo. Thanks to the fast improvements of MRI in the 1980s and
1990s effective methods to measure function and structure non-invasively were developed. Diffusion
MRI tractography is currently the only available tool to estimate in vivo the trajectories of white
matter in the brain. Tractography integrates voxelwise fiber orientations into a pathway connecting
brain regions. The two main types of tractography are deterministic (Mori et al., 1999) and
probabilistic tractography (Behrens et al., 2003). In deterministic tractography, each streamline
generated follows the main direction of diffusion of each voxel step by step, until a too wide curvature
angle or a low signal stops it. The pathway reconstructed is very sensitive to noise and based on one
main direction of diffusion and, thus, on one fiber model per voxel. Probabilistic tractography
however takes into account the uncertainty of the main direction of diffusion and estimates a
distribution of possible orientations. The widely used method from Behrens and colleagues (Behrens
et al., 2007), which was also employed in this thesis, uses a Bayesian method to estimate the
appropriate number of fiber orientations at each voxel, thus leading to more reliable pathways than
deterministic tractography, particularly in regions of crossing fibers. Streamlines are generated
following each of these possible orientations. The value in each voxel represents the number of
streamlines generated from the seed region (for example the thalamus) that reaches the target region
(for example the occipital cortex; see figure 6C). Larger numbers of streamlines in a voxel represent a
higher probability for a pathway to be located in this voxel, while fewer numbers of streamlines
represent a lower probability for a pathway to be located in a voxel. The reconstructed pathway
connecting two regions and its properties are often referred to as structural connectivity between two
regions. Although tractography allows the reconstruction of pathways between two regions such as the
thalamus and occipital cortex for example, it is not possible to differentiate whether the reconstructed
paths reflect connections from thalamus to occipital cortex or the other way around. Overall,
probabilistic tractography enables whole brain measurements of long-range connections and together
with white matter integrity measures such as FA constitutes the appropriate tool to investigate
posterior thalamo-cortical connections.

1.4 Examples of vSTM capacity- and white matter
alterations along development
As previously described, white matter tracts can be analyzed by investigating either their
microstructure using TBSS or pathways connecting two regions, for example via probabilistic
tractography Those two methods have been employed to investigate alterations in white matter in a
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wide range of developmental disorders and diseases. In this thesis, we were particularly interested in
posterior white matter alterations due to healthy aging and premature birth, as it has previously been
shown that both conditions lead to impairment in vSTM capacity (McAvinue et al., 2012; Finke et al.,
2015).

1.4.1 Example of late life disturbances: Effect of aging
Aging has been shown to be associated with a decline in both brain structure and cognitive functions
(Sullivan et al., 2001). Among cognitive functions, attention and more particularly vSTM capacity has
been shown to be decreased in older individuals (Verhaegen et al., 1993; Jost et al., 2011; Sander et
al., 2011), particularly when using the theory of visual attention modeling. Indeed using the whole
report paradigm, several studies found reduced vSTM capacity and processing speed in older
individuals compared to young adults (McAvinue et al., 2012; Wiegand et al., 2014a; Wiegand et al.,
2018).
It is well known that aging is associated with multiple changes in brain structure, such as reduction of
grey matter volume and increase of cerebro-spinal fluid (CSF) volume starting in early adulthood
(Courchesne et al., 2000; Ge et al., 2002; Raz and Rodrigue, 2006; Walhovd et al., 2011).
Nevertheless, the evolution of white matter volume with increasing age seems more complex. Indeed,
several studies have found an increase in white matter volume until the fourth or fifth decade of life,
interpreted as ongoing myelination, (Courchesne et al., 2000; Ge et al., 2002; Bartzokis et al., 2004)
and, following this, a decrease in white matter volume which is accelerated in late adulthood
(Courchesnes et al., 2000; Raz et al., 2005). Volumetric studies, despite being informative, do not
provide information regarding the mechanisms responsible for those age-related white matter changes.
Using diffusion weighted imaging, however, several studies have found changes in white matter
microstructure with aging (Pfefferbaum and Sullivan 2003, Pfefferbaum et al., 2000, Sullivan et al.,
2001;Wozniak and Lim 2006; Malloy et al., 2007; Madden et al., 2009a; Gunning Dixon et al., 2009;
Bennett et al., 2010; for review see Sullivan and Pfefferbaum 2006 and Bennett and Madden 2014).
Pfefferbaum, Sullivan and colleagues were the first to show that FA was reduced in older individuals
in frontal regions compared to younger individuals (Pfefferbaum and Sullivan 2003, Pfefferbaum et
al., 2000, Sullivan et al., 2001). This pattern of reduced FA has since been replicated and found in
combination with increased MD in various tracts such as in fronto-occipital fasciculus, sagittal stratum
or posterior thalamic radiations (Malloy et al., 2007; Hugenschmidt et al., 2008; Vernooij et al., 2008;
Westlye et al., 2010, Bennett, I.J., et al., 2010; for review Fama et al., 2015). Those findings suggest
an age-related decline in composition and integrity of white matter with aging. They have been
confirmed by longitudinal studies (Barrick et al., 2010; Teipel et al., 2010). Age-related changes in
RD and AD were also found, which seem to be more prominent in RD than AD (Baghat and Beaulieu,
2004; Zhang et al., 2010; Madden et al., 2009b). Higher RD was found in older adults than younger
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ones, whereas both patterns of increased and decreased AD were found in older participants (Zahr et
al., 2009; Bennett et al., 2010; Sullivan et al., 2010; Burgmans et al., 2011). Interestingly, age-related
changes in RD and AD were particularly documented in posterior thalamic areas (Kumar et al., 2013)
and alterations in thalamo-cortical projections’ volume have been reported as well (Hughes et al.,
2012). The changes in white matter integrity with aging reported using DTI are consistent with postmortem histological studies. Indeed, histological studies have shown that, in healthy aging, axonal and
myelin degeneration take place along with other changes in the cellular environment such as
accumulation of cellular debris and formation of glial scars (Meier-Ruge et al., 1992; Aboitiz et al.,
1996; Peters et al., 2002).
These alterations in white matter integrity are at the basis of the cortical disconnection concept in
which a disruption of the communication between neural networks underlying cognitive functions is
supposed to lead to cognitive dysfunction (O’Sullivan et al. 2001, Bartzokis 2004; Andrews-Hanna et
al., 2007; Salat et al., 2011). As reported in several studies compiled by Madden and colleagues
(Madden et al., 2009b and Madden et al., 2012) significant links between white matter tracts and
cognitive performance in multiple domains have been found. Several studies have shown that higher
integrity was associated with better cognitive performance across groups of younger and older adults
(Schulze et al., 2011; Coxon et al., 2012) and within groups of older adults (Charlton et al., 2009;
Sexton et al., 2010; Ystad et al., 2011; Lockhart et al., 2012; Jacobs et al., 2013 for review see Bennett
& Madden 2014). For example Ystad and colleagues (2011) found that FA in tracts connecting the
thalamus and inferior putamen to the frontal component of the default mode network, as well as FA in
tracts connecting the inferior putamen to the dorsal attention network were significantly positively
associated with executive functions. These data are consistent with the idea that age-related decreases
in white matter integrity are linked to impaired cognition in older adults. Other studies reported that
white matter integrity mediated the relationships between age and cognitive functions (Madden et al.,
2009a; Brickman et al., 2012; Borghesani et al., 2013) and between age and processing speed (Salami
et al., 2012). Taken together, these findings are consistent with the notion that white matter integrity
contributes to age-related impairments in cognitive functions. In our second study, we investigated
whether and how alterations in posterior thalamo-cortical connections contribute to impairments in
vSTM capacity in older individuals.
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1.4.2 Example of early life disturbances: Long term outcomes of
preterm birth
Preterm birth is defined by birth before the completion of 37 weeks of gestation. Due to medical
improvements primarily, the global prevalence of preterm birth is above 10% (i.e., about 15 million
preterm newborns per year) and increasing (Blencowe et al., 2012). Thus, studying the long term
neuronal and behavioral changes of preterm born individuals seems highly relevant to our society.
Preterm birth is associated with an increased risk for long-term impairments in brain structure and
cognitive functions (Baron and Rey Casserly 2010, D’Onofrio 2013). Among cognitive functions,
visual attention is particularly affected, (Anderson & Doyle, 2003; Atkinson & Braddick, 2007; Shum
et al., 2008; Strang-Karlsson et al., 2010). The long-term stability of attention deficits has been
established through, for example, changed eye-movements at infancy (van de Weijer-Bergsma et al.,
2008; Atkinson & Braddick 2012), impairments in neuropsychological tests at school age (Anderson
& Doyle, 2003; Atkinson & Braddick, 2007; Shum et al., 2008) and slower reaction times in early
adulthood (Strang-Karlsson et al., 2010). More recently, using the TVA framework, Finke and
colleagues (Finke et al., 2015) found that vSTM capacity K was reduced in preterm compared to fullterm born adults while other attention parameters such as processing speed or top down control
remained unchanged. When investigating the neural mechanisms associated with such impairment,
Finke and colleagues found that the more the functional connectivity of bilateral posterior brain
networks in the preterm group differed from the one of the term group, the higher their vSTM
capacity, suggesting a compensatory mechanism (Finke et al., 2015). Interstingly, it has been shown
that functional connectivity depends not only on local activity but also on underlying structural
connectivity (Honey et al., 2009; Hagmann et al., 2008; Kringelbach et al., 2014) Thus it seems
relevant to investigate the structural underpinnings of potential compensatory mechanisms subserving
vSTM capacity.

Preterm birth has been associated with widespread impairments in white matter integrity and
connectivity. With respect to white matter integrity, it has been shown that preterm born adults
exhibited reduced FA and increased MD in widespread tracts including posterior thalamic radiations,
corpus callosum and superior longitudinal fasciculi (Meng et al., 2015). At the microstructural level,
preterm birth disrupts brain maturation by impairing the maturation of GABAergic interneurons and
subplate neurons as well as by aberrant development of oligodendrocytes and astrocytes (Dean et al.,
2013; Komitova et al., 2013; for review see Deng 2010; Salmaso et al., 2014). Premyelinating
oligodendrocytes affected by hypoxia or ischemia cause a loss or maturation delay of their cellular
targets which results in hypomyelination or axonal damage (Ment et al., 2009). Accordingly, a
reorganization of cortico-cortical and cortico-thalamic tracts of the thalamocortical system takes place
after preterm delivery (Ball et al., 2012; Ball et al., 2013a and Ball et al., 2013b). Indeed, using
probabilistic tractography, Ball and colleagues (Ball et al. 2012, Ball et al. 2013, Ball et al. 2014) have
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shown that preterm born infants had reduced thalamo-cortical structural connectivity and locally
increased cortico-cortical connectivity (Ball et al. 2014).
Considering such structural connectivity patterns and changes in functional connectivity associated
with vSTM capacity K in preterm born adults, we focused on posterior thalamic radiations and
splenium corpus callosum and investigated whether and how FA of these tracts was associated with
vSTM capacity K in preterm and full-term born adults.

1.5 Aims of the thesis: three hypotheses
The purpose of this thesis is to investigate the association between vSTM capacity K, and the
structural connectivity of posterior thalamus to visual cortices in healthy individuals based on the
NTVA framework and thus to potentially bring first structural evidence supporting the NTVA
thalamic model in humans. The second and third studies composing this thesis aim at exploring the
effects of alterations of the tracts connecting posterior thalamus to occipital cortices resulting from
aging or preterm birth on vSTM capacity.
In detail:
1) The neural interpretation of the TVA suggests recurrent loops between thalamus and visual
cortices to subserve vSTM capacity. So far, only posterior cortical white matter has been
proven to be relevant for vSTM capacity. Thus we hypothesized that the structural
connectivity of posterior thalamus to occipital cortex would subserve vSTM capacity in
healthy adults. Similarly, previous work in humans and monkeys suggest a role for pulvinar
nuclei and visual cortices in attentional selection. Therefore, we hypothesized that attentional
selection might be associated with the structural connectivity of posterior thalamus to occipital
cortices.
2) It has been shown that increasing age is associated with a linear decline in vSTM capacity and
widespread reduction in white matter microstructure, including in the thalamus. Thus we
investigated whether the association between vSTM capacity and the structural connectivity of
posterior thalamus to visual cortices found in young participants in the first study remains the
same throughout the lifespan or whether aging affects it.
3) Finally, it is known that infants born prematurely have impaired cortico-thalamic structural
connectivity while local cortico-cortical connectivity is increased Previous work also shows
that vSTM capacity was reduced in preterm born adults. Interestingly, preterm-born adults

1.5

Aims of the thesis: three hypotheses

20

with better vSTM storage capacity showed more pronounced changes in intrinsic functional
connectivity in bilateral posterior brain networks, compared to term-born individuals
suggesting some compensatory mechanism. Given the fact that functional connectivity
depends on structural connectivity and considering the previously described complex pattern
of brain reorganization, we hypothesized that the association between thalamo-cortical
structural connectivity and vSTM capacity might be changed in preterm born adults compared
to term-born ones..
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2 STUDY I:
Structural connectivity between
posterior thalamus and occipital
cortices underpins visual short-term
memory capacity and attentional
weighting in humans
This chapter contains a manuscript entitled “Structural connectivity between posterior thalamus and
occipital cortices underpins visual short-term memory capacity and attentional weighting in humans.”
It is currently under review in NeuroImage.
Authors: Aurore Menegaux, Natan Napiorkowski, Julia Neitzel , Adriana L. Ruiz-Rizzo, Anders
Petersen , Hermann J. Müller , Christian Sorg , Kathrin Finke
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The author of this thesis is the first author of this manuscript. A.M., K.F. and C.S. designed this study,
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drafted the manuscript and. A.M., A.P., H.J.M., K.F. and C.S. wrote and revised the manuscript before
submission.
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2.1 Abstract
In the theory of visual attention (TVA), it is suggested that objects in a visual scene compete for
representation in a visual short-term memory (vSTM) store. The race towards the store is assumed to
be biased by top-down controlled weighting of the objects according to their task relevance. Only
objects that reach the store before its capacity limitation is reached are represented consciously in a
given instant. TVA-based computational modelling of participants’ performance in whole- and partialreport tasks permits independent parameters of individual efficiency of top-down control α and vSTM
storage capacity K to be extracted. The neural interpretation of the TVA proposes recurrent loops
between the posterior thalamus and posterior visual cortices to be relevant for generating attentional
weights for competing objects and for maintaining selected objects in vSTM. Accordingly, we tested
whether structural connectivity between posterior thalamus and occipital cortices (PT-OC) is
associated with estimates of top-down control and vSTM capacity. We applied whole- and partialreport tasks and probabilistic tractography in a sample of 37 healthy adults. We found vSTM capacity
K to be associated with left PT-OC structural connectivity and a trend-wise relation between top-down
control α and right PT-OC structural connectivity. These findings support the assumption of the
relevance of thalamic structures and their connections to visual cortex for top-down control and vSTM
capacity.
Keywords: Diffusion tensor imaging, probabilistic tractography, neural theory of visual attention,
visual short-term memory capacity, posterior thalamus

Abbreviations: vSTM, visual short-term memory; TVA, theory of visual attention; NTVA, neural
theory of visual attention; DTI, diffusion tensor imaging; PT-OC, Posterior thalamus-occipital cortex;
ROI, region of interest; IQ, intelligence quotient
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2.2 Introduction
As our visual system is constantly confronted with more objects and features than it can process
simultaneously, selection is mandatory. To that end, the visual attention system distributes the limited
resources in a way that allows preferential processing of relevant and filtering-out of irrelevant
information (Desimone & Duncan, 1995). According to the ‘theory of visual attention’ (TVA;
Bundesen 1990), visual processing is conceived as a parallel race between objects in a visual scene for
representation in a visual short-term memory (vSTM) store that has a limited storage capacity
(Bundesen, 1990). Only those objects that are selected into vSTM are consciously accessible, thus,
available for voluntary, task-appropriate actions such as, e.g., verbal report. In line with the ‘biased
competition’ account of attention (Desimone & Duncan, 1995), the competition for vSTM
representation is assumed to be biased. According to TVA, the probability of a given object x to
become represented in vSTM before its capacity limit is reached is proportional to the relative amount
of attentional weight allocated to that object wx compared to weight of all other objects in the visual
field. Besides bottom-up factors such as stimulus salience, the distribution of attentional weights
across objects is influenced by top-down-controlled biases reflecting the objects’ relevance to the
current task.
Based on two simple psychophysical tasks involving verbal report of briefly presented letter arrays
and TVA-based modelling, individual estimates of a given participant’s efficiency of top-down
controlled selection, parameter α, and vSTM capacity, parameter K, can be quantified. The individual
efficiency of top-down control is derived from TVA-based fitting of performance in a ‘partial-report
task’, in which participants have to name target letters (e.g., letters possessing a particular color) only
while ignoring distractor letters (in a different color). Based on differences in report accuracy between
conditions with and without distractors, separate attentional weights are estimated for target and
distractor objects. The efficiency of top-down control, parameter α, is then derived as the weight
allocated to distractors divided by the weight allocated to targets, wD/wT. The capacity of vSTM is
derived from a ‘whole-report task’, more precisely, TVA-based fitting of the number of accurately
reported letters from a letter array as a function of the (varying) effective exposure duration of array
(all letters are of the same color, so no selection is necessary in this task); formally, parameter K is
estimated as the asymptotic value of the growth function relating report accuracy to exposure time.
Typical estimates of vSTM storage capacity K in TVA-based paradigms are around 3-4 items (e.g.,
Finke et al., 2005; Wiegand et al., 2014a; Wiegand et al., 2014b) which fits well with estimates
obtained from other vSTM paradigms (Luck & Vogel 1997; Cowan, 2001; Vogel & Machizawa
,2004).
With respect to the underlying systems in the human brain, the neural interpretation of TVA (NTVA)
suggests that ‘visual’ cortical regions, thalamic areas, and white-matter tracts interconnecting these
regions are of particular relevance for top-down controlled attentional weighting processes and vSTM
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storage (Bundesen et al., 2005). In particular, it is assumed that, following a first, unselective wave of
processing, attentional weights are computed for the displayed objects by a priority map in the
pulvinar nucleus of the thalamus. In the subsequent, selective wave of processing, attentional weight
signals from the pulvinar mediate biased processing of objects in visual brain areas, so that objects
with higher attentional weights are processed, or represented by more neurons. The winners of the race
are thought to be categorized in a vSTM map of locations assumed to be localized in the posterior
thalamic reticular nucleus (see Figure 1). The reticular nucleus then gates activation in positive
feedback loops that sustain the activity in neurons representing these winner objects. Thus, the NTVA
model – in line with several authors suggesting a critical role of visual thalamic areas in the
coordination of attentional selection and vSTM (Danziger et al., 2001; Danzinger et al., 2004;
Saalman et al., 2012; Shipp et al., 2003; Shipp et al., 2004; Strumpf et al., 2013; Wurtz et al., 2011) –
would predict that the structural connectivity between posterior thalamus and visual cortex is of
relevance for both vSTM capacity and top-down controlled weighting processes (Bundesen et al.,
2005).
TVA-based studies provided some empirical evidence for the relevance of thalamic structures and
posterior white-matter connections for voluntary attentional selection and vSTM storage. The assumed
role of the pulvinar in the computation of attentional weights of the objects in the display array was
supported by findings of spatial attentional weighting biases towards the ipsilesional field in patients
with unilateral pulvinar lesions (Habekost & Rostrup, 2007; Kraft et al., 2015). Of note, such findings
in TVA-based paradigms are in line with spatial and task-based attentional selection deficits in the
contralesional field following unilateral pulvinar deactivation in monkeys (Petersen et al., 1987;
Desimone et al., 1990; Wilke et al, 2010; Wilke et al., 2013; Zhou, Schafer & Desimone, 2016) and
damage in humans (Zihl & von Cramon, 1979; Rafal & Posner, 1987; Arend et al., 2008, Snow et al.,
2009; Karnath, Himmelbach & Rorden, 2002). Evidence for a critical role of white-matter connections
for vSTM storage comes from studies of Habekost and colleagues (2006), who documented deficits in
vSTM capacity in patients with lesions to posterior tracts, and of Chechlacz and colleagues (2015),
who found inter-individual differences in vSTM capacity in healthy individuals to be related to
differences in the microstructure of fronto-occipital tracts. The first more specific analysis of the
presumed importance of especially the thalamo-cortical tracts for vSTM capacity revealed that in
healthy young adults at the age of 26 years, better microstructure in the posterior thalamic radiation (as
reflected by higher fractional anisotropy) was associated with higher vSTM capacity (Menegaux et al.,
2017). This was in line with prior findings from Golestani and colleagues (Golestani et al., 2014), who
reported an association between a vSTM span task and white-matter microstructure of the optic
radiations and the posterior thalamus. Nevertheless, no evidence for the association between the
structural connectivity of posterior thalamus to visual cortices and vSTM capacity or attentional
weighting has been brought thus far.
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Figure 1: Presentation of the NTVA model, regions of interest (ROIs) and tasks used in this
study. On the top left corner, the regions of interest derived from the NTVA model of Bundesen
are shown with red representing the occipital cortex, blue the whole thalamus and green the
posterior thalamus. On the top right corner an example of probabilistic tractography for one
subject is represented; on the bottom left and right corner, representations of the whole and
partial report tasks respectively are shown.

Given the suggested importance of the posterior thalamus and of thalamo-cortical communication for
attentional weighting and vSTM capacity in NTVA (Bundesen et al., 2005) and the prior evidence
from TVA-based studies supporting this relevance (Habekost & Rostrup, 2006; Kraft et al., 2015,
Menegaux et al., 2017), we hypothesized that individual differences in structural connectivity of the
posterior thalamus to occipital cortices would be reflected in the efficiency of top-down control of
attention as well as in vSTM capacity. In order to obtain an in-vivo measure of structural connectivity,
we performed probabilistic tractography between posterior thalamus and occipital cortices, separately
for each hemisphere. The number of streamlines generated between two regions by probabilistic
tractography provides the spatial probability distribution of pathways. Voxels with the largest number
of streamlines represent the highest probability of a pathway to be located in these voxels (Jones,
2010; Jones et al., 2013; Jbabdi & Johansen Berg 2011). Of note, this number of streamlines does not
inform about the strength or quality of connections between those two regions. In other words,
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probabilistic tractography can only be used to test whether thalamo-cortical connectivity is, in
principle, associated with vSTM capacity K or top-down control α. However, it is difficult to make
predictions concerning the direction of potential relationships (i.e., whether higher or lower
connectivity would be related to better attentional performance). Probabilistic tractography was based
on diffusion-weighted imaging data obtained from healthy individuals. The same subjects were
assessed with TVA-based whole- and partial-report paradigms, in order to derive their individual
vSTM capacity K and top down control α parameters, respectively. The association of these
parameters with posterior thalamus to occipital cortex connection probability was analyzed via partial
correlation analysis, controlling for age, gender, crystallized IQ, and total intracranial volume (TIV).
Control analyses were carried out to ensure both cognitive and cortical specificity of our findings
using other TVA parameters as well as motor cortex, respectively.
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2.3 Material and methods
2.3.1 Participants
Thirty-seven participants, aged 21 to 53 years were included in the present study. All participants were
fluent in German and had normal or corrected-to-normal vision. 32 participants were right-handed, 4
were left-handed, and 1 was ambidextrous according to the Edinburgh Handedness Inventory
(Oldfield 1971). All the participants were highly educated, with years of school education ranging
from 10 to 13 years (see Table 1) (M = 12.4 SD= 0.9). The German version of the multiple-choice
vocabulary test MWT-B (Lehr, 1977) was used to measure crystallized IQ, and the Beck Depression
Inventory test (BDI; Beck et al. 1996) was used to rule out depression.

N = 66
Variable

M

SD

Range

Gender (F/M)

32/34

Handedness (R/L/B)

60/4/2

Education (years)

12.1

1.65

8.50-14

Age (years)

48.8

19.56

20 -77

K

3.22

0.39

2.29 – 3.83

C

23.26

8.41

9.71 – 47.01

t0

12.82

13.93

0.00 – 67.13

Crystallized IQ

102.07

16.58

72.5 – 140.0

Table 1: Sample characteristics

Exclusion criteria included alcohol intake at the day of testing, chronic eye diseases (e.g., colour
blindness, glaucoma), history of neurological (e.g., brain injury, stroke) or psychiatric (e.g., anxiety
disorder, schizophrenia) diseases, any occurrence of epileptic seizure, intake of medication affecting
cognitive performance, claustrophobia, and current symptoms of depression (BDI score > 18). 50
participants were recruited for this study. In total, thirteen participants had to be excluded: three
because of high BDI scores, four because they did not follow the task instructions of the behavioral
tasks adequately (three in the whole-report and one in the partial-report task), five due to bad quality
of and one due to incomplete diffusion-weighted imaging data. Our final cohort of participants
consisted of 37 individuals. The study was approved by the ethics committees of the Department of
Psychology of the Ludwig-Maximilians-Universität (LMU) Munich and the Medical Department of
the Technische Universität München (TUM), and all participants gave prior informed consent in

2.3

Material and methods

30

writing. Cognitive testing was performed at the LMU Department of Psychology, brain imaging at the
TUM Department of Neuroradiology.

2.3.2 TVA-based behavioural assessment of vSTM capacity and
top-down control

General assessment procedure
Whole- and partial-report tasks were conducted in a dimly-lit sound-attenuated chamber (Industrial
Acoustics Company) with simultaneous EEG recordings11. Stimuli were presented to participants on a
24’’ LED screen (800 x 600 pixel resolution, 100-Hz refresh rate) at a viewing distance of 65cm.
Each participant completed two sessions of 1.5 to 2 hours each on different days: in one session, the
whole-report was conducted and in another session the partial report task. Each session included EEG
preparation, presentation of written instructions and stimuli used in the experiment, a procedure for
adjustment of the individual exposure durations, and approximately 45 minutes of testing proper.
At the beginning of each trial, a fixation point (a white circle, 0.9° of visual angle in diameter, with a
white dot in the centre) was presented in the centre of the display for a duration drawn randomly from
10 to 240 ms. Participants were instructed to fixate this marker throughout the blocks of trials
administered. Following the fixation marker, red and/or blue letters were briefly presented on a black
background. Letters’ exposure durations were determined individually for each participant in a short
pre-experimental practice session in order to ensure a comparable level of task difficulty across
participants. The letters were randomly chosen from the following set {A, B, D, E, F, G, H, J, K, L, M,
N, O, P, R, S, T, V, X, Z} and appeared only once in a given trial display. After stimulus presentation,
a white question mark appeared in the centre of the screen, indicating the start of a verbal letter report.
The participant could perform the report in any, arbitrary order, without speed constraint. In order to
avoid too much guessing, participants were instructed to report only letters they were fairly certain
they had seen. Following each block, participants received feedback related to the accuracy of the
letters they actually reported (note that this feedback was independent from the overall performance

EEG recording was used for the assessment of event-related components (ERPs) during task
performance, which are not the focus of the current study. Due to the special requirements of ERP
investigation, some of the experimental trials in the whole- and partial-report tasks were repeated more
often than others. Furthermore, for the ERP assessment, it was also necessary to ensure balanced
visual stimulation in both hemifields in the whole-report task. This is why task-irrelevant (non-letter)
symbols were presented in the visual hemifield opposite to the target stimuli. These specific
manipulations, however, would not affect the TVA parameters derived from fitting report accuracy in
the different conditions.
1
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level reached). A visual feedback bar indicated whether the report accuracy of the actually reported
letters ranged between 70 and 90%. If accuracy fell below 70%, the participant was told by the
experimenter to try to refrain from guessing and report only the letters relatively sure to have seen. If it
was above 90%, the participant was encouraged to be less anxious and report more letters, even if not
absolutely sure that they are correct. During the administration of both (the whole- and partial-report)
tasks, the experimenter was seated behind the participant and entered the letters orally reported by the
participant on a keyboard and then manually started the next trial by a key press action.

Whole-report task
On each trial, four letters were briefly presented along an imaginary semi-circle, of a radius of 5.27° of
visual angle, either to the left or the right of the fixation point. Participants were instructed to report
orally as many of the letters as possible. Four blue symbols (composed of random letter parts; see
Figure 1) of the same luminance were displayed on the symmetrical semicircle on the other side of
fixation. Letter and symbol stimuli subtended 1.3° of visual angle. At the beginning of each trial bloc,
a white arrow in the center pointed towards the side on which the target (i.e., letter) stimuli would
appear throughout the upcoming block. The target side in the first block was counterbalanced across
participants and then alternated throughout the experiment. Seven timing conditions were used. In five
conditions, the stimulus array was followed by post-display masks (see Figure 1) that consisted of
eight red-blue scattered squares (also subtending 1.3° of visual angle) which were presented at each
(letter and symbol) stimulus location for a duration of 900 ms. These arrays were presented for five
different, individually adjusted exposure durations. In two additional conditions, the stimuli were
presented unmasked, i.e., the were followed by a blank screen also presented for 900 ms. In one of
these conditions, the exposure time was the second shortest duration (of the total five individually
adjusted durations); in the other condition, the exposure time was fixed at 200 ms for all participants.
In these unmasked conditions, the exposure durations are effectively prolonged compared to the
masked conditions, due to the uninterrupted visual persistence of the stimuli (Sperling, 1960). Thus,
the five masked and the two unmasked conditions resulted in seven different effective exposure
durations. The various experimental conditions were equally distributed across blocks of trials, and
were displayed in randomized order within each block.
The exposure time adjustment phase consisted of 48 trials, divided into 4 blocks of 12 triples of trials.
Each triple consisted of two trials that were not used for adjustment, but were simply presented for
allowing he participant to become familiar with the task. These were either unmasked trials with an
exposure duration of 200 ms or masked trials with an exposure duration of 250 ms. The critical trial
display in each triple that was used for the exposure duration adjustment was masked and initially
presented for 80 ms. Each time the participant reported at least one correct letter on this trial, exposure
duration was decreased by 10 ms. When an exposure duration was reached at which the participant
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was no longer able to name a single letter correctly, this was set as lowest exposure duration used in
the subsequent whole-report experiment proper. Based on this value, a set of 4 longer exposure
durations was chosen from predefined sets.
The testing phase consisted of 10 experimental blocks, each of 40 trials. For each exposure duration,
30 trials were presented; the only exception was the condition with unmasked trials presented for 200
ms, for which 220 trials were presented (these were the critical trials for ERP analysis).

Partial-report task
On each trial, either a single (red) target letter, two target letters, or a target accompanied by a (blue)
distractor were presented on a black background (see Figure 1). Red and blue letters were of the same
luminance and had a size of 0.9° of visual angle. They appeared at the corners of an imaginary square,
centred on the midpoint of the screen, with an edge length of 12.3° of visual angle. In displays
containing two letters, these were presented either both vertically or both horizontally, but never
diagonally.
Initially, 16 practice trials were presented with an exposure duration of 80 ms. Next, the procedure to
adjust the individual exposure duration was applied, which consisted of 24 trials (4 single-target, 12
dual-target, and 8 target-distractor trials, in pseudorandomized order), with an initial exposure duration
of 80 ms. Note that only the dual-target trials were used for exposure duration adjustment; the singletarget and target-distractor trials were included simply to allow participants to become familiar with
all conditions of task. In the dual-target condition, if the participant reported both letters correctly, the
exposure duration was decreased by 10 ms; if only one of the two letters was reported correctly, the
exposure duration remained unchanged; and if none of the letters were reported correctly, the exposure
duration was increased by 10 ms. Following this adjustment procedure, a performance check block
with 24 trials (8 single-target, 8 dual-target, and 8 target-distractor-trials) was presented for the
previously determined exposure duration. Accuracy for the single-target and the dual-target condition
was displayed on the screen. The proper partial-report experiment was started by the experimenter
when the accuracy achieved was within a range of 70 to 90% correct in the single-target condition and
above 50% in the dual-target condition (i.e., if, on average, more than one letter was reported correctly
in the dual-target condition). If performance was too high or too low, the exposure duration was
manually adjusted by the experimenter, who also repeated the performance check procedure until an
appropriate exposure duration was found. In total, 112 single-target, 112 dual-target, and 280 targetdistractor trials were presented. Overall, there were 504 trials divided into 14 blocks. The experimental
conditions were equally distributed across blocks, and were displayed in randomized order within the
blocks.
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Estimation of top down control and visual short term memory
capacity
Modeling of participants’ top-down control and vSTM capacity parameters utilized the TVA
computational model implemented in the libTVA toolbox for Matlab (Mads Dyrholm,
www.machlea.com/mads/libtva.html). Detailed descriptions of the fitting procedure can be found in
Dyrholm et al., 2011. In brief, top-down control was derived by modeling individual performance
accuracy across the different partial-report conditions. This fitting procedure provided estimates of the
attentional weights wi assigned to both targets and distractors displayed at each location in the partial
report experiment. Based on these values, the top-down control parameter (α), which reflects the
difference in the weights assigned to targets wT and distractors wD , was estimated. As α is defined by
the ratio wD/ wT, (lower) α values approaching 0 indicate highly efficient top-down control, whereas
values approaching 1 indicate rather non-selective processing. The spatial bias parameter wlat, an
indicator of the spatial distribution of attentional weights across the left (wleft ) and right (wright) visual
hemifields, was also obtained from this fitting procedure. It is defined as the ratio wleft / (wleft + wright).
Thus, a value of wlat = 0.5 indicates balanced weighting, a value of wlat < 0.5 indicates a rightward
spatial bias, and a value of wlat > 0.5 indicates a leftward bias. The spatial bias parameter wlat was not
of primary interest in our study, but was used to assess the cognitive specificity of our results2.
Furthermore, vSTM capacity was derived by a TVA-based whole-report fitting procedure that models
the probability of correct letter report in whole-report as an exponential growth function with
increasing (effective) exposure duration. The exposure time variation (7 durations) generated a broad
range of performance which specified the whole probability distribution of the number of correctly
reported elements as a function of the effective exposure duration. Parameter K is the asymptote of the
fitted function, representing vSTM capacity in terms of the maximum number of items that can be
simultaneously represented in visual short-term memory (VSTM)3. The slope of the function at its
origin represents visual processing speed (parameter C) which is defined as the rate of visual
information uptake (in elements per second). Similarly to the spatial bias parameter wlat in the partialreport task, the processing speed parameter C was drawn upon to ensure the cognitive specificity of
our results. Two additional parameters which are of little or no interest for the questions at issue in the
present study were also estimated: the perceptual threshold (parameter t0), the longest ineffective
exposure duration (in ms) below which information uptake is effectively zero; and parameter µ,
representing the prolongation of the effective exposure duration (in ms) on unmasked trials. For

2

Finally, sensory effectiveness values for each hemi-field were obtained (Aleft and Aright) that basically reflect
how well stimuli were perceived, under the chosen exposure duration, in the left and the right hemi-field. This
parameter is relevant for the valid estimation of top-down control and spatial attentional bias, but not relevant for
the current study and not considered further.
3
The K value reported is the expected K given a particular distribution of the probability that on a given trial K =
1,2,3, or 4 .
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participants whose t0 was estimated to be below 0 (4 out of 37), we refitted the data fixing t0 at 0. This
new fit did not modify the mean value of K and C parameters (Supplementary Table S1) nor any
analyses in this study (Supplementary Table S2).

2.3.3 Imaging data acquisition
Whole brain T1- and diffusion-weighted imaging data were acquired on a 3T Philips Ingenia scanner
with a 32 channel head coil and a SENSE factor of 2. Diffusion images were acquired using a singleshot spin-echo echo-planar imaging sequence, resulting in one non-diffusion weighted image (b = 0
s/mm2) and 32 diffusion weighted images (b = 800 s/mm2, 32 non-collinear gradient directions)
covering whole brain with: echo time (TE) = 61 ms, repetition time (TR) = 14206,980 ms, flip angle =
90°, field of view = 224 x 224 mm², matrix = 112 x 112, 60 transverse slices, voxel size = 2 x 2 x 2
mm3. A whole head high-resolution T1-weighted anatomical volume was acquired using a 3D
magnetization prepared rapid acquisition gradient echo sequence with the following parameters:
repetition time = 9 ms; time to echo = 4 ms; inversion time, TI = 0 ms; flip angle = 8°; 170 sagittal
slices; field of view = 240 mm2; matrix size = 240 × 240; reconstructed voxel size = 1 x 1 x 1 mm.

2.3.4 Quality check
All acquired MRI images were visually inspected by two independent raters (A.M., C.S.) for excessive
head motion, and apparent or aberrant artifacts. In addition to visual inspection of the raw data, we
also used the fitting residuals (the sum-of-squared-error maps generated by DTIFIT) to identify data
corrupted by artifacts. Artifacts include motion-induced artifacts, insufficient fat suppression
(ghosting) artifacts, and extreme distortion artifacts. Furthermore, T2 images were examined to
exclude potential lesions and white-matter abnormalities by experienced radiologists.

2.3.5 Preprocessing
Diffusion data preprocessing was performed using the FMRIB Diffusion Toolbox in the FSL software
(www.fmrib.ox.ac.uk/fsl; Jenkinson et al., 2012) after converting data from DICOM to nifti format
using mricron dcm2nii (Rorden et al., 2007) as described in previous work (Meng et al., 2015). All
diffusion-weighted images were first corrected for eddy current and head motion by registration to the
b0 image and skull and non-brain tissue were removed using the brain extraction tool (BET).
T1-weighted images were preprocessed using the anatomical processing script from FSL which
included reorientation, image cropping, bias field correction, linear (FLIRT, FMRIB's Linear Image
Registration Tool) and non-linear (FNIRT, FMRIB's Non-Linear Image Registration Tool) registration
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to MNI standard space. Output of this non-linear transformation included a structural-to-MNI standard
space warp field and its inverse (MNI-to-structural). Anatomical preprocessing also included brain
extraction (BET) and both tissue type and subcortical structure segmentations which were used to
register diffusion weighted images to preprocessed structural T1-weighted images using boundarybased registration for echo planar imaging data thus yielding a diffusion-to-structural transformation
matrix. In order to register diffusion weighted data to the MNI 152 template via structural scan, we
combined the previously generated structural-to-MNI non-linear transformation matrix with the
diffusion_to_structural transformation matrix, thus resulting in a diffusion-to-standard space
transformation. This transformation will be used later on to transform the individual fdt_paths, the 3D
image file containing the output connectivity distribution to the seed mask to standard space.

2.3.6 Probabilistic tractography and seed and target masks
creation
Overall, we used several FSL atlases to define the occipital cortices, thalamic and exclusion masks for
each hemisphere in standard space. Those masks were then transformed into native space using the
previously described non-linear mapping, and probabilistic tractography was performed to identify the
streamlines from occipital cortex to the thalamus within each hemisphere discarding inter-hemisphere
estimates. The resulting path was then normalized and transformed into standard space, where a
posterior thalamus mask for each hemisphere was used to extract the mean probability of connection
value which was then correlated with the previously described attention parameters.

Regions of interest (ROIs) generation
We used the MNI 152 2-mm label atlas combined with the Harvard Oxford 2-mm cortical atlas to
create our cortical occipital mask in standard space. Masks of the right and left thalamus were created
from the Oxford thalamic 30% 2-mm connectivity atlas which is based on the probability of
anatomical connections between the thalamus and the cortex in MNI space (Behrens et al., 2003).
Additionally, whole brain left and right hemisphere masks were created from the Talairach atlas and
used as exclusion masks in the tractography process. All masks were transformed into the subjects
native space using the reverse non-linear mapping previously obtained and nearest neighbor
interpolation.
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Estimation of diffusion parameters and probabilistic tractography
Using the FDT toolbox from FSL, we first ran the function of Bayesian estimation of diffusion
parameters obtained using sampling techniques (BedpostX) for each participant. It estimates the
individual diffusion parameters at each voxel while automatically considering the number of crossing
fibers per voxel (Behrens et al., 2003; Behrens et al.,2007). We used the default parameters
implemented in FDT: 2 fibers per voxel, weight of 1, and burning period 1000. Using the ROIs
created as described above, tractography was run for each hemisphere with the occipital ROI as seed
and the thalamus as waypoint target mask using the probtrackx2 function from FSL. We also used an
exclusion mask from the opposite hemisphere in order to ensure the ipsilateral nature of the
tractography. We performed tractography separately from each occipital ROI to the thalamus. For
each participant, 5000 streamlines were initiated per seed voxel with a path length of 2000 × 0.5 mm
steps, a curvature threshold of 80°, and loop checking criteria. The resulting image or fdt_paths
represents the path connecting the seed region to the target, where the value in each voxel represents
the number of streamlines generated from the seed region that pass through that voxel. Due to the
differences in volume of each area across participants, we normalized the resulting tract estimates
(fdt_paths) by dividing them by the waytotal (total number of streamlines generated from the seed
region that reaches the target region) (Rilling et al., 2008), thus yielding a probability map of
connectivity (Zhang et al. 2010, Arnold et al., 2012; Behrens et al.,2007; for review see Jbabdi et al.,
2015). Those probability maps were then transformed back into standard space, so that they could be
used for statistical analysis (Figure 1).
In order to assess the inter-individual variability of the thalamic probability maps, each individual
probability map transformed into standard space was thresholded to exclude the lowest 20% of
probability values voxels in order to reduce noise. Following this step, each individual’s thresholded
map was binarized and the mean of these maps was calculated. To visualize it, we thresholded this
mean map to 0.9 to keep only voxels that were present in 90% of the individuals (supplementary
material Figure S1 left). In a second step, we overlaid the posterior thalami masks, which revealed that
most of its voxels overlapped with the mean map, indicative of a relatively stable connectivity pattern
among participants (supplementary material Figure S1 right).

2.3.7 Estimation of total intracranial volume (TIV)
In order to obtain volumetric measurements for the whole brain, T1 images were segmented into grey
matter, white matter and cerebrospinal fluid tissue classes and normalized to the MNI 152 mm
template using DARTEL (SPM12 software package, http://www.fil.ion.ucl.ac.uk). The segmented and
normalized images were modulated to account for the structural changes resulting from the
normalization process, thus indicating grey matter, white matter and cerebrospinal fluid volume A
measure of total intracranial volume was estimated by first computing and then adding up the totals (in
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liters) of the warped, modulated, and unsmoothed grey-matter, white-matter and cerebrospinal-fluid
segments with the in-built SPM Tissue Volumes Utility (Malone et al., 2015).

2.3.8 Statistical analyses
For each individual connection probability map, posterior thalamus masks of each hemisphere were
used to extract the mean probability of connection from these regions. A posterior thalamus mask was
created for each hemisphere using the Talairach labels 2mm atlas, which, owing to the low resolution
of MRI, contained the thalamic reticular nucleus as well as the pulvinar nucleus. Since normal
distribution was not confirmed for all variables (via Kolmogorov-Smirnov test), Spearman partial
correlation was used to assess the association among left and right posterior thalamus-occipital cortex
connection probability and top down control/vSTM capacity These analyses were performed using the
SPSS statistics package version 21 (IBM). For all correlations, gender, handedness, age, crystallized
IQ, and TIV were used as covariates of no interest.

2.3.9 Control analyses
In order to test the structural specificity of our connectivity results for the occipital region, we
performed tractography from the motor cortex as control ROI to the thalamus. We used Brodmann
areas 4a, 4p, and B6 from the Jülich atlas, separately for each hemisphere, combined with the
Harvard-Oxford 2-mm cortical atlas to create the cortical motor masks for the left and the right
hemisphere. Similarly, the Harvard-Oxford 2-mm cortical atlas combined with the MNI 152 2-mm
label atlas were used to create left and right parietal cortex masks. Furthermore, in order to test the
cognitive specificity of our results for vSTM capacity K and top-down control α, in control analyses
the TVA parameters processing speed C and spatial bias ѡlat were correlated with left and right
posterior thalamus-occipital cortex connection probability using Spearman partial correlation.
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2.4 Results
2.4.1 Behavioural data
The mean vSTM storage capacity K value of our sample was 3.31 (SD = 0.39) (see Table 1), and the
mean top down control α value was 0.44 (SD = 0.14), consistent with highly similar previous findings
in healthy participants (e.g., Finke et al., 2005; Kraft et al., 2015). Moreover, in line with the
assumption of the TVA model (Bundesen 1990) that he two parameters reflect independent attentional
functions, vSTM capacity and top down control were not significantly correlated with each other
(rs(35) = 0.28; p = .10).

2.4.2 Posterior thalamus-occipital cortex (PT-OC) structural
connectivity and vSTM capacity
In order to test our hypothesis that PT-OC connection probability would be significantly associated
with vSTM capacity, we performed two separate Spearman correlation analyses between PT-OC
connection probability obtained from tractography for the left and the right hemisphere and K,
controlling for gender, age, handedness, IQ, and TIV. We found the left hemisphere PT-OC
connection probability to be significantly negatively associated with K (rs(30) = -0.38; p = .03),
whereas there was no significant association between K and the right hemisphere PT-OC connection
probability (rs(30) = 0.02; p = .91; Figure 2 and Table 2).

2.4.3 Posterior thalamus-occipital cortex structural
connectivity and attentional selection
In order to test our hypothesis that PT-OC connection probability would be associated with top-down
control, we performed separate Spearman correlation analyses between PT-OC connection probability
obtained from tractography for the left and the right hemisphere and top-down control α, again
controlling for gender, age, handedness, IQ, and TIV. We observed a trend for a significant positive
correlation between α and right PT-OC structural connectivity (rs(30) = 0.31; p = .08), that is: higher
connectivity between posterior thalamus and occipital cortices tends to be related with less efficient
top-down control. We did not find any association between left PT-OC structural connectivity and α
(rs(30) = -0.06; p = .74; Figure 2 and Table 2).

2.4

Results

Figure 2:
Structural connectivity between posterior thalamus and occipital cortices is
associated with vSTM capacity and top down control. The first row illustrates probabilistic
tractography between occipital cortices and left (A) or right (B) thalamus respectively. Green
represents left and right thalamic masks and blue left and right posterior thalamic masks. The
second and third rows show graphs representing vSTM capacity and top down control
respectively, as a function of left or right structural connectivity. Data points were correlated by
Spearman correlation with correlation coefficient rs and significance level p. The lines in the
graphs represent linear regression lines, for illustration.
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2.4.4 Control analyses

Analyses of cortical specificity: vSTM capacity and top down
control are not associated with posterior thalamus- motor cortex
structural connectivity
In order to test the cortical specificity of the association between PT-OC structural connectivity and
vSTM capacity, we investigated whether the parameters vSTM storage capacity and/or top-down
control would also be associated with structural connectivity of the posterior thalamus with regions
not supposed to be relevant for attentional weighting or visual short-term maintenance, i.e., with the
left and the right motor cortex. We did not find any significant associations (highest rs-value: 0.23;
lowest p-value: .22; Table 2).

Functional

specificity,

PT-OC

structural

connectivity

is

not

associated with processing speed or spatial bias
In order to test whether the results obtained for vSTM storage capacity K and top-down control were
cognitively specific, we additionally correlated left- and right-hemisphere PT-OC connection
probability with the TVA parameters visual processing speed C and spatial bias wlat, via Spearman
partial correlations. We did not find any significant correlations (highest rs-value: 0.24; lowest pvalue: .19; Table 2).
Test ROIs

Control
variables

Test
variables

Left PT-OC SC

Control ROIs

Right PT-OC SC

Left PT-MC SC

Right PT-MC SC

K

r=

-0.38 p = .03*

r = 0.02

p = .91

r = 0.03

p = .80

r=

-0.10 p = .59

α

r=

-0.06 p = .74

r = 0.31

p = .08

r = 0.01

p = .99

r=

-0.23 p = .22

C

r=

-0.17 p = .36

r = 0.09

p = .64

r = 0.09

p = .62

r=

-0.01 p = .96

ѡlat

r=

0.24 p = .19

r = 0.13

p = .50

r = 0.27

p = .14

r=

0.12 p = .50

Table 2: Correlation between TVA parameters and posterior thalamus structural connectivity.
Abbreviations: PT-OC: Posterior thalamus to occipital cortex; PT-MC: Posterior thalamus to motor
cortex; SC structural connectivity. ROI: Region of interest. Correlations below p = .10 are shown in bold,
* indicates p < .05.
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2.5 Discussion
According to the NTVA model (Bundesen et al., 2005), the pulvinar nucleus of the thalamus contains
the priority map of objects where attentional weights are computed and bias the processing of objects
in visual areas. Based on this assumption, we investigated whether posterior thalamus to occipital
cortex structural connectivity was associated with top-down control in healthy individuals.
Furthermore, the NTVA model suggests that posterior thalamic nuclei and, in particular, the TRN are
relevant for vSTM capacity by sustaining the activity of visual cortical neurons representing the
objects through a feedback loop. Accordingly, we also investigated whether posterior thalamusoccipital cortex structural connectivity was associated with vSTM capacity in healthy individuals.
We found evidence for the relevance of fiber tracts connecting the posterior thalamus and the visual
cortex areas for both of these functions. In more detail, we observed a non-significant trend for
estimates of top-down control α to be related to the probability of connection between the right
posterior thalamus and the right occipital cortex. Furthermore, we individual estimates of vSTM
capacity were significantly inversely related to the probability of connection between the left posterior
thalamus and the left occipital cortex. These associations were structurally specific to the occipital
cortex, as the probabilities of connections between the thalamus and motor cortex did not show the
respective associations. Furthermore, they were also cognitively specific, as control analyses for other
visual attention functions (visual processing speed C and spatial bias wlat) failed to show the respective
correlations.
Thus, our results imply that these fiber tracts do indeed serve specific roles in task-related attentional
weighting and short-term maintenance, as assumed in the NTVA model, rather playing a more
general, broad role in diverse attention functions.

2.5.1 Top down control is associated with posterior thalamus –
occipital cortex structural connectivity
Our finding of a trend-wise relation of the individual level of top-down control α was to connectivity
between posterior thalamus and occipital cortex can be taken as empirical support for the NTVA
assumption that the pulvinar nucleus plays an important role in task-related attentional weighting
(Bundesen et al., 2005). Specifically, NTVA assumes that, following the computation of attentional
weights of the objects in the visual display, the pulvinar transmits weighted information to higherorder visual areas. From this, it follows that the connection between posterior thalamic areas and the
occipital cortex would be relevant for the efficiency of task-related weighting. Moreover, our finding
is in line with electrophysiological studies which have suggested that the pulvinar nucleus plays an
important role in selective attention (Desimone et al., 1990; Robinson and Petersen 1992; Olshausen et
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al., 1993; Shipp 2004; Saalmann and Kastner, 2011; Saalman et al., 2012). For example, combining
electrical recordings in the pulvinar nuclei and visual areas with tractography in monkeys, Saalman
and colleagues (Saalman et al., 2012) found that the maintenance of attention in expectation of visual
stimuli was heavily reliant on pulvino-cortical interactions. Our finding is also in line with those of
Snow and colleagues (2009). Investigating task-related selection of visual targets in three patients with
ventral pulvinar lesions, they found deficits in discriminating target features when in the presence of
salient distractors –suggesting a role of the pulvinar in saliency-based competition of objects for
selection, as assumed by NTVA.

2.5.2 vSTM capacity is associated with posterior thalamus –
occipital cortex structural connectivity
Our finding of a significant association between vSTM capacity and posterior thalamus-occipital
cortex connection probability is in line with the NTVA assumption of recurrent loops between
posterior thalamus, and more specifically: the reticular nucleus, and visual cortices subserving
reactivation and maintenance of selected visual object information (Bundesen 2005). In TVA, visual
processing is conceived as a race between objects for representation in capacity-limited vSTM
(Bundesen 1990). The objects that win the race are thought to be categorized in a vSTM map of
locations situated in the posterior thalamus, more precisely: the TRN (Bundesen 2005). In consonance
with Hebb (1949), for example, the NTVA suggests that in visual cortices, the activity of the neurons
representing the winning objects is sustained and reactivated by a feedback loop gated by the TRN.
Our findings go beyond previous TVA-based studies that revealed an association between
microstructure in posterior white matter and vSTM capacity (Habekost and Rostrup 2007, Espeseth et
al., 2014), in that they provide structurally more precise evidence for the importance of especially the
connection between posterior thalamus and occipital cortex. In this regard, our findings further
confirm the role of the tracts connecting the posterior thalamus to visual cortices for vSTM capacity,
which was suggested in a previous study by Menegaux et al. (2017). Our findings are complementary
to those of Golestani and colleagues, who found the microstructure of the posterior thalamic radiations
as well as other posterior thalamic tracts, the optic radiations, to be relevant for individual vSTM
capacity (Golestani et al., 2014).
The finding of a negative association between vSTM capacity and left PT-OC structural connectivity
shows that vSTM capacity is associated with a characteristic of this pathway. Due to the largely
unknown basis of the probability of connection value, it is not possible to identify the precise
characteristic that renders the relation between the connectivity value and VSTM capacity. Indeed, the
probability of connection between the occipital cortex and the posterior thalamus reflects the number
of streamlines connecting those two ROIs. As the number of streamlines is not a direct measure of
anatomical connectivity and as their relationship to the underlying anatomy is unclear (Jones et al.,
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2013; Jbabdi & Johansen-Berg, 2011), lower connectivity values do not necessarily indicate lower
strength of connection or fewer axons between PT and OC. Furthermore, it is important to note that
here we use the term ‘probability of connection’ to refer to the probabilistic tractography score
obtained by probtrackx. As explained by Jones and colleagues who prefer the term ‘stochastic
tractography score’, the tractography score indicates how frequently a streamline between two points
can be reconstructed, and there are many reasons why a streamline might not be successfully
reconstructed (Jones et al., 2013) Differences in ‘true’ connection strength is one of them (Jones et al.,
2010). Indeed, several factors can influence the number of streamlines such as the organization of
myelin in regions bordering cortical grey matter (Reveley et al., 2015) as well as fanning fibers or
crossing fibers. For example, fewer crossing fibers would yield increased connectivity values (Jbabdi
& Johansen-Berg 2011; Thomas et al 2014; Reveley et al., 2015; Donahue et al., 2016). Dense whitematter fiber bundles at the grey matter/white matter boundary would impede tractography detection of
weaker crossing fibers entering or exiting grey matter in sulcal fundi and thus influence the number of
streamlines. This also applies to inter-individual differences in axon diameter distribution as well as
the distance between the two regions of interest (Donahue 2016; probably Thomas, 2014; Behrens
2007). Considering the complex meaning of the probability of connection value obtained from
probtrackx, our results can be taken to suggest that both vSTM capacity and, to a lesser extent, topdown control depend on the path between posterior thalamus and occipital cortex. However, the nature
of the association, i.e., the precise underlying characteristics of the tracts that are related to the
attention functions can only be revealed in further investigation. These could use, for example,
diffusion MRI methods that can resolve intravoxel structure such as high angular resolution diffusion
imaging (Tuch et al., 2002; Tuch et al., 2003)

2.5.3 Limitations
The present study has several limitations. As the sample consisted of relatively highly educated
participants, the results might be impacted by a selection bias. This might have led to reduced variance
in cognitive and structural measures and thus an underestimation of correlations that would be found
in a less selective sample. Another limitation lies in the relatively small number of participants
involved. Additional limitations include inherent tractography difficulties, such as the unknown
directionality of connections (as pointed out above), the influence of distance on tractography, and
false positive results of anatomical connections owing to various physical and biological factors
(Thomas et al., 2014). Moreover, it has been shown that partial volume effect can affect tractography
(Vos et al., 2011). Thus, the present results should be considered with care. Finally, we used a large
ROI for the occipital region, which does not allow us to say which specific area of the occipital lobe is
linked to the attentional measures.
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2.6 Conclusion
We investigated whether the structural connectivity of posterior thalamus to occipital cortices is
associated with vSTM capacity and top-down control of attention selection as suggested by the NTVA
model. We found that vSTM capacity was significantly associated with structural connectivity of left
posterior thalamus to occipital cortex, and a trend towards an association between the structural
connectivity of right posterior thalamus to occipital cortex and top-down control. These findings
constitute the first evidence in support of the assumption that thalamic structures and their connections
to visual cortex are of relevance for both top-down control and vSTM capacity.
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Figure S1:

Inter-individual variability of thalamic probability maps.

Figure S1: Yellow and orange colors represent voxels that are present in at least 90% of the
participants; blue illustrates bilateral posterior thalamus mask.

Table S1:

Comparison of K and C parameters for t0<0 correction vs original value
t0<0
set to 0
K

M
3.306

SD
0.392

t0<0
unchanged
M
SD
3.310
0.397

C

24.733

8.661

24.361

8.436

Table S2:
Correlation between K and C parameters and posterior thalamus structural
connectivity for original t0<0 values
Left PT-OC SC

Right PT-OC SC

Left PT-MC SC

Right PT-MC SC

K

t0<0
unchanged

r = -0.38 p = .03*

r = 0.02

p = .91

r = 0.02

p = .90

r = -0.10 p = .60

C

t0<0
unchanged

r = -0.19 p = .29

r = 0.08

p = .67

r = 0.12

p = .51

r = -0.01 p = .95

Abbreviations: PT-OC: Posterior thalamus to occipital cortex; PT-MC: Posterior thalamus to motor
cortex; SC structural connectivity. Correlations below p = .10 are shown in bold, * indicates a p < .05.
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3 STUDY II:
Aging modulates the association
between vSTM capacity and the
structural connectivity of posterior
thalamus to occipital cortices
This chapter contains a manuscript entitled “Aging modulates the association between vSTM capacity
and the structural connectivity of posterior thalamus to occipital cortices” currently in preparation.
Authors: Aurore Menegaux, Felix J.B. Bäuerlein, Aliki Vania, Natan Napiorkowski , Julia Neitzel ,
Adriana L. Ruiz-Rizzo , Hermann J.,Müller , Christian Sorg , Kathrin Finke
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The author of this thesis is the first author of this manuscript. A.M., K.F. and C.S. designed this study,
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help from A.V. supervised by A.M. as part of her bachelor thesis and with some tool provided by
F.J.B.B., A.M. drafted the manuscript, A.M., H.J.M., K.F. and C.S. wrote and revised the manuscript
before submission.
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3.1 Abstract
Visual short-term memory (vSTM) capacity is the number of items that can be consciously perceived
and stored into vSTM. vSTM capacity decreases with age; however, the neural underpinnings of such
decrease are incompletely understood. According to the Neural Theory of Visual Attention, vSTM
depends on the structural connectivity between posterior thalamus and visual occipital cortices. It has
been shown that aging modifies the thalamo-cortical system. Thus, we aimed at investigating whether
aging affects the association between vSTM capacity and the structural connectivity between the
posterior thalamus and occipital cortices (PT-OC). In order to analyze this, 66 individuals aged 20 to
77 years underwent diffusion weighted imaging and a whole report task of briefly presented letter
arrays, from which vSTM capacity estimates were derived by parametric modelling based on the
Theory of Visual Attention (TVA). Probabilistic tractography was performed between occipital
cortices and thalamus. We analyzed the relation of the resulting connection probability values with
vSTM capacity, age, and their interaction via multiple regression analysis. We found both reduced
vSTM capacity and aberrant PT-OC connection probability in aging. Critically, the relationship
between vSTM capacity and PT-OC connection probability was significantly modified by age. In
younger adults, vSTM capacity was negatively correlated with PT-OC connection probability while in
older adults, this association was positive. Furthermore, we found reduced fractional anisotropy and
increased mean diffusivity in PT-OC tracts with aging. This suggests that the inversion of the
association between PT-OC connection probability and vSTM capacity with aging might reflect agerelated changes in white matter properties. Thus, the effect of aging on vSTM capacity might be
modulated by the microstructure and connectivity of white matter between posterior thalamus and
occipital cortices.

Keywords: Diffusion tensor imaging, Probabilistic tractography, Neural theory of visual attention,
Visual short-term memory capacity, Posterior thalamus, Aging

Abbreviations: vSTM, visual short-term memory; TVA, theory of visual attention; NTVA, neural
theory of visual attention; DTI, diffusion tensor imaging; ROI, region of interest PT-OC, Posterior
thalamus – occipital cortex ; SC, Structural connectivity; IQ, intelligence quotient
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3.2 Introduction
Aging is associated with impairments in visual short term memory (vSTM) capacity (Jost et al., 2011;
Verhaegen et al., 1993; Sander et al., 2011; Mc Avinue et al., 2012). VSTM capacity is the maximum
number of objects that can be perceived simultaneously and stored into vSTM (Sperling 1960, Cowan
2001). Modelling performance in a psychophysical whole report task based on the computational
Theory of Visual Attention (TVA) framework in which visual processing is described as a race
between objects of the visual field to be represented into the vSTM store (Bundesen 1990), allows for
parametric estimates of vSTM capacity, i.e. parameter K. Estimates of TVA parameter K using this
methodology and framework are about 3 to 4 items in healthy young adults (e.g. Finke et al., 2005)
and fit well to typical estimates of vSTM capacity delivered by alternative paradigms (Luke and Vogel
1997, Cowan et al. 2001, Vogel and Mechizawa 2004). McAvinue and colleagues (2012) have shown
that vSTM capacity K linearly declined with increasing age. A significant reduction of this parameter
has since been reproduced by various studies (Wiegand et al., 2014a; Wiegand et al., 2014b; 2018;
Espeseth et al., 2014). It is incompletely understood, however, which brain mechanism alterations
might lead to this decline. The current study addresses this question by focusing on posterior thalamocortical structural connectivity.
The neural theory of visual attention (NTVA) gives an interpretation of TVA at both the brain’s
cellular and systems level. NTVA proposes that ‘visual’ brain regions such as occipital cortices,
thalami as well as white matter tracts connecting those regions are of particular relevance for vSTM
capacity in healthy individuals (Bundesen et al., 2005). According to TVA, visual processing is
conceived as a race between objects to be consciously perceived and stored into vSTM. The winner
objects of the race are assumed to be categorized in a vSTM map of location positioned in the
posterior thalamus and particularly in the TRN. In line with for example Hebb (1949), the NTVA
assumes that the activity of the neurons representing the winner objects in visual cortices is sustained
and reactivated by a feedback loop gated by the TRN (Bundesen et al., 2005). Given the critical role of
posterior thalamus and visual cortices, it can be inferred from NTVA that the structural connectivity
between those two regions is decisive for vSTM capacity (Bundesen et al., 2005). Evidence for a
critical role of white matter connections in vSTM storage using the TVA framework comes from a
study by Habekost and colleagues (2007) who found deficits in vSTM capacity in patients with lesions
to posterior tracts. First empirical support for the suggested relevance of particularly the thalamus and
posterior thalamic tracts comes from studies of Kraft and colleagues (Kraft et al., 2015), who found
reduced vSTM capacity in patients with thalamic lesions, and Menegaux and colleagues (Menegaux et
al., 2017) who found that the microstructure of posterior thalamic radiations was associated with
vSTM capacity K in healthy young individuals. Nevertheless, the association between vSTM capacity
and posterior thalamo-cortical connectivity in aging has not yet been studied.
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Aging-related volumetric changes have been well documented (Courchesnes et al., 2000; Ge et al.,
2002; Raz and Rodrigue, 2006). It has been shown that aging is accompanied by widespread
reductions of grey matter volume and increases in Cerebrospinal fluid (CSFV) starting in early
adulthood (Salat et al., 2011; Walhovd et al., 2011). However, the age-related changes in white matter
volume follow a complex trajectory. Several studies have found an increase in white matter volume
until the fourth or fifth decade of life, interpreted as ongoing myelination (Courchesnes et al., 2000;
Ge et al., 2002; Bartzokis et al., 2004), followed by a decrease with an acceleration in late adulthood
(Courchesnes et al., 2000; Raz et al., 2005). However, volumetric studies do not provide information
regarding the mechanisms responsible for those age-related white matter changes. In contrast,
Diffusion tensor imaging (DTI) allows inferences about white matter microstructure by quantifying
the magnitude and directionality of water diffusion in tissues (Pierpaoli & Basser 1996; Pierpaoli
1996). By the use of a tensor, a 3x3 matrix, diffusion in all 3 dimensions can be quantified and several
measures derived. These include fractional anisotropy (FA), which describes how directional diffusion
is (Basser 1995), mean diffusivity (MD), radial diffusivity (RD), which represents the diffusivity
perpendicular to axonal fibers and axial diffusivity (AD), which represents the diffusion parallel to the
axon fibers. Predominant findings on age-related white matter diffusivity changes have been decreased
FA and increased MD in widespread tracts including the inferior fronto-occipital fasciculus, sagittal
stratum and posterior thalamic radiations in cross-sectional (Pfefferbaum 2000; O’Sullivan et al.,
2001; Malloy et al., 2007; Hugenschmidt et al., 2008; Vernooij et al., 2008; Westlye et al., 2010,
Bennett, I.J., et al., 2010; for review see Wozniak & Lim 2006; Fama et al., 2015) and longitudinal
studies (Barrick et al., 2010; Teipel et al., 2010). Furthermore, while it has been repeatedly reported
that RD increases with aging (Baghat and Beaulieu, 2004; Zhang et al., 2010;Bennett, I.J., et al.,
2010), findings on AD where more mixed and both increases and decreases have been reported (Zahr
et al., 2009; Bennett et al., 2010; Sullivan et al., 2010a; Sullivan et al., 2010b; Burzynska et al., 2010).
Interestingly, particularly in posterior thalamic areas, changes in RD and AD have been reported with
aging (Kumar et al., 2013) and alterations in thalamo-cortical projections’ volume have been found
(Hughes et al., 2012).
Those changes in white matter diffusivity with aging likely reflect microstructural alterations such as
increase of brain water content, disruption of axon structure, demyelination, or rarefaction of fibers
(Minati et al. 2007). Post-mortem histological studies have shown that axonal and myelin degeneration
take place in aging brains along with other changes in the cellular environment, such as accumulation
of cellular debris and formation of glial scars (Meier-Ruge et al., 1992; Aboitiz et al., 1996; Peters et
al., 2002). Given the pronounced white matter diffusivity changes, particularly in posterior thalamic
areas, investigating their role in age-related vSTM capacity seems highly relevant. It is known e.g.
from the previously mentioned study by Menegaux and colleagues (Menegaux et al., 2017) that when
changes in white matter occur, the relationship between white matter connectivity and VSTM capacity
can change. Indeed, in preterm born adults where thalamo-cortical microstructure and connectivity has
been shown to be impaired compared to term-born ones, the association between posterior thalamic
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radiations microstructure and vSTM capacity was changed compared to term born ones. Similar white
matter-cognition relationship changes might also be found in other conditions affecting WM
diffusivity, such as normal aging. Thus, we investigated whether the association between the structural
connectivity of posterior thalamus to occipital cortices and vSTM capacity was similar throughout the
lifespan or whether it changes with aging.
In order to examine this question, healthy individuals, aged 18 to-77 years, underwent both diffusion
weighted imaging and a TVA-based whole report task of briefly presented letter arrays. Structural
connectivity values were obtained by performing probabilistic tractography on DWI scans from
occipital cortices to posterior thalamus, separately for each hemisphere. Estimates of vSTM capacity
parameter K were derived from verbal letter report of the whole report task. The relationship between
the structural connectivity of posterior thalamus to occipital cortices and vSTM capacity was analyzed
by means of regression and partial correlation analyses.
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3.3 Material and methods
3.3.1 Participants
The present study included 66 healthy adults aged 20 to 77 years, 32 of whom were females (mean
age: 48.8 ± 19.6 years; mean education 12.1 ± 1.6 years; Table 1). 60 participants were right-handed, 4
were left-handed and 2were ambidextrous according to the Edinburgh Handedness Inventory (Oldfield
1971). Written informed consent was obtained from all participants and the study was approved by the
ethics committees of the psychology department of the Ludwig Maximilians Universität München
(LMU Munich) and the Medical Department of the Technische Universität München (TUM). Initially,
108 adults (aged 19 to 78 years) of the Munich INDIREA aging cohort4 were recruited for the study.
The Mini Mental State Examination (MMSE; Folstein et al., 1975) was used as screening for cognitive
impairments in participants aged 60 years and above (i.e., a MMSE score below 27), and the Beck
Depression Inventory (BDI; Beck et al., 1996) for screening for symptoms of depression in all
participants (i.e., a BDI score above 19). From the original cohort, eleven participants dropped out
before participating in all sessions, three participants were excluded because of high BDI test scores,
one because of a low MMSE score, two because of uncorrected visual acuity deficits, five because of
too low accuracy in the whole report task, ten due to artefacts in their diffusion weighted imaging data,
two because of incomplete diffusion-weighted imaging datasets and eight participants for lacking to
undergo diffusion weighted imaging assessment. All of the 66 remaining participants had no previous
or current psychiatric (e.g. anxiety disorder, schizophrenia) or neurological conditions (e.g. brain
injury, stroke), diabetes, or depression. Diffusion weighted imaging was performed during one session
at the Department of Neuroradiology of the TUM Klinikum rechts der Isar. In a separate,
psychophysical-testing session at the Department of Psychology of the LMU Munich, visual attention
functioning was assessed using the whole-report task. Event-related EEG potentials were also assessed
during the task, but not analyzed for the current study. Additionally participants completed the
MMSE, and filled out demographic, and BDI questionnaires. The average time between sessions was
2.6 months.

4

INDIREA: ‘Individualised Diagnostics and Rehabilitation of Attentional Disorders’ European Marie Curie
funded Initial Training Network. All participants underwent extensive behavioral (i.e., attention, memory and
intelligence functions), neuroimaging (i.e., structural, functional and diffusion MRI), and
electroencephalography assessment.
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N = 66
Variable

M

SD

Range

Gender (F/M)
Handedness (R/L/B)
Education (years)
Age (years)
K
C
t0
Crystallized IQ

32/34
60/4/2
12.1
48.8
3.22
23.26
12.82
102.07

1.65
19.56
0.39
8.41
13.93
16.58

8.50-14
20 -77
2.29 – 3.83
9.71 – 47.01
0.00 – 67.13
72.5 – 140.0

Table 1: Sample characteristics

3.3.2 TVA-based behavioural assessment of vSTM capacity

General assessment procedure
The whole report task was conducted in a dimly-lit sound-attenuated chamber (Industrial Acoustics
Company) with simultaneous EEG recordings1. Stimuli were presented to participants on a 24’’ LED
screen (800 x 600 pixel resolution, 100-Hz refresh rate) at a distance of 65 cm.
Due to the special requirements of event-related components assessment, some of the experimental
trials in whole and partial report were repeated more often than others. Furthermore, for the eventrelated EEG assessment it was also necessary to ensure balanced visual stimulation in both hemifields
in the whole report task. Thus, symbols were presented in the visual hemifield opposite to the target
stimuli. These specific manipulations, however, should not affect the TVA parameters derived from
fitting report accuracy in the different conditions.
Each subject completed a session of 1.5 to 2 hours which included EEG preparation, presentation of
written instructions and stimuli used in the experiment, a procedure for adjustment of the individual
exposure durations and approximately 45 minutes of testing procedure.
At the beginning of each trial, a fixation point (a white circle, size of 0.9º of the visual angle in
diameter with a white dot in the centre) was presented in the centre of the display for a duration
randomly drawn from 10 to 240 ms. Participants were instructed to fixate this point throughout the
whole trial blocks. Subsequently, red and/or blue letters were briefly presented on a black background.
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Letters’ exposure durations were determined individually for each participant in a preceding short
practice session in order to ensure a comparable level of task difficulty across participants. The letters
were randomly chosen from the following set of letters {A, B, D, E, F, G, H, J, K, L, M, N, O, P, R, S,
T, V, X, Z} and appeared only once in a given trial. After stimulus presentation, a white question mark
appeared in the centre of the screen, indicating the start of a verbal letter report. The verbal report of
individual letters was performed in arbitrary order and without speed constraint. In order to avoid too
much guessing participants were instructed to report only letters they were fairly certain they had seen.
Following each block, participants received feedback related to the accuracy of the letters they
reported and not related to the overall performance level reached in the task. The desired range of 7090% was indicated by green colour coding on a report accuracy chart. In order to avoid too liberal or
too conservative responding, participants were instructed by the experimenter to try to refrain from
guessing and report only the letters he/she was relatively sure to have seen when accuracy dropped
below 70%, and to try to name more letters (i.e. to be less anxious to report wrong letters) when it
reached 90%. During both whole and partial report tasks, the experimenter was sitting behind the
participant, entered the letters reported by the participant on a keyboard and manually started a new
trial by a key press.

Whole report task
On each trial, four letters were briefly presented on an imaginary semi-circle with a radius of 5.27° of
the visual angle either on the left or on the right of a fixation point and participants were instructed to
report orally as many of them as possible. Four blue symbols (composed of random letter parts; see
Figure 1) of the same luminance were displayed on the symmetrical semicircle on the other side of
fixation. Diameters of letters and symbols were 1.3° of visual angle. At the beginning of each block of
trials, a white arrow pointed towards the side on which the stimuli would appear in this block. The
target side in the first block was counterbalanced across participants and then alternated throughout
the experiment. Seven conditions were used. In five conditions, the stimulus array was followed by
masks (see figure 1) that consisted of eight red-blue scattered squares of 1.3º of visual angle appearing
at each stimulus location with a duration of 900 ms. In two unmasked conditions, stimuli were
followed by a blank screen with a fixation point shown for 900 ms. The masked letter arrays were
presented for five different, individually adjusted exposure durations. In addition, as mentioned above,
two unmasked conditions were used, one with the second shortest exposure duration and one with an
exposure duration of 200 ms. In the unmasked conditions the exposure durations are effectively
prolonged compared to masked conditions due to visual persistence (Sperling, 1960). Thus, the five
masked conditions and two unmasked conditions resulted in seven different effective exposure
durations. Different experimental conditions were equally distributed across blocks of trials and were
displayed in randomized order within the block (Figure 1).
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The exposure adjustment phase consisted of 48 trials divided into 4 blocks of 12 twelve triples of
trials. Each triple consisted of two trials that were not used for adjustment, but simply for familiarizing
the participant with the task. These were either unmasked trials with exposure duration of 200 ms or
masked ones with exposure duration of 250 ms. One trial in each triple was used for adjustment; this
was masked and initially displayed for 80 ms.

Figure 1: Presentation of the model, task and methods used in our study. On the top row in
the middle, the regions of interest derived from the NTVA model of Bundesen are shown in red
representing the occipital cortex, the whole thalamus in blue and the posterior thalamus in
green. On the top left corner, a 3D representation of probabilistic tractography between the left
occipital cortex and the left thalamus is shown for one individual. The top right corner shows an
example of an individual’s FA image modulated by his V1 map which is the principal eigenvector
of the tensor. On this modulated FA image, white matter tracts with a left-right orientation are
shown in red, tracts with an antero-posterior orientation in green and tracts with an up-down
orientation in blue. On the bottom left corner, an example of the whole report task is shown. On
the bottom right corner, a vSTM capacity K fit is represented for one subject.

Each time the participant reported at least one correct letter in this trial, exposure duration was
decreased by 10 ms until the lowest exposure duration was identified. Based on this value a set of 4
additional exposure durations was chosen from the predefined sets.

3.3

Material and methods

62

The testing phase consisted of 10 experimental blocks, each including 40 trials. For each exposure
duration 30 trials were used, with the exception of the condition with unmasked trials presented for
200 ms, were 220 trials were used.

Estimation of visual short term memory capacity
Modeling of the participant’s vSTM capacity was done using the TVA computational model,
implemented in the libTVA toolbox for Matlab (Mads Dyrholm, www.machlea.com/mads/libtva.html).
Detailed descriptions of the fitting procedure can be found in Dyrholm et al., 2011. The TVA based
whole report fitting procedure models the probability of correct letter report in terms of an exponential
growth function with increasing (effective) exposure duration. The variation of exposure duration was
intended to generate a broad range of performance which specified the whole probability distribution
of the number of correctly reported elements as a function of the effective exposure duration. The
asymptote of the function represents vSTM capacity or parameter K which indicates the maximum
number of elements that can be simultaneously represented in visual short-term memory (VSTM).
Three additional parameters which are of no particular interest in this study were estimated as this was
necessary in order to reveal valid estimates of vSTM storage capacity based on the TVA model:
Visual processing speed (parameter C), the rate of visual information uptake (in elements per second)
which is represented by the slope of the function at its origin; perceptual threshold (parameter t0)
which indicates the visual perceptual threshold, i.e the longest ineffective exposure duration (in ms)
below which information uptake is effectively zero and parameter µ, representing the prolongation of
the effective exposure duration (in ms) on unmasked trials.

3.3.3 Imaging data acquisition and preprocessing

Imaging data acquisition
Whole brain T1- and diffusion-weighted imaging data were acquired on a 3T Philips Ingenia scanner
with a 32 channel head coil and a SENSE factor of 2. Diffusion images were acquired using a singleshot spin-echo echo-planar imaging sequence, resulting in one non-diffusion weighted image (b = 0
s/mm2) and 32 diffusion weighted images (b = 800 s/mm2, 32 non-collinear gradient directions)
covering whole brain with: echo time (TE) = 61 ms, repetition time (TR) = 14206,980 ms, flip angle =
90°, field of view = 224 x 224 mm², matrix = 112 x 112, 60 transverse slices, voxel size = 2 x 2 x 2
mm3. A whole head high-resolution T1-weighted anatomical volume was acquired using a 3D
magnetization prepared rapid acquisition gradient echo sequence with the following parameters:
repetition time = 9 ms; time to echo = 4 ms; inversion time, TI = 0 ms; flip angle = 8°; 170 sagittal
slices; field of view = 240 mm2; matrix size = 240 × 240; reconstructed voxel size = 1 x 1 x 1 mm³.
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Quality check
All acquired MRI images were visually inspected by two independent raters (A.M., A.V.) for
excessive head motion, and apparent or aberrant artifacts. In addition to visual inspection of raw data,
we also used the fitting residuals (the sum-of-squared-error maps generated by DTIFIT) to identify
data corrupted by artifacts. Artifacts include motion-induced artifacts, insufficient fat suppression
(ghosting) artifacts, and extreme distortion artifacts thus leading to the exclusion of five participants.
Furthermore, T2 images were examined to exclude potential lesions and white matter abnormalities by
experienced radiologists.

Preprocessing
Diffusion data preprocessing was performed using FMRIB Diffusion Toolbox in the FSL software
(www.fmrib.ox.ac.uk/fsl;Jenkinson et al., 2012) after converting data from DICOM to niftii format by
using mricron dcm2nii (Rorden et al., 2007) as described in previous work (Meng et al., 2015). All
diffusion-weighted images were corrected for eddy current and head motion by registration to b0
image andskull and non-brain tissue were removed using the Brain Extraction Tool (BET). The tensor
model was then applied voxel by voxel using the tensor model fit (Smith et al., 2004) in order to
obtain voxelwise FA and MD maps. Lambda 1, lambda 2 and lambda 3 maps were also obtained from
the tensor fitting procedure and used to calculate RD and AD maps. RD maps were obtained by
averaging lambda 2 and lambda 3 maps and AD by renaming lambda 1 maps.
T1-weighted images were preprocessed using the anatomical processing script from FSL which
included reorientation, image cropping, bias field correction, linear (FLIRT, FMRIB's Linear Image
Registration Tool) and non-linear (FNIRT, FMRIB's Non-Linear Image Registration Tool) registration
to the MNI standard spaceNon linear transformation output included a structural –to-MNI standard
space warp field and its inverse (MNI-to-structural). Preprocessing also included brain extraction
(BET) and both tissue type and subcortical structure segmentations which were used to register
diffusion weighted images to preprocessed structural T1-weighted images using boundary-based
registration for echo planar imaging data thus yielding a diffusion-to-structural transformation matrix.
In order to register diffusion weighted data to the MNI 152 template via structural scan, we combined
the previously generated structural-to-MNI non-linear transformation matrix with the
diffusion_to_structural transformation matrix thus resulting in a diffusion-to-standard space
transformation. This transformation will be used in a later step to transform the individual fdt_paths ,
the 3D image file containing the output connectivity distribution to the seed mask, to standard space.
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Probabilistic tractography
Overall, we used several FSL atlases to define the occipital cortices, posterior thalami and exclusion
masks for each hemisphere in standard space. Those masks were then transformed into native space
using the previously described non-linear mapping and probabilistic tractography was performed to
identify the streamlines from occipital cortex to the posterior thalamus within each hemisphere
discarding inter-hemisphere estimates. The resulting path was then normalized and transformed into
standard space where a posterior thalamus mask for each hemisphere was used to extract the mean
probability of connection value which was then correlated with the previously described vSTM
capacity parameter K.

Regions of interest (ROI) generation
We used the MNI 152 2-mm label atlas combined with the Harvard Oxford 2-mm cortical atlas to
create cortical occipital masks in standard space. Masks of the right and left posterior thalamus
containing pulvinar nuclei were created from the Talairach atlas. Whole brain left and right
hemisphere masks were also created from the MNI 152 2mm atlas and used as exclusion masks in the
tractography process. All masks were transformed into the subjects’ native space using the reverse
non-linear mapping previously obtained and nearest neighbor interpolation.

Estimation of diffusion parameters and probabilistic tractography
Using the FDT toolbox from FSL, we first ran the function of Bayesian estimation of diffusion
parameters obtained using sampling techniques (BedpostX) for each subject. It estimates the
individual diffusion parameters at each voxel while considering the number of crossing fibers per
voxel (Behrens et al., 2003; Behrens et al., 2007). We used the default parameters implemented in
FDT: 2 fibers per voxel, weight of 1 and burning period 1000. Using the previously created ROIs as
described above, tractography was run for each hemisphere with the occipital ROI as seed and the
posterior thalamus as waypoint target mask using probtrackx2 function from FSL. We also used an
exclusion mask from the opposite hemisphere in order to ensure the ipsilateral nature of the
tractography. We performed tractography separately from each occipital ROI to the posterior
thalamus. For each participant, 5000 streamlines were initiated per seed voxel with a path length of
2000 × 0.5 mm steps, a curvature threshold of 80° and loop checking criteria. The resulting image or
fdt_paths represents the path connecting the seed region to the target where the value in each voxel
represents the number of streamlines generated from the seed region that pass through that voxel. Due
to the differences in volume of each area across subjects, we normalized the resulting tract estimates
(fdt_paths) by dividing it by the waytotal (total number of streamlines generated from the seed region
that reaches the target region; Rilling et al., 2008) thus resulting in a probability map of connectivity
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(Zhang et al. 2010; Arnold et al., 2012, Behrens et al., 2007; for review see Behrens et al., 2015).
Those probability maps were then transformed back into standard space so they can be used for
statistical analysis (Figure 1).

3.3.4 Extraction of FA, MD, AD, and RD maps from path
probability maps
Native FA, MD, ad AD and RD maps were transformed into standard space using the nonlinear
transformation described previously. A mask of the tracts between posterior thalamus and occipital
cortex for left and right hemispheres were obtained using the individual fdt paths maps from
probtrackx transformed to standard space. The average paths of our cohort for left and right PT-OC
tracts were calculated with fslmaths and thresholded above 0.03. The average left and right tract masks
were then binarized before being used to extract the mean FA and MD values for each subject using
fslmeants command.

3.3.5 Estimation of tissue type and total intracranial volumes
In order to obtain volumetric measurements for the whole brain, T1 images were segmented into grey
matter (GM), white matter (WM) and cerebrospinal fluid (CSF) tissue classes and normalized to the
MNI 152 mm template using DARTEL (SPM12 software package, http://www.fil.ion.ucl.ac.uk). The
segmented and normalized images were modulated to account for the structural changes resulting from
the normalization process, thus indicating GM, WM and CSF volume. Grey and white matter images
were smoothed with an 8mm full-width at half-maximum filter (FWHM). Total intracranial volume
was estimated by first computing and then adding up the totals (in liters) of the warped, modulated and
smoothed GM, WM, and CSF segments with the in-built SPM Tissue Volumes Utility (Malone et al.,
2015).

3.3.6 Statistical analysis
For each individual connection probability map of posterior thalamus previously normalized and
transformed into standard space, the mean probability of connection was extracted for each
hemisphere, thus resulting in left or right PT-OC connection probabilities. Those values were then
used to investigate the role of left or right PT-OC structural connectivity in the reduction of vSTM
capacity with aging, using a regression model with vSTM capacity as dependent variable and age, PTOC connection probability and interaction between both variables as independent variables. Gender,
handedness, CSFV and crystallized IQ were also included in the model as covariates. These analyses
were done using the SPSS statistics package version 21 (IBM).
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3.3.7 Sliding Window Analysis
In order to investigate more in depth the association between vSTM capacity and left PT-OC
connection probability with age, we used a sliding window approach: Participants were sorted
according to age. The sliding window contained a subgroup of 24 participants: The association
between vSTM capacity and left PT-OC connection probability was calculated by Pearson partial
correlation in this subgroup, controlling for age, gender, handedness, IQ and CSFV. The window was
then consecutively shifted by one participant to get an ‘older’ group of 24 subjects and the partial
correlation repeated for each shift. In Figure 2, the mean age of the sliding window subgroup versus
the correlation coefficient of the partial correlation is represented (See Figure 2 A).
In order to test the reliability of the sliding window analysis, we performed bootstrapping analyses.
We repeated the analysis sequentially by excluding each subject separately once, to test whether
outliers might have influenced the results. We found a very similar pattern, suggesting that the results
were not driven by non-representative outliers (see supplementary material figure 1B). We then
repeated the sliding window analysis for different window sizes, varying from 20 to 35 subjects, and
found a congruent pattern of results, which suggested that the results are reliable and do not depend on
the selected window size (Supplementary fig 1A).
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3.4 Results
3.4.1 Aging modulates the association between PT-OC
structural connectivity and vSTM capacity
In order to test whether our sample was representative with respect to brain changes that are normally
shown in aging individuals and in order to identify variables that needed to be used as control
variables in the later analyses, we first assessed age effects on brain structure, namely on brain
volume. Using voxel based morphometry we found that CSF volume was significantly increased (r =
0.79; p < .001) while GM volume was significantly reduced with increasing age (r = -0.57; p < .001)
(See supplementary figure 1). As this was to be expected based on previous studies (Salat et al., 1999;
Salat et al., 2011; Walhovd et al., 2011), we can conclude that the brain changes in our sample are
representative for those that are to be expected in healthy aging individuals.
In order to investigate the role of PT-OC structural connectivity in the reduction of vSTM capacity
with aging, a regression model with Age, PT-OC connection probability and interaction between both
variables, Gender, Handedness, CSFV and IQ was used. The last four variables were included in the
model, in order to control for gender, handedness, general cognitive performance, and brain volume
effects. We tested the model for left and right PT-OC connectivity separately, in order to account for
potential side effects of age as suggested by previous studies (Silver et al., 1997; Huster et al., 2009;
Johnson et al., 2014). Concerning right PT-OC connectivity, we found that the model was not a
significant predictor of vSTM capacity F(7.58) = 2.25; p = .087. We therefore not further analyzed
this model. Concerning left PT-OC connectivity, we found that the overall model was a significant
predictor of (23.8% of variance in) vSTM capacity, demonstrating the reliability of this model to
explain age-related variance in vSTM capacity (Table 2). In accordance with previous studies
(McAvinue et al., 2012; Wiegand et al., 2014; Wiegand et al.,2014) we found that vSTM storage
capacity K declined with increasing age in our participant group (β1= -0.047; p = .001). We then
aimed to investigate whether PT-OC structural connectivity was associated with vSTM, as suggested
by the NTVA theory and previous findings (Kraft et al., 2015; Menegaux et al., 2017). We found left
PT-OC connection probability to be significantly associated with vSTM capacity (β2 = -42.370; p =
.032). Finally, we tested whether the association between PT-OC connectivity and vSTM K
connectivity changed with aging
We found a significant interaction between Age x left PT-OC connection probability (β3 = 0.952; p =
.009), demonstrating that age affects the relationship between posterior thalamus-occipital cortex
connectivity and vSTM capacity.
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Dependent variable = vSTM capacity
Predictors

ß values

P value

95% CI

Age

-0.047

0.001

[ -0.075 , -0.020 ]

Left PT-OC structural connectivity

-42.37

0.032

[ -81.066 , -3.674 ]

Interaction Age x left PT-OC Structural connectivity

0.95

0.009

[ 0.243 , 1.661 ]

Gender

-0.05

0.609

[ -0.261 , 0.155 ]

Handedness

-0.16

0.180

[ -0.400 , 0.077 ]

IQ

0.008

0.019

[ 0.001 , 0.015 ]

CSFV

2.159

0.063

[ -0.118 , 4.435 ]

Table 2: Regression table

3.4.2 The age effect on the association between left PT-OC
structural connectivity and vSTM capacity: Shift and
alteration of microstructure
In order to investigate the association between PT-OC connection probability and vSTM capacity with
increasing age in more depth, we applied a sliding window approach. This allowed tracking the
association between PT-OT connectivity and vSTM capacity as a pseudo-continuous function of age.
The window was slid until the age of 77 years (the oldest participant’s age), resulting in the plot
presented in figure 2C. We found that the association between vSTM capacity and left PT-OC
structural connectivity was linearly inverting from a negative association in the youngest groups to a
positive association around an age of 50 years. Up from this age, the positive association remained
significant throughout. As illustrated in figure 2B, window number 4, we found that in young
individuals with a mean age of 28 years, vSTM capacity K was significantly negatively correlated
with left PT-OC structural connectivity (r = -0.46; p < .05) whereas in individuals with a mean age of
50 years (see window 14 in figure 2), it was significantly positively correlated with left PT-OC
structural connectivity (r = 0.54; p <.05). Similarly, we found that for individuals with a mean age of
70 years, vSTM capacity was significantly positively associated with left PT-OC structural
connectivity (r =0.45; p < .05).
Considering this somewhat surprising inverse association between vSTM capacity and left PT-OC
connection probability in younger compared to older individuals, the well-known aging effects on
white matter microstructure (Pfefferbaum et al., 2000; Hugenschmidt et al., 2008; Westlye et al.,
2010) and previous studies suggesting that white matter microstructure mediates the impact of age on
attention functions such as processing speed (Salami et al., 2012), we speculated that the inverse
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association to vSTM capacity that we found might be caused by changes in white matter properties of
left PT-OC tract. Although we cannot fully test such speculation, we investigated whether the
microstructure of the tracts connecting the left posterior thalamus to the left occipital cortex was
altered with increasing age. We found that the mean FA of the tracts connecting the left posterior
thalamus to the left occipital cortex was significantly reduced with increasing age (r = -0.54; p < .001 )
while MD was significantly increased (r = 0.63; p < .001 ) . Similarly, RD and AD were also
significantly increased with age (r = 0.60; p < .001; r = 0.36; p = .003 respectively) (See
supplementary figure S2).

Figure 2: Aging modulates the association between vSTM capacity and the left structural
connectivity of posterior thalamus to occipital cortex. A illustrates the sliding window approach
used in this study: participants were ranked by age and the first 24 individuals constituted the
first window which was the shifted consecutively by one participant. In B, three examples of
correlations between K and left PT-OC SC in different age windows as indicated in (A) are shown.
The correlation coefficient r is presented in the upper right corner of the individual plots. In C
these correlation coefficients are plotted against the mean age of the window group. Significant
correlations between K and left PT-OC SC are indicated with a red circle, the dotted lines
represent linear fits.
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3.5 Discussion
Using a whole-report paradigm and TVA -based modeling together with probabilistic tractography in
a group of healthy participants aged 20 to 77 years, we investigated the effect of age on the association
between the structural connectivity of posterior thalamus to occipital cortices and vSTM capacity K.
We found that the association between left PT-OC connection probability and vSTM capacity differed
throughout the lifespan. Indeed, in younger individuals at an age below 30 years, vSTM capacity was
significantly negatively associated with left PT-OC structural connectivity. In older individuals above
the age of 50, this association was reversed, i.e. the higher the connection probability between left
posterior thalamus and left occipital cortex, the higher the vSTM capacity K. When exploring the
microstructural properties of the left PT-OC tracts, we found that FA was significantly decreased with
age while MD, AD and RD were significantly increased. This suggested that age modifies the
microstructural properties of the tracts connecting the left posterior thalamus to the left occipital
cortex. Such changes might underlie the altered relationship between thalamo-cortical connectivity
and vSTM capacity K. Altogether, to the best of our knowledge, our findings provide first evidence for
the significant impact of aging not only on vSTM capacity K and the structural connectivity between
posterior thalamus and occipital cortices, but also on the relationship between these measures.

3.5.1 Aging modulates the association between PT-OC
structural connectivity and vSTM capacity
In order to investigate whether aging affects the association between vSTM capacity and PT-OC
connection probability, two different analyses were carried out, i.e. a multiple regression with vSTM
capacity as independent variable and age, PT-OC connection probability and interaction between both
variables as independent variables as well as a sliding window approach.
We found that left PT-OC connection probability was a significant predictor of vSTM capacity. This
is in line with findings from Habekost and Rostrup (2006) and Kraft and colleagues (2015) who found
that vSTM capacity was reduced in a group of patients with thalamic lesions.
Our finding is in agreement with the NTVA assumption that posterior thalamus and visual cortices are
relevant for vSTM capacity. Indeed, according to NTVA, the activity of visual neurons coding for the
objects that won the race is assumed to be sustained and reactivated by a feedback loop gated by the
TRN (Bundesen et al., 2005). Our finding of a significant association between vSTM capacity and PTOC connection probability suggests that, independently of age, connections from posterior thalamus to
occipital cortices are relevant for vSTM capacity. The fact that left PT-OC connection probability is a
significant predictor of vSTM capacity also fits with findings from Menegaux and colleagues
(Menegaux et al., 2017) who found that the microstructure of posterior thalamic radiations, as
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reflected by FA, was significantly associated with vSTM capacity in a group of healthy young adults
aged 26 years. Together, these findings suggest that tracts connecting posterior thalamus to occipital
cortices and their microstructure are critical for vSTM capacity.
The main finding of this study is the significant interaction effect found between age and left PT-OC
structural connectivity on vSTM capacity suggesting that the association between vSTM capacity and
left PT-OC connection probability is modified by age. This interaction effect remained significant
when controlled for the potential effects of CSF volume and IQ. The modification of the association
between vSTM capacity and a brain correlate, here PT-OC structural connectivity, with age had
previously been suggested by electroencephalographic findings of a weaker association between
vSTM capacity and contralateral delay activity in older compared to younger adults (Wiegand et al.,
2013; Sander et al., 2011; Duarte et al., 2013). It also fits to previous findings that in populations with
changes in white matter connectivity the association between vSTM capacity and posterior thalamic
radiations microstructure might change compared to young healthy groups. In particular, these results
fit to those from a previous study that usedthe same TVA-based methodology in preterm-born adults
who are known to exhibit changes in thalamo-cortical connectivity (Menegaux et al., 2017). Indeed,
Menegaux and colleagues found that the association between FA in posterior thalamic radiations and
vSTM capacity was inverse in preterm compared to term-born adults (Menegaux et al., 2017).
Arguably, modifications of thalamo-cortical tracts microstructure in older participants might also
affect the association between thalamo-cortical connectivity and vSTM capacity K. However, although
the significant interaction effect between age and left PT-OC connection probability on vSTM
capacity suggested that aging affects this structure-function association, it did not provide information
regarding the direction of change. Thus, in order to investigate the direction of this interaction, we
examined the association between vSTM capacity K and PT-OC connection probability as a pseudo
continuous function of age using a sliding window approach. This yielded intriguing findings as it
showed that the association between vSTM capacity K and PT-OC structural connectivity was
continuously inversed from negative to positive with increasing age.

3.5.2 The association between vSTM capacity and left PT-OC
structural connectivity is continuously inversed with
age: Potentially relevant microstructural alterations.
This continuum across aging suggests that there is a ceaseless process influencing PT-OC connectivity
so that the association with vSTM capacity K is changed. Interestingly, it has been well documented
that aging affects white matter microstructure (Pfefferbaum et al., 2000; Hugenschmidt et al., 2008;
Westlye et al., 2010) and that white matter microstructure can mediate the impact of age on attention
functions such as processing speed (Salami et al., 2012). Thus, a change in white matter
microstructure could be the critical mechanism behind the continuous inversion from negative to
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positive of the association between vSTM capacity and left PT-OC structural connectivity. While this
speculative hypothesis cannot be tested in our sample, we examined whether in our older participants
age-related microstructural changes of PT-OC tracts would be found. Interestingly, we found that FA
in left PT-OC tracts was reduced and MD, RD, AD increased in older compared to younger
participants. These findings are in line with those of Kumar and colleagues (2013) who found
increased AD in bilateral posterior thalamus white matter of older participants and of Hugenschmidt
and colleagues (2008) and Westlye and colleagues (2010) who found reduced FA in posterior thalamic
radiations of older compared to younger adults. A reduced FA value might be interpreted as a decrease
in the organization of white matter caused by various processes such as demyelination, axonal
degradation or gliosis (Beaulieu 2002, Concha et al., 2006; Lebel et al., 2008; Assaf et al.,2008) The
conjunction of decreased FA with increased MD, RD and AD is in line with findings from Burzynska
and colleagues (2010) and would preferentially suggest a decrease in fiber organization which might
be caused by axonal loss or gliosis (Beaulieu et al., 2002; Concha 2006; Lebel 2008 et Assaf 2008).
Another interesting finding in our sample is the absence of significant changes in WM volume with
age which is in agreement with several studies that have shown slight increases in white matter
volume until mid-adulthood (Van Buchem et al., 1999; Bartzokis et al., 2001; Chechik G et al., 1999)
before a strong decrease starting around the age of 65 years (Westlye et al., 2010). This opposite
pattern between FA and volume is interesting as it has been shown in mice that both were related to
myelination to some degree (Peters et al., 2000; Peters and Sethares, 2002). Such pattern might result
from several factors such as redundant myelination (Peters et al., 2000); fluid bubbles in myelin sheets
(Peters and Sethares 2002), or complexity of circuitry. The increase in WM volume until midadulthood might result from the increased complexity of myelinated fibers, with more occurrence of
fiber crossing as a higher number of fiber crossing would reduce the FA while increasing the volume
(Tuch et al., 2005). Although the link between FA, MD and myelin has sometimes been questioned
(Arshad et al., 2011), previous studies have found a quadratic relationship between magnetic transfer
ratio and age with a slight increase until 40s and then a decrease also suggesting an increase in myelin
content until mid-adulthood Van der Flier et al.,2002). Interestingly, we found that the switch from a
negative to a positive association between vSTM capacity K and PT-OC structural connectivity also
occurred around 40 years. Thus we speculate that the switch of the direction of association between
vSTM capacity K and PT-OC structural connectivity with aging might be due to a change in
microstructural properties of PT-OC tracts such as myelination or increased complexity of myelinated
fibers. A higher number of crossing fibers could also explain the increase in axial diffusivity (Douaud
et al., 2011).
Together, those findings suggest strong changes in microstructural properties of the tracts connecting
posterior thalamus to occipital cortices and make those tracts an ideal candidate to mediate the effect
of aging on vSTM capacity. This would fit with previous findings on the mediating role of white
matter integrity in age-behavior relationships (Raz et al., 2005; Burgmans et al., 2011; Brickman et al.,
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2012; Salami et al., 2012; Samanez-Larkin et al., 2012). Further studies using MTR and/or diffusion
MRI methods that can resolve intravoxel structure such as high angular resolution diffusion imaging
(Tuch et al., 2003) could help bring further information regarding the affected white matter
characteristics.

3.5.3 Limitations
Our study has several limitations: First, we used a cross sectional sample. Thus, although we could
examine the effect of age on PT-OC structural connectivity with vSTM capacity between individuals,
we cannot generalize our findings to intra-individual changes over the lifespan (Salthouse et al., 2011).
Moreover, it is difficult to interpret our DTI-based results in terms of underlying microscopic changes
since the number of streamlines generated by probtrackx is not a direct measure of anatomical
connectivity and their relationship to the underlying anatomy is quite unclear (Jones 2010; Jones et al.,
2013; Jbabdi and Johansen-berg, 2011). Several factors can influence the number of streamlines such
as the organization of myelin in regions bordering cortical grey matter (Reveley et al., 2015) fanning
fibers, crossing fibers with fewer crossing fibers leading to increased connectivity values (Jbabdi and
Johansen-Berg, 2011; Thomas et al., 2014; Reveley et al., 2015; Donahue et al., 2016). Moreover,
dense white matter fiber bundles at the grey matter/white matter boundary would hinder the
tractography detection of weaker crossing fibers entering or exiting grey matter in sulcal fundi and
thus influence the number of streamlines. Crossing fibers are also a limitation of the tensor model and
thus will affect FA, MD, RD and AD values as well.

3.6 Conclusion
We investigated whether aging affects the association between vSTM capacity and the structural
connectivity of posterior thalamus to visual cortices. In addition to a reduced vSTM capacity and
aberrant PT-OC connection probability, we found that the relationship between vSTM capacity K and
PT-OC connection probability was significantly modified by age. In young adults, vSTM capacity K
was significantly negatively associated with PT-OC connection probability while in older adults, this
association was positive. Interestingly, we also found reduced fractional anisotropy and increased
mean diffusivity in PT-OC tracts with aging which suggested that the inversion of the association
between PT-OC connection probability and vSTM capacity K with aging might reflect age-related
changes in white matter properties. These results suggest that the effect of aging on vSTM capacity
might be modulated by the microstructure and connectivity of white matter between posterior
thalamus and occipital cortices.
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Figure S1: Bootstrapping analyses showing the reliability of the sliding window analysis. A:
representation of the sliding window analysis for different window sizes, varying from 20 to 35.
B: to test whether outliers might have influenced the results, the sliding window analysis was
repeated, by analyzing a subsample, excluding a different participant in each run.
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Figure S2: Structural and diffusion alterations in aging. The first column shows graphs
representing the grey matter volume and cerebrospinal fluid volume, respectively, as a function
of age. In the second and third column, linear plots of white matter microstructure measures as a
function of age are shown.
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4 STUDY III:
Impaired visual short-term memory
capacity is distinctively associated
with structural connectivity of the
posterior thalamic radiation and the
splenium of the corpus callosum in
preterm-born adults
This chapter contains a manuscript entitled “Impaired visual short-term memory capacity is
distinctively associated with structural connectivity of the posterior thalamic radiation and the
splenium of the corpus callosum in preterm-born adults” which has been published in NeuroImage in
2017. It also contains unpublished supplementary material used to answer some comments made by a
reviewer of this paper. We added it as we believe it shows additional control steps we have taken to
ensure the reliability of our findings.
Authors: Aurore Menegaux, Chun Meng, Julia Neitzel, Josef G. Bäuml, , Hermann J.Müller, Peter
Bartmann, Dieter Wolke, Afra M. Wohlschläger, Kathrin Finke, Christian Sorg
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H.J.M., P.B., D.W., A.M.W., K.F. and C.S. wrote and revised the manuscript before submission.
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4.7 Supplementary Material
In order to ensure that the posterior thalamic radiation ROI from the JHU-ICBM-DTI-81 white matter
tract labels atlas that we used in our study was primarily a cortico-thalamic tract, we performed
probabilistic tractography between the right occipital cortex and the right thalamus in native space for
each of the subject. Since we found a significant association between vSTM storage capacity K and
FA in the right posterior thalamic radiation and not in the left posterior thalamic radiation we did not
perform probabilistic tractography in the left hemisphere. In more detail, we used the MNI 152 2-mm
label atlas combined with the Harvard Oxford 25% 2-mm cortical atlas to create a mask of the right
occipital cortex in standard space. We then transformed this ROI to individual structural space and
then diffusion space using FSL FLIRT. Similarly, a mask of the right thalamus was created from the
Oxford thalamic 25% 2-mm atlas.

Fig 1: Tractography between right occipital cortex and right thalamus in both term and preterm
groups. A-B: Axial and sagittal views representing the thresholded probabilistic path between
right thalamus and right occipital cortex in the term group (A) and in the preterm group (B).The
left and middle zoomed in windows show the paths obtained when seeding from right occipital
cortex to right thalamus with no waypoint mask. The most right window represent the paths
obtained when seeding from right occipital cortex to right thalamus using the significant cluster
of voxels obtained from previous TBSS analysis as a waypoint mask. In the left and right windows,
blue represent the significant TBSS interaction cluster, in the middle window, blue represents the
JHU-ICBM-81-DTI white matter label atlas ROI of the right posterior thalamic radiation we used in
our analysis. The overlay of both term and preterm paths is shown in C. Yellow represents the
right thalamus, red represents the probabilistic path of the term group and green the
probabilistic path of the preterm group. The three windows have similar legend as for A and B.
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In order to ensure the ipsilateral specificity of the tracking, we created and used an exclusion mask for
the opposite hemisphere, here a left hemisphere mask. We ran BedpostX for each subject followed by
probtrackx seeding from the right occipital cortex to the right thalamus excluding the left hemisphere.
In order to normalize the tracts, we divided the fdt_paths by the waytotal (total number of streamlines
generated from the seed region that reaches the target region). In order to check whether our
significant interaction cluster obtained by TBSS was located in cortico-thalamic tracts for all subjects,
we transformed the fdt_paths back to standard space and created group averages for both the term- and
preterm groups. We then overlapped our TBSS fill interaction cluster transformed into MNI 2-mm
space with FSL FLIRT. As can be seen from figure 1, our cluster almost perfectly overlaps with the
path. This is also the case for the whole ROI from the JHU-ICBM-DTI-81 white matter label atlas. In
order to be even more accurate, we used the TBSS interaction cluster as a waypoint mask and tracked
again from right occipital cortex to the right thalamus (fig 1, 3rd enhancing window from the left). As
shown in figure 1, we can confirm that the tract we analyze with TBSS is primarily a cortico-thalamic
tract.

In order to ensure that the FA images from the preterm group were as well aligned to the MNI
template as the ones from the full-term group, we used the individual FA images previously aligned to
the FMRIB58 FA standard space template and investigated the variance between groups. We
thresholded each FA image to 0.2 in order to keep the main white matter tracts and binarized them to
obtain a mask. Using matlab, we then calculated the variance of the FA mask for each group
separately. For visualization, we used AMIRA (FEI). As shown in figure 2, the tracts corresponding to
the posterior thalamic radiations and to the splenium of the corpus callosum have a variance close to
zero within each group (figure 2A&C) and between groups (figure 2B). For better visualization, we
then used only the significant (interaction) cluster found with TBSS (figure 2B,D,E,F&G). Moreover
both term- and preterm-born subjects are well aligned to the FMRIB58 FA standard space template
(figure 2D&G), and most of the mean FA skeleton mask shows a variance close to zero (Fig 2E&F).
Additionally, we calculated for each group how many voxels in each JHU-ICBM-DTI-81 atlas ROI
we used had a variance above 0. We found that only 1.8% of the right posterior thalamic radiation
voxels had a variance above 0 in the preterm group, and 1.3% in the term group. For the splenium of
the corpus callosum, only 2.5% of the voxels had a variance above 0 in the preterm group, and 2.1% in
the term group. We also calculated the global cumulative variance by summing up the variance of
each voxel for both groups. We found that the global cumulative variance is only 6.8% larger in the
preterm group:
SumOfVariance(Preterm) / SumOfVariance(Term) = 1.621e+05 / 1.518e+05 = 1.068
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Figure S2: Alignment term and preterm group FA maps to the FMRIB58 FA template. A & C :
Variance of the 0.2-thresholded individual FA-maps previously aligned to the FMRIB58 FA 1mm
template for the Term-group (A) and Preterm-group (B) indicating the goodness of the alignment
of the individual FA-maps (scale to the right indicating variance values). Blue represents the right
posterior thalamic radiation and green the splenium of the corpus callosum. B : Difference of the
Variance-maps calculated by Delta=variance(Preterm) – variance(Term); the ROIs are visualized in
3D using AMIRA in blue for posterior thalamic radiation (PTR) and green splenium corpus
callosum; (scale to the right indicating orange/pink values for higher variance in the preterm
group and blue/green values for higher variance in the Term group). D & G : Overlay of the TBSSSkeleton (turquoise blue) on the MNI-FMRIB58 FA-Map (heatmap) overlaid by the FA VarianceMap of A and C. E & F : Variance of the skeleton voxels obtained as the product of the binarized
skeleton with the Variance-map of A and C . Grey values indicate a variance of zero (scale shown
below); the ROI‘s are visualized in 3D in blue for the PTR and green for the splenium.
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5 GENERAL DISCUSSION
In this thesis, we investigated the relevance of the structural connectivity of posterior thalamus to
visual cortices for vSTM capacity and the consequences of its alteration due to aging and premature
birth.

5.1 Key Findings
5.1.1 First structural evidence supporting the NTVA
assumptions of a thalamo-cortical system for vSTM
processes
The aim of this thesis was to investigate the relevance of posterior thalamo-cortical tracts for vSTM
capacity that is suggested by the NTVA model. Indeed, following a general idea from Hebb (1949),
the NTVA assumes that sensory neurons coding for the representation of a selected object in the visual
cortex are kept active once the sensory stimulation has disappeared via reciprocal connections to the
corresponding parts of the vSTM map located in the TRN (Bundesen et al., 2005). In other words,
feedback loops between visual cortices and the TRN constitute the vSTM system. However, no clear
evidence for this assumption has been brought to light thus far. In order to test whether we can provide
such evidence, we first used two distinct healthy young populations in which thalamo-cortical
connections were analyzed with respect to their integrity or their connectivity. In our first study, we
used probabilistic tractography between occipital cortices and posterior thalamus in healthy adults
aged 20 to 53 years and found that vSTM capacity was significantly correlated with left PT-OC
structural connectivity. When investigating this association in a more restricted age group using a
sliding window approach, the second study brought the information that vSTM capacity was
significantly associated with left PT-OC structural connectivity in young adults below 30 years of age.
Interestingly, in our third study, we found that in healthy, full-term born, young adults at the age of 27
and born at term, vSTM capacity was associated with FA in a part of the right posterior thalamic
radiation. These findings go beyond those of previous studies using the TVA framework, which found
reduced vSTM capacity in patients with lesions to posterior tracts (Habekost and Rostrup 2007) and in
a group of patients with thalamic stroke (Kraft et al., 2015). In particular, our findings suggest that
specific connections, i.e., posterior thalamic connections to occipital cortices and their microstructure
are relevant for vSTM capacity in healthy adults. Thus, our findings bring first structural evidence for
the NTVA assumption of a posterior thalamo-cortical feedback loop system for vSTM processes
(Bundesen et al., 2005). Our findings are also in agreement with those from Saalman and colleagues
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(Saalman et al., 2012) who used neural recordings and DWI-derived tractography in macaques and
found that the pulvinar synchronized the activity between cortical areas involved in attention
allocation. They suggested that pulvino-cortical loops regulate the information transmitted between
each cortical stage of visual processing and that, thus, internal processes, such as short term memory,
rely heavily on these pulvino-cortical loops. Furthermore, our first study demonstrated that the
association between left PT-OC structural connectivity and vSTM capacity was region and function
specific. Indeed, no significant association with vSTM capacity was found when performing
probabilistic tractography from motor cortices to posterior thalamus suggesting our finding was region
specific. Similarly, no significant associations between left PT-OC structural connectivity and
processing speed or perceptual threshold were found suggesting our finding was function specific. The
absence of a significant association between visual processing speed and PT-OC structural
connectivity in our first study is not very surprising, since a previous study from Espeseth and
colleagues found that visual processing speed was significantly associated with FA in the superior
longitudinal fasciculus and body and genu of the corpus callosum (Espeseth et al., 2014). Our findings
of significant associations between vSTM capacity and the integrity and structural connectivity of
posterior thalamus to occipital cortices were also strengthened by their independence from general
cognitive abilities. Finally, the fact that these findings are consistent with each other across studies,
although they were found in different populations assessed with different scanners, sequences and
whole report paradigms strengthens their validity as first empirical, structural support for the NTVA
model’s assumption that recurrent loops between posterior thalamus and visual cortices subserve
vSTM capacity.
In the first study, we not only analyzed attentional capacity parameters with a focus on vSTM
capacity, but also attentional selection parameters, top down control and spatial bias. According to the
NTVA, the computation of attentional weights of displayed visual objects at the end of the first wave
of visual processing supposedly takes place in the pulvinar nucleus where the saliency map of objects
is assumed to be located (Bundesen et al., 2005). As the pulvinar is supposed to send weighted
information to higher-order visual areas, connections between posterior thalamic areas and the
occipital cortex should be relevant for the efficiency of task-related weighting. Interestingly, we found
a trend for a relationship between the individual level of top-down control α and right PT-OC
structural connectivity. This finding is in line with electrophysiological studies which suggested that
the pulvinar nucleus plays an important role in selective attention (Desimone et al., 1990, Robinson
and Petersen 1992, Olshausen et al., 1993, Shipp, 2003; Shipp, 2004, Saalmann and Kastner 2011,
Saalman 2012), and can be interpreted as empirical support for the NTVA assumption of a critical role
of the pulvinar nucleus in task-related attentional weighting (Bundesen et al., 2005). This finding was
also region- and function-specific since no significant association between top down control and the
structural connectivity of posterior thalamus to motor cortices nor between right PT-OC structural
connectivity and spatial bias was found.
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Together our three studies bring first evidence for the relevance of posterior thalamo-cortical tracts for
vSTM capacity and top down control as suggested by the NTVA.

5.1.2 The association between vSTM capacity and posterior
thalamo-cortical connections is changed when these
connections are altered
In order to further validate the NTVA model, we explored the relevance of posterior thalamic
connections to visual cortices for vSTM capacity in two populations known to exhibit posterior
cortical and subcortical white matter damages: aging and premature birth. We investigated whether
alterations of posterior thalamo-cortical connections might result in a change of association between
vSTM capacity and such posterior thalamocortical tracts.

Example of healthy aging
Besides a decline in vSTM capacity, (Verhaegen et al., 1993; Gazzaley et al., 2005; Sander et al.,
2011; McAvinue et al., 2012) it has been shown that aging leads to changes in white matter
microstructure and connectivity such as changes in RD and AD in posterior thalamic areas (Kumar et
al., 2013), and alterations in thalamo-cortical projections’ volume (Hughes et al., 2012). Considering
such structural alterations, our second study investigated whether the association between PT-OC
structural connectivity and vSTM capacity remained the same throughout the lifespan or whether
aging modified it. Using a regression model, we found a significant interaction effect between age and
left PT-OC structural connectivity on vSTM capacity suggesting that the association between vSTM
capacity and left PT-OC connection probability is modified by age. Such modifications of the
association between vSTM capacity and a brain correlate with age had previously been reported
(Wiegand et al., 2014a; Sander et al., 2011; Duarte et al., 2013). For example, Wiegand and
colleagues, who used electroencephalography recordings, found a weaker association between vSTM
capacity and contralateral delay activity (CDA) in older compared to younger adults (Wiegand et al.,
2014a). Although the significant interaction effect between age and left PT-OC connection probability
on vSTM capacity that we found suggested that aging affects this structure-function association, it did
not provide information regarding the direction of change. In order to investigate the direction of this
interaction, we examined the association between vSTM capacity and PT-OC connection probability
as a pseudo-continuous function of age using a sliding window approach. This approach yielded
intriguing findings: we found that in young individuals below 30 years of age, the association between
left PT-OC and vSTM capacity was significantly negative before linearly inversing to a positive
association around an age of 40. This association remained significantly positive above an age of 50.
Interestingly, in our first study we found that the probability of connection between the left posterior
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thalamus and the left occipital cortex was negatively associated with vSTM capacity in participants
below the age of 55 years. Thus, our finding of a negative association between left PT-OC structural
connectivity and vSTM capacity in young participants below the age of 30 years reproduce the finding
from our first study. It would also suggest that the association between left PT-OC structural
connectivity and vSTM capacity might not be negative for people below the age of 55 years in general
but rather for people aged 30 and below. Due to the complex nature of the DWI signal and particularly
the output of tractography, we could not interpret our first study’s findings beyond the fact that vSTM
capacity relied at least in part on PT-OC structural connectivity. Our finding of a continuum across
aging in our second study brings additional meaning to the previously found negative association and
suggests that there is a continuous age-related process influencing PT-OC connectivity so that the
association with K is changed.

Example of preterm birth
In the third study we investigated whether vSTM capacity was distinctively associated with the
integrity of cortico-thalamic and cortico-cortical tracts in preterm-born compared to full-term born
young adults. We found that the association between vSTM capacity and FA in part of the posterior
thalamic radiations significantly differed between groups. In young adults born at term, we found that
the higher FA in part of the right posterior thalamic radiations, the higher the vSTM capacity. In
contrast in young adults born prematurely, we found that vSTM capacity was significantly negatively
associated with FA. These results suggest that the link between vSTM capacity and posterior thalamocortical connection is altered after preterm birth. This finding is in line with those of Karolis and
colleagues (Karolis et al., 2016) and Meng and colleagues (Meng et al., 2015) who found altered
cortico-thalamic loops and microstructure, respectively, in preterm born adults. We also found that
vSTM capacity was positively associated with FA in part of the splenium of the corpus callosum in
preterm born adults while no significant association was found in the full-term born group. Moreover,
FA was reduced in the splenium of corpus callosum of preterm compared to full-term born adults.
This discovery and the compensatory intrinsic functional connectivity findings in bilateral visual
cortices found in preterm born adults with relatively preserved vSTM capacity (Finke et al., 2015)
suggest that in preterm born adults a compensatory reorganization takes place so that the vSTM
capacity system relies less on cortico-thalamic and more on cortico-cortical connections. This
interpretation is in line with findings from Ball and colleagues (Ball and al., 2012; Ball et al., 2014)
who found that reorganization of connectivity i.e. reduced cortico-thalamic and increased local
cortico-cortical connectivity, takes place in infants following preterm birth. It is also in agreement
with findings from Ceschin and colleagues (Ceschin et al., 2015) who suggested that the combination
of thalamo-cortical and interhemispheric connectivity plays a role in the development of visual
functions in preterm-born infants. Finally, our findings add evidence from a different cognitive
modality to previous studies where adaptive plastic processes during a verbal paired associative task

5.1

Key Findings

104

were found. In this study, adults born very preterm exhibited a very different pattern of activation in
learning and memory networks, which included the anterior cingulate cortex, caudate nucleus,
thalamus and parahippocampal gyrus (Salvan et al., 2014).
Together, our second and third studies indicate that, when posterior thalamo-cortical connections are
altered, the association with vSTM is also altered. Thus they add further evidence for the NTVA
model of posterior thalamo-cortical connectivity being relevant for vSTM capacity.

5.1.3 The association between vSTM capacity and the
microstructure of posterior thalamo-cortical
connections is complex
In the previous paragraph we discussed how the association between vSTM capacity and the structural
connectivity of posterior thalamus to occipital cortices was changed when those tracts were altered.
Such changes suggest an intricate association between PT-OC structural connectivity and vSTM
capacity, which might reflect the complex relationship of PT-OC tracts microstructure to vSTM
capacity. Indeed, in our second study, we found that the association between vSTM capacity and PTOC structural connectivity was linearly inversing from negative to positive with increasing age. This
continuum across aging suggested that there is a continuous process influencing PT-OC connectivity
so that the association with K is changed. Considering this finding, the documented alterations of
white matter properties during aging (Pfefferbaum et al., 2000, Hugenschmidt et al., 2008; Westlye et
al., 2010) and previous studies suggesting that white matter microstructure mediates the impact of age
on attention functions such as processing speed (Salami et al., 2012), we speculated that the inverse
association between vSTM capacity and PT-OC structural connectivity was due to a change in white
matter properties of PT-OC tracts. Although our results were not sufficient to determine the cause of
this modified association, we investigated changes in white matter microstructure in an attempt to
partly answer this hypothesis. As reported in previous studies (Hugenschmidt et al., 2008; Kumar et
al., 2013) we found that FA was reduced and MD, RD and AD were increased in older compared to
younger individuals. This suggested that aging impairs PT-OC tracts’ microstructure. These changes
with aging are consistent with post-mortem histological studies which have shown that in healthy
aging, at the cellular level, axonal and myelin degeneration take place, along with other changes in the
cellular environment, such as accumulation of cellular debris and formation of glial scars (Meier-Ruge
et al., 1992; Aboitiz et al., 1996; Peters et al., 2002). For example, it has been shown that an increase
in MD might likely be caused by a decrease in membrane density due to cell degeneration (Beaulieu
2002). Furthermore reduced FA might be interpreted as a decrease in the organization of white matter
caused by various processes such as demyelination, axonal degradation or gliosis (Beaulieu 2002,
Concha et al., 2006; Lebel et al., 2008; Assaf et al., 2008). The combination of decreased FA with
increased MD, RD and AD is in line with findings from Burzynska and colleagues (Burzynska et al.,
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2010) and implies a decrease in fiber organization which might be caused by axonal loss or gliosis
(Beaulieu et al., 2002; Concha et al., 2006; Lebel et al., 2008 et Assaf et al., 2008).
Although the microstructure of PT-OC tracts was altered with aging, we found no significant changes
of overall white matter volume. This is not surprising as it has been shown that white matter volume
slightly increases until mid-adulthood (Van Buchem et al., 1999; Bartzokis et al., 2001), and
according to some studies, even until the 6th decade of life (Westlye et al., 2010) before decreasing
strongly from 65 years of age on (Westlye et al., 2010). One possible explanation for the differential
pattern of reduced FA and unchanged white matter volume might be that the increase in white matter
volume until mid-adulthood results from the increased complexity of myelinated fibers, with the
presence of more crossing fibers. Indeed, more fibers crossing would reduce the FA value while
increasing the volume (Tuch et al., 2005). A previous study that used magnetization transfer ratio has
found a quadratic relationship between magnetic transfer ratio and age with a slight increase until the
40s and then a decrease (Van der Flier et al., 2002) also suggesting an increase in myelin content until
mid-adulthood. Intriguingly, we found that the change of association between vSTM capacity and PTOC structural connectivity from negative to positive took place around the age of 40 years. Thus,
although we do not have the necessary results to make such hypothesis, we would speculate that
changes in microstructural properties of the tracts connecting posterior thalamus to occipital cortices
might mediate the effect of aging on vSTM capacity. The complex association between PT-OC tracts
microstructure and vSTM capacity was also suggested by findings in our third study. Indeed, we found
a negative association between vSTM capacity and FA in posterior thalamic tracts in preterm born
adults. Although this finding of a negative association was surprising, it was not the first time that
such association was reported since Tuch and colleagues (Tuch et al., 2005) also reported a negative
and contra-intuitive association between choice reaction time and FA in the optic radiation and
posterior thalamus. Thus, our finding of a negative association between FA in posterior thalamic
radiations and vSTM capacity in preterm born adults could be explained - similarly to Tuch and
colleagues (2005) - by the presence of crossing fibers, with the increase in FA of one fiber population
leading to an overall decrease FA in the voxel (Tuch et al., 2003; Pierpaoli et al., 2001).
Our findings in aging and preterm birth suggest a complex relationship between white matter
microstructure measures obtained from DTI and the underlying tissue organization, which also
critically influences the association between white matter tracts such as PT-OC tracts and vSTM
capacity.

5.1.4 Integrating our findings with current views
The thalamo-cortical NTVA model infers critical relevance of structural connectivity between
posterior thalamus and dorsal cortical regions for vSTM capacity. The three studies of this thesis were
the first experimental test of this assumption, and thus, provide the first empirical support of this
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model. These findings do not suggest that tracts connecting posterior thalamus to occipital cortices are
the only tracts subserving vSTM capacity. They simply suggest that they play a role in vSTM
functions which has not been studied enough thus far. These findings also do not contradict previous
studies that found fronto-parietal networks as being relevant for vSTM capacity (Courtney et al., 1998;
Todd et Marois 2004; Xu and Chun 2006; Chechlacz et al., 2015) since we did not investigate frontoparietal connections in this thesis. Moreover, it has been suggested that fronto-parietal areas might
function as higher order structures for attention, for example to maintain attentional focus under
distraction, rather than being the topographic maps of priority and visual short-term memory
(Bundesen et al., 2005). As no distractors were present in the whole report tasks used to assess vSTM
capacity, it is also possible that the fronto-parietal contribution to vSTM might be very low.
Finally, our findings that posterior thalamus and posterior thalamic connections are relevant for vSTM
capacity fits with the current view of the thalamus shared by Sherman and Guillery, who, among
others, suggest that the thalamus is not only a relay structure, but that it also coordinates corticocortical communication (Sherman et al., 2002; Guillery et al., 2002; Sherman and Guillery 2013;
Schmid et al., 2012; Saalman et al., 2011). Indeed, a study by Saalman and colleagues, who used
recordings and diffusion tractography in macaques performing a variant of the Eriksen flanker task,
found that the pulvinar synchronized the activities between interconnected cortical areas related to
attentional allocation and suggested that internal processes such as the maintenance of attention in
expectation of a visual stimuli and short term memory relies on pulvino-cortical loops (Saalman et al.,
2012). Overall, they hypothesized that a role for higher order thalamic nuclei such as the pulvinar
might be the regulation of cortical synchrony to selectively route information across the cortex.
Although our findings do not provide proof for such hypothesis, they suggest posterior thalamus
(including the pulvinar) – visual cortex loops to subserve an important process, i.e., vSTM capacity.
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5.2 Limitations
A first and general limitation of our studies is sample bias. Indeed, our first and second study
participants were highly educated with most of the young participants attending university and the
older participants being particularly highly functioning individuals with a rather high level of activity,
education and high crystallized IQ. Thus, our findings might not be true for individuals with lower
levels of education or IQ. Similarly, the preterm participants in our third study were composed of
preterm born adults with relatively low neonatal complications at birth and high IQ. Thus, our findings
cannot be generalized to other preterm born individuals with high neonatal complications. Such
positive bias is not rare among preterm birth studies (Nosarti et al., 2007). It would thus be interesting
to investigate the association between vSTM capacity and posterior thalamo-cortical connectivity in a
group of adults born very preterm or with very low birth weight and a high number of neonatal
complications.
Another limitation of our second study is the use of a cross-sectional sample. Unlike in longitudinal
studies, we cannot generalize our findings to intra-individual changes across the lifespan (Salthouse et
al., 2011).
It is also important to note that DWI is based on the diffusion of water molecules, which is less
hindered along the axons than perpendicular to it (Beaulieu et al., 2002). Thus, local diffusion is
dependent on local microstructure. However, one factor that can influence DTI metrics such as FA or
MD is the partial volume effect. In brief, the signal obtained by DWI does not reflect the diffusion
properties of brain tissue only, but also of free water (Pasternak et al., 2009). As free water is
particularly present in the CSF, white matter voxels surrounding CSF are particularly sensitive to
partial volume effect. Corrections for partial volume effect are not available to everyone making its
use relatively rare. We thus did not use any respective correction and the reader should keep in mind
that this effect might potentially influence our results (Vos et al., 2011). Finally, it is difficult to
interpret our DTI-based results in terms of underlying microscopic changes since the number of
streamlines generated by probabilistic tractography is not a direct measure of anatomical connectivity
and their relationship to the underlying anatomy remains unclear (Jones, 2010; Jones et al., 2013;
Jbabdi and Johansen-berg, 2011). Several factors can influence the number of streamlines such as the
organization of myelin in regions bordering cortical grey matter (Reveley et al., 2015) fanning fibers
or crossing fibers with less crossing fibers leading to increased connectivity values (Jbabdi and
Johansen-Berg, 2011; Thomas et al., 2014; Reveley et al., 2015; Donahue et al., 2016). Crossing fibers
are also a limitation of the tensor model and thus will affect FA, MD, RD and AD values as well.
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5.3 Future directions
As mentioned above, DTI-metrics such as FA and MD reflect the diffusivity of water molecules.
However, how those measures actually relate to axonal density, fiber density or myelin remains quite
unclear. New diffusion sequences allow for a more precise quantification of those properties. For
example high angular resolution diffusion imaging (HARDI) measures the DW signal using a much
larger number of diffusion weighted gradient directions than required for DTI, in order to capture the
higher angular frequency features of the DW signal that are not adequately modelled by a single
diffusion tensor (Tuch et al., 2002; Tournier et al. 2004). The use of more gradient directions allows
for a more precise measure of the diffusion pattern of water molecules and thus of the brain tissue
properties. However, more gradient directions also mean longer acquisition time and due to the
multimodal nature of our studies it was not possible for us to use such sequences. Neurite orientation
dispersion and density imaging (NODDI) is another diffusion MRI technique derived from HARDI
and used to estimate the microstructural complexity of dendrites and axons in vivo (Zhang et al., 2011;
Zhang et al., 2012). Such indices of neurites relate more directly to and provide more specific markers
of brain tissue microstructure than the standard DTI-derived indices. With NODDI, the diffusion per
voxel is modeled using a 3 compartment tissue model and an index of orientation dispersion is defined
to characterize angular variation of neurites. This technique would be particularly interesting to use in
studies of aging and preterm birth since neurite morphology is a key marker of brain development.
Indeed it has been shown that an increase in the dispersion of neurite orientation distribution was
associated with brain development (Conel, 1939) and aging, and a reduction in the dendritic density
was linked with aging (Jacobs et al., 1997). Thus, it would be interesting to use such technique in
combination with TVA-based assessment in order to understand which property of the PT-OC tracts is
associated with vSTM capacity and how is it influenced by aging or preterm birth. Using such
technique could help test our hypothesis of changes in white matter properties mediating the impact of
age on vSTM capacity.
Finally, using a higher number of gradient directions and a multi compartment model also allows to
measure fiber density, which has been shown to be more sensitive to neurodegenerative processes in
amyotrophic lateral sclerosis (Stämpfli et al., 2018). We are currently aiming at using such measure to
investigate the long-term alterations of white matter following premature birth and explore whether
fiber density changes might be a better marker of preterm birth alterations than FA.
In this thesis, we investigated the structural underpinnings of vSTM capacity (namely posterior
thalamo-cortical connectivity). However, in order to confirm our findings, it would be relevant to
combine DTI-derived measures with functional measurements such as derived from functional MRI or
Electroencephalography (EEG). As our second and third studies were part of a multimodal project that
included fMRI, MPRAGE, FLAIR and EEG assessment, it would be interesting to correlate measures
of white matter integrity and connectivity with intrinsic functional connectivity obtained from fMRI
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data or with the amplitudes of ERPs derived from EEG recordings. For example, we could perform a
functional connectivity analysis between thalamus and occipital cortices using the technique from
Toulmin and colleagues (Toulmin et al., 2015) and use the voxels showing a significant bloodoxygen-level dependent signal difference between older and younger inividuals as seed and target
regions for tractography. We could then, for example, correlate tractography scores with vSTM
capacity measurements.
Finally, considering the long term thalamocortical changes following premature birth and the
reorganization of connectivity to subserve vSTM capacity, it would be interesting to assess the
preterm born young adults again in older age and investigate whether the association between PT-OC
structural connectivity and vSTM capacity also inverses from negative to positive at older age, to
compare the findings with our second study.

5.4 Conclusion
In this thesis we investigated the relevance of posterior thalamo-cortical connections for vSTM
capacity based on the NTVA model. Our studies brought first structural evidence of the NTVA
thalamic model in a population of healthy young adults as well as in two populations with damage in
posterior thalamo-cortical connectivity. Together they suggest that the posterior thalamus and its
connections to visual cortices are relevant for vSTM capacity and should thus be considered part of
the vSTM system in the same way as frontal and parietal regions.
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