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Finnish summary
Diss.
Functional brain imaging methods were utilized to investigate early cortical
somatosensory and nociceptive processing and how exercise may affect these
processes. Study I examined automatic somatosensory change detection system
with EEG and exercise effects on this system utilizing data collected from
monozygotic twin pairs who were discordant in their long-term exercise status
within pair. The results of Study I showed that long-term exercise selectively
modulates specific early somatosensory electrophysiological brain responses as
the inactive co-twins showed stronger somatosensory mismatch response
(SMMR) compared to their active co-twins. Study II investigated somatosensory
automatic change detection system with magnetoencephalography (MEG) using
SMMR experiment design with electrical and tactile stimulation. The results of
Study II demonstrated the feasibility of both tactile and electrical stimulation in
reliably detecting SMMR with MEG. Furthermore, these results support previous
studies indicating the involvement of the primary and secondary somatosensory
cortices in the somatosensory automatic change detection system. Study III
examined which uni- and bilateral cortical areas are involved in early
somatosensory automatic processing with MEG utilizing innocuous and
nociceptive electrical stimulations. The results of Study III demonstrated spatial
and temporal dissociation in brain activations following electrical stimulation to
slightly diverging hand areas. Study IV investigated the effects of acute exercise
on cortical nociceptive processing and excitability in the sensorimotor cortex. The
results of Study IV revealed modulation in the oscillatory nociceptive processing
over sensorimotor cortex after acute exercise. This modulation was observed in
the ~20 Hz motor cortex rhythm as the stimulation-induced suppression was
stronger followed by a tendency towards weaker rebound. Overall, the findings
in this dissertation demonstrate interaction between exercise and cortical
somatosensory and nociceptive systems. Further research is necessary for better
understanding of the mechanisms underlying this interaction and linking this
information to designing optimal rehabilitation paradigms.
Keywords: physical activity, magnetoencephalography, electroencephalography,
event-related potentials, event-related fields
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somatosensoriseen

ja

Tutkimuksessa käytettiin toiminnallisia aivokuvantamismenetelmiä mittaamalla
lyhytlatenttisia somatosensorisia ja nosiseptiivisiä aivoprosesseja sekä
selvitettiin, vaikuttaako liikunta näihin prosesseihin. Tutkimuksessa I tutkittiin
aivojen automaattista somatosensorista muutoksen havaitsemismekanismia
elektroenkefalografialla (EEG) ja liikunnan vaikutusta tähän mekanismiin.
Aineisto koostui identtisistä kaksospareista, jotka parin sisällä poikkesivat
vuosien ajan liikuntatottumuksiltaan. Tuloksissa havaittiin, että liikunta
vaikuttaa somatosensorisiin aivovasteisiin siten, että passiivisilla kaksosilla
muutoksenhavaitsemisvaste oli voimakkaampi. Tutkimuksessa II tarkasteltiin
aivojen muutoksenhavaitsemisvastetta magnetoenkefalografialla (MEG)
hyödyntäen sähköistä ja taktiilia stimulaatiota. Tuloksien perusteella molemmat
stimulaatiotavat ovat luotettavia menetelmiä. Lisäksi tulokset vahvistavat
aiempia tutkimuksia osoittaen primaarisen ja sekundaarisen somatosensorisen
aivokuoren osallistuvan muutoksen havaitsemissysteemiin. Tutkimuksessa III
selvitettiin MEG:lla mitkä uni- ja bilateraaliset aivoalueet osallistuvat
lyhytlatenttiseen somatosensoriseen ja nosiseptiiviseen prosessointiin. Tässä
hyödynnettiin vaimeata ja nosiseptiivistä sähköstimulaatiota. Tulokset osoittivat
aktiivisten aivolähteiden sijainnissa ja ajoituksessa eroja käden eri alueille
kohdistettujen eri voimakkuuksisten stimulaatioiden jälkeen. Tutkimuksessa IV
tutkittiin akuutin liikuntasuorituksen vaikutusta nosiseptiiviseen prosessointiin
ja sensorimotorisen aivokuoren ärtyvyyteen. Tulokset osoittivat akuutin
liikuntasuorituksen vaikuttavan nosiseptiiviseen prosessointiin liittyvään
aivorytmiin sensorimotorisella aivokuorella. Primaarisen motorisen aivokuoren
~20 Hz:n aivorytmissä havaittiin voimakkaampi nosiseptiivisen stimulaation
tuottama amplitudin lasku vastaten aivokuoren ärtyvyyden kasvua ja viitteitä
heikompaan amplitudin palautumiseen vastaten vähentynyttä inhibitiota.
Väitöskirjan tulokset osoittavat selkeästi yhteyden liikunnan ja aivokuoren
somatosensorisen ja nosiseptiivisen prosessoinnin välillä. Lisätutkimus on
tarpeen tämän vuorovaikutuksen mekanismien ymmärtämiseksi sekä tämän
tiedon yhdistämiseksi osaksi optimaalisten kuntoutuskäytäntöjen suunnittelua.
Asiasanat: fyysinen aktiivisuus, magnetoenkefalografia, elektroenkefalografia,
herätevasteet
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1

INTRODUCTION

Exercise is considered an important part of a healthy lifestyle and it has been
shown to induce positive effects as improved physical functioning and
favourable effects on risk factors for various chronic diseases (Kujala 2009,
Pasanen et al. 2017). In contrast, physical inactivity and sedentary lifestyle affect
health by increasing incidence, for example, in coronary heart disease, type 2
diabetes and premature mortality (Lee et al. 2012). Substantial amount of
research has been dedicated to study associations between exercise and
cardiorespiratory function, which is reflected in the physical activity guidelines
by the American College of Sports Medicine (Kraus et al. 2019), however, recently
more experimental research has contributed on studying the effects of exercise
on the human brain.
The majority of research on exercise effects on brain health has been
targeting the cognitive functioning showing beneficial results (Tyndall et al. 2018,
Erickson et al. 2019), but far less is known about a possible interaction between
exercise and brain function in other systems, such as somatosensory and
nociceptive processing. These neurophysiological systems underlie pain
experience, which is an important factor contributing to various chronic diseases
and, interestingly, studies have reported maladaptive structural plasticity in
chronic pain syndromes affecting, for example, primary somatosensory cortex
(Flor et al. 1997, Kuner & Flor 2017). However, exercise has been reported to have
positive effects on self-reported pain in conditions, such as chronic non-specific
low-back pain (van Middelkoop et al. 2010) and osteoarthritis (Pedersen & Saltin
2015). Furthermore, studies have reported that exercise, e.g. aerobic or resistance,
has a hypoalgesic effect, reducing the perception of experimentally induced pain
(Naugle, Fillingim & Riley 2012), even with short bouts of acute exercise (Koltyn
et al. 2014). Additionally, athletes participating in exercise long-term, have been
shown to have reduced pain perception (Tesarz et al. 2012). Even though studies
show that exercise can have hypoalgesic effects (Naugle, Fillingim & Riley 2012)
and exercise is also reported to induce beneficial neuroplastic effects (Hötting &
Röder 2013, Rottensteiner et al. 2015), the underlying neurobiological
mechanisms of the interaction between exercise, and somatosensory and
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nociceptive processing are unclear. Increased understanding of the neurobiology
of exercise effects related to somatosensory and nociceptive processing could
significantly contribute to designing more optimal exercise therapy interventions
in rehabilitation settings.
The aim of this dissertation was to study somatosensory function and
nociceptive processing in the human brain and how exercise may influence these
processes. These cortical systems were investigated with functional
neuroimaging methods using somatosensory and nociceptive experimental
stimulations. The exercise effects were measured in an acute exercise task design,
and in a monozygotic twin-pair design where the twin-pairs were discordant in
their long-term exercise status within pair. The overall objective of the present
study was to gain new information on the underlying neurophysiological
mechanisms that may interact between exercise, and cortical somatosensory and
nociceptive systems.

2

REVIEW OF THE LITERATURE

2.1 Functional brain imaging: magnetoencephalography and electroencephalography
Functional brain imaging methods are used in basic and clinical research for
studying brain function in healthy human behaviour and in diseases. Prominent
methods include functional magnetic resonance imaging (fMRI), which is based
on measuring the hemodynamic response, i.e. changes in blood flow in the brain
areas due to neuronal activation (Könönen, Vanninen & Halme 2018) and
positron emission tomography (PET), which measures the accumulation of
radioactive tracer in target tissue (Joutsa 2018). These functional brain imaging
methods have relatively high spatial accuracy. Their spatial resolution is in
millimeter scale but they have relatively low temporal resolution, in timescale of
seconds. Electrophysiological methods, magneto- and electroencephalography,
have lower spatial resolution compared to fMRI and PET, however, these
methods provide higher temporal accuracy in millisecond scale and thus they are
most suitable for studying early cortical activations close to stimulation onset
(Nevalainen 2018, Vanhatalo et al. 2018).
2.1.1

Magnetoencephalography

Magnetoencephalography (MEG) is a functional brain imaging technique,
pioneered by Cohen (1968), which measures the weak magnetic fields (Figure 1)
produced by bioelectric currents in synchronously active neurons (Hämäläinen
et al. 1993, Lopes da Silva 2010, Braeutigam 2013). The primary source of the MEG
signal arises from the postsynaptic activity of the pyramidal neurons of the cortex,
which have long apical dendrites aligned perpendicularly to cortex, and while
synchronously active they behave as a current dipole and this activity can be
detected with MEG sensors (Lopes da Silva 2010, Hari & Salmelin 2012). MEG
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sensor capabilities of detecting signals depend on factors such as the geometry
and electrical properties of the volume conductor and specifically sensor types.
For example, radially oriented currents do not produce magnetic fields outside a
spherically symmetric volume conductor. However, the human head is not
spherically symmetric and thus, the radial source is not necessarily silent in MEG
and source depth, rather than orientation, may be a critical factor in detectability
of individual dipole source (Ahlfors et al. 2010). Still, MEG is mainly sensitive to
currents that are tangential in relation to the scalp surface and due to the folding
of the cortex, MEG is sensitive to neural activation in the walls of the sulci
(Ahlfors et al. 2010, Puce & Hämäläinen 2017). Also, deep sources are difficult to
detect with MEG because of increased distance between the sensors and the
sources, however, magnetic fields are largely unaffected by tissues such as skull
and scalp between the brain and MEG sensors (Puce & Hämäläinen 2017).
Interestingly, emerging research shows potential in measuring also the deep
sources with MEG (Samuelsson et al. 2019). Modern MEG device has a helmetshaped dewar covering the whole scalp and containing
over 100
superconducting quantum interference device (SQUID) sensors, which are
sensitive enough to capture the magnetic fields originating from neuronal
activity (Hari, Parkkonen & Nangini 2010). However, because of the sensitivity
of the SQUID sensors and weakness of the measured signals, MEG requires a
specialized experimental environment, i.e. a magnetically shielded room, which
filters out the Earth’s naturally occurring magnetic field and fields generated
from other outside sources (Puce & Hämäläinen 2017). Even though MEG is a
technically challenging method, it has practical benefits as it is non-invasive,
sensors do not require contact to the participant and it functions silently while
measuring continuous data during rest or task execution in an experiment
(Braeutigam 2013, Proudfoot et al. 2014). In addition to being a powerful method
in research, MEG has a relevant role in clinical setting especially in presurgical
evaluation of medically intractable epilepsy patients because of its better spatial
resolution in source localization compared to EEG (Mäkelä 2010).
2.1.2

Electroencephalography

Electroencephalography (EEG) is a functional brain imaging technique and the
pioneering research on human EEG can be attributed to Berger (1929). EEG
measures the electric field potentials (Figure 1) arising from the synchronously
active neurons similarly to MEG signal described above (Lopes da Silva & Van
Rotterdam 2011, Jackson & Bolger 2014). EEG is measured with electrodes set on
the participant’s scalp with, e.g. a sensor net, which are usually arranged
according to the standardized 10-20 system or its extensions (Seeck et al. 2017,
Vanhatalo et al. 2018). Current guidelines recommend using minimum of 26 EEG
electrodes in basic clinical applications (Seeck et al. 2017), however, high-density
electrode nets of 64, 128 and 256 electrodes are more routinely used in research
(Puce & Hämäläinen 2017) providing improved accuracy for source localization,
which can be also utilized clinically in presurgical evaluation of epilepsy patients
(Vanhatalo et al. 2018). EEG can be measured clinically also at bedside and does
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not require robust shielding like MEG, although, it is advisable to prepare the
test room for the purpose of measuring EEG and minimize sources producing
artefacts (Puce & Hämäläinen 2017). EEG is more sensitive to radial sources and
the EEG signal is dominated by the activity from the gyral crown. EEG can also
detect tangential sources from the activity in sulci (Jackson & Bolger 2014).
Compared to MEG, EEG can more readily detect deeper sources, up to 3 to 4
centimeters below cortex. Deeper sources need to be strong enough to provide
sufficient signal-to-noise ratio as the cortical activity usually produces much
stronger EEG signals than deeper sources. Furthermore, unlike with MEG, the
tissues such as skull and scalp distort and attenuate the EEG signal and for this
reason, MEG may have better spatial resolution in source estimation (Puce &
Hämäläinen 2017). Regarding source localization, both methods search for a
solution to the inverse problem. Forward problem involves determining the
electric potentials and magnetic fields from current sources with EEG and MEG
sensors. The inverse problem involves estimating the location of these sources,
however, it is an ill-posed problem and thus there is no unique solution. For
solution, source modeling techniques, such as minimum-norm estimates need to
be used and additional assumptions have to be made, e.g. approximation of
head-tissue conductivities with EEG for accurate head model (Baillet 2010,
Michel & He 2011).

FIGURE 1

Field patterns detected by MEG and EEG. Schematic approximate illustration
of field patterns caused by a tangential current dipole (left: MEG and right:
EEG). Red areas depict the magnetic flux out of the head (MEG) and positive
potential (EEG).

MEG and EEG have different methodological strengths, limitations and
sensitivities to cortical activity, however, they are complimentary methods (Hari
2011). Since both these methods have a high temporal accuracy they are suitable
for studying brain function close to stimulation event. Thus, common experiment
methods used for detecting stimulation-induced neuronal activation are eventrelated potentials and event-related fields (ERP/ERF) representing activation of
a neural population (Lopes da Silva 2011) and event-related desynchronization
event-related synchronization (ERD/ERS) representing changes in neuronal
oscillatory activity (Pfurtscheller & Lopes da Silva 2011). These experiment
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variables are extracted by averaging multiple trials generating a time-locked
response for a particular stimulation type, for example, somatosensory
stimulation (Kakigi & Forss 2010, Salmelin & Parkkonen 2010).

2.2 Somatosensory system and nociception
2.2.1

Somatosensory processing

Somatosensory system consists of sensory receptors, which react to input from a
particular physical property or modality, e.g. touch or temperature, and of tracts
and nuclei, which conduct the information from peripheral receptors to the
central nervous system (Strominger, Demarest & Laemle 2012; 155-156). The cell
bodies of the peripheral sensory nerves are situated in the dorsal root ganglia and
the receptor type at the peripheral nerve terminal determines the type of stimulus
the neuron detects, e.g. mechanoreceptors that are activated by a mechanical
stimulation (Gardner & Johnson 2013). Mechanical stimulation of a tissue
activates the receptors causing a depolarization of the receptor neuron and
sufficiently strong stimulus produces action potentials, which are transmitted
along the axon (Gardner & Johnson 2013). The transmission or conduction
velocity depends on the type of nerve fiber. Myelinated, large-diameter axons
have faster conduction velocities and mechanoreceptors are primarily Aα and Aβ
fibers with conduction velocities of 72-120 meters per second and 36-72 meters
per second, respectively (Gardner & Johnson 2013). As electrical stimulation is
often used in experiments, it must be noted, that electric stimuli activate nerve
fibers starting from the largest ones with lowest electrical resistance and as the
intensity is increased the stimuli activates more fibers (Gardner & Johnson 2013).
Somatosensory information is conveyed via pathway which consists of three
orders of neurons. The first order neurons of the spinal nerves convey
somatosensory information from peripheral receptors in the limbs to the spinal
cord. The second order neurons, transmitting e.g. tactile information, form an
ascending pathway on the ipsilateral side as the dorsal column-medial lemniscal
pathway that decussates in the medulla and terminates in the ventral posterior
nuclei of the thalamus. Finally, the third order neurons reach the cortex by
projecting from the thalamus to the primary and secondary somatosensory areas,
which include representations of the body surface in somatotopical order (Figure
2) (Strominger, Demarest & Laemle 2012; 178-182, Gardner & Johnson 2013).
The function of the cortical somatosensory system can be studied with
experiments using somatosensory stimulation and measured as somatosensoryevoked field (SEF) with MEG or somatosensory-evoked potential (SEP) with EEG.
Brain imaging studies have shown that somatosensory stimulation generate
measurable activation in the somatosensory brain areas (Hari & Forss 1999,
Kakigi et al. 2000). Electrical stimulation applied on a peripheral nerve, e.g.
median nerve at the wrist, is a typical method for evoking SEFs (Kakigi et al.
2000). The stimulation activates mechanoreceptors near the stimulation site

19
generating action potentials, which propagate through nerve fibers reaching the
cortex (Jousmäki 2000). The earliest response in the SI cortex, after median nerve
stimulation, typically peaks at 20 milliseconds (ms) and earliest response in the
SII cortex is typically measured around 100 ms after stimulation onset (Hari &
Forss 1999, Jousmäki 2000).
Another method for studying somatosensory processing is recording a
somatosensory mismatch response (SMMR). The SMMR corresponds to
extensively studied mismatch negativity (MMN) ERP component in auditory
domain (Näätänen et al. 2007) and also to less studied MMN component in visual
domain (Pazo-Alvarez, Cadaveira & Amenedo 2003). MMN represents cortical
automatic change detection process and current theory suggests that repeatedly
occurring standard stimulus creates a prediction of forthcoming events and the
unexpected deviant event breaks this prediction creating a recordable nonconscious neurophysiological response representing brain’s automatic
capabilities of detecting changes in sensory environment (Kimura & Takeda
2015). In most MMN studies analysis is focused on the difference waveform,
which is calculated by subtracting the standard from the deviant event-related
field or potential. In the present study, difference waveforms were not used and
analysis focused on the deviant and standard waveforms themselves
approximating natural ongoing brain processes within the modeled time
window. The term SMMR is used as it includes the mismatch phenomenon
irrespective of the measurement method, e.g. MEG or EEG. The SMMR is
reported to occur at 100-200 ms after stimulation onset as the deviant stimulation
elicits stronger brain activation compared to standard stimulation (Kekoni et al.
1997, Shinozaki et al. 1998, Akatsuka et al. 2005). Also, an earlier component
related to change detection has been reported to occur about 30-70 ms after
stimulation with stronger brain activation after deviant stimulation (Shinozaki et
al. 1998, Akatsuka et al. 2007a). Studies using MEG have localized the generation
of these components in the SI and SII cortices (Akatsuka et al. 2007b, Naeije et al.
2018).
2.2.2

Nociceptive processing

The receptors, which respond to stimulus that can potentially damage tissue, are
called nociceptors (free nerve endings), which respond to mechanical and
thermal stimuli and indirectly to chemical stimuli (Strominger, Demarest &
Laemle 2012; 157-158). Nociceptors are innervated with Aδ and C fibers, which
have conduction velocities of 4-36 meters per second and 0.4-2.0 meters per
second, respectively. The Aδ fibers produce short-latency pain, i.e. first pain,
which can be described as sharp or pricking and the C fibers produce longlatency pain, i.e. second pain, described as dull or burning, and which is localized
diffusively (Gardner & Johnson 2013). Nociceptive information is conveyed via
anterolateral pathway, which comprise the spinomesencephalic, spinoreticular
and spinothalamic tracts and this pathway decussates in the spinal cord before
ascending to brain stem and thalamus and further to the cortex (Figure 2)
(Gardner & Johnson 2013). Nociceptive processing and pain perception are
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controlled by modulation of ascending and descending nociceptive pathways
involved in a network of peripheral and central nervous system (Apkarian et al.
2005, Kuner & Flor 2017). In the human brain, this network is reported to consist
of sensorimotor, limbic and associative brain areas (Duerden & Albanese 2013).
In the cortical level, nociceptive processing has been suggested to involve a pain
network of several cortical areas, which are consistently activated after noxious
stimuli including primary and secondary somatosensory cortices, primary motor
cortex, supplementary motor area, insula, anterior cingulate cortex, prefrontal
cortex and thalamus (Apkarian et al. 2005, Kuner & Flor 2017). Brain areas
involved in this network process also innocuous somatosensory information but
the intensity of the network activation presumably differs according to different
stimulation intensities (Kakigi, Watanabe & Yamasaki 2000).
Nociceptive processing can be studied using stimulation methods with
MEG or EEG. Typical stimulation types are electrical stimulation (Kitamura et al.
1995, Kakigi, Watanabe & Yamasaki 2000), laser heat stimulation (Tarkka, Treede
& Bromm 1992, Tarkka & Treede 1993) and even with cold stimulators (Leone et
al. 2019). Thulium or CO2 laser stimulation can be used to stimulate Aδ and C
fibers rather selectively by application of different intensities and different sizes
of the stimulation area (Hari 2011). Electrical stimulation is a simple method to
use but the disadvantage is that electrical stimulation is more challenging to
make specifically nociceptive as it tends to activate larger myelinated fibers that
transmit tactile information, in addition to small myelinated nociceptive Aδ
fibers (Kakigi, Watanabe & Yamasaki 2000). Nevertheless, electrical stimulation
is successfully used investigating the somatosensory areas related to nociceptive
processing (Kitamura et al. 1995, Inui et al. 2003).
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FIGURE 2

Somatosensory and nociceptive pathways. On the left, somatosensory pathways originating from spinal cord. Dorsal column-medial lemniscal pathway
(black and red) arises on the ipsilateral side and decussates at the medulla (nucleus gracilis and cuneatus) reaching ventral posterolateral nucleus of thalamus and, further, SI and SII cortices. Additionally, anterior spinothalamic tract
(red) mediates crude touch and movement sensation. On the right, pathways
mediating pain and temperature. The lateral spinothalamic, spinomesencephalic (spitotectal) and spinoreticulothalamic tracts decussate at the lumbar or
cervical level and arise on the contralateral side reaching thalamus. Further,
projections from ventral posterolateral thalamic nucleus reach SI and SII cortices and the intralaminar thalamic nuclei project widely and diffusively to the
cortex. (Adapted by permission from Springer Nature: Strominger, Demarest
& Laemle (2012; 161, 179)).

2.3 Exercise effects on brain activity
During individual´s lifetime, the brain is subjected to many plastic changes as
behaviour and experience as well as brain injuries and following recovery
modulate brain´s structure and function (Nudo 2013, Mattson 2015). Physical
activity has been shown to stimulate morphological brain differences in human
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studies (Erickson et al. 2011, Hötting & Röder 2013, Erickson, Leckie & Weinstein
2014), and it has been associated with improved cognitive functioning (Erickson
et al. 2019). Previous studies suggest connections between exercise and increased
volume in hippocampus (Erickson et al. 2011), prefrontal cortex (Ruscheweyh et
al. 2011) and improved white matter integrity (Strömmer et al. 2018). However,
it is notable that the majority of the studies linking cognitive functioning to
exercise has been conducted in older adults and research on young healthy adults
currently available is insufficient (Erickson et al. 2019). Furthermore, research on
exercise effects on other domains of brain function, such as somatosensory and
nociceptive processing, is scarce.
Proper function of somatosensory system is paramount in our ability to
interact with environment as we are subjected to constant sensory information.
The brain is inherently able to gate irrelevant sensory information and this
sensory gating is an important neurophysiological process modulating our
responses to changes in environment (Bak et al. 2011). It can be speculated that
persons participating in exercise are exposed to more diverse sensory stimulation
and may be able to process the sensory information more efficiently (Tarkka et
al. 2016). Previously sensory gating has been discussed in association also with
processing of nociceptive information (Moayedi & Davis 2013).
Complex network of brain areas underlying pain perception and
experience involve both somatosensory and nociceptive processing and
somatosensory and nociceptive systems are closely linked. This can be observed
with participation of SI and SII cortices in early phases of cortical activation after
either innocuous somatosensory or higher intensity nociceptive stimulation
(Peyron & Fauchon 2019). Pain symptoms in various chronic diseases are an
important factor affecting the quality of life. Studies have even shown that
prolonged pain symptoms can induce maladaptive neuroplastic effects on the
central nervous system (Kuner & Flor 2017), for example, inducing cortical
reorganization in the SI cortex (Flor et al. 1997). Treatment for pain mainly
consists of pharmacological interventions (Tajerian & Clark 2017), however,
exercise is used in rehabilitation and it has been reported to have hypoalgesic
effects (Rice et al. 2019). Interestingly, athletes participating in exercise long-term
have shown reduced pain perception (Tesarz et al. 2012).
Biological mechanisms that may be involved in exercise-induced
hypoalgesia include endogenous opioid, endocannabinoid and serotonergic
systems, however, these physiological mechanisms inducing exercise-induced
hypoalgesia are still incompletely understood (Rice et al. 2019), especially very
little is known of the possible early cortical involvement in hypoalgesic
mechanisms. While studies have shown that exercise can induce beneficial
neuroplastic (Voelcker-Rehage & Niemann 2013) and hypoalgesic effects (Rice et
al. 2019), knowledge on associations between exercise, and somatosensory and
nociceptive system is limited and require further research. The present
dissertation focused on the early somatosensory and nociceptive cortical activity.
Specifically, these studies concentrate on the neurophysiological features of
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somatosensory and nociceptive processing and somatosensory change detection
system and whether exercise may modulate these processes.

3

AIMS OF THE STUDY

The main objective of this dissertation was to study somatosensory function and
nociceptive processing in the human brain and the influence of exercise on these
processes. Functional neuroimaging methods with excellent temporal resolution
and somatosensory and nociceptive stimuli were used to record cortical activity.
Furthermore, acute exercise task design, and monozygotic twin-pair design with
discordance in long-term exercise status within pair were used to measure
exercise effects on cortical activity. The specific aims of individual studies were
as follows:
I

To assess whether brain functional and/or structural modulation
associated with long-term physical activity is detectable using an
exercise-discordant monozygotic male twin pair design.

II

To assess somatosensory-driven automatic cortical change detection
system elicited by different experimental somatosensory stimulations
using magnetoencephalography.

III

To analyze cortical processing of different types of innocuous and
nociceptive electrical sensory stimulations with special reference to
pain-related cortical sensory networks in young healthy participants.

IV To assess whether acute exercise task modulates cortical activity
induced by experimental nociceptive stimulation.

4

METHODS

4.1 Ethical considerations
The participants gave written informed consent before any experimental session.
Ethical approval for Study I was granted by the Ethical Review board for Human
Research of the Central Finland Health Care District and for Studies II-IV by the
Ethics Committee of the University of Jyväskylä. All studies were conducted in
accordance with the Declaration of Helsinki. The measurements utilized
somatosensory and nociceptive stimulation directed to the participants’ hand or
wrist. Stimulation may have caused discomfort and nociception, nonetheless the
chosen method was essential for studying somatosensory and nociceptive
processing in the human brain. During the measurements, the participants’
wellbeing was constantly monitored and they were instructed that they had a
right to abort the measurement at any moment. The participants’ personal
information was kept secret and separate from gathered data so that individuals
cannot be identified in any reporting of the study results. The participants were
volunteers and did not receive any compensation for taking part in the study.

4.2 Participants
The participants in all studies were healthy right-handed adults. In Study I, the
participants were a subgroup from FITFATTWIN (Rottensteiner et al. 2015)
study. Nine monozygotic twin pairs, 18 healthy men (mean age 34), who were
long-term discordant within pair in their leisure-time physical activity were
included in the study. The physical activity levels and within pair discordance
were determined by a structured retrospective physical activity interview (Kujala
et al. 1998, Waller, Kaprio & Kujala 2008, Leskinen et al. 2009) which takes into
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account leisure-time physical activity, including commuting activity.
Information from the interview was used to calculate the leisure-time metabolic
equivalent (MET) index during past three years as MET hours/day (3-year-MET)
for the physical activity assessment. Their weight, height, waist circumference
and maximal oxygen uptake (VO2max) were measured, body mass index (BMI)
calculated and whole body composition measured after overnight fast using
dual-energy X-ray absorptiometry (DXA Prodigy, GE Lunar Corp., Madison, WI,
USA).
For Studies II-IV, the participants were recruited from university personnel
and student body. Study II included 16 adults (six women, age range 18-36, mean
age 29). Study III included 17 adults (seven women, age range 18-41, mean age 31)
and in an additional recording five adults (two women, age range 28-39, mean
age 34). Participants in Studies II and III mostly overlapped, while five additional
women (age range 26-43, mean age 33) were recruited to participate in Study IV.
Before the MEG recordings in Studies II-IV, participants were seated in the
MEG device and a short recording was conducted to ensure that no magnetic
objects were present in the head or upper body, which could contaminate the
MEG recording or generate artefacts. In Studies II-IV, RBDI mood questionnaire
(Raitasalo 2007), a short version of the Beck Depression Inventory (BDI) (Beck et
al. 1961) modified to Finnish language was used to verify the absence of
depressive and anxiety symptoms among the participants. Additionally, any
history of neurological or psychiatric diseases was ruled out by interview.

4.3 Stimulations
Both electrical and pneumatic tactile stimulations were utilized with SMMR and
SEF experimental paradigms in the current studies. These experimental
paradigms provide complementary information on features of primary and
secondary somatosensory function. SEF, often considered as a gold standard in
MEG research, focuses on SI and also SII activations and SMMR provides a more
robust extension to somatosensory processing in secondary sensory areas.
Furthermore, detailed SEF paradigms in Study III enabled development of the
intracutaneous stimulus for experimental nociceptive stimulation.
In Studies I and II, a somatosensory peripheral stimulation was used to elicit
somatosensory mismatch response (SMMR), as an automatic location change
detection. SMMR stimulation protocol consisted of 1000 stimulations from which
10 percent were pseudorandomly delivered deviants. Stimulations were
delivered in two halves. In the first half, standard stimulations were delivered to
the right hand index finger and deviants to the fifth finger. In the second half, the
stimulus locations were reversed, thus producing the mismatch in location
during the flow of stimuli independent from finger. Interstimulus interval (ISI)
was set at 600 ms in Study I and 500 ms in Study II. Electrical stimulation (Study I:
model DS7A, Digitimer Ltd., Welwyn Garden City, UK; Study II: DeMeTec
SCG30, DeMeTec GmbH, Langgöns, Germany) was delivered through flexible
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non-magnetic ring electrodes (Technomed Europe Ltd., Maastricht, the
Netherlands) placed on both fingers on the proximal and distal phalanges. The
electrical stimulus was a monophasic square-wave pulse of 0.2 ms in duration.
Stimulation intensities were set at two times the individual sensory threshold in
Study I (second finger mean 4.5 (standard deviation ± 1.2) mA and fifth finger
mean 4.3 (± 0.8) mA) and at least to a minimum of 120 percent in Study II (second
finger mean 4.9 (± 1.0) mA and fifth finger mean 4.1 (± 0.9) mA) of the individual
sensory threshold so that a clear sensation was perceived in both fingers.
Additionally, in Study II, a pneumatic tactile stimulation with the same
SMMR stimulation protocol was used as a more natural stimulus to compare
cortical responses to those elicited by electrical stimulation. Tactile stimulation
was generated with an air-pressure stimulator built in-house, which produced
0.4 bar pressure pulse through plastic tubes (diameter 5 mm). The pressure pulse
briefly inflated plastic membranes (surface area 2.0 cm2 before membrane
inflation) at the end of the tubes, which were attached to the second and fifth
finger distal phalanges with lightweight plastic clips. The brief inflation of the
plastic membrane generated a clear tactile sensation to the second and fifth
fingertips.
In Study III, electrical stimulation (model DS7A, Digitimer Ltd., Welwyn
Garden City, UK) was applied to different peripheral nerve areas on the right
hand. Radial nerve area on the dorsal surface of the right hand was stimulated
80 times randomly within 4-6 second intervals. Stimulating electrodes (diameter
10 mm) were placed at the proximal end of the first metacarpal and on the distal
head of the ulna. Stimulation intensity was set at two times the individual
sensory threshold (mean 7.7 (± 2.2) mA). Median nerve was stimulated at the
right hand wrist with a bipolar felt-pad stimulating electrode first with a short
interstimulus interval of 200 ms (5 Hz stimulation frequency) 300 times and in an
additional recording 80 times randomly within 4-6 second intervals to match the
radial nerve stimulation ISI and stimulus count parameters. Intensity for the
median nerve stimulation was set to individual motor threshold producing a
weak thumb movement (mean 5.8 (± 1.4) mA).
Third type of stimuli in Study III was an intracutaneous electrical
stimulation (modified from Kochs et al. (1996)) designed to deliver nociceptive
stimuli. The stimulation was delivered to the third fingertip from where the
superficial epidermal layers of the glabrous skin were lightly drilled with a small
stainless steel drill (diameter of 1.5 mm). A non-magnetic copper tip electrode
(diameter 1 mm, height 2 mm) was attached into the small skin hole with
adhesive tape and a flexible non-magnetic metal ring return electrode
(Technomed Europe Ltd., Maastricht, the Netherlands) was tightened in the
metacarpophalangeal joint of the third finger. The delivered square-wave current
pulse (duration 0.2 ms) activated the palmar digital branch of the median nerve
and likely activated superficial nociceptive nerve terminals. The stimulation ISI
and number of stimulations matched radial and median nerve stimulations. The
stimulation intensity (mean 4.6 (± 2.2) mA) was set individually to each
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participant so that the stimulation was rated as moderately painful, 6-7 on a
visual analog scale (VAS 0-10).
The intracutaneous electrical stimulation was subsequently used in Study
IV with intensity defined similarly as individually rated as moderately painful
(mean 4.0 (± 1.8) mA). Stimulation interval was random within a range of 5.5 –
7.5 seconds and 30 repetitions were collected before and immediately after an
acute exercise task. Between two MEG recordings with nociceptive
intracutaneous stimulation to the right hand third fingertip, there was a 10minute rest period to ensure the recovery of the primary afferent responsiveness
and to prevent adaptation to the stimulation within session (LaMotte & Campbell
1978). The same individually adjusted stimulation intensity was used in both
MEG recordings and the VAS scores were collected after each recording (mean
before: 6.0 (± 0.5) and after: 6.6 (± 0.7)).

4.4 Tasks
In Study I, co-twins were recorded on the same day and during the EEG recording
they listened to an engaging radio play while been instructed to concentrate on
the play and ignore the stimuli. After recording, they were asked questions about
the contents of the radio play. In Study II, task during the MEG recording was
passive as the participants were asked to focus their gaze on a neutral mark
approximately 1.5 meters in front of them and not pay attention to the stimuli.
In Study III, tasks were passive during median nerve and intracutaneous
stimulation MEG recordings where the participants were asked not to pay
attention to the stimuli and remain relaxed. In the first part of the study, during
radial nerve stimulation the participants were asked to perform reaction time
movement task defined as an index finger abduction after stimulation. The
requested task occupied participant’s attention. Previous research has shown
that spatial attention towards the stimulated hand does not modulate the source
strengths of early somatosensory evoked field (SEF) components (Mauguière et
al. 1997a). Even though the radial nerve stimulation was followed by voluntary
movement, only the early stages of cortical stimulation processing (up to 180 ms
after stimulation and before the onset of voluntary movement) were compared
between stimulation types. In the second part of the study, passive tasks were
used in all stimulation conditions without attention task.
In Study IV, during recording the participants were instructed to remain still
and focus their gaze on a neutral marker approximately 1.5 meters in front of
them. Between two MEG recordings of intracutaneous stimulation, the
participants performed an acute exercise task. The exercise task with the left hand
was timed to the last three minutes of the 10-minute break period between the
two recordings. The exercise task was a left hand three-minute isometric grip
contraction using a hand dynamometer (Saehan SH5001, Saehan Inc., Korea). The
force level was set at 30 percent of maximum voluntary contraction (MVC).
Individual MVC force was measured (mean 262.8 (± 44.1) N) at the beginning of
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the measurement session, at least 30 minutes before the MEG recording to ensure
that any mild hypoalgesic effects from the MVC measurement would have
subsided (Naugle, Fillingim & Riley 2012). The exercise task was strenuous and
fatiguing and the rating of perceived exertion (RPE) resulted in a mean of 17.3 (±
1.5) on the Borg’s RPE scale (6-20) (Borg 1970).

4.5 EEG, MRI and MEG data recording, preprocessing and
analysis
4.5.1

EEG recording

In Study I, EEG was recorded with a 128-channel sensor net with a Cz reference
(Electrical Geodesics, Inc., Portland, OR, USA) and for analysis re-referenced to
average reference. EGI 128-channel Geodesic sensor net enables fast application
and does not require scalp abrasion. Electrodes are embedded in small sponges
filled with electrolyte solution and acceptable impedance being in the 50 – 100
kΩ range, though often 10 – 20 kΩ is obtained. Recording was done with 0.1 – 200
Hz bandpass filter and sampling rate of 500 Hz.
4.5.2

EEG data preprocessing and analysis

EEG data in Study I was analyzed with the Brain Electrical Source Analysis (BESA,
Besa GmbH, Gräfelfing, Germany) software. The data was bandpass filtered with
1 – 35 Hz frequency range and segmented to epochs from -100 to 350 ms in
relation to the stimulation onset. Epochs containing artefacts from eye-blinks,
high amplitude potential shifts or movement were automatically rejected from
further analysis. Artefact-free epochs were baseline corrected and averaged for
each individual to form deviant event-related potential (ERP) and then same
number of standard stimuli were picked and averaged to form the standard ERP
waveform. The average amount per participant of analyzed deviant stimulations
was 90 (± 8) from active and 91 (± 6) from inactive twins. Correspondingly,
average amount of analyzed standard stimulations was 90 (± 10) from active and
92 (± 7) from inactive twins.
Grand average waveforms were formed from the individual averages
separately for deviant and standard conditions. Inactive co-twins’ deviant and
standard grand averages were compared with those of active co-twins’ grand
averages. Topographic voltage maps were generated from the grand average
waveforms and further source modelling was done with spatio-temporal
multiple dipole source model. Modelling time window was from 0 to 350 ms
where each source potential described the temporal variations in each dipole
moment (i.e. its strength) while the equivalent dipole source maintained its
location and orientation. An ellipsoidal head model with four shells was used
and the proportion of the data not explained by the source model was displayed
in residual variance (RV). First model was developed for the grand average
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deviant waveform from the active twins starting from the waveform component
with highest amplitude because source activities are easiest to dissociate when
amplitudes are high and signal-to-noise ratio is good. The source model was a
seven-dipole model where six dipoles explained cerebral activity and one dipole
accounted for residual eye movements. Dipoles 1, 2, 3 and 5 were completely free
during fitting and dipole 4 was symmetric to dipole 5 and dipole 6 was
symmetric to dipole 2, and finally dipole 7, collecting residual eye movement
activity, was fixed in location with free orientation. This model was applied to
the deviant grand average of the inactive co-twins and to the standard grand
averages of the active and inactive co-twins. When fitting this model to other
grand averages, the source orientations were fitted but source locations were
kept stationary. Further fitting or adding more dipoles did not improve the
model. As the locations were kept the same when applying the source mode to
other averages, the possible individual differences were observed in modulation
of dipolar source potentials and in varying RVs. The differences in dipole
moments were applied in statistical models.
4.5.3

MRI recording

In Study I, magnetic resonance imaging (MRI) scans were acquired from 18
individuals using a 1.5 Tesla whole body magnetic resonance scanner (Siemens
Symphony, Siemens Medical Systems, Erlangen, Germany) on the same day as
other data was collected. The 3D T1-weighted MPRAGE images of whole brain
were collected with the following parameters: TR = 2180 ms, TE = 3.45 ms, TI =
1100 ms, flip angle = 15°, slice thickness = 1.0 mm, in-plane resolution 1.0 mm x
1.0 mm, and matrix size = 256 x 256.
4.5.4

MRI data preprocessing and analysis

Voxel-based morphometric (VBM) analyses of the MRI data in Study I were
performed with VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) for
Statistical Parametric Mapping 8 (SPM8) software (Wellcome Trust Center for
Neuroimaging, UCL, London, UK) running on Matlab R2010a (Mathworks, Inc.,
Natick, MA, USA). The MRIs were first segmented into gray matter (GM), white
matter (WM), and cerebrospinal fluid (CSF). Next, images were normalized to
the Montreal Neurological Institute (MNI) brain template using a highdimensional DARTEL algorithm. Nonlinearly modulated GM images were
created to preserve relative differences in regional GM volume. Finally, the GM
volumes were spatially smoothed with 12 mm full width at half maximum
Gaussian kernel. GM, WM and CSF volumes were compared between co-twins
as well as GM voxel counts of four regions on interest (ROI), suggested by the
electrophysiological source model, from both hemispheres were compared
between co-twins. The ROIs were defined using the WFU pickatlas toolbox
(Wake Forest University, School of Medicine) (Maldjian et al. 2003, 2004)
implemented in SPM8.
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4.5.5

MEG recording

In Studies II-IV, MEG signals were recorded with a helmet-shaped 306-channel
device covering the whole scalp (Elekta Neuromag®, Triux™, Stockholm,
Sweden) using a bandpass filter of 0.1 – 330 Hz and digitized with a sampling
frequency of 1000 Hz. The participants were seated comfortably in the MEG
device, installed inside a magnetically shielded room (Vacuumschmelze GmbH,
Hanau, Germany). The participant’s head position in relation to the MEG sensors
was determined with five head position indicator coils (HPI), placed on the
participant’s scalp and forehead. Prior to the MEG recording, the HPI coil
locations were registered with a 3D digitizer (Fastrak®, Polhemus, Colchester,
VT, USA) in relation to each participant’s three anatomical landmarks (nasion
and bilateral preauricular points). Additional digitized points were registered
from the scalp surface, forehead and nose crest for accurate representation of the
participant’s individual head shape. The participants were instructed to keep
their eyes open and to avoid blinking, eye movements and other voluntary
movements, except when an active task was instructed. During the recording the
participant’s eye movements and blinks were continuously monitored with an
electro-oculography (EOG). EOG electrodes were placed above the right eye
above the zygomatic process of the frontal bone and below the right eye on the
zygomatic bone. Collected MEG and EOG signals were stored for offline
processing and analysis.
4.5.6

MEG data preprocessing and analysis

In Studies II-IV, the MEG data was first processed with the signal space separation
method (Taulu, Kajola & Simola 2004) implemented in MaxFilter software
(version 2.2; Elekta, Helsinki, Finland) to suppress environmental
electromagnetic interference, and in Studies II and IV also for correcting head
positions across participants. Since no individual structural MRIs were available
in Studies II-IV, brain anatomy templates (MNI brain template in Study II and
ICBM152 template in Studies III and IV) were used in source modelling.
According to MEG guideline recommendations (Gross et al. 2013), an accurate
digitization of the individual head shape is an appropriate method for source
location analysis of electromagnetic activity. Instead of individual MRI, this head
shape can be used to approximately align the participant’s head to an anatomy
template (Holliday et al. 2003) to allow for averaging across participants. The
anatomy templates were aligned for each subject with the HPI data collected
before the MEG recordings (Darvas et al. 2006). Different analysis software
packages such as Brainstorm (Tadel et al. 2011) and Statistical Parametric
Mapping
12
(SPM12)
(Litvak
et
al.
2011)
available
in
https://www.fil.ion.ucl.ac.uk/spm/ running on Matlab 2015a (Mathworks, Inc.
Natick, MA, USA) were used depending on their applicability to planned
analysis pathways. Different features of the used analysis software were utilized
to complement each other.
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4.5.6.1

MEG data preprocessing and analysis in Study II

In Study II, data preprocessing and analysis was conducted with SPM12 after
converting the MEG raw data into SPM12 format. Stimulation delays (3 ms in
electrical stimulation and 21 ms in tactile stimulation) were corrected. All 100
deviant stimulations and 100 standard stimulations preceding each deviant
stimulation were picked for both electrical and tactile stimulation analyses. Data
was epoched in relation to stimulation triggers to time windows from -500 ms to
750 ms including 400 ms buffers to avoid distortions from subsequent filtering.
Data was highpass filtered at 0.1 Hz, lowpass filtered at 60 Hz and baseline
correction was made using a time segment from -100 ms to 0 ms. Next, the trials
were cropped including only the time window of interest from -100 to 350 ms.
EOG artefacts were identified and trials where EOG amplitude exceeded 70 µV
were excluded from further analysis. Average number of analyzed trials in
electrical stimulation were: standard 86 (± 13.0) and deviant 86 (± 12.2) and in
tactile stimulation: standard 82 (± 13.5) and deviant 81 (± 15.3). Further analysis
was done first in sensor-level and second in source-level.
For sensor-level analysis, planar gradiometer channel pairs were combined
into one value by taking root mean square (RMS) of the two gradiometers in each
sensor location. In SPM12, scalp-time images were created from each individual
combined gradiometer averages, using a time window from 0 to 300 ms, by
projecting the sensor locations in 2D space and interpolating them, with time
serving as the third dimension. These images were used to compare deviant
stimulation between electrical and tactile conditions and deviant and standard
stimulation within each condition. Differences detected in sensor-level analysis
were used to determine time windows for source level analysis.
Source models were created with SPM12 group inversion using each
participant’s averaged trials including all 204 planar gradiometers and 102
magnetometers. Since no individual MRIs were available, a brain anatomy
template (MNI brain), provided by SPM12, was used for head model with a
cortical mesh size of 8196 vertices. Forward model was computed as a single
sphere and inverse reconstruction was performed with SPM12 multiple sparse
priors method for the whole trial time window from -100 to 350 ms. The source
modelling results were transformed into cortical surface images for statistical
analysis summarizing average activity from two time windows established in
sensor-level analysis: from 40 to 58 ms and from 110 to 185 ms.
4.5.6.2

MEG data preprocessing and analysis in Study III

Data preprocessing and analysis in Study III was performed with Brainstorm
software (version released 15th February 2017) and SPM12. Artefacts from eye
movements and blinks were corrected with signal-space projection (SSP) method
(Uusitalo & Ilmoniemi 1997). Stimulation delay of 3 ms was corrected. Next, as
the shortest ISI was 200 ms, the data was segmented to epochs from -10 to 180 ms
according to the stimulation onset and the first 10 ms of the time window served
as a baseline. Averages of different conditions were computed for each
individual from all artefact-free epochs. Source modelling was done using
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distributed models. The forward model was computed with overlapping spheres
method (Huang, Mosher & Leahy 1999) where one local sphere was assigned to
each sensor. Source models were generated from each participant’s averaged
epochs using minimum-norm estimate in dynamic statistical parametric
mapping (dSPM). Source dipole orientations were constrained normally to cortex
and all gradiometer sensors were included.
From the dSPM source maps, ROIs were analyzed using Brainstorm’s scout
function for temporal analysis and SPM12 for regional and source strength
analysis. The scouts were applied for each participant’s source maps. Scout
locations were determined by maximum amplitudes within four time windows
indicated by gradiometer waveform components: 15-25, 25-35, 60-80 and 100-140
ms. Each scout was set to cover 20 vertices, corresponding to 3 cm2 on average
on the cortical surface. One scout represented mean activity in each source
location and the scout waveforms were used to compare brain activities between
conditions in temporal domain using time points of peak source field strength
and mean amplitudes over 10 ms time windows after source action onsets. Source
strengths and regional and hemispheric differences in the ROIs were compared
between conditions in SPM12 utilizing extension toolbox WFU pickatlas (version
3.05) (Maldjian et al. 2003, 2004). Volumetric statistical parametric maps of the tstatistics were computed from each individual’s source maps for 5 ms (short
latency components) or 10 ms (middle and long latency components) time
windows according to the peak source strength latencies identified from the
scout waveforms. Atlas-based ROI masks (Lancaster et al. 1997, 2000) including
bilateral post-central gyrus and bilateral insula were used for voxel-based
statistical comparison.
4.5.6.3

MEG data preprocessing and analysis in Study IV

In Study IV, data preprocessing and analysis was performed with Brainstorm
(version released 24th February 2019). The data was visually inspected for
environmental and physiological artefacts, and artifacts from eye blinks were
identified and corrected with SSP. The data was segmented to epochs
surrounding the stimulation onset from -1500 to 2500 ms including 500 ms
buffers at the beginning and end of the time window to avoid signal distortions
caused by subsequent filtering. Stimulation delay of 3 ms, identified from the
stimulation artefact, was corrected. The stimulation artefact was removed
surrounding the stimulation onset from -4 to 8 ms by replacing the values in this
short time period with linear interpolation. After preprocessing, two analysis
pathways were adopted, namely event-related field analysis and oscillatory
analysis based on spectral contents of the signals.
In the evoked field analysis, a 50 Hz notch filter was applied to remove the
power line noise and then the data was filtered with a 70 Hz lowpass filter. The
data was segmented to time windows from -200 to 500 ms according to the
stimulation onset and baseline corrected (-200, -5 ms) before averaging. For
source estimation, a forward model was computed using the overlapping
spheres method. For each participant and both conditions, source maps were
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produced from trial averages and derived from the minimum-norm estimate.
Noise covariance statistics were derived from the empty room recordings
collected before each measurement session. The orientations of the source dipoles
were constrained normally to the cortical surface and all MEG channels were
included. The current density source maps were normalized with Ztransformation with respect to the baseline and next, the source maps were
smoothed spatially. ROIs were explored with the Brainstorm’s scout function
and the scouts were set to cover 20 vertices, corresponding to approximately 4
cm2 on the cortical surface. Scout locations were determined in the source maps
as the maximum source amplitudes using the evoked field waveform
components as temporal cues.
Oscillatory analysis was performed by adopting the temporal spectral
evolution (TSE) analysis (Salmelin & Hari 1994) to quantify the modulation of
rhythmic activity in the ~20 Hz and ~10 Hz sensorimotor cortex rhythms. MEG
signals were separately filtered through 15-25 Hz and 8-12 Hz frequency ranges
and then rectified. Then, the signals were smoothed with 15 Hz lowpass filter,
segmented to time window of interest from -500 to 2000 ms and finally each
participant’s data was averaged. The stimulus-related changes in both rhythms
were quantified from one planar gradiometer channel in each hemisphere over
sensorimotor regions. The gradiometer channels were selected based on their
strongest reactivity, i.e. the largest change in amplitude from suppression to
rebound. The suppression and rebound amplitudes were converted to relative
values by calculating the percentage of the rhythms amplitude decrease and
increase in relation to the reference baseline. Suppression and rebound strengths
were determined as the mean amplitude ± 5 ms around the maximum value and
latencies as the time points at maximum value of the suppression and rebound.

4.6 Statistical analyses
Statistical analysis in Study I was performed with IBM SPSS 22 (IBM, Armonk,
NY, USA). Wilcoxon Signed Rank test was used to compare voxel counts in MRI
ROIs. For dipole moment comparison point-to-point on source waveforms was
performed with repeated measures ANOVA with 5(time) x 2(group) factorial
design. Only group effects are reported. Significance was set at p < 0.05. Source
waveform results include effect sizes in η2p (partial eta-squared).
In Study II, statistical analysis was done in the SPM12 software as a regional
field strength analysis. The group analysis of the MEG data was performed first
in the sensor-level followed by source-level analysis. Group level differences
within and between conditions were tested with paired samples t-test. The height
threshold was set to p < 0.001 (uncorrected for multiple comparisons). Clusters
surviving the primary threshold were regarded as significant when falling below
family-wise error rate (FWE) corrected cluster-level threshold of 0.05. No
minimum cluster size was determined.
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Statistical analysis in Study III was performed with IBM SPSS 24 for
temporal analysis and with SPM12 for regional field strength analysis. All group
analysis of MEG data was done in source space. Temporal variables were
compared with paired samples t-test, with significance threshold set at p < 0.05.
Group level differences between identified brain regions were detected by voxellevel statistical analysis in SPM12 with two-sample t-test. Primary threshold was
set to p < 0.001 or p < 0.005 (uncorrected for multiple comparisons) and corrected
for multiple comparisons by the false discovery rate (FDR) method. Clusters
were regarded as significant when falling below FDR-corrected cluster-level
threshold of 0.05. No minimum cluster size was determined.
In Study IV, the measured electrophysiological parameters, peak latencies
and amplitudes of the brain source activations, and oscillation reactivity were
compared between conditions within participants using the paired samples t-test
in IBM SPSS 24.

5

SUMMARY OF RESULTS

5.1 Study I
Study I examined whether brain functional and/or structural modulation
associated with long-term physical activity is detectable using an exercisediscordant monozygotic male twin pair design. The co-twins differed in fitness
and leisure-time activity levels, and fat percent revealing robust discordance in
exercise history. The active twins fitness level (VO2max, 43.1 (± 4) vs. 37.2 (± 3.5),
p < 0.008) and activity level was higher (3-year-MET, 4.5 (± 2.1) vs. 1.4 (± 1.0), p
< 0.003) and fat percent lower (20.3 (± 4) vs. 23.8 (± 5), p < 0.04) compared to their
inactive brothers.
The seven-dipole source model is depicted in Figure 3. Source dipole (SD)
1 modeled major activity between 220 and 300 ms peaking with 20 nAm and SD
2 and 3 modeled unilateral (contralateral to stimulation) activity starting already
at 24 ms with 9 and 11 nAm peak currents, respectively. SD 4 and 5 modeled
bilateral activities between 100 and 300 ms in deeper brain areas peaking with 9
and 7 nAm currents, respectively. Finally, SD 6 modeled unilateral (ipsilateral to
stimulation) activity between 74 and 272 ms peaking with 8 nAm. Approximate
brain locations were estimated for SD 1 in the ventral anterior cingulate cortex,
for SD2 in the contralateral postcentral gyrus with symmetrical SD6 in the
ipsilateral postcentral gyrus. For SD3 the location was estimated in the frontal
medial gyrus, for SD4 in the contralateral superior temporal gyrus with
symmetrical SD5 in the ipsilateral superior temporal gyrus and finally, SD7 (not
depicted in the Figure 3) explaining the excess eye movements. In the deviant
grand average of the active co-twins, the RV was 6.9 % and when the model was
introduced in the standard grand average, the RV was 25.1 %. In the inactive cotwins, the corresponding RVs were 5.7 % for the deviant grand average and 17.8 %
for the standard grand average.
The deviant stimulus-elicited SMMR source waveforms were compared
between active and inactive co-twins. Source SD2 showed a significant difference
during 280-290 ms after stimulation (F(1, 16) = 5.345, p = 0.034, η2p = 0.250) where
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inactive co-twins had stronger amplitudes. In source SD3 there was a significant
difference between 148-158 ms after stimulation (F(1, 16) = 8.200, p = 0.011, η2p =
0.339) where again inactive co-twins had stronger amplitudes. Source SD4 had
two instances, first at 86-96 ms (F(1, 16) = 5.780, p = 0.029, η2p = 0.265), where again
inactive co-twins had stronger amplitudes. The second difference in SD4
occurred at 252-262 ms after stimulation (F(1, 16) = 5.538, p = 0.032, η2p = 0.257)
where active co-twins had stronger amplitudes. Source SD1 did not show
differences between co-twins. Additionally, the standard stimulations dipole
source waveforms were compared and there, in source SD6, was significant
difference at 252-262 ms (F(1, 16) = 4.811, p = 0.043, η2p = 0.231) where active cotwins had stronger amplitudes. Dipole moments with significant differences are
depicted in Figure 4. Comparison of normalized images of structural MRIs did
not show differences between co-twins in total GM, WM and CSF volumes.
Further analysis with ROIs, based on the above described multiple dipole source
model, revealed GM voxel count difference in the right anterior cingulate
(inactive 544 ± 9 vs. active 536 ± 12, p = 0.046) between co-twins where inactive
co-twins showed larger voxel count. Overall, these results demonstrated that
long-term physical activity selectively modulated specific early somatosensory
functional brain responses and may have selectively modified specific cortical
structures.

FIGURE 3

Seven-dipole source model generated from the grand average deviant waveform in Study I. Dipole model is presented in an average MRI provided in
BESA in sagittal (A) and verticofrontal (B) planes. Six dipoles are visible in
these depicted planes, one dipole accounting for eye movement activity is not
visible here. SD1 = red, SD2 = light purple, SD3 = green, SD4 = magenta, SD5
= brown and SD6 = blue. (Figure as originally published in Hautasaari et al.
2017).
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FIGURE 4

Source moments of individual dipoles of the developed source model explaining deviant data sets in Study I. Time windows of detected significant differences between groups are shown (inactive twins in blue and active twins in
red). Source SD2 for deviant (first from left, light purple in Fig. 3), difference
during 280–290 ms from stimulus onset. Source SD3 for deviant (second from
left, green in Fig. 3), difference during 148–158 ms from stimulus onset. Source
SD4 for deviant (third from left, magenta in Fig. 3), differences during 86–96
and 252–262 after stimulus onset. Standard stimuli data were also modeled
and source SD6 (fourth from left, light blue in Fig. 3) shows standard stimulus
data sets where difference during 252–262 ms after stimulus onset was found.
Significant differences between inactive and active twins are indicated with
gray bars and zero time-point is the stimulus onset. (Figure as originally published in Hautasaari et al. 2017).

5.2 Study II
Study II examined somatosensory-driven automatic cortical change detection
system elicited by different experimental somatosensory stimulations using
MEG. The results revealed that both electrical and tactile stimulation can be used
to detect somatosensory mismatch response (SMMR). On sensor-level, both types
of deviant stimulation generated two prominent waveform components around
50 ms after stimulation (M50) and in the range of 110 – 185 ms (SMMR) in the
channels approximately corresponding to contra- and ipsilateral parietal areas.
Both of these components had stronger amplitudes after deviant compared to
standard stimulation (Figure 5). Source-level results revealed that the M50
component is generated in the primary somatosensory cortex (SI) while the
SMMR component is generated in the secondary somatosensory cortex (SII) and
the source strengths were stronger after deviant compared to standard
stimulation in both components (Figure 6). Comparison of deviant stimulations
between electrical and tactile stimulation on sensor-level showed stronger
activation on ipsilateral channels after tactile stimulation. Furthermore, on
source-level, tactile stimulation showed long-latency bilateral SI activation
during the SMMR component whereas analysis did not reveal this bilateral longlatency SI activation after electrical stimulation. Overall, these results
demonstrated that, in addition to electrical stimulation, more natural tactile
stimulation is a feasible method to elicit SMMR. Furthermore, with MEG, the
SMMR processing can be localized in the SI and SII cortices.
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FIGURE 5

Grand average combined gradiometer RMS waveforms from representative
channels for tactile and electrical stimulation conditions in Study II. Average
waveforms illustrating differences between deviant and standard stimulations.
The locations of the representative channels approximately correspond to contra- and ipsilateral parietal cortical areas. Arrows indicate cluster and/or peaklevel time points of statistical differences. Vertical lines illustrate the time windows, determined for source-level analysis, enclosing early latency contralateral (C) and long-latency bilateral (A & B) waveform components. (*p < 0.05,
**p < 0.01 & ***p < 0.001). (Figure as originally published in Hautasaari et al.
2019).
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FIGURE 6

Differences in brain activation within and between conditions in Study II.
Within conditions comparison showing significantly different activation in the
contralateral SI cortex during the 40–58 ms time window after tactile and electrical deviant stimulations, respectively, compared to standard stimulation.
During the 110–185 ms time window when compared to standard stimulation,
tactile deviant stimulation evoked significantly different brain activations in
bilateral SI cortices and contralateral SII cortex, while electrical deviant stimulation showed significantly different activation in the contralateral SII cortex.
Differences between conditions, as shown in the lower part of the figure, revealed the significantly different activation in the bilateral SI cortices during
the 110–185 ms time window after tactile deviant stimulation when comparing
deviant stimulations between conditions. (> in figure indicates the direction of
the stronger activation. *p < 0.05, **p < 0.01 & ***p < 0.001). (Figure as originally published in Hautasaari et al. 2019).

5.3 Study III
Study III examined cortical processing of different types of innocuous and
nociceptive electrical sensory stimulations with special reference to pain-related
cortical sensory networks in young healthy participants. In the first part of this
study, the main brain activations were identified from averaged gradiometer
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waveforms and dSPM activation maps from 17 participants (Figure 7). Median
nerve stimulation showed first activation peaking at 20 (± 2.0) ms in the
postcentral gyrus. First activation after radial nerve stimulation showed later
peak latency at 32 (± 4.9) ms also in the postcentral gyrus. Middle latency
activations peaked also in the postcentral gyrus with similar peak latencies at 65
(± 7.0) ms after median nerve stimulation and at 67 (± 4.8) ms after radial nerve
stimulation. Subsequent prominent long latency activations did not occur after
median nerve stimulation when ISI was short (200 ms). After radial nerve
stimulation, with ISI range of 4-6 s, long latency activations were identified in the
contralateral posterior operculo-insular area at 112 (± 11.6) ms and in the
ipsilateral posterior operculo-insular area at 130 (± 21.7) ms and this hemispheric
difference in latency was significantly different (p = 0.001, t = -4.45, df = 16). This
hemispheric difference was also present in the onset of bilateral posterior
operculo-insular area activations as the contralateral activation started
significantly earlier (p = 0.003, t = 3.51, df = 16). Although, the radial nerve
stimulation was followed by motor task in the first part of the study, the reaction
time measured from stimulation to movement onset in electromyography (EMG)
was 221 (± 51) ms indicating that no on-going motor activity was present during
the analysis time window from stimulation onset to 180 ms. Furthermore, radial
nerve stimulation without motor task, in the second part of the study, elicited
corresponding activation.
In the second part of the study with five subjects, the short and middle
latency activations were replicated. The first activation after median nerve
stimulation occurred earlier at 20 (± 2.2) ms in the postcentral gyrus compared to
first activation after radial nerve stimulation at 26.6 (± 5.6) ms. Furthermore,
median nerve stimulation with long ISI activated bilateral posterior operculoinsular areas similarly to radial nerve stimulation with the same ISI. The
intracutaneous nociceptive stimulation used in the second part of the study
produced activations comparable to those of radial nerve stimulation with first
activation occurring at 25.2 (± 2.6) ms followed by middle and long latency
activation resembling those of radial nerve stimulation. Overall, these results
demonstrated longer latency of the first activation in the postcentral gyrus after
peripheral stimulation to purely sensory areas (i.e. radial nerve area on the dorsal
hand surface and intracutaneous stimulation to fingertip) compared to mixed
nerve (median nerve) on the wrist. Furthermore, the data showed temporal
differences in peak activation between hemispheres in the posterior operculoinsular area demonstrating possible callosal transmission.
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FIGURE 7

Grand average source locations and waveforms after median nerve and radial
nerve stimulation from the original experiment in Study III. Initial components
at 20 ms (median) and 32 ms (radial), following components at 65 ms (median)
and 67 ms (radial) (A) and bilateral components at 112 and 130 ms (B) are
shown for median and radial nerve stimulations from the original experiments.
Dynamic statistical parametric mapping (dSPM) source maps illustrate the activations at mean peak time points in contralateral postcentral gyrus (A) and
bilateral operculo-insular areas (B). Temporal differences in source activities
between median SEF (cyan) and radial SEF (green) are illustrated in the middle
(A) corresponding to postcentral gyrus and (B) to bilateral operculo-insular
area activation time courses. Contralateral side to stimulated hand is shown in
solid circle superimposed on activation on dSPM maps and the corresponding
time course with solid line (A and B) and ipsilateral side is similarly shown
with dashed circles and lines (B). Note, the figure depicts median nerve stimulation with short ISI without showing prominent long latency activations.
(Figure as originally published in Hautasaari et al. 2018).
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5.4 Study IV
Study IV examined whether an acute exercise task modulates cortical activity
induced by experimental nociceptive stimulation. The experiments were
performed before and after exercise task. Evoked field analysis revealed main
cortical activations in the SI and bilateral SII areas after stimulation with
maximum amplitudes peaking on average in the SI cortex at 45 (± 10) ms before
and at 48 (± 7) ms after exercise task. Maximum amplitudes peaked on average
in the contralateral SII area at 101 (± 17.2) ms before and at 103 (± 16.9) ms after
exercise task and, furthermore, in the ipsilateral SII area at 103 (± 15.7) ms before
and at 106 (± 17.8) ms after exercise task. The results from evoked field analysis
did not reveal exercise-induced modulation on the peak amplitudes or latencies
in these cortical sources.
The oscillation analysis revealed that acute exercise modulates stimulationelicited sensorimotor ~20 Hz rhythm (Figure 8). This effect was seen as a
statistically significant increase in the amplitude of the stimulation-elicited ~20
Hz rhythm suppression in the contralateral hemisphere after exercise (before:
33.2 ± 7.7% and after: 41.8 ± 11.3%, t(4) = 2.807, p = 0.048). Additionally, the data
showed a trend towards increased suppression amplitude in the ipsilateral
hemisphere and towards decreased rebound amplitude in both hemispheres.
Similar trends were seen in contralateral hemisphere suppression and bilateral
hemisphere rebound amplitudes in the sensorimotor ~10 Hz rhythm however,
without statistically significant differences (Figure 9). Peak latencies of the ~20
Hz suppression fell within a range of 260 – 351 ms and rebound within a 798 –
982 ms range with no statistically significant latency differences between
conditions. Similar result was seen in the ~10 Hz rhythm, where the average peak
suppression latencies fell within a 431 – 468 ms range, and rebound latencies
within a 941 – 1342 ms range.
Overall, this study revealed modulation in the oscillatory nociceptive
processing in the sensorimotor cortex after acute exercise task and this
modulation was observable in the ~20 Hz motor cortex rhythm. Furthermore,
these results support previous research showing that nociceptive stimulation is
a powerful modulator of the ~20 Hz and ~10 Hz sensorimotor rhythms.
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FIGURE 8

Average waveforms showing modulation on ~20 Hz rhythm after intracutaneous stimulation in Study IV. Effect of intracutaneous stimulation on the level
of the ~20 Hz rhythm in the contralateral (left) and ipsilateral (right) hemispheres (mean ± standard deviation over 5 participants). Figures on top showing effects before exercise and figures below showing effects after exercise.
Zero denotes the stimulation onset. Y-axis depicts arbitrary scales, same for
both conditions. Filled squares in the sensor map (middle) show sensor locations among which the most reactive sensor was analyzed for each individual.

FIGURE 9

Relative ~20 Hz and ~10 Hz rhythm stimulation-elicited suppression and rebound amplitudes before and after exercise in Study IV. Mean (± standard deviation) amplitudes of the ~20 Hz rhythm (top) and ~10 Hz rhythm (below)
suppression and rebound. Contralateral and ipsilateral hemispheres depicted
separately and comparison between before and after exercise. (*p < 0.05).
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DISCUSSION

The present dissertation investigated cortical somatosensory and nociceptive
processing and how exercise might influence these processes in healthy young
adults. In Study I, the somatosensory change detection mechanism was studied
by EEG and measuring ERPs with electrical stimulation of fingers in young
monozygotic twins. The SMMR processing was modelled with a seven-dipole
source model where the inactive co-twins showed stronger amplitudes in source
strengths related to processing of deviant stimulation. Further, a small but
significant modulation in GM voxel count in the right anterior cingulate was
discovered as the inactive twin showed larger voxel count. This twin-pair design
showed that leisure-time physical activity has an effect on automatic
somatosensory cortical function and may selectively modulate sensory-related
cortical areas. In Study II, the somatosensory change detection system was further
studied using MEG method with electrical and more natural tactile stimulation.
These results indicated that the primary and secondary somatosensory cortices
are involved in SMMR processing and both types of stimulations are feasible for
studying this processing.
Cortical somatosensory processing was investigated in Study III with MEG
by using electrical stimulation to different peripheral nerve areas. Additionally,
an intracutaneous electrical stimulation was implemented as a nociceptive
stimulation. These results revealed temporal dissociation in brain activations
between peripheral stimulations to slightly diverging hand areas. Mixed (median)
nerve stimulation had a faster propagation latency seen as an earlier activation
in the postcentral gyrus compared to sensory (radial) nerve stimulation or
intracutaneous stimulation to the third fingertip. Further, the data revealed
latency differences in onset and peak activation times between contralateral and
ipsilateral posterior operculo-insular areas suggesting transmission through the
corpus callosum between these brain areas. To further elucidate these results, the
intracutaneous nociceptive stimulation was utilized in Study IV to investigate
effects of acute exercise on nociceptive processing. While the evoked field
component and source analysis results did not reveal exercise-induced difference
to early activations in the SI cortex and SII area, a modulation was seen in the
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oscillatory function where ~20 Hz sensorimotor cortex oscillation showed
increased stimulation-induced suppression amplitude after exercise task and a
trend towards decreased rebound. This data suggests that acute exercise may
have an effect on nociceptive processing in the sensorimotor cortex on oscillatory
level.

6.1 Somatosensory and nociceptive cortical processing
6.1.1

Somatosensory evoked fields after innocuous and nociceptive
stimulation

Stimulation to the median nerve at the wrist is a common and robust method for
eliciting somatosensory evoked fields (SEF) with MEG and evoked potentials
(SEP) with EEG. Other peripheral nerve areas are used as well and, for example,
intracutaneous stimulation or stimulation of the radial nerve area at the dorsum
of the hand can be used to activate only sensory afferents (Kimura 2001; 148-151)
while the median nerve at the wrist is a mixed nerve and its stimulation activates
also motor fibers (Kimura 2001; 131-141). Thus, stimulating an area innervated
selectively with sensory afferents could be advantageous when studying
somatosensory system or in diagnostic purposes in neuropathology. In Study III,
the data replicated previous studies (Tiihonen, Hari & Hämäläinen 1989, Hari et
al. 1993, Kakigi 1994) showing the first SEF waveform component peaking at 20
ms after median nerve stimulation, however, the first waveform component after
radial nerve stimulation peaked at 32 ms, similarly to previous study by Inui et
al. (2003) and the intracutaneous stimulation in the present study showed similar
activations than the radial nerve stimulation. This latency difference could be due
to dissimilar conduction velocities in peripheral nerve fibers as the stimulation
to the lateral dorsal aspect of the hand activates sensory branch of the radial nerve
and stimulation to the median nerve at the wrist activates both sensory and
motor afferents. While the first waveform component peaked later after radial
nerve stimulation, middle latency component around 60 ms occurred at similar
latencies after all stimulations. These early and middle latency activations located
in the postcentral gyrus and corresponded well with previous research (Srisa-an,
Lei & Tarkka 1996, Mauguière et al. 1997b, Kakigi et al. 2000, Barba et al. 2008).
Subsequent long latency waveform component after radial nerve
stimulation peaked at 112 ms in the contralateral hemisphere and corresponding
activation was identified also in the ipsilateral hemisphere peaking at 130 ms.
Similar activations were identified also after median nerve stimulation with
longer interstimulus interval and after intracutaneous stimulation. These
activations located in the parietal operculum in both hemispheres, a brain region
which is usually considered as the SII area (zu Eulenburg et al. 2013). Although,
the complexity of this brain area involved in somatosensory processing is
highlighted by previous research (Eickhoff et al. 2006a, Eickhoff et al. 2006b)
dissociating the parietal operculum to four different anatomically and
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physiologically distinct cytoarchitectonic areas. Furthermore, posterior insula
locates adjacent to SII area which is reciprocally connected to the SII area and
receives projections also from the SI cortex (Augustine 1985, Friedman et al. 1986).
The long latency bilateral activations in this data could not be distinguished to
separate brain areas, although, overlapping SII and posterior insula activation is
possible due to their close proximity of location and activation latencies (Inui et
al. 2003, Liberati et al. 2016). The Montreal Neurological Institute (MNI)
coordinates also indicate the activation of the posterior operculo-insular cortex.
In this data, the regional analysis with SPM12 revealed peak MNI coordinates
within cluster in contralateral (left) hemisphere as -44, -19, 15 and in the
ipsilateral hemisphere as 44, -19, 15 after radial nerve stimulation. Further, after
intracutaneous nociceptive stimulation the MNI coordinates within cluster
localized more medially as -38, -24, 20 in the contralateral and as 32, -24, 20 in the
ipsilateral hemispheres. These MNI coordinates correspond rather well with the
center of gravity coordinates in posterior insula cytoarchitectonic areas Ig1 (left:
-34, -28, 14 and right: 35, -27, 11) or Ig2 (left: -38, -22, 11 and right: 38, -21, 10)
defined by Kurth et al. (2010) and also with operculum 1 area center of gravity
mean coordinates (left: -52, -27, 27 and right: 58, -26, 26) from Eickhoff et al. (2006b)
who proposed operculum 1 area as the most likely SII area in humans. Although
digitized individual head shapes together with MRI templates allow source
localization, it has to be noted that the present data did not include individual
structural MRIs, which limits the accuracy of the source analysis. However, prior
research have robustly reported SI and SII sources. Based on this knowledge,
these source could be localized rather confidently in the current research.
This data also revealed 15-18 ms latency difference between contra- and
ipsilateral peak activations in the posterior operculo-insular areas after radial
nerve and intracutaneous stimulation. Corresponding latency differences
between hemispheres has been reported previously by studies using nonnociceptive transcutaneous electrical stimulation to radial nerve area (Inui et al.
2003) and using peripheral vibrotactile stimulation with intracerebral recording
(Liberati et al. 2016). This interhemispheric delay has been attributed to callosal
transmission between contra- and ipsilateral hemispheres (Frot & Mauguière
1999, Karhu & Tesche 1999) but also direct thalamo-cortical connection to
ipsilateral hemispheres has been suggested (Forss et al. 1999). Information flow
between somatosensory cortices has been reported to occur in parallel (Liang,
Mouraux & Iannetti 2011) or serial (Khoshnejad et al. 2014) manner. However,
the nature of this processing is still under debate while a study by Klingner et al.
(2016), using combination of fMRI and MEG, demonstrated that early neural
activity, first 100 ms after somatosensory stimulus, is best explained by parallel
and subsequent activity by serial processing route.
Based on results in Study III, we used the intracutaneous nociceptive
electrical stimulation subsequently in Study IV replicating the activations in the
SI and bilateral operculo-insular (SII) areas. While the electrical stimulation is a
simple method to use, its disadvantage as a pain model is that it activates larger
myelinated fibers concurrently with small myelinated nociceptive Aδ-fibers
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(Kakigi, Watanabe & Yamasaki 2000). In other words, this type of stimulation is
not pain-specific stimulation. However, previous studies have shown that
increasing the electrical stimulus intensity to moderate or more painful levels
increases the waveform component amplitudes and source amplitudes in the SII
areas (Kitamura et al. 1995, Valeriani et al. 2000). This is also clearly demonstrated
in our data when comparing transcutaneous electrical stimulation with ring
electrodes to second finger with innocuous stimulation intensity and
intracutaneous stimulation to third finger with moderately painful intensity
(Figure 10). Interestingly, in a recent review, Peyron and Fauchon (2019) suggest
that the posterior operculo-insular area may be the starting point of the
nociceptive-related networks as it is consistently activated by noxious
stimulation across studies (Peyron & Fauchon 2019). These findings suggest that
the intracutaneous electrical stimulation used in this study may be a satisfactory
method for investigating early phases of cortical nociceptive processing.

FIGURE 10

6.1.2

Grand average gradiometer waveforms of electrical intracutaneous nociceptive stimulation and innocuous transcutaneous stimulation with similar stimulation intensities. Note, intracutaneous stimulation (A) eliciting stronger 50
ms and 100 ms waveform component amplitudes compared to transcutaneous
stimulation (B).

Somatosensory mismatch responses

Previously the current SMMR experiment set-up has been reliably used with EEG
recordings by electrically eliciting SMMR for a location difference in the hand
and its modulation has been observed in ageing and in persons in different
physical activity categories (Strömmer, Tarkka & Astikainen 2014, Tarkka et al.
2016). In Study I, a 3D source model was developed to approximate the cerebral
sources of the SMMR registered with EEG. The source model attempted to
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incorporate cortical sources from stimulus onset to 350 ms in order to describe
the process of detecting somatosensory mismatch. Most mismatch negativity
(MMN) studies use analysis of difference waveform, which is calculated by
subtracting the standard from the deviant event-related field or potential. The
analysis in the current study focused on the deviant and standard waveforms
approximating natural condition where most of the ongoing brain processes are
taken into consideration within the modeled time window. The source model
consisted of seven dipoles, of which six modeled brain activity and one eye
movements and blinks. One dipole, SD1, was localized to the right ventral
anterior cingulate gyrus, which is associated with a variety of phenomena related
to executive control with numerous projections to motor areas (Devinsky,
Morrell & Vogt 1995). Two dipoles, SD2 and SD6, were localized bilaterally to the
postcentral gyrus, SI cortex, which is specifically related to somatosensory
processing, e.g. to the sensation of touch, position sense and pressure (Strominger,
Demarest & Laemle 2012; 436-438). One dipole, SD3, was localized to the frontal
medial gyrus in the right hemisphere, an area with connections to postcentral
gyrus and functional links to spatial attention and top-down control of
attentional focus (Talati & Hirsch 2005, Strominger, Demarest & Laemle 2012;
433-436). Finally, two dipoles, SD4 and SD5, were localized bilaterally to the
superior temporal gyrus, an area which is heavily implicated in auditory
processes, but may also contribute to amodal, likely multisensory, and memoryrelated aspects on MMN response (Näätänen et al. 2007).
In Study II, the SMMR was investigated with MEG recording using two
different types of somatosensory stimuli, electrical and pneumatically produced
tactile stimulation. Both types of stimuli produced two distinct waveform
components, M50 within 40 – 58 ms time window and SMMR component within
110 – 185 ms time window after deviant stimulation. Previous studies have also
reported earlier enhanced M50 component after deviant stimulation at similar
latency (Shinozaki et al. 1998, Akatsuka et al. 2005, Akatsuka et al. 2007a) and
source location in the SI cortex (Akatsuka et al. 2007b). The SMMR component
latency corresponded well with previous research (Kekoni et al. 1997, Shinozaki
et al. 1998, Akatsuka et al. 2005, Strömmer, Tarkka & Astikainen 2014) and also
source location in SII cortex was consistent with previous studies (Akatsuka et al.
2007b, Naeije et al. 2018). The earlier M50 component has been speculated to be
enhanced during tasks where the participant can clearly discriminate the
stimulations while the enhancement of the longer latency SMMR component
may occur when a fine discrimination is required between the sensory stimuli
(Akatsuka et al. 2005).
In the current data, after the tactile stimulation, also a SI activation was
detected during the SMMR component bilaterally. Akatsuka et al. (2007a)
reported, using a single dipole analysis, that contralateral SI, in addition to
contralateral SII, contributed to their late component within 150-250 ms time
window and they concluded that this component may be generated by two or
more sources. While the contralateral SI activation is robustly reported, the
ipsilateral SI activation has been more elusive to record after somatosensory
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stimulation. Previous studies have reported ipsilateral SI activation and possible
factors for more difficult detection may be the interindividual variability or that
a larger amplitude response from ipsilateral SII may mask the weaker SI
activation in the recording (Allison et al. 1989, Korvenoja et al. 1995). Hadoush et
al. (2010) reported, similar to the current data, bilateral SI activation after
mechanical tactile stimulation and they hypothesized that, in contrast to electrical
stimulation, the ipsilateral SI activation could be recorded more consistently after
mechanical stimulation due to more selective tactile input. A recent review by
Tamè et al. (2016) suggested that, in addition to the contralateral SI activation,
the ipsilateral SI is involved in bilateral integration of tactile stimuli. They
emphasized the concept that during tactile processing there may already occur
an early bilateral involvement of the SI cortex in tactile processing (Tamè et al.
2016).
This data demonstrates that EEG and MEG methods and utilization of
different somatosensory stimulus types e.g. electrical or tactile, are feasible
methods for studying somatosensory change detection mechanism in healthy
individuals and potentially also in clinical research. Furthermore, tactile
stimulation could have benefits when studying patient groups with altered
sensory processing. Tactile stimulation is closer to natural touch and it may be
more tolerable and patient-friendly, including for small children, compared to
electrical stimulation. MMN studies in auditory domain have reported changes
in the automatic change detection system revealing usually an attenuated
auditory MMN amplitude in diverse disorders e.g. in dyslexia, autism or
Parkinson’s disease, however, the potential of utilizing somatosensory MMR in
clinical studies has so far been under-utilized (Näätänen 2009). Nonetheless,
previous study has reported abnormal SMMR processing in patients with
cerebellar damage (Restuccia et al. 2007). Interestingly, a recent study by Chen et
al. (2018) reported abnormal somatosensory MMN processing in cervical
dystonia patients while their auditory MMN processing was normal compared
to healthy controls. This finding highlights the benefit of using domain specific
experimental design, e.g. somatosensory MMR, when studying disorders
presenting with somatosensory domain pathologies. In addition to basic research
on mechanisms of the SMMR and SEF processing in healthy participants and
their potential in clinical and diagnostic studies, SMMR and SEF experiments are
suitable for investigating exercise effects on automatic somatosensory and
nociceptive cortical function.

6.2 Exercise effects on cortical function
6.2.1

Associations between exercise and SMMR

So far, more studies have focused on exercise effects to brain structure (Rovio et
al. 2010, Erickson, Leckie & Weinstein 2014), especially in cognition-related brain
areas e.g. hippocampus (Erickson et al. 2011, Firth et al. 2018) in aging population,
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while research on how exercise could affect somatosensory brain function is
scarce. In Study I, the data demonstrated that long-term physical activity may
modulate specific early somatosensory functional brain processes and may
modify brain structure. The differences in functional brain responses occurred
during the SMMR processing where the inactive co-twins showed larger
automatic neural activation in source dipoles approximated to SI and SII regions
and in the frontal medial gyrus. SI and SII activity correspond to primary and
secondary somatosensory processing but the frontal medial gyrus activity and
the difference detected in this dipole may indicate more complex automatic
somatosensory mismatch processing.
The frontal medial gyrus has been reported to participate in motor planning
and non-motor tasks e.g. decision making, discrimination and in convergence of
sensory information for high-level processes related to coordination of motor
activity (Erdler et al. 2000, Eimer & Driver 2001, Hirsch, Moreno & Kim 2001).
Furthermore, frontal medial gyrus has been reported to be active during
cognitive tasks when the participant have to decide “where” in the body the
target is (Talati & Hirsch 2005) and furthermore, this region has been implicated
to participate in sensory gating (Bak et al. 2011). Thus, the source dipole
amplitude differences may be explained by differences in sensory gating
emerging from different levels of physical activity and the larger amplitudes in
inactive co-twins may reflect the deviant information ascending from the body
automatically alerting more the inactive co-twins. Relating to the current results,
Popovich and Staines (2015) reported modulation of late somatosensory
component, especially LLP in their work, in attended and unattended conditions
after one acute bout of aerobic exercise. Their suggestion was that this
modulation could be associated with improvement in selective attentional
processing and sensory gating of task-irrelevant stimuli. The result for
unattended condition in Popovich and Staines (2015) is comparable to the current
data. Our SMMR occurred at similar time window as in Popovich and Staines
(2015) with the inactive co-twins showing larger amplitudes. This may imply
improved sensory gating in the active twins, however, the indications from the
current data are much stronger than in Popovich and Staines (2015) showing
long-term exercise effect with discordance between the co-twins for at least three
years.
The structural analysis based on ROIs derived from the dipole locations in
Study I also indicated possible structural change in right hemisphere anterior
cingulate cortex (ACC) with higher voxel count in the inactive twins. The data
implies that the ACC is, at least to some extent, functionally involved in
somatosensory deviant detection. As the ACC is connected to sensation
regulation (Apkarian et al. 2005), it is possible that the sensation from the
electrical stimulation, at least in part, was automatically assessed in this brain
area.
The current results implying functional and structural changes in the brain
of the healthy co-twins only differing in their long-term exercise history leads
toward a viewpoint of brain plasticity in adults. Cortical plasticity has been
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assessed in patients recovering from brain insults such as cerebrovascular stroke
(Tarkka, et al. 2008, Nudo et al. 2013, Julkunen et al. 2016). It may be that many
principles found in the recovery process may also apply to long-term intensive
activity, e.g. physical exercise. Previous studies have reported association
between higher cardiorespiratory fitness levels and reduced loss of GM and WM
volumes in the frontal, prefrontal and temporal areas and hippocampi in older
adults (Colcombe et al. 2003, Erickson et al. 2011, Erickson, Leckie & Weinstein
2014) and exercise has been shown to induce neuro- and angiogenesis e.g. in
hippocampus in rodents (Pereira et al. 2007). Still, further research is clearly
needed to elucidate the factors involved in exercise-induced plasticity, however,
overall it seems that physical exercise is effective as a neuroprotective formula
and modulator of brain plasticity.
6.2.2

Associations between exercise and sensorimotor oscillations

In addition to somatosensory processing, the current thesis implies that acute
exercise may have an effect on cortical nociceptive processing. In Study IV, the
data revealed modulation in the oscillatory nociceptive processing over
sensorimotor cortex after acute exercise which was observable in the ~20 Hz
motor cortex rhythm. Additionally, the data support previous findings (Raij et al.
2004) showing that nociceptive stimulation modulates both ~20 Hz and ~10 Hz
sensorimotor rhythms. In the evoked field analysis, two major waveform
components at about 50 ms and 100 ms could be confidently localized to the SI
and SII cortices respectively. However, with a limited number of participants, no
modulation was observed in latency or amplitude in these sources and it must be
noted that the current intracutaneous electrical stimulation was not specific to
nociceptive Aδ or C-fibers. Comparably, Jones et al. (2016) was not able to find
consistent exercise-induced modulation in their SEPs measured with EEG and
speculated if the contribution of non-nociceptive pathways could be the reason
for the lack of clear modulation to their SEPs. It may be that the evoked fields and
corresponding sources peaking before 200 ms may be sensitive to stimulation
intensity but not yet involved in the integration of nociceptive information
towards coherent pain perception.
After acute exercise, the stimulation-induced ~20 Hz rhythm suppression
was found to be stronger followed by a tendency towards weaker rebound. The
somatosensory stimulation-induced modulation to the ~20 Hz rhythm has been
localized to the primary motor cortex (MI) bilaterally (Hari et al. 1997, Salenius
et al. 1997, Cheyne et al. 2003, Gaetz & Cheyne 2006). The finding in the current
study can be interpreted that the MI cortex excitability increased (stronger
suppression) and following inhibition decreased (weaker rebound). Furthermore,
previous studies have implicated MI activation after nociceptive stimulation
(Melzack & Wall 1965, Raij et al. 2004, Duerden & Albanese 2013) that may imply
probable activation of the sensory and motor systems in preparation to react to
relevant adverse stimuli (Gaetz & Cheyne 2006, Ploner et al. 2006).
Since research is scarce in this area, studies using other methods, such as
transcranial magnetic stimulation (TMS), may help in interpreting this result.
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High-frequency repetitive TMS (rTMS) to MI cortex has been reported to have an
analgesic effect (Leo & Latif 2007). The mechanism of this effect is not yet clear,
however, it is suggested that the modulation to the MI activity after rTMS may
spread from a local site down to thalamic nuclei and ascending nociceptive
information may be suppressed in part in the spinothalamic tract (Leo & Latif
2007). Previous studies report that high-frequency rTMS modulates neuronal
activity by inducing increased excitability in the stimulated brain area (PascualLeone et al. 1998) and may initiate following decrease in intracortical inhibition
(Kozyrev, Eysel & Jancke 2014). Similar effect has been reported with single pulse
TMS studies showing that fatiguing exercise increases MI excitability and
decreases intracortical inhibition (Otieno et al. 2019). Furthermore, Granovsky et
al. (2019) reported recently using conditioned pain modulation (CPM), that
increased MI corticospinal excitability is associated with more efficient inhibitory
pain modulation. These results correspond with the current study in showing
similar changes to cortical excitability, however, comparison between MEG and
TMS parameters should be interpreted with caution due to limited research in
this area (Mäkelä et al. 2015).
Based on the current result demonstrating modulation of the stimulationinduced ~20 Hz oscillation after acute exercise in the cortical level, we can
speculate, that the changes in cortical oscillatory activity may be a part of the
exercise-induced modulation of nociceptive processing via top-down pathways.
Top-down pain modulation has been suggested to function as descending pain
modulatory circuit with input from multiple cortical brain areas, including MI,
feeding to the midbrain and further to the medulla (Ossipov, Dussor & Porreca
2010, De Felice & Ossipov 2016). Beta band, i.e. ~20 Hz rhythm, has been
suggested to have a role in neural communication between cortical and
subcortical networks (Hari et al. 1997, Cheyne 2013). Additionally, intracranial
MI stimulation has been reported to relieve neuropathic pain, possibly via
endogenous opioid secretion from the periaqueductal gray and anterior and
middle cingulate cortices, which are reported to receive projections from the MI
cortex (Maarrawi et al. 2007, Peyron et al. 2007) and have a high density of opioid
receptors (Jones et al. 1991). Furthermore, in trained athletes, Scheef et al. (2012)
suggest that aerobic exercise may mediate antinociceptive mechanism possibly
by an elevated opioidergic tone in the brain resulting from long-term exercise. In
conclusion, it can be speculated that, in a centralized pain inhibitory response,
increased motor system activity may have an important role via exercise (Koltyn
& Umeda 2007, Scheef et al. 2012, Paris et al. 2013) or via external cortical
stimulation (Leo & Latif 2007, Granovsky, Sprecher & Sinai 2019).

6.3 Methodological considerations and limitations
The current thesis has some limitations that could be addressed in future studies.
Although the results in Study I suggest modulation in co-twins somatosensory
processing due to exercise history, it still may be that acquired differences from
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various exposures and experiences, unrelated to exercise, may play a role in the
observed differences. Hence, the direction of causality is difficult to determine.
However, twin pair design’s ability in Study I to control for familial and genetic
confounders and differences observed between monozygotic twins is
noteworthy. In Study IV, individual pain experience was measured using VASscores. With the current small sample size in Study IV, VAS-scores are not
sufficiently accurate measure to interpret acute exercise effects on individual
pain experience. Future studies would benefit from acquiring more information
about the individual participant pain experience and sensory testing using e.g.
pressure pain threshold measures and quantitative sensory testing. Additionally,
although the intracutaneous electrical stimulation was used as a painful stimulus,
it is not specific to nociceptive Aδ or C-fibers and this could be remedied by using
e.g. laser heat stimulation. The current experiment in Study IV is limited in its
ability to detect changes in internal state of brain oscillation, because it
concentrated only on stimulus-induced modulation on oscillation. Cortical
oscillations are complex phenomena and can be influenced by a variety of factors.
Previous research have associated decrease of power in alpha (~10 Hz) and beta
(~20 Hz) bands with increased stimulation intensity (Nickel et al. 2017) but also
with pain perception (Bunk et al. 2018). This demonstrates the challenge in
interpreting findings on oscillation-level. With small sample sizes, caution must
be applied to generalizing the results and larger sample sizes would make the
results more generalizable. It has to be noted that to compare observed
differences between long-term and acute exercise is rather difficult.
One limitation involved in all electrophysiological functional analysis is the
lack of individual structural MRIs. This limits the accuracy of source localization.
However, with MEG studies, according to MEG recording and analysis
guidelines (Gross et al. 2013), the digitization of individual head shape can be
used with MRI templates to allow source localization. In the present MEG
measurements the focus was in the early phases of somatosensory and
nociceptive processing involving SI and SII cortices. These sources are reported
robustly in prior research and based on this, the SI and SII source activations
could be reported rather confidently in the current thesis. MEG is inherently
biased towards tangential sources closer to sensors, i.e. in the cortical surface,
however, emerging studies show possibilities for localizing also deeper sources
with MEG (Samuelsson et al. 2019). This could allow more accurate localization
of sources, for example, involved in the pain network locating in deeper brain
regions. On the other hand, EEG detects more readily radial and deeper and also
tangential sources. When applying source localization procedures, EEG is
spatially less accurate than MEG due to volume conduction. These both methods
have high temporal accuracy and can be used to complement each other, for
example, in combined MEG/EEG measurement.
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6.4 Conclusions and future directions
The results from this dissertation align with previous research demonstrating
that SEF and SMMR experimental designs with MEG and EEG are robust
methods for studying early cortical activations in somatosensory and nociceptive
systems. The present results also demonstrate interaction between exercise and
cortical somatosensory and nociceptive processing. The observed differences in
SMMR processing between co-twins may be linked to differences in exercise
history between these twin brothers. Smaller SMMR amplitude in active co-twins
may imply more efficient gating of somatosensory stimuli, in other words, it may
be that the deviant stimulus alerted more the inactive co-twins. Additionally,
acute exercise modulated the stimulation-induced response in the sensorimotor
~20 Hz oscillations. This finding indicates that the modulation of excitability in
MI, demonstrated in ~20 Hz oscillation, may be in part associated with the topdown modulation of nociceptive information. While these results demonstrate
interaction between exercise and somatosensory and nociceptive cortical
functions, further research is necessary for better understanding of the
neurophysiological mechanisms underlying this interaction and linking this
information to designing optimal rehabilitation paradigms.
Methodological advancements in the future, especially using MEG method
with potential for localization of deeper sources and new sensor technology
(optically-pumped magnetometers) with tolerance to higher temperatures and
direct application to scalp, may assist in increasing understanding of
somatosensory and nociceptive systems in the human brain. As the present study
focused on the early cortical activations, it would be interesting for future studies
to target brain processes occurring at longer latency and even delineating
activation time courses of the multiple brain areas involved in the pain network.
The results revealed modulation after acute exercise in the stimulation-induced
nociceptive oscillatory beta (~20 Hz) rhythm activity over sensorimotor cortex.
This rhythm may be involved in processing stimulation intensity and location.
Interestingly, frontal gamma rhythm has been indicated to have possible
contribution on pain perception. Hence, interesting future research targets could
be if the frontal gamma rhythm could be modulated by exercise, is there interplay
between brain oscillations in the somatosensory and nociceptive processing and
if the brain oscillations act as mediators within an involved cortical network.
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YHTEENVETO (FINNISH SUMMARY)
Liikunnan vaikutukset aivojen
nosiseptiiviseen prosessointiin

automaattiseen

somatosensoriseen

ja

Liikunta on osa terveellistä elämäntapaa. Liikunnan on osoitettu edistävän fyysistä toimintakykyä sekä vaikuttavan positiivisesti useiden kroonisten sairauksien riskitekijöihin. Liikunnan yhteyttä sydän- ja verisuonitauteihin on tutkittu
mittavasti. Vasta viime vuosina tutkimus on lisääntynyt myös liikunnan ja aivotoiminnan välisten yhteyksien selvittämiseksi. Valtaosa tästä tutkimuksesta on
kohdistunut ikääntyneiden kognitiivisten toimintojen tutkimiseen ja liikunnalla
näyttäisi olevan positiivinen vaikutus näihin toimintoihin, mutta vähemmän tiedetään liikunnan vaikutuksesta muihin neuraalisiin järjestelmiin kuten somatosensoriseen ja nosiseptiiviseen aivotoimintaan. Nämä neurofysiologiset järjestelmät osallistuvat muun muassa kivun prosessointiin. Kipu on olennainen oire
useissa kroonisissa sairauksissa ja kroonisen kivun on osoitettu muuntavan aivotoimintaa negatiiviseen suuntaan. Toisaalta liikunnalla on todettu positiivisia
vaikutuksia aivotoimintaan, muun muassa muistitoimintoihin, sekä liikunnan
on havaittu vaikuttavan positiivisesti koettuun kipuun. Erityisesti liikunnan vaikutusta kivun hallintamekanismien taustalla olevaan neurofysiologiaan ei kuitenkaan vielä täysin ymmärretä ja tämä alue vaatii lisätutkimusta.
Tämän väitöskirjatutkimuksen tarkoitus oli tutkia somatosensorista ja nosiseptiivistä aivotoimintaa ja selvittää vaikuttaako liikunta tässä työssä mitattuihin
toimintoihin. Tutkimuksessa käytettiin toiminnallisia aivokuvantamismenetelmiä rekisteröimällä lyhytlatenttisia somatosensorisia ja nosiseptiivisiä aivovasteita hyödyntäen somatosensorisia ja nosiseptiivisiä stimulaatiomenetelmiä. Tutkimusaineisto muodostui tutkimuksessa I identtisistä kaksospareista, jotka poikkesivat parin sisällä liikuntatottumuksiltaan vuosien ajan sekä tutkimuksissa II-IV
aineistona oli terveitä aikuisia. Liikunnan yhteyksiä aivotoimintaan tutkittiin
mittaamalla sekä akuutin liikuntasuorituksen vaikutusta, että kaksospareilla pitkäkestoisen liikunnan aiheuttamia eroja.
Tutkimuksessa I tutkittiin aivojen automaattista somatosensorista muutoksen havaitsemissysteemiä EEG:lla ja pitkäkestoisen liikunnan harjoittamisen vaikutusta tähän systeemiin. Kyseinen aineisto koostui identtisistä kaksospareista,
jotka parin sisällä poikkesivat vuosien ajan liikuntatottumuksiltaan. Tuloksissa
havaittiin, että liikunta vaikuttaa tiettyihin somatosensorisiin aivovasteisiin siten,
että passiivisilla kaksosilla muutoksenhavaitsemisvaste oli voimakkaampi. Tutkimuksessa II tarkasteltiin aivojen muutoksenhavaitsemisvastetta MEG:lla hyödyntäen sähköistä ja taktiilia stimulaatiota. Tuloksien perusteella molemmat stimulaatiotavat ovat luotettavia keinoja tuottamaan muutoksenhavaitsemisvaste
MEG:lla. Lisäksi tulokset vahvistavat aiempia tutkimuksia osoittaen primaarisen
ja sekundaarisen somatosensorisen aivokuoren osallistuvan muutoksen havaitsemismekanismiin. Tutkimuksessa III selvitettiin MEG:lla mitkä uni- ja bilateraaliset aivoalueet osallistuvat lyhytlatenttiseen somatosensoriseen prosessointiin.
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Tässä hyödynnettiin sekä vaimeata että nosiseptiivista sähköstimulaatiota. Tulokset osoittivat aktiivisten aivolähteiden sijainnissa ja ajoituksessa eroja käden
eri alueille kohdistettujen eri voimakkuuksisten sähköstimulaatioiden jälkeen.
Tutkimuksessa IV tutkittiin akuutin liikuntasuorituksen vaikutusta nosiseptiiviseen prosessointiin ja sensorimotorisen aivokuoren ärtyvyyteen. Tulokset osoittivat akuutin liikuntasuorituksen vaikuttavan nosiseptiiviseen prosessointiin liittyvään aivorytmiin sensorimotorisella aivokuorella. Primaarisen motorisen aivokuoren ~20 Hz:n aivorytmissä havaittiin voimakkaampi nosiseptiivisen stimulaation tuottama amplitudin lasku vastaten aivokuoren ärtyvyyden kasvua ja
viitteitä heikompaan amplitudin palautumiseen vastaten vähentynyttä inhibitiota.
Väitöskirjan tulokset osoittavat tarkasteltujen somatosensoristen ja nosiseptiivisten stimulaatiomenetelmien olevan menetelmällisesti vahvoja tutkittaessa
lyhytlatenttisia somatosensorisia ja nosiseptiivisiä vasteita EEG:lla ja MEG:lla.
Tutkimuksen tulokset osoittavat myös selkeästi yhteyden liikunnan ja aivokuoren somatosensorisen ja nosiseptiivisen prosessoinnin välillä. Identtisillä kaksosilla havaittiin eroja somatosensorisessa muutoksenhavaitsemisvasteessa. Havaitut erot voivat olla yhteydessä kaksosparien keskinäiseen eroon liikunnan
harrastamisessa. Ero muutoksenhavaitsemisvasteessa mahdollisesti osoittaa,
että liikunnallisesti aktiivisemmalla kaksosella somatosensoristen ärsykkeiden
automaattinen säätely toimii tehokkaammin, toisin sanoen, poikkeava sensorinen ärsyke automaattisesti ”varoitti” enemmän liikunnallisesti passiivista kaksosta. Akuutin liikuntasuorituksen jälkeen havaittu vaikutus primaarin motorisen aivokuoren ~20 Hz:n aivorytmiin on mahdollisesti osatekijä nosiseption topdown säätelyssä. Vaikka näiden tutkimusten tulokset osoittavat yhteyden liikunnan ja aivokuoren somatosensorisen ja nosiseptiivisen prosessoinnin välillä, lisätutkimus on kuitenkin tarpeen tämän monimutkaisen vuorovaikutuksen neurofysiologisten mekanismien ymmärtämiseksi sekä tämän tiedon yhdistämiseksi
myös osaksi optimaalisten kuntoutuskäytäntöjen suunnittelua.
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ABSTRACT
Associations between long-term physical activity and cortical function and brain structure are
poorly known. Our aim was to assess whether brain functional and/or structural modulation
associated with long-term physical activity is detectable using a discordant monozygotic male
twin pair design. Nine monozygotic male twin pairs were carefully selected for an intrapair
difference in their leisure-time physical activity of at least three years duration (mean age
34±1 y). We registered somatosensory mismatch response (sMMR) in EEG to electrical
stimulation of fingers and whole brain MR images. We obtained exercise history and
measured physical fitness and body composition. Equivalent electrical dipole sources of
sMMR as well as gray matter (GM) voxel counts in regions of interest (ROI) indicated by
source analysis were evaluated. SMMR dipolar source strengths differed between active and
inactive twins within twin pairs in postcentral gyrus, medial frontal gyrus and superior
temporal gyrus and in anterior cingulate (AC) GM voxel counts differed similarly. Compared
to active twins, their inactive twin brothers showed greater dipole strengths in short periods
of the deviant-elicited sMMR and larger AC GM voxel counts. Stronger activation in early
unattended cortical processing of the deviant sensory signals in inactive co-twins may imply
less effective gating of somatosensory information in inactive twins compared to their active
brothers. Present findings indicate that already in 30’s long-term physical activity pattern is
linked with specific brain indices, both in functional and structural domains.

Key words: Twin research; Brain electrophysiology; Somatosensory cortex; Mismatch
negativity; Brain structure; Physical activity
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1. Introduction

Physical activity is known to have many beneficial physiological effects on the human
body, e.g. cardiovascular system, endocrine system and skeletal muscle function enhance
because of physical activity and, in addition, physical activity has a significant role in
reducing risk for several chronic diseases (Kujala, Kaprio, Sarna, & Koskenvuo, 1998;
Reiner, Niermann, Jekauc, & Woll, 2013). However, less is known about the effects of
physical activity on brain structure and function in healthy adults. Recently we showed that
increased levels of physical activity that are associated with beneficial alterations of several
known cardio-metabolic disease risk factors were associated with structural modulation
cortical gray matter (GM) volumes independent of genetic background (Rottensteiner et al.,
2015). Our aim in the present study is to investigate further electrophysiological functional
differences in early sensory processing and their possible link to regional brain structures
using a monozygotic twin pair design to adjust for known and unknown, including familial
and/or genetic confounders of the association between physical activity and brain function
and structure. We recruited young healthy male twins who were discordant long-term, for the
past 3 years, in their physical activity habits. Our cohort was selected in order to avoid effects
of chronic diseases, medications or possible prodromal phases of diseases.

Exercise has an effect on brain structure and cognitive function in humans (Hillman,
Erickson, & Kramer, 2008; Ruscheweyh et al., 2011). Accumulating evidence suggests
connections between better executive functioning and increased volume in prefrontal and
insular cortex (Ruscheweyh et al., 2011) and between exercise and increased hippocampal
(Erickson et al., 2011), prefrontal and temporal GM as well as anterior white matter (WM)
volume (Hillman et al., 2008). Most of previous research has been conducted in older adults.
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Much less has been done with children and especially among young adults on exercise effects
on brain. In our recent study we detected larger GM volume in non-dominant striatal and
prefrontal structures based on whole brain MRI analysis in active young healthy adult male
twins compared to their inactive twin brothers (Rottensteiner et al., 2015).

Mismatch negativity (MMN) is a comprehensively studied component of the auditory
evoked potential most often registered using EEG (for review, see (Näätänen, Paavilainen,
Rinne, & Alho, 2007)). It is generated by a cortical automatic change-detection process and it
is elicited by any discernible auditory change when the ongoing auditory input differs from
the preceding auditory stimulus (Näätänen et al., 2007). Less frequently studied
somatosensory mismatch response (sMMR) is a corresponding change detection mechanism
where various stimuli can be used to elicit sMMR including electrical or vibratory stimuli
(Akatsuka, Wasaka, Nakata, Kida, & Kakigi, 2007; Spackman, Boyd, & Towell, 2007).
Regardless of the stimulus type, violations to previous stimulus array are necessary to elicit
the mismatch response (Akatsuka et al., 2005; Kekoni et al., 1997). SMMR determinants are
not yet widely studied however, we recently detected differences between young and elderly
healthy adults using electrical stimuli in a location mismatch design in the hand (Strömmer,
Tarkka, & Astikainen, 2014). Our previous finding suggested attenuated later phase of
SMMR in the elderly compared to young adults. SMMR is, by definition, an early
precognitive, sensory-driven, automatic activation of change detection system. Of high
relevance is the interesting recent report by Popovich and Staines (2015). They investigated
the effect of acute bout of exercise in several components of somatosensory evoked potential
in attended and unattended conditions (Popovich & Staines, 2015). Their oddball design
involved attention paid to the specific finger where deviant stimuli were delivered allowing
afterwards analysis during attention or ignore (unattended) conditions. Their unattended
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condition resulted in enhanced N140 component in the parietal area. This component may
resemble an early part of sMMR of our previous work however, we never requested any
voluntary response in our experiments (Strömmer et al., 2014). Popovich and Staines (2015)
allocated the effect they found of acute bout of moderate intensity aerobic exercise to
improvement of selective attentional processing by enhancing involuntary shifts of attention
from task-irrelevant stimuli post-exercise (Popovich & Staines, 2015). That may explain the
effect after one acute exercise session however, it does not answer the question regarding
effects of long-term physical activity. Popovich and Staines (2015) also analyzed later
component, which they call LLP component, (175-250 ms window) and show suppressed
LLP after acute exercise in unattended condition. They allocated this suppression to increased
sensory gating of task-irrelevant stimuli (Popovich & Staines, 2015). Their amplitude
modulations (N140 and LLP) occurred within the same time window as our sMMR
(Strömmer et al., 2014; Tarkka et al., 2016). Our recent data implied modulation in few
electrode locations on the somatosensory cortical area, where inactive individuals showed
larger components, and we allocated this difference between inactive and active ones to
enhanced gating of aberrant somatosensory stimuli in active co-twin compared to inactive cotwin (Tarkka et al., 2016).

There is wide inter-individual variability in known metabolic and cardiorespiratory
responses to regular physical activity, e.g. in plasma triglycerides, fasting insulin levels and
cardiorespiratory fitness levels (Bouchard et al., 2012). Twin studies provide a pathway to
study associations between physical activity vs. inactivity in functional and structural
measures in strong study design where genetic background and mostly also childhood
environment is controlled. In the present study, we analyse in detail cerebral sources of
sMMR and related brain structures in MR images in a rare set of healthy twin pairs who are
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long-term discordant in physical activity. We aim to recognize if possible functional
differences are in any way reflected in structural brain indices.

2. Methods

2.1. Participants
Participants were a subgroup from FITFATTWIN (Rottensteiner et al. 2014) study. A
total of 18 healthy men from nine monozygotic twin pairs participated such that each pair
was long-term discordant in their leisure-time physical activity. The mean age of participants
was about 35 years. In FITFATTWIN study we identified pairs who were long-term
discordant for physical activity in order to investigate the effects of physical activity. We
selected only men because before this age pregnancies have a major influence on physical
activity fluctuations and irregularities related to menstrual cycle also influence many
biological parameters targeted in our study. FITFATTWIN study participants were initially
identified from FinnTwin16 Cohort, which is a population based, longitudinal study of
Finnish twins born between October 1974 and December 1979 (Kaprio, Pulkkinen, & Rose,
2002). Selection of the twin pairs to the present study is described in detailed in Rottensteiner
et al. 2015 (Rottensteiner et al., 2015). In short, the twins participated in web-based
questionnaire after which there was a telephone interview and finally interview at the
laboratory and medical examination. Physical activity levels and pairwise discordance was
based on structured retrospective physical activity interview (Kujala et al., 1998; Leskinen et
al., 2009; Waller, Kaprio, & Kujala, 2008) which we conducted and which takes into account
leisure-time physical activity, including commuting activity, one-year intervals over the past
six years. This information was used to define pairwise discordance. The mean leisure-time
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metabolic equivalent (MET) index during the past three years (3-yr-LTMET index as MET
hours/day) was calculated and used as a criterion to assess leisure-time physical activity level.
Weight, height, waist circumference and maximal oxygen uptake (VO2max) were measured,
body mass index (BMI) was calculated, and the whole body composition was determined
after an overnight fast using dual-energy X-ray absorptiometry (DXA Prodigy; GE Lunar
Corp., Madison, Wisconsin) (Table 1.).
(Table 1. around here)
Study procedure and test protocols were approved by the Ethical Review Board for
Human Research of the Central Finland Health Care District (9/29/2011) and the study was
conducted following the tenets of the Declaration of Helsinki. All participants volunteered,
received no financial benefit and provided a written informed consent prior to participation.

2.2. SMMR protocol
Somatosensory electrical stimuli were delivered (Digitimer Ltd., model DS7A, Welvyn
Garden City, UK) to left index and little fingers through flexible metal ring electrodes
(stimulating cathode electrode placed above the proximal phalanx and anode electrode above
the distal phalanx, Technomed Europe Ltd, Maastricht, Netherlands) to elicit somatosensory
mismatch response, sMMR, as an automatic location deviance detection. The somatosensory
stimulation was divided into two parts: in the first part standard stimuli were applied to the
index finger and deviant stimuli to the little finger and in the second part standard and deviant
stimuli locations were reversed thus producing mismatch in location during the flow of
stimuli independent from finger. Stimulus intensity was set twice the individual sensory
threshold separately for each finger. Electrical stimulus duration was 200 μs. Total of 1000
stimuli were delivered, 10 % were randomly delivered deviants. The inter-stimulus interval
was 600 ms. Both co-twins were recorded on the same day. Participants were listening to an
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engaging radio play and they were asked to ignore stimuli and concentrate on the play.
Participants were observed via a video camera during recording and they were asked
questions of the contents of the radio play afterwards.

EEG was continuously recorded with 128-channel sensor net with Cz reference
(Electrical Geodesics, Inc., Portland, Oregon) and for analysis re-referenced to average
reference. The sampling rate was 500 Hz with 0.1 Hz - 200 Hz bandpass filtering at
recording. For offline analysis, EEG data was bandpass filtered in a range 1Hz - 35 Hz and
segmented to 450 ms epochs (100 ms baseline preceding the stimulus onset and 350 ms post
stimulus onset). Epochs containing artifacts with high amplitude potential shifts and eyeblinks and/or movement artifacts were automatically rejected. Noise-free epochs were
baseline corrected and averaged to form the deviant wave form event-related potential (ERP)
and then same amount of standard stimuli as the individual’s deviant stimuli were picked
from those standards that follow deviants in order to form the standard wave form for each
participant. The minimum number of accepted deviants was 66 per participant (Table 1).

2.3. ERP analysis
Grand averages were formed for deviant and standard stimulus conditions each for inactive
and active co-twins. Topographic voltage maps were plotted from deviant and standard grand
average wave forms. Further data processing was performed with Brain Electrical Source
Analysis (BESA, Besa GmbH, Gräfelfing, Germany). Spatio-temporal multiple dipole source
models were developed. In this kind of a model, each source potential described the temporal
variations in each dipole moment (i.e. its strength), while the equivalent dipole source
maintained a stationary location and orientation in the modeling time window (0-350 ms from
the stimulus onset). The proportion of the data not explained by the model was displayed in
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residual variance (RV). An ellipsoidal head model with four shells was used. First the grand
average waveform with highest amplitude was chosen as a starting point for modeling because
source activities are easiest to dissociate when amplitudes are high and signal-to-noise ratio is
good. Thus first model was developed for the deviant wave form grand average data set of the
active twins. This was a seven-dipole model, where six dipoles explained cerebral activity and
one dipole accounted for residual eye movements. Dipole 1 modeled major activity between
220-300 ms peaking with 20 nAm and dipoles 2 and 3 modeled unilateral (contralateral to
stimulation) activity starting already at 24 ms with 9 nAm and 11 nAm peak currents,
respectively. Dipoles 4 and 5 modeled bilateral activities between 100-300 ms in deeper brain
areas peaking with 9 nAm and 7 nAm currents, respectively. Finally dipole 6 modeled
unilateral (ipsilateral to stimulation) activity between 74-272 ms peaking with 8 nAm. Dipoles
1, 2, 3 and 5 were completely free during fitting and dipole 4 was symmetric to dipole 5 and
dipole 6 was symmetric to dipole 2, and finally dipole 7, collecting residual eye movement
activity, was fixed in location with free orientation. We applied this model to the data of the
deviant grand average of inactive twins, and in addition, to the standard grand average wave
forms of both groups. Always when applying first model to other data sets, the equivalent
electrical dipole source orientations were fitted but no source locations were allowed to
change. We tested that further fitting or adding more dipoles did not result in any substantial
improvement of the model. As the locations were kept similar when applying the model in
other data sets, the possible individual differences were observed in modulation of dipolar
source potentials and in varying RVs. The differences in dipole moments were applied in
statistical models.

2.4. MRI recording and preprocessing
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Brain magnetic resonance imaging (MRI) scans were acquired using a 1.5 T whole body
magnetic resonance (MR) scanner (Siemens Symphony, Siemens Medical Systems, Erlangen,
Germany) on the same day as other data was collected. The 3D T1-weighted MPRAGE
images of whole brain were collected with the following parameters: TR = 2180 ms, TE =
3.45 ms, TI = 1100 ms, flip angle = 15˚, slice thickness = 1.0 mm, in-plane resolution 1.0 mm
× 1.0 mm, and matrix size = 256 × 256. Voxel-based morphometric (VBM) analyses were
performed with VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) for SPM8 (Wellcome
Trust Center for Neuroimaging, UCL, UK) running under Matlab R2010a (The Mathworks
Inc., Natick, MA, USA). First, the MR images were segmented into gray matter (GM), white
matter (WM), and cerebrospinal fluid (CSF). Images were then normalized to the Montreal
Neurological Institute brain template using a high-dimensional DARTEL algorithm.
Nonlinearly modulated GM images were created to preserve relative differences in regional
GM volume. Finally, the GM volumes were spatially smoothed with 12 mm full width at half
maximum Gaussian kernel. GM, WM and CSF volumes were compared between co-twins as
well as GM voxel counts of four regions of interest (ROI), suggested by the source model,
from both hemispheres were compared between co-twins. The ROIs were defined using the
WFUPickAtlas-tool (Wake Forest University, School of Medicine) implemented in SPM8
(Maldjian, Laurienti, Kraft, & Burdette, 2003; Maldjian, Laurienti, & Burdette, 2004). The
locations of WFU atlas ROIs used here for comparison between co-twins are given in Fig. 4.

2.5.Statistical analysis
Wilcoxon Signed Rank Test was used to compare voxel counts in MRI ROIs. For dipole
moment comparison statistical analysis point-to-point on source waveforms was performed in
SPSS 22 with repeated measures ANOVA with 5(time) x 2(group) factorial design. Only
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group effects are reported. Significance was set at p ≤ 0.05. Source waveform results include
effect sizes in ŋ2p (partial eta-squared).

3. Results

The characteristics of the 18 twins from nine twin pairs are shown in Table 1. Inactive
and active co-twins differed in their fat% and VO2max, as anticipated. The mean activity
level of the active twins was 321% higher than that of their inactive brothers (3-yr-leisuretime
MET), while their fitness levels were 132% higher (VO2max) (Rottensteiner et al., 2015;
Tarkka et al., 2016).

We did not see any difference in the number of successful ERP

recordings and brain segmented morphologic volumes between active and inactive co-twins.
SMMR grand average waveforms of inactive and active co-twins are depicted in Fig. 1,
where all 128 channels are superimposed to allow visualisation of similarities and differences
between the co-twins in an illustrative window from -100 to 500 ms. In Fig.1, 0 denotes the
stimulus onset and selected time points (90 ms, 150 ms, 244 ms and 280 ms) are shown in
topographic maps to facilitate comparison.

(Figure 1. around here)
Equivalent electrical dipole source model developed in BESA is shown in Fig. 2, where
the same model is illustrated in sagittal (A) and verticofrontal (B) planes. The model
consisted of 7 source dipoles (SD), though the dipole explaining eye activity is not visible in
the planes shown in Fig. 2. The 3D dipole location coordinates of the model are given in
Table 2 as well as the approximate brain areas which the dipole coordinates represent. The
model RV in the grand average of the deviant of active co-twins was 6.9% and the same
model, when introduced in standard grand average, gave RV 25.1%. When this model was
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introduced in the grand average of the deviant of inactive co-twins the RV was 5.7% and
when it was introduced in standard grand average of inactive co-twins RV was 17.8%. When
the model was introduced in any data sets, SD orientations were fitted but locations were not.
The subsequent relatively minor orientation variations are not shown. Source wave forms of
the models for deviant stimulus-elicited sMMRs were compared between inactive and active
co-twins. For source SD2 we found significant difference during 280 to 290 ms post stimulus
(F(1, 16) = 5.345, p = 0.034, ŋ2p = 0.250) where inactive co-twins had stronger amplitudes. In
source SD3 there was significant difference between 148-158 ms after stimulus onset (F(1,
16) = 8.200, p = 0.011, ŋ2p = 0.339) where again inactive co-twins had stronger amplitudes.
Source SD4 differed at two periods: first at 86 to 96 ms (F(1, 16) = 5.780, p = 0.029, ŋ2p =
0.265) where again inactive co-twins had stronger amplitudes. The later difference in SD4
was in the window from 252 to 262 ms (F(1, 16) = 5.538, p = 0.032, ŋ2p = 0.257) where active
co-twins had stronger amplitudes. Source SD1 did not show differences. Also the standard
stimulus equivalent dipole source waveforms were compared, and there for source SD6 we
found significant difference during 252 to 262 ms (F(1, 16) = 4.811, p = 0.043, ŋ2p = 0.231)
where active co-twins had stronger amplitudes. Fig. 3 details the differences in SD moments.

(Table 2 and Figures 2 and 3 around here)
Total GM, WM and CSF volumes estimated from non-normalized images did not differ
between the co-twins in structural MRI analysis (see Table 1). Multiple dipole source model
suggested ROIs (anterior cingulate, postcentral gyrus, frontal medial gyrus and superior
temporal gyrus) where GM voxel count was performed. The exact 3D regional counts in MRI
were performed using WFU Atlas, see cortical surface rendering of ROIs in Fig. 4. GM
voxel count differed in one ROI, the right anterior cingulate, (inactive 544±9 vs. active
536±12, p=0.046) between inactive and active co-twins where inactive co-twins showed
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larger voxel count (see Table 3 for all tested ROIs). Right anterior cingulate ROI is illustrated
in averaged MR image in Fig. 5.

(Table 3. and Figures 4 and 5 around here)

4. Discussion

Our present results demonstrate that long-term physical activity selectively modulates
specific early sensory functional brain responses and may selectively modify cortical
structures. Three-dimensional source analysis indicated short time windows where specific
sMMR cerebral sources were stronger, and GM voxel count in structural MR image was
higher in the right anterior cingulate ROI, both distinctions in inactive co-twins compared to
their active co-twins. The purpose of studying young, healthy male twins is to see whether
possible dissimilarities in physical activity, at an age when chronic diseases, medications or
prodromal disease processes are unlikely yet to be present, are associated with functional
and/or structural modulation in the brain. The monozygotic twin design with discordant
brothers provides a unique experimental opportunity allowing adjustment for known and
unknown confounders of the association between physical activity and brain markers.

Previously we have shown that sMMR is reliably electrically elicited by a location
difference in the hand and its modulations can be observed in ageing and in persons in
different physical activity categories (Strömmer et al., 2014; Tarkka et al., 2016). The
cerebral sources of auditory mismatch negativity (MMN), the apparent close relative of
sMMR, have been located in bilateral temporal cortices and frontal cortex (Giard, Perrin,
Pernier, & Bouchet, 1990; Naatanen & Kahkonen, 2009; Näätänen et al., 2007). In the
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present study, we developed a 3D source model to approximate the cerebral sources of the
electrically registered sMMR. Previously, equivalent current dipole source for the sMMR
component in the window of 150-250 ms was located in the primary (SI) or secondary
somatosensory cortex (SII) contralateral to stimulated hand by Akatsuka et al. (2007) in their
magnetoencephalograhic study (Akatsuka et al., 2007). Kekoni et al. (1992) have also
localized somewhat earlier middle-latency somatosensory magnetic fields in contralateral SI
and SII (Kekoni et al., 1997). We, however, attempted to incorporate the sources of cortical
activity from stimulus onset to 350 ms in order to describe the complete process of detecting
sensory mismatch. Our model was developed for the deviant waveform even though
mismatch negativity studies often investigate difference waveforms. In contrast to difference
waveform analysis, our model approximates sources in a natural condition where most of the
ongoing brain processes are taken into consideration within the modeled window.

Our source model has seven dipoles, six of which are in the brain. SD1 source located in
the right ventral anterior cingulate gyrus, location associated with large variety of phenomena
related to executive control with numerous projections to motor areas (Devinsky, Morrell, &
Vogt, 1995). SD:s 2, 3 and 6 located in areas more specifically related to somatosensory
processing as SD 2 and 6 were located in postcentral gyrus, part of the area known as
primary somatosensory cortex, SI, responsible for processing sensation of touch (Noback,
Strominger, Demarest, & Ruggiero, 2005). Furthermore, SD 3 located in frontal medial gyrus
in the right hemisphere, area with connections to postcentral gyrus and functional links to
spatial attention and top-down control of attentional focus (Fox et al., 2014). SD4 and SD5
were located in left and right superior temporal gyri (bilaterally in BA 22), in areas which are
heavily implicated in auditory processing, but may also contribute to amodal, likely
multisensory, and memory-related aspects of MMN response (Näätänen et al., 2007).
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Those sMMR differences, that indicated larger automatic neural activation in inactive cotwins compared to their active brothers, located in contralateral SI and SII regions and in the
frontal medial gyrus (Fig. 3, Source Dipole 2, Source Dipole 3). The SI and SII activity likely
cover primary and secondary somatosensory processing and also some somatosensory
associative function, however, difference observed in activation in frontal medial gyrus may
well indicate more complex automatic sensory mismatch processing. Frontal medial gyrus is
known to contribute to a number of associative and executive functions and is active also in
cognitive task when subjects have to decide “where” in the body the target is (Talati &
Hirsch, 2005). This region is implicated in motor planning and non-motor tasks such as
decision making, discrimination and especially in convergence of sensory information for
high-level processes related to coordination of motor activity (Bak, Glenthoj, Rostrup,
Larsson, & Oranje, 2011; Noback et al., 2005). Thus, frontal medial gyrus may play a role in
automatically alerting inactive co-twins more than the active co-twins of deviant information
ascending from the body. Sensory gating using different electrical stimulation paradigm has
been applicably studied in psychiatry where source modeling has implicated frontal medial
gyrus as an important player in gating (Bak et al., 2011; Jensen, Oranje, Wienberg, &
Glenthoj, 2008). Thus it may be that amplitude differences we have observed are explained
by differences in sensory gating emerging from different levels of physical activity.

First source dipole (SD1) of the present model located close to midline and likely
accounted for activity in rather large bilateral region in ventral anterior cingulate. No
difference was observed in the source moment of this dipole associated with level of physical
activity. This dipole mainly accounted for late activity within the model, approximately from
220 to 280 ms. As the electrical stimulus intensity in the fingers were twice sensory
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threshold, the stimuli were distinctive and not pleasant. It is plausible that SD1 accounted for
activity registering the unpleasantness of stimuli as ventral anterior cingulate area is known
for processing painful stimuli (Apkarian, Bushnell, Treede, & Zubieta, 2005; Devinsky et al.,
1995; Tarkka & Treede, 1993). Anterior cingulate is activated in various acute pain stimulus
paradigms (Apkarian et al., 2005) and thus it is conceivable that co-twins responded similarly
to the unpleasantness of electrical stimuli but their interpretations varied depending on their
accustomed level of physical activity. Tesarz et al (2013) recently elegantly showed that pain
inhibitory system may be less responsive in athletes than in non-athletes (Tesarz, Gerhardt,
Schommer, Treede, & Eich, 2013). Applied to our condition, their conclusion may support
our view of the present data, i.e. both twins recognized the unpleasantness similarly but
active co-twins automatically assessed it less meaningful. Popovich and Staines (2015) found
that only one acute bout of exercise modulated late somatosensory component (especially
LLP in their work) in attended and unattended conditions, and they suggested that this
modulation was associated with improvement in selective attentional processing and sensory
gating of task-irrelevant stimuli (Popovich & Staines, 2015). Our findings on sMMR
occurred in the same time window with corresponding results to Popovich and Staines’s
unattended condition and our inactive twins showed stronger amplitudes compared to their
active co-twins. However, our data shows long-term exercise effect as the co-twins were
discordant in their physical activity for at least three years.

As the functional modeling of sMMR revealed distinctions between co-twins, a
comparison of structural brain images of co-twins was performed. It was based on the regions
where active sources were identified (see Table 3). Atlas-based ROIs were used in GM voxel
count comparison where a difference in the right hemisphere anterior cingulate was detected
indicating higher voxel count in inactive co-twins. We were astonished that only right
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anterior cingulate region showed this structural difference. Yet it should be remembered that
these atlas ROIs are rather large (Fig. 4.) and inevitably these areas participate in many
different functions which may or may not modulate GM morphology in young healthy men.
Our data imply that anterior cingulate region is, at least to some extent, functionally involved
in somatosensory deviant detection and it shows morphological difference associated with
long-term exercise history. We can speculate that physical activity may have somewhat
corresponding structural brain effects as is suggested by Fox et al. (2014) analyzing
morphometric neuroimaging studies in meditation practitioners (Fox et al., 2014). That large
meta-analysis found eight brain regions consistently altered in meditators compared to nonmeditators, including anterior and mid cingulate and sensory cortices and insula. Sensation
regulation is connected with anterior cingulate (Apkarian et al., 2005; Fox et al., 2014) and it
is likely that the unpleasantness of electrical stimuli was automatically assessed, at least in
part, in this region.

Establishing modulations in both MR revealed morphology and functional source analysis
in healthy twin males who differ only in their long-term exercise history leads towards
emerged point of view in brain research, namely brain plasticity in adults. Most studies assess
cortical plasticity during recovery processes after brain insults, such as cerebrovascular stroke
(Julkunen et al., 2016; Nudo & McNeal, 2013; Nudo, 2013; Tarkka, Könönen, Pitkänen,
Sivenius, & Mervaala, 2008), however many principles found in recovery processes may also
apply to any intensive long-term activity, in our case physical exercise. Number of factors
influence dose-response of physical exercise in brain plasticity, ranging from molecular and
cellular cascades to points of saturation of effect, most of which are poorly known. However,
it seems likely that behavioral experience, in the present case it being mostly aerobic
exercise, is a powerful modulator of brain plasticity.
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In conclusion, we showed multiple brain areas involved in sensory discrimination and
integration of sensory inputs in the early time period where conscious processing of stimuli
was most unlikely. Furthermore, we demonstrated differences between monozygotic cotwins, discordant in physical activity, in the tested automatic sensory processing. Our
experimental design verified that attentional or motivational factors did not contaminate our
result. Though we control for familial and genetic confounders, we cannot firmly establish
the direction of causation, even though we consider physical activity as the more likely driver
of the neurophysiological changes than vice versa. The small number of monozygotic twin
pairs discordant in long-term physical activity is clearly a limitation of the present study and
thus more research is needed to confirm the present results. It is, however, very difficult to
identify larger numbers of twin pairs sufficiently discordant for leisure-time physical activity
and fitness who are also healthy and free of medications and other potential confounders. We
essentially screened all available pairs from five birth cohorts aged in the mid-thirties in
Finland. We had only structural MR images in the present study, and thus it would be
interesting to relate electrically elicited sMMR and functional MR imaging, yet any brain
structural differences between healthy monozygotic twins is noteworthy.
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Figure Legends
Fig. 1. SMMR grand average wave forms of deviant stimuli in inactive (A) and active (B) cotwins. All 128 channels are superimposed, average reference is used and topographic voltage
distribution maps are shown as 10 ms mean values at selected time points (86-96ms, 148158ms, 252-262 ms and 280-290 ms), where later equivalent dipole source analysis indicated
significant differences between co-twins. 0 is the onset of stimulation.

Fig. 2. Seven-dipole source model generated from grand average deviant waveform and
presented in average MR image in sagittal (A) and verticofrontal (B) planes. Six dipoles are
visible in these depicted planes, one dipole accounting for eye movement activity is not
visible here. SD1=red, SD2=light purple, SD3=green, SD4=magenta, SD5=brown,
SD6=blue. See Table 2 for three-dimensional source location coordinates.

Fig. 3. Source moments (not ERPs) of the developed source model explaining deviant data
sets and detected significant differences between groups are shown: Source SD2 for deviant
(first from left, light purple in Fig. 2), difference during 280-290 ms from stimulus onset,
Source SD3 for deviant (second from left, green in Fig. 2), difference during 148-158 ms
from stimulus onset, Source SD4 for deviant (third from left, magenta in Fig. 2), differences
during 86-96 and 252-262 after stimulus onset. Standard stimuli data were also modeled and
source SD6 (fourth from left, light blue in Fig. 2) shows standard stimulus data sets where
difference during 252-262 ms after stimulus onset was found. Significant differences are
indicated with gray bars and zero time-point is the stimulus onset.

Fig. 4. The WFU Atlas regions of interest (ROIs), which were initially suggested by the
spatio-temporal source model, were used in analysing possible structural differences in
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individual MR images between inactive and active co-twins. ROIs have been rendered on
cortical surface in such a way that the stronger colours indicate more superficial locations,
whereas weaker colours indicate more deeper regions.

Fig. 5. Structural MR images of co-twins differed in GM voxel count in right anterior
cingulate ROI. Only the above ROI shown in green gave higher GM voxel count in inactive
co-twins.
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Table 1

Table 1. Participant characteristics, 18 individuals (9 monozygotic male twin pairs), means
and (±SD).

Age, y
Height, cm
Weight, kg
BMI
Fat%
Waist circ., cm
VO2max, ml/kg/min
3-yr-MET
SMMR standards, n
SMMR deviants, n
GM volume, ml
WM volume, ml
CSF volume, ml
Ant. cingulate, voxel

Inactive co-twin
34.3 (1.4)
178.5 (5.3)
78.0 (13)
24.3 (3)
23.8 (5)
88.7 (9)
37.2 (3.5)
1.4 (1.0)
92 (7)
91 (6)
668.3 (31)
685.0 (49)
229.0 (36)
544 (9)

#

Mann-Whitney U-test. *p<.05 **p<.01 ***p<.005

ƪ

Wilcoxon Signed Rank -test

Active co-twin
34.1 (1.5)
179.7 (5.7)
75.9 (9)
23.4 (2)
20.3 (4)
85.2 (7)
43.1 (4)
4.5 (2.1)
90 (10)
90 (8)
675.3 (38)
696.1 (41)
227.6 (39)
536 (12)

p-value#
0.686
0.012*
0.424
0.269
0.040*
0.123
0.008**
0.003***

0.815
0.606
0.963
0.046*ƪ

7DEOH

Table 2. Source location coordinates of the source model generated for the grand average
deviant wave form of the active twins. Six equivalent electrical source dipoles (SD) localized
in the brain and seventh dipole modeled the remaining eye movements (after eye movement
correction). Approximate brain regions are given in Talairach labels and Brodmann areas are
in parenthesis.
Fitting window
Component

Source location
(x, y, z)

Brain region, Talairach
(Brodmann Area)

SD 1

2.9, 24.6, 54.5

Ventral anterior cingulate (R)
(BA 24)

SD 2

32.7, -6.5, 65.5

Postcentral gyrus (R)
(BA 3)

SD 3

24.8, 9.9, 74.6

Frontal medial gyrus (R)
(BA 6)

SD 4

-43.8, 3.7, 38.6

Superior temporal gyrus (L)
(BA 22)

SD 5

43.8, 3.7, 38.6

Superior temporal gyrus (R)
(BA 22)

SD 6

-32.7, -6.5, 65.5

SD 7

30.1, 66.5, 6.2

Postcentral gyrus (L)
(BA 3)
-

7DEOH

Table 3. Four regions of interest (ROI) in each hemisphere were selected and compared from
whole brain structural MR images of the brains of co-twins. The gray matter voxel counts in
ROIs were compared between inactive and active individuals within each twin pair using
Wilcoxon Signed Rank Test. For the ROIs Brodmann areas are given in parenthesis after
Talairach labels. Note, that only right anterior cingulate shows a difference.
Brain region
Talairach, right
Anterior cingulate
(BA24)

p-value
0.046*

Brain region
Talairach, left
Anterior cingulate
(BA24)

p-value
0.612

Postcentral gyrus
(BA3)

0.204

Postcentral gyrus
(BA3)

0.401

Frontal medial gyrus
(BA6)

0.270

Frontal medial
gyrus (BA6)

0.574

Superior temporal
gyrus (BA22)

0.262

Superior temporal
gyrus (BA22)

0.575

*p<0.05
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Background: Deviant stimuli within a standard, frequent stimulus train induce a cortical somatosensory mismatch response (SMMR). The SMMR reﬂects the brain’s automatic mechanism for the detection of change in a
somatosensory domain. It is usually elicited by electrical stimulation, which activates nerve ﬁbers and receptors
in superﬁcial and deep skin layers, whereas tactile stimulation is closer to natural stimulation and activates
uniform ﬁber types. We recorded SMMRs after electrical and tactile stimuli.
Method: 306-channel magnetoencephalography recordings were made with 16 healthy adults under two conditions: electrical (eSMMR) and tactile (tSMMR) stimulations. The SMMR protocol consisted of 1000 stimuli with
10% deviants to ﬁngers.
Results: Sensor-level analysis revealed stronger activation after deviant stimulation in bilateral channel locations
approximately corresponding to parietal cortical areas within both stimulation conditions. Between conditions,
deviant tSMMR showed stronger activation in the ipsilateral channels. Based on sensor-level results, two components, M50 and SMMR (40–58 and 110–185 ms), were compared at the source-level. Deviant stimulation
elicited stronger contralateral SI activation during M50 component in both conditions. SMMR was observed with
both conditions, activating contralateral SII after deviant stimulation. However, only tSMMR showed long latency activation in bilateral SI cortices. This suggests that there is an integration of both body sides during the
automatic stages of tactile processing in SI cortices.
Conclusions: This study indicates that tactile stimulation (tSMMR) is a feasible method for investigating the
brain’s mechanism for detecting somatosensory changes; this may extend the clinical utility of tSMMR for assessing disorders involving altered somatosensory processing.

1. Introduction
Mismatch negativity (MMN) reﬂects the activation of a cortical
automatic mechanism capable of detecting small changes in the sensory
environment (Näätänen, 1992). Furthermore, within the predictive
coding theory, it has been interpreted as reﬂecting early sensory information processing from the environment (Garrido et al., 2009).
MMN has been most extensively studied in the auditory domain
(Näätänen et al., 2007) and to some extent in the visual domain (PazoAlvarez et al., 2003) with an oddball stimulus paradigm such that,
within a frequent standard stimulus train, an infrequent stimulus elicits
the MMN response. Corresponding to the extensively studied MMN in
the auditory domain, deviant somatosensory stimuli (e.g. electrical or
tactile) within a standard, frequent stimulus train induces a cortical
somatosensory mismatch response (SMMR) in adults (Akatsuka et al.,
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2005, 2007a; Kekoni et al., 1997; Shinozaki et al., 1998) and also in
children (Restuccia et al., 2009). In older adults, the characteristics of
the SMMR have been investigated; they are reported to display an attenuated amplitude with a prolonged latency (Strömmer et al., 2014)
indicative of age-related changes in the somatosensory change detection mechanism. Here, we will use the term somatosensory mismatch
response (SMMR), instead of mismatch negativity, as it encompasses
the mismatch phenomenon regardless of the measurement method (e.g.
EEG or MEG).
In the somatosensory domain, the SMMR is frequently reported to
occur about 100–200 ms after stimulus onset, with the deviant stimulus
evoking stronger brain activation than a standard stimulus (Akatsuka
et al., 2005; Kekoni et al., 1997; Shinozaki et al., 1998). An earlier
component within the 30–70 ms time window has also been reported to
exhibit stronger activation after deviant stimulation (Akatsuka et al.,
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1961) to exclude any depressive and/or anxiety symptoms. Before the
magnetoencephalographic (MEG) recording, a short recording was
conducted with each subject to ensure that no magnetic objects were
present in the head or upper body which could generate artifacts or
contaminate the MEG recording.

2007a, b; Shinozaki et al., 1998). Akatsuka et al. (2005) speculated that
this earlier component may be enhanced during tasks that subjects can
clearly discriminate with the long latency enhanced component becoming generated during tasks which require ﬁne discrimination between the sensory stimuli. The generation of somatosensory mismatch
responses has been observed in the primary (SI) and secondary (SII)
somatosensory cortices in studies using magnetoencephalography
(MEG) (Akatsuka et al., 2007b; Naeije et al., 2018).
Previous studies investigating mismatch response processing among
diﬀerent domains in the brain (Downar et al., 2000; Zhao et al., 2015)
have detected domain-speciﬁc processing in the primary and secondary
cortices in a given sensory domain (e.g. auditory, visual or somatosensory) however, any stimulus comparison within a domain is uncommon. SMMR has been mostly elicited using electrical stimulation
and instead studies with diﬀerent types of somatosensory stimuli are
limited, although a few investigators have applied mechanical vibratory
stimuli (Kekoni et al., 1997; Spackman et al., 2007) and more recently
pneumatic tactile stimuli (Naeije et al., 2018, 2016; Shen et al., 2017)
revealing that SMMR can be elicited within the somatosensory domain
with diﬀerent types of stimuli.
Electrical stimulation activates large numbers of receptors and
nerve ﬁbers with varying conduction velocities in both the superﬁcial
and deep layers of the skin (Forss et al., 1994; Gandevia et al., 1982;
Kimura, 2001) and this may produce discomfort in some subjects.
However, subjects are more likely to tolerate tactile stimuli and these
may be closer to the natural stimuli capable of activating more uniform
ﬁber types (Pratt et al., 1979). An additional and important advantage
of mechanical tactile stimulation is its compatibility with registration
methods which have a low tolerance of electromagnetic ﬁelds e.g. fMRI
or MEG (Kawohl et al., 2007). Our aim was to study the feasibility of
applying tactile stimulation in order to reliably detect SMMR cortical
processing. Furthermore, we wanted to investigate the features of the
mechanism involved in the automatic change detection in the human
brain to somatosensory stimulations by comparing electrical and tactile
stimuli. A better understanding of somatosensory processing, electrical
or tactile, may reveal new ways to clarify the underlying mechanisms in
those disorders in which sensory processing is severely disturbed.

2.2. Experimental design
2.2.1. Electrical stimulation
The somatosensory mismatch response (SMMR), an automatic location deviance detection, was elicited under two conditions. In condition I (eSMMR), electrical stimuli were delivered (DeMeTec SCG30,
DeMeTec GmbH, Langgöns, Germany) to the right index and little ﬁngers through ﬂexible non-magnetic metal ring electrodes (Technomed
Europe Ltd., Maastricht, the Netherlands), placed above the distal and
proximal phalanges in each ﬁnger. The stimulus was a monophasic
square-wave current pulse of 0.2 ms duration. The intensity was set
separately for each ﬁnger in collaboration with the participant to a level
where a clear but comfortable sensation was perceived in both ﬁngers,
nevertheless the intensity was always set to a minimum of 120% of the
sensory threshold (see Table 1 for mean electrical stimulation intensities). A stimulus delay of 3 ms was detected from the stimulus
artefact and this was taken into account in the data analysis.
2.2.2. Tactile stimulation
In condition II (tSMMR), tactile stimuli were applied to the distal
phalanges of the right index and little ﬁngers. The stimulus locations
were as close as possible to those used to elicit eSMMR. Tactile stimuli
were generated with an air-pressure stimulator built in-house producing a 0.4 bar pressure pulse delivered through a plastic tube of 5 mm
diameter. Air pressure inﬂated plastic membranes (surface area 2.0
cm2) at the end of the tubes producing a clear tactile sensation on the
ﬁngertip. The stimulus delay was measured to be 21 ms from the trigger
to the contact with ﬁngers and this was taken into account in data
analysis.
2.2.3. Experimental protocol
The same protocol was followed in both conditions. The somatosensory stimulations were applied in two halves subsequently: in the
ﬁrst half, standard stimuli were presented to the index ﬁnger and deviant stimuli to the little ﬁnger, and in the second half, the stimulus
locations were reversed thus producing a mismatch in location independently from the individual ﬁnger activated during the stimulation
ﬂow. A total of 1000 stimuli were delivered, of which 10% were
pseudo-randomly delivered deviants. The inter-stimulus interval was
500 ms. Participants were asked not to pay attention to the stimuli and
instead to focus their gaze on a neutral mark about 1 m in front of them.
Table 1 lists the mean number of analyzed stimuli with both conditions.

2. Materials and methods
2.1. Subjects
The study was approved by the Local Ethics Committee (3.12.2015)
and conducted in accordance with the Declaration of Helsinki. All
subjects gave written informed consent prior to participation. Sixteen
healthy volunteers (see Table 1 for the characteristics of the participants) were recruited into the study. All subjects were right-handed and
they had no history of neurological or psychiatric diseases or alcoholic
or narcotic addictions. All subjects ﬁlled the RBDI mood questionnaire
(Raitasalo, 2007), a depression scale developed for use in Finland based
on the short version of the Beck Depression Inventory (Beck et al.,

2.3. MEG recording
The recordings were carried out while the participants were seated
in a magnetically shielded room (Vacuumschmelze, GmbH, Hanau,
Germany). Eye movements and blinks were recorded with electrooculogram (EOG) with a bandpass ﬁlter of 0.1–330 Hz and the gain set
to 2000. The participants were instructed to avoid blinking, voluntary
eye movements and other unnecessary movements during recording.
Five head position indicators (HPI) were placed on the scalp. The HPI
coil locations in relation to three anatomical landmarks (nasion and
bilateral preauricular points) were registered with a 3-D digitizer
(Fastrak®, Polhemus, Vermont, USA) with additional points from the
scalp, forehead and nose crest for more accurate representation of the
individual head shape prior to the MEG recording. MEG was recorded
with the helmet-shaped 306-channel device (Elekta Neuromag®,
Triux™, Stockholm, Sweden). MEG signals were recorded using a
bandpass ﬁlter of 0.1–330 Hz and digitized with sampling frequency of

Table 1
Participant characteristics, 16 individuals (10 men, 6 women) means, ( ± SD)
and range.

Age, year
Body Mass Index, BMI
Stimulus intensity in electrical stimulation, 2nd ﬁnger,
mA
Stimulus intensity in electrical stimulation, 5th ﬁnger,
mA
Analysed standard electrical stimulations, n
Analysed deviant electrical stimulations, n
Analysed standard tactile stimulations, n
Analysed deviant tactile stimulations, n

Mean

SD

Range

28.7
23.4
4.9

4.7
3.2
1.0

18–36
19.9–30.7
3–7

4.1

0.9

3–6

86
86
82
81

13.0
12.2
13.5
15.3

52–99
58–99
49–99
39–99
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waveforms within each of the conditions and then they were used to
compare the deviant waveforms between the two conditions.
Diﬀerences detected in sensor-level analysis were used for determining
the time-windows for comparing standard and deviant stimulations
within each of the conditions and deviant stimulations between the
conditions at the source-level.
Source models were generated from each subject’s averaged trials
using all planar gradiometers and magnetometers in both conditions.
Source modelling was done with SPM12 group inversion. Since no individual MR images were available, an anatomy template (MNI brain)
provided by SPM12 was used for head model with a cortical mesh size
of 8196 vertices. According to MEG guideline recommendations (Gross
et al., 2013), an accurate digitization of the individual head shape is an
appropriate method for further source location analysis of electromagnetic activity. This shape can be used, instead of the individual
MRI, to approximately align the subject's head to a template head
(Holliday et al., 2003) to allow for averaging across subjects. Anatomy
templates were aligned for each subject with the HPI data collected
before the MEG recording (Darvas et al., 2006). The forward model was
computed as a single sphere and inverse reconstruction was performed
with SPM12 multiple sparse priors (MSP) method for the whole trial
time window from -100 to 350 ms. The obtained source models explained 97.42 and 97.29 percent of variances in electrical and tactile
responses, respectively. Lastly, source modelling results from each individual and from both conditions were transformed into cortical mesh/
surface (GIfTI) images for statistical analysis summarizing average activity from two time windows: 40–58 ms and 110–185 ms. These time
windows were established already in the sensor level analysis.

1000 Hz. MEG and EOG signals were stored for later oﬄine processing
and analysis.

2.4. Data analysis
First, Maxﬁlter software (Elekta Neuromag®, Stockholm, Sweden)
was applied using signal space separation (SSS) (Taulu and Simola,
2006; Taulu et al., 2004) in order to detect bad channels automatically
as well as reducing artifacts and correcting for head position across
participants. Further data preprocessing and analysis was conducted
with Statistical Parametric Mapping 12 (SPM12) software (Litvak et al.,
2011) available in http://www.ﬁl.ion.ucl.ac.uk/spm running under
Matlab 2015a (The Mathworks Inc. Natick, MA, USA).
Next, MEG raw data was converted into SPM12 format. Correction
was made for a stimulus delay of 3 ms in electrical stimulation and a
delay of 21 ms in tactile stimulation. The total numbers of standard
stimulations were 900 in both conditions and from these, 100 stimulations were picked as trials to match the amount of deviant stimuli. In
both conditions, all 100 deviant stimulations and 100 standard stimulations preceding each deviant stimulation were selected for further
analysis as trials. 100 trials provided an acceptable signal-to-noise ratio.
Data was epoched in relation to stimulus triggers including the time
window of interest (-100 to 350 ms) with 400 ms buﬀers to avoid distortions caused by ﬁltering. Data was high-pass ﬁltered at 0.1 Hz, lowpass ﬁltered at 60 Hz and the baseline was corrected using data from
-100 to 0 ms in relation to the stimulus triggers. Next, the trials were
cropped for the time window of interest from -100 to 350 ms for analysis. EOG artefacts were identiﬁed from all trials and those trials with
EOG amplitude exceeding 70μV were excluded from further analysis.
After preprocessing, the number of trials between standard and deviant
stimulations in both conditions did not diﬀer by more than 10 stimulations within each subject. Table 1 provides details of the average trial
counts from all subjects. For sensor-level analysis, planar gradiometer
channel pairs were combined into one value by taking root mean square
(RMS) of the two gradiometers in each sensor location and all surviving
trials were averaged. For source analysis, all surviving trials were
averaged with 102 magnetometer and 204 planar gradiometer channels.
With preprocessed combined gradiometer data, we proceeded to the
sensor-level analysis. In SPM12, scalp-time images were created from
each individual average, using a time-window from 0 to 300 ms. Scalptime images were created in SPM12 by projecting the sensor locations
in 2D space and interpolating them, with time serving as the third dimension. These images were used to compare standard and deviant

2.5. Statistical analysis
Statistical analysis was performed with SPM12 software as a regional ﬁeld strength analysis. All group analysis of the MEG data was
performed ﬁrst at the sensor-level and subsequently in source space.
Group level diﬀerences within and between conditions were detected
by statistical analysis in SPM12 using paired samples t-test. The height
threshold was set to p < 0.001 (uncorrected for multiple comparisons). Clusters surviving the primary threshold were regarded as signiﬁcant when falling below FWE-corrected cluster-level threshold of
0.05. No minimum cluster size was determined.
3. Results
Sensor-level analysis of the whole time window from 0 to 300 ms

Table 2
Statistical results from sensor-level analysis.
Cluster-level pvalued
FWE-corr.

Electrical
deviant > standard

a,b,c,g

Tactile
deviant > standard

a,b,c,g

Tactile deviant > Electrical deviant
a
b
c
d
e
f
g

a,b,c,g

voxels per
cluster

< 0.001
< 0.001
0.002
< 0.001

704
2630
403
5065

< 0.001
0.145
< 0.001

6633
160
2230

Peak-level pvalued
FWE-corr.

T

Z

0.038
0.317
0.523
0.009
0.023f
0.032
0.047
0.091

8.21
6.34
5.84
9.40
8.53
8.23
7.90
6.72

4.98
4.36
4.15
5.31
5.08
4.99
4.89
4.50

Degrees of freedom = 15, Voxel size 4.3 mm 5.4 mm 1.0 ms.
Volume 239,596 voxels.
Height threshold T = 3.73, p = 0.001 (unc.).
p-values adjusted for search volume.
Coordinates projected to 2D plane with time as the third dimension.
Two separate statistically signiﬁcant peaks within cluster.
> indicates direction of stronger activation.


Peak coordinates and cluster peak time in scalp-time
images (mm, mm, ms)e

−26, 8, 45
−21, 2, 126
43, -3, 167
55, 24, 165
47, 40, 162
−34, 24, 166
−17, 13, 48
38, 2, 147
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Fig. 1. Grand average RMS combined gradiometer waveforms from representative channels for both conditions illustrating diﬀerences between deviant and standard
stimulations. The locations of the representative channels approximately correspond to contra- and ipsi-lateral parietal cortical areas. Arrows indicate cluster and/or
peak-level time points of statistical diﬀerences. Vertical lines illustrate the time windows, determined for source-level analysis, enclosing early latency contralateral
(C) and long-latency bilateral (A & B) waveform components. (*p < 0.05, **p < 0.01 & ***p < 0.001).

in this time window. The long-latency time window 110–185 ms
showed within condition diﬀerences when comparing the deviant and
standard stimulations. Electrical stimulation revealed one cluster with a
stronger activation after the deviant stimulation in the contralateral SII
cortex. Tactile stimulation showed three clusters with stronger activation after the deviant stimulation in the contralateral SII cortex and
bilateral SI cortices. In the comparison of deviant stimulations between
the conditions, tactile stimulation showed two clusters with stronger
activation than was observed with the electrical stimulation in bilateral
SI cortices. Fig. 2 illustrates the diﬀerences in brain activity during the
time windows 40–58 ms and 110–185 ms within and between conditions.

revealed diﬀerences within both conditions between standard and deviant stimulations (Table 2). Our analysis method indicated peak
cluster time points showing diﬀerences within major waveform components. Fig. 1 shows grand average RMS gradiometer waveforms from
representative channels illustrating these diﬀerences within conditions
between deviant and standard stimulations. Electrical stimulation revealed three clusters in channel locations approximately corresponding
to the parietal cortical area whereas deviant stimulation showed
stronger activation than standard stimulation in contralateral channels
around the 45 ms and 126 ms peak cluster time points, and in the ipsilateral channels at around the 167 ms time point. At the 45 ms time
point, also a peak-level diﬀerence in the contralateral channels was
detected. Tactile stimulation revealed two clusters also in channel locations approximately corresponding to the parietal cortical area where
deviant stimulation showed stronger activation than standard stimulation in the bilateral channels. Ipsilateral channels revealed two peaklevel diﬀerences at 162 ms and 165 ms and on the contralateral side at
166 ms. The contralateral channels revealed a peak-level diﬀerence at
the 48 ms time point however, the corresponding cluster did not reach a
diﬀerence that was statistically signiﬁcant. Further comparisons between the conditions detected diﬀerences after deviant stimulation,
where tactile stimulation revealed one cluster with stronger activation
in the ipsilateral channels around the 147 ms time point.
Based on the sensor-level diﬀerences, the time windows enclosing
the two main waveform components were determined from 40 ms to
58 ms and from 110 ms to 185 ms (Fig. 1) for source-level analysis.
Source-level analysis revealed within and between condition diﬀerences, which are summarized in Table 3. During the 40–58 ms time
window, deviant stimulation showed one cluster with stronger activation than in standard stimulation in the contralateral SI cortex in both
conditions. However, there were no diﬀerences between the conditions

4. Discussion
In the present study, we investigated the features of automatic somatosensory change detection system after two diﬀerent stimulus
types. Our study demonstrates the feasibility of using tactile stimulation
in reliably detecting SMMR, with diﬀerences in the source level activation when compared to electrical stimulation. Both tactile and electrical deviant stimulation elicited the early latency component (M50)
within the 40–58 ms time window in the contralateral SI cortex and the
somatosensory mismatch response component (SMMR) within the
110–185 ms time window in the SI and SII cortices. The diﬀerence
between stimulation types emerged after deviant stimulation, where
the SI cortex was active bilaterally during the SMMR component after
tactile stimulation.
In the present study, while diﬀering in the type of stimulus being
delivered, both conditions elicited somatosensory mismatch responses.
As compared to the early M50 component observed in the present
study, there are previous reports of a similarly enhanced early
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Table 3
Statistical results from source-level analysis.

Electrical deviant > standard 40–58 ms a,b,c,e
Tactile deviant > standard 40–58 ms a,b,c,e
Electrical deviant > standard 110–185 ms a,b,c,e
Tactile deviant > standard 110–185 ms a,b,c,e

Tactile deviant > Electrical deviant 110–185 ms

a
b
c
d
e

a,b,c,e

Cluster-level p-valued
FWE-corr.

vertices per cluster

Peak-level p-valued
FWE-corr.

T

Z

0.005
0.003
0.025
0.019
0.034
0.034
0.049
0.045

46
55
34
37
31
31
30
31

0.353
0.243
0.080
0.174
0.348
0.371
0.190
0.202

4.21
4.45
5.23
4.69
4.17
4.12
4.54
4.49

3.37
3.50
3.89
3.62
3.35
3.32
3.54
3.52

Peak MNI coordinates within cluster

−48, −38, 45
−38, −39, 39
−60, −44, 27
−62, −44, 29
−43, −23, 38
44, −23, 39
−43, −23, 38
44, −23, 39

Degrees of freedom = 15.
Volume 8196 vertices.
Height threshold T = 3.73, p = 0.001 (unc.).
p-values adjusted for search volume.
> indicates direction of stronger activation.

Similarly to our results, Akatsuka et al. (2007a; 2007b) also reported contralateral SI activation, in addition to contralateral SII, occurring during the late component within the 150–250 ms time
window. Although they used a single dipole model and only the
strongest generator was selected as the source in either SI or in SII in
individual subjects, they concluded that two or more sources may
generate the late component (Akatsuka et al., 2007a). Late SI activation
around or later than the 100 ms post-stimulus has also been observed
previously, e.g. in Otsuru et al. (2011) after the intensity change in
electrical pulse trains as well as in Allison et al. (1989), where intracortical SEP recording revealed long-latency contra- and ipsi-lateral
SI activations. Korvenoja et al. (1995) observed ipsilateral late sensorimotor cortex activation after electrical median nerve stimulation and
after mechanical tactile stimulation as reported by Hadoush et al.
(2010). In particular, the ipsilateral SI cortex activation has been elusive to record after somatosensory stimulation possibly either due to
interindividual variability or due to weaker responses generated at the
ipsilateral SI that might be masked by larger amplitude responses from

component occurring after deviant stimulus either regarding latency
(Akatsuka et al., 2005, 2007a; Shinozaki et al., 1998) or source location
in the contralateral SI cortex (Akatsuka et al., 2007b). The SMMR
component latencies in both conditions in the present study were similar and corresponded well with previous reports (Akatsuka et al.,
2005; Kekoni et al., 1997; Shinozaki et al., 1998; Strömmer et al., 2014)
occurring within the 110–185 ms time window. The source analysis
revealed an active source location for the SMMR component in both
conditions in the contralateral SII cortex and this ﬁnding is consistent
with previous studies (Akatsuka et al., 2007b; Naeije et al., 2018). Interestingly, in addition to the contralateral SII activation, tactile stimulation elicited bilateral SI cortex activation during the SMMR component. It is well known that the SI cortex receives stimuli from the
contralateral side of the body but previous research has suggested that
also the ipsilateral SI cortex is involved in bilateral integration of tactile
stimuli (Tamè et al., 2016). The recent review of Tamè et al. (2016)
emphasized the importance of the concept that there is already an early
bilateral involvement of the SI cortex in tactile processing.

Fig. 2. Diﬀerences in brain activation within
conditions showing signiﬁcantly diﬀerent activation in the contralateral SI cortex during
the 40–58 ms time window after tactile and
electrical deviant stimulations, respectively,
compared to standard stimulation. During the
110–185 ms time window as compared to
standard stimulation, tactile deviant stimulation evoked signiﬁcantly diﬀerent brain activations in bilateral SI and contralateral SII
cortex while electrical deviant stimulation
showed signiﬁcantly diﬀerent activation in the
contralateral SII cortex. Diﬀerences between
conditions, as shown in the lower part of the
ﬁgure, revealed the signiﬁcantly diﬀerent activation in the bilateral SI cortices during the
110–185 ms time window after tactile deviant
stimulation when comparing deviant stimulations between conditions. (> in ﬁgure indicates the direction of the stronger activation.
*p < 0.05, **p < 0.01 & ***p < 0.001).
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Tactile stimulation elicited a larger number of active brain areas during
the SMMR component than electrical stimulation as it elicited bilateral
SI activation, in addition to contralateral SII activation, possibly due to
more selective sensory input by tactile stimulation. Increasing our understanding of the somatosensory processing may help to reveal the
mechanisms underlying the altered sensory processing present in several disorders. Tactile stimulation could be a beneﬁcial method for
studying patient groups with altered sensory processing since, as
compared to electrical stimulation, it may be more tolerable and patient-friendly as well as being closer to natural tactile stimulation.

the ipsilateral SII (Allison et al., 1989; Korvenoja et al., 1995). Hadoush
et al. (2010) reported similar results as found here with diﬀerences in
the activated brain areas between mechanical tactile and electrical
stimulation and they hypothesized that the ipsilateral SI activation
could be recorded more consistently after mechanical tactile stimulation in contrast with electrical stimulation due to the more selective
tactile sensory input. Whereas tactile stimuli activate more uniform
ﬁber types (Pratt et al., 1979), electrical stimulation activates a large
number of ﬁber types with diﬀerent conduction velocities (Forss et al.,
1994; Gandevia et al., 1982; Kimura, 2001).
Our results indicate that tactile stimulation is a feasible method for
investigating the somatosensory change detection system. In addition to
basic research conducted with healthy individuals, the exploitation of
tactile stimulation could be beneﬁcial in the investigation of disorders
manifesting with sensory deﬁcits, e.g. reduced tactile acuity in chronic
neck pain (Harvie et al., 2018), sensory processing deﬁcits in multiple
sclerosis (Arpin et al., 2017) and impaired tactile processing in the
autism spectrum disorder (Puts et al., 2014; Tavassoli et al., 2016).
Although mismatch negativity studies have reported changes in the
automatic change detection system usually manifesting as an attenuated auditory MMN amplitude in diverse disorders (e.g. in dyslexia,
autism and Parkinson’s disease), the possibilities of applying somatosensory MMR in clinical studies have been under-utilized (Näätänen,
2009). However, Restuccia et al. (2007) have identiﬁed abnormal
SMMRs in patients with cerebellar damage. Furthermore, Chen et al.
(2018) recently demonstrated abnormal somatosensory mismatch negativity in cervical dystonia patients while their auditory mismatch
negativity was normal as compared to healthy controls. This ﬁnding
reinforces the value of using domain speciﬁc experimental tools e.g. the
somatosensory experimental paradigm in disorders presenting with
somatosensory domain pathologies. The practical advantages of tactile
stimulation are its compatibility with imaging methods that have a low
tolerance to electromagnetic ﬁelds, such as fMRI and MEG, the lack of
stimulus-related artifacts; it may also be more tolerable e.g. to small
children as well as being more reminiscent of natural stimuli (Kawohl
et al., 2007).
Somatosensory mismatch responses are inﬂuenced by many different parameters in somatosensory stimulation paradigm. Our stimulation paradigm, involving temporal, location and probability parameters, ensured that the two stimulation points could be automatically
discriminated. Akatsuka et al. (2005) applied their paired pulse stimulation paradigm and speculated that a suﬃcient temporal diﬀerence,
during which the two stimuli could be clearly discriminated, was
needed to elicit the enhanced N60 component. In their subsequent
studies, Akatsuka et al. (2007b) state that with respect to stimulus location, the somatosensory mismatch response did not depend on the
distance between the two stimulus points as long as the two points
could be automatically discriminated and furthermore, the deviant
stimulus probability at 10% induced larger components at 30–70 ms
and 150–250 ms as compared to a more frequent probability at 30% or
50% (Akatsuka et al., 2007a). However, it would be advantageous to
conduct further research with a wider variety of stimulus parameters
e.g. stimulus frequency or intensity and to utilize more sophisticated
analysis methods. For example, it could be beneﬁcial to investigate
connectivity between active brain areas as this could clarify the reasons
for the diﬀerences between processing of diﬀerent stimulus types. The
lack of individual structural MR images in our data limits the accuracy
of the source localization at the level of cytoarchitectonic areas however, according to MEG recording and reporting guidelines (Gross et al.,
2013, see Materials and Methods section 2.4) digitization of individual
head shapes can be used with MRI templates to allow the localization of
the distinct source activity.
In conclusion, our data shows that tactile stimulation is a feasible
method for reliably detecting SMMR and further for elucidating the
somatosensory change detection system while producing somewhat
similar brain activations as the more often used electrical stimulation.
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,QWHUKHPLVSKHULFWUDQVIHULVQHFHVVDU\IRUVHQVRU\LQWHJUDWLRQDQGFRRUGLQDWLRQRIERG\VLGHV
:HVWXGLHGKRZVRPDWRVHQVRU\LQSXWIURPRQHERG\VLGHPD\UHDFKERWKERG\VLGHV)LUVW
ZHLQYHVWLJDWHGZLWKKHDOWK\DGXOWVZKLFKXQLDQGELODWHUDOEUDLQDUHDVZHUHLQYROYHGLQ
FRQVHFXWLYH VWDJHV RI DXWRPDWLF VHQVRU\ SURFHVVLQJ RI QRQQRFLFHSWLYH SHULSKHUDO
VWLPXODWLRQ6RPDWRVHQVRU\HYRNHGILHOGV 6()V WRHOHFWULFDOVWLPXODWLRQZHUHUHFRUGHGZLWK
FKDQQHO PDJQHWRHQFHSKDORJUDSK\ LQ WZR FRQGLWLRQV )LUVW 6()V ZHUH UHJLVWHUHG
IROORZLQJ VHQVRU\ UDGLDO QHUYH 51  VWLPXODWLRQ WR GRUVDO VXUIDFH RI WKH ULJKW KDQG DQG
VHFRQGIROORZLQJPHGLDQQHUYH 01 VWLPXODWLRQDWWKHULJKWZULVW&RUWLFDODFWLYDWLRQVZHUH
ORFDWHG LQ FRQWUDODWHUDO SRVWFHQWUDO J\UXV DIWHU 01 DQG 51 VWLPXODWLRQV DQG LQ ELODWHUDO
RSHUFXORLQVXODU DUHDDIWHU 51 VWLPXODWLRQ )LUVW FRPSRQHQW RFFXUUHGHDUOLHU DIWHU 01 WKDQ
51VWLPXODWLRQ0LGGOHODWHQF\FRPSRQHQWVKDGVLPLODUODWHQFLHVZLWKVWURQJHUDFWLYDWLRQLQ
FRQWUDODWHUDO SRVWFHQWUDO J\UXV DIWHU 01 WKDQ 51 VWLPXODWLRQ ,QWHUHVWLQJO\ ORQJ ODWHQF\
FRPSRQHQWV ORFDWHG LQ ELODWHUDO RSHUFXORLQVXODU DUHD DIWHU 51 VWLPXODWLRQ VKRZHG ODWHQF\
GLIIHUHQFH EHWZHHQ KHPLVSKHUHV LH DFWLYDWLRQ SHDNHG HDUOLHU LQ FRQWUDODWHUDO WKDQ LQ
LSVLODWHUDOVLGH$GGLWLRQDOH[SHULPHQWVFRPSDULQJQRYHOLQWUDFXWDQHRXVQRFLFHSWLYH51DQG
01 HOHFWULFDO VWLPXOL FRQILUPHG ELODWHUDO ORQJ ODWHQF\ DFWLYDWLRQ HOLFLWHG E\ HDFK VWLPXOXV
W\SH DQG KLJKOLJKWHG ODWHQF\ GLIIHUHQFHV EHWZHHQ KHPLVSKHUHV 9DULDWLRQV LQ DFWLYDWLRQ RI
ELODWHUDO RSHUFXORLQVXODU DUHDV PD\ FRUURERUDWH WKHLU UROH LQ SDLQ QHWZRUN DQG LQ
PXOWLVHQVRU\ LQWHJUDWLRQ 2XU ILQGLQJV LPSO\ WKDW WKHVH DUHDV SUHVHQW D UHOD\ VWDWLRQ LQ
PXOWLVHQVRU\VWLPXOXVGHWHFWLRQ





Ϯ

,1752'8&7,21
/RQJ KHOG NH\ FRQFHSWLRQ LQ FRUWLFDO VHQVRU\ SK\VLRORJ\ LV WKDW SULPDU\ VRPDWRVHQVRU\
FRUWH[ 6,  UHVSRQGV H[FOXVLYHO\ RU PDLQO\ WR WDFWLOH DQG RWKHU VRPDWRVHQVRU\ VWLPXODWLRQ
IURPFRQWUDODWHUDO VLGHRI WKH ERG\ 7KLV LV HYLGHQFHG LQ WH[WERRNVDQG QRQLQYDVLYH VWXGLHV
.DNLJL HW DO D 1REDFN HW DO  3HQILHOG

 5DVPXVVHQ   DQG \HW

LQWHUKHPLVSKHULFWUDQVIHULVQHFHVVDU\IRUVHQVRU\LQWHJUDWLRQDQGFRRUGLQDWLRQRIERWKVLGHV
RIWKHERG\7KHPRVWSURPLQHQWVWUXFWXUHUHVSRQVLEOHIRULQWHUKHPLVSKHULFWUDQVIHULVFRUSXV
FDOORVXP &&  ZKLFK PD\ KDYH GHSHQGLQJ RQ WDVN UHTXLUHPHQWV LQKLELWRU\ RU H[FLWDWRU\
IXQFWLRQ )OLQJHWDOYDQGHU.QDDS YDQGHU+DP 7RGDWHWKHH[DFWQDWXUH
RIWKLVWUDQVIHULVQRWNQRZQKRZHYHUIRUH[DPSOHWKHLPSRUWDQFHLQOLPLWLQJVSUHDGLQJRI
H[FLWDWRU\IXQFWLRQYLD&&LQVHYHUHHSLOHSWLFVHL]XUHSUHYHQWLRQZLWKFRUSXVFDOORVRWRP\KDV
EHHQ ZHOO HVWDEOLVKHG IRU GHFDGHV (QJORW HW DO   1HXURSV\FKRORJLFDO OLWHUDWXUH KDV
SUHVHQWHGHYLGHQFHLQEUDLQGDPDJHGSDWLHQWVRIHJVLPXOWDQHRXVELODWHUDOWDFWLOHVHQVDWLRQV
SURGXFHG E\ XQLODWHUDO SHULSKHUDO VWLPXOL VXJJHVWLQJ WKDW WKH QRUPDOO\ RFFXUULQJ LQKLELWRU\
PHFKDQLVPOLPLWLQJWKHVHQVDWLRQWRFRQWUDODWHUDOVLGHLVGDPDJHGLQVXFKDSDWLHQW 0HGLQD
 5DSS   ,Q RUGHU WR XQGHUVWDQG WKH HIIHFWV RI VSHFLILF EUDLQ GDPDJHV LW PD\ EH
QHFHVVDU\ WR DFNQRZOHGJH LQ DGGLWLRQ WR WKH GRPLQDQW QHXURSK\VLRORJLFDO YLHZSRLQW RI
FRQWUDODWHUDOUHSUHVHQWDWLRQRIVRPDWRVHQVRU\LQSXWLQ6,PRUHFRQWH[WGHSHQGHQWLQWHJUDWLRQ
RIVRPDWRVHQVRU\LQSXWVIURPERWKERG\VLGHV7KHVHFRQGDU\VRPDWRVHQVRU\FRUWH[ 6,, KDV
EHHQ VKRZQ WR FRQWDLQ ELODWHUDO IXQFWLRQV DQG IXUWKHUPRUH VROLG IXQFWLRQDO LQWHUDFWLRQ
EHWZHHQ 6, DQG 6,, KDV EHHQ ZHOO GHPRQVWUDWHG )RUVV HW DO  +DJLZDUD HW DO 
.DNLJL HW DO D .DUKX  7HVFKH  5DLM HW DO  :DVDND HW DO   )RU
LQVWDQFH +DJLZDUD HW DO   HOHJDQWO\ GHPRQVWUDWHG V\QFKURQ\ EHWZHHQ WZR DUHDV LQ
VSHFLILFWLPHSRLQWVLQELODWHUDO6,,VIROORZLQJXQLODWHUDOVRPDWRVHQVRU\VWLPXODWLRQXWLOL]LQJ
IXQFWLRQDO FRQQHFWLYLW\ DQDO\VLV DSSO\LQJ D PHWKRG FDOOHG ZHLJKWHG SKDVHODJ LQGH[ IRU
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FRUWLFRFRUWLFDO V\QFKURQ\ DQG VKRZHG LQFUHDVHG DPRXQW RI ORFDO IXQFWLRQDO FRXSOLQJ LQ
HOGHUO\ SDUWLFLSDQWV FRPSDUHG WR \RXQJ SDUWLFLSDQWV $V WKH FRUWLFDO SURFHVVLQJ RI
VRPDWRVHQVRU\ VWLPXOL DSSHDUV WR EH PRGXODWHG E\ WDVN OHVLRQ RU DJH WKHQ DOVR WKH
SHUFHSWLRQ RI LQWHQVLW\ RI VWLPXODWLRQ QHHGV WR EH FRQVLGHUHG 7KH WUDQVLWLRQ IURP VHQVRU\
HOHFWULFDOVWLPXOXVWRQRFLFHSWLYHHOHFWULFDOVWLPXOXVPD\EHVPDOOFXUUHQWZLVH 2PRULHWDO
  EXW FRQVLGHULQJ FRUWLFDO SURFHVVLQJ LW PD\ EH VXEVWDQWLDO DV GLVWLQFWO\ SDLQIXO VWLPXOL
DFWLYDWHV FRUWLFDO SDLQ QHWZRUN $SNDULDQ HW DO   3DLQ SURFHVVLQJ QHWZRUN LQFOXGHV
SULPDU\ VRPDWRWRSLF UHSUHVHQWDWLRQ RI SDLQIXO VWLPXOL LQ SULPDU\ VRPDWRVHQVRU\ FRUWH[
2PRUL HW DO   DQG D PDWUL[ RI FRUWLFDO DUHDV LQ KXPDQV LQFOXGLQJ VHFRQGDU\
VRPDWRVHQVRU\ FRUWLFHV LQVXOD DQWHULRU FLQJXODWH FRUWH[ WKDODPXV SUHIURQWDO FRUWH[ DQG
SRVWHULRUSDULHWDOFRUWH[ $SNDULDQHWDO.DNLJLHWDOE7DUNND 7UHHGH 
(VSHFLDOO\LQWULJXLQJUHJLRQLQWKLVSDLQQHWZRUNLVWKHLQVXODZKLFKKDVEHHQLPSOLFDWHGLQD
ODUJH QXPEHU RI PDLQO\ VHQVRU\ IXQFWLRQV LQFOXGLQJ SDLQ SHUFHSWLRQ EXW HYHQ VRFLDO
HPRWLRQV DQG RWKHU FRJQLWLYH SURFHVVHV KDYH EHHQ SODFHG LQ LQVXOD $V LQVXOD UHFHLYHV
DIIHUHQWV IURP VRPH RI WKH VHQVRU\ WKDODPLF QXFOHL DP\JGDOD DQG OLPELF DQG DVVRFLDWLRQ
FRUWLFDODUHDVLWLVSODXVLEOHWKDWLWKDVDUROHLQWDFWLOHUHFRJQLWLRQ $XJXVWLQH DQGLW
PD\DOVREHHVVHQWLDOLQIRUPDWLRQRIPXOWLPRGDOVHQVRU\LQWHJUDWLRQ 1LHXZHQKX\V 
)RUPXOWLPRGDOVHQVRU\LQWHJUDWLRQDQGIXUWKHUDVVRFLDWLYHSURFHVVHVLWZRXOGEHQHFHVVDU\WR
LQWHJUDWHIXQFWLRQVLQERWKKHPLVSKHUHV

2XUDLPZDVWRLQYHVWLJDWHZKLFKXQLDQGELODWHUDOEUDLQDUHDVDUHLQYROYHGLQFRQVHFXWLYH
VWDJHVRIDXWRPDWLFVHQVRU\SURFHVVLQJRIQRQQRFLFHSWLYHSHULSKHUDOHOHFWULFDOVWLPXODWLRQLQ
KHDOWK\DGXOWV7KHGDWDZDVUHFRUGHGZLWKZKROHKHDGPDJQHWRHQFHSKDORJUDSK\ 0(* DQG
WKH VRPDWRVHQVRU\ HYRNHG ILHOGV 6()  IURP VHQVRU\ UDGLDO QHUYH 51  VWLPXODWLRQ ZHUH
FRPSDUHG ZLWK WKRVH RI PHGLDQ QHUYH 01  VWLPXODWLRQ $GGLWLRQDO H[SHULPHQWV ZHUH
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SHUIRUPHGWRHOXFLGDWHWKHGLIIHUHQFHVLQELODWHUDOEUDLQDFWLYDWLRQILUVWREVHUYHGLQFRPSDULQJ
51 DQG 01 VWLPXODWLRQV &RUWLFDO ILHOGV HOLFLWHG E\ QRYHO LQWUDFXWDQHRXV VWLPXOL ZHUH
FRPSDUHG ZLWK WKRVH RI 51 DQG 01 VWLPXOL LQ D VWULFW IDVKLRQ 1RQLQYDVLYHO\ GHWHFWHG
VRXUFHV RI 6()V DIWHU VHQVRU\ DQG PL[HG QHUYH VWLPXODWLRQV ZHUH HYDOXDWHG LQ WKLV VHWWLQJ
ZKHUH QRQQRFLFHSWLYH DQG QRFLFHSWLYH VWLPXOL ZHUH GHOLYHUHG LQ WKH VDPH ERG\ UHJLRQ
DFWLYDWLQJVDPHSHULSKHUDOSDWKZD\VEXWUHVXOWLQJLQGLIIHUHQFHVLQDFWLYDWHGEUDLQQHWZRUN

0$7(5,$/6$1'0(7+2'6
3DUWLFLSDQWV
6HYHQWHHQKHDOWK\DGXOWVSDUWLFLSDWHGLQWKHVWXG\ IRUSDUWLFLSDQWFKDUDFWHULVWLFVVHHWDEOH 
3DUWLFLSDQWV KDG QR KLVWRU\ RI QHXURORJLFDO RU SV\FKLDWULF GLVHDVHV RU DOFRKROLF RU QDUFRWLF
DGGLFWLRQV5%',PRRGTXHVWLRQQDLUH 5DLWDVDOR DGHSUHVVLRQVFDOHGHYHORSHGIRUXVH
LQ)LQODQGEDVHGRQWKHVKRUWYHUVLRQRIWKH%HFN'HSUHVVLRQ,QYHQWRU\ %HFNHWDO 
ZDV XVHG WR GHWHUPLQH WKDW QRQH RI WKH SDUWLFLSDQWV KDG DQ\ GHSUHVVLYH DQGRU DQ[LHW\
V\PSWRPV$OOSDUWLFLSDQWVZHUHULJKWKDQGHG%HIRUHUHFRUGLQJSDUWLFLSDQWVZHUHVHDWHGLQ
WKH 0(* GHYLFHDQG DVKRUW UHFRUGLQJ ZDV GRQH WR HQVXUH WKDW HJ QR PHWDO REMHFWV LQ WKH
KHDG RU XSSHU ERG\ ZHUH SUHVHQW WR JHQHUDWH DUWLIDFWV RU FRQWDPLQDWH 0(* UHFRUGLQJ
$GGLWLRQDOH[SHULPHQWVZHUHSHUIRUPHGZLWKVXEMHFWV VHHWDEOH 7KHUHVHDUFKSODQIRU
RULJLQDO VWXG\ DQG DGGLWLRQDO H[SHULPHQWV ZDV DSSURYHG E\ WKH (WKLFV &RPPLWWHH RI WKH
8QLYHUVLW\RI-\YlVN\OlDQGWKHWHQHWVRI+HOVLQNL'HFODUDWLRQZHUHIROORZHG$OOSDUWLFLSDQWV
JDYHZULWWHQLQIRUPHGFRQVHQWSULRUWRSDUWLFLSDWLRQ



7DEOHVDQGDERXWKHUH 






ϱ

([SHULPHQW
7KHVWXG\ZDVFRQGXFWHGXQGHUWZRFRQGLWLRQV,QFRQGLWLRQ,VRPDWRVHQVRU\HYRNHGILHOGV
6()V  ZHUH UHJLVWHUHG IURP VHQVRU\ UDGLDO QHUYH 51  VWLPXODWLRQ WR WKH GRUVDO VXUIDFH RI
WKHULJKWKDQGSULRUWRDPRWRUWDVNRIWKHVDPHKDQG$ZHDNHOHFWULFVKRFN 'LJLWLPHU/WG
PRGHO '6$ :HOY\Q *DUGHQ &LW\ 8.  ZDV DSSOLHG  WLPHV WR WKH GRUVDO VXUIDFH RI WKH
ULJKWKDQGUDQGRPO\ZLWKVLQWHUVWLPXOXVLQWHUYDOV ,6, $PRWRUWDVNZDVLQVWUXFWHGDV
UHDFWLRQWLPHPRYHPHQWZKHUHWKHHOHFWULFVWLPXOLVHUYHGDVDJRVWLPXOXVDQGWKHSDUWLFLSDQW
ZDV DVNHG WR UHDFW ZLWKLQGH[ ILQJHU DEGXFWLRQ WR HDFK VWLPXOXVZKLOH NHHSLQJ WKHIRUHDUP
DQGKDQGDVUHOD[HGDVSRVVLEOH7KHUHTXHVWHGWDVNRFFXSLHGVXEMHFW¶VDWWHQWLRQGXULQJ51
VWLPXODWLRQ 3UHYLRXV UHVHDUFK KDV UHSRUWHG WKDW VSDWLDO DWWHQWLRQ WRZDUGV VWLPXODWHG KDQG
GRHVQRWPRGXODWHWKHVRXUFHVWUHQJWKVRIHDUO\6()FRPSRQHQWV 0DXJXLqUHHWDOD 
7KH VWLPXODWLQJ HOHFWURGHV GLDPHWHU  FP  ZHUH SODFHG RQ WKH SUR[LPDO HQG RI WKH ILUVW
PHWDFDUSDO DQRGH DQGRQWKHGLVWDOKHDGRIWKHXOQD FDWKRGH 7KHVWLPXOXVLQWHQVLW\ZDV
VHWWRWZLFHLQGLYLGXDOVHQVRU\WKUHVKROG PHDQP$ DQGVWLPXOXVZDVDPRQRSKDVLF
VTXDUHZDYHFXUUHQWSXOVHRIPVGXUDWLRQ7KHVWLPXOXVGLGQRWLQGXFHDQ\UHSRUWHGSDLQ
7KH UDQGRPL]DWLRQ RI WKH VWLPXOXV LQWHUYDOV ZDV JHQHUDWHG E\ SUHSURJUDPPHG FRPSXWHU
VFULSW ,Q FRQGLWLRQ ,, 6()V ZHUH UHJLVWHUHG IROORZLQJ PHGLDQ QHUYH 01  VWLPXODWLRQ DW
ULJKW ZULVW :HDN HOHFWULF VKRFNV ZHUH DSSOLHG WR WKH ZULVW DERYH PHGLDQ QHUYH 6WLPXOXV
LQWHQVLW\ZDVVHWWRLQGLYLGXDOPRWRUWKUHVKROG PHDQP$ SURGXFLQJZHDNWKXPE
PRYHPHQWDQGWKHVWLPXOXVZDVDPRQRSKDVLFVTXDUHZDYHFXUUHQWSXOVHRIPVGXUDWLRQ
DSSOLHGZLWK,6,RI+]IRUDWRWDORIVWLPXOL7KHZKROHKDQGDQGIRUHDUPZHUHUHOD[HG
WKURXJKRXW 01 VWLPXODWLRQ SHULRG (YHQ WKRXJK 51 FRQGLWLRQ LQFOXGHG D YROXQWDU\
PRYHPHQWRQO\WKHHDUO\VWDJHVRIFRUWLFDOVWLPXODWLRQSURFHVVLQJZHOOEHIRUHWKHRQVHWRI
YROXQWDU\PRYHPHQWZHUHFRPSDUHGEHWZHHQ51DQG01




ϲ

)RUDGGLWLRQDOH[SHULPHQWV5101DQGDQRYHOLQWUDFXWDQHRXVHOHFWULFDOVWLPXOL PRGLILHG
IURP .RFKV HW DO   ZHUH DSSOLHG DOO ZLWK VLPLODU UDQGRPL]HG ,6,  V  DQG VDPH
QXPEHU RI UHSHWLWLRQV   ZLWKRXW DWWHQWLRQDO WDVN 1RFLFHSWLYH LQWUDFXWDQHRXV VWLPXOL
12&, ZHUHGHOLYHUHGWRWKHWLSRIULJKWPLGGOHILQJHU7KHVXSHUILFLDOHSLGHUPDOOD\HUVRI
WKHJODEURXVVNLQZHUHUHPRYHGZLWKDVPDOOVWDLQOHVVVWHHOGULOOZLWKDGLDPHWHURIPP
$QRQPDJQHWLFFRSSHUWLSHOHFWURGHGLDPHWHUPPKHLJKWPPZDVSODFHGWRWKHVPDOO
VNLQ KROH DQG DWWDFKHG ZLWK VXUJLFDO WDSH $ QRQPDJQHWLF PHWDO ULQJ UHWXUQ HOHFWURGH ZDV
SODFHGLQWKHPHWDFDUSRSKDODQJHDOMRLQWRIWKHPLGGOHILQJHU7KHGHOLYHUHGFXUUHQWSXOVHRI
 PV GXUDWLRQ DFWLYDWHG SDOPDU GLJLWDO EUDQFK RI WKH PHGLDQ QHUYH DQG OLNHO\ DFWLYDWHG
VXSHUILFLDO QRFLFHSWLYH QHUYH WHUPLQDOV 7KH SHUFHSWLRQ RI WKLV VWLPXOXV ZDV GHVFULEHG DV D
VWLQJLQJ SDLQ 7KH LQGLYLGXDO SDLQ WKUHVKROG ZDV WHVWHG DQG IRU GDWD FROOHFWLRQ VWLPXOXV
LQWHQVLW\ PHDQP$ ZDVVHWWRSURGXFHLQYLVXDODQDORJSDLQVFDOH 9$6 

5HFRUGLQJVZHUHFDUULHGRXWZKLOHWKHSDUWLFLSDQWVZHUHVHDWHGLQWKHPDJQHWLFDOO\VKLHOGHG
URRP 9DFXXPVFKPHO]H *PE+ +DQDX *HUPDQ\  (\H PRYHPHQWV DQG EOLQNV ZHUH
UHFRUGHGZLWKHOHFWURRFXORJUDP (2* ZLWKDEDQGSDVVILOWHURI+]DQGDJDLQVHWWR
7KHSDUWLFLSDQWVZHUHLQVWUXFWHGWRDYRLGEOLQNLQJYROXQWDU\H\HPRYHPHQWVDQGRWKHU
XQQHFHVVDU\ PRYHPHQWV GXULQJ UHFRUGLQJ )LYH KHDG SRVLWLRQ LQGLFDWRUV +3,  ZHUH SODFHG
RQ WKH VFDOS 7KH +3, FRLO ORFDWLRQV LQ UHODWLRQ WR WKUHH DQDWRPLFDO ODQGPDUNV QDVLRQ DQG
ELODWHUDO SUHDXULFXODU SRLQWV  ZHUH PHDVXUHG ZLWK D ' GLJLWL]HU )DVWUDN 3ROKHPXV
9HUPRQW86$ ZLWKDGGLWLRQDOSRLQWVIURPVFDOSIRUHKHDGDQGQRVHFUHVWIRUPRUHDFFXUDWH
UHSUHVHQWDWLRQRIWKHLQGLYLGXDOKHDGVKDSH0(*ZDVUHFRUGHGZLWKWKHKHOPHWVKDSHG
FKDQQHO GHYLFH (OHNWD 1HXURPDJ 7ULX[ 6WRFNKROP 6ZHGHQ  0(* VLJQDOV ZHUH
UHFRUGHGXVLQJDEDQGSDVVILOWHURI+]0(*DQG(2*VLJQDOVZHUHVWRUHGIRUODWHU
RIIOLQHSURFHVVLQJDQGDQDO\VLV



ϳ


'DWDDQDO\VLV
)LUVW 0(* GDWD ZDV ILOWHUHG ZLWK 0D[)LOWHU VRIWZDUH (OHNWD 1HXURPDJ 6WRFNKROP
6ZHGHQ XVLQJVLJQDOVSDFHVHSDUDWLRQ 666 LQRUGHUWRUHGXFHDUWLIDFWFRPSRQHQWVWKDWDUH
QRW FDXVHG E\ EUDLQ DFWLYLW\ ZKLOH SUHVHUYLQJ VLJQDOV RULJLQDWLQJ IURP WKH EUDLQ 7DXOX 
6LPROD  7DXOX HW DO   )XUWKHU GDWD SUHSURFHVVLQJ DQG DQDO\VLV ZDV FRQGXFWHG
ZLWK%UDLQVWRUPVRIWZDUH YHUVLRQUHOHDVHG)HE  7DGHOHWDO DQG6WDWLVWLFDO
3DUDPHWULF 0DSSLQJ Y  630  VRIWZDUH /LWYDN HW DO   DYDLODEOH LQ
KWWSZZZILOLRQXFODFXNVSP UXQQLQJ XQGHU 0DWODE D 7KH 0DWKZRUNV ,QF 1DWLFN
0$ 86$  6LQFH QR LQGLYLGXDO PDJQHWLF UHVRQDQFH LPDJHV 05,  ZHUH DYDLODEOH DQ
DQDWRP\ WHPSODWH ,&%0  SURYLGHG E\ %UDLQVWRUP ZDV XVHG $FFRUGLQJ WR 0(*
JXLGHOLQHV UHFRPPHQGDWLRQ *URVV HW DO   DQ DFFXUDWH GLJLWL]DWLRQ RI WKH LQGLYLGXDO
KHDGVKDSHLVDQDSSURSULDWHPHWKRGIRUIXUWKHUVRXUFHORFDWLRQDQDO\VLVRIHOHFWURPDJQHWLF
DFWLYLW\ 7KLV VKDSH FDQ EH XVHG LQVWHDG RI WKH LQGLYLGXDO 05, WR DSSUR[LPDWHO\ DOLJQ WKH
VXEMHFW V KHDG WR D WHPSODWH KHDG +ROOLGD\ HW DO   WR DOORZ IRU DYHUDJLQJ DFURVV
VXEMHFWV $QDWRP\ WHPSODWHV ZHUH DOLJQHG DQG ZDUSHG IRU HDFK VXEMHFW ZLWK +3, GDWD
FROOHFWHG EHIRUH 0(* UHFRUGLQJ 'DUYDV HW DO   (YHQW PDUNHUV IRU WKH HOHFWULFDO
VWLPXODWLRQZHUHUHFRUGHGVLPXOWDQHRXVO\ZLWK0(*UHJLVWUDWLRQLQDOOUHFRUGLQJV$UWLIDFWV
IURP H\H PRYHPHQWV DQG EOLQNV ZHUH LGHQWLILHG DQG FOHDQHG XVLQJ VLJQDOVSDFH SURMHFWLRQ
663 PHWKRG 8XVLWDOR ,OPRQLHPL DYDLODEOHLQ%UDLQVWRUP$IWHUDUWLIDFWUHPRYDO
WKH GDWD ZDV VHJPHQWHG WR HSRFKV DFFRUGLQJ WR WKH VWLPXOXV RQVHW 7KH FRPSOHWH WLPH
ZLQGRZ RI D VLQJOH HSRFK ZDV IURP  PV WR  PV ZLWK ]HUR PDUNLQJ WKH VWLPXOXV
RQVHW6HJPHQWDWLRQSURFHVVZDVWKHVDPHIRURULJLQDO51DQG01GDWDDVZHOODVDGGLWLRQDO
H[SHULPHQWV)LUVWPV WRPV RIWKHWLPHZLQGRZZDVXVHGDVDEDVHOLQH6HSDUDWH
DYHUDJHV RI DOO FRQGLWLRQV ZHUH FRPSXWHG IRU HDFK SDUWLFLSDQW LQFOXGLQJ DGGLWLRQDO



ϴ

H[SHULPHQWVIURPDOODUWLIDFWIUHHHSRFKVDQGLQWKHRULJLQDOH[SHULPHQWJUDQGDYHUDJHVZHUH
IRUPHG

6RXUFHPRGHOLQJZDVGRQHXWLOL]LQJ%UDLQVWRUPZLWKGLVWULEXWHGPRGHOV7KHIRUZDUGPRGHO
ZDVFRPSXWHGZLWKRYHUODSSLQJVSKHUHVZKHUHRQHORFDOVSKHUHZDVDVVLJQHGWRHDFKVHQVRU
6RXUFHPRGHOVZHUHJHQHUDWHGIURPHDFKSDUWLFLSDQW¶VDYHUDJHGHSRFKVXVLQJPLQLPXPQRUP
HVWLPDWH LQ G\QDPLF VWDWLVWLFDO SDUDPHWULF PDSSLQJ G630  2ULHQWDWLRQV RI VRXUFH GLSROHV
ZHUHFRQVWUDLQHGQRUPDOO\WRFRUWLFDOVXUIDFHDQGDOOJUDGLRPHWHUVHQVRUVRI0(*UHFRUGLQJ
ZHUHLQFOXGHG

7KH LGHQWLILHG UHJLRQV RI LQWHUHVW 52,  LQGLFDWHG E\ G630 ZHUH DQDO\]HG XVLQJ
%UDLQVWRUP¶V VFRXW IXQFWLRQ IRU WHPSRUDO DQDO\VLV DQG 630 VRIWZDUH IRU UHJLRQDO DQG
VRXUFH VWUHQJWK DQDO\VLV ,Q %UDLQVWRUP WKH VFRXWV ZHUH DSSOLHG IRU HDFK SDUWLFLSDQW¶V
DYHUDJHG VRXUFH PDSV 7KH VSHFLILF ORFDWLRQV RI WKH VFRXWV ZHUH GHWHUPLQHG LQ WKH VRXUFH
PDSV E\ VLQJXODU PD[LPXP DPSOLWXGHV ZLWKLQ IRXU VHSDUDWH WLPH SHULRGV LQGLFDWHG E\
DYHUDJHGJUDGLRPHWHUZDYHIRUPFRPSRQHQWVPVPVPVDQG
PV(DFKVFRXWZDVVHWWRFRYHUYHUWLFHVFRUUHVSRQGLQJWRFPRQDYHUDJHRQWKH
FRUWLFDO VXUIDFH 2QH VFRXW UHSUHVHQWHG PHDQ DFWLYLW\ LQ HDFK VRXUFH ORFDWLRQ DQG WKH VFRXW
ZDYHIRUPV ZHUH XVHG WR FRPSDUH EUDLQ DFWLYLWLHV EHWZHHQ FRQGLWLRQV LQ WHPSRUDO GRPDLQ
XVLQJ WLPH SRLQWV RI SHDN VRXUFH ILHOG VWUHQJWKV DQG PHDQ DPSOLWXGHV RYHU  PV WLPH
ZLQGRZVDIWHUVRXUFHDFWLYDWLRQRQVHWV

6RXUFH VWUHQJWKV UHJLRQDO DQG KHPLVSKHULF GLIIHUHQFHV LQ 52,V ZHUH FRPSDUHG EHWZHHQ
FRQGLWLRQVLQ630XWLOL]LQJH[WHQVLRQWRROER[:)83LFN$WODV YHUVLRQ  0DOGMLDQHW
DO 9ROXPHWULFVWDWLVWLFDOSDUDPHWULFPDSVRIWKHWVWDWLVWLFVZHUHFRPSXWHGIURPHDFK



ϵ

LQGLYLGXDO¶VDYHUDJHVRXUFHPDSIRUPV VKRUWODWHQF\FRPSRQHQWV RUPV PLGGOHDQG
ORQJ ODWHQF\ FRPSRQHQWV  WLPH ZLQGRZV 7KHVH WLPH ZLQGRZV ZHUH SLFNHG DFFRUGLQJ WR
PHDQ SHDN VRXUFH VWUHQJWKV LGHQWLILHG IURP WKH VFRXW ZDYHIRUPV $WODVEDVHG 52, PDVNV
/DQFDVWHU HW DO  /DQFDVWHU HW DO   LQFOXGLQJ ELODWHUDO SRVWFHQWUDO J\UXV DQG
ELODWHUDOLQVXODZHUHXVHGIRUYR[HOEDVHGVWDWLVWLFDOFRPSDULVRQ

6WDWLVWLFDODQDO\VLV
6WDWLVWLFDO DQDO\VLV ZDV SHUIRUPHG ZLWK ,%0 6366  ,%0 $UPRQN 1< 86$  IRU
WHPSRUDO DQDO\VLV DQG ZLWK 630 VRIWZDUH IRU UHJLRQDO ILHOG VWUHQJWK DQDO\VLV 7HPSRUDO
YDULDEOHVZHUHFRPSDUHGZLWKSDLUHGVDPSOHVWWHVWZLWKWKHVLJQLILFDQFHWKUHVKROGVHWDWS
 $OO JURXS DQDO\VLV RI 0(* GDWD ZDV GRQH LQ VRXUFH VSDFH *URXS OHYHO GLIIHUHQFHV
EHWZHHQ LGHQWLILHG EUDLQUHJLRQV ZHUH GHWHFWHG E\ YR[HOOHYHO VWDWLVWLFDODQDO\VLV LQ 630
ZLWKWZRVDPSOHWWHVW3ULPDU\WKUHVKROGZDVVHWWRSRUS XQFRUUHFWHGIRU
PXOWLSOH FRPSDULVRQV  DQG FRUUHFWHG IRU PXOWLSOH FRPSDULVRQV E\ WKH IDOVH GLVFRYHU\ UDWH
)'5  PHWKRG &OXVWHUV ZHUH UHJDUGHG DV VLJQLILFDQW ZKHQ IDOOLQJ EHORZ )'5FRUUHFWHG
FOXVWHUOHYHOWKUHVKROGRI1RPLQLPXPFOXVWHUVL]HZDVGHWHUPLQHG

5(68/76
0DLQ EUDLQ DFWLYDWLRQV ZHUH LGHQWLILHG IURP JUDGLRPHWHU ZDYHIRUPV DQG G630 DFWLYDWLRQ
PDSV)LUVWFRPSRQHQWDIWHUVWLPXOXVRQVHWLQ51FRQGLWLRQKDGPHDQSHDNDPSOLWXGHDW
 PVDQGLQ01FRQGLWLRQDW  PVERWKORFDWLQJLQSRVWFHQWUDOJ\UXV,QERWK
FRQGLWLRQVPLGGOHODWHQF\FRPSRQHQWZDVLGHQWLILHGLQSRVWFHQWUDOJ\UXVZLWKWKHPHDQSHDN
DPSOLWXGH DW    PV LQ 51 FRQGLWLRQ DQG    PV LQ 01 FRQGLWLRQ ,Q 51
FRQGLWLRQORQJODWHQF\ELODWHUDOSRVWHULRURSHUFXORLQVXODUDUHDDFWLYDWLRQZDVLGHQWLILHGZLWK
WKH PHDQ SHDN DPSOLWXGH DW    PV LQ FRQWUDODWHUDO VLGH WR VWLPXODWLRQ DQG DW 



ϭϬ

  PV LQ LSVLODWHUDO VLGH ,W LV QRWHZRUWK\ WKDW 01 VWLPXODWLRQ GLG QRW VKRZ
FRUUHVSRQGLQJ ORQJ ODWHQF\ DFWLYDWLRQV ZKHQ ,6, ZDV  +] 51 SXUHO\ VHQVRU\  FRQGLWLRQ
P$ KDGVOLJKWO\EXWVWDWLVWLFDOO\VLJQLILFDQWO\VWURQJHUVWLPXOXVLQWHQVLW\WKDQ01
PL[HGVHQVRU\DQGPRWRU FRQGLWLRQ P$  S W GI  )RUGDWD
YLVXDOL]DWLRQ WKH JUDQG DYHUDJH 0(* ZDYHIRUPV RI 51 6() DQG 01 6() IURP
JUDGLRPHWHUVFRYHULQJOHIWSDULHWDODUHDDUHVKRZQLQILJXUHZLWKZKROHKHDGWRSRJUDSKLHV
DWPHDQSHDNFRPSRQHQWWLPHSRLQWVPLGGOHODWHQF\FRPSRQHQWLOOXVWUDWHGDWPVIRUERWK
FRQGLWLRQV PD[LPDO YDOXHV 01  PV DQG 51  PV  0HDQ UHDFWLRQ WLPH LQ PRWRU WDVN
DIWHU 51 VWLPXODWLRQ ZDV    PV LQGLFDWLQJ WKDW QR RQJRLQJ PRWRU DFWLYLW\ ZDV
SUHVHQWGXULQJWKHDQDO\]HGWLPHZLQGRZRIWRPV

)LJXUHDERXWKHUH 

0HDQ01,FRRUGLQDWHVDQGVSDWLDOGLIIHUHQFHVIRUSHDNDFWLYDWLRQVLGHQWLILHGZLWKVFRXWVIRU
HDFK FRPSRQHQW DUH VKRZQ LQ WDEOH  6SDWLDO GLVWDQFHV IRU VKRUW DQG PLGGOH ODWHQF\
FRRUGLQDWHVLQFRQWUDODWHUDOSRVWFHQWUDOJ\UXVZHUHFDOFXODWHGDQGUHYHDOHGPPGLVWDQFH
EHWZHHQ016()PVDQG516()PVFRPSRQHQWVDQGPPGLVWDQFHZLWKLQ01
FRQGLWLRQEHWZHHQ6()PVDQG6()PVFRPSRQHQWV0RUHRYHUPPGLVWDQFHZDV
GHWHFWHGZLWKLQ51FRQGLWLRQEHWZHHQ6()PVDQG6()PVFRPSRQHQWVDQGILQDOO\
PPGLVWDQFHZDVGHWHFWHGEHWZHHQ016()PVDQG516()PVFRPSRQHQWV

7DEOHDERXWKHUH 

7HPSRUDO DQDO\VLV VKRZHG GLIIHUHQFHV EHWZHHQ FRQGLWLRQV LQ ILUVW FRPSRQHQWV DIWHU
VWLPXODWLRQ0HDQSHDNDFWLYDWLRQRIWKHILUVWFRPSRQHQWLQ016()RFFXUUHGHDUOLHUDW



ϭϭ

 PVWKDQLQ516()DW  PV S W GI  0HDQWLPHSRLQWV
RI SHDN DFWLYLWLHV RI WKH PLGGOH ODWHQF\ FRPSRQHQWV VKRZHG QR VWDWLVWLFDOO\ VLJQLILFDQW
GLIIHUHQFHVEHWZHHQFRPSRQHQWVRI016()DW  PVDQG516()DW  PV S
  W   GI    /RQJ ODWHQF\ DFWLYDWLRQ LQ WKH SRVWHULRU RSHUFXORLQVXODU DUHD
IROORZLQJ 51 6() VKRZHG KHPLVSKHULF WHPSRUDO GLIIHUHQFH ZKHUH FRQWUDODWHUDO SHDN
DFWLYDWLRQ LQ UHODWLRQ WR WKH VWLPXODWHG KDQG RFFXUUHG HDUOLHU   PV  WKDQ LQ WKH
LSVLODWHUDO VLGH   PV  S   W   GI    7KLV GLIIHUHQFH ZDV DOVR
SUHVHQW LQ WKH LQLWLDWLRQ RI ELODWHUDO SRVWHULRU RSHUFXORLQVXODU DUHD DFWLYDWLRQV DV WKH
FRQWUDODWHUDO DFWLYDWLRQ VWDUWHG VLJQLILFDQWO\ HDUOLHU S   W   GI    )LJXUH 
VKRZV DFWLYDWLRQ PDSV DW PHDQ SHDN WLPH SRLQWV DQG FRUUHVSRQGLQJ WLPH FRXUVHV RI WKHVH
VRXUFHV

)LJXUHDERXWKHUH 

52,DQDO\VLVLQ630ZLWKH[WHQVLRQWRRO:)83LFN$WODVLQGLFDWHGKLJKHVWDFWLYHFOXVWHUV
LHKLJKHVWVRXUFHVWUHQJWKVZKHQFRPSDULQJDFWLYDWLRQVEHWZHHQFRQGLWLRQV01FRQGLWLRQ
VKRZHGVWURQJHUDFWLYDWLRQLQVKRUWODWHQF\FRPSRQHQWZKHQFRPSDULQJ016()PVDQG
516()PVZLWKLQPVDQDO\VLVZLQGRZDURXQGWKHPHDQSHDNWLPHSRLQWVDQGVKRZHG
KLJKHVW DFWLYH FOXVWHUV LQ FRQWUDODWHUDO SRVWFHQWUDO J\UXV DQG VHFRQGDU\ VRPDWRVHQVRU\ DUHD
6,,  01 FRQGLWLRQ VKRZHG DOVR VWURQJHU DFWLYDWLRQ LQ PLGGOH ODWHQF\ FRPSRQHQW ZKHQ
FRPSDULQJ016()PVDQG516()PVZLWKLQPVDQDO\VLVZLQGRZDURXQGPHDQ
SHDNWLPHSRLQWVZLWKKLJKHVWDFWLYHFOXVWHULQFRQWUDODWHUDOSRVWFHQWUDOJ\UXV51FRQGLWLRQ
VKRZHG VWURQJHU DFWLYDWLRQ LQ ORQJ ODWHQF\ ELODWHUDO FRPSRQHQWV ZKHQ FRPSDULQJ
FRQWUDODWHUDO 51 6()  PV DQG 01 6()  PV  DQG LSVLODWHUDO 51 6()  PV DQG
016()PV DFWLYDWLRQVZLWKLQFRUUHVSRQGLQJPVWLPHZLQGRZVDURXQGPHDQSHDN



ϭϮ

WLPH SRLQWV ZKLFK ZHUH LGHQWLILHG LQ 51 FRQGLWLRQ ZLWK KLJKHVW DFWLYH FOXVWHUV LQ ELODWHUDO
SRVWHULRU RSHUFXORLQVXODU DUHD 6HH WDEOH  DQG ILJXUH  IRU VLJQLILFDQWO\ GLIIHUHQW FOXVWHUV
DQGPHDQSHDNFRRUGLQDWHVZLWKLQFOXVWHUV

7DEOHDQGILJXUHDERXWKHUH 

$GGLWLRQDOH[SHULPHQWVZLWKVXEMHFWVILUVWUHSOLFDWHGVKRUWODWHQF\6()UHVXOWVLQ01DQG
51 VWLPXODWLRQ ZLWK VKRUW ODWHQF\ FRPSRQHQW SHDNLQJ HDUOLHU DIWHU 01   PV  WKDQ
51   PV  VWLPXODWLRQ S   W  GI    $OVR 12&, VKRUW ODWHQF\
FRPSRQHQWDW  PVRFFXUUHGODWHUWKDQWKDWRI01 S W  GI  
)XUWKHUPRUHDGGLWLRQDOH[SHULPHQWVSURGXFHGHYLGHQFHWKDWORQJODWHQF\FRPSRQHQWVFDQEH
REWDLQHGZLWK01VWLPXODWLRQZKHQ,6,LVORQJHU7KLVFDQEHREVHUYHGLQVRXUFHDFWLYDWLRQV
LQ ILJXUH  % DQG & 12&, VWLPXODWLRQ SURGXFHG VLPLODU EUDLQ DFWLYDWLRQV WKDQ 51
VWLPXODWLRQZLWKFRUUHVSRQGLQJVKRUWODWHQF\FRPSRQHQW 12&,51PV
S   W   GI    ,QWHUHVWLQJO\ QRFLFHSWLYH VWLPXODWLRQ SURGXFHG ORQJ ODWHQF\
ELODWHUDO DFWLYDWLRQV ZKLFK UHVHPEOHG WKRVH HOLFLWHG E\ 51 LQ FRQWUD DQG LSVLODWHUDO
KHPLVSKHUHV ERWK LQ RULJLQDO DQG DGGLWLRQDO H[SHULPHQWV 7KRVH UHVSRQVHV LQ LSVLODWHUDO
KHPLVSKHUH DIWHU 12&, VWLPXODWLRQ LQ DGGLWLRQDO H[SHULPHQWV GLIIHUHG IURP 01 LQ WLPLQJ
12&,PVDQG01PV S W GI  52,DQDO\VLV
ZLWKVXEMHFWVDPRQJDGGLWLRQDOH[SHULPHQWVGLGQRWUHYHDOGLIIHUHQFHVLQVRXUFHVWUHQJWKV
EHWZHHQ FRQGLWLRQV $GGLWLRQDOO\ ZH FRPSDUHG ORQJODWHQF\ VRXUFH VWUHQJWKV RI  VXEMHFWV
IURP RULJLQDO VWXG\ ZLWK WKH GDWD RI DGGLWLRQDO H[SHULPHQWV 7KLV FRPSDULVRQ UHYHDOHG
VWURQJHU FOXVWHUOHYHO DFWLYDWLRQ LQ FRQWUDODWHUDO RSHUFXORLQVXODU DUHD DIWHU ORQJ ,6, 01
VWLPXODWLRQ KHLJKWWKUHVKROGS  XQF )'5FRUUS YR[HOVSHUFOXVWHU W
  GI   SHDN FRRUGLQDWH ZLWKLQ FOXVWHU      FRPSDUHG WR VKRUW ,6, 01



ϭϯ

VWLPXODWLRQ )XUWKHUPRUH 12&, VWLPXODWLRQ UHYHDOHG VWURQJHU DFWLYDWLRQ LQ FRQWUD KHLJKW
WKUHVKROG S   XQF  )'5FRUU S   YR[HOV SHU FOXVWHU   W   GI  
SHDNFRRUGLQDWHZLWKLQFOXVWHU  DQGLQLSVLODWHUDO KHLJKWWKUHVKROGS 
XQF )'5FRUUS YR[HOVSHUFOXVWHU W GI SHDNFRRUGLQDWHZLWKLQ
FOXVWHU  RSHUFXORLQVXODUDUHDVFRPSDUHGWRVKRUW,6,01VWLPXODWLRQ

)LJXUHDERXWKHUH 

',6&866,21
2XU UHVXOWV VKRZ WKDW SHULSKHUDO VWLPXODWLRQ WRRQO\ VOLJKWO\ GLYHUJLQJ KDQG DUHDV SURGXFHV
VSDWLDO DQG WHPSRUDO GLVVRFLDWLRQ LQ EUDLQ DFWLYDWLRQV :H GHPRQVWUDWHG WKDW ILUVW 6()
DFWLYDWLRQ RFFXUUHG HDUOLHU LQ SRVWFHQWUDO J\UXV DIWHU 01 VWLPXODWLRQ WKDQ DIWHU 51
VWLPXODWLRQ HYHQ WKRXJK PLGGOH ODWHQF\ 6() RFFXUUHG DW VLPLODU WLPH SRLQWV DOVR LQ
SRVWFHQWUDO J\UXV ,QWHUHVWLQJO\ 51 VWLPXODWLRQ DFWLYDWHG SRVWHULRU RSHUFXORLQVXODU DUHD
ELODWHUDOO\ ZLWK WHPSRUDO GLIIHUHQFHV DW RQVHW WLPHV DQG DW PHDQ SHDN DFWLYDWLRQ WLPHV
EHWZHHQ FRQWUD DQG LSVLODWHUDO KHPLVSKHUHV ZKLOH 01 VWLPXODWLRQ ZLWK VKRUWHU ,6, GLG QRW
HOLFLW ORQJ ODWHQF\ DFWLYDWLRQV +RZHYHU WKLV GLVFUHSDQF\ FRUUHVSRQGV ZHOO ZLWK SUHYLRXV
UHVHDUFK VKRZLQJ WKDW ORQJODWHQF\ UHVSRQVHV LQ 6,, DUHDV GHFUHDVH ZLWK VKRUWHU ,6,
:LNVWU|P HW DO   :LWK DGGLWLRQDO H[SHULPHQW XVLQJ VLPLODU ,6, ZH ZHUH DEOH WR
UHSOLFDWH WKH VKRUW ODWHQF\ 6() UHVXOWV DQG FRQILUP WKDW ZLWK ORQJHU ,6, ORQJODWHQF\
UHVSRQVHVDUHREWDLQHGDIWHU01VWLPXODWLRQ

)LUVW 6() FRPSRQHQWV LQ RXU H[SHULPHQWV FRUUHVSRQGHG ZHOO ZLWK SUHYLRXV UHVHDUFK
HVSHFLDOO\ LQ FDVH RI PHGLDQ QHUYH VWLPXODWLRQ ZKHUH WKH ILUVW FRPSRQHQW SHDNHG DW  PV
+DUL HW DO  .DNLJL  7LLKRQHQ HWDO  DQG WKH ILUVWFRPSRQHQW DIWHU UDGLDO



ϭϰ

QHUYH VWLPXODWLRQ SHDNHG DW  PV ,QXL HW DO   1RFLFHSWLYH VWLPXODWLRQ LQ RXU
DGGLWLRQDO H[SHULPHQWV SURGXFHG VKRUW ODWHQF\ UHVSRQVH FRUUHVSRQGLQJ WR 51 UHVSRQVH
)XUWKHUPRUHREWDLQHGVRXUFHORFDWLRQVRIWKHHDUO\6()FRPSRQHQWVFRUUHVSRQGHGZHOOZLWK
SUHYLRXVUHVHDUFK .DNLJLHWDOD0DXJXLqUHHWDOE ORFDWLQJLQWKHFRQWUDODWHUDO
SRVWFHQWUDO J\UXV 3UHYLRXV UHVHDUFK KDV SURYLGHG HYLGHQFH IRU VKRUW ODWHQF\ ELODWHUDO
DFWLYDWLRQ LQ SRVWFHQWUDO J\UXV LQGLFDWLQJ SRVVLEOH WUDQVFDOORVDO LQWHUKHPLVSKHULF WUDQVIHU
EHWZHHQ FRQWUD DQG LSVLODWHUDO SULPDU\ VRPDWRVHQVRU\ FRUWLFHV 6FKQLW]OHU HW DO  
+RZHYHUWKLVZDVQRWVHHQLQWKHSUHVHQWVWXG\SUREDEO\GXHWRGLIIHUHQWVWLPXOXVSDUDGLJPV
,Q DGGLWLRQ WR FRQWUDODWHUDO DFWLYDWLRQ LQ SRVWFHQWUDO J\UXV UHJLRQDO DQDO\VLV VKRZHG DOVR
FRQWUDODWHUDO 6,, DFWLYDWLRQ GXULQJ VKRUW ODWHQF\ FRPSRQHQW WKH ILQGLQJ FRUUHVSRQGLQJ ZLWK
.DUKXDQG7HVFKH  ZKRDOVRREVHUYHGFRQWUDODWHUDO6,,DUHDDFWLYDWLRQPVDIWHU
01VWLPXODWLRQ8VLQJUDGLDOQHUYHVWLPXODWLRQIRUHOLFLWLQJVRPDWRVHQVRU\HYRNHGILHOGVLV
UDWKHU OHVV FRPPRQ KRZHYHU WKH SRVVLEOHDGYDQWDJHLQ VWXG\LQJ VHQVRU\ V\VWHPV FRXOGEH
WKDWWKHUDGLDOQHUYHDUHDRQWKHGRUVXPRIWKHKDQGRQO\DFWLYDWHVVHQVRU\DIIHUHQWV .LPXUD
 ZKHQPHGLDQQHUYHDWWKHZULVWLVDPL[HGQHUYHDQGLWVVWLPXODWLRQWKXVDFWLYDWHVDOVR
PRWRUILEHUV .LPXUD 3UHYLRXVLQYDVLYH %DUEDHWDO DQGQRQLQYDVLYH 6ULVD
DQHWDO UHVHDUFKKDVVLPLODUO\WRRXUSUHVHQWUHVXOWVORFDWHGWKHJHQHUDWRURIPLGGOH
ODWHQF\ FRPSRQHQWV DW DURXQG  PV LQ WKH SRVWFHQWUDO J\UXV ,W LV LQWHUHVWLQJ WR QRWH
DOWKRXJK ILUVW FRPSRQHQWV GLIIHUHG LQ ODWHQF\ EHWZHHQ 01 DQG 51 FRQGLWLRQV  PV ODWHU
IRU51VWLPXODWLRQ WKHPLGGOHODWHQF\FRPSRQHQWVRFFXUUHGDWVLPLODUODWHQFLHV

:HIRXQGORQJODWHQF\ELODWHUDO6()VRXUFHVDIWHUUDGLDOQHUYHVWLPXODWLRQDQGSURSRVHGWKDW
WKHVH DFWLYDWLRQV RULJLQDWH LQ SRVWHULRU LQVXODU DUHD EDVHG RQ ODWHQFLHV ,QXL HW DO 
/LEHUDWL HW DO   DQG 01, ORFDWLRQ FRRUGLQDWHV 7KH SUHVHQW GDWD LQGLFDWHG PHDQ 01,
FRRUGLQDWHVIRUORQJODWHQF\DFWLYDWLRQDWPVLQWKHFRQWUDODWHUDO OHIW KHPLVSKHUHLQ 



ϭϱ

    DQG DW  PV LQ WKH LSVLODWHUDO ULJKW  KHPLVSKHUH LQ    
DFFRUGLQJWRVFRXWV7KHVHSHDN01,FRRUGLQDWHVZLWKLQFOXVWHUVORFDWHGLQOHIWKHPLVSKHUHLQ
 DQGLQULJKWKHPLVSKHUHLQ  DFFRUGLQJWR630DQDO\VLV VHHWDEOHV
 DQG   7KHVH FRRUGLQDWHV FRUUHVSRQG UDWKHU ZHOO WR WKH FHQWHU RI JUDYLW\ FRRUGLQDWHV LQ
SRVWHULRU LQVXOD F\WRDUFKLWHFWRQLF DUHDV ,J OHIW   DQG ULJKW     RU ,J
OHIW    DQG ULJKW     GHILQHG E\ .XUWK HW DO   FRPSDUHG WR
RSHUFXOXP  DUHD 23  ZKHUH FHQWHU RI JUDYLW\ PHDQ FRRUGLQDWHV ZHUH LQ WKH OHIW
KHPLVSKHUHLQ  DQGLQULJKWKHPLVSKHUHLQ   (LFNKRIIHW
DO D  7KH DIRUHPHQWLRQHG 23 ORFDWLRQ (LFNKRII HW DO D  SURSRVHG WR LQGLFDWH
PRVWOLNHO\6,,DUHDLQKXPDQV

6WLOO RYHUODSSLQJ SRVWHULRU LQVXODU DQG VHFRQGDU\ VRPDWRVHQVRU\ FRUWH[ 6,,  DFWLYDWLRQ LV
SRVVLEOH ,QXL HW DO   DOWKRXJK ZH ZHUH QRW DEOH WR GLVWLQJXLVK VHSDUDWH EUDLQ DUHDV
FRQWULEXWLQJWRWKHVHELODWHUDODFWLYDWLRQV2QHUHDVRQPD\EHWKHFORVHSUR[LPLW\RIORFDWLRQV
DQGDFWLYDWLRQVUHSRUWHGE\,QXLHWDO  LQ6,,DQGSRVWHULRULQVXOD,QWKHSUHVHQWVWXG\
DFWLYDWHG DUHDV ZHUH ORFDOL]HG LQ WKH JHQHUDO DUHD RIWHQ ODEHOHG DV SDULHWDO RSHUFXOXP DQG
XVXDOO\ FRQVLGHUHG DV WKH 6,, UHJLRQ ]X (XOHQEXUJ HW DO   (LFNKRII HW DO D
E ZHUHDEOHWRGLVVRFLDWHWKHSDULHWDORSHUFXOXPWRIRXUGLIIHUHQWF\WRDUFKLWHFWRQLFDUHDV
DQG WKH\ UDLVHG WKH TXHVWLRQ LI 6,,UHJLRQ LV DQ DSSURSULDWH WHUPIRU WKLVEUDLQ DUHD ZKLOH LW
VHHPV WKDW LW LQFOXGHV D QXPEHU RI DQDWRPLFDOO\ DQG SK\VLRORJLFDOO\ GLVWLQFW DUHDV
)XUWKHUPRUH SUHYLRXV UHVHDUFK KDV VKRZQ WKDW SRVWHULRU LQVXODU DUHD LV FRQQHFWHG
UHFLSURFDOO\ WR WKH QHLJKERULQJ 6,, DUHD DQG UHFHLYHV SURMHFWLRQV DOVR IURP WKH 6, FRUWH[
$XJXVWLQH  )ULHGPDQ HW DO   KLJKOLJKWLQJ WKH FRPSOH[LW\ RI WKLV EUDLQ DUHD
LQYROYHGLQVRPDWRVHQVRU\SURFHVVLQJ




ϭϲ

,Q RXU SUHVHQW VWXG\ ZH IRXQG  PV ODWHQF\ GLIIHUHQFH EHWZHHQ FRQWUD DQG LSVLODWHUDO
SHDN DFWLYDWLRQV ERWK LQ 51 DQG LQ 12&, LQ WKH SRVWHULRU RSHUFXORLQVXODU DUHDV ZKHUH
FRQWUDODWHUDOVLGHSHDNHGHDUOLHU7KLVUHVXOWFRUUHVSRQGVZHOOZLWKSUHYLRXVVWXGLHVUHSRUWLQJ
VLPLODU ODWHQF\ GLIIHUHQFHV EHWZHHQ KHPLVSKHUHV LQ SRVWHULRU LQVXODU DUHD LQ HJ ,QXL HW DO
 XVLQJQRQQRFLFHSWLYHWUDQVFXWDQHRXVHOHFWULFDOVWLPXODWLRQWRUDGLDOQHUYHDUHDDQGLQ
/LEHUDWL HW DO   XVLQJ YLEURWDFWLOH VWLPXODWLRQ ZLWK LQWUDFHUHEUDO UHFRUGLQJ DQG
IXUWKHUPRUH LQ 6,, HJ LQ .DUKX DQG 7HVFKH   XVLQJ HOHFWULFDO PHGLDQ QHUYH
VWLPXODWLRQ7KLVLQWHUKHPLVSKHULFGHOD\KDVEHHQDWWULEXWHGWRFDOORVDOWUDQVPLVVLRQEHWZHHQ
FRQWUDDQG LSVLODWHUDO6,, DUHDV )URW  0DXJXLHUH  .DUKX  7HVFKH   EXWDOVR
GLUHFWWKDODPRFRUWLFDOFRQQHFWLRQWRLSVLODWHUDOKHPLVSKHUHKDVEHHQVXJJHVWHG )RUVVHWDO
 6RPDWRVHQVRU\FRUWLFHVVHHPWRSURFHVVLQIRUPDWLRQLQSDUDOOHO /LDQJHWDO RU
VHULDO .KRVQHMDG HW DO   PDQQHU EHWZHHQ EUDLQ DUHDV +RZHYHU WKLV LV VWLOO XQGHU
GHEDWH DQG UHFHQW FRPELQHG I05, DQG 0(* VWXG\ GHPRQVWUDWHG WKDW HDUO\ QHXUDO DFWLYLW\
ILUVW  PV DIWHU VRPDWRVHQVRU\ VWLPXOXV LV EHVW H[SODLQHG E\ SDUDOOHO DQG VXEVHTXHQW
DFWLYLW\ E\ VHULDO SURFHVVLQJ URXWH .OLQJQHU HW DO   ,W LV VXJJHVWHG WKDW LQVXOD VKDUHV
FRQQHFWLRQVZLWKGRUVDOWKDODPXV $XJXVWLQH'XPHWDO)ULHGPDQ 0XUUD\
  EXW UDWKHU OLWWOH LV NQRZQ DERXW FRQQHFWLRQV WR DQG IURP LQVXOD 3UHYLRXV HYLGHQFH
VXJJHVWV WKDW LQVXOD SOD\V D UROH LQ PXOWLVHQVRU\ LQWHJUDWLRQ SURFHVVLQJ PXOWLPRGDO VWLPXOL
.XUWK HW DO  /LEHUDWL HW DO  ]X (XOHQEXUJ HW DO   7KLV PXOWLPRGDO
DFWLYDWLRQLQSRVWHULRULQVXODUFRUWH[PD\HQFRPSDVVFRQYHUJHQFHRIDIIHUHQWVRPDWRVHQVRU\
LQIRUPDWLRQLQWKLVDUHD ]X(XOHQEXUJHWDO DQGPD\EHSRVWHULRULQVXODZDVDFWLYDWHG
GXHWRSXUHVHQVRU\LQSXWLQWKHSUHVHQWH[SHULPHQW

2XU RULJLQDO VWXG\ LQFOXGHG GLIIHUHQFHV LQ VWLPXOXV SDUDPHWHUV ZKLFK OLPLWHG RXU
LQWHUSUHWDWLRQ 7KH GLIIHUHQFHV LQ LQWHUVWLPXOXV LQWHUYDOV VKRUWHU LQ 01 VWLPXODWLRQ 



ϭϳ

FRQWULEXWHGWRGLIIHUHQFHVLQORQJODWHQF\FRPSRQHQWV 0DXJXLqUHHWDOD:LNVWU|PHW
DO   $GGLWLRQDO H[SHULPHQWV ZLWK IXOO\ FRPSDUDEOH LQWHUVWLPXOXV LQWHUYDOV DQG SDLQ
VSHFLILF HOHFWULFDO VWLPXODWLRQ WR ILQJHUWLS SURYLGHG VXSSRUW IRU ELODWHUDO ORQJ ODWHQF\
DFWLYDWLRQVHOLFLWHGE\DOOHOHFWULFDOVWLPXOLDQG51DQG12&,GLVVRFLDWLRQIURP01LQORQJ
ODWHQF\ DFWLYDWLRQ :H UHFRJQL]H WKH ODFN RI LQGLYLGXDO 05,V LQ RXU GDWD 7KLV PD\ UHQGHU
VRPHLQDFFXUDF\LQVSHFLILFORFDWLRQVKRZHYHUGLJLWL]DWLRQRILQGLYLGXDOKHDGVKDSHVFDQEH
XWLOL]HGZLWK05,WHPSODWHIRUORFDOL]DWLRQRIGLVWLQFWDFWLYLW\DFFRUGLQJWR0(*UHFRUGLQJ
DQG UHSRUWLQJ JXLGHOLQHV E\ *URVV HW DO  VHH 0DWHULDOV DQG 0HWKRGV VHFWLRQ 
)XUWKHUPRUHZHFDQQRWFRPSOHWHO\UXOHRXWSRVVLEOHHIIHFWVIURPSUHSDUDWLRQSKDVHWRPRWRU
WDVNEHIRUH51VWLPXODWLRQDOWKRXJKQRDFWLYHPRYHPHQWZDVREVHUYHGGXULQJRXUDQDO\VLV
ZLQGRZ

&21&/86,21
6SDWLDO DQG WHPSRUDO GLVVRFLDWLRQ ZDV REVHUYHG LQ EUDLQ DFWLYDWLRQV IROORZLQJ VOLJKWO\
GLYHUJLQJ KDQG VWLPXODWLRQ DUHDV (DUO\ DQG PLGGOH ODWHQF\ DFWLYDWLRQV ORFDWHG LQ
FRQWUDODWHUDO SRVWFHQWUDO J\UXV VKRZLQJ GLIIHUHQFHV LQ VRXUFH VWUHQJWKV KRZHYHU RQO\ HDUO\
FRPSRQHQWSHDNODWHQFLHVRI51DQG12&,VWLPXODWLRQVGLIIHUHGIURP01VWLPXODWLRQZKLOH
PLGGOH ODWHQF\ FRPSRQHQWV RFFXUUHG DW VLPLODU ODWHQFLHV ,QWHUHVWLQJO\ 51 VWLPXODWLRQ
VKRZHGORQJODWHQF\DFWLYDWLRQLQELODWHUDORSHUFXORLQVXODUDUHDV,QVXODUDUHDLVLPSOLFDWHG
WRSURFHVVPXOWLPRGDOVHQVRU\LQIRUPDWLRQDQGIXQFWLRQDVDPXOWLVHQVRU\LQWHJUDWLRQQRGH,W
LVDOVRNQRZQWRSDUWLFLSDWHLQSDLQQHWZRUNDQGSDUWRIWKHDFWLYLW\DIWHU51VWLPXODWLRQPD\
EHRZHGWRSRVVLEOHGLVFRPIRUWH[SHULHQFHGIURPVWLPXOXV7KLVVXJJHVWLRQLVVXSSRUWHGE\
WKH VLPLODULW\ RI VRXUFH DFWLYDWLRQV ZH REWDLQHG LQ DGGLWLRQDO H[SHULPHQWV ZLWK QRYHO
QRFLFHSWLYHVWLPXODWLRQ:HVKRZHGWKDWVSHFLILFSHULSKHUDOVWLPXODWLRQDFWLYDWHVLQDGGLWLRQ



ϭϴ

WR SULPDU\ VHQVRU\ DUHDV LQ FRQWUDODWHUDO SRVWFHQWUDO J\UXV ELODWHUDO RSHUFXORLQVXODU DUHDV
ZLWKGLVWLQFWODWHQF\GLIIHUHQFHEHWZHHQFRQWUDDQGLSVLODWHUDOKHPLVSKHUHV

$&.12:/('*0(176
:H ZDQW WR WKDQN WKH -\YlVN\Ol &HQWUH IRU ,QWHUGLVFLSOLQDU\ %UDLQ 5HVHDUFK 8QLYHUVLW\ RI
-\YlVN\Ol -\YlVN\Ol )LQODQG IRU SURYLGLQJ WKH 0(* IDFLOLWLHV 7KH VWXG\ ZDV IXQGHG E\
-XKR9DLQLR)RXQGDWLRQ+HOVLQNL)LQODQGJUDQW  DQG0LQLVWU\RI(GXFDWLRQDQG
&XOWXUH +HOVLQNL )LQODQG 2.0  $OO SURFHGXUHV SHUIRUPHG LQ WKH SUHVHQW
VWXG\ LQYROYLQJ KXPDQ SDUWLFLSDQWV ZHUH LQ DFFRUGDQFH ZLWK WKH HWKLFDO VWDQGDUGV RI WKH
LQVWLWXWLRQDO 8QLYHUVLW\ RI -\YlVN\Ol  UHVHDUFK DQG HWKLFV FRPPLWWHH DQG ZLWK WKH
'HFODUDWLRQRI+HOVLQNL$OOSDUWLFLSDQWVJDYHZULWWHQLQIRUPHGFRQVHQWSULRUWRSDUWLFLSDWLRQ

&21)/,&72),17(5(67
$XWKRUVKDYHQRWKLQJWRUHSRUW

$87+25&2175,%87,216
6WXG\FRQFHSWDQGGHVLJQ3++6,07
'DWDFROOHFWLRQDQGDQDO\VLVRUUHYLVLRQRIPDQXVFULSW$OODXWKRUV
,QWHUSUHWDWLRQRIGDWDDQGZULWLQJRIPDQXVFULSW3+,07

'$7$$&&(66,%,/,7<
'DWD RI WKLV SDSHU LV DYDLODEOH XSRQ UHTXHVW YLD FRUUHVSRQGLQJ DXWKRU IURP 8QLYHUVLW\ RI
-\YlVN\OlVHUYHUV





ϭϵ

$%%5(9,$7,216
&& FRUSXV FDOORVXP G630 G\QDPLF VWDWLVWLFDO SDUDPHWULF PDSSLQJ (2* HOHFWUR
RFXORJUDP )'5 IDOVH GLVFRYHU\ UDWH +3, KHDG SRVLWLRQ LQGLFDWRU ,6, LQWHUVWLPXOXV
LQWHUYDO 0(* PDJQHWRHQFHSKDORJUDSK\ 01 PHGLDQ QHUYH 05, PDJQHWLF UHVRQDQFH
LPDJH12&,LQWUDFXWDQHRXVQRFLFHSWLYHVWLPXOL23RSHUFXOXPDUHD51UDGLDOQHUYH
52,UHJLRQRILQWHUHVW6()VRPDWRVHQVRU\HYRNHGILHOG6,SULPDU\VRPDWRVHQVRU\FRUWH[
6,, VHFRQGDU\ VRPDWRVHQVRU\ FRUWH[ 630 VWDWLVWLFDO SDUDPHWULF PDSSLQJ Y  663
VLJQDOVSDFHVHSDUDWLRQ666VLJQDOVSDFHVHSDUDWLRQ9$6YLVXDODQDORJSDLQVFDOH


5HIHUHQFHV
$SNDULDQ$9%XVKQHOO0&7UHHGH5' =XELHWD-.  +XPDQEUDLQ
PHFKDQLVPVRISDLQSHUFHSWLRQDQGUHJXODWLRQLQKHDOWKDQGGLVHDVH(XU-3DLQ

$XJXVWLQH-5  7KHLQVXODUOREHLQSULPDWHVLQFOXGLQJKXPDQV1HXURO5HV
$XJXVWLQH-5  &LUFXLWU\DQGIXQFWLRQDODVSHFWVRIWKHLQVXODUOREHLQSULPDWHV
LQFOXGLQJKXPDQV%UDLQ5HV5HY
%DUED&9DOHULDQL0&ROLFFKLR* 0DXJXLqUH)  1HZGHSWKVKRUWODWHQF\
VRPDWRVHQVRU\HYRNHGSRWHQWLDO 6(3 FRPSRQHQWUHFRUGHGLQKXPDQ6,DUHD1HXURVFL
/HWW
%HFN$7:DUG&+0HQGHOVRQ000RFN-- (UEDXJK--  $Q
LQYHQWRU\IRUPHDVXULQJGHSUHVVLRQ$UFK*HQ3V\FKLDWU\
'DUYDV)(UPHU--0RVKHU-& /HDK\50  *HQHULFKHDGPRGHOVIRUDWODV
EDVHG((*VRXUFHDQDO\VLV+XP%UDLQ0DSS



ϮϬ

'XP53/HYLQWKDO'- 6WULFN3/  7KH6SLQRWKDODPLF6\VWHP7DUJHWV0RWRU
DQG6HQVRU\$UHDVLQWKH&HUHEUDO&RUWH[RI0RQNH\V-1HXURVFL
(LFNKRII6%$PXQWV.0RKOEHUJ+ =LOOHV. D 7KH+XPDQ3DULHWDO
2SHUFXOXP,,6WHUHRWD[LF0DSVDQG&RUUHODWLRQZLWK)XQFWLRQDO,PDJLQJ5HVXOWV&HUHEUDO
&RUWH[
(LFNKRII6%6FKOHLFKHU$=LOOHV. $PXQWV. E 7KH+XPDQ3DULHWDO
2SHUFXOXP,&\WRDUFKLWHFWRQLF0DSSLQJRI6XEGLYLVLRQV&HUHEUDO&RUWH[
(QJORW'-%LUN+ &KDQJ()  6HL]XUHRXWFRPHVLQQRQUHVHFWLYHHSLOHSV\
VXUJHU\DQXSGDWH1HXURVXUJ5HY
)OLQJ%:%HQVRQ%/ 6HLGOHU5'  7UDQVFDOORVDOVHQVRULPRWRUILEHUWUDFW
VWUXFWXUHIXQFWLRQUHODWLRQVKLSV+XP%UDLQ0DSS
)RUVV11DULFL/ +DUL5  6XVWDLQHGDFWLYDWLRQRIWKHKXPDQ6,,FRUWLFHVE\
VWLPXOXVWUDLQV1HXURLPDJH
)RUVV1+LHWDQHQ06DORQHQ2 +DUL5  0RGLILHGDFWLYDWLRQRIVRPDWRVHQVRU\
FRUWLFDOQHWZRUNLQSDWLHQWVZLWKULJKWKHPLVSKHUHVWURNH%UDLQ
)ULHGPDQ'3 0XUUD\($  7KDODPLFFRQQHFWLYLW\RIWKHVHFRQGVRPDWRVHQVRU\
DUHDDQGQHLJKERULQJVRPDWRVHQVRU\ILHOGVRIWKHODWHUDOVXOFXVRIWKHPDFDTXH-&RPS
1HXURO
)ULHGPDQ'30XUUD\($2 1HLOO-% 0LVKNLQ0  &RUWLFDOFRQQHFWLRQVRI
WKHVRPDWRVHQVRU\ILHOGVRIWKHODWHUDOVXOFXVRIPDFDTXHV(YLGHQFHIRUDFRUWLFROLPELF
SDWKZD\IRUWRXFK-&RPS1HXURO



Ϯϭ

)URW0 0DXJXLqUH)  7LPLQJDQG6SDWLDO'LVWULEXWLRQRI6RPDWRVHQVRU\
5HVSRQVHV5HFRUGHGLQWKH8SSHU%DQNRIWKH6\OYLDQ)LVVXUH 6,,$UHD LQ+XPDQV
&HUHEUDO&RUWH[
*URVV-%DLOOHW6%DUQHV*5+HQVRQ51+LOOHEUDQG$-HQVHQ2-HUEL.
/LWYDN90DHVV%2RVWHQYHOG53DUNNRQHQ/7D\ORU-5YDQ:DVVHQKRYH9
:LEUDO0 6FKRIIHOHQ-  *RRGSUDFWLFHIRUFRQGXFWLQJDQGUHSRUWLQJ0(*
UHVHDUFK1HXURLPDJH
+DJLZDUD.2JDWD.2NDPRWR78HKDUD7+LURQDJD16KLJHWR+.LUD- 
7RELPDWVX6  $JHUHODWHGFKDQJHVDFURVVWKHSULPDU\DQGVHFRQGDU\VRPDWRVHQVRU\
DUHDVDQDQDO\VLVRIQHXURPDJQHWLFRVFLOODWRU\DFWLYLWLHV&OLQ1HXURSK\VLRO

+DUL5.DUKX-+lPlOlLQHQ0.QXXWLOD-6DORQHQ26DPV0 9LONPDQ9
 )XQFWLRQDO2UJDQL]DWLRQRIWKH+XPDQ)LUVWDQG6HFRQG6RPDWRVHQVRU\&RUWLFHVD
1HXURPDJQHWLF6WXG\(XU-1HXURVFL
+ROOLGD\,(%DUQHV*5+LOOHEUDQG$ 6LQJK.'  $FFXUDF\DQG
DSSOLFDWLRQVRIJURXS0(*VWXGLHVXVLQJFRUWLFDOVRXUFHORFDWLRQVHVWLPDWHGIURP
SDUWLFLSDQWV VFDOSVXUIDFHV+XP%UDLQ0DSS
,QXL.7UDQ7'4LX<:DQJ;+RVKL\DPD0 .DNLJL5  $FRPSDUDWLYH
PDJQHWRHQFHSKDORJUDSKLFVWXG\RIFRUWLFDODFWLYDWLRQVHYRNHGE\QR[LRXVDQGLQQRFXRXV
VRPDWRVHQVRU\VWLPXODWLRQV1HXURVFLHQFH
.DNLJL5  6RPDWRVHQVRU\HYRNHGPDJQHWLFILHOGVIROORZLQJPHGLDQQHUYH
VWLPXODWLRQ1HXURVFL5HV



ϮϮ

.DNLJL5+RVKL\DPD06KLPRMR01DND'<DPDVDNL+:DWDQDEH6;LDQJ-
0DHGD./DP.,WRPL. 1DNDPXUD$ D 7KHVRPDWRVHQVRU\HYRNHGPDJQHWLF
ILHOGV3URJ1HXURELRO
.DNLJL5:DWDQDEH6 <DPDVDNL+ E 3DLQ5HODWHG6RPDWRVHQVRU\(YRNHG
3RWHQWLDOV-&OLQ1HXURSK\VLRO
.DUKX- 7HVFKH&'  6LPXOWDQHRXVHDUO\SURFHVVLQJRIVHQVRU\LQSXWLQKXPDQ
SULPDU\ 6, DQGVHFRQGDU\ 6,, VRPDWRVHQVRU\FRUWLFHV-1HXURSK\VLRO
.KRVKQHMDG03LFKp06DOHK6'XQFDQ* 5DLQYLOOH3  6HULDOSURFHVVLQJLQ
SULPDU\DQGVHFRQGDU\VRPDWRVHQVRU\FRUWH[$'&0DQDO\VLVRIKXPDQI05,GDWDLQ
UHVSRQVHWRLQQRFXRXVDQGQR[LRXVHOHFWULFDOVWLPXODWLRQ1HXURVFL/HWW
.LPXUD-  (OHFWURGLDJQRVLVLQGLVHDVHVRIQHUYHDQGPXVFOHSULQFLSOHVDQGSUDFWLFH
1HZ<RUN2[IRUG8QLYHUVLW\3UHVVS
.OLQJQHU&0%URGRHKO6+XRQNHU5 :LWWH2:  7KH3URFHVVLQJRI
6RPDWRVHQVRU\,QIRUPDWLRQ6KLIWVIURPDQ(DUO\3DUDOOHOLQWRD6HULDO3URFHVVLQJ0RGH$
&RPELQHGI05,0(*6WXG\)URQW6\VW1HXURVFL
.RFKV(6FKDUHLQ(0ROOHQEHUJ2 %URPP%  $QDOJHVLFHIILFDF\RIORZGRVH
NHWDPLQH6RPDWRVHQVRU\HYRNHGUHVSRQVHVLQUHODWLRQWRVXEMHFWLYHSDLQUDWLQJV
$QHVWKHVLRORJ\
.XUWK)(LFNKRII6%6FKOHLFKHU$+RHPNH/=LOOHV. $PXQWV.  
&\WRDUFKLWHFWXUHDQG3UREDELOLVWLF0DSVRIWKH+XPDQ3RVWHULRU,QVXODU&RUWH[&HUHEUDO
&RUWH[
/DQFDVWHU-/5DLQH\/+6XPPHUOLQ-/)UHLWDV&6)R[37(YDQV$&
7RJD$: 0D]]LRWWD-&  $XWRPDWHGODEHOLQJRIWKHKXPDQEUDLQ$
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SUHOLPLQDU\UHSRUWRQWKHGHYHORSPHQWDQGHYDOXDWLRQRIDIRUZDUGWUDQVIRUPPHWKRG+XP
%UDLQ0DSS
/DQFDVWHU-/:ROGRUII0*3DUVRQV/0/LRWWL0)UHLWDV&65DLQH\/
.RFKXQRY391LFNHUVRQ'0LNLWHQ6$ )R[37  $XWRPDWHG7DODLUDFK
$WODVODEHOVIRUIXQFWLRQDOEUDLQPDSSLQJ+XP%UDLQ0DSS
/LDQJ00RXUDX[$ ,DQQHWWL*'  3DUDOOHO3URFHVVLQJRI1RFLFHSWLYHDQG
1RQQRFLFHSWLYH6RPDWRVHQVRU\,QIRUPDWLRQLQWKH+XPDQ3ULPDU\DQG6HFRQGDU\
6RPDWRVHQVRU\&RUWLFHV(YLGHQFHIURP'\QDPLF&DXVDO0RGHOLQJRI)XQFWLRQDO0DJQHWLF
5HVRQDQFH,PDJLQJ'DWD-1HXURVFL
/LEHUDWL*.O|FNHU$6DIURQRYD00)HUUmR6DQWRV65LEHLUR9D]-5DIWRSRXORV
& 0RXUDX[$  1RFLFHSWLYH/RFDO)LHOG3RWHQWLDOV5HFRUGHGIURPWKH+XPDQ
,QVXOD$UH1RW6SHFLILFIRU1RFLFHSWLRQ3/R6%LROH
/LWYDN90DWWRXW-.LHEHO63KLOOLSV&+HQVRQ5.LOQHU-%DUQHV*2RVWHQYHOG
5'DXQL]HDX-)ODQGLQ*3HQQ\: )ULVWRQ.  ((*DQG0(*GDWDDQDO\VLV
LQ630&RPSXW,QWHOO1HXURVFL
0DOGMLDQ-$/DXULHQWL3-.UDIW5$ %XUGHWWH-+  $QDXWRPDWHGPHWKRG
IRUQHXURDQDWRPLFDQGF\WRDUFKLWHFWRQLFDWODVEDVHGLQWHUURJDWLRQRII05,GDWDVHWV
1HXURLPDJH
0DXJXLqUH)0HUOHW,)RUVV19DQQL6-RXVPlNL9$GHOHLQH3 +DUL5 D 
$FWLYDWLRQRIDGLVWULEXWHGVRPDWRVHQVRU\FRUWLFDOQHWZRUNLQWKHKXPDQEUDLQDGLSROH
PRGHOOLQJVWXG\RIPDJQHWLFILHOGVHYRNHGE\PHGLDQQHUYHVWLPXODWLRQ3DUW,,HIIHFWVRI
VWLPXOXVUDWHDWWHQWLRQDQGVWLPXOXVGHWHFWLRQ(OHFWURHQFHSKDORJU&OLQ1HXURSK\VLRO
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0DXJXLqUH)0HUOHW,)RUVV19DQQL6-RXVPlNL9$GHOHLQH3 +DUL5 E 
$FWLYDWLRQRIDGLVWULEXWHGVRPDWRVHQVRU\FRUWLFDOQHWZRUNLQWKHKXPDQEUDLQ$GLSROH
PRGHOOLQJVWXG\RIPDJQHWLFILHOGVHYRNHGE\PHGLDQQHUYHVWLPXODWLRQ3DUW,ORFDWLRQDQG
DFWLYDWLRQWLPLQJRI6()VRXUFHV(OHFWURHQFHSKDORJU&OLQ1HXURSK\VLRO
0HGLQD- 5DSS%  3KDQWRPWDFWLOHVHQVDWLRQVPRGXODWHGE\ERG\SRVLWLRQ&XUU
%LRO
1LHXZHQKX\V5  7KHLQVXODUFRUWH[$UHYLHZ3URJ%UDLQ5HV
1REDFN&56WURPLQJHU1/'HPDUHVW5- 5XJJLHUR'$  7KH+XPDQ
1HUYRXV6\VWHP6WUXFWXUHDQG)XQFWLRQ7RWRZD1HZ-HUVH\86$+XPDQD3UHVVS
2PRUL6,VRVH62WVXUX11LVKLKDUD0.XZDEDUD6,QXL. .DNLJL5  
6RPDWRWRSLFUHSUHVHQWDWLRQRISDLQLQWKHSULPDU\VRPDWRVHQVRU\FRUWH[ 6 LQKXPDQV
&OLQ1HXURSK\VLRO
3HQILHOG: 5DVPXVVHQ7  7KHFHUHEUDOFRUWH[RIPDQDFOLQLFDOVWXG\RI
ORFDOL]DWLRQRIIXQFWLRQ1HZ<RUN0DFPLOODQS
5DLM7.DUKX-.LFLF'/LRXPLV3-XONXQHQ3/LQ)+$KYHQLQHQ-,OPRQLHPL
5-0lNHOl-3+lPlOlLQHQ05RVHQ%5 %HOOLYHDX-:  3DUDOOHOLQSXW
PDNHVWKHEUDLQUXQIDVWHU1HXURLPDJH
5DLWDVDOR5  0LHOLDODN\VHO\6XRPHQRORLKLQ%HFNLQO\K\HQGHSUHVVLRN\VHO\Q
SRKMDOWDNHKLWHWW\PDVHQQXVRLUHLOXQMDLWVHWXQQRQN\VHO\+HOVLQNL.HODQWXWNLPXVRVDVWR
S(QJOLVKVXPPDU\ LQ)LQQLVK 
6FKQLW]OHU$6DOPHOLQ56DOHQLXV6-RXVPlNL9 +DUL5  7DFWLOHLQIRUPDWLRQ
IURPWKHKXPDQKDQGUHDFKHVWKHLSVLODWHUDOSULPDU\VRPDWRVHQVRU\FRUWH[1HXURVFL/HWW
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6ULVDDQ3/HL/ 7DUNND,0  0LGGOHODWHQF\VRPDWRVHQVRU\HYRNHGSRWHQWLDOV
QRQLQYDVLYHVRXUFHDQDO\VLV-&OLQ1HXURSK\VLRO
7DGHO)%DLOOHW60RVKHU-&3DQWD]LV' /HDK\50  %UDLQVWRUPDXVHU
IULHQGO\DSSOLFDWLRQIRU0(*((*DQDO\VLV&RPSXW,QWHOO1HXURVFL
7DUNND,0 7UHHGH5  (TXLYDOHQW(OHFWULFDO6RXUFH$QDO\VLVRI3DLQ5HODWHG
6RPDWRVHQVRU\(YRNHG3RWHQWLDOV(OLFLWHGE\D&2/DVHU-&OLQ1HXURSK\VLRO

7DXOX6 6LPROD-  6SDWLRWHPSRUDOVLJQDOVSDFHVHSDUDWLRQPHWKRGIRUUHMHFWLQJ
QHDUE\LQWHUIHUHQFHLQ0(*PHDVXUHPHQWV3K\V0HG%LRO
7DXOX6.DMROD0 6LPROD-  6XSSUHVVLRQRI,QWHUIHUHQFHDQG$UWLIDFWVE\WKH
6LJQDO6SDFH6HSDUDWLRQ0HWKRG%UDLQ7RSRJU
7LLKRQHQ-+DUL5 +lPlOlLQHQ0  (DUO\GHIOHFWLRQVRIFHUHEUDOPDJQHWLF
UHVSRQVHVWRPHGLDQQHUYHVWLPXODWLRQ(OHFWURHQFHSKDORJU&OLQ1HXURSK\VLRO

8XVLWDOR0$ ,OPRQLHPL5-  6LJQDOVSDFHSURMHFWLRQPHWKRGIRUVHSDUDWLQJ
0(*RU((*LQWRFRPSRQHQWV0HG%LRO(QJ&RPSXW
YDQGHU.QDDS/- YDQGHU+DP,-  +RZGRHVWKHFRUSXVFDOORVXPPHGLDWH
LQWHUKHPLVSKHULFWUDQVIHU"$UHYLHZ%HKDY%UDLQ5HV
:DVDND7.LGD71DNDWD+$NDWVXND. .DNLJL5  &KDUDFWHULVWLFVRI
VHQVRULPRWRULQWHUDFWLRQLQWKHSULPDU\DQGVHFRQGDU\VRPDWRVHQVRU\FRUWLFHVLQKXPDQVD
PDJQHWRHQFHSKDORJUDSK\VWXG\1HXURVFLHQFH
:LNVWU|P++XWWXQHQ-.RUYHQRMD$9LUWDQHQ-6DORQHQ2$URQHQ+ 
,OPRQLHPL5-  (IIHFWVRILQWHUVWLPXOXVLQWHUYDORQVRPDWRVHQVRU\HYRNHGPDJQHWLF



Ϯϲ

ILHOGV 6()V DK\SRWKHVLVFRQFHUQLQJ6()JHQHUDWLRQDWWKHSULPDU\VHQVRULPRWRUFRUWH[
(OHFWURHQFHSKDORJU&OLQ1HXURSK\VLRO
]X(XOHQEXUJ3%DXPJlUWQHU87UHHGH5 'LHWHULFK0  ,QWHURFHSWLYHDQG
PXOWLPRGDOIXQFWLRQVRIWKHRSHUFXORLQVXODUFRUWH[7DFWLOHQRFLFHSWLYHDQGYHVWLEXODU
UHSUHVHQWDWLRQV1HXURLPDJH
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),*85(&$37,216

)LJXUH*UDQGDYHUDJHZDYHIRUPVRI $ UDGLDO6()DQG % PHGLDQ6()IURPJUDGLRPHWHU
FKDQQHOV FRYHULQJ OHIW SDULHWDO DUHD IURP WKH RULJLQDO H[SHULPHQWV ZLWK  VXEMHFWV =HUR
GHQRWHV RQVHW RI VWLPXODWLRQ :KROH KHDG WRSRJUDSKLHV DW GHVLJQDWHG WLPH SRLQWV DUH
LOOXVWUDWHG1RWHGLIIHUHQWWRSRJUDSKLFPDSSLQJVFDOHVIRUDQGPVDQGIRUDQG
PV

)LJXUH,QLWLDOFRPSRQHQWVPV 01 DQGPV 51 IROORZLQJFRPSRQHQWVDWPV
01 DQGPV 51  $ DQGELODWHUDOFRPSRQHQWVDWPVDQGPV % DUHVKRZQIRU
PHGLDQDQGUDGLDOQHUYHVWLPXODWLRQVIURPWKHRULJLQDOH[SHULPHQWVG630PDSVLOOXVWUDWHWKH
DFWLYDWLRQV DW PHDQ SHDN WLPH SRLQWV LQ FRQWUDODWHUDO SRVWFHQWUDO J\UXV $  DQG ELODWHUDO
RSHUFXORLQVXODUDUHDV % 7HPSRUDOGLIIHUHQFHVLQVRXUFHDFWLYLWLHVEHWZHHQ016() F\DQ 
DQG516() JUHHQ DUHLOOXVWUDWHGLQWKHPLGGOH $ FRUUHVSRQGLQJWRSRVWFHQWUDOJ\UXVDQG
% WRELODWHUDORSHUFXORLQVXODUDUHDDFWLYDWLRQWLPHFRXUVHV&RQWUDODWHUDOVLGHWRVWLPXODWHG
KDQG LV VKRZQ LQ VROLG FLUFOH VXSHULPSRVHG RQ DFWLYDWLRQ RQ G630 PDSV DQG WKH
FRUUHVSRQGLQJ WLPH FRXUVH ZLWK VROLGOLQH $ DQG %  DQG LSVLODWHUDOVLGH LV VLPLODUO\ VKRZQ
ZLWKGDVKHGFLUFOHVDQGOLQHV % 

)LJXUH  $FWLYDWLRQ PDSV 630  VKRZLQJ YR[HOEDVHG FOXVWHUOHYHO GLIIHUHQFHV IURP WKH
RULJLQDOH[SHULPHQWVEHWZHHQ $ 016()DW  PVWLPHZLQGRZDQG516()DW 
  PV WLPH ZLQGRZ %  VKRZV GLIIHUHQFHV EHWZHHQ 01 6() DQG 51 6() DW     PV
WLPHZLQGRZDQG & EHWZHHQ516()DQG016()DW  PVWLPHZLQGRZ/DVWO\ ' 
VKRZV GLIIHUHQFHV EHWZHHQ 51 6() DQG 01 6() DW     PV WLPH ZLQGRZ 01,
FRRUGLQDWHV ZLWK FRUUHVSRQGLQJ UHG DUURZ IRU SHDN DFWLYDWLRQ ZLWKLQ D FOXVWHU DUH VKRZQ



Ϯϴ

DERYH DFWLYDWLRQ PDSV $'  6KRUW ODWHQF\ FRPSDULVRQ $  VKRZHG DOVR D PRUH FDXGDO
VHFRQGDU\ FOXVWHU ZLWK SHDN 01, FRRUGLQDWHV ZLWKLQ FOXVWHU LQ     $WODV EDVHG
52,PDVNVZHUHXVHGWRLQFOXGHELODWHUDOSRVWFHQWUDOJ\UXV $DQG% DQGELODWHUDOLQVXOD &
DQG' ([DPSOHVRI52,PDVNVDUHVKRZQLQWKUHHGLIIHUHQWKRUL]RQWDOSODQHV =FRRUGLQDWHV
JLYHQDERYHILJXUHV 

)LJXUH  6KRUW DQG ORQJODWHQF\ FRPSRQHQWV IURP 01 51 DQG 12&, VWLPXODWLRQV DUH
LOOXVWUDWHG LQ RQH UHSUHVHQWDWLYH VXEMHFW IURP WKH DGGLWLRQDO H[SHULPHQWV G630 PDSV
LOOXVWUDWH WKHDFWLYDWLRQVDW PHDQ SHDN WLPH SRLQWV 01 LQ F\DQ 51 LQ JUHHQ DQG 12&, LQ
EOXH  LQ FRQWUDODWHUDO SRVWFHQWUDO J\UXV $  DQG FRQWUD %  DQG LSVLODWHUDO &  RSHUFXOR
LQVXODU DUHDV 7HPSRUDO GLIIHUHQFHV LQ VRXUFH DFWLYLWLHV EHWZHHQ 01 6() F\DQ  51 6()
JUHHQ DQG12&,6() EOXH DUHLOOXVWUDWHGZLWKVXSHULPSRVHGZDYHIRUPVFRUUHVSRQGLQJWR
SRVWFHQWUDOJ\UXV $ DQGWRELODWHUDORSHUFXORLQVXODUDUHD %DQG& DFWLYDWLRQWLPHFRXUVHV
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7$%/(01,ORFDWLRQFRRUGLQDWHVRIFRPSRQHQWPHDQSHDNDFWLYDWLRQVLGHQWLILHG
ZLWKVFRXWVDQGVSDWLDOGLIIHUHQFHVEHWZHHQHDUO\DQGPLGGOHODWHQF\FRPSRQHQWV
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+DXWDVDDULHWDO

*UDSKLFDODEVWUDFWWH[W

6HQVRU\LQWHJUDWLRQDQGFRRUGLQDWLRQRIERG\VLGHVUHTXLUHVLQWHUKHPLVSKHULFWUDQVIHULQWKHKXPDQ
EUDLQ :H VWXGLHG VRPDWRVHQVRU\ SURFHVVLQJ DIWHU LQQRFXRXV HOHFWULFDO VWLPXODWLRQ RI PHGLDQ DQG
UDGLDO QHUYHV DQGDIWHU LQWUDFXWDQHRXV QRFLFHSWLYH VWLPXODWLRQ 2XU UHVXOWV VKRZ WKDW SXUH VHQVRU\
SHULSKHUDO VWLPXODWLRQ DFWLYDWHV LQ DGGLWLRQ WR SULPDU\ VHQVRU\ DUHDV LQ FRQWUDODWHUDO SRVWFHQWUDO
J\UXVELODWHUDORSHUFXORLQVXODUDUHDVZLWKGLVWLQFWODWHQF\GLIIHUHQFHEHWZHHQKHPLVSKHUHV
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