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Clarity of thought is a shining point in a vast expanse of
unrelieved darkness. Genius is not so much a light as it is a
constant awareness of the surrounding gloom, and its typical
cowardice is to bathe in its own glow and avoid, as much as

possible, looking out beyond its boundary.

from ”His Master’s Voice“ by Stanisław Lem
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Zusammenfassung

Greifbewegungen in Primaten erlauben eine diverse Interaktion mit der Umwelt. Sie
können in zwei separate Vorgänge getrennt werden: den Transport des Armes zum
Objekt, genannt Ausstrecken (reach) und dem Zufassen und Manipulieren des Objek-
tes, genannt Zugreifen (grasp). Es ist ungeklärt ob beide Vorgänge zusammen oder
getrennt von zwei Netzwerken im Gehirn gesteuert werden, dem dorso-medialen und
dorso-ventralen Netzwerk.
Diese Doktorarbeit präsentiert zwei Experimente welche diese Fragestellung er-

forscht. Im ersten Experiment wird die funktionale Verbindung zwischen beiden Netz-
werken in Makaken unter Narkose mit funktionaler Magnetresonanztomographie un-
tersucht. Das zweite Experiment ergründet die Encodierung von beiden Prozessen
in Menschen mit funktionaler Magnetresonanztomographie und Multi Voxel Muster-
analyse mit cvMANOVA.
Um das zweite Experiment zu ermöglichen, wurde ein 3D gedrucktes MRI-kompatibles

modulares Manipulandum konstruiert. Die Flexibilität dieses Manipulandum ermög-
licht weitere Erforschung von Arm und Hand Handlungen in Menschen und Makaken.
Greifbewegungen müssen nicht nur räumlich, sondern auch zeitlich präzise sein.

Um das Ziel einer Handlung zu erreichen, muss sie zum passenden Zeitpunkt einge-
leitet werden. Das zweite Experiment untersucht diesen Prozess in Menschen, indem
vorhersagbare mit überraschenden Go-Cues verglichen werden.
Die Ergebnisse unterstützen die Hypothese, dass reach und grasp von zwei ge-

trennten Netzwerken gesteuert werden. Die funktionale Verbindung in Makaken zeigt
eine klare Trennung zwischen beiden Netzwerken. In Menschen werden beide Prozes-
se in getrennten Gerhirnbereichen enkodiert und zeigen keine Überschneidung. Der
Gyrus postcentralis enkodiert das Zugreifen und der Lobulus parietalis superior das
Ausstrecken. Nur wenige Voxel im Sulcus postcentralis zeigen Interaktionseffekte.
Die Initiierung wird in der supplementär-motorischen Rinden enkodiert, in Überein-

stimmung mit der existierenden Literatur über Zeitintervall Repräsentation. Weitere
Cluster sind im prämotorischen und ipsilateralen primären motorischen Cortex zu
finden. Eine Hypothese bezüglich der Funktion dieser Areale in der Initiation wird
präsentiert.
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Abstract

Prehension in primates allows diverse interactions with the environment. It can be
separated into two processes: the transport of the arm to the object, termed reach,
and the getting hold and manipulation of the object, termed grasp. There is ongoing
debate if and how both processes are controlled separately or together by two brain
networks, called the dorso-medial and dorso-ventral streams.
In this thesis, two experiments examine this question in detail. The first utilizes

macaque resting state functional magnetic resonance imaging and examines the func-
tional connectivity of areas of both streams. The second examines the encoding of
reach and grasp in humans with functional magnetic resonance imaging and multi
voxel pattern analysis utilising cvMANOVA.
To enable the second experiment, a 3D printed, MRI-compatible, modular ma-

nipulandum was designed. The flexibility of this manipulandum allows for further
experimental examination of hand and arm actions in both humans and macaques.
Additionally, prehension requires not only control in space but also in time. For a

motor action to be meaningful, it has to be initiated at the right time. The second
experiment examines the question of how the brain manages this timely initiation in
humans by comparing a predictable with an unpredictable go-cue.
The results provide further evidence for the two-stream hypothesis. Functional con-

nectivity in lightly anesthetized macaques demonstrates a clear separation between
both networks. In humans, we observe individual areas encoding either reach or grasp
without overlap. The postcentral gyrus shows grasp encoding and the supraparietal
lobule shows reach encoding. Only a few voxels in the postcentral sulcus show an
interaction effect.
The initiation shows significant encoding in the supplementary motor area, con-

firming previous research into time interval representation in the brain. Additionally,
we see widespread clusters in the premotor and ipsilateral primary motor cortex. A
new hypothesis regarding motor initiation is formulated.
In conclusion, this thesis provides further support for the two-stream hypothesis,

insights into the initiation of prehension movements in humans, and presents a novel
manipulandum to investigate prehension actions.
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1. General Introduction

One of the defining features of primates is the opposable thumb (for review see
Diogo et al., 2012). Allowing fine manipulation using individual fingers and the
thumb, while other species like rodents are only able to grasp objects by wrapping
the whole forelimb around it in a sort of palm grasp (for a comparison of reach to
grasp behavior over a range of species see Whishaw and Karl, 2014). Along with
the ability to oppose their thumbs, primates needed to develop the cognitive ability
to control those actions of the hand and arm. This thesis explores the spatial and
temporal control of those reach and grasp actions in humans (homo sapiens) and
the non human primates (NHP) species macaca mulatta.

1.1. Reach out to grasp fate

The use of the forelimbs for more than locomotion is at least as old as the superclass
of tetrapods itself. The ability for skilled forelimb movements (defined as reach
and grasp for objects and the manipulation thereof with the fingers) is present in
all mammalian species, except for monotremes (Iwaniuk and Whishaw, 2000). In
primates, the arboreal life and need to obtain food from terminal tree branches gave
evolutionary pressure to further develop the manipulation abilities of the limbs (for
review see Sustaita et al., 2013), leading to the development of the ability to grasp
objects between forefinger and thumb (precision grasp; Napier, 1956) in or before
the infraorder of anthropoids (MacNeilage, 1990; Pouydebat et al., 2008). From
all members of this infraorder, humans have developed the highest manipulative
potential of the hand (Liu et al., 2016).

Prehension movements in primates and humans can be separated into two distinct
processes, the transport of the hand towards the object, termed the reach, and
the closing of the fingers around the object, termed the grasp (Jeannerod, 1999).
Karl and Whishaw (2013) argue, that both have separate evolutionary origins with
the reach descending from stepping behaviour and the grasp from feeding (also see
Whishaw and Karl, 2014, for further elaboration of their argument). This separation

Control of primate prehension in space and time 1



1. General Introduction

of evolutionary origin is a possible explanation for the separation on a neurological
level between both processes, which has been termed the two stream hypothesis of
visiomotor processing (Jeannerod, 1999).

1.2. Control of prehension actions in space

The two stream hypothesis separates the control of prehension into a dorso-ventral
stream, controlling grasp and a dorso-medial controlling reach (Jeannerod, 1981,
1999; see figure 1.1 on the facing page). The main support for thesis came from
anatomical tracer studies and physiological recordings in macaques. Both streams
lead from the visual cortex to the primary motor cortex, transforming visual informa-
tion into motor actions (also called the perception-action model Goodale, 2011).
The next two sections give a short introduction into the two separated streams

and the evidence supporting them in NHP. The following section gives an overview of
the recent evidence against the two-stream hypothesis, while the final section shows
the current state of research regarding prehension movements in humans.
A note on terminology: This thesis uses the terms dorso-medial and dorso-ventral

for both branches of the dorsal stream. This terminology reflects the flow of infor-
mation in the brain and emphasizes the inclusion of areas in the medial wall in the
dorso-medial stream. Both streams were initially termed dorso-dorsal and ventral-
dorsal by Rizzolatti and Matelli (2003), following a posterior-anterior anatomical
nomenclature. However, the terms are interchangeable.

1.2.1. Reaching in the dorso-medial stream

Jeannerod (1999) proposed that the dorso-medial stream goes from early visual cor-
tex over area V6/V6A either directly or via two branches to dorsal premotor cortex
(PMd). Galletti et al. (1993) showed neurons encoding the spatial location of ob-
jects independent from the animal’s gaze in area V6, an area that is both directly
connected to PMd and via medial intraparietal area (MIP) in the superior bank of the
intraparietal sulcus (IPS) (Johnson et al., 1993; Lewis and Van Essen, 1994; Tanne
et al., 1995; Tanné et al., 1995; Marconi et al., 2001; Bakola et al., 2017). Further
electrophysiological recordings in V6A reported reach encoding in multiple reference
frames (i.e. relative to eye, hand or body) and stages of planning and execution (Gal-
letti et al., 1997; Snyder et al., 1997, 1998; Galletti et al., 1999; Battaglia-Mayer
et al., 2000; Fattori et al., 2001, 2005; Marzocchi et al., 2008; Bosco et al., 2010;
Chang and Snyder, 2012; Breveglieri et al., 2013; Hadjidimitrakis et al., 2014; Bosco

2 Dissertation R. Stefan Greulich



1.2. Control of prehension actions in space

Figure 1.1.: The two streams in the macaque cortex as originally published
in Jeannerod (1999) Top panel: Anatomical structures and areas of
the macaque cortex as used by and modified from Jeannerod (1999).
Bottom panel: The dorso-medial stream (A) and dorso-ventral stream
(B), as proposed by and taken from Jeannerod (1999). Continued on
next page.

Control of primate prehension in space and time 3



1. General Introduction

Figure 1.1.: Continued from previous page. The two streams in the macaque
cortex as originally published in Jeannerod (1999). Abbreviations:
AIP, anterior intraparietal area; AIs, inferior ramus of the arcuate sulcus;
ASs, superior ramus of the arcuate sulcus; Cgs, Cingulate sulcus; Cs,
central sulcus; ES, extocalcarine sulcus; IPs, intraparietal sulcus; LIP,
lateral intraparietal area; Ls, lateral sulcus; MI, primary motor cortex;
MDP, medial dorsal parietal cortex; MIP, medial intraparietal area; PO,
parietal occipital area; POs, parieto-occipital sulcus; Ps, principal sulcus;
SI, primary sensory cortex; SII, secondary somatosensory area; STs, supe-
rior temporal sulcus; V1, primary visual cortex; VIP, ventral intraparietal
area. This figure is provided to present the historical origins of the two
stream hypothesis and this thesis uses partially differing abbreviations
and nomenclature. For example, Jeannerod (1999) uses the term PO
in this illustration. It was later noted that this area is not consistently
defined across the literature and the more precise terms of visual area 6
(V6) and visuomotor subdivision of V6 (V6A) should be used (Galletti
et al., 2005), a recommendation this thesis follows.

et al., 2015; Santandrea et al., 2018; Hadjidimitrakis et al., 2020). This earned area
V6A in conjunction with the bordering MIP the term parietal reach region (PRR)
(Snyder et al., 1997, 1998).

Mountcastle et al. (1975) were the first to record reach encoding cells in MIP.
Further research showed that MIP encodes the target of a reach both in eye and
body entered coordinates (Kalaska et al., 1983; Lacquaniti et al., 1995; Buneo et al.,
2002) and shows cells encoding motor plans for both reach and saccades (Snyder
et al., 1997). While inactivation of MIP produces misreaches in the visual periphery
(Hwang et al., 2012), the coordinating role of MIP between eye and hand in reaches
is further strengthened by the observation that reach neurons in MIP react stronger
to reaches in light than in darkness (Colby and Duhamel, 1991). MIP is both directly
connected to V6A and the arm area of PMd (Johnson et al., 1993; Johnson et al.,
1996; Battaglia-Mayer et al., 2000). It is therefore postulated that MIP is involved
in the transfer from coordinate systems from eye enteric input to body enteric output
(Cohen and Andersen, 2002). Another proposed function of MIP is the online control
of the executed reach (Desmurget and Grafton, 2000; Kalaska et al., 2003; Grefkes
and Fink, 2005), for which it receives input from subcortical areas and the cerebellum,
transporting efference copies of motor commands, and vestibular and proprioceptive
input (Prevosto et al., 2010; Ugolini et al., 2019). Further support for the online
control hypothesis is the encoding of reach targets in both visual and proprioceptive
relative encoding (McGuire and Sabes, 2011).

4 Dissertation R. Stefan Greulich



1.2. Control of prehension actions in space

The area termed medial dorsal parietal cortex (MDP) as used by Jeannerod (1999)
is identical to areas PGm (also called 7m in some publications) and PEc (compare
M. F. S. Rushworth et al. 1997 and Lewis and Essen 2000 with Bakola et al. 2010 and
Passarelli et al. 2018). Since both areas are directly adjacent, a clear identification
of the recording area is often questionable and the identification of PGm\7m is
still disputed (Passarelli et al., 2018). The connectivity of PGm suggests a more
visuospatial role, since it is connected to frontal eye field (FEF) and area 46 (Passarelli
et al., 2018), while PEc is strongly connected to PMd (Marconi et al., 2001) and
PRR (Bakola et al., 2010), implying a limb motor function. Therefore we will assume
Jeannerod (1999) was considering PEc in their hypothesis (for an extensive review of
the connectivity of both areas see Gamberini et al., 2020). PEc has been extensively
studied for reach actions. The earliest observation in PEc was that this area combines
manual and occulumotor activity (Ferraina et al., 1997). The main function is the
encoding of the reach target in a hand reference frame with modulations of the eye
gaze direction frames (Battaglia-Mayer et al., 2000, 2001; Ferraina et al., 2009;
Bremner and Andersen, 2012; Sayegh et al., 2014; Hadjidimitrakis et al., 2015;
Piserchia et al., 2017). In addition an encoding of reach targets and motor plans in
mixed visual and proprioceptive encoding has been observed (Breveglieri et al., 2008;
McGuire and Sabes, 2011).
PMd is the final area in the dorso-medial stream before both streams meet again

in the primary motor cortex (M1). The separation of the premotor cortex into PMd
and ventral premotor cortex (PMv) is based on the different connections both areas
exhibit when considering the spinal (He et al., 1993), thalamic (Rouiller et al., 1999),
cross hemispheric (Boussaoud et al., 2005) and intrahemispheric projections (Kurata,
1991; Johnson et al., 1993; Ghosh and Gattera, 1995; Tanné-Gariépy et al., 2002b).
However, both areas are also separable by function. Kurata and Tanji (1986) observed
neurons responding to passive manipulation of the distal forelimb in PMv and of
passive manipulation of the proximal forelimb parts in PMd.
The first electrophysiolcal recordings in PMd were done by Kubota and Hamada

(1978) showing neural activity during a simple visual tracking task, where the macaque
indicated the position of a stimulus by rotating a cylinder. Weinrich and Wise (1982)
reported neural activity during a reach task, leading to a plethora of other stud-
ies investigating neural activity during reach in PMd (for example Caminiti et al.,
1991; Johnson et al., 1993; Crammond and Kalaska, 1996; Johnson et al., 1996;
Crammond and Kalaska, 2000; Messier and Kalaska, 2000; Cisek and Kalaska, 2002;
Hoshi and Tanji, 2002; Churchland et al., 2006a,b; Batista et al., 2007; Gail et al.,
2009; Boudrias et al., 2010; Song and McPeek, 2010). The PMd encodes the speed
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1. General Introduction

(Churchland et al., 2006a), direction (Messier and Kalaska, 2000; Cisek and Kalaska,
2002), distance (Messier and Kalaska, 2000) and arm orientation (Scott et al., 1997)
in multiple reference frames (Batista et al., 2007). The hypothesized function of the
PMd in reach processing is to provide a rule-based action representation (Gail et al.,
2009) and cognitive control (Mirabella et al., 2011) of upper limb movements.

1.2.2. Grasping in the dorso-ventral stream

Jeannerod et al. (1995) proposes the grasp network consists of only two areas, anterior
intraparietal area (AIP) and the subsection of PMv termed F5. The first observation
of neural activity during general object manipulation in AIP was by Hyvärinen and
Poranen (1974). More evidence for the function of AIP was gained by Haaxma and
Kuypers (1975) who observed errors in grasping and fine finger control in macaques
with ablations of the anterior bank of the intraparietal sulcus. Faugier-Grimaud et
al. (1978) further refined those findings and located AIP as the source of the loss
of grasp functions during ablations. Similarly, inactivation by muscimol injection
leads to defects in preshaping during reach-to-grasp behaviour (Gallese et al., 1994).
Neural recordings in AIP confirmed object shape, grasp (Taira et al., 1990; Sakata
et al., 1995; Murata et al., 1996; Murata et al., 2000; Baumann et al., 2009) and
grasp force selective neurons (Intveld et al., 2018). AIP is a primary target for the
decoding of grasping actions for neural prosthetics (Schaffelhofer et al., 2015) and
is strongly connected to secondary somatosensory area (SII) and F5 (Luppino et al.,
1999; Borra et al., 2008).

F5 is strongly connected to the hand and arm area of M1 (Matsumura and Kubota,
1979). Rizzolatti et al. (1981) recorded neurons responding to stimulation of the hand
and mouth area as well as neurons responding to passive joint manipulation of the
forearm and hand. Further electrophysiological studies showed strong grasp encoding
neurons in F5 (Rizzolatti et al., 1988; Rizzolatti and Gentilucci, 1988; Di Pellegrino
et al., 1992; Raos et al., 2006). The current understanding of the function of F5
is to encode the grasp posture (Raos et al., 2006; Fluet et al., 2010) and force
of the upcoming grasp (Intveld et al., 2018). To achieve this, F5 transforms the
object feature input from AIP into a posture encoding (Schaffelhofer and Scherberger,
2016). F5 neurons also show response to observation of hand actions, opening up
the research into so-termed mirror neurons (Di Pellegrino et al., 1992; Gallese et al.,
1996). Those neurons, and therefore the area F5 itself, play a role in social cognition
and learning regarding grasp actions (for review see Heyes, 2010; Cook et al., 2014).
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1.2. Control of prehension actions in space

1.2.3. The controversy

The hypothesis of Jeannerod (1999) has recently come under criticism. Neural activ-
ity has been observed correlating with reach processing in the dorso-ventral stream
and grasp processing in the dorso-medial stream. This calls the separation between
both streams in to question.

The first evidence against a separation of both streams was found in the premotor-
cortex. Kakei et al. (2001) showed neurons encoding the direction of a movement
in PMv, a condition which is considered to be a part of the reach process (Caminiti
et al., 1991). This was followed by the findings of Stark et al. (2007), showing
that reach and grasp in the premotor cortex are encoded independent of the location
of the recording. Finally, Lehmann and Scherberger (2013) showed reach encoding
neurons in F5 and AIP, while Nelissen et al. (2018) could decode the used grasp
from F2, a subsection of PMd, and V6A in a functional magnetic resonance imaging
(fMRI) experiment employing multi voxel pattern analysis (MVPA).

The strongest evidence against a separation exists for area V6A. Galletti et al.
(2003) were the first to report grasping neurons in this area of the dorso-medial
stream. Those findings were successfully replicated and further refined in subsequent
studies (Fattori et al., 2004, 2010; Gamberini et al., 2011; Breveglieri et al., 2016;
Filippini et al., 2017).

All those studies only show neural activity, but not a causal relationship for the
respective movement. The lesion study of Battaglini et al. (2002) in V6A has been
interpreted as producing not only a missreach, but also missgrasp (Galletti et al.,
2003), providing so far the strongest evidence for the causal role of V6A for grasp
processing.

1.2.4. Prehension in humans

The origins of research into human prehension control are in observations of lesions
inducing a condition termed optic ataxia (Bálint, 1909). Patients suffering from optic
ataxia exhibit a disability to reach for and grasp objects that is not caused by motor
or visual impairments (Perenin and Vighetto, 1988). Early observation located the
affected brain area for optic ataxia to the superior parietal lobule (SPL) (Ratcliff and
Davies-Jones, 1972; Auerbach and Alexander, 1981; Ferro, 1984; Pierrot-Deseilligny
et al., 1986; Wolpert et al., 1998; Astafiev et al., 2003; Glover, 2003). The location
of the lesion focus causing optic ataxie were originally located to the human anterior
intraparietal sulcus (aIPS) and superior occipital cortex (Karnath and Perenin, 2005).
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Blangero et al. (2009) combined fMRI and meta-analysis of previously published
lesion studies and located the foci for optic ataxia to the parieto-occipital junction and
medial IPS. Although most patients suffer from both a disturbance of the reach as well
as the grasp process, if the lesion spares the aIPS, the grasp process remains intact
(Binkofski et al., 1998; Cavina-Pratesi et al., 2010b). This was further supported by
the experimental disruption of aIPS with transcranial magnetic stimulation (TMS)
leading to grasp impairments (Tunik et al., 2005). The observation that optic ataxia
in humans mirrors the behaviour of macaques with lesions to the PEc and V6A
(Battaglia-Mayer and Caminiti, 2002), lead to the conclusion that the human aIPS is
analogue to the macaque AIP (Binkofski et al., 1998; Grefkes et al., 2002), and the
parieto-occipital sulcus (POS) to the macaque PRR (Battaglia-Mayer and Caminiti,
2002; Connolly et al., 2003). Pitzalis et al. (2013) located the human analogue of
the macaque V6A to an area posterior to POS. The area around the POS and IPS
in humans therefore closely mirrors the macaque cortex at the same location in its
layout and function (for reviews see Culham and Valyear, 2006; Vesia and Crawford,
2012; Andersen et al., 2014; see figure 1.2 on the next page).
Prehension studies in humans centered around aIPS give a very similar picture to

macaque AIP. With activity in the aIPS correlating with grasp type, grasp planning,
object orientation and graspability (Grefkes et al., 2002; Culham et al., 2003; Shikata
et al., 2003; Frey et al., 2005; Shmuelof and Zohary, 2006; Begliomini et al., 2007b;
Króliczak et al., 2007; Cavina-Pratesi et al., 2010a) and deactivation utilising TMS
producing disturbances of the grasp or grasp planning (Glover, 2003; Tunik et al.,
2005; Rice et al., 2006; Davare et al., 2010; Verhagen et al., 2012). Since tracer
studies in humans are not possible on ethical grounds, research on the connectivity of
the areas is limited to functional connectivity. In a very well designed study, Davare
et al. (2010) observed the influence of TMS induced inactivation of aIPS on human
PMv and primary motor cortex (M1), which was also probed by TMS pulses, showing
a facilitation of PMv and M1 by aIPS during grasping.
Research of human reaching behaviour has mapped the human PRR, showing that

the medial IPS and around the POS (sometimes called the superior parieto-occipital
cortex (SPOC)) exhibit reach related activity, general upper limb control, and whether
objects are within reach and target-arm integration (Pellijeff et al., 2006; Levy et al.,
2007; Tosoni et al., 2008; Beurze et al., 2009; Filimon et al., 2009; Gallivan et al.,
2009; Hinkley et al., 2009; Vesia et al., 2010; Y. Chen et al., 2014; Cappadocia
et al., 2017). With TMS applied over this locations showing various influences on
reach (Vesia et al., 2006; G. Koch et al., 2008; Vesia et al., 2008, 2010; Striemer
et al., 2011; Vesia et al., 2013; Davare et al., 2015). G. Koch et al. (2008) showing
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1.2. Control of prehension actions in space

Figure 1.2.: Homolog areas in the parietal cortex between humans (top) and
macaques (bottom). Abbreviations used: parietal eye field (PEF),
occiptial parietal junction (OPJ), intraparietal and transverse occipital
junction (IPTO), lateral intraparietal area (LIP), ventral intraparietal
area (VIP). Illustration from Culham and Valyear (2006).
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1. General Introduction

facilitation of M1 by the human PRR during reach.
In an extensive fMRI study comparing reach-to-grasp and reach-to-lift with two

different grasps, reach-to-touch and pointing, Cavina-Pratesi et al. (2018) separated
reach and grasp into multiple subcomponents, precision of grasp, number of digits
employed, arm transport, and required precision of locating the object. The authors
then proceeded to locate those subcomponents to different brain areas: activation
differences in the aIPS correlated with grasp precision, aIPS, PMd, and supplementary
motor area (SMA) with object lift, PMv, M1 and primary somatosensory area (SI)
with number of digits employed, and PRR with arm transport and lateral occipital
cortex with location precision.
However, some studies in humans have also found results questioning the strict

separation between the reach and grasp streams. In one of the earliest imaging studies
into reach and grasping, Grafton et al. (1996) used positron emission tomography
to investigate both processes. The authors observed only a difference in SII and
subsequent fMRI imaging studies found either no difference between both processes
(Bono et al., 2015) or only grasping related activity in PMd (Grèzes et al., 2003).

1.3. Control of prehension actions in time

For a prehension action to achieve its goal it has not only to be precise in space, but
also in time. The control of actions in time requires looking at two distinct processes.
First, the way the brain tracks and calculates the passage of time. Second, the way
the brain initiates motor actions at the point in time calculated using the first process.
The following sections give a short introduction to both processes.

1.3.1. Why the watched kettle never boils

On the circuit level, Gibbon et al. (1984) presented a model for the computation
of time in the brain (see figure 1.3 on the facing page). The first step in this
circuit consists of a pacemaker producing a steady stream of pulses. Those pulses
are gated by a switch presenting the attention to the passage of time, since a lack
of attention is attributed with an subjective stretching of time (for reviews of the
extensive research into this phenomena see Brown, 1997; Buhusi and Meck, 2009;
Grondin, 2010). Burle and Casini (2001) showed that this phenomenon is caused by
the lack of attention and not a different mechanism. Those gated pulses are then
summed up in an integrator and compared to a reference value by a comparator.
Neurons presenting ramping behavior (either up or down) consistent with integration
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of elapsed time are found over a great range of prefrontal areas during time estimation
tasks (for review see Narayanan, 2016).

comparator
B

MT ≥ M∗S+

integrator
MT

reference
M∗S+

pacemaker
Λ

switch
DT

R

~R

yes

no

Figure 1.3.: Timing circuit as proposed by Gibbon et al. (1984). The pace-
maker (Λ) produces a pulse to be integrated in the working memory
(MT) with attention acting as a switch (DT). A comparator (B) checks
the elapsed time (MT) against the reference value from memory (M∗

S+)
and sets the behavioural outcome accordingly. After a time interval is
successfully measured by the circuit, MT gets integrated in M∗

S+ to refine
the time estimation process. Adapted from Gibbon et al. (1984)

While those ramping neurons are observed over a wide range of prefrontal locations,
a meta-analysis of imaging studies in humans reveals two areas in the brain that
show time dependent activity independent from the task conditions. Those two
areas are the SMA and the right inferior frontal gyrus (Wiener et al., 2010), with the
SMA showing distinct subdivisions regarding short or long estimated time intervals,
sensory vs. sensorimotor, sequential vs. nonsequential and explicit vs. non explicit
time calculations (Schwartze et al., 2012) .
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1.3.2. Getting a grasp on time

The presented timing circuit is used to find the point in time for an onset sensitive
action. However, this still leaves the question open of how this action is actually
initiated. The term initiation in the context of motor action is used to describe two
different processes. The first context concerns the starting of the motor program-
ming, while the later describes the execution of the motor program.

The research into the starting of the motor program has revolved around two
characteristic brain potentials detectable by electroencephalography (EEG). The Be-
reitschaftspotenzial (BP) preceding self-initiated movements (Kornhuber and Deecke,
1965: for review see Shibasaki and Hallett, 2006) and the contingent negative varia-
tion (CNV) preceding externally cued movements (Walter et al., 1964). Since both
signals precede the motor execution by an order of hundreds of milliseconds up to
seconds (Walter et al., 1964; Kornhuber and Deecke, 1965), in the case of the BP
even the conscious awareness of the decision to move (Libet et al., 1983), both are
probably linked to the onset of the motor planning. The BP was located to the SMA
(Shibasaki and Hallett, 2006; Lu et al., 2012) and the CNV to the PMd (Hultin
et al., 1996; Lu et al., 2012). This leads to the conclusion that, although both being
part of the motor network, the SMA is more involved in the initiation of voluntary
movements and the PMd in externally cued movements (Okano and Tanji, 1987;
Mushiake et al., 1991; Jenkins et al., 2000; but see Kurata and Wise, 1988 for a
dissenting experiment).

Patients suffering from Parkinson’s disease (PD) exhibit a difficulty to initiate
movements called akinesia (Marsden, 1989). The cause of this akinesia is a disruption
of the function of the basal ganglia (for review see Hauber, 1998; Obeso et al.,
2000). The role of the basal ganglia (BG) in motor initiation appears to mimic the
separation present in the cortical control (for review see Harrington and Jahanshahi,
2016), with an increased synchronicity between BG and the central cortical areas
during self-initiated movements, and BG and the frontal cortex during external cued
movements (Bichsel et al., 2018).

However, the separation between externally cued and self-initiated seems rather
arbitrary (even without going into the question of whether there is free will or if we
are just reacting to our environment in a quasi-chaotic manner, but see Haggard,
2008; for an examination of free will in neuroscience). Deecke (1996) uses the
terminology of action for self-initiated and reaction for externally cued actions to
separate the motor initiation from the question of how much self is in self-initiated.
We will follow this terminology in the remainder of this thesis. Nature is not clearly
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separated in action and reaction. For example, in the martial art of Aikido, the aim
is to be open to the actions of your opponent (reactive toward his actions), but to
exploit said actions in an active manner (action) at the same time, reflecting the zen
ideal of mushi (literally “empty mind”, often interpreted as “acting without thinking”;
Suzuki, 1959).

Although not discussed in the manuscript itself, project III (see section 2.3 on
page 63) of this thesis is exploring the question whether there is an continuum
regarding action and reaction. By employing different cues, one predictable and one
unpredictable, it is tested if we can separate between pure reaction and reaction set
onto a predictable moment in time. The latter could be interpreted as “acting at a
predetermined point in time”. If both conditions are purely reactive, we expect to see
no difference in the PMd or SMA, since both would employ the same neural network.

The second context for the term of motor initiation is the process to determine the
time point for the execution of the prepared motor plan. Until 2016, the prevalent
school of thought was that movements are executed as soon as the planning was
complete (Donders, 1969; Rosenbaum, 1980; Erlhagen and Schöner, 2002; Cisek,
2006; Haith et al., 2016; Smeets et al., 2016). However, Haith et al. (2016) disproved
that notion by showing, that the reaction time (RT) of an action includes additional
processes, which can be omitted if the subject is forced to move at shorter then
normal RT. This opened up the question if motor actions can be withheld, and if
yes, how is the time point of the release of this withholding controlled. The first
question, if motor actions can be withheld, was answered by Michaels et al. (2018),
showing that the population dynamic in the motor and premotor areas diverges for
movements for immediate execution and withheld movements for later execution. In
this thesis, project III (see section 2.3 on page 63) provides an answer to the second
question, how the release of the prepared movement is controlled in time.

1.4. A short history of functional magnetic

resonance imaging

The basis of magnetic resonance imaging is found in magnetic resonance spectroscopy
of protons in biological tissues. Utilising a strong magnetic field and radio pulses,
those protons are brought into a synchronised spin state and emit specific radio
waves when returning to the ground state. This effect can be separated into different
processes, which can be measured by observing different relaxation times (T1, T2, and
T∗

2). Those processes are influenced by the environment the proton experiences and
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strongly differ in different biological tissues (Odeblad and Lindstrom, 1955; Odeblad
et al., 1956). The following section gives a short introduction to the basics of the
blood oxygen level dependent (BOLD) signal and its relation to neuronal activity,
as well as on the development of recent analysis methods. For a more extensive
introduction into the physical and mathematical principles as well as the history of
fMRI, the valued reader is directed to the excellent book of Huettel et al. (2014)
“Functional Magnetic Resonance Imaging”.

1.4.1. The blood oxygen level dependent signal

Early research into the magnetic properties of blood showed that deoxygenated
haemoglobin shows paramagnetic properties (Pauling and Coryell, 1936), with fol-
lowing nuclear magnetic resonance spectroscopic examination showing an effect on
the T∗

2 relaxation time of protons (Brooks et al., 1975; Thulborn et al., 1982). The
paramagnetic effect of deoxygenated haemoglobin leads to an disruption of the mag-
netic field and therefore a loss of signal in the T∗

2 contrast. Ogawa et al. (1990) were
the first to utilise the magnetic differences between oxygenated and deoxygenated
blood to image the brain.

Neural processing requires oxygen for various cell functions (e.g. reestablishing
membrane potential, neurotransmitter release and uptake, and more). Therefore, an
increase in neural load increases the local cerebral metabolic rate of oxygen (CRMO2).
In theory, the difference between oxygenated and deoxygenated blood would allow the
direct localisation of this increase in the brain. However, the brain shows a complex
response cascade to local increase of CRMO2 rate that is triggered by the release
of neurotransmitters (Faraci and Breese, 1993; Li and Iadecola, 1994; Yang and
Iadecola, 1996) which leads to an increasing blood flow rate (CBF). The increased
blood flow and flexibility of the vascular system leads to an increase of the total blood
volume (CBV) and an oversupply of oxygenated blood (see figure 1.4 on the next
page; Buxton et al., 1998, termed this effect the “balloon model”). The time delay
between those processes leads to the characteristic form of the hemodynamic response
function (HRF) with an dip from the initial depletion of oxygenated haemoglobin
followed by a peak caused by the oversupply of oxygenated blood to the area (for
reviews see Logothetis and Wandell, 2004; Buxton, 2012; Chen and Glover, 2015).
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Figure 1.4.: The functions involved in the transformation from neural ac-
tivity to the HRF. Neural activity is caused by the stimulus, which
in turn increases the local CBF and CRMO2. With the flexibility of the
vascular system increasing the CBV, while the T∗

2 response of the blood
is determined by the local conzentration of deoxygenated haemoglobin.
All those factors lead to the characteristic HRF. Illustration from Buxton
et al. (2004).
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1.4.2. History and current developments regarding multi

voxel pattern analysis

Early fMRI experiments were analyzed by simply convolving the timeline of the exper-
imental stimulation with the HRF and calculating the correlation of the signal time
course from each voxel with said function (Bandettini et al., 1993). This correlation
coefficient was then tested for significance. Friston et al. (1994b) extended this ap-
proach to allow the modelling of multiple experimental conditions in one analysis by
utilising the general linear model (GLM). This analytical approach has been termed
univariate analysis as each voxel is treated as a single variable and is independently
analyzed (Friston et al., 1994a).

The univariate approach however suffers from a number of disadvantages. Since
it considers each voxel independently, the interplay between areas of the brain is
discarded (Kriegeskorte et al., 2006; Haxby, 2012; Chen and Glover, 2015). This
is even exaggerated by the standard practice of including a smoothing step in the
preprocessing, which increases statistical power for the univariate analysis, however
also removes fine-grained information from the BOLD signal (Friston et al., 1994c;
Kriegeskorte et al., 2006).

In the first study implementing MVPA, Haxby et al. (2001) disproved the previously
held notion that the ventral occipital cortex areas only encode one set of objects
individually. The experiment examined the patterns of BOLD activity in the fusiform
face area and the parahipocampal place area during presentation of different stimuli
sets (faces, houses, cats, and everyday objects), instead of asking which set of stimuli
evoked the maximal bold response. The authors showed distinct patterns for each
stimuli set in both areas, proving that both areas contain information about sets
not evoking the maximal BOLD response. Since its inception, MVPA has been
implemented in virtually every area of cognitive fMRI research (for reviews see Haynes
and Rees 2006; K. A. Norman et al. 2006; Tong and Pratte 2011; Haxby 2012; Chen
and Glover 2015, but also see Ritchie et al. 2019 for an analysis of the limitations of
MVPA).

MVPA requires a definition of which voxels are included in the analysis in the
experimental design. Early studies used predefined anatomical regions, functional
predefined regions, or the whole brain (Haxby et al., 2001; Carlson et al., 2003; Cox
and Savoy, 2003). However, those selection methods require a spatial hypothesis
and do not allow for an unbiased estimation of the location of information in the
brain. Kriegeskorte et al. (2006) solved this problem by introducing the searchlight
approach. For each voxel in the brain, all voxels within a set radius are extracted,
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analyzed, and the results mapped back to the centre. When executed sequentially,
this method resembles a searchlight, searching through the brain for areas encoding
information. This leaves just the searchlight radius as the only a priori variable that
has to be set for the analysis. It should be noted that searchlight analysis carries
its own pitfalls regarding the interpretation of the results (Etzel et al., 2013). For
example, a search light radius that is set to high produces large areas of significant
results, since the information of a few individually informative voxels is mapped to the
center of all searchlights containing said voxels. If the radius is set to low, the analysis
risks missing results that are encoded in multiple low informative voxels (Etzel et al.,
2013).
Many mathematical principles and algorithms have been used for pattern analysis

in MVPA. Commonly used are so-called classifier algorithms such as linear discrimi-
nate analysis, support vector machines, and neural networks (Cox and Savoy, 2003;
Hanson et al., 2004; O’Toole et al., 2005). Those classifiers all operate according
to a similar principle. The data is separated into two sets, with the classifier being
trained on one part and tested on the other. The resulting classification accuracy
on the testing data set is then used as an indicator of the strength of pattern dif-
ferences between the conditions (for an in depth tutorial see Pereira et al., 2009).
This approach has been termed decoding of the brain and the used classifier as the
decoder (Haynes and Rees, 2006). The advantage of decoding lies mainly in its
simple implementation, toolboxes for support vector machines or neural networks are
widespread, computationally optimized, and easy to use. However, the features of
the classifier have to be carefully selected to avoid overfitting, which would lead to
invalid results (Kamitani and Tong, 2005; K. A. Norman et al., 2006).
Another approach is to skip the classifier and describe the differences in patterns

utilizing mathematical parameters such as Mahalanobis distance and pattern dis-
tinctness (see figure 1.5 on the following page; Kriegeskorte et al., 2006; Allefeld and
Haynes, 2014). This method directly describes the BOLD signal differences of the
analyzed set of voxels between the conditions, in other words the encoding of the
conditions in the brain (for review see Sandberg et al., 2014). It circumvents the risk
of selecting unsuitable classifier features and allows the modelling of interactions in
multifactorial designs. Since classifiers can only separate the data into a fixed number
of classes, interaction effects require multiple separate analyses and are difficult to
interpret (for examples of multiclass decoding studies see Hausfeld et al., 2014; Lowe
et al., 2016). The cross-validated multivariate analysis of variance (cvMANOVA)
of Allefeld and Haynes (2014) circumvents those limitations entirely and allows for
easily interpretable multifactorial MVPA.
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Figure 1.5.: Prinicples of MVPA demonstrated on a two voxel example. Each
∗ demonstrates the intensity of the two voxels per recorded condition,
with the conditions coded by colour. The solid dot marks the mean and
the coloured ellipse the standard deviation of each distribution of the
two conditions. In decoding, the classifier tries to find the best separa-
tion boundary between both conditions (dashed line) while an encoding
approach aims to measure the distance between both distributions (solid
line). Modified from Allefeld and Haynes (2014)

1.5. Aim of this thesis

To perform a successful prehension action, it has to be precise in space as well as in
time. Precision in space separates into two demands. The first is to precisely reach
the point in space where the object to be grasped is located. Secondly, the hand
has to adapt to the shape of the object and precisely close around it to complete the
grasp. The debate regarding how those parts of prehension movements are controlled
is still ongoing as demonstrated in section 1.2 on page 2. Even the question if both
are controlled by one or two different processing streams in the primate brain remains
open. This thesis aims to further investigate this control.

The separation between the reach and grasp process is mainly informed by anatom-
ical connections in the macaque brain. Electrophysiological recordings have provided
a mixed picture. However, the presence of neural activity does not have to be causal
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to the condition it represents (for review see Vaidya et al., 2019). Likewise, anatomi-
cal connectivity only shows direct monosynaptical links, while functional connectivity
also detects connections that are facilitated by indirect connections (M. A. Koch
et al., 2002).
In project I (see section 2.1 on the following page), this thesis investigates the

functional connectivity of areas of both streams in macaques. The separation is
tested by clustering algorithms. If the involved areas do not separate on a functional
level into two networks, then the two stream hypothesis proposed by Jeannerod
(1981) is false and the separation between both purely anatomical.
Further insight into the control of prehension actions in humans and NHP can be

gained from experiments with behaving subjects. However, the investigation of reach
and grasp faces a range of difficulties in fMRI research. The MRI environment puts a
number of demands on the experimental setup regarding safety and signal disruption
(Dempsey and Condon, 2001). In project II (see section 2.2 on page 40), a MRI
compatible experimental set up is designed. This setup improves upon previously
employed setups (such as implemented by Culham et al., 2003; Cavina-Pratesi et al.,
2007, 2010b; Nelissen and Vanduffel, 2011; Nowik et al., 2019).
The final project III (see section 2.3 on page 63) investigates prehension in humans

and macaques utilising the set-up designed in project II. Unlike the work of Cavina-
Pratesi et al. (2018), it separates reach and grasp not by comparing reach and
pointing actions, but by having a grasp only and a reach-to-grasp condition. The of-
ten employed pointing action as a placeholder for reach actions is highly questionable
(Culham et al., 2006). Additionally, the advantages of the improved experimental
design are utilized to investigate the control of prehension in time. By manipulating
the predictability of the go-cue, the moment of initiation of the prehension action is
manipulated, while the onset of the movement execution is kept constant in relation
to the trial and small differences in the timing of the movement execution by the
subject are removed in the analysis, allowing the separation of both processes.
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2.1. Project I: Shared functional connectivity

between the dorso-medial and dorso-ventral

streams in macaques.
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R.S. Greulich and H. Scherberger conceived the research; S. Everling and R. Adam
contributed data; R.S. Greulich and R. Adam designed the data analysis. R.S. Greulich
performed the data analysis. R.S. Greulich wrote the manuscript. R.S. Greulich,
R. Adam, S. Everling, and H. Scherberger revised and approved the final version of
the manuscript.

2.1.1. General Discussion

The first project aimed to bring further insight into the separation between networks
utilised to control grasp and reach actions, since the science is still open on whether
reach and grasp are controlled in two separate streams or in one unified network (see
Jeannerod, 1981; Galletti et al., 2003; Fattori et al., 2004, and others cited in the
publication).

We used resting state fMRI and optimal modularity as unbiased clustering algo-
rithm to investigate this question (Newman, 2006). Resting state fMRI allows the
examination of the network properties of the whole brain. Optimal modularity, as the
used clustering algorithm, permits to statistically significant separate the correlation
matrix between examined areas into one or multiple networks, or even, if the mod-
ularity of the optimal network is not statistically significant from chance, to give no
definite answer to the question. This methodological approach has so far not been
implemented to investigate the given research question and, as such, allows new in-
sights free of possible confounds that the previously used methods might suffer from.
Since this study is investigating a previously considered research question with new
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methodology, it is a replication study of the concept replication type with the context
subtype (Dennis and Valacich, 2014; Brendel et al., 2020). Proper replication studies
are vital to the field of neuroscience, which is suffering from the replication crisis as
much as other fields (Barch and Yarkoni, 2013).
The study utilizes a high-quality data set consisting of 10 macaques examined with

a 7T scanner, a custom head coil and an 2x multiband sequence. We picked motor
and premotor areas which have previously been examined by various other studies into
motor control of arm and hand. For the reach or dorso-medial stream, we picked the
areas V6A, MIP, and F2 (Tanné-Gariépy et al., 2002a; Gamberini et al., 2011; Hwang
et al., 2012). In the grasp or dorso-ventral stream, we selected AIP, F5 and hand
area of the primary motor cortex (M1hand) (Schaffelhofer and Scherberger, 2016).
We examined the inter-connectivity of those areas with a seed based approach.
The results are in favor of the two-stream hypothesis. The correlation matrix

between the selected areas clearly and significantly separates into two networks. One
network includes AIP, F5, and M1hand and constitutes the dorso-ventral network.
The other consists of V6A, MIP, and F2 and represents the dorso-medial network.
Significant connections linking both networks are between MIP-AIP, V6A-AIP, and
M1hand-F2.
Additionally, we performed a whole brain correlation analysis for each area and

examined the overlaps and differences between both networks. The dorso-ventral
network was exclusively connected with high order somatosensory and feeding as-
sociated areas such as gustatory cortex, precentral opercular area (PrCO) and area
PF. This association makes sense intuitively, as feeding is one of the most common
uses for a grasp in a macaque’s life (Napier et al., 1967). Additionally, a grasp needs
somatosensory information about object parameters, such as weight, surface, and
shape, to maintain the correct grasp (Leonard et al., 1992).
The dorso-medial network showed exclusive connections with visual and hind limb

and trunk motor areas. The position of an object in space is much more important for
the reach than for a grasp. Since a reach for an object cannot rely on somatosensory
information, as said information is not present before an object is touched, it relies
on visual information (Winges et al., 2003; Rand et al., 2007). To reach an object
outside of the immediate personal space of the animal, a movement of the trunk or
the hind limbs are necessary, explaining the connectivity to those areas.
However, both networks also show interconnectivity, with areas along the intrapari-

etal sulcus, part of area PFG, area PGop, and FEF being connected to both networks.
Those areas are mainly associated with the coordination of visualmotor actions as
well as high order integration of multimodal sensory input and motor actions.
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This work was published in Scientific Reports (Greulich et al., 2020) on October
29th, 2020 and the publication is included as published.
However, this study could not answer if and how both networks are engaged during

an actual reach and grasp action. Additionally, the question remains, if this network
separation is true for humans as well as for macaques. Also, the interplay between
reach and grasp are still unclear. To answer this question for both species, an experi-
ment needs the technical requirements for a grasp and reach-to-grasp paradigm. The
following project solves the technical requirements for such an experiment utilizing
fMRI, while the third project implements it.
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Shared functional connectivity 
between the dorso‑medial 
and dorso‑ventral streams 
in macaques
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Manipulation of an object requires us to transport our hand towards the object (reach) and close 
our digits around that object (grasp). In current models, reach‑related information is propagated 
in the dorso‑medial stream from posterior parietal area V6A to medial intraparietal area, dorsal 
premotor cortex, and primary motor cortex. Grasp‑related information is processed in the dorso‑
ventral stream from the anterior intraparietal area to ventral premotor cortex and the hand area of 
primary motor cortex. However, recent studies have cast doubt on the validity of this separation in 
separate processing streams. We investigated in 10 male rhesus macaques the whole‑brain functional 
connectivity of these areas using resting state fMRI at 7‑T. Although we found a clear separation 
between dorso‑medial and dorso‑ventral network connectivity in support of the two‑stream 
hypothesis, we also found evidence of shared connectivity between these networks. The dorso‑
ventral network was distinctly correlated with high‑order somatosensory areas and feeding related 
areas, whereas the dorso‑medial network with visual areas and trunk/hindlimb motor areas. Shared 
connectivity was found in the superior frontal and precentral gyrus, central sulcus, intraparietal sulcus, 
precuneus, and insular cortex. These results suggest that while sensorimotor processing streams are 
functionally separated, they can access information through shared areas.

The two-stream hypothesis regarding hand and arm motor actions has been discussed since the early  1980s1 (for 
review  see2). It postulates that information processing for reach and grasp actions are implemented in two distinct 
cortical streams, in the dorso-ventral stream for grasp processing and in the dorso-medial stream for reaching 
(for review  see3). The dorso-medial pathway extends from the primary visual cortex over V6A, to the medial 
intraparietal area (MIP) and to the dorsal premotor cortex (also known as area F2), while the dorso-ventral 
pathway goes over the anterior intraparietal area (AIP) towards the ventral premotor cortex (in particular: area 
F5)4 and the primary motor cortex (M1), which is well supported by tracer  studies5–14.

There is direct causal evidence for the separation of both circuits in the form of chemically or magnetically 
induced lesions in both humans and non-human primates. For example, inactivation of area F5 and AIP is associ-
ated with strong deficits on grasping, but no effect on reaching movements, both in  macaques15,16 and  humans17,18. 
In contrast, damage to MIP and V6A, which are often summarized as the parietal reach region  PRR19, leads to a 
condition known as optic ataxia that comprises reach deficits as well as minor grasp impairments that are likely 
a consequence of the patient’s reach  uncertainty20. Finally, electrophysiological recording experiments in non-
human primates confirmed specialized functions of these areas consistent with the two-stream  hypothesis6,21–26.

However, some studies have found grasp-related activity in traditional reach-related areas and reach-
related activity in traditional grasp-related areas, contradicting the notions of a strict separation between both 
 streams27,28. Activity related to hand orientation was found in  F229 and in  V6A30, both areas part of the reach-
related dorso-medial stream, while reach activity was found in  F531, an area part of the grasp-related dorso-
ventral stream. Other studies added support for these  findings32–36, warranting further investigation into the 
separation between reaching and grasping processes in the brain.
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We aimed to resolve whether grasping and reaching functions recruited two distinct functional cortical net-
works and employed a functional connectivity analysis of resting state functional magnetic resonance imaging 
(rs-fMRI) data. Unlike tracer studies, rs-fMRI is not limited to monosynaptic connections, but rather allows 
for the added identification of functionally connected areas through polysynaptic connections. Correlation 
between areas gives a measurement of how strong they are functionally  interlinked37. Paired with modern cluster 
 detection38, this approach allows us to discern whether the cortical areas F2, F5, M1, AIP, V6A and MIP belong 
to one or multiple networks. Also, unlike electrophysiological experiments, it allows us to study the whole brain 
and explore the extension of the resulting networks. We analyzed rs-fMRI data in a population of 10 lightly 
anesthetized macaque monkeys with seeds placed in six cortical areas in the dorso-medial and the dorso-ventral 
stream. We show that both processing streams form clearly separated functional networks, however, there are 
specific areas to which both networks are connected, suggesting a possible communication link between the 
dorso-medial and dorso-ventral network.

Materials and methods
Resting state fMRI data was collected from 12 male adult rhesus macaque monkeys (Macaca mulatta). Of these, 
two animals were excluded, one because of a susceptibility artifact over the right parietal lobe and one because 
of an abnormally shaped central sulcus. The remaining 10 animals had a body weight of 6.1–11.8 kg (mean: 8.1, 
std: 1.6) and were 5–10 years of age (mean; 6.2, std: 1.7). Animal care and experimental procedures followed 
the guidelines of the Canadian Council on Animal Care policy on experimental animals. All procedures were 
approved by the Institutional Animal Care Committee of the University of Western Ontario (Animal Use Protocol 
Number 2008-125), and all animal experiments were conducted there.

Anesthesia. Animals were first sedated with 0.1–0.2 mg/kg acepromazine, followed by 7.5 mg/kg ketamine 
hydrochloride by intramuscular injection, before anesthesia was induced with 2.5 mg/kg propofol via an intra-
venous catheter in the saphenous vein. Anesthesia was maintained with 1–2% isoflurane with oxygen (1.5–2 l/
min) through endotracheal intubation, which was reduced to 1% during resting-state functional imaging. Heart 
rate,  O2-saturation, respiration rate and respiratory  CO2 levels were continuously monitored.

Data acquisition and preprocessing. Macaque monkeys were scanned in a 7  T Scanner (Siemens, 
Erlangen, Germany) with a 40 cm gradient coil with field strength of 80 mT/m. A custom build 24-channel 
phased array head-coil39 was used to collect 2-dimensional multi-band T2* weighted EPI images (TR = 1000 ms, 
TE = 18  ms, flip angle = 40°, 42 slices, resolution 1 × 1 × 1.1  mm, FOV 96 × 96  mm, and matrix size 96 × 96). 
In total 4 runs of 600 functional volumes were recorded sequentially in one session. Furthermore, standard 
T1-weighted anatomical images were acquired in the same orientation with 0.5-mm isotropic resolution.

Data was preprocessed with the software package FSL (fMRI Software Library: https ://www.fmrib .ox.ac.uk). 
Functional images were corrected for motion and image acquisition timing. High pass filtering was implemented 
by subtracting a Gaussian least-square straight-line fit (sd: 100 s) and subsequent low-pass filtering with Gaussian 
smoothing (sd: 2.8 s). Brain extraction was done with the Brain Extraction Tool and the BrainSuite  toolbox40. 
Average EPI images were realigned to the anatomical scans and both co-registered with the standard F99  atlas41. 
Finally, functional images were spatially smoothed (Gaussian filter, FWHM: 3 mm). Further details of the scan-
ning protocol and data preprocessing are included  in42. Unless stated otherwise, this publication follows the 
parcellation of the macaque cortex as introduced  by43.

Experimental design and statistical analysis. All analyses were based on data from 10 macaque mon-
keys, as detailed above. Statistical procedures were performed on individual subjects as well as across the subject 
population, as described in the following sections.

Seed‑based correlation analysis. A seed-based correlation analysis was performed with extracted time 
series from six individual seeds in both hemispheres. All seeds were placed using the Saleem and Logothetis atlas 
as a  reference44 in the F99 brain  template45 (Fig. 1). Seeds in AIP, F5 and  M1hand were positioned according to 
the location of implants  in46 as guidance to locations with known involvement in grasp planning and execution. 
Further seeds were placed in V6A and MIP according to locations provided  by34  and19, respectively. F2 seed was 
placed according to injection site reported  in8. See supplemental methods for a more extensive description of the 
seed locations and supplemental Table S1 for the precise coordinates. Seeds had a radius of 1 mm and encom-
passed 7 voxels. The minimal distance between seeds was between V6A and MIP with 10 mm. Each brain was 
normalized to the F99 template with FSL, eliminating the need of individual seed placement.

Time series for each seed, cerebrospinal fluid (CSF) and white matter (WM) were extracted for each monkey 
and run. We calculated whole-brain correlations for each monkey with a general linear model with CSF and 
WM included as regressor of noninterest. The resulting correlation maps for each animal were then included 
in a population analysis for each seed individually calculated and modeled independently with a mixed effects 
model (threshold: p = 0.05, voxel-wise corrected for multiple comparison with GRF-theory-based maximum 
height thresholding as implemented in FSL).

Modularity analysis between seeds. For the between seed comparison, correlation coefficients between 
the extracted time series were calculated and averaged over runs in each individual subject. Mean and variance 
across individuals was reported in the correlation matrix. These values were tested for significant difference from 
zero with a two-sided t test with Bonferroni correction for multiple testing. To test whether connections separate 
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into distinct networks, we assessed the optimal  modularity38, as implemented in the brain connectivity  toolbox47, 
and tested for significance (p < 0.05) against the modularity of 1,000,000 randomly shuffled, symmetrical con-
nectivity matrices. Optimal modularity is especially well suited for this research question as the algorithm stops 
if a network is considered indivisible. It therefore does return an unbiased division into one or more  networks38.

Conjunction analysis between seeds. Since all cortical areas show neural correlation with a grasp 
 process48, a simple correlation analysis over all seeds together is not applicable since the resulting contrast vec-
tors would not be orthogonal and a simple addition would lead to exaggerated results. Therefore, whenever 
correlation maps of a network, detected by the modularity analysis, were combined, we used a much stricter 
approach: only voxels that were significant in each individual seed map (FDR corrected z-score > 2.3) were 
included in the conjunction map. The results from the individual seed map were converted to a binary mask 
with a voxel mapped to 1 if it was significantly correlated with the seed or 0 otherwise. Those binary maps were 
then summed according to the detected networks in the modularity analysis. A similar method, reporting voxels 
with 2 out of 3 significant tests, was used  in49. The result is then mapped onto the brain with each voxel value 
representing in how many seed maps the voxel is significant. We considered only voxels, which were significantly 
correlated towards all the seeds of a network, to be part of said network.

Results
Using rs-fMRI of 10 lightly anesthetized macaque monkeys, we obtained connectivity maps by placing seeds in 
each of the cortical areas AIP,  M1hand and F5 of the dorso-ventral stream as well as in F2, V6A and MIP of the 
dorso-medial stream. For each animal, four rs-fMRI runs were averaged and results from all animals were com-
bined in a multi-effect analysis (see Materials and Methods). In the following section, we first report connectivity 
maps for individual seed areas and then take a more global approach by generating maps from multiple seeds.

Results from seeds placed in the left or right hemisphere were largely symmetrical. We therefore report only 
functional connectivity results of the left seeds in both hemispheres. For the results from the seeds in the right 
hemisphere see Figure S1 and S2 in the supplementary material. Furthermore, since the RF coil used here is 
known to have a low signal-to-noise ratio in the cerebellum and brainstem, we only report results from cortical 
and subcortical areas, even though some significant correlations were also found in the cerebellum. Significant 
results in the midbrain are reported, but due to the low signal, they should be interpreted with caution.

Functional connectivity map of AIP. The connectivity map of left AIP covers large portions of the pari-
etal lobe, including posterior regions up to the superior temporal sulcus, intraparietal sulcus and the parieto-
occipital sulcus (Fig. 2, top panels). In anterior regions, the main correlation cluster reaches up to the arcuate sul-
cus; however, the cingulate cortex also shows correlation. Additionally, there is correlation in area 13 and lateral 
area 12. Correlations peak in the cingulate sulcus, the anterior part of the intraparietal sulcus and the middle part 
of the central sulcus. All these correlations are symmetrical across the left and right hemisphere. Asymmetries 
appeared in the activation of the superior arcuate sulcus, with a stronger correlation and with a more anterior 
peak in the right hemisphere. Furthermore, there was stronger correlation on the left side, as compared to the 
right, in the internal part of the lateral fissure around the internal secondary somatosensory cortex. Additionally, 

AIP F5 M1hand

V6A F2 MIP

-14 6 -5

-34 3 -26

-34-26 -14 -5  3 6  

Figure 1.  Placement of the seeds in the F99 brain  template45. Top row, left to right: AIP, F5 and  M1hand. Bottom 
row, left to right: V6A, F2 and MIP. Y coordinates of the sections are given relative to the F99 reference  frame45. 
Sections rendered with MRIcoGL ver. 1.2.20181114 + (https ://www.mccau sland cente r.sc.edu/mricr ogl/).
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Figure 2.  Whole brain correlation of the AIP, F5 and  M1hand seeds, projected onto the cortical surface. 
z-statistic maps are FDR corrected and thresholded according to the z-score color bar. Please note that each 
seed has a different z-score scaling for the projection. Seed placement is marked by the green marker on the left 
hemisphere. Since the analysis was done on the 3D dataset, the seed placement marking is approximated. All 
surface renderings (flat maps) were done with CARET v5.65 (https ://brain vis.wustl .edu/wiki/index .php/Caret 
:About )88. Cortical area labeling and borders according  to43.
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there was significant correlation extending from area 46 on the right side. On the left side, we found correlation 
in middle temporal area.

Concerning subcortical areas, we found significant correlation in the putamen, external globus pallidus, 
and the stria medullaris (Fig. 3, top panels). The thalamic nuclei also showed significant correlations, especially 
the deep mesencephalic nuclei, the body as well as posterior parts of the head of the caudate nucleus, medial 
geniculate nucleus, and the posterior part of the caudate nucleus.

Functional connectivity map of ventral premotor cortex (area F5). When placing seeds in area 
F5, as part of the ventral premotor cortex, we found strong functional connectivity with the parietal lobe (Fig. 2, 
middle panels). The posterior border of the correlation map followed the intraparietal sulcus and the lateral fis-
sure, together with some significant correlation at the cuneate gyrus and the superior parietal lobe. Anteriorly, 
the main cluster extended to the superior arcuate sulcus and at the height of the AC-PC line all the way to the 
front of the brain. Furthermore, there was a bilateral significant correlation following the principal sulcus, the 
intraprincipal dimple and the medial orbital sulcus. Cortically, the strongest correlations were located at the 
right superior temporal sulcus, area 2, the right agranular insular cortex, bilateral in the dysgranular insular cor-
tex, area 45B, opercular parietal area PF (as defined  by50 roughly equivalent to area 7b in the parcellation  of43), 
visual area V3A, and at the anterior part of the intraparietal sulcus and the insular cortex. Significant unilateral 
correlation was found in the right middle temporal area (V5), whereas in the cingulate cortex correlation was 
stronger on the left vs. the right hemisphere.

In subcortical structures, significant correlations appeared mostly bilaterally in the putamen, the anterior and 
posterior limb of the internal capsule, the external capsule and the claustrum, except for the mostly left-lateralized 
caudate nucleus (Fig. 3, middle panels).

Functional connectivity map of primary motor cortex. The correlation map of the hand area of M1 
also covered the parietal lobe (Fig. 2, bottom panels), with the posterior border of significant correlation marked 
by the parieto-occipital sulcus, the superior temporal sulcus, and the lateral fissure ventral to the anterior com-
missure (AC)-posterior commissure (PC) line. Anteriorly, the main cluster of significant correlation reached up 
to the spur of the arcuate sulcus. In the cingulate sulcus, the cluster extended up to a height of the anterior end 
of the arcuate sulcus. Here as well, the strongest correlations manifested in the cingulate sulcus, the intrapari-
etal sulcus and the central sulcus. Most of the correlation was bilateral, with the left hemisphere demonstrating 
higher values than the right one. However, significant correlation was unilateral at the left side of the agranular 
insular cortex, extending down to the piriform cortex, and on the left side in the lateral area 12, visual area 2, and 
the medial superior temporal area (MST).

Subcortically, the dorsal part of the thalamic nuclei and part of the fornix, showed significant correlation, as 
well as the lenticular fasciculus, anterior pulvinar, internal capsule, claustrum, putamen, and the caudate nucleus 
(Fig. 3, bottom panels). In terms of intensity, the left globus pallidus and the left nucleus accumbens demonstrated 
stronger correlations than the corresponding right-hemispheric structures.

Functional connectivity map of area V6A. The correlation map for area V6A covered large areas 
around the secondary visual cortex and the dorsal half of the parietal and frontal lobe (Fig. 4, top panels). Cor-
relations focused mainly around the cuneus and annectant gyrus and up to the dorsal part of the occipital gyrus, 
while the lunate sulcus and the calcarine sulcus formed the anterior border of significant correlation. The lingual 
and the fusiform gyrus also showed prominently correlations. From the posterior end of the lateral sulcus to the 
anterior end of the intraparietal sulcus, virtually all grey matter was significant, with the fusiform gyrus being the 
only exception. Furthermore, the cingulate gyrus was significantly correlated along its entire length, the superior 
temporal gyrus showed significance in its posterior half, whereas at the anterior end of the intraparietal sulcus, 
only the insula, middle temporal gyrus, and the precentral gyrus showed significant correlation. In the frontal 
lobe, the superior and middle frontal gyrus showed significant correlations. In general, there was not much 
deviation from symmetry.

Subcortical correlations were found mainly in the caudate nucleus, internal capsule, thalamic nuclei, medial 
pulvinar, and the putamen (Fig. 5, top panels). Results were mainly symmetrical, with exceptions in the frontal 
part of the claustrum, which had no correlations on the right side, and in the right thalamic nuclei that had 
stronger and more widespread correlations than in the left.

Functional connectivity map of MIP. Functional correlation of MIP focused on the visual cortex and 
the dorsal part of the parietal and frontal lobe, and also prominently featured the cuneus (Fig. 4, middle panels). 
Significant correlations were also found in the supramarginal and lingual gyrus as well as in the insula. The supe-
rior frontal and cingulate gyrus were significant up to their frontal margin. In the frontal lobe, there was strong 
correlation in area 46 and F2, however, more strongly on the right side than the left. We also saw significant 
correlations in area 12. All of these correlations were bilateral. Furthermore, there were significant unilateral 
correlations in the right area 13 and the right somatosensory areas 3b and 2. Posterior to AC, correlations were 
generally stronger on the left side, while anterior to AC they were stronger on the right side, except for the right 
fasciolar gyrus. Furthermore, we found significant correlations with the left primary visual cortex.

MIP was also significantly correlated with a number of subcortical structures, most prominently the superior 
colliculus and the medial and the left oral pulvinar, as well as the putamen and claustrum (Fig. 5, middle panels). 
Significant correlations were also found in the caudate nucleus anterior to the AC and in the ventral part of the 
internal capsule and globus pallidus.
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Figure 3.  Correlation for AIP, F5 and  M1hand in the deep brain structures. Z-statistics thresholded according to 
the individual z-score color bar. All conventions as in Fig. 2. Y coordinates of the sections are given relative to 
the F99 reference  frame45. Sections rendered with MRIcoGL ver. 1.2.20181114 + (https ://www.mccau sland cente 
r.sc.edu/mricr ogl/).
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Functional connectivity map of dorsal premotor cortex (area F2). By placing seeds in dorsal pre-
motor cortex (area F2), we found widespread correlation on the dorsal part of the brain (Fig. 4, bottom panels), 
covering the superior parietal lobule, the supramarginal gyrus, and dorsal parts of the post- and precentral 
gyrus. Along the midline and dorsal parts of the cortex we found correlations in the precuneus, cingulate, and 
lingual gyrus. In the posterior hemisphere, significant correlations appeared along the annectant gyrus and the 
angular gyrus dorsal to the beginning of the inferior occipital sulcus. In the temporal lobe, correlations were 
present in the upper third of the middle and superior temporal gyrus, whereas in the frontal lobe strong correla-
tions were present in the superior frontal gyrus and around the principal sulcus. Furthermore, we found strong 
correlations along the insular cortex.

Subcortically, we saw significant correlations in the superior colliculus, putamen, claustrum, around the 
pedunculopontine tegmental and cuneiform nuclei, and in the body and parts of the head of the caudate nucleus 
(Fig. 5, bottom panels). Surprisingly, we found correlations in the right medial globus pallidus and much stronger 
correlations in the left compared to the right oral pulvinar.

Although all correlation maps had a high degree of symmetry across both hemispheres, most correlations 
were more widespread on the left, ipsilateral side. In contrast, the correlation map of F2 was more widespread on 
the contralateral hemisphere. In particular, we found stronger correlations in the right (contralateral) cuneus, the 
right intraparietal sulcus, in the posterior part of the superior temporal sulcus, and the insular cortex. Correla-
tions in the middle frontal and inferior frontal gyri, however, showed stronger correlation in the left hemisphere.

Functional connectivity between seed maps. In addition to individual seed maps, we also calculated 
the average correlation between the time series of each pair of seed regions across runs (Fig. 6). Strongest sig-
nificant correlations were found between pairs of seed regions of the same network: AIP/M1hand and AIP/F5 of 
the grasp-related dorso-ventral network, followed by V6A/MIP and MIP/F2 of the reach-related dorso-medial 
network. Most correlations between seed region pairs from different networks (AIP/F2, F5/F2, F5/V6A and 
 M1hand/V6A) were not significant when tested using a one-sample t-test with Bonferroni correction (p-value: 
0.05), with the exception of MIP/AIP, AIP/V6A, and F2/M1hand. In particular, the correlation between AIP and 
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Figure 6.  Between seed correlation matrix. Color bar showing the mean correlation between areas over 
all analyzed animals. Colored frames show the two significant (p = 0.0049) clusters as assessed by optimal 
 modularity38. Significance of the correlation between each pair of seed region was tested with a one-sided t 
test; *p < 0.05 Bonferroni corrected, ***p < 0.01 Bonferroni corrected. Plotted with Matlab Ver. 9.5.0.1067069 
(R2018b) Update 4 (https ://de.mathw orks.com/produ cts/matla b.html).
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MIP was noteworthy, since it was also significant at a higher threshold of 0.01, in contrast to all other correlations 
across the two designated networks.

These findings strongly suggest that the six seed regions belong to two different cortical networks, one con-
taining AIP,  M1hand and F5 and a second one including MIP, F2 and V6A. To further test this hypothesis, we 
computed the optimal modularity of the correlation  matrix38 using the Brain Connectivity  Toolbox47. As hypoth-
esized, we found a separation into two networks with a modularity index of 0.301, which was significantly larger 
than indices produced from surrogate data presuming only a single network (p = 0.0056; matrix shuffling over 
1,000,000 random iterations; average modularity index: 0.267, see Fig. 7).

Evidence for two separate functional networks. The similarity between the correlation maps of AIP, 
 M1hand and F5 became apparent at first glance (Fig. 2). Figure 8 (middle panels) displays the shared functional 
correlations between the three dorso-ventral seed areas AIP,  M1hand, and F5. Areas that appear in the shared 
dorso-ventral correlation map include the precuneus, the anterior part of the annectant gyrus, the supramar-
ginal, post- and precentral gyrus, and the bilateral intraparietal sulcus (Fig. 8, middle panels). The posterior 
cingulate gyrus, medial part of the superior frontal gyrus, and the right area 9/46 were also visible in all three 
maps. In terms of subcortical structures, the putamen and the claustrum showed up in all grasp-related correla-
tion maps (Fig. 9, middle panels).

In the reach-related regions, areas F2, V6A and MIP shared similar patterns in their correlation maps (Fig. 4). 
The combined correlation map of areas F2, V6A and MIP included large parts of the occipital cortex, starting 
with the lingual gyrus, predominantly but not exclusively on the right side, the cuneus and precuneus, and the 
posterior cingulate gyrus (Fig. 8, top panels). We also found large overlaps in the angular gyrus, supramarginal 
gyrus, superior frontal gyrus and the superior frontal lobule. Along the pre- and postcentral gyrus, the overlap 
extended laterally from the midline to the end of the intraparietal sulcus. Smaller overlaps were also present 
along the dorsal aspects of the middle temporal gyrus, the insula, and the principal sulcus. Noteworthy is also 
area 46, which showed up strongly in both maps. Subcortically, all three correlation maps included the caudate 
nucleus, putamen, and the claustrum (Fig. 9, top panels).

Distinct and overlapping areas between the dorso‑medial and dorso‑ventral functional con‑
nectivity maps. Finally, we performed a conjunction analysis across both networks by combining the 
shared correlation map of AIP,  M1hand and F5 for the grasp-related dorso-ventral network and the shared cor-
relation map of V6A, F2 and MIP for the reach-related dorso-medial network. The correlation maps for AIP, 
M1hand, and F5 (dorso-ventral seeds) were clearly distinct from the correlation maps for V6A, F2, and MIP 
(dorso-medial seeds), yet showed similar correlation patterns with each other, and vice versa for the dorso-
medial seeds. Thus, we refer to the combined correlation maps of AIP,  M1hand, and F5 as the dorso-ventral net-
work and the combined map of V6A, F2 and MIP as the dorso-medial network (Fig. 8).

When comparing the dorso-medial and dorso-ventral networks, some anatomical structures showed cor-
relations only in one of the two networks while others showed correlations in both (Fig. 8). Although the dorso-
ventral network was smaller overall than the dorso-medial one, the lateral part of the precentral and postcentral 
gyrus was significantly connected only to the grasp-related dorso-ventral network. Similarly, also the inferior 
ramus of the arcuate sulcus, large parts of the insula, and the anterior part of the claustrum were exclusively 
correlated with the dorso-ventral network.
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Figure 7.  Null distribution of the modularity index of the connectivity matrix. Distribution of the modularity 
index of 1,000,000 randomly shuffled connectivity matrixes. The red line indicates the modularity index of the 
original connectivity matrix (0.301). Simulation and plot produced with Matlab Ver. 9.5.0.1067069 (R2018b) 
Update 4 (https ://de.mathw orks.com/produ cts/matla b.html).
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Figure 8.  Overlap of the correlation maps of the dorso-medial (top), dorso-ventral (middle), and both 
networks together (bottom). Overlap was created by projecting the significant voxels of each seed of the 
respective networks (V6A, MIP and F2 for the dorso-medial and AIP, F5 and  M1hand for the dorso-ventral) onto 
the brain. In the top and middle panel color indicates how often a voxel is significant in the three maps (0–3 
times). Voxels that are significant in all three maps of their respective network are considered to show the spatial 
extend of the network. These voxels are compared in the bottom figure. Here color indicates whether a voxel 
belongs to the dorso-medial (yellow), dorso-ventral (blue) or both networks (red). All surface renderings (flat 
maps) were done with CARET v5.65 (https ://brain vis.wustl .edu/wiki/index .php/Caret :About )88. Cortical area 
labeling and borders according  to43.
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Figure 9.  Overlap of the correlation maps of the dorso-medial network seeds (top), the dorso-ventral network 
seeds (middle) and between both networks (bottom) in the subcortical brain structures. Please note, for ease of 
comparison, the same color coding is used as in Fig. 8. In the top and middle panel color indicates how often 
a voxel is significant in the three maps (0–3 times). Bottom panel whether a voxel belongs to the dorso-medial 
(yellow), dorso-ventral (blue) or both networks (red). Y coordinates of the sections are given relative to the F99 
reference  frame45. Sections rendered with MRIcoGL ver. 1.2.20181114 + (https ://www.mccau sland cente r.sc.edu/
mricr ogl/).
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In contrast, the cuneus, posterior cingulate gyrus, dorsal part of superior temporal sulcus, left inferior fron-
tal gyrus, and the medial pre- and postcentral gyrus were prominently correlated only with the dorso-medial 
network. In subcortical regions, the head of the caudate nucleus, the right substantia nigra, and the area around 
the pulvinar nuclei were exclusively correlated to the dorso-medial network (Fig. 9).

However, a number of areas shared functional connectivity across both networks. These included the pre-
cuneus, the superior frontal gyrus, the intraparietal sulcus, and the precentral gyrus medial to the spur of the 
arcuate sulcus. We also observed large overlap along the intraparietal sulcus, central sulcus, insula and cingulate 
gyrus. In subcortical regions, the putamen, parts of the internal capsule, and the claustrum shared functional 
connectivity with both networks.

Together, the conjunction analysis revealed that the dorso-medial and dorso-ventral streams are separated 
into two distinct functional networks, albeit with some shared functional connectivity across areas in both 
networks.

Discussion
Using resting-state fMRI of 10 lightly anesthetized macaque monkeys, we obtained connectivity maps from six 
key cortical areas in the dorso-ventral and dorso-medial network. Individual correlation maps for the seeds 
AIP, F5, and the hand area of M1 were combined to form the whole-brain correlation map for the dorso-ventral 
network, while the correlation maps of the seeds V6A, MIP, and F2 were combined to define the dorso-medial 
network.

Some brain areas were functionally connected to only one of those networks. They represented sensory 
inputs and cortical functions related to a specific action (i.e., either reaching or grasping). For example, the 
dorso-ventral network included somatosensory areas in and around the insular cortex, the precentral opercula 
 (PrCO51, which includes parts of areas ProM, SII, GU, 2 and 3 in the parcellation  of43), gustatory cortex, and 
the ventral premotor cortex related to hand grasping. In contrast, the dorso-medial network included higher 
visual areas and areas relevant for arm reaching. Some brain areas, like MIP and AIP, were part of both networks, 
indicating shared functionality.

In the between-seed correlation, the strong correlation between AIP and MIP is surprising. Although an 
anatomical connectivity between MIP and AIP has been  reported12, it was very weak. However, we observed the 
strongest connections between both networks with high significance between AIP and MIP.

For the dorso-ventral network, we identified the ventral premotor cortex, including areas F4 and F5, and 
PrCO as exclusively correlated with the grasp-related dorso-ventral network. Areas F4 and F5 represent sensory 
information and complex motor control signals relevant for planning and execution of hand grasping move-
ments. For example, Hepp-Reymond et al. found in both areas neurons that encode grip  force52, which is highly 
relevant for fine object manipulation. Furthermore, pharmacological inactivation of area F5 led to specific grasp 
deficits, but no reach  deficits16, hence demonstrating an essential role for hand grasping.

The dorso-ventral network is functionally connected with areas involved in feeding behavior, like the PrCO 
and the primary gustatory  cortex53. Especially the correlation with gustatory cortex is interesting. It has been 
shown by tracer studies that the gustatory cortex is connected to primary motor and sensory  areas54, but a con-
nection with F5 or AIP, to our knowledge, has not been reported. PrCO is monosynaptically connected to F4 
and  F55 and has been associated with mechanical and gustatory stimulation of the  tongue55. Similarly, we found 
area PF in the inferior parietal lobule to be exclusively correlated with the dorso-ventral network; PF represents 
mostly orofacial somatosensory as well as biting and feeding  responses56. These functional connections are well 
in line with the behavioral relevance of hand grasping for feeding.

Other areas that showed exclusive correlation with the dorso-ventral network were areas 45 and 7, the ventral 
part of areas 2 and F1, and the granular and dysgranular insula. Most of these areas are involved in somatosensory 
processing, e.g. as seen in area  257, in line with a notion that a successful grasp requires somatosensory input 
about the grasp object to tailor hand shape and grip  force58.

Regions in premotor and sensorimotor cortex that were exclusively correlated with the reach-related dorso-
medial network have been previously shown to encode mainly hindlimb  movements59–61. This could be explained 
by the fact that arm reaching often also involves the extension of the trunk and hindlimbs to reach a far-away 
target, which requires the coordination of arms and hindlimbs.

In parietal cortex, most of area V6A was exclusively connected to the dorso-medial network and only 
small parts were functionally connected with both networks. Area V6A has been extensively investigated with 
respect to its anatomical  connectivity7,13,62 and electrophysiological selectivity for reaching as well as grasp-
ing  behavior23,33,34,36,63. However, the presence of selective neural activity does not imply a causal influence, as 
outlined in the introduction. A selective lesion of V6A produced a reach-to-grasp deficit in macaque monkeys 
with a strong component of incorrect wrist  rotation64. However, the animals where still able to close their hand 
in a functional grasp when the target matched the abnormal wrist orientation. This leaves an open question as 
to whether the observed reach-to-grasp deficits can be attributed to an uncertainty of the reach process and the 
wrist orientation, or whether they reflect a true grasp deficit (i.e., a deficit in shaping the hand).

Finally, visual areas V1-V4 also show exclusive functional connectivity with the dorso-medial network. In V1 
and V2, functional connectivity is focused mainly on the area that represents peripheral  vision65, a property that 
was also true for V6A, whose connectivity to peripheral visual areas has been demonstrated with both  tracer7 and 
neurophysiological  studies66, as well as its encoding of stimulus position in craniotopic  coordinates66. Reaching 
requires the position of an object in space, which is predominantly acquired by vision.

Reaching and grasping are closely related motor actions that are often executed together. Tight connectivity 
between both networks that control these actions is therefore necessary to facilitate a precise and meaningful 
interaction with the outside world.
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We found shared functional connectivity in areas along the intraparietal sulcus (LIP, VIP, V6A, MIP and PIP) 
that have been shown to provide visual or somatosensory input to premotor areas, e.g., for eye  coordination67–70. 
In the supramarginal gyrus, part of the areas PFG and  PGop71 were significantly correlated with both networks. 
PFG showed connections to F4 and  F572 and has been observed to encode complex somatotopic input not 
restricted to the hand and arm  area73. In an extensive mapping of the parietal lobule, Rozzi et al. found sensory 
and motor neurons similarly distributed to our  findings56. For example, area PFG contained somatosensory 
neurons with response fields mainly from the hand and arm, visually responsive neurons to presented objects, 
and grasp-related motor, peri-personal and mirror neurons. Cortical planning of reaching and grasping actions 
might require rather similar sensory input, given that both actions need careful sensory coordination.

We also found substantial overlap in the precuneus, whose involvement in reaching and grasping is currently 
unclear. Although the precuneus has been described as a hub of the default mode network both in  humans74 and 
 monkeys75, the overlap between networks did not appear to correspond with the default mode network. How-
ever, tracer studies have shown that the precuneus projects both to the dorsal premotor area F5 and  V6A13,76,77. 
Therefore, it is likely that the precuneus correlation is functional rather than caused by the default mode network. 
Since the precuneus is activated when both hands are coordinated to perform a complex  task78, we hypothesize 
that the precuneus plays a role for the coordination of reaching and grasping networks.

Finally, we found shared functional connectivity between networks with the frontal eye field (FEF, area 8 m), 
which is central for the control of gaze  directions79 and the integration of sensory information from the dorsal 
and ventral visual  stream80. The FEF likely plays an important role for the sensory guidance of arm and hand 
movements and furthermore for hand–eye coordination.

In conclusion, this study showed that both the dorso-medial and dorso-ventral stream clearly separation at the 
functional level. The grasp-related dorso-ventral stream is connected more strongly with somatosensory areas, 
while the reach-related dorso-medial stream has strong connections to visual areas. This separation may be due 
to arm reaching relying on visual input, while grasping relies more strongly on somatosensory input. This has 
also been observed in patients who lost their sense of touch; such patients were able to point towards a specific 
position in space, but had unrecoverable deficits in grasping and manipulating visible  objects81.

Importantly, we found significant correlations between major areas of both networks, demonstrating that the 
dorso-medial and dorso-ventral networks are strongly interconnected. Reach and grasp movements are often 
performed in a coordinated fashion towards a common action goal (e.g., reaching for a branch and climbing 
the branch or grasping and eating a food item). Connections between these reaching and grasping networks are 
therefore essential for the spatio-temporal integration and coordination of these actions.

One possible explanation for this interconnection may be adopted from the predictive coding model proposed 
for motor  actions82–85. In this model, an efference copy of the actions from an upstream brain area is used by 
downstream areas to efficiently interpret its input, but this efference copy does not causally influence the actions 
of the downstream area. This may explain why neural activity in the reach-related dorso-medial stream is cor-
related with grasping and vice versa.

Finally, our study highlights additional areas that might be involved in the neuronal processing of reaching 
and grasping actions. For example, the role of the dorsolateral prefrontal cortex (area 9/46) for reaching and 
grasping has not been well studied but shows extensive functional connectivity with the dorso-medial network. 
Furthermore, the precentral opercular area and the insular cortex were strongly connected to the dorso-ventral 
network, as previously demonstrated in tracer  studies86,87, but without a clear role for the coordination of reaching 
and grasping. Further electrophysiological studies of these areas may provide new insights into the sensorimotor 
integration necessary for the successful coordination of reaching and grasping actions.
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2. Original Projects

2.2. Project II: PriMa: A low-cost, modular,

open hardware, and 3D-printed fMRI

manipulandum
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R.S. Greulich and T. Hüser performed the experiments and wrote the manuscript; all
authors revised the manuscript.

2.2.1. General Discussion

The second project designs a device that allows the examination of grasp and reach in
experimental paradigms in the fMRI scanner. We termed this device a manipulandum,
since it is meant to be manipulated by the subject. The fMRI environment poses two
unique challenges to motor research that had to be considered during the design of
said manipulandum.
The first challenge concerns the safety of the subject. All experimental devices

introduced to the scanner room have to be fMRI safe. The device cannot contain
large pieces of ferromagnetic metals. Smaller parts of non-ferromagnetic metals have
to be designed carefully to avoid induction loops. We circumvented this problem by
designing the manipulandum completely metal free. The non-metal rule can be
relaxed for the control box, as it will be kept outside of the scanner room.
The second challenge was to report the behavior of the subject. The manipu-

landum needed a way to detect and report the actions of the subject. However,
conventional switches are not compatible with the fMRI safety requirements. We
therefore designed 3D printable switches that interrupt the light path between two
light fibers. This allows us to detect the switch action via a control box.
The control box was housed outside of the scanner and feeds light from high-

power LEDs into the light fibers. The response was detected via a photo transistor,
amplified, and thresholded with an adjustable rate. The resulting binary signal was
read in real time via a digitization USB-card into the controller software and recorded.
For the basic form of the manipulandum, we settled on two bars in an L-shape.

This design would allow two different orientations of the grasp. One would be close
to the rest position and the other only reachable with a short reach action. We
placed buttons on the manipulandum to detect two different grasps, a two-finger
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2.2. Project II: PriMa

precision grip and a whole hand power grip. While the power grip is considered the
evolutionary older and more basic behavior, the precision grasp is unique to primates
(see section 1.1 on page 1).
We constructed a human and macaque scale variant of the manipulandum. Cross-

species comparison is essential for motor research. Electrophysiological results are
almost exclusively available from NHP, fMRI research into motor actions predom-
inately from humans. Direct comparisons between both species implementing the
same experiment are rare. Such studies would fall under the transfer type of replica-
tion studies (Brendel et al., 2020) and would give strength or show the limitations
of our knowledge transfer from NHP to humans.
We kept the design modular to ease maintenance and repair. All buttons were

designed as a single 3D printable unit. The main chassis was also 3D printed and
provides slots for the button assemblies. This modularity also allows the design to
be adjusted for other experiments. Different designs for the main body are easily
constructed. We demonstrated this with a 6-button box mock-up in the publication.
To enable other researchers to reuse our design, we released all design files under an
open hardware license.
The influence of the human manipulandum on the signal-to-noise ratio (SNR) of

the MRI recordings were measured with a spherical phantom. The relative change in
SNR was under 5%, which we consider to be acceptable.
We tested the human design in a pilot study. One human subject was cued

to execute all four possible grasps in a random order. We showed that the head
movement parameters were within acceptable limits and that the manipulandum
produces no visible artifacts.
The macaque manipulandum was mounted to the fMRI-compatible macaque chair.

The animals accepted this set-up very well and were able to execute the grasps during
task training.
This work lays the technical foundation for the third project. We have demon-

strated that we can record grasping behavior in the MRI scanner. This allows us
to look into grasp and reach behavior in humans and awake macaques. The main
open questions are if reach and grasp are utilizing separate networks during behavior
and how both processes are coordinated in time. The third project implements those
research questions utilizing a delayed response paradigm and multi voxel pattern
analysis.
This manuscript was submitted to NeuroImage on January 28th, 2021, is currently

under review and included as submitted.
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Abstract

Motor actions in fMRI settings require specialized hardware to monitor,

record, and control the subject’s behavior. Commercially available options

for such behavior tracking or control are very restricted and costly. We

present a novel grasp manipulandum in a modular design, consisting of MRI-

compatible, 3D printable buttons and a chassis for mounting. Button presses

are detected by the interruption of an optical fiber path, which is digitized

by a photodiode and subsequent signal amplification and thresholding. Two

feedback devices (manipulanda) are constructed, one for macaques (Macaca

mulatta) and one for human use. Both devices have been tested in their spe-

cific experimental setting and possible improvements are reported. Design

files are shared under an open hardware license.

Graphical Abstract

Author contributions

R. Stefan Greulich: Conceptualization, Methodology, Hardware, Investigation, Writing

- Original Draft, Visualization, Project administration
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1 Introduction

Motor actions are difficult to investigate in fMRI settings, since even small body move-

ments in the scanner carry an inherent risk for motion artifacts. To circumvent this

risk, an often utilized approach is to employ imagined instead of real movements in the

task paradigm. However, imagined movement and actually executed movements show

only partially overlapping activation patterns in the brain of humans (Lotze et al., 1999;

Hanakawa et al., 2003; Nair et al., 2003; Zabicki et al., 2017).

In the past, various experimental setups have been constructed to allow meaningful

motor actions during fMRI data acquisition. Examples include the Grasperatus by the

Culham lab (Culham et al., 2003) and the pneumatic turntable by the Vanduffel lab

(Nelissen and Vanduffel, 2011). However, these manipulanda have been constructed for

one particular experimental setup.

Also, only a few commercially available feedback devices exist, ranging from the classic

four button bar to gamepads. However, even these standard products cost upwards

of $1000 each and are not adjustable. There is therefore a strong need for MRI-safe

devices that are adjustable to the experimental design while also cheap to implement

and maintain.

In the last 40 years, 3D printing has risen from a niche application to a well-established

production method (Savini and Savini, 2015). In comparison to traditional manufactur-

ing techniques, 3D printing places fewer constraints on the geometry of the part to be

manufactured and allows for low cost production even in very low volume, since the

process is highly automated and there is no upfront cost for specialized tooling. In addi-

tion, the additive design process provides an unprecedented design freedom that is not

available in subtractive manufacturing processes. An intricate internal structure such as

bended light fiber guides can be easily encased in a completely closed chassis.

Here, we present a fMRI-compatible manipulandum for hand grasping that is ad-

justable for human and non-human primate (NHP) experiments. The design is modular

and based on 3D printing for manufacturing. We document the design process and

demonstrate two concept designs: a human operable version that was tested in fMRI ex-

periments and a NHP version that has been tested during task training with a macaque

monkey. Finally, we discuss possible design extensions for future applications.
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2 Materials & Methods

Since the general scientific interest of our lab is about grasp processes in both human

and macaques, we identified the following design requirements for the manipulandum:

• modular design to adjust size for human and NHP applications

• metal free to be MRI-compatible

• allow testing of 2 grasp types and 2 hand orientations

• enable measurement of reaction time

• easily maintainable to decrease downtime for repairs and maintenance

• robust against animal interference

To avoid interference with the MRI measurement, all necessary control electronics had

to be placed outside of the scanner in the adjacent control room.

We based the design of our manipulandum on an L-shaped form comprising one hor-

izontal and one vertical bar with rectangular cross section (15x20mm for macaques,

30x35 for humans; see figure 3-4), to allow for two different grasps. Each bar can be

grasped either with a whole hand power grip, by wrapping the hand around it, or with

a precision grip, where two opposing faces are pinched with two fingers.

2.1 Ethics statement

All animal care and experiments with the animals were performed in accordance with

German and European law and in agreement with the Guidelines for the Care and Use

of Mammals in Neuroscience and Behavioral Research (Council, 2003) and the ARRIVE

Guidelines (Kilkenny et al., 2010), and were approved by the Animal Welfare Division

of the Office for Consumer Protection and Food Safety of the State of Lower Saxony,

Germany (permission #14/1442 and 19/3132).

Subjects for the human evaluation experiment provided written consent, and the ex-

periment was approved by the local Ethics Committee of the Georg Elias Müller Institute

of Psychology of the University Göttingen.
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2.2 Manipulandum for NHPs

Due to the requirement of measuring reaction times and success rate, a simple bar

without any sensors would not suffice. We therefore designed buttons as touch/press

sensors that can be 3D-printed as a single building block, in which the compliance of

the 3D printed material (here: Nylon 12, printed with the multi jet fusion technique by

Shapeways, http://www.shapeways.com/) enabled the elastic button movement (see

figure 1 a). This also facilitated ease of repair, since each button can be replaced with

minimal disassembly of the full device (see figure 3 a). We designed three different button

types: a square-sized smaller button (size 8.5 x 9 mm), a rectangular large button (size

7x18 mm), and a dual square-sized double button combo (each button 17.6x15x3 mm

large). To keep in line with the metal free design criteria, we used optical fibers as signal

transmission lines. The buttons were designed to interrupt the light transmission between

the input cable and the output cable (see figure 1 a). This light path interruption was

then detected by a photodiode (see 2.4 control box).

a) b)

Figure 1: Light fiber button and cable connector. (a) Illustration of the button
and its two states: released (top left) and pressed (bottom left). The light
path (coming from the left) is blocked when the button is pressed. Right side:
Rendering of the optical fiber connector as well as a cross section. (b) The cable
connector consists of 3 main parts. The male connector (light gray) connects
to the female connector (dark blue) and the whole assembly is locked by the
sleeve (dark grey).

The experiment required that the animal is in a defined starting position at the be-

ginning of each trial. Therefore, we added a two button combo as hand rest buttons on a

support structure, on level with the horizontal bar and behind the manipulandum from

the animal’s perspective (see figure 3 b). These buttons had to be pressed in order for
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Figure 2: Schematic of the electro-optic circuitry. (a) Input fibers (light blue) feed
light to the buttons (dark grey) situated within the manipulandum (light grey).
Output fibers (dark blue) report the state of the button back to the control
box, where they are converted to electrical (TTL) signals and conveyed to
the PC (grey line). (b) Circuit diagram of the receiver end of the control
box.. For configuration of resistors and capacitor, see table 1. LED lights are
permanently powered.

the trial to start. Instructional cues are displayed on a screen in front of the animal.

To keep the animal from damaging the manipulandum, we ensured that no cables

were in reach of the monkey’s hand or mouth by routing the optical fibers inside the

manipulandum. Due to the number and physical properties of the cables, they needed

to be routed along paths with minimal curvature, which would be hard to create using

traditional manufacturing techniques. Cables were held in place by clamps that were

integrated into the ends of each bar.

We designed a mount to fix the manipulandum on the macaque fMRI compatible chair

(Rouge Research Inc., Québec, Canada). This mount allowed free position adjustments

of the manipulandum relative to the animal (see figure 3 b). Full assembly of the NHP

manipulandum and support structure took about 4 hours.
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a) b)

c) d)

Figure 3: Macaque manipulandum. (a) Explosion diagram showcasing six buttons
(green) within the manipulandum body (grey) and the attached optical cables
(orange). (b) Manipulandum (white) attached to the primate chair including
support structure (black), buttons (green) and a clamp (blue) to give the ma-
nipulandum more rigidity against twisting torque by the animal. The finger
rest buttons (also green) are to the front right of the manipulandum on a
seperate support structure (also white). The actual buttons are obscured by
walls integrated into the button assembly to force the animal to use the fin-
gertips instead of the palm. Optical cables are omitted for clarity. (c) Macaque
hand performing the power grasp. (d) Macaque hand performing the precision
grasp.
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2.3 Human manipulandum

The design of the human variant of the manipulandum closely followed the design con-

siderations of the NHP version. Obviously, we could relax the robustness requirements,

as human experimental subjects are less prone to destructive behaviour during experi-

mental sessions. In the human manipulandum we also omitted the hand rest buttons,

since space constraints were more prevalent and reliable hand rest positions could be

achieved simply by auditory instruction and adequate training of the participants.

Furthermore, we adjusted the cross section of the bars (30x35 mm) and the bar length

(104 mm) to be comfortable grasped by humans. Similarly, the size of the buttons was

adjusted for human fingers with a size of the square buttons for precision grip of 12x12

mm and of the rectangular button for the power grasp of 14x35 mm (see figure 4 a).

The human manipulandum was mounted on a frame of carbon fiber reinforced plastic

(CFRP) using off-the-shelf plastic screws, nuts and plastic connectors. The frame rested

on 3d printed feet designed to slot into the rail system of the patient bed of our Siemens

Prisma 3T scanner (see figure 4 b).

The full assembly of the human manipulandum and support structure took about 4

hours.

2.4 3D printable cable connectors

We needed optical fiber cables with a length of 5 m between the control box and the

manipulandum. Although an uninterrupted cable to and from the control box and the

buttons can be used, a cable-to-cable connector was designed to ease installation and

allow easier maintenance of the manipulandum (see figure 1 b). We used a BNC connector

inspired bayonet mount as the locking mechanism of the connector.

Cutting the cables to length, striping the insulation and mounting the connectors took

about 2 hours in total.

2.5 Control box

The control box illuminates the input fiber using white high power LEDs and converts

changes of light intensity measured at the output fiber to a TTL signal, indicating the

state of the button (pressed: high, released: low: see figure 2 a).

This is done by first using a photodiode transimpedance amplifier to convert the light

intensity to an analog voltage Vinit. The initial amplification is set by the value of R1

following R1 = Vinit

−IPhoto
, where IPhoto is the light-intensity dependent current produced
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a) b)

c) d)

Figure 4: Human manipulandum. (a) Explosion diagram, showcasing six buttons
(green) within the manipulandum body (grey) and the attached optical ca-
bles (orange). (b) Manipulandum (grey) and support structure (black frame)
located on the scanner bed ontop of a subject. Optical cables are not shown
for clarity. (c) Demonstration of the vertical precision grip. (d) Demonstra-
tion of the vertical power grip. See supplementary materials for images of the
complete manipulandum on the mounting frame.

by the photodiode. To allow the circuit to work at different light intensities, the tran-

simpedance amplifier is followed by a variable gain amplifier that can be adjusted via

10

51



a potentiometer. The gain range [Glow, Ghigh] available is dependent on the choice of

the resistors R2, R3 and the potentiometer RV 1, following Glow = 1 + R2
R3+RV 1

and

Ghigh = 1 + R2
R3

(see figure 2 b for the circuit diagram). To reduce high frequency noise

the signal is subsequently low pass filtered by a first order filter with a cutoff frequency

of fcutoff = 1
2πR4C1

. For the values of the resistors and capacitor we picked see table 1,

leading to a cut-off frequency for our filter of 159.15 Hz and a gain range from 1.044

to 11. Finally a Schmitt trigger is used to invert and threshold the signal, giving the

desired digital TTL output. Additionally, the hysteresis of the Schmitt trigger prevents

unexpected behavior when the analog voltage crosses the threshold during a button

press.

The box can be powered using a single 5V power adapter and the output is provided

on a DB-25 connector with a parallel port interface compatible pinout. An additional

BNC input connector is available to allow for easy synchronization with an MRI scanner

or other recording systems that provide a synchronization signal.

Mounting the components on the PCB and assembly of the control box takes an

estimated 10 hours of work.

2.5.1 Software

The control box returned a digital signal for each button with ‘high’ for button pressed

and ‘low’ for button free (0-5 V; TTL logic). A parallel port connection can be used

to read the state of the buttons, but support for parallel port cards in modern PCs is

dwindling. We decided to use a DB-25 Pin breakout board to record with a simple USB

data acquisition device (USB-5901, National Instruments) to read the button states into

our LabView control software for experimental control and logging. The data acquisition

device measured the states of the input with a sampling rate of 24 MHz.

We logged button presses with millisecond precision within LabView (National In-

struments). The temporal precision of this recording was dictated by the time delay of

the used low pass filter (0.7 ms) and the precision of the software and operating system,

respectively. In our case, we used Windows 7 which is reported to be precise to 1 ms,

resulting in a maximal temporal error of less than 2 ms.

2.6 Evaluation of the SNR influence of the manipulandum

We first performed a scan on a spherical Phantom (Siemens, Erlangen). Three runs of

2x multiband T∗2 weighted EPI (32 slices, 10% distance factor, 3 mm slice thickness, 1s
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TR, 37ms TE,192 mm FoV, 3x3 mm voxel size) with each run consisting of 778 volumes

were recorded. The first with only the phantom, the second with the human manipulan-

dum completely connected to the control setup and the third with the manipulandum

removed, but the control setup connected to the light fiber cables. The last test was

done to see if the signal quality was influenced by the inclusion of the control box and

fiber cables, which required an open access port between the scanner and control room,

reducing the radio interference shielding of the scanner.

The signal to noise ratio (SNR) for a spherical ROI (radius 16 voxels) centered within

the phantom recorded with the EPI sequence was calculated by dividing the mean over

all voxels with the mean of the standard deviations over all images of a run (Dietrich et

al., 2007) for each voxel. From this we calculated the relative difference in SNR between

each pair of run as diff =
|SNRtest−SNRref |

SNRref
, with run 1 as the reference for runs 2 and 3,

and run 3 as the reference for run 2, to compare all three conditions.

2.7 Manipulandum evaluation under experimental conditions

To test the manipulandum in the scanner under experimental conditions, a human sub-

ject was placed in the scanner and instructed to perform all four grasps when cued

by a visual stimulus (go-cue). Time intervals between go-cues ranged between 6 to 16

seconds. While running this task paradigm, MRI data was recorded on a 3T Siemens

Prisma scanner. We recorded 4 runs of 2x multiband T∗2 weighted EPI with the same pa-

rameters as above and consisting of 768 volumes, as well as one T1 weighted MPRAGE

image (176 slices, 1 mm slice thickness, 1.9s TR, 3.57ms TE, 256mm FoV, 1x1 mm voxel

size). All data was analyzed in SPM 12 (https://www.fil.ion.ucl.ac.uk/spm/) and

showed no signs of artifacts (see results).

The NHP version of the manipulandum is currently in use to train two macaque

monkeys for an analogous fMRI experiment with a similar grasping paradigm.

2.8 Data availability statement

The design files are released under an open hardware licence (CERN-OHL-W) and can

be downloaded from:https://github.com/SGatNBL/PriMa. The scans of the phantom

are available in the same github repository. The scans of the subject are not released

due to data protection concerns.
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3 Results

The NHP version of the manipulandum was designed and tested first, and is currently

still in use for animal training outside of the scanner. We found that the system worked

reliably with no failure during training. However, we discovered a few issues:

1. Using more than one fiber-to-fiber connector per cable led to a strong signal loss,

probably due to an imperfect cable to cable alignment within the connector as-

sembly.

2. The buttons turned out to be rather sensitive to residues from dried up reward

fluids (juice) dripping into the manipulandum. Adequate placement of the reward

system and a drip guard under the reward system are recommended.

Besides these limitations, the manipulandum worked reliably and required only small

adjustments of the gain of the amplification circuit. However, if the amplification circuit

reached its maximum gain, disassembly and cleaning of the button was required.

The results of the SNR comparison between all three tested conditions are given in

table 2 with the measured values given in table 3.

Overall the relative difference of SNR between all conditions utelizing the phantom

was between 0.0040 (phantom & only control box and light cables connected vs. phantom

& manipulandum fully connected) and 0.0089 (phantom & only control box and light

cables connected vs. phantom only). This demonstrates the low influence of the manip-

ulandum onto the MRI scanner. No visible artifacts were introduced by the presence of

the manipulandum.

For the scanning of human subjects, the most prominent source of artifacts is head

movement. It is therefore important to properly adjust the position of the manipulandum

for the subject, so that all grasps can be executed exclusively with the opening and

closing of the fingers and wrist rotations. With those adjustments, the human subject

showed no head movement exceeding 0.58 mm between scans (mean 0.0566 mm, STD

0.0425mm over all four runs). This is well below the recommended exclusion threshold

of 1 mm for human fMRI experiments.

We conclude that the manipulandum is safe to use, does only minimally impact the

SNR of the recordings and can be grasped by the subject with only minimal head

movement artifacts.
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4 Discussion

Research of motor control in fMRI settings requires feedback devices that can be easily

adjusted to the specific experimental design requirements. Currently available commer-

cial options are restricted to classic button box designs, game controllers, and touch

screens. Our design offers modularity and allows adjustment of the chassis for exper-

imental needs. If buttons with different actuating forces are required, a simple design

adjustment of the thickness of the compliant part of the mechanism and reprinting is

sufficient. See supplemental material for the force response profile of our design. Buttons

and casings can easily be implemented in different manipulandum designs. For example,

in case a standard 4-button box does not fulfill the experimental needs, a 6-button box

could easily be built with the existing button design (see figure 5).

The SNR analysis shows acceptable levels of SNR change (under 5%) which are prob-

ably caused by the requirement to open the shielded access panel to root the light cables

through the access ports between scanner and control room.

While working with the human and NHP version of the manipulandum, we noticed a

few shortcomings of the design:

1. The buttons are rather sensitive towards dirt and other intrusions, which is a

problem especially for the NHP version, where cleanliness cannot be as easily

maintained as in human settings.

2. The gain in the control box in the monkey setup needs to be adjusted and the

buttons cleaned regularly due to the a both mentioned build up of residues.

3. Our current design needs a bundle of 12 optical fibers (NHP version: 16) to connect

the manipulandum with the control box outside of the scanner room. This is

rather unwieldy. Using one or several multi-fiber cables instead would be quite

advantageous.

4. Finally, it should be noted that the current button design does not provide tactile

feedback when operating the buttons.

5. During the testing of the human manipulandum, we noticed that the required

depression depth for activation of the large buttons is not uniform across the

button, if pressed with just one finger.

The biggest problem we encountered was the movement of the optical fiber cable

within its jacket. On first try, we glued the jacket to the cable connector, however
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a)

b)

Figure 5: Demonstration of the design steps for a 6 button box. (a) Finger rest
button assembly of the macaque setup. The walls of the dual buttons (green)
are removed, the cable clamps (black) shortened and the whole assembly copied
three times to result in the six button box (b), demonstrating the flexibility
of our optical buttons to be adapted for different designs. The design files for
this button box are included in the github repository, but it was not build and
tested.

this provided an unreliable connection between both cables. We settled on checking this

connection first when testing the manipulandum before scanning and did not experienced

a failure during scanning yet. The current manipulandum body incorporates a clamp

with a grip length of 1.5 cm to provide strain relief and prohibit movement of the light

fibers within the buttons. Our early design of the NHP manipulandum did not provide

sufficient fixation of the light fiber and we needed to adjust those 5 times in a time
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span of approx. 30 months. The current design is in use to train 2 animals without any

problems occurring in the last 7 months.

The human manipulandum has been used to scan about 30 subjects (approx. 100

presses per button per subject), with the manipulandum failing only once. One button

developed a fatigue fracture. The relevant part was reinforced and the manipulandum

fixed the same day with replacement parts at hand.

Another possible improvement concerns the power of the light source used. We found

that two fiber cable connectors in the whole light path (LED-button-detector) is the

maximum possible. If more are included, too much signal is lost. This could be mitigated

by utilizing stronger and more focused light sources, such as laser diodes, but this would

also require further precautions with respect to laser safety.

5 Conclusion

In this work, we presented a fMRI safe design of a graspable manipulandum that is

suitable for humans and NHPs. The 3D printable buttons allow for a safe and reliant

feedback of the subject’s actions. We also demonstrated an adjustment of the design for

a six-button box comparable to commercially available feedback devices, which demon-

strates the strength of our modular approach. Since design files are openly available for

adjustments and 3d printing, customization for other fMRI experiments requiring motor

responses are straightforward and can be achieved for a very affordable price.
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6 Tables

Component Reference Value

R1 5 MΩ
R2 220 kΩ
R3 22 kΩ
R4 10 kΩ
RV1 5 MΩ
C1 100 nF

Table 1: List of the values for all resistors and capacitor in the control box.

Reference Condition Test condition Relative
difference

Phantom only Phantom & manipulandum 0.0048
Phantom only Phantom & light cables only 0.0089
Phantom & light cables only Phantom & manipulandum 0.0040

Table 2: Phantom values updated. Relative difference of the SNR within the phantom
between the different conditions (without manipulandum present, with manip-
ulandum present and connected, and manipulandum absent but light cables
installed).

Condition mean
intensity

mean std. SNR

Phantom only 973.8979 11.3311 85.9493
Phantom & manipulandum 966.5851 11.1918 86.3654
Phantum & light cables only 962.7614 11.1031 86.7110

Table 3: Table with measured values added. Measured mean intensity and mean of the
std. of the voxels within the ROI for each measured condition and the resulting
SNR values.
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Description Quantity Price

Controller Box

Printed Circuit Board 1 50,00e

Box Connector Mount* 1 29,17e

Enclosure 1 6,25e

DSUB 25 Pin 1 5,33e

BNC Connector 1 1,99e

2.1mm DC Jack 1 3,97e

5V Power Adapter 1 10,99e

Terminal Header Part 1 (5 pole) 1 0,35e

Terminal Header Part 2 (5 pole) 1 0,60e

Schrauben M3x5mm 20 0,90e

LED High Power White 10 0,95e

LED Yellow 10 0,15e

LED Green 1 0,15e

Photodiode 10 0,74e

74HC14 Schmitt Inverter 2 0,22e

TLC272 Operational Amplifier 10 2,10e

pChannel Mosfet 1 0,25e

Potentiometer 5M 10 0,28e

Zener Diode 1 0,06e

Resistors

100k 10 0,04e

3M 10 0,04e

220k 10 0,04e

22k 10 0,04e

75R 11 0,04e

150R 10 0,04e

10k 1 0,04e

1M 10 0,04e

2M 10 0,04e

6,8M 10 0,04e

Table 4: Continues on next page
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Description Quantity Price

Capacitors

100n 12 0,05e

470n 2 0,24e

Total Price Controller Box 174,51e

Human SetUp

Manipulandum

Body* 1 224,14e

Button Big* 2 6,90e

Button Small* 4 6,90e

Cableclamp* 2 11,97e

Plastic Screw M4x10mm 8 0,19e

MRI Mount

CFK Pipe 18mm 3 20,50e

Pipe Connector 10 1,67e

Pipe Connector Adjustable Angle 6 2,37e

Rail Mounting Feet* 4 23,32e

Plastic Screw M6x20mm 28 0,23e

Plastic Nut M6 28 0,17e

Cables and Connectors

Fibre Optic Cable (per meter) 60 1,77e

Controller Box Plug Matrix* 1 34,40e

Female Cable Connector Matrix* 1 83,21e

Male Cable Connector Matrix* 1 57,15e

Total Price Manipulandum Human 768,86e

Monkey Setup

Manipulandum

Body* 1 156,23e

Button Big* 2 6,90e

Button Small* 4 6,90e

Support Body* 1 38,24e

Table 4: Continues on next page
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Description Quantity Price

Support Clamp* 1 8,95e

Plastic Screw M4x10mm 8 0,19e

Handrest

Buttons* 1 6,90e

Housing Body* 1 21,82e

Housing Cable Clamp Left* 1 6,90e

Housing Cable Clamp Right* 1 6,90e

Plastic Screw M4x10mm 4 0,19e

Cables and Connectors

Fibre Optic Cable (per meter) 30 1,77e

Controller Box Plug Matrix* 1 34,40e

Total Price Manipulandum Monkey 377,12e

Total Price Human MRI Setup 943,37e

Total Price Monkey MRI Setup 551,63e

Assembly Times

Hours

Controller Box 10

Manipulandum Monkey 4

Manipulandum Human 4

Cables 2

Table 4: List of materials and costs for the human and macaque manipulandum.

Part providers are detailed in our github repository (https://github.com/

SGatNBL/PriMa). * 3D printed Parts
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2.3. Project III: Motor initiation

2.3. Project III: Difference in motor initiation for

a predictable or unpredictable go-cue in

humans and NHPs utilizing a fMRI grasp

paradigm and cvMANOVA

Author contribution

R.S. Greulich and H. Scherberger conceived the research; R.S. Greulich collected
the data, designed the data analysis, performed the data analysis, and wrote the
manuscript.

2.3.1. General Discussion

This project aims to bridge the gap between human and NHP motor research. By
implementing the same experimental paradigm for both, we can directly compare
results across species.
The utilized experimental paradigm allowed us to examine grasping completely

without reaching. Additionally, we implemented a second condition with the sub-
ject requiring an additional wrist rotation. We postulated that this wrist rotation is a
good model for a reach process. The resulting data supports our conclusion by show-
ing significant encoding of the wrist rotation component in the human intrapariatal
sulcus.
We also looked into the encoding differences between a predictable and an unpre-

dictable go-cue, allowing us insights into the initiation process for grasp and reach-
to-grasp motor actions. We found significant encoding in areas related to temporal
processing and motor control such as the SMA and premotor areas.
The human experiment is completed, analyzed, and presented below. However, the

macaque experiment is ongoing and is reported as an experiment in progress. Since
both are methodologically identical, they are presented together as a standalone
chapter with emphasis on the human experiment. We are planning to publish the
results of the human experiment soon.
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Difference in motor initiation for
predictable or unpredictable
go-cues in humans and NHPs
utilizing a fMRI grasp paradigm

and cvMANOVA

R. Stefan Greulich1,2 and Hansjörg Sherberger1,2
1-Deutsches Primatenzentrum GmbH, Kellnerweg 4, 37077 Göttingen, Germany

2-Faculty of Biology and Psychology, Georg-August-University Göttingen, Germany

Abstract

Reach and grasp are two processes demanding precise control both in space

and time. We examined the control in time by examining the neural differences

between movement initiation after a predictable or an unpredictable go-cue

in humans and NHP. We utilized fMRI, cvMANOVA (Allefeld and Haynes,

2014) and population inference statistics (Allefeld et al., 2016) to identify

areas showing significant encoding of our conditions. As an additional research

question, we looked into the control in space by comparing the encoding of

different grasps and grasp orientation.

We scanned 14 human subjects and found significant encoding of the go-

cue condition in multiple areas. Most notably are the results in the premotor,

primary motor areas, and SMA. The results are in line with previous work in

both humans and NHP.

The grasp orientation condition was primarily encoded in the intraparietal

sulcus, a region associated with reach processing (Macaluso et al., 2007;

Cavina-Pratesi et al., 2010b; Bernier et al., 2017), while grasp is encoded

in primary motor cortex. We observe no overlap between reach and grasp

encoding areas and the interaction effect shows only a small cluster in the

somatosensory cortex, giving support to our hypothesis that wrist rotation to

match object orientation is part of the reach process.

A second experiment with two male rhesus macaques and the identical

paradigm is proposed. The animals are in the training stage and this ex-

periment is ongoing.
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2.3.2. Introduction

In a groundbreaking work, Haith et al. (2016) showed the independence of move-
ment initiation and planning. The authors forced subjects to move at shorter than
normal RTs and showed that subjects are able to move about 80ms faster than their
unconstrained RT would imply. The authors concluded that movement initiation is
delayed in normal RT trials to allow the brain to check the upcoming motor plan for
errors.

Further insight into this separation was provided by Michaels et al. (2018). The
population activity in premotor areas moves into a separate trajectory if a movement
is planned, but execution has to be withheld. Movements that have to be executed
as fast as possible follow a different trajectory in population space. However, both
conditions meet during the execution of the action. This leads us to conclude that
the upcoming motor plan is withheld in a holding pattern if the upcoming action has
to be executed at a later stage (for more evidence for the existence of a withholding
space in the population encoding in M1, see Jerjian et al., 2020).

To further investigate this question, we designed an experiment with different go-
cue conditions. In one condition, the instructed grasp has to be executed at an
unpredictable point in time and the other at a predictable point in time. By assuring
that the preceding movement planning phase is identical in both conditions, we aim to
observe differences of the initiation process between both conditions. We hypothesize
the observation of significant encoding in brain areas associated with motor working
memory, movement initiation and movement execution.

Our second research question was whether hand orientation can be considered as
part of the reach or the grasp process. Hand orientation by wrist rotation has been
shown to be an integral part in reaching (Koshland et al., 2000). However, research
in the neurological control of wrist rotation in humans is lacking. Monaco et al.
(2011) only considered wrist adduction and abduction, but not wrist rotation. In
NHPs, orientation-encoding neurons have been observed in AIP, F5, M1, and V6A
(Murata et al., 2000; Baumann et al., 2009; Fattori et al., 2009; Fluet et al., 2010;
Menz et al., 2015), with the authors generally attributing the orientation component
to the grasp process. However, limb tracking studies in humans show that the hand
orientation during a reach-to-grasp is dictated by a number of factors such as object
location, object type, and intended grasp type (Touvet et al., 2014). Also, the wrist
rotation component is independent from the reach components (Roby-Brami et al.,
2003) and simultaneously adjusts along the preshaping of the hand early in the reach
process (Sangole and Levin, 2008).
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This leaves the question open if hand orientation is part of the reach process,
the grasp process, or completely independent from both. We aim to answer this
question by examining an orientation condition, which requires the subject to rotate
his or her hand, with the executed grasps remaining identical. The hypothesis is that
wrist rotation and grasp are encoded in different brain areas, and wrist rotation is
encoded in areas previously associated with reach processing in humans. This result
would give strong support to the wrist rotation being part of the reach process and
both being encoded in different streams as proposed in the two stream hypothesis
(Jeannerod, 1981; Binkofski and Buxbaum, 2013). However, if we only find areas
encoding the interaction effect between grasp and orientation, we would conclude
that both are not separate processes.
Grasping in the MRI scanner is not often investigated. Most studies compare differ-

ent reach-to-x movements incorporating an arm transport, such as Cavina-Pratesi et
al. (2010b) (but also compare Cavina-Pratesi et al., 2007; Grol et al., 2007; Monaco
et al., 2011) who compare reach-to-grasp, reach-to-touch and visual orientation to-
wards the object. Since reaching and grasping show overlapping areas of connectivity
in macaques (Greulich et al., 2020) and a strict separation between both processes
is disputed (Kakei et al., 2001; Galletti et al., 2003; Fattori et al., 2004; Raos et al.,
2004; Stark et al., 2007; Baumann et al., 2009; Fattori et al., 2009, 2010; Gamberini
et al., 2011; Lehmann and Scherberger, 2013; Breveglieri et al., 2016), we question
the validity of this approach. We therefore included a condition that only differs
in the executed grasp. This condition allows us to test the validity of the previous
results regarding grasping in humans utilizing modern MVPA decoding analysis.
To summarise, our research questions are as follows:

1. Which brain areas show significant encoding of the predictable vs. unpre-
dictable go-cue?

2. Is the hand orientation condition encoded different from the grasp condition?

3. Where is information about the executed grasp encoded in the brain?

2.3.3. Materials & Methods

Task Design

We used two different grasps for our experiment. A two-finger precision grasp and
a full hand power grasp (Napier, 1956). Both grasps were executed either in a
horizontal or a vertical orientation. The subject was instructed to rest its hand on
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the horizontal bar of the manipulandum. This results in the vertical condition to
include a wrist rotation to align the hand with the vertical grasp target. While in the
horizontal condition, the grasp can be executed directly.
For grasp initiation, we designed three different types of go-cues, consisting of the

actual go-cue and different preceding stimuli. In all cases, the human subject was
instructed to start the grasp only at the onset of the actual go-cue. For macaques,
this condition is enforced by a rest button, which the animal has to keep pressed
during the trial until the onset of the go-cue. In the unpredictable condition, the
go-cue appears suddenly without the subject having temporal information. In the
predictable condition, the go-cue is preceded by a pacing signal. The pacing signal is
spaced 500ms apart and presented for 100ms (see figure 2.1 on the following page).
To ensure that we do not decode the pacing signal in our analysis, we presented it
in two different modalities, visual and auditory. The visual modality consists of the
fixation dot turning blue and the auditory modality of a pure sine wave tone with
880Hz, each occuring for 100ms and at an interval of 500ms
In total, we have two grasp conditions, two orientation conditions and three dif-

ferent go-cues. All conditions are within subject, leaving us with a 2×2×3 factorial
design.
We utilized a delayed response design (see figure 2.3 on page 70). A fixation dot

was displayed for the duration of the whole experiment. After 1000ms fixation dot,
a conditional cue was underlaid under the fixation dot. The conditional cue consisted
of a square in either a horizontal or vertical orientation, instructing the subject either
to grasp on the horizontal or vertical bar of the manipulandum (see section 2.2 on
page 40). The grasp was encoded by the color of the bar, red for a power grasp and
green for a precision grasp(see figure 2.2 on page 69).
After the conditional cue, a variable delay ranging from 2000ms up to 8000ms

was employed (termed intention period) to keep the following go-cue unpredictable
for the subject. The go-cue consisted of the fixation dot turning from white to red.
In the predictable condition, the go-cue was preceded by the pacing signal during the
intention period. The go-cue was displayed for 500ms and timed to conclude with
the onset of a new echo planar imaging (EPI) volume. The trial concluded with a
variable inter trial interval (ITI) from 2000ms up to 6000ms.
The whole experiment was structured into four runs with 72 trails for each run.

We also included 8 catch trials per run. Catch trials were identical to experimental
trials with an unpredictable go-cue, but did not display a go-cue. All catch trials were
not included in the analysis. The remaining 64 experimental trials were balanced over
all conditions and arranged in a pseudo random order. Prior to scanning, the trial
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Figure 2.1.: Unpredictable (top), predictable visual (middle) and predictable
auditory (bottom) go-cue design. In all three cases, the go-cue was
the fixation dot turning from white to red. In the two predictable con-
ditions, the go-cue was preceded by a pacing signal. In the predictable
visual condition (middle) the pacing signal was the fixation dot turn-
ing blue three times for 100ms with an interval of 500ms. The pre-
dictable auditory condition consisted of a pure sine wave tone of 880Hz
for 100ms, 500ms appart.

sequence was tested for sequence effects in line with the same analysis approach
(Görgen et al., 2017). Each run took 12min and 58 s.

Macaque Training

Two male animals (both age 10, weight 14.78&11.25 kg) are currently in training.
Both have been habituated to the MRI chair and the experimental set-up. At the
moment of writing this thesis, both are able to execute both grasps in the horizontal
orientation when cued. We still need to train the grasps in the vertical orientation,
fixation and habituate the animals to the scanner.

Human participants

We scanned 26 right handed participants (age 18-31 , 20 female) for this study.
Technical difficulties lead to an unusable session for three participants. One par-

68 Dissertation R. Stefan Greulich



2.3. Project III: Motor initiation

Grasp orientation
horizontal vertical

po
w
er

G
ra

sp
ty

pe
pr

ec
isi

on

Figure 2.2.: Conditional cues for the grasp conditions. The orientation of the
bar instructed the orientation of the grasp, horizontal bar-horizontal
grasp and vertical bar-vertical grasp. The color instructed the grasp
type, red for power grasp and green for precision grasp.

ticipant had excessive artifacts caused by a retainer. We excluded another three
participants because of a high error rate (over 10% over all runs). Five participants
showed excessive head movement (over 1mm Euclidean distance between volumes).
This leaves us with 14 subjects in total for the analysis (13 female). Handedness
of the subjects was assessed with a German version of the Edinburgh Handedness
inventory (Oldfield, 1971) and scored an average of 59 with a standard deviation
(std) of 15, indicating strong preference of the right hand.

Ethical statement

Animal care and training was conducted in accordance with German and European
law, the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioural
Research (Council, 2003), and the NC3Rs Guidelines regarding Non-human primate
accommodation, care and use (NC3Rs, 2017). The experiment was approved by the
Animal Welfare Division of the Office for Consumer Protection and Food Safety of
the State of Lower Saxony, Germany.
The human experiment was conducted in accordance with the Declaration of

Helsinki and was approved by the ethics committee of the Georg Elias Müller Insti-
tute of Psychology of the University of Göttingen. All human participants provided
written consent prior to experimentation and were financially compensated.
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Fixation 1000ms

Conditional cue 500ms

Intention period 2000-8000ms

Go-cue 500ms different modalities

ITI 2000-6000ms

Figure 2.3.: Task paradigm. The trial started with a fixation dot for 1000ms,
which is followed by a conditional cue underlayed for 500ms instructing
the grasp the subject had to execute in the ongoing trial. The following
intention period had variable delays of 2000-4000-6000-8000ms and in-
cluded the pacing signal in the predictable go-cue conditions. The go-cue
consisted of the fixation dot turning red for 500ms. The trial concluded
with a inter trial interval (ITI) of 2000-4000-6000ms.

Color matching

To further reduce visual confounds, all subjects underwent a color intensity matching
procedure in the scanner. Two different colors were presented to to the subject in an
alternating pattern with 10Hz frequency. The intensity of one of those colors was
adjusted continuously by the experimenter. The subject was instructed to indicate
the point where only a color difference but no intensity difference was perceived.
The colors were matched in the following pattern: green matched to red, white
matched to red, and blue matched to white. This pattern was chosen to follow the
presentation during the experiment as closely as possible. The stimulus of the color
matching was the same size and shape as during the trial (bars for green to red, dots
for the other two-color matches) to ensure that the perceived color intensity is the
same as during the experiment.
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Task training

All subjects underwent task training in the scanner. We utilized a modified task
design for this training. The intention period was shortened to 2 s and the ITI to 1 s.
Additionally, the subject was given feedback if the grasp was executed correctly in
the ITI by displaying a green cross if the grasp was correct or a red cross if the grasp
was incorrect. The training was closely monitored by the experimenter, to check for
signs that the subject is moving before the go-cue (i.e. preparing the hand for the
grasp) or not correctly returning to the rest position after the grip. All conditions
were presented in random order and the whole training lasted for at least 72 trails.

Subject questionnaire

After scanning, subjects were given a questionnaire to rate the relative difficulty of
the auditory vs. the visual modality and how unpredictable they perceived the go-
cue without the pacing signal. Both ratings were given a 5-point scoring. The first
question ranging from 1-“auditory more difficult” to 5-“visual more difficult”. The
second question ranging from 1-“very suprising” (“sehr überraschend” in the original
German) to 5-“not at all surprising” (“gar nicht überraschend”).

Data acquisition

Human subjects were scanned with a 3T Siemens Prisma scanner (Siemens, Erlan-
gen) with a 20-channel coil.
We recorded a T1 weighted magnetisation-prepared rapid gradient-echo (MP-

RAGE) for structural alignment of the subjects, with 176 slices, 1mm slice distance,
and a distance factor of 50%. Each slice had a field of view (FoV) of 256mm and a
resolution of 1mm×1mm.
For increased temporal resolution we utilised a 2x multiband sequence for our T∗

2

weighted EPI volumes, resulting in a TR of 1 s with a TE=37ms. We used 32 slices
with a slice thickness of 3mm thickness and 10% distance factor to cover the whole
brain. Phase encoding direction was right to left. The FoV was 192mm and an in
plane resolution of 3mm×3mm. We recorded 778 EPI volumes per run.

Preprocessing

For actual analysis, we used the EPI volumes that were motion corrected by the
Siemens algorithm implemented in the MRI scanning software (Siemens, Erlan-
gen). The uncorrected EPI volumes were spatially realigned with SPM 12 ( https:
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//www.fil.ion.ucl.ac.uk/spm/, Friston et al., 2007; runing on MATLAB Ver-
sion: 9.5.0.1067069 (R2018b) Update 4 https://de.mathworks.com/products/

matlab.html) to extract the movement parameters. No smoothing or temporal
realignment was done to preserve the spatial and temporal fine structure of the data.
Our setup was not designed to measure the onset of a movement (see previous

project section 2.2 on page 40). Instead, we measured the movement time (MT),
defined as the onset of the go-cue until the first button press. Subjects were specifi-
cally instructed to not start the movement before the go-cue and negative MTs and
MTs over 4 s were counted as error trials. fMRI studies have to correct for differ-
ences in the trial-to-trial execution of the subject (Todd et al., 2013). We therefore
calculated the variance of the MTvar of each trial by subtracting the MT from the
mean of the trials with the same condition regarding grasp and orientation. We did
this only within condition combinations to not introduce a possible hidden confound
between conditions.

MTvar = MT−mean(MT)

A stick function set at the start of the go-cue of each trial and with the height
of the MTvar value of the respective trial was convolved with the HRF and removed
from the data as a regressor of non interest (implementation of the additive RT
model from Woolgar et al., 2014).
In a decoding study, usually multiple instructional cues for the same conditions are

used to reduce visual confounds (Reverberi et al., 2012). We decided against this,
because training the monkey for multiple cues for the same conditions would multiply
the training time. Since we intended to keep the human and macaque design as similar
as possible, we also did not include this in the human experiment. We kept all visual
stimuli small (1-2◦ optical size) to minimize possible visual confounds. Additionally,
the movement parameters (see above) were removed as regressors without convolving
with the HRF.

FIR model

The trial was modelled with a general linear model with a finite impulse response
(FIR) function as basis function in SPM 12. We included the movement parameters
and other confounds as regressors of non interest (see previous section). We modelled
each condition with 10 regressors of 1 s length each. The onset of the first regressor
was set to the first volume recorded after the go-cue. For further analysis, we ignored
the first two regressors. Those are within the movement onset of the subject and
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probably heavily contaminated by movement artifacts. We included all subsequent
regressors in the following analysis.

cvMANOVA

Data was analyzed with searchlight based multi-voxel pattern analysis (Kriegesko-
rte et al., 2006) by cross-validated MANOVA (cvMANOVA, Allefeld and Haynes,
2014). cvMANOVA is especially suited for multi factorial experimental paradigms.
Traditional decoding approaches are based on a classifier categorizing the signal as
belonging to one of multiple conditions, which makes decoding interactions difficult.
cvMANOVA avoids that pitfall entirely by using the multivariate variant of ANOVA
(MANOVA, Timm, 2002)) to analyze the structure of the data directly. The mea-
surement of this data structure difference is based on the Mahalanobis distance and
has been termed pattern distinctness (Allefeld and Haynes, 2014).
For the main analysis, we pulled the predictable go-cue over both conditions (visual

& auditory) and termed this as a reduced effect predictability. We picked the term
reduced effect, since it is reducing the conditions from 3 to 2. To check for confounds
between both conditions, the main effect visual predictor vs. auditory predictor was
included as a separate contrast. We defined our contrast vectors for the following
effects:

1. main effect grasp orientation

2. main effect grasp type

3. reduced main effect predictability

4. interaction grasp type × orientation

5. reduced interaction grasp orientation × predictability

6. reduced interaction grasp type × predictability

7. reduced interaction grasp type × orientation × predictability

8. main effect visual vs. auditory

The contrast vectors were expanded to cover multiple regressors of our FIR model
(see previous section) in the same way as done by Christophel et al. (2018). Cal-
culation of the pattern distinctness maps were performed in subject space with a
searchlight radius of 3 voxels. We used the cvMANOVA MATLAB toolbox provided
by Dr. Allefeld (https://github.com/allefeld/cvmanova) for all cvMANOVA
calculations.
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Crosssubject coregistration

The T1 volume of each subject was corregistrated with the EPI volumes by normalized
mutual information (as implemented in SPM 12). Normalisation parameters for
each subject to the Montreal Neurological Institute (MNI) space was calculated by
coregistration of the T1 MP-RAGE to the International Consortium of Brain Mapping
(ICBM) template from SPM 12 (Grabner et al., 2006). Those parameters were used
to reslice the pattern distinctness maps of each subject into MNI space with a voxel
size of 2×2×2mm and subsequently smoothed with a Gaussian smoothing kernel
(full width at half maximum (FWHM) = 8×8×8mm) as it is recommend for the
subsequent population statistic (Allefeld et al., 2016). All reported coordinate values
in this study are in accordance with the MNI standard.

Population statistics

Since information measurements do not follow a normal distribution and as such are
not suitable for the standard fMRI analysis methods such as t-test (Allefeld et al.,
2016), we utilized prevalence inference with a nonparametric permutation test in this
study (Nichols and Holmes, 2002; Allefeld et al., 2016). Prevalence inference tests if
a certain proportion larger than γ of the general population has information present
in the brain, based on the collected subsample in the experiment. The described
statistics from Allefeld et al. (2016) were implemented for the population analysis.
The a priori decision values required were population prevalence, set to γ=0.5, and
the rejection threshold of the null-hypothesis, set to α=0.05 corrected for multiple
comparison. A non parametric permutation testing (Nichols and Holmes, 2002) was
used as second level test statistic.

Our null-distribution for the population statistics (second level permutations) was
constructed from all possible permutations of the signs of the contrast vector for the
individual runs (first level permutations), resulting in 8 possible first level permuta-
tions for each subject. The pattern distinctness maps for each first level permutation
were calculated with cvMANOVA. Since the number of all possible second level per-
mutations was too large (814>4×1014) to be considered in its entirety, we used
a Monte Carlo estimation. We randomly drew 105 permutations consisting of on
permutation map per subject for our null-distribution (Stelzer et al., 2013). These
permutation maps were used to calculate the voxel wise p-value corrected for mul-
tiple comparison for our test for information prevalence (Nichols and Holmes, 2002;
Allefeld et al., 2016). This process was done for each contrast separately.
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Identification of anatomical structures and rendering

We used the automated anatomical labelling atlas third version (AAL) to identify
the location of our significant voxels (Tzourio-Mazoyer et al., 2002). For locations
in the white matter, we indicated the closest gyrus or anatomical structure in brack-
ets. We used MRIcroGL ver. 1.2.20200331 Cocoa for all renderings and slice figures
(https://www.mccauslandcenter.sc.edu/mricrogl/home). BAs were identi-
fied by utilising the Brodmann labeled map provided in the RESTplus toolbox (V
1.1; Jia et al., 2019) for SPM 12.

2.3.4. Results

Subject questionnaire & behavioral results

Subjects consistently rated the visual modality as more difficult than the auditory
modality (mean 4.00, std 0.53 on our 5 point scale). The unpredictable go-cue was
rated as averagely surprising (mean 3.14, std 0.99 on our 5 point scale).

Subjects showed a low error rate of 1.8% in average with a std of 1.2% over all 4
runs.

The mean MT over all conditions was 1.33 s with a std of 0.48 s. We analyzed the
MTs across subjects between all grasp types, orientation, and visual predictable vs
auditory predictable in a three-way ANOVA to check whether the perceived difference
in difficulty was reflected in the MT (see table 2.1 on the next page). None of the
effects of this ANOVA were significant. However, the visual predictable vs auditory
predictable main effect showed the lowest p-value with p=0.12 (F(1,104)=2.5).

We performed another three-way ANOVA (see table 2.2 on the following page)
where we collapsed over the predictable conditions as in the cvMANOVA. We tested
for the main effect’s predictability, grasp, orientation, and all interaction effects over
all subjects. The main effect predictability was highly significant (F(1,104)=27.42,
p=8.6×10-7). All other effects did not cross the significance threshold, but the
orientation main effect showed the second lowest p-value of 0.10 (F(1,104)=2.69).

Main effect grasp orientation

For the grasp orientation contrast, we see one cluster of significant voxels on the left
postcentral gyrus (see table 2.3 on page 77 and figure 2.5 on page 78). It is located
within BA 2 and the rostral subdivision of BA 7.
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Table 2.1.: ANOVA for visual vs auditory MTs over all subjects. Only MTs
for the visual predictable and auditory predictable go-cue were considered
to test for a significant effect between those two conditions.

Effect Sum Sq. d.f. Mean Sq. F p-value

Main Go Cue (Visual×Auditory) 0.5092 1 0.509 24 2.5 0.1169
Main Grasp 0.1078 1 0.107 84 0.53 0.4685
Main Orientation 0.2872 1 0.287 22 1.41 0.2378
Interaction Go Cue×Grasp 0.0005 1 0.000 55 0 0.9588
Interaction Go Cue×Orientation 0.0002 1 0.000 23 0 0.9732
Interaction Grasp×Orientation 0.2339 1 0.233 93 1.15 0.2864
Interaction
Go Cue×Grasp×Orientation

0.0107 1 0.010 74 0.05 0.8188

Error 21.1884 104
Total 22.3382 111

Table 2.2.: ANOVA for predictable vs unpredictable go-cue type over all
subjects. Both predictable conditions were collapsed for this analysis to
stay in line with the main fMRI analysis. We collapsed by averaging for
each subject over both predictable conditions.

Effect Sum Sq. d.f. Mean Sq. F p-value

Main Predictability 5.0328 1 5.032 82 27.42 <0.0001
Main Grasp 0.1328 1 0.132 77 0.72 0.397
Main Orientation 0.493 1 0.492 98 2.69 0.1043
Interaction Predictability×Grasp 0.0013 1 0.001 27 0.01 0.9338
Interaction
Predictability×Orientation

0.0276 1 0.027 57 1.19 0.2775

Interaction Grasp×Orientation 0.2188 1 0.218 78 1.19 0.2775
Interaction
Predictability×Grasp×Orientation

0.0003 1 0.000 26 0 0.9698

Error 19.0907 104
Total 24.9972 111
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Figure 2.4.: Plot of the MT distributions of the ANOVA for predictable
vs unpredictable go-cue type over all subjects (see table 2.2
on the preceding page). Both predictable conditions were collapsed
as described in the text and table 2.2 on the facing page. The circles
represent the mean and the bars the 95% confidence interval of each
distribution.

Table 2.3.: Main effect grasp orientation. Location of the lowest p-value (voxel
wise corrected for multiple comparison by permutation analysis with
100000 permutations) and size of surrounding cluster in voxels . Anatom-
ical labelling as reported by the AAL atlas. The labels are sorted by pro-
portion within the cluster, with the label of the peak location in italics.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

postcentral gyrus, superior parietal lobule , (BA
2, 7)

16 −30 −44 66 0.002
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p-value
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Figure 2.5.: Main effect grasp orientation. Location of the significant voxels
(thresholded with p=0.05, voxel wise corrected for multiple comparison
by permutation analysis with 100000 permutations) within the MNI152
standard brain template. Coloration indicates the p-value of the voxel
according to the displayed color bar. Axial and coronal slices use neuro-
logical convention (left on the left).
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Main effect grasp type

In the main effect grasp type, three clusters of significant voxel are visible (see ta-
ble 2.4 and figure 2.6 on the following page). All clusters are on the left hemisphere
contralateral to the used hand. They are located along the central sulcus mainly
within the postcentral gyrus, covering BAs 3, 4, and 6. The clusters are at a com-
parable height along the postcentral gyrus, where the intraparietal sulcus meets the
postcentral gyrus.

Table 2.4.: Main effect grasp type. Location of the lowest p-value (voxel wise
corrected for multiple comparison by permutation analysis with 100000
permutations) and size of surrounding cluster in voxels. The clusters are
sorted by ascending order for the peak p-value. The labels are sorted by
proportion within the cluster, with the label of the peak location in italics.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

precentral gyrus, postcentral gyrus, (BA 4, 3,
6)

179 −36 −26 58 <0.001

postcentral gyrus, (BA 4, 6) 12 −52 −14 48 0.008
precentral gyrus, postcentral gyrus, (BA 4, 6) 4 −44 −14 60 0.045

Reduced main effect predictability

The reduced contrast produced 25 clusters of significant voxels and 7 individual
significant voxels (see table 2.5 on page 82 and figure 2.7 on page 84). The clusters
above four significant voxels are reported in ascending order of the peak p-value.

The first cluster showing the lowest peak p-value was located within the right
superior temporal gyrus and additionally showed significant voxels inside the supra-
marginal gyrus and Rolandic operculum. It stretched over a range of BAs, namely
48, 42, 22, 2, and 40. The second and largest cluster lies within the left precentral,
postcentral and middle frontal gyrus. Both the precentral and the postcentral gyrus
showed an individual peak of the p-value within this cluster. The covered BAs were
6, 44, 4, 9, and 3 in descending order of covered area. The third and second largest
cluster was found on the right hemisphere over the insula, Rolandic operculum and
Heschl’s gyrus. The peak was within the Rolandic operculum and the whole cluster
was also exclusively within BA 48. The fourth by peak significance and third largest
cluster was over the left SMA, and middle cingulate gyrus, within BA 6 & 4 and
the peak within the SMA. Within the left temporal lobe over the superior temporal,
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Figure 2.6.: Main effect grasp Type. Location of the significant voxels (thresh-
olded with p=0.05, voxel wise corrected for multiple comparison by per-
mutation analysis with 100000 permutations) within the MNI152 stan-
dard brain template. Each row of sections is cut through the coordinates
of the peak p-value of one cluster (see table 2.4 on the preceding page,
clusters in the same order, top to bottom, as in the table). Coloration
indicates the p-value of the voxel according to the displayed color bar.
Axial and coronal slices use neurological convention (left on the left).
Green circles highlight positions of small clusters.
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Heschl’s gyrus, and Rolandic operculum was the fifth cluster located, with the peak
p-value in Heschl’s gyrus and covering BA 48. The sixth cluster was exactly on the
center line at the SMA, reaching down to the middle cingulate gyrus and up to the
superior frontal gyrus. BAs 6, 32, 8, and 24 were found within this cluster. On the
right hemisphere at the middle frontal, superior frontal, and precentral gyrus was
the fourth cluster, located wholly within BA 6. The peak p-value of this cluster was
within the middle frontal gyrus. The eighth cluster was in the left hemisphere over
the superior frontal gyrus and the SMA and was within BA 6. Stretching over the
left paracentral lobule, precentral, postcentral and supperior frontal gyrus is the ninth
cluster by p-value and sixth by size. It covers BAs 55 and 4, with the peak located
within the postcentral gyrus. In the right hemisphere at the contralateral location
of the fifth was the tenth cluster. With the peak in the superior temporal gyrus and
touching the Rolandic operculum and insula. Additionally to BA 48, the cluster had
significant voxels within BA 41 and 21. Another cluster was located in the right
occipital lobe within the middle and superior occipital gyrus and was mainly within
BA 19 with one voxel within BA 18. One cluster was located within the right SMA
and BA 6. In the right temporal superior gyrus, touching the Rolandic operculum
was a cluster covering BAs 22 and 48. On the posterior right hemisphere was the last
cluster with more than 20 significant voxels. Located at the superior parietal gyrus,
extending to the superior occipital gyrus and precuneus. This cluster was completely
within BA 7. The left insula had another cluster within BA 48. The most frontal
cluster was found in the right superior frontal gyrus in BAs 10 and 11. An additional
cluster was on the right precentral gyrus on BAs 6, 9, and 44. A further small cluster
on the right postcentral gyrus in BAs 4 and 3. The last cluster above 4 significant
voxels is within the right cerebellum (vermis and cerebal hemisphere) and the lingual
gyrus. This cluster had significant voxels within BA 18, 30, and 27.
The resulting clusters of four or two voxel size as well as the individual voxels are

reported here in no particular order. There are three clusters with a voxel size of four
voxels. One is within the left postcentral gyrus (BAs 3 & 4), another within the right
precentral gyrus (BAs 4 & 3), and within the right superior parietal gyrus (BA 7). A
range of two voxel clusters were on the right hemisphere in the right middle frontal
gyrus (BA 46 & 9), superior parietal gyrus (BA 7) and the white matter under the
precentral sulcus. In the left hemisphere a single cluster of two voxel size was loacted
in the white matter under the inferior frontal operculum.
We found individual significant voxels in a range of brain areas. Those were within

the left middle cingulate gyrus (BA 24), the right middle occipital gyrus (BA 19),
the right cuneus (BA 18), the right superior and inferior parietal gyrus (both BA 2),
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the left postcentral (BA 3) and middle frontal gyrus (BA 6).

Table 2.5.: Reduced main effect predictability. Location of the lowest p-value
(voxel wise corrected for multiple comparison by permutation analysis
with 100000 permutations) and size of surrounding cluster in voxels. The
clusters are sorted by ascending order for the peak p-value. The labels
are sorted by proportion within the cluster, with the label of the peak
location in italics.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

supramarginal gyrus, superior temporal gyrus,
Rolandic operculum, (BA 48, 42, 22, 2, 40)

223 64 −28 18 <0.001

precentral gyrus, 798 −48 6 40 <0.001

postcentral gyrus, middle frontal gyrus, (BA 6,
44, 4, 9, 3)

−44 −10 52 <0.001

insula, Rolandic operculum, Heschl’s gyrus, su-
perior temporal gyrus, putamen, (BA 48)

264 48 −10 12 <0.001

SMA, middle cingulate gyrus, (BA 6, 4) 136 −8 −12 56 <0.001

superior temporal gyrus, Heschl’s gyrus,
Rolandic Operculum, insula, (BA 48)

74 −46 −18 6 <0.001

SMA, middle cingulate gyrus, superior frontal
gyrus (medial part), (BA 6, 32, 8, 24)

135 0 16 54 <0.001

middle frontal gyrus, precentral gyrus, superior
frontal gyrus, (BA 6)

93 42 −4 60 <0.001

superior frontal gyrus, SMA, (BA 6) 121 −16 8 68 <0.001

precentral gyrus, paracentral lobule, postcen-
tral gyrus, supperior frontal gyrus, (BA 55, 4)

131 −18 −26 80 <0.001

superior temporal gyrus, Rolandic operculum,
insula, (BA 41, 48, 21)

47 44 −34 14 0.001

middle occipital gyrus, superior occipital gyrus,
(BA 19, 18)

18 34 −80 16 0.002

SMA, (BA 6) 16 6 −12 76 0.005

superior temporal gyrus, Rolandic operculum,
(BA 22, 48)

9 62 −16 10 0.007

superior parietal gyrus, superior occipital gyrus,
precuneus, (BA 7)

26 20 −64 50 0.008

Continues on next page
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Table 2.5.: Reduced main effect predictability continued.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

insula, superior temporal pole, (BA 48) 13 −44 10 −6 0.009

superior frontal gyrus, (BA 10, 11) 6 20 58 2 0.013

precentral gyrus, middle frontal gyrus, (BA 6,
9, 44)

9 54 12 42 0.014

postcentral gyrus, (BA 3, 4) 4 −44 −26 58 0.014

middle frontal gyrus, (BA 46, 9) 2 40 38 38 0.016

middle cingulate gyrus, (BA 24) 1 −10 2 40 0.017

vermis (IV,V), cerebelum (IV,V), lingual gyrus,
(BA 18, 30, 27)

12 8 −50 −2 0.019

postcentral gyrus, precentral gyrus, (BA 4, 3) 4 48 −16 50 0.020

superior parietal gyrus, (BA 7) 4 30 −60 60 0.021

middle occpital gyrus, (BA 19) 1 30 −82 20 0.021

white matter (precentral gyrus) 2 32 −18 52 0.029

cuneus, (BA 18) 1 12 −76 24 0.036

white matter (inferior frontal operculum) 2 −34 6 20 0.038

superior parietal gyrus, (BA 7) 2 22 −62 64 0.043

superior parietal gyrus, (BA 2) 1 50 −36 58 0.044

inferior parietal gyrus, (BA 2) 1 52 −34 56 0.045

postcentral gyrus, (BA 3) 1 −42 −24 54 0.046

middle frontal gyrus, (BA 6) 1 −36 10 56 0.049

Interaction grasp type × orientation

For the interaction effect of grasp type and orientation we found one small cluster of
significant voxels (see table 2.6 on page 85 and figure 2.8 on page 86). This cluster
was fully within the left postcentral gyrus (BA 3, 2, & 4).

Reduced interaction grasp orientation × predictability

In the reduced interaction effect grasp × predictability, we found four clusters of
significant voxels (see table 2.7 on page 85 and figure 2.9 on page 87). The second
largest cluster was between both hemispheres in the central fissure over the SMA of
both hemispheres. It also showed the lowest peak p-value and was over BAs 6 & 4.
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Figure 2.7.: Reduced main effect predictability. See facing page.
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Figure 2.7.: Continued from facing page. Reduced main effect predictability.
Location of the significant voxels (thresholded with p=0.05, voxel wise
corrected for multiple comparison by permutation analysis with 100000
permutations) within the MNI152 standard brain template. Coloration
indicates the p-value of the voxel according to the displayed color bar.
Slices use neurological convention (left on the left). Z values of the slices
are stated above left of the respective slice.

Table 2.6.: Interaction effect grasp type × orientation Location of the lowest
p-value (voxel wise corrected for multiple comparison by permutation
analysis with 100000 permutations) and size of surrounding cluster in
voxels.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

postcentral gyrus, (BA 3, 2, 4) 10 −32 −38 64 0.006

The largest cluster and showing the second lowest peak p-value was directly midline
on the corpus callosum and superior part of the anterior cingulate cortex (ACC). In
the left occipital lobe was the third largest cluster of significant voxels. It was mainly
over the calcarine fissure, but had the lowest p-value within the superior occipital
gyrus. Additional involved structures were the cuneus and middle occipital gyrus,
with BAs 17 and 18. The fourth cluster was the smallest and has the highest peak
p-value from all four clusters. It lay within the cuneus and precuneus on the right
hemisphere (BAs 18 and 19).

Table 2.7.: Interaction effect grasp orientation × predictability Location of
the lowest p-value (voxel wise corrected for multiple comparison by per-
mutation analysis with 100000 permutations) and size of surrounding
cluster in voxels. The labels are sorted by proportion within the cluster,
with the label of the peak location in italics.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

SMA, paracentral lobule, (BA 6, 4) 49 0 −12 64 0.003
white matter (corpus callosum), superior ACC 69 0 8 22 0.003
calcarine fissure, superior occipital gyrus,
cuneus, middle occipital gyrus, (BA 17, 18)

41 −12 −90 10 0.004

cuneus, precuneus, (BA 18, 19) 4 22 −66 26 0.023
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Figure 2.8.: Interaction effect grasp type × orientation Location of the signif-
icant voxels (thresholded with p=0.05, voxel wise corrected for multiple
comparison by permutation analysis with 100000 permutations) within
the MNI152 standard brain template. Coloration indicates the p-value of
the voxel according to the displayed color bar. Axial and coronal slices
use neurological convention (left on the left).
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p-value
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Figure 2.9.: Interaction effect grasp orientation × predictability See next
page.
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Figure 2.9.: Continued from previous page. Interaction effect grasp orientation
× predictability Location of the significant voxels (thresholded with
p=0.05, voxel wise corrected for multiple comparison by permutation
analysis with 100000 permutations) within the MNI152 standard brain
template. Each row of sections is cut through the coordinates of the peak
p-value of one cluster (see table 2.7 on page 85, clusters in the same
order, top to bottom, as in the table). Coloration indicates the p-value
of the voxel according to the displayed color bar. Axial and coronal slices
use neurological convention (left on the left). Green circles highlight
positions of small clusters.

Reduced interaction grasp type × predictability

This contrast showed no significant voxels.

Reduced interaction grasp type × orientation × predictability

This contrast showed no significant voxels.

Main effect visual vs. auditory

This contrast produced 10 clusters of significant voxels and three individual significant
voxels (see table 2.8 on page 90 and figure 2.10 on the facing page). The lowest peak
p-value was in cluster mainly within the right hemisphere. By extension, this cluster
is the second largest, with significant voxels in the superior temporal gyrus, middle
temporal gyrus, Rolandic operculum, Heschl’s gyrus, and supra marginal gyrus. The
covered BAs are 22, 21, 42, and 48. The second cluster by peak p-value was the
largest in this contrast. It was located on a comparable location but in the left
hemisphere when compared to the first cluster. It also showed voxels within the
superior temporal gyrus, middle temporal gyrus, Rolandic operculum, postcentral
gyrus, and Heschl’s gyrus. The involved BAs were 22, 48, 42, 41, and 21. The third
lowest peak p-value was within a cluster along the left superior temporal gyrus and
Rolandic operculum (BAs 48, 22, 38, and 21). The fourth cluster was in the left
middle occipital gyrus within BAs 19, 18, and 37. The remaining clusters were small
(under 20 voxels) and were within the left hemisphere along the middle occipital
gyrus, superior parietal gyrus, and middle temporal gyrus (BAs 7, 18 19, & 37).

The individual significant voxels were all within the right hemisphere. Two were
located in the middle occipital and the middle temporal gyrus, in BAs 7, 18, and 37.
One located within the white matter below the middle occipital gyrus.

88 Dissertation R. Stefan Greulich



2.3. Project III: Motor initiation
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Figure 2.10.: Main effect visual vs. auditory. Location of the significant voxels
(thresholded with p=0.05, voxel wise corrected for multiple comparison
by permutation analysis with 100000 permutations) within the MNI152
standard brain template. Coloration indicates the p-value of the voxel
according to the displayed color bar. Slices use neurological convention
(left on the left). Z values of the slices are stated above left of the
respective slice.
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Table 2.8.: Main effect visual vs. auditory Location of the lowest p-value (voxel
wise corrected for multiple comparison by permutation analysis with
100000 permutations) and size of surrounding cluster in voxels . The
labels are sorted by proportion within the cluster, with the label of the
peak location in italics.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

superior temporal gyrus, middle temporal
gyrus, Rolandic operculum, Heschl’s gyrus,
supra marginal gyrus, (BA 22, 21, 42, 48)

679 64 −30 2 <0.001

superior temporal gyrus, 1219 −52 −28 2 <0.001
superior temporal gyrus, middle temporal
gyrus, supra marginal gyrus, Rolandic Opercu-
lum, postcentral gyrus, Heschl’s gyrus, (BA 22,
48, 42, 41, 21)

−64 −40 14 <0.001

superior temporal gyrus, Rolandic operculum,
superior temporal pole, (BA 48, 22, 38, 21)

122 −54 0 0 <0.001

middle occipital gyrus, (BA 19, 18, 37) 88 −36 −78 10 <0.001
white matter (middle occipital gyrus), middle
occipital gyrus, (BA 18, 19)

10 30 −84 6 0.002

middle occipital gyrus, middle temporal gyrus,
(BA 19, 37)

8 44 −76 6 0.007

middle temporal gyrus, (BA 19, 37) 4 50 −68 10 0.009
angular gyrus, inferior parietal gyrus, superior
parietal gyrus, (BA 37)

12 40 −56 48 0.016

middle occipital gyrus, (BA 18) 1 28 −92 14 0.025
superior parietal gyrus, (BA 7) 2 28 −58 48 0.026
middle occipital gyrus, (BA 18) 2 30 −90 12 0.034
middle temporal gyrus, (BA 37) 1 52 −72 12 0.039
white matter (middle occipital gyrus) 1 38 −68 6 0.045

2.3.5. Discussion

In this study we utilized modern encoding methods to discern the neural differ-
ences between predictable and unpredictable go-cues in a motor execution paradigm.
Within this motor paradigm, we investigated the differences between grasp execution
and wrist rotation as a proxy for reach processes. In the following section, we discuss
our findings within the context of previous publications.
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Grasp type and orientation encoding

The orientation contrast produces only one cluster with the peak in the postcentral
gyrus, but mainly located within the supraparietal lobule, in a region better known as
intraparietal sulcus. This location has been observed in reach processing in a range
of different studies (Macaluso et al., 2007; Cavina-Pratesi et al., 2010b; Bernier et
al., 2017), giving support to our hypothesis that wrist rotation is part of the reach
process.

The largest cluster in the grasp type analysis is over the hand area of the primary
motor and sensory cortex (Penfield and Rasmussen, 1950; Schieber, 1999; O. Simon
et al., 2002; Pimentel et al., 2011). Its involvement in grasping (Cavina-Pratesi
et al., 2007, 2010b; Fiehler et al., 2011; Fabbri et al., 2014) and more specialized
actions of the right hand (S. R. Simon et al., 2002; Milner et al., 2007; Horovitz
et al., 2013; Ogawa and Imai, 2016; Rallis et al., 2018) has been well documented. It
is noteworthy, that we do not see encoding for the reach process in our experiment,
but involvement of this area in reach is also well documented (Prado et al., 2005;
Filimon et al., 2007; Blangero et al., 2009). It is likely that the stronger effect of
grasp encoding did overlay a reach encoding in this area.

The second cluster is more inferior to the first one and located in an area where
other studies found representation for individual finger movements (Stoeckel et al.,
2007; Nambu et al., 2015) and motor imagery (MI) of playing the piano (Meister
et al., 2004). We hypothesise that this area is responsible for the difference in the
finger action for the different grasps.

The smallest cluster in the grasp type analysis is located within the primary motor
cortex as well, at a location which has been associated with different grasps execution
(Begliomini et al., 2007a; Kuhtz-Buschbeck et al., 2008). Different studies have
located this area either as a general hand area (Koeneke et al., 2004; I. G. Meister
et al., 2009; Yuan et al., 2011) or associated it with finger movements (Jäncke et
al., 2000; Koski et al., 2002; Post et al., 2007; Amiez et al., 2012; Cunningham
et al., 2013). Most notably, Horovitz et al. (2013) found activity in this area, when
subjects were writing with the right hand, a motor action involving fine finger and
grasp control.

In the interaction contrast grasp type × orientation, we observe one cluster of
significant voxels in the postcentral gyrus. This location has been observed in other
studies in a range of hand motor activity. Ranging from individual finger represen-
tation in both active, passive and MI context (Cunnington et al., 2006; Post et
al., 2007; Cunningham et al., 2013; Dueñas et al., 2018), to wrist representation
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(Romaiguère et al., 2003; Naito et al., 2005; Suminski et al., 2007) and playing a
keyboard instrument (Meister et al., 2005). This area is probably providing sensory
feedback during grasp and reach processes. This is supported by the work of Gentile
et al. (2011), who found visual and tactile feedback related to the hand of the subject
in this location.

Predictability in the brain

The reduced main effect predictability shows a wide range of clusters, while the
reduced interaction effect grasp orientation × predictability only has four clusters of
significant voxels. All other interaction contrasts are empty, which shows that we
achieved a good separation between the two processes we aimed to investigate. This
is also supported by the movement time analysis.

Considering the predictability contrast, the cluster presenting the lowest peak p-
value in the right superior temporal gyrus is located in the posterior end of the lateral
sulcus. This area shows activation during multisensory processing as well as motor
execution in a multimodal reaction time experiment (Kansaku et al., 2004), indicating
a central role in the initiation of motor actions in response to an unspecific external
stimulus. It also shows activation during immediate execution vs. delayed recall of a
finger tap patterns (Langner et al., 2013) and when subjects were asked to tap along
to a rhythm (J. L. Chen et al., 2008). Milner et al. (2007) reported activation in the
same area when subjects had to perform a complex manipulation task (balancing a
top-heavy ruler) vs. simple manipulation (squeezing a rubber ball). This strengthens
the interpretation that this area is involved in the temporal initiation of motor actions,
since complex manipulation requires the temporal initiation of muscle sequences in a
consecutive manner.

The largest cluster is covering the post- and precentral gyrus at the height of
the middle frontal gyrus and extending into said gyrus. This part of the motor and
somatosensory cortex is at the border between the mouth and and hand motor cortex
(Meier et al., 2008). Since the motor cortex shows high inter-subject variability (Rao
et al., 1995; Meier et al., 2008), a clear interpretation is difficult. The mouth motor
cortex could have been involved due to subjects overtly counting the predictor stimuli
(Hinton et al., 2004). This interpretation is supported by Wolfensteller et al. (2007),
who found activation at a similar location when investigating mouth-related over arm-
related activity. Matsuo et al. (2003) observed activity at this location when subjects
were not allowed to move their fingers when tasked with counting the strokes in
Japanese characters over when finger movements were permitted.
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However, there is an alternative explanation. Ullén et al. (2003) observed activity
in this part of the motor cortex, when subjects had to tap different rhythms with
each hand as compared to synchronous bimanual tapping. Horovitz et al. (2013) ob-
served activity associated with writing, which requires a strong temporal coordination
between the finger and hand muscles. While Eickhoff et al. (2011) showed dynamic
adaptation of response bias in a direction detection task with changing left-right bias.
It has also been shown to activate if subjects are required to move their hand and
foot either in phase or out of phase (Rocca et al., 2007). This can be interpreted
as the hand motor cortex recruiting surrounding areas during complex tasks. This is
often an effect missed in typical motor cortex mapping studies, when the movement
is limited to simple finger or wrist movements (Rao et al., 1995; Meier et al., 2008).
Our experiment unfortunately does not enable us to exclude the overt counting

hypothesis. A follow-up experiment with a continuous and abstract timing cue could
help to differentiate between both interpretations of primary motor cortex results.
The extension of this cluster to the middle frontal gyrus is easier to interpret. This

area has been described as the human premotor cortex (for review see Schubotz and
D. von Cramon, 2003). It has been associated with rule selection activity in tasks
with either button press (Rowe et al., 2008) or shape selection on a 2D display via
joystick (Lau et al., 2004). An involvement in the coordination of movement in time
was shown by Lotze et al. (2003) who found stronger activity during rehearsal in
amateur than professional musicians. More evidence for a temporal function of this
premotor area is its involvement in a time order judgement task (Davis et al., 2009).
It also shows activity during a language-related task, which has a temporal compo-
nent, in judging the temporal order in a sentence (Ye et al., 2012). Another line of
evidence comes from the examination of neurological disorders. When comparing the
activation in early stage PD patients during pantomiming tool use, we see a stronger
activation when the subject is off medication than on (Matt et al., 2017), indicating
a stronger effort to produce such complex behaviour, possibly to compensate for
the subthreshold initiation inhibition in early PD. Another neuropathology associated
with timing errors is schizophrenia. Patients show a difference in activation in this
area during an auditory time discrimination task in comparison to healthy controls
(Davalos et al., 2011).
Of particular interest is the fourth largest cluster in the predictability contrast. The

cluster ranges from the SMA to the left middle central gyrus. The part of the SMA
where we find significant voxels has mainly been attributed with bimanual control
(Foltys et al., 2003; Debaere et al., 2004; Klöppel et al., 2007; Marchand et al.,
2007; Grefkes et al., 2008; Müller et al., 2009; Gallivan et al., 2013a). However,
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the presence of activity during coordination between hand and arm movements hints
at a more broader control function (Swinnen et al., 2010; Nakagawa et al., 2016).
It also shows activation during more complex tasks such as pantomiming tool use
(Rumiati et al., 2004; Ogawa and Imai, 2016), playing the piano (Meister et al.,
2004), singing (Kleber et al., 2010), writing (Horovitz et al., 2013), or fluent speech
production (Alario et al., 2006). On a more general view, SMA is involved in rule
selection (M. Rushworth et al., 2002; Chouinard and Goodale, 2009; Schulte et
al., 2009),movement planning and recall (Jankowski et al., 2009), and learning of
complex movement sequences (Fernández-Seara et al., 2009).

There is strong evidence for SMA’s involvement in temporal processing (for a
meta-analysis see Schwartze et al., 2012). At the location of our significant voxels,
other studies found activity when continuing to tap an auditory or visual given rhythm
(Lewis et al., 2004), retrieving previously learned rhythmic patterns (Konoike et al.,
2012) and during listening to a rhythm (Bengtsson et al., 2009).

For the interpretation of this cluster within our experiment, the work of François-
Brosseau et al. (2009) is of particular interest. The authors found activity within
and close to our significant voxels during externally triggered and self-initiated finger
movement. Our results in the SMA support this. Because the executed movement
only involves one hand and is non-rhythmical executed, we conclude that the role of
this area of the SMA is the timely initiation of the movement.

The pre-SMA has been described as part of the task salience (Seeley et al., 2007)
or task active network (Buckner et al., 2009). Multiple studies found timing-related
activity at the same area where we found predictability encoding in the cluster at
the midline of said contrast, fifth by size and sixth by significance. In simple finger
tapping or button press experiments, temporal dependent activity has been observed
at this location (Dreher and Grafman, 2002; Riecker et al., 2003; Bengtsson et al.,
2009). It is also activated during listening to simple rhythms or music (Bengtsson
et al., 2009; Seger et al., 2013) or when counting sensory stimuli across modalities
(Kansaku et al., 2006), which could explain our observed encoding.

Most importantly, the pre-SMA is activated when examining the subjective passing
of time (Wittmann et al., 2010; Ortuño et al., 2011; Tipples et al., 2013), leading
to the conclusion that the pre-SMA is involved in suprasecond somatosensory time
durations (Schwartze et al., 2012). This is confirmed by our results.

However, Lau et al. (2004) observed activity in the same region as our experiment,
when comparing free vs. routine or specified motor actions. This opens up the
interesting idea that self-initiated and externally triggered movement initiation is a
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continuum rather then a categorical difference. Our experiment would be on this
spectrum between completely free and completely forced motor initiation.
In the same location as our results within the ipsilateral SMA, Coull et al. (2015)

found activity during temporal accumulation of auditory information. In our exper-
iment, the subject had to accumulate the number of sensory inputs to prepare for
the upcoming go-cue. Therefore, our experiment supports the finding of Coull et al.
(2015).
We find significant voxels in the right superior frontal gyrus, in a region identified

as the FEF in humans (Müri, 2006). Adam et al. (2003) observed activity in the
same area during visual pre-cueing an upcoming finger tapping task. The obvious
interpretation of this cluster is therefore the subject directing their visual attention
towards the stimulus, probably in anticipation of the upcoming go-cue.
However, this part of the right premotor cortex has also been observed in a couple

of other motor-related functions when engaging the right hand. Studies found activity
during informative go-cues in a GoNoGo task (Jamadar et al., 2010), task switching
(Cutini et al., 2008), finger tapping (Lehéricy et al., 2006) and MI of finger tapping
(Gao et al., 2011), object recognition through textile exploration (Reed et al., 2004),
movement observation (Buccino et al., 2001; Jastorff et al., 2015), bimanual control
(Koeneke et al., 2004; Rémy et al., 2008; Heitger et al., 2012; Solesio-Jofre et al.,
2014), and playing a simplified PC tennis game (Modroño et al., 2013), all pointing
to a much broader role of the ipsilateral premotor cortex in right hand movement
control. The work of Kroeger et al. (2010) showed that the premotor cortex is
inhibiting unwanted movements of the contralateral motor cortex. Mancini et al.
(2009) showed an adaptation of the left premotor cortex during a paced hand flexion
task. Therefore, we postulate a gating mechanism in the left premotor cortex for
movements of the right hand by holding the motor cortex in a ready state like a
loaded spring.
We find two clusters in the auditory cortex, one for each hemisphere. The left sided

cluster is located in an area known for detection of temporal structure in auditory
presented stimuli (Zatorre and Belin, 2001; Hove et al., 2013), predictive statistics
(Giorgio et al., 2018), detecton of audiovisual synchrony (Lewis and Noppeney, 2010)
and playing scales on a piano (Parsons et al., 2005). This area could be considered
the location of rhythm in the human auditory cortex. It has a strong functional
connection to the dorsal premotor cortex (J. L. Chen et al., 2008). This connection
is probably employed when synchronizing motor execution to an external auditory
timing signal.
The cluster on the right auditory cortex is in a comparable location and therefore
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probably has a similar function. It is activated when presenting complex auditory
input, such as temporal structure of tonal sequences (Jamison et al., 2006) or pro-
cessing music (Tillmann et al., 2003; Pfordresher et al., 2014; Toiviainen et al., 2014;
Musso et al., 2015; Karpati et al., 2017). Foxe et al. (2002) described this area as
responsible for audio somatosensory integration. This view has been substantiated
by an increase in anatomical parameters such as cortical thickness and gray matter
density in professional dancers (Karpati et al., 2017), as well as increased activity
during a dance like joint action of the hands (Chauvigné et al., 2018). Wittmann
et al. (2007) observed activity in the insula during a delayed discounting paradigm,
indicating an involvement in time estimation, with Rekkas et al. (2005) describing
an inhibitory BOLD response during a temporal order judgment task.
This cluster also extends superior into SII, where other studies observed activity

during hand movement execution (Gerardin et al., 2000), auditory synchronous fin-
ger tapping (Aramaki et al., 2006), and when comparing active over passive finger
movement (Mima et al., 1999). It is likely that our experiment, due to the employed
alignment and smoothing, has mixed two separate information encoding clusters. It
remains unclear why the ipsilateral SII appears in our results.
Another interesting cluster in the predictability contrast is on the left superior

frontal gyrus. This area is also known as the PMd in humans (Schubotz and D.
von Cramon, 2003). Activity in this part of the human PMd has been attributed to
high order motor regulation, mainly inhibition of unwanted motor actions (Thoenis-
sen et al., 2002; Lerner et al., 2009; Cai et al., 2013; Mohammadi et al., 2015),
task switching (Braver et al., 2003), and judging the intention of observed motor
actions (Buccino et al., 2007). Observed activity during the anticipation of stimuli
(Badre et al., 2014; Yang et al., 2016), motor preparation (Thoenissen et al., 2002),
temporal prediction (Coull et al., 2013) and synchronising to a auditory given pacing
signal (Lewis et al., 2004) are of particular interest for our experiment. Our results
further support the function of this part of the PMd to synchronize the initiation of
motor actions with external stimuli. Together with the task switching property, we
hypothesize the selectivity of appropriate motor actions based on the perceived state
of the environment as the main function of this area.
The encoding in the right-side superior temporal gyrus, reaching into the insula

and Heschl’s gyrus, is probably an artifact of the auditory predictable go-cue. Activity
here has appeared in other motor studies with auditory go-cues (Wenderoth et al.,
2005; J. L. Chen et al., 2008; Kung et al., 2012; Pecenka et al., 2013).
Another cluster in our analysis is also probably caused by artifacts of the exper-

imental design. Activity in the right middle occipital gyrus has been observed in a
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range of motor actions, when they are executed under visual guidance or feedback
(Koeneke et al., 2004; Seidler et al., 2004; Poldrack et al., 2005; Higuchi et al., 2012;
Floegel and Kell, 2017; Gardner et al., 2017), which is readily explained by encoding
of visual attention (Giesbrecht et al., 2003; Newman et al., 2006; Ohlendorf et al.,
2007), response to symbols (Carreiras et al., 2015), and temporal attention when
visually cued (Coull et al., 2000).
The right superior parietal gyrus is part of the fronto-parietal attention network

(Toro et al., 2008) and activity close to our significant voxels has been observed in a
number of visuospatial attention and MI tasks (Corbetta et al., 2005; Sturm et al.,
2006; Tsubomi et al., 2009; Striemer et al., 2015; Zhang et al., 2016). Therefore,
our first interpretation of the significant encoding is the increased attention of the
subject to the task during the predictable trials.
However, reach-to grasp activity has also been observed (Chapman et al., 2002;

Maratos et al., 2007), as well as hand orientation (Monaco et al., 2011), leaving the
possibility that we have observed grasp related preparatory activity in this cluster.
We observe encoding in the right insula, which has been attributed with attention

(Maguire et al., 2003; Clemens et al., 2011; Touroutoglou et al., 2012; L. J. Norman
et al., 2017), inhibition of various motor actions (Maguire et al., 2003; Laurens et al.,
2004; Leung and Cai, 2007; McNab et al., 2008; Chikazoe et al., 2009; Sebastian
et al., 2012; Di Russo et al., 2016) and error monitoring (Ullsperger and von Cramon,
2003; Blasi et al., 2006; Klein et al., 2007; Grützmann et al., 2016). Although activity
in this part of the insula has been observed in a number of experiments implementing
a motor task, such as finger tapping (Bengtsson et al., 2004; Hanakawa et al., 2008)
and right arm movements (Parkinson et al., 2009), the precise function in the motor
initiation circuit is unclear. However, it seems to encode the temporal magnitude
of a stimulus (Coull et al., 2015) and the temporal structure of complex movement
sequences (Bengtsson et al., 2004). Dall’Acqua et al. (2018) observed increased
activity in this part of the insula when the participant freely inhibited an action,
contrary to when they were cued to inhibit. In light of this evidence, we postulate
that the insula is responsible for the inhibition of unwanted movement initiation until
the appropriate time point.
Activity in the right precentral gyrus has been observed in a number of studies

involving right hand motor execution (Jäncke et al., 2000; Bijsterbosch et al., 2010;
Plata Bello et al., 2015). Pouthas et al. (2005) observed activity at the same lo-
cation as our results when subjects had to judge long time delays (around 1300ms)
over short delays (around 450ms), Jäncke et al. (2000) during synchronization of
finger tapping to a visual pacing signal and Bischoff et al. (2014) for judging the
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trajectory of the ball of a stylised tennis player serving. Other experiments showing
activity involved uncertainty during motor execution (Sakai et al., 2000), memory and
prediction during motor adaptation (Scheidt et al., 2012), as well as adjusting tap-
ping to noticeable and unnoticeable disturbed auditory timing signals (Bijsterbosch
et al., 2010). These studies suggest that this location is involved in the audio-visual
integration of timing signals in motor execution for the right hand.

In the right superior temporal gyrus and Rolandic operculum, other studies found
activity during the audio-visual cross modal stimulation (Lehmann et al., 2006), more
explicitly during the onset of visual and auditory stimulus (Werner and Noppeney,
2011) and for finger tapping (Kornysheva and Schubotz, 2011). In our experiment, it
is probably engaged during both pacing signals and functions as a low-level processing
area for the presented pacing stimulus.

A small cluster in the frontal pole of the right superior frontal gyrus is of particular
interest. This location has been observed in experiments investigating motor directed
attention (Binkofski et al., 2002) and successful inhibition in a stop signal task (Ray
Li et al., 2006). This suggests a high order planning function.

We also find significant encoding in the cerebellum at a location that has been
observed in other experiments regarding hand actions (Haslinger et al., 2004; Seidler
et al., 2004). The importance of the cerebellum in motor control is well known (for
review see Manto et al., 2012). Its role in the initiation of movement, however, is
strongly debated (Thach, 2014).

Our most superior cluster is located in the left postcentral gyrus, extending to the
superior frontal and precentral gyrus. This location has been associated with the
retrieval and execution control of complex finger movements (Hummel et al., 2004).

Predictability interaction effects

We only get significant results in the interaction grasp orientation × predictability.
The largest cluster is covering the SMA close to the main effect predictability results.
This area of the SMA has been described as the hand encoding subsection (Amiez
and Petrides, 2014). Neural activity at this location has been associated with wrist
movement (Szameitat et al., 2012), moving a joystick (Wenderoth et al., 2005),
complex finger tapping paradigms (Coynel et al., 2010; Orban et al., 2010), and
finger force response (Jackson et al., 2008). Schwartze et al. (2012) described this
posterior part of the SMA as encoding sequential movements. This explains the
orientation encoding, as this action required the sequence of wrist rotation → grasp
→ counter rotation.
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The encoding in the left superior occipital gyrus is harder to interpret. This area has
been associated with visual working memory (Nenert et al., 2014; Wing et al., 2015),
attention (Yamagishi et al., 2005) auditory spatial orientation (Wu et al., 2007), and
hand-eye coordination (Lavrysen et al., 2008). Karabanov et al. (2009) observed
activity during execution of both visual and auditory trained rhythms, leaving the
precise function of this area during the course of our study unresolved.

The largest cluster in said contrast covers a part of the corpus callosum. A BOLD
signal increase in this part of the callosum has been observed during tasks with
increased load between hemispheres such as the strobe task (Zoccatelli et al., 2010),
conflict processing (Iannaccone et al., 2015), progress monitoring (Benn et al., 2014),
and tracking of multiple objects (Atmaca et al., 2013). Most interestingly are the
results of Bartolo et al. (2014), who observed activity in the corpus callosum when
subjects were asked to judge if an visual presented object is within reachable distance
or not. In light of those previous works, our results show a strong need for cross
hemisphere integration in time critical reach processes, probably caused by cross
hemispherical visual and motor integration.

Limitations of the study

The visual vs. auditory main effect shows two overlaps with the predictability contrast.
Both are in the left and right auditory cortex. It is possible that the auditory condition
shows up in the predictability contrast. The subjects reported consistently, that the
auditory condition was easier than the visual condition. Therefore, the patterns of the
auditory condition are probably stronger in the predictability condition than the visual
patterns. This leads us to caution against interpreting the clusters in the predictability
contrast surrounding the clusters in the auditory vs visual contrast (see figure 2.11
on the next page).

This study has a sizeable gender imbalance. Of the 14 subjects included in the
analysis, only one was male. It has been observed that women also recruit the
ipsilateral hemisphere in motor execution, while male subjects recruit more subcortical
structures (Lissek et al., 2007). This could explain the extensive ipsilateral results in
our study. This gender difference in the motor representation is an interesting topic
for further studies.

We observed a number of clusters, that have been attributed with rhythm and overt
counting. This is caused by the discrete and rhythmic nature of our timing signal.
A new study would benefit from a continuous timing signal. An idea for a visual
and continuous timing cue would be a circle with a shrinking diameter approaching
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Figure 2.11.: Overlap between predictability contrast (blue) and the visual
vs auditory contrast (green). Left panel showing the overlay in the
right auditory cortex. To better visualize the surrounding clusters, the
brain is viewed from the front right side direction. Right panel shows
the overlap in the left auditory cortex. The view is from the inside of
the brain slightly above the mid line pointing outwards.

the fixation dot and the subject executing the grasp, when the circle merges with
the dot. A similar auditory paradigm is harder to design. A tone could either be
varied in pitch, duration or volume. We used duration as the condition that is easy
to judge by the subject. Pitch and volume perception are very subjective. Therefore,
an experimental paradigm, requiring the subject to respond when a certain pitch or
volume threshold is met, would be very unreliable.

Conclusion

In this study we successfully implemented a grasping paradigm incorporating two
different grasps and wrist rotation conditions. We utilized go-cues with different
predictability, one appearing without prior warning, and the other after either a visual
or auditory pacing signal.

Regarding our first research question, as to which brain areas show significant
encoding of the predictability condition, we mainly observed encoding of predictability
in two brain areas previously implicated in motor initiation, the premotor cortex,
cerebellum and most prominently the SMA. Of interest is the encoding in the frontal
pole of the superior frontal gyrus (BA 10 & 11) and the insula. Here the literature
is sparse with respect to motor functions of those areas.
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The results in the premotor cortex are in line with electrophysiological recordings
in macaques, where the PMd and AIP show significant population trajectories for
RT differences (Michaels et al., 2015) and during movement preparation (Michaels
et al., 2018).

It is noteworthy that we do not observe significant encoding in the hand area of
the primary motor cortex (Rao et al., 1995; Lotze et al., 2000). Only surrounding
primary motor areas, ranging from the face encoding areas on the inferior end and
arm encoding areas at the superior end of the central gyrus show significant results.
There are two possible explanations: either the motor cortex recruits surrounding
areas when the movement has to be executed fast, or the movement information is
stored in the surrounding areas of motor cortex during the predictable condition. Our
experiment does not allow us to distinguish between both possibilities.

For our second research question, if the hand orientation is encoded separately form
the grasp condition. We observed significant encoding of the wrist orientation in the
supraparietal lobule, an area previously associated with reach processing (Macaluso
et al., 2007; Cavina-Pratesi et al., 2010b; Bernier et al., 2017), while interaction
with grasp is only observed in the primary sensory cortex. We therefore concluded
that wrist rotation is part of the reach process and both are encoded in different
processing streams, in line with the two stream hypothesis (Jeannerod, 1981).

Our third research question was, where do we observe grasp encoding in the human
brain? We observe differences in the results between our experiment and previous
research. Mainly we only find grasp encoding in the primary motor cortex. How-
ever, we also find significant voxels of the interaction effect grasp×orientation in the
postcentral gyrus, implicating an interplay between grasp and wrist rotation. This
could be explained by the difference in sensory feedback between the conditions and
therefore does not contradict our interpretation.

Outlook

In our analysis, we ignored the delay period. A closer look at this time frame might
give us insights into the encoding of the reach and grasp motor intention, giving us
further insight into the separation between reach and grasp processing.

To increase SNR, we pooled over multiple time bins of the execution phase. An
analysis of each time bin individually could give us a more time-resolved picture of
the initiation process. Since we utilized a multiband sequence with increased time
resolution, an analysis using dynamic causal modeling, Granger causality or transfer
entropy could open up additional research questions (Granger, 1969; Schreiber, 2000;
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Friston et al., 2003), such as the entangling of information flow between the areas
during the movement initiation process.
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The previous chapter described three projects investigating reach and grasp control
in different contexts and with different methods. This chapter brings those works
together, discusses the results in a combining framework and postulates new research
questions.

3.1. The reach and grasp networks revisited

Both the first (see section 2.1 on page 20) and the third project (see section 2.3 on
page 63) examine the separation between reaching and grasping: the first project by
looking at the network properties in anesthetized macaques with resting state fMRI
and the third one by examining the encoding of grasp and reach execution in behaving
humans. In the third project, we used a wrist rotation as a minimal model for a reach.
Both studies give us a clear indication of a separation between both networks: the
resting state experiment by showing a significant clustering in the correlation matrix
between the examined areas, perfectly along lines as the proposed network separation;
the fMRI experiment in behaving humans by showing areas uniquely encoding the
wrist rotation condition and others uniquely encoding grasp condition, with no overlap
between both.

However, the results are not as clear cut on the second look. In the macaque
project, significant interactions between areas belonging to different networks are
found. The human study finds areas encoding the interaction between grasp and
reach conditions. Although those areas are located in the sensory cortex in our
analysis, they are also very close to areas associated with grasp processing in humans
(compare to section 1.2.4 on page 7). Since the coregistration to the MNI template
and the smoothing step introduce a spacial uncertainty of the reported location, those
areas might be identical. Additionally, the used statistics are rather conservative and
are known to suffer from reduced power with increasing subject number (see the
bioRxiv prepublication of Hirose, 2020). Although Hirose (2020) proposes a more
powerful analysis of information measurements, his work has not yet been peer-
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reviewed and we therefore used the more conservative statistics of Allefeld et al.
(2016). It is possible that the resulting voxels seen in the third project are just the
peaks of clusters, which could be revealed by a more powerful statistic.
A main point of contention is the separation of grasp and reach. Jeannerod

(1984) defined the reach process as the arm transport until the anticipatory closing
of the fingers and the grasp as the following manipulation of the grasped object.
However, this separation underestimates the overlap between both processes. The
closing of the fingers is depends on a range of parameters, both of the reach (Rand
et al., 2006) as well as of the target object (Marteniuk et al., 1990), leaving the
point of switch dependent on reach parameters. Before the fingers start to close,
they already assume a shape suited to the object (Jeannerod, 1986; Santello and
Soechting, 1998). This process is called preshaping and even takes place during
memory-guided reaches (Winges et al., 2003). Therefore, the separation between
transport and manipulation, as originally proposed by Jeannerod (1984), appears
arbitrary.
The hand shapes during grasp can overwhelmingly be explained by a few degrees

of freedom (Marco Santello, 1997; Mason et al., 2001), suggesting that the hand is
controlled as a unit by the brain (Santello and Soechting, 1998). Separation of reach
and grasp should therefore be considered more on an anatomical level, with the arm
control as reach and the hand control as grasp. Project III investigated the affiliation
of wrist rotation to either reach or grasp. Our results suggest the wrist rotation as
a suitable separation boundary. However, the task design did not allow testing for
other possible separations, such as wrist flexion. Therefore, further experiments to
more precisely locate this boundary are needed.
Both reach and grasp processes are executed with a strong temporal synchronisa-

tion in human prehension (Jeannerod, 1984; Wallace and Weeks, 1988; Marteniuk
et al., 1990; Paulignan et al., 1990; Gentilucci et al., 1992). This synchronicity
is more caused by function than by neural control (Marteniuk et al., 1990), since
they are independently corrected if either the reach or the grasp component is per-
turbed (Paulignan et al., 1990; Gentilucci et al., 1992; Saling et al., 1996). This
functional coupling makes experimental design rather difficult and the results prone
to become confounded between reach and grasp.
However, this coupling still does not explain the neural recordings in reach areas

showing grasp-related activity (Galletti et al., 2003; Fattori et al., 2004; Raos et al.,
2004; Stark et al., 2007; Fattori et al., 2009, 2010; Gamberini et al., 2011; Breveglieri
et al., 2016), and vice versa (Kakei et al., 2001; Stark et al., 2007; Lehmann and
Scherberger, 2013). Project I suggests predictive coding as an explanation for the
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observed neural activity. There is increasing evidence that the brain does not encode
on a single neuron level, but utilises a population encoding (for review see Yuste,
2015). This has also been shown for the motor cortex of primates (Churchland
et al., 2012; Intveld et al., 2018; Lara et al., 2018; Michaels et al., 2018) and
humans (Pandarinath et al., 2015). Therefore, less importance should be placed on
the correlation of individual neuron firing rates.
Only lesion studies have the power to prove that observed neural activity is neces-

sary to execute a certain function (for review see Vaidya et al., 2019). This relation
between observed activity and behaviour cannot be ascertained with other neuro-
physiological methods (Logothetis, 2008). There is only one lesion study showing
support for reach and grasp not being processed in two different streams. Battaglini
et al. (2002) showed defects in reach-to-grasp execution in macaques with a V6A
lesion. When describing the defect, the authors state:

“The monkey rotated its hand abnormally, opening the grip laterally
rather than downwards (frames h-p). This made grasping difficult and
the duration of the trial was consequently prolonged. ...

In both monkeys, wrist rotation did not always match the orientation of
the slit. Monkeys tended to orient the hand vertically, as if they had to
pick up the slice of food from a vertical slit. When the slit was horizontal,
monkeys were unable to appropriately rotate their wrist and often tried
to force the piece of food outside the slit with their fingers.” - Battaglini
et al. (2002)

The described misgrasp was apparently caused by incorrect wrist rotation. V6A also
encodes hand orientation during reach-to-grasp in macaques (Fattori et al., 2009;
Gamberini et al., 2011), as does the human analogue, the superior parieto-occipital
cortex (Cavina-Pratesi et al., 2010b; Monaco et al., 2011). Project III shows the
wrist rotation to be part of the reach process. Therefore, the described lesions and
neural activity are in line with the interpretation of V6A as a reach area (Fattori
et al., 2001).

3.2. Initiation of hand actions

Aside from reach and grasp processing, project III (see section 2.3 on page 63) also
examines the initiation of hand actions. The results are consistent with the literature
regarding motor timing and motor initiation. Most notable is the observed significant
encoding in the SMA, premotor cortex and primary motor cortex.
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The SMA has been described as the location of the “when to act”-decision (Deecke,
1996) by realizing inhibition of M1 (Ball et al., 1999). There is also strong support
for the SMAs showing different neural activity between self-initiated and externally
cued movements (Deiber et al., 1999; Jenkins et al., 2000; Cunnington et al., 2002).
This supports the hypotheses that the difference between self-initiated actions and
externally cued reactions is a continuum and not a categorical separation. The
employed experimental paradigm in project III therefore allows the examination of
the differences of the action-reaction continuum.
Although the SMA is primarily a motor-related area (for review see Picard and

Strick, 1996), it also shows activity during timing judgment tasks regarding sensory
input (for two meta-studies of the extensive neuroimaging corpus regarding the SMA
see Wiener et al., 2010; Schwartze et al., 2012), leading to the conclusion that one
of the roles of the SMA is mode independent time judgement. The presented ex-
perimental paradigm and its implementation for fMRI (project II in section 2.2 on
page 40) opens up new possibilities in the research of PD, attention deficit hyperac-
tivity disorder (ADHD), and schizophrenia, which all show altered timing processing
and motor initiation (for review see Meck and Benson, 2002). Collecting and com-
paring the decoding results from patients suffering from one of previous mentioned
disorders would provide further insights into the disruption of motor initiation and
time processing.
The role of the premotor cortex in movement initiation is much less clear. Ac-

tivity in corresponding premotor areas has been observed in experiments concerning
temporal processing (Gruber et al., 2000; Rao et al., 2001; Schubotz and D. Y. von
Cramon, 2001; Lewis and Miall, 2002) and RTs in a delayed action task are predi-
cable from neural activity in macaque F5 (Michaels et al., 2018). A well-supported
function of the premotor cortex revolves around planning the action and facilitation
of the primary motor cortex during execution (Umilta et al., 2007; Davare et al.,
2008; Schaffelhofer and Scherberger, 2016; Michaels et al., 2018). It is therefore
likely that the premotor cortex itself is not involved in the temporal judgment, but
only receiving the temporal information from the SMA.
Differences in encoding in the BG was not observed in project III. This might

be caused by a reduced sensitivity of the employed analysis method in subcortical
areas. Jimura and Poldrack (2012) described lower sensitivity when using an MVPA
decoding approach in subcortical areas. It is unclear, if that restriction also applies
to an encoding approach. A univariate analysis of the dataset from project III is
provided in appendix B on page 177.
With those in mind, we propose the “jack-in-the-box” model for motor initiation
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(see figure 3.1 on the following page). There the premotor cortex preloads the
upcoming motor pattern and primes the primary motor cortex (the jack). Where the
execution is blocked by the SMA and ipsitralateral (from the planned hand) primary
motor cortex inhibiting the contralateral primary motor cortex (the loaded spring).
The timing network in the SMA then starts to count up to the planned initiation
by employing a timing circuit as proposed by Gibbon et al. (1984) (the crank). At
the targeted point in time, the comparator switches, the inhibition from the primary
motor cortex by the SMA is released (the lid pops) and the motor program is executed.

3.3. Conclusion

This thesis brought new insights into the separation of reach and grasp processing.
It provided further support for the two-stream hypothesis as introduced by Jean-
nerod (1981). Functional connectivity in the macaque brain shows a clear separation
between both networks. In the human brain, areas showing reach encoding are sep-
arate from grasp encoding areas. Possible explanations for the observation of neural
activity across streams is provided.

A modular, 3D printed, fMRI compatible experimental set-up is presented. The
modular design allows easy redesign and adjustment for new research questions.
The design is first tested in a pilot study and subsequently in a full human fMRI
experiment.

Additionally, initiation of prehension movements in humans was investigated. The
results align strongly with research into the perception and reproduction of time. A
new model is proposed for an initiation network of human prehension.

3.4. Outlook

Further questions regarding prehension control remain open, mainly the exact sep-
aration between the dorso-medial and dorso-ventral stream. This thesis proposes a
separation at the wrist, but other possibilities are plausible.

Binkofski and Buxbaum (2013) draw the separation along grasp and use, not reach
and grasp. Research into tool use often neglects the prehension component and only
compares tools versus non-tools (for review see Reynaud et al., 2016). Umiltà et al.
(2008) and Gallivan et al. (2013b) compare tool grasp with normal hand grasp in
both humans and macaques and come to conflicting results. While Umiltà et al.
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Figure 3.1.: Proposed model for motor initiation for prehension. Information
flow and inhibition/facilitation between the cortical areas before the ini-
tiation (top) and at the time of initiation (bottom). Cortical areas are
displayed in squares, information in ellipses. Black arrows show informa-
tion transfer, red and dashed neural inhibition and blue facilitation. The
shaded arrows in the bottom panel are hypothesized.
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(2008) show overlap between tool grasping and hand grasping in trained macaques,
Gallivan et al. (2013b) showed that both use different networks in the human brain.
Another line of separation can be drawn from the evolution of prehension. Iwaniuk

and Whishaw (2000) questions the validity of combining a whole hand or power grasp
with a finger precision grasp together as grasps. The argument the authors present is
that reach and power grasps develop from use of the forelimbs for feeding behaviour
and are the evolutionary older behaviour. This would put the separation between
dorso-medial and dorso-ventral streams at the point of fine finger control and object
manipulation.
Further experimentation into prehension in both humans and NHPs is needed to

investigate these hypotheses. An experiment investigating fine finger movements
with simple grasps could be designed as follows: An object with buttons for each
finger is designed using the 3D printed parts proposed in project II (section 2.2 on
page 40). The subject has to reach for the object and grasp it, then either just hold
it (baseline), press all buttons for 5 fingers (power grasp) or individual finger button
presses in a instructed sequence (fine finger manipulation) and finally return the hand
to the start position.
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A. Additional Publications

A.1. Brendel, A., Greulich, R.S., Niederman, F.,

Trang, S., 2020. Towards a Greater

Diversity of Replication Studies. AIS

Transactions on Replication Research 6.

This work was a collaboration with Prof. Brendel and first authorship is shared. It
includes an extensive literature review of publication studies in neuroscience and cat-
egorizes the observed types of replication studies. Two new types of replication study
were found within the observed literature corpus, with further discussion yielding a
third possible type.
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Abstract: 

The replication of existing knowledge (e.g., previous study results) stands as an essential research practice across all 
science disciplines. Despite the importance of replication, the scarcity of replication studies is commonly criticized in 
business, management, and information system (IS) research. Therefore, efforts have already been made to facilitate 
replication research in the IS community, such as establishing conference tracks and journals focusing on publishing 
replication studies and providing guidelines on how and why to conduct replication research. Nonetheless, the 
perception of replication research remains unchanged, describing it as mundane. 

Therefore, in this issues and opinions article, we will explore how replication research could be made more appealing 
by diversifying the categories of replication studies. In this regard, we looked at replication in neuroscience, eliciting two 
new replication study categories: ‘transfer’ and ‘method.’ Additionally, through extensive discussion with other IS 
scholars, we added one more replication category, ‘comparison.’ We hope that this diversification will attract more 
researchers and also show the potential replication research holds. 
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1 Introduction 

Replication research, being the replication of research results, stands as an important research practice 
across all science disciplines (Dennis & Valacich, 2014; Gómez et al., 2010; King, 1995). The replication of 
results converts tentative belief into accepted, tested, and dependable knowledge (Berthon et al., 2002). 
Hence, replication is a powerful concept for scientific progress by reinforcing the foundations for new 
advancements and discoveries (Schmidt, 2009). 

Despite its importance, the rarity of replication research remains a major weak point and is commonly 
criticized in business, management, and IS research (Berthon et al., 2002; Dennis & Valacich, 2014; Hart 
& Gregor, 2012). Other disciplines are also struggling with a lack of replication research. In this context, 
Baker (2016) investigated reproducibility in various disciplines (chemistry, biology, physics, engineering, 
medicine, and environmental studies) by questioning over 1,500 researchers. Around 90% of researchers 
perceive science to have at least a slight reproducibility crisis. The term “reproducibility crisis” describes the 
problem that many empirical studies’ results are impossible or at least challenging to reproduce by other 
researchers or the original study’s authors. A replication crisis calls into question how studies are conducted, 
how they are presented, and the validity of results (Fanelli, 2009). Thus, an increase in replication research 
is desirable in many disciplines, including IS research, to strengthen existing knowledge and the theoretical 
base from which new studies start. 

Efforts to facilitate replication research in the IS community have already been made, ranging from providing 
better guidelines of how and why to carry out replication research (Dennis & Valacich, 2014) to establishing 
conference tracks and journals focusing on publishing replication studies (AMCIS, 2018; TRR, 2018). 
Nonetheless, replication research remains a rarity in IS research (46 total published replication studies in 
the basket of eight journals, AIS Conferences, and AIS Transactions on Replication Research up to October 
2018). We would argue that this is partly caused by the common perception of replication research to be 
mundane and boring (Lindsay & Ehrenberg, 1993). Replication research is perceived to be unable to provide 
interesting theoretical contributions, hindering replication studies from being published in well-regarded 
outlets (e.g., reviewers and editors are biased against publishing replication studies) (Dennis & Valacich, 
2014). 

This challenge has been addressed in various ways in several disciplines. Recommendations include 
teaching the importance of replication and reproducibility (Frank & Saxe, 2012), pre-registration of studies 
(Simons et al., 2014) and sharing studies data online (Ioannidis, 2016). Similarly, researchers are called to 
conduct replication studies in the IS community by highlighting the value of replication research (e.g., Dennis 
and Valacich 2014; Niederman and March 2014). However, the quest to find ways to make replication 
research more appealing still seems unsolved, needing further investigation. Against this background, this 
article aims to address the question of: 

How can we make replication research more appealing to conduct and publish? 

We want to address the misconception that replication studies have to be exact replications of the original 
and are thereby perceived as boring (Lindsay & Ehrenberg, 1993). In order to contribute towards making 
replication research more interesting and appealing, we approach it by trying to learn from other disciplines, 
which have a more pronounced replication culture. To be specific, we analyzed the discipline of 
neuroscience in this paper. 

The replication culture of neuroscience distinguishes itself from others because neuroscience is the 
interface between psychology, biology, and medicine (for a review on the emergence of neuroscience as a 
field of its own right, see Cowan et al. (2000)). From these disciplines, psychology has been the most 
affected by the so-called replication crisis (Open Science Collaboration, 2015) and has the problem of hard-
to-control experiment parameters and context of an experiment (Stroebe & Strack, 2014). Neuroscience, 
classified as natural science, also utilizes well-defined experimental settings, which are much easier to be 
replicated. Neuroscience explores the biological basis of psychological hypotheses and theories. This 
exploration necessitates a replication of previously observed original behavioral findings to correlate them 
with neural recordings. Additionally, since neuroscience utilizes a plethora of different methods (e.g., 
imaging or electrical recordings), each with their limitations, a phenomenon cannot be fully understood with 
just one experiment and has to be replicated by a different group with different methodological strengths to 
be thoroughly investigated. Lastly, the neuroscience community acknowledges the need for replication 
(Kellmeyer, 2017; Steckler, 2015) and actively promotes the publishing of replication studies in all their 
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journals (Bernard, 2016). In sum, we believe that IS can learn from neuroscience since it is also applying 
methods and theories from other disciplines (e.g., psychology, computer science, economics). 

The relatability of neuroscience to IS research can also be seen in the emerging research field of NeuroIS 
(Mamun et al., 2018; Riedl et al., 2017). To give an example of such interdisciplinary research, Dimoka et 
al. (2011) investigated a brain area known as the dorsolateral prefrontal cortex (DLPFC) and its association 
with the perceived ease of use of an online shopping website in a functional magnetitic resonance imaging 
(fMRI) experiment. Subsequent publications aimed to replicate those findings but utilizing different methods, 
such as transcranial direct current stimulation (Dumont et al., 2018) or functional near-infrared spectroscopy 
(Nissen et al., 2019). Both subsequent experiments failed to replicate the finding of Dimoka et al., calling 
the initial results into question. Nonetheless, it is possible that the original study is the one that was correct 
or that the two studies point to a contingency such that both are correct but under somewhat different 
conditions. The point of the replication is not to settle with only one being “correct.” Against this background, 
conducting replication studies with various methods to investigate original findings is highly valuable for 
scientific progress. 

In the remainder of this article, we will first provide a brief introduction to replication research. Second, we 
will present the observations and conclusions we made when analyzing replication studies from the field of 
neuroscience (see Appendix for details). Third, we discuss our findings to elicit implications for the IS 
community. Last, a brief conclusion is drawn, including a call for action. 

2 Replication Research 

Replication research aims to enable a scientific consensus on the proposed knowledge by testing the validity 
of previous studies (Berthon et al., 2002; Dennis & Valacich, 2014; Schmidt, 2009). Hence, the aim is to 
investigate the ability to generalize and strengthen existing knowledge. Thus, replication studies contribute 
to theory by supporting or questioning the understanding of certain phenomena and research areas (Dennis 
& Valacich, 2014; Niederman & March, 2014). 

Following Popper (1959, 1963), theories must be possible to falsify, and theories can only be refuted and 
never confirmed. Thus, the scientific progress consists of (1) proposing a theory, (2) trying to refute the 
theory, (3) improving or replacing theory to explain the investigated phenomena better (Salovaara & Merikivi, 
2015). In this context, replication research primarily addresses the second step of the scientific progress 
and tries to refute existing theories, which leads to strengthening theories that withstand refutation attempts 
(Figure 1 illustrates the process and the position of replication research).  

 

Figure 1: Process of Falsification 

In this context, replication studies can address different parts of a study. To be specific, replication studies 
can lead to at least one of the following five outcomes (Schmidt, 2009): 

(1) Finding sample errors means to search for results that were obtained based on incorrect data. The 
original study is replicated as closely as possible, with a new sample with the same characteristics as the 
original study. The original method (commonly statistical test) is repeated, i.e., the original study’s p-value(s) 
by which hypotheses were supported or rejected initially. For example, in case the chance of a false-positive 
result is p=0.05 in the original study, a positive replication study (e.g., also p=0.05) leads to a lower p-value 
overall (p= 0.05x0.05 = 0.0025), making chance results (e.g., sample error) doubtful (Schmidt, 2009). 
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(2) Controlling for lack of internal validity is important to rule out external variables that interact with the 
study design and results (Schmidt, 2009). Overall, it is concerned with “whether the researcher provides a 
plausible causal argument, logical reasoning that is powerful and compelling enough to defend the research 
conclusion” (Gibbert et al. 2008, p.1466).  

(3) Uncovering fraud addresses the problem of human interference in the reported results. Although 
journals and conferences require authors to comply with their codes of research conduct, fraud cases have 
been observed in the past (Wilmshurst, 2002). The original study is replicated as precisely as possible to 
identify any deviations in results, which are caused by potential human interference (e.g., fraud) (Schmidt, 
2009). 

(4) Expanding or generalizing results to cover a larger or different context addresses the 
generalization of initial results across population and time. Against this background, a replication study is 
conducted to investigate whether the original results are specific to a certain population or context (Schmidt, 
2009). To give an example, a common discussion in the literature addresses whether university students 
are a valid subject group for certain research (Compeau et al., 2012). Hence, replication studies can be 
conducted to verify a study conducted amongst a student population by replicating it with non-student data. 
This increases the scope of the original study. 

(5) Verifying original hypotheses means to provide hypothesis-conformation or hypothesis-
disconfirmation for an existing theory by repeating previous investigations (Snyder & White, 1981). To verify 
a behavioral research hypothesis means to reach beyond the function to support results by repeating the 
original experimental procedure. This means that a replication study follows different experimental 
arrangements, designed to independently reconsider the original study’s hypothesis (Schmidt, 2009). 
Hence, the aim is to investigate the prior thinking and respond appropriately based on findings. Thus, the 
theoretical contribution lies in the iterative improvement and elaboration of an existing theory, supporting 
them with empirical results or refuting them because of contrary replication results (Compeau et al., 2012). 

A variety of replication approaches and types have been advanced over the years (Berthon et al., 2002; 
Dennis & Valacich, 2014; Gómez et al., 2014). The most prominent categorization in the IS research 
community is from Dennis and Valacich (2014):  

(1) Exact replications share the same context and method with the original study. All treatments, methods, 
and measures are identical to the original research. Furthermore, the context remains the same, so if the 
original study used employees of a Chinese automotive company, the replication study would do so as well 
(Dennis & Valacich, 2014). 

(2) Methodological replications apply the same method as the original study but in a different context. For 
instance, this means that instead of employees of a Chinese automotive company, the replication study 
might use German undergraduate students (Dennis & Valacich, 2014). 

(3) Conceptual replications investigate the same research questions via different means or context. Thus, 
they seek to answer the same research question testing the same hypotheses but with different measures, 
treatments, contexts, or analytical methods. For example, in the replication study, the wording of items used 
to measure key constructs might be altered (Dennis & Valacich, 2014). 

3 Three New Replication Study Categories 

To find ways to make replication research more appealing to conduct and publish, we looked at the discipline 
of neuroscience (see Appendix A for the research approach and Appendix B for a detailed summary of 
analysis results). When looking at studies from neuroscience, we discovered that not all studies fall into the 
categories provided by Dennis and Valacich (2014). Besides exact, method, and conceptual replication, we 
found more study categories (see Table 1 for a summary of current and additional study categories). 

Transfer replications are studies that apply a similar method as the original study to test the original (or 
very similar) hypotheses in a different context. Such a study primarily tests the boundary of a theory – does 
it extend into this additional domain, or does it apply only within its previous bounds? Specifically, the goal 
is not to change, extend, or add to the existing theory, but rather to test or increase its external validity and 
transferability to other contexts. An example is the study of Blizzard et al. (2016). Their study explored lower 
motor neuron degeneration after spinal cord injury, which was originally explored by using the same method 
on the subject of the model organism “rat.” In the replication study, the subject was changed to be the model 
organism “mice,” and the method was adapted accordingly. When looking into IS literature, we found the 
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study of Xu et al. (2012) to be a somewhat fitting example (Note, it does not fit perfectly and would suggest 
that a perfect fit has yet to be found). In this study, the authors transferred the model of Malhotra et al. 
(2004) regarding users’ information privacy concerns to the context of smartphones. For this, they had to 
adjust their applied instruments.  

Method Replication studies aim at validating existing methods by using a dataset that is either simulated 
or has a known ground truth. Often, two methods are compared to see which of them is more suited to a 
given task under given boundaries and requirements (e.g., efficiency or precision). By using a dataset that 
has a known result (e.g., correlations are present or distinctly not present – either naturally or artificially), 
the methods can be compared. For instance, if a method finds a correlation where none should be found, 
the method’s validity can be called into question. Those studies are imperative for natural science research, 
since knowing the strengths and limitations of a method is vital in judging the original research results. A 
good example is Tudorascu et al. (2016), in which the authors compare two popular programs used for 
functional magnetic resonance imaging analysis. In the context of IS research, this potential approach to 
replication research seems to exist (e.g., Kim and Malhotra 2005) but lacks recognition as a replication 
study category so far. 

We presented the previously described study categories at the Americas Conference on Information 
Systems 2019 conference (Greulich & Brendel, 2019), which were well received. Nonetheless, when 
discussing the completeness of the new set of replication categories, an additional category was proposed 
by the plenum:  

Comparison replication studies try to compare theories to validate their claims to explain a given context 
adequately. Specifically, there can be competing theories, explaining a similar phenomenon based on a 
different set of assumptions. For instance, the technology acceptance model (TAM) (Davis, 1989) and the 
unified theory of acceptance and use of technology (UTAUT) (Venkatesh et al., 2003) both address 
technology acceptance via a different conceptualization and level of complexity (van Raaij & Schepers, 
2008). Through a comparison replication study, researchers could be provided with evidence for selecting 
one or the other theory to explore a new context. Similar to method replication, studies falling into this 
category can also be found in IS research (e.g., Trang et al. 2014) but are not considered part of the 
replication research spectrum.  

Lastly, we would like to acknowledge that transfer replications can be categorized as a sub-category of 
conceptual replications (Dennis & Valacich, 2014). The category of conceptual replications includes all 
studies that alter the applied method. Furthermore, the context can be changed, but such a change is not 
necessarily considered a conceptual replication. Based on this consideration, a second sub-category can 
be distinguished besides transfer replications: 

Context Replication studies apply a different method to test the original (or a very similar) hypotheses in 
the same context. Such a replication aims to investigate whether the original theory or results are valid or a 
product of the applied method. Hence, a context replication study addresses the method validity and 
potential biases of the original research team during the selection and application of the method. An example 
would be the study of Mitchell and Zheng (2019), in which the original method of an experiment in a lab 
environment was replaced with an experiment in a classroom environment, which necessitated some 
changes to the original procedures. 
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Name Depiction Description 
Reference or 

Example 

Exact 

 

Replicating the 
same theory or 
results (A) via the 
same method (A) 
in the same 
context (A) as the 
original study. 

(Dennis & 
Valacich, 2014) 

Methodological 

 

Replicating the 
same theory or 
results (A) via the 
same method (A) 
in a different 
context (B) as the 
original study. 

(Dennis & 
Valacich, 2014) 

C
o
n
c
e
p
tu

a
l 

Context 

 

Replicating the 
same theory or 
results (A) via a 
different method 
(B) in the same 
context (A) as the 
original study. 

(Dennis & 
Valacich, 2014) 
(Mitchell & 
Zheng, 2019) 

Transfer 

 

Replicating the 
same theory or 
results (A) via a 
different method 
(B) in a different 
context (B) as the 
original study. 

(Dennis & 
Valacich, 2014) 
(Blizzard et al., 
2016; Xu et al., 

2012) 

Method 

 

Replicating a 
known* theory or 
results (C) via 
different methods 
(A and B) in a 
known context (C) 
to validate the 
original method 
(A). 

(Kim & 
Malhotra, 

2005; 
Tudorascu et 

al., 2016) 

Comparison 

 

Comparing the 
same theory or 
results (A) with 
alternative 
theories or results 
(B) via the same 
method (A) in the 
same context (A) 
as the original 
study. 

(Trang et al., 
2014) 

Legend: A (rectangle) = same as original study; B (circle) = different from original study; C (triangle) = known and different to 
original study 
*Note “known” means that the relation of theory and context has been well supported via various means. 
 

Table 1: Replication Study Categories Comparison 
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4 Discussion 

This paper aimed to contribute to making replication research more appealing. In this context, we elicited 
replication study categories from the field of neuroscience and compared them with the common replication 
study categories from the IS field. Through the comparison, it appeared that the study categories transfer, 
context, method, and comparison replication are currently not recognized (see Table 1). In an effort to 
broaden the range of approaches available to scholars for replication research, we offer additional 
categories within which such research can be designed and executed. They provide transparency regarding 
the specific contributions that replication research can offer to the IS community. By defining them, we 
believe that researchers can better position and justify their replication research.  

Firstly, a transfer replication study transfers existing theories in a new context, investigating existing theories’ 
capabilities and limitations. Thereby, transfer replication studies can provide a foundation of subsequent 
studies, addressing how existing theories should be adapted to overcome limitations and eventually helping 
to understand new phenomena. Hence, conducting a transfer replication study can take some pressure off 
these studies by already transferring existing theories and highlighting areas for adaption. In the context of 
IS research, which is characterized by rapid changes caused by technology (Easley et al., 2000; Niederman 
& March, 2014), it is crucial to reevaluate and adapt theories to stay relevant and accurate iteratively. This 
also includes evaluating whether the scope of theories is decreasing or expanding. Hence, before 
developing entirely new theories, conducting transfer replication studies can reveal where existing theories 
remain relevant in IS research. Furthermore, this approach would greatly fit within the scientific process 
proposed by Popper (1963). Before proposing a new theory, replicating, and possibly refuting existing 
theories can be an excellent means to sharpen the outlines of research gaps and the eventual contribution 
of a study. In sum, we see great potential in conducting transfer replication studies in the IS community. 

Secondly, a method replication study seeks to verify a method by either comparing it to other established 
methods, applying it to a dataset with known ground truth (e.g., from a simulation), or both. This is different 
from the methodological replication proposed by Dennis and Valacich (2014), where the original study is 
replicated with the same method but in a different context. However, this does not question the ability of the 
method to get the correct results. Since the different contexts could cause differences in the outcome, and 
if the method is itself flawed, it might lead to erroneous replications. Hence, we see the method replication 
study category as an integral part of proper scientific work, which can help rule out flawed methodology as 
a cause for failed replications. 

Thirdly, comparison replication studies promise to be a valuable means to direct researchers in identifying 
theories for extension or even developing new theories. These replication studies do not only replicate the 
addressed theories individually but try to compare them in order to elicit differences and sharpen limitations. 
This comparison process is especially important because often various theories can be applied to explain 
similar behavior. For instance, motivation can be explained following various theories, ranging from the self-
determination theory over goal orientation theory to attribution theory (Cook & Artino, 2016). Based on the 
results of a comparison replication study, future research can better articulate and justify selecting a specific 
theory for a particular context. 

5 Conclusion 

We are not the first (e.g., Dennis and Valacich 2014; Niederman and March 2014; Salovaara and Merikivi 
2015) and hopefully not the last to call for more replication research in the IS research community, making 
an effort to change our perception regarding the value of replication research. In order to provide a more 
interesting replication study landscape, we propose three additional replication study categories: (1) 
transfer, (2) method, and (3) comparison.  

In this context, comparing each replication study category’s scope should spark the question: what 
constitutes a replication study and differentiates it from “regular” research? Specifically, the replication study 
category of transfer replication triggers this question. “Borrowing” theories by transferring them from other 
disciplines or topics to explain other phenomena is a standard procedure and necessary to appropriately 
approach the phenomena to be investigated (Moeini et al., 2019, 2020). One example in this context is the 
reapplication of the technology acceptance model, which has been proven to provide a foundation to 
approach technology acceptance in various contexts (Salovaara & Merikivi, 2015). 

Thus, there needs to be a differentiation between reusing and replication of a theory. Based on our sample 
of neuroscience replication studies and our understanding of replication research, we argue that the 
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differentiating factor is the research question and goal of the researchers conducting the study. A purist view 
on replication dictates that replication research should be conducted as closely as possible to the original 
study because deviations can lead to multiple results derived from ambiguous sources. In contrast, we 
advocate the more liberal approach to understanding replication research. We see the study’s orientation 
as decisive. If a study is oriented towards existing knowledge (i.e., trying to verify and validate results and 
theories that already exist), it can be considered a replication study. Contrarily, a study that is oriented 
towards new knowledge (i.e., actively trying to extend an existing theory, develop new theory, and explain 
new phenomena) has to be classified as “regular” research. In that regard, a transfer replication study has 
a clear focus on existing theory. Nonetheless, a transfer study showing the limits of existing theories is a 
great reason to ask why the theory could not explain the phenomena. Due to this, we see a transfer study 
as a link between pure replication research and “regular” research. Overall, it extends the replication goal 
of expanding or generalizing results to cover a broader or different context (Schmidt 2009) by actively 
seeking contexts that are not very similar to the original. 

Overall, we would like to call on the IS community to conduct and value replication studies so that in addition 
to creating or borrowing theory, we are engaged in constant improvement. Thus, we would increase our 
body of theory and have higher levels of confidence where they are supported and opportunities to 
investigate nuanced variations in the environment, which translates to higher knowledge in applying theory.  
We call on the IS research community to embrace this element of creating a more reliable, more robust, 
and more useful body of knowledge. 
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Appendix A: Literature Review Approach 

We base our research approach on the literature review approach, specifically on the seminal works of 
Webster and Watson (2002) and Vom Brocke et al. (2009). Following the taxonomy of literature reviews of 
Cooper (1988), we designed our research approach to conduct a literature review of the following 
characteristics: 

Focus – Practices and Applications: Our literature review focuses on research practices and applications 
in replication research. 

Goals – Integration: Our literature review aims at integrating replication research practices from the field 
of neuroscience within the IS research domain. Hence, the aim is not to critique. We want to look at how to 
make replication research more approachable and appealing – and there is nobody at fault for the lack of 
attractiveness. 

Perspective – Neutral Representation: The literature review is supposed to provide a neutral analysis of 
categories of conducted replication studies and what we can learn from them. 

Coverage – Representative: The selected literature is supposed to be a presentative sample of replication 
research in neuroscience. 

Organization – Conceptual: A conceptual perspective is required to identify categories of replication 
studies and therefore applied in our literature review.  

Audience – General Scholars: The literature review is presumed to provide insights into replication 
research practices that are interesting for the entire IS community. 

The research approach has three phases to enable the conduction of the previously described literature 
review: 

Phase 1 –Review: How is replication research carried out in neuroscience? In this phase, replication studies 
from the field of neuroscience were reviewed to identify replication study categories and practices in 
neuroscience. 

Phase 2 – Comparison: How does replication research in neuroscience differentiate from replication 
research in the IS community? In the second phase, seminal works on replication research are reviewed 
and matched with the first phase’s results to achieve a coherent and complete picture of the status quo. 

Phase 3 – Interpretation: What are the implications for the IS community? In the last phase, the similarities 
and differences of replication studies are interpreted to elicit implications on making replication research 
more appealing for the IS community. This is also the phase where we asked other scholars to review our 
conclusions and allowing us to reflect on and refine our interpretations. 

The individual phases’ steps and relations are illustrated in Figure A1 and are described in the following 
sub-sections. 

 

Figure A1: Research Process 
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Phase 1: Review of Replication Studies in Neuroscience 

In the first phase, two points guided us to select the field of neuroscience as a reference point for finding 
aspects to make replication research more appealing. Firstly, as discussed in the introduction, neuroscience 
has an influential replication culture. Secondly, one of the authors is a researcher in the field of 
neuroscience. This is especially beneficial, as understanding the field and methods used is essential to 
judge a paper’s content.  

Based on the author’s experience in neuroscience, we decided to select an open-access neuroscience 
journal for our literature search. This decision was made because replication studies are often considered 
not to be innovative enough for the traditional journals (showcasing that even the neurosciences are still 
suffering some shortcomings in replication research). Thus, the neuroscience community is actively 
promoting open access to combat this publication bias (Koch and Jones 2016). According to the 2016 
Journal Citation Reports (Journal Citation Reports 2016), the most cited neuroscience open access journals 
are first “Frontiers in Human Neuroscience,” second “Frontiers in Cellular Neuroscience,” and third “Frontiers 
in Neuroscience.” To ensure the review of a representative cross-section of the field, we picked the 
“Frontiers in Neuroscience” journal. However, this had the unfortunate side effect that it was impossible to 
use a keyword search to get replication studies. 

The literature search was conducted in 2017, and we decided to include all publications of 2016 in our 
search (each year has a volume of around 722 publications), providing the manageable number of 631 
publications for our filtering process. During the search, a two-step approach was applied. Firstly, the author, 
with a background in neuroscience, identified studies via title and abstract. The articles were filtered by two 
of the authors, one with a Ph.D. in IS and one doctoral candidate in neuroscience. We reviewed the titles 
and abstracts of this selection for replication studies. Studies that presented novel results were excluded, 
as were review articles. We exclusively included articles that specifically replicated previous research. 
Eventually, the sample was reduced to 59 articles. Those articles were then reviewed in depth over a full 
year, leading to the exclusion of another five articles. 

Phase 2: Comparison of Replication Study Categories from Neuroscience and 
Information Systems Research 

Based on the results of the first phase, we compared the elicited replication study categories with the 
replication study categories of IS research. In this context, we decided to follow the replication study 
categories used in the AIS Transactions on Replication Research journal (Dennis and Valacich 2014; TRR 
2018). In that regard, both authors revised the previously made categorizations and compared them to the 
categories found in the IS community.  

Phase 3: Interpretation of Differences and Elicitation of Implications 

In the last phase, we interpreted the differences in replication categories by reflecting on what the 
differences can mean for future replication research. To be specific, we compared the falsification process 
by Popper (1963) and which roles the newly developed replication categories can play within it. 
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Appendix B: Literature Analysis 

While going through our literature set, we found five different categories of replication studies (see Table 
B1), which we will describe in the following. 

Studies in the first category retest the same hypothesis as the original study, using the same method, which 
can be called exact replication (Dennis and Valacich 2014), as the original research is repeated as closely 
as possible. For example, the study of Morrison et al. (2016) investigates the reliability of fMRI brain mapping 
before implantation of direct brain stimulation devices (DCS). Here, several studies already exist but are 
often marred by small sample size as the number of available patients per brain surgery center is limited. 
Hence, the study adds to an existing body of work with the same methods to better evaluate the previously 
reported effects. In total, we found three studies of this kind. 

The second category retests the same hypothesis as the original work, sometimes with an extension, but 
follows a different method. Hence, these studies can be called context replications. Such studies aim to 
ensure that the previous results are not caused by misuse or unsuitability of the original method. For 
example, Coutlee et al. (2016) are retesting the involvement of the intraparietal sulcus (ISP) in risk 
evaluation, which was shown by fMRI. The authors expose subjects to the same risky-choice task as the 
original study, but after the IPS was disabled with transcranial magnetic stimulation. In total, we found ten 
studies for this category. 

Name Hypothesis Method Model # Example 

Exact Identical Identical Identical 3 Morrison et al. (2016) 

Conceptual 
Identical 
(sometimes 
extended) 

Different Identical 10 Coutlee et al. (2016) 

Methodological Identical Identical Different 11 Blizzard et al. (2016) 

Transfer Identical Different Different 5 Raffa et al. (2016) 

Method Identical 

Comparing different 
methods for the same 
outcome or against 
ground truth 

Identical or simulated 
with known ground 
truth 

25 Tudorascu et al. (2016) 

Table B1: Elicited Replication Research Categories 

In our third category, studies investigate a similar context compared to the original study and apply the same 
methodological approach. In this context, similar means that the replication study authors try to find the 
same results as the original study, but in a different context. Hence, this study category can be called 
methodological replication. An example is the study of Blizzard et al. (2016). In their study, they explored 
lower motor neuron degeneration after spinal cord injury, which was originally explored by using the same 
method on the subject of the model organism “rat.” In the replication study, the subject was changed to be 
the model organism “mice.” Overall, we found 11 studies for this category. 

We called the fourth category transfer replication. Transfer studies use the same method but to test a 
different yet similar hypothesis, emphasizing that the hypothesis is similar to the original one. For example, 
Raffa et al. (2016) uses a well-established method for preoperative trace motor circuitry in brain cancer 
patients and attempts to trace the language circuitry. This firstly retests the used method and secondly, the 
underlying assumption that both hypotheses are similar enough. In total, we found five studies for this 
category. 

Lastly, some studies have the aim of method replication. This is often done using a dataset that is either 
simulated or has a known ground truth and is then explored with the method. Often, two methods are 
compared to see which of them is more suited to a given task. Those studies are imperative for natural 
science research, since knowing the strengths and limitations of a method is vital in judging the results of 
original research. A good example is Tudorascu et al. (2016), in which the authors compare two popular 
programs used for fMRI analysis. We found 25 examples. 
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B. Mass univariate analysis of
project III

B.1. Materials & Methods

For the mass univariate analysis, the EPI volumes underwent spatial realignment and
correction for slice time acquisition. For the spatial realignment, we again used the
realignment produced by the Siemens scanner, the correction for slice time acquisition
was performed with SPM 12, as was all following analysis steps. The corrected
volumes were normalized to the MNI template, resliced to 2×2×2 resolution and
smoothed with a Gaussian smoothing kernel (FWHM 8mm isotrop).
In the GLM model, the onset of the go-cue was convolved with the HRF for each

combination of conditions as a single regresser. The MT was removed as a regresser
of non interest in an identical way as in the MVPA analysis, as were the movement
parameters of the subject. Population statistic was implemented by a mixed effects
model. In addition to the effects described in the MVPA analysis, we also considered
the mean effect over all conditions. Correction for multiple testing was by family
wise error correction (FWE). The significance threshold was set to α =0.05 FWE at
the voxel level.
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B. Mass univariate analysis of project III

B.2. Results

B.2.1. Mean effect

See figure B.1 and table B.1 on this page and on page 181.

Table B.1.: Mean effect. Location of the lowest p-value (voxel wise FWE corrected)
and size of surrounding cluster in voxels. The clusters are sorted by
ascending order for the peak p-value. The labels are sorted by proportion
within the cluster, with the label of the peak location in italics.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

superior parietal gyrus, 67 24 −52 70 <0.001

postcentral gyrus, (BA 5, 7, 1, 2) 32 −48 68 0.046

postcentral gyrus, insula, supramarginal gyrus, 3026 −48 −32 30 <0.001

insula, −34 −20 4 <0.001

supramarginal gyrus, precentral gyrus, infe-
rior parietal gyrus, Rolandic operculum, ven-
tral posterolateral nucleus, superior temporal
gyrus, putamen, Heschl’s gyrus, superior tem-
poral pole, medial pulvinar nucleus, ventral lat-
eral nucleus, lateral pulvinar nucleus, intralam-
inar nucleus, inferior pulvinar nucleus, infe-
rior frontal operculum, anterior pulvinar nu-
cleus, amygdala, dorsal raphe nucleus, Red nu-
cleus, medial geniculate nucleus, mediodorsal
lateral parvocellular nucleus, mediodorsal me-
dial magnocellular nucleus, lateral posterior nu-
cleus, (BA 48, 3, 4, 2, 6, 40, 20, 38, 34)

−60 −34 24 <0.001

insula, Rolandic operculum, 688 40 2 10 <0.001

inferior frontal operculum, 58 10 20 <0.001

Rolandic operculum, precentral gyrus, puta-
men, superior temporal pole, inferior frontal
gyrus (pars orbitalis), (BA 48, 3, 4, 2, 6, 40,
20, 38, 34)

56 8 6 <0.001

SMA, 579 −4 −6 52 <0.001

Continues on next page
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B.2. Results

Table B.1.: Mean effect continued.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

SMA, 8 −4 60 <0.001

superior frontal gyrus, middle cingulate gyrus,
precentral gyrus, paracentral lobue, middle cin-
gulate gyrus, (BA 6, 4, 24)

26 −12 56 <0.001

supramarginal gyrus, postcentral gyrus, 582 56 −26 32 <0.001

Rolandic operculum, inferior parietal gyrus 54 −20 22 <0.001

postcentral gyrus, (BA 48, 2, 40, 3, 43, 1) 60 −18 34 0.001

superior parietal gyrus, (BA 7, 5) 34 −30 −48 72 <0.001

precentral gyrus, inferior frontal operculum,
(BA 6, 44, 4)

94 −56 6 28 <0.001

postcentral gyrus, 137 44 −30 58 0.001

postcentral gyrus, 52 −24 54 0.004

superior parietal gyrus, inferior parietal gyrus,
(BA40, 2, 1, 3)

40 −44 58 0.016

lingual gyrus, cerebellum (IV, V), vermis (IV,
V), (BA 3, 2 40, 1)

85 10 −58 −8 0.002

middle cingulate gyrus, SMA, (BA 24, 32) 64 2 8 42 0.005

SMA, 143 −12 −8 74 0.005

SMA, superior frontal gyrus, precentral gyrus,
paracentral lobule, (BA 6)

−12 −10 62 0.023

ventral posterolateral nucleus, 143 18 −20 16 0.006

ventral posterolateral nucleus, ventral lateral
nucleus, pulvinar inferior nucleus, pulvinar lat-
eral nucleus,

18 −24 6 0.008

caudate nucleus, pulvinar medial nucleus, lat-
eral posterior nucleus, medial geniculate nu-
cleus, intralaminar nucleus, ventral anterior nu-
cleus

18 −8 20 0.022

superior frontal gyrus, precentral gyrus, (BA 6) 24 −24 −8 62 0.012

Pallidum, ventral anterior nucleus, ventral lat-
eral nucleus

16 −14 −4 2 0.013

Continues on next page
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B. Mass univariate analysis of project III

Table B.1.: Mean effect continued.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

lingual gyrus, calcarine gyrus, (BA 17, 18) 35 0 −80 −4 0.017

lingual gyrs, (BA 18) 5 −12 −68 −6 0.02

SMA, (BA 6) 13 2 −6 74 0.022

middle frontal gyrus, (BA 45) 4 46 36 32 0.024

precentral gyrus, (BA 1) 1 −20 −18 82 0.025

middle frontal gyrus, (BA 46, 45) 3 40 36 36 0.027

superior ACC, (BA 24) 9 6 18 26 0.027

postcentral gyrus, supramarginal gyrus, (BA
43, 48, 1, 3)

10 −60 −20 38 0.028

lingual gyrus, (BA 18, 17) 12 −6 −66 4 0.028

insula, (BA 48) 6 36 −16 4 0.03

SMA, (BA 6) 2 10 8 66 0.032

middle cingulate gyrus, (BA 23) 3 12 −24 38 0.035

middle frontal gyrus, (BA 46, 45) 3 42 40 26 0.035

superior parietal gyrus, postcentral gyrus, (BA
2, 5)

3 −22 −44 64 0.036

insula, (BA 48) 5 36 18 8 0.037

caudate nucleus 1 10 12 14 0.039

ventral anterior nucleus 2 14 −2 2 0.04

precentral gyrus, (BA 6) 1 −22 −16 80 0.045

Main effect grasp orientation

This contrast showed no significant voxels.

Main effect grasp type

This contrast showed no significant voxels.

Reduced main effect predictability

See figure B.2 and table B.2 on page 182 and on page 183.
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B.2. Results
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Figure B.1.: Univariate results of mean effect. Location of the significant voxels
(thresholded with p=0.05, FWE corrected) within the MNI152 standard
brain template. Coloration indicates the negative logarithm of the un-
corrected p-value of the voxel according to the displayed color bar. Slices
use neurological convention (left on the left). Z values of the slices are
stated above left of the respective slice.
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B. Mass univariate analysis of project III

− log(puncor.)

6 7 8 9 10

Figure B.2.: Univariate results of reduced main effect predictability. Loca-
tion of the significant voxel (thresholded with p=0.05, FWE corrected)
within the MNI152 standard brain template. Coloration indicates the
negative logarithm of the uncorrected p-value of the voxel according to
the displayed color bar. Axial and coronal slices use neurological con-
vention (left on the left). Circles added for emphasis.
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B.2. Results

Table B.2.: Univariate results of reduced main effect predictability. Location
of the significant voxel above p=0.05 (FWE corrected). Anatomical
labeling as reported by the AAL atlas.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

hippocampus, (BA 20) 1 −30 −12 −14 0.038

Interaction grasp type × orientation

This contrast showed no significant voxels.

Reduced interaction grasp orientation × predictability

This contrast showed no significant voxels.

Reduced interaction grasp type × predictability

This contrast showed no significant voxels.

Reduced interaction grasp type × orientation × predictability

This contrast showed no significant voxels.

Main effect visual vs. auditory

See figure B.3 and table B.3 on the following page and on the current page.

Table B.3.: Univariate results of main effect visual vs. auditory. Location of
the lowest p-value (voxel wise FWE corrected) and size of surrounding
cluster in voxels. Anatomical labelling as reported by the AAL atlas. The
labels are sorted by proportion within the cluster, with the label of the
peak location in italics.

Anatomical Area Size Peak Coordinates ppeak

X Y Z

middle occipital gurys, (BA 19, 18) 8 42 −88 0 0.011
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B. Mass univariate analysis of project III

− log(puncor.)

6 7 8 9 10

Figure B.3.: Univariate results of main effect visual vs. auditory. Location of
the significant voxel (thresholded with p=0.05, FWE corrected) within
the MNI152 standard brain template. Coloration indicates the negative
logarithm of the uncorrected p-value of the voxel according to the dis-
played color bar. Axial and coronal slices use neurological convention
(left on the left). Circles added for emphasis.

184 Dissertation R. Stefan Greulich



C. Supplemental Material for
project II
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PriMa: A low-cost, modular, open
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S1 Button stress test

To asses the resilience and service interval of the buttons, we stress tested one button.

A servo motor performed a set number of actuations of the button and the required

actuation force was measured in regular intervals by putting small weights onto the

button until it was fully actuated. As can be seen in Figure 1, the weight necessary for

actuation initially decreased rapidly from 0.47 N to 0.41 N, i.e., by 13 %, after the first

200 actuations, but it remained relatively constant afterwards.
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Figure S1: Development of the required actuation force for the precision grip button
after given number of actuations.

We therefore recommend to make sure the button was acutated at least 200 times before

it is used in any applications that require precise and constant actuation forces.
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Number of actuations Actuation force

1 0.47 N (48 g)
100 0.44 N (45 g)
200 0.43 N (44 g)
1000 0.42 N (43 g)
10000 0.41 N (42.5 g)
20000 0.41 N (42 g)
40000 0.41 N (42 g)

Table S1: Development of the required actuation force (in Newton and gram weight) for
the precision grip button after given number of actuations.

S2 Additional Pictures human manipulandum

Figure S2: Demonstration of the human manipulandum for the precision (left frame)
and power grasp (right frame). Illustrating the entire manipulandum and
the mounting frame.
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D. Additional Resources

In addition to the cited literature, the following resources were used in the making
of this thesis:

Literature research:
Google Scholar https://scholar.google.com/
Neurosynth https://www.neurosynth.org/

Image editing:
Gimp Ver. 2.10.12 https://www.gimp.org/
Inkscape Ver. 1.0beta2 (2b71d25,
2019-12-03)

https://inkscape.org/

Adobe Illustrator CS6 Ver. 16.0.0 https://www.adobe.com/de/
products/illustrator.html

3D CAD:
Autodesk Fusion 360 https://www.autodesk.com/

products/fusion-360/overview

English proofreading provided by:
Mentorium GmbH https://www.mentorium.de/

Typesetting:
LATEX TexLive Ver. 2019.1 https://www.tug.org/texlive/
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