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Abstract

Functional magnetic resonance imaging (fMRI) is a widely used tool for 
studying brain function in vivo. The technique is based on acquiring brain 
images sensitive to the physiological response following neural activation, 
and hence, allows brain activity to be examined and documented.

In this thesis, methods for fMRI mapping of the primary somatosensory 
cortex (S1) are optimised and subsequently applied in studies where a 
plastic reorganisation of S1 is hypothesised.

Initially, the impact of spatial resolution and smoothing on fMRI data of 
detailed S1 activation was investigated using a theoretical model of fMRI 
performance. The impact of these parameters was also examined in healthy 
volunteers where different fingers were mapped in S1. This was 
accomplished using computer controlled and reproducible tactile 
stimulation. It was found that both the optimal spatial resolution and 
preferred level of smoothing were intimately coupled to the experiment’s 
contrast-to-noise.

These results were utilised for monitoring sensory activation of S1 in three 
cohorts where cortical reorganisation was anticipated: (i) In healthy 
volunteers where the volar part of the forearm was anaesthetised, (ii) in 
hand amputees and (iii) in subjects suffering from long-term exposure to 
vibrating tools. In all these groups, evidence of plastic changes in the 
sensorimotor system were found. This suggests that plastic processes could 
be an underlying mechanism for the symptoms experienced in patients 
following nerve injury and neuropathy.

Finally, alternative methods for mapping functional networks of the 
sensorimotor cortex during rest were explored. We found that the resulting 
networks were comparable to activation maps during a finger-tapping task, 
although only partly overlapping. Such network maps could potentially add 
to our understanding of brain plasticity in this region of the brain.

In conclusion, this work has improved the feasibility of monitoring plastic 
reorganisation in S1. This may contribute to the process of rehabilitation in 
patients suffering from sensory disorders following nerve injury and 
neuropathy.
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Summary in Swedish

Vår hjärna får information från omvärlden via våra sinnen. Olika delar av 
hjärnan behandlar information från vår syn, hörsel, känsel etc. Inom varje 
sådant område finns även en funktionell uppdelning. I somatosensoriska 
kortex (S1) till exempel, där sensorisk information bearbetas, finns en hel 
kroppskarta där varje liten region svarar mot beröring av en viss kroppsdel. 
Dessa funktionella kartor är inte permanenta utan förändras kontinuerligt på 
grund av hjärnans förmåga att anpassa sig till omvärlden - även kallat 
hjärnans plasticitet. Efter nervskada eller nervsjukdom kan en plastisk 
reorganisation av handens område i S1 orsaka känselbortfall, försämrad 
finmotorik eller smärta. Att identifiera sådana förändringar är relevant för att 
förstå symptom och förbättra rehabilitering av dessa patienter.

Att ta bilder av kroppens insida med hjälp av en magnetkamera (MRI) är ett 
viktigt diagnostiskt verktyg i sjukvården. Med funktionell MRI (fMRI) är 
det idag även möjligt att avbilda hjärnans arbete. Med denna teknik kan man 
se skillnad på syrerikt och syrefattigt blod, vilket ger information om 
hjärnans aktivitet lokalt. Med fMRI är det även möjligt att studera 
förändringar till följd av plastisk reorganisation. Handens område i hjärnan 
är dock litet och väldigt detaljerat vilket kan leda till att aktivering missas 
med fMRI. Därför är det viktigt att optimera metoden för mätningar i S1. 
Med fMRI kan man inte bara få information om hur hjärnan arbetar vid ett 
visst tillfälle utan även hur utbredningen av ett nätverk inom en viss 
funktion ser ut. Detta kan potentiellt ge ytterligare information om de 
symptom som är typiska för patienter med nervskada eller nervsjukdom.

I detta arbete har jag, i modeller samt i en grupp av friska frivilliga, studerat 
hur valet av upplösning i de insamlade bilderna påverkar fMRI-studier av 
den detaljerade aktiveringen i S1. En apparat för sensorisk stimulering av 
hudytan har utvecklats som tillsammans med den optimerade upplösningen 
har förbättrat möjligheten att studera det sensoriska området i hjärnan. 
Plastiska förändringar i S1 har sedan påvisats i grupper där en 
reorganisation har varit förväntad: (i) Efter lokal bedövning av huden, (ii) 
hos handamputerade samt (iii) hos personer som arbetat med vibrerande 
verktyg under lång tid. Slutligen har sensorisk handaktivering jämförts med 
de funktionella nätverk som utgör den sensoriska utbredningen i hjärnan.

Den forskning som presenteras här har förbättrat möjligheterna att studera 
plastisk reorganisation i handens sensoriska område i hjärnan. Detta ökar 
utsikterna för rehabilitering av individer som lider av sensoriska besvär till 
följd av nervskador och nervsjukdomar.

v

Summary in Swedish

Vår hjärna får information från omvärlden via våra sinnen. Olika delar av 
hjärnan behandlar information från vår syn, hörsel, känsel etc. Inom varje 
sådant område finns även en funktionell uppdelning. I somatosensoriska 
kortex (S1) till exempel, där sensorisk information bearbetas, finns en hel 
kroppskarta där varje liten region svarar mot beröring av en viss kroppsdel. 
Dessa funktionella kartor är inte permanenta utan förändras kontinuerligt på 
grund av hjärnans förmåga att anpassa sig till omvärlden - även kallat 
hjärnans plasticitet. Efter nervskada eller nervsjukdom kan en plastisk 
reorganisation av handens område i S1 orsaka känselbortfall, försämrad 
finmotorik eller smärta. Att identifiera sådana förändringar är relevant för att 
förstå symptom och förbättra rehabilitering av dessa patienter.

Att ta bilder av kroppens insida med hjälp av en magnetkamera (MRI) är ett 
viktigt diagnostiskt verktyg i sjukvården. Med funktionell MRI (fMRI) är 
det idag även möjligt att avbilda hjärnans arbete. Med denna teknik kan man 
se skillnad på syrerikt och syrefattigt blod, vilket ger information om 
hjärnans aktivitet lokalt. Med fMRI är det även möjligt att studera 
förändringar till följd av plastisk reorganisation. Handens område i hjärnan 
är dock litet och väldigt detaljerat vilket kan leda till att aktivering missas 
med fMRI. Därför är det viktigt att optimera metoden för mätningar i S1. 
Med fMRI kan man inte bara få information om hur hjärnan arbetar vid ett 
visst tillfälle utan även hur utbredningen av ett nätverk inom en viss 
funktion ser ut. Detta kan potentiellt ge ytterligare information om de 
symptom som är typiska för patienter med nervskada eller nervsjukdom.

I detta arbete har jag, i modeller samt i en grupp av friska frivilliga, studerat 
hur valet av upplösning i de insamlade bilderna påverkar fMRI-studier av 
den detaljerade aktiveringen i S1. En apparat för sensorisk stimulering av 
hudytan har utvecklats som tillsammans med den optimerade upplösningen 
har förbättrat möjligheten att studera det sensoriska området i hjärnan. 
Plastiska förändringar i S1 har sedan påvisats i grupper där en 
reorganisation har varit förväntad: (i) Efter lokal bedövning av huden, (ii) 
hos handamputerade samt (iii) hos personer som arbetat med vibrerande 
verktyg under lång tid. Slutligen har sensorisk handaktivering jämförts med 
de funktionella nätverk som utgör den sensoriska utbredningen i hjärnan.

Den forskning som presenteras här har förbättrat möjligheterna att studera 
plastisk reorganisation i handens sensoriska område i hjärnan. Detta ökar 
utsikterna för rehabilitering av individer som lider av sensoriska besvär till 
följd av nervskador och nervsjukdomar.

v



Original papers and preliminary reports

This thesis is based on the following papers, which will be referred to in the 
text by their Roman numerals.

I. Investigation of spatial resolution, partial volume effects and 
smoothing in functional MRI using artificial 3D time series
Weibull A, Gustavsson H, Mattsson S, Svensson J.
Neuroimage 2008; 41(2):346-53

II. Optimizing the mapping of finger areas in primary somatosensory 
cortex using functional MRI
Weibull A, Björkman A, Hall H, Rosén B, Lundborg G, Svensson J. 
Magn Reson Imaging 2008; 26(10):1342-51

III. Rapid cortical reorganisation and improved sensitivity of the hand 
following cutaneous anaesthesia of the forearm
Björkman A, Weibull A, Rosén B, Svensson J, Lundborg G.
Eur J Neurosci 2009; 29(4):837-44

IV. Phantom digit somatotopy – a fMRI study in forearm amputees
Björkman A, Weibull A, Olsrud J, Björkman-Burtscher I, Ehrsson H. 
H, Rosén B, Lundborg G.
Submitted to Brain

V. Central nervous changes in dental technicians exposed to long-term 
high frequency vibrating tools: A fMRI study
Björkman A, Weibull A, Svensson J, Balogh I, Rosén B. 
Submitted to The Journal of Hand Surgery

VI. Comparison of intrinsic motor networks using ICA and seed-based 
analysis to motor responses in task-based fMRI
Weibull A, Mannfolk P, Björkman A, Olsrud J, Svensson J.
Manuscript

Published papers have been reproduced with kind permission from the 
following publishers:
Elsevier Inc. (paper I and II), Blackwell Publishing Ltd (paper III)

vi

Original papers and preliminary reports

This thesis is based on the following papers, which will be referred to in the 
text by their Roman numerals.

I. Investigation of spatial resolution, partial volume effects and 
smoothing in functional MRI using artificial 3D time series
Weibull A, Gustavsson H, Mattsson S, Svensson J.
Neuroimage 2008; 41(2):346-53

II. Optimizing the mapping of finger areas in primary somatosensory 
cortex using functional MRI
Weibull A, Björkman A, Hall H, Rosén B, Lundborg G, Svensson J. 
Magn Reson Imaging 2008; 26(10):1342-51

III. Rapid cortical reorganisation and improved sensitivity of the hand 
following cutaneous anaesthesia of the forearm
Björkman A, Weibull A, Rosén B, Svensson J, Lundborg G.
Eur J Neurosci 2009; 29(4):837-44

IV. Phantom digit somatotopy – a fMRI study in forearm amputees
Björkman A, Weibull A, Olsrud J, Björkman-Burtscher I, Ehrsson H. 
H, Rosén B, Lundborg G.
Submitted to Brain

V. Central nervous changes in dental technicians exposed to long-term 
high frequency vibrating tools: A fMRI study
Björkman A, Weibull A, Svensson J, Balogh I, Rosén B. 
Submitted to The Journal of Hand Surgery

VI. Comparison of intrinsic motor networks using ICA and seed-based 
analysis to motor responses in task-based fMRI
Weibull A, Mannfolk P, Björkman A, Olsrud J, Svensson J.
Manuscript

Published papers have been reproduced with kind permission from the 
following publishers:
Elsevier Inc. (paper I and II), Blackwell Publishing Ltd (paper III)

vi



Preliminary reports were given at the following meetings:

i! 23rd European Society for Magnetic Resonance in Medicine and 
! Biology, Warsaw, Poland, September 21-23, 2006. Weibull et al. - 
! Investigation of !partial volume effects in fMRI using artificial time 
! series, Weibull et al. - A pneumatically driven stimuli system for 
! fMRI mapping of somatosensory finger areas.

ii! The joint Annual Meeting of European Society for Magnetic 
! Resonance in Medicine and Biology and International Society for 
! Magnetic Resonance in Medicine, Berlin, Germany, May 19-25, 
! 2007. Weibull et al. - Investigation of partial volume effects in fMRI 
! using artificial 3D time series.

iii! EUROHAND 2008, XIIIth Congress of the Federation of the 
! European Societies for Surgery of the Hand and IXth Congress of 
! the European Federation Societies for Hand Therapy, Lausanne, 
! Switzerland, June 19–21, 2008. Lundborg et al. - Rapid cortical 
! reorganisation and improved sensibility as a result of cutaneous 
! anaesthesia of the forearm.

iv! 63rd Annual Meeting of the American Society for Surgery of the 
! Hand, Chicago, USA, September 18-20, 2008. Björkman et al. - 
! Central nervous changes in the hand-arm vibration syndrome: A 
! FMRI study.

v! International Society for Magnetic Resonance in Medicine, 
! Honolulu, Hawaii, USA, April 18-24, 2009. Weibull et al. - 
! Comparison of motor task responses in fMRI and intrinsic 
! sensorimotor networks in ICA.

vii

Preliminary reports were given at the following meetings:

i! 23rd European Society for Magnetic Resonance in Medicine and 
! Biology, Warsaw, Poland, September 21-23, 2006. Weibull et al. - 
! Investigation of !partial volume effects in fMRI using artificial time 
! series, Weibull et al. - A pneumatically driven stimuli system for 
! fMRI mapping of somatosensory finger areas.

ii! The joint Annual Meeting of European Society for Magnetic 
! Resonance in Medicine and Biology and International Society for 
! Magnetic Resonance in Medicine, Berlin, Germany, May 19-25, 
! 2007. Weibull et al. - Investigation of partial volume effects in fMRI 
! using artificial 3D time series.

iii! EUROHAND 2008, XIIIth Congress of the Federation of the 
! European Societies for Surgery of the Hand and IXth Congress of 
! the European Federation Societies for Hand Therapy, Lausanne, 
! Switzerland, June 19–21, 2008. Lundborg et al. - Rapid cortical 
! reorganisation and improved sensibility as a result of cutaneous 
! anaesthesia of the forearm.

iv! 63rd Annual Meeting of the American Society for Surgery of the 
! Hand, Chicago, USA, September 18-20, 2008. Björkman et al. - 
! Central nervous changes in the hand-arm vibration syndrome: A 
! FMRI study.

v! International Society for Magnetic Resonance in Medicine, 
! Honolulu, Hawaii, USA, April 18-24, 2009. Weibull et al. - 
! Comparison of motor task responses in fMRI and intrinsic 
! sensorimotor networks in ICA.

vii



Abbreviations

B0! ! Magnetic field strength
CBF! ! Cerebral blood flow
CBV! ! Cerebral blood volume
CMR! ! Cerebral metabolic rate
CMRO2! Cerebral metabolic rate for oxygen
CNR! ! Contrast-to-noise ratio
CSF! ! Cerebrospinal fluid
BOLD! ! Blood oxygen level dependent
EPI! ! Echo planar imaging
FDR! ! False discovery rate
fMRI! ! Functional magnetic resonance imaging
FN! ! False negative
FP! ! False positive
GLM! ! General linear model
Hb! ! Haemoglobin
ICA! ! Independent component analysis
M0! ! Net magnetisation vector
Mt! ! Transverse magnetisation vector
MRI! ! Magnetic resonance imaging
PET! ! Positron emission tomography
pCO2! ! Partial pressure of carbon dioxide
pO2! ! Partial pressure of oxygen
S! ! Signal
S1! ! Primary somatosensory cortex
S2! ! Secondary somatosensory cortex
SMA! ! Supplementary motor areas
SNR! ! Signal-to-noise ratio
T1! ! Spin-lattice relaxation time
T2! ! Spin-spin relaxation time
T2* ! ! Spin-spin relaxation time in a non-uniform field
TE! ! Echo time
TP! ! True positive
TR! ! Repetition time
tSNR! ! Temporal signal-to-noise ratio
"! ! Angular precession frequency

viii

Abbreviations

B0! ! Magnetic field strength
CBF! ! Cerebral blood flow
CBV! ! Cerebral blood volume
CMR! ! Cerebral metabolic rate
CMRO2! Cerebral metabolic rate for oxygen
CNR! ! Contrast-to-noise ratio
CSF! ! Cerebrospinal fluid
BOLD! ! Blood oxygen level dependent
EPI! ! Echo planar imaging
FDR! ! False discovery rate
fMRI! ! Functional magnetic resonance imaging
FN! ! False negative
FP! ! False positive
GLM! ! General linear model
Hb! ! Haemoglobin
ICA! ! Independent component analysis
M0! ! Net magnetisation vector
Mt! ! Transverse magnetisation vector
MRI! ! Magnetic resonance imaging
PET! ! Positron emission tomography
pCO2! ! Partial pressure of carbon dioxide
pO2! ! Partial pressure of oxygen
S! ! Signal
S1! ! Primary somatosensory cortex
S2! ! Secondary somatosensory cortex
SMA! ! Supplementary motor areas
SNR! ! Signal-to-noise ratio
T1! ! Spin-lattice relaxation time
T2! ! Spin-spin relaxation time
T2* ! ! Spin-spin relaxation time in a non-uniform field
TE! ! Echo time
TP! ! True positive
TR! ! Repetition time
tSNR! ! Temporal signal-to-noise ratio
"! ! Angular precession frequency

viii





Contents

1 Introduction!13

1.1 Objectives!14

2 fMRI performance!15

2.1 Imaging the BOLD contrast!15

2.1.1 Neural signalling !15

2.1.2 Neurovascular coupling!17

2.1.3 Oxy- and deoxyhaemoglobin!18

2.1.4 The BOLD effect!19

2.1.5 The fMRI experiment!20

2.2 BOLD contrast-to-noise!22

2.2.1 Signal-to-noise in MRI!22

2.2.2 Temporal SNR!23

2.2.3 Partial volume effects!25

2.2.4 Modelling fMRI performance!26

2.3 Experimental design and post processing!29

2.3.1 Tactile stimulation!29

2.3.2 The choice of scan time!32

2.3.3 Smoothing!33

3 Representation and reorganisation of the hand in 
somatosensory cortex!37

3.1 Representation of the hand in S1!37

3.2 Brain plasticity!41

3.2.1 Synaptic and organisational mechanisms!41

x

Contents

1 Introduction!13

1.1 Objectives!14

2 fMRI performance!15

2.1 Imaging the BOLD contrast!15

2.1.1 Neural signalling !15

2.1.2 Neurovascular coupling!17

2.1.3 Oxy- and deoxyhaemoglobin!18

2.1.4 The BOLD effect!19

2.1.5 The fMRI experiment!20

2.2 BOLD contrast-to-noise!22

2.2.1 Signal-to-noise in MRI!22

2.2.2 Temporal SNR!23

2.2.3 Partial volume effects!25

2.2.4 Modelling fMRI performance!26

2.3 Experimental design and post processing!29

2.3.1 Tactile stimulation!29

2.3.2 The choice of scan time!32

2.3.3 Smoothing!33

3 Representation and reorganisation of the hand in 
somatosensory cortex!37

3.1 Representation of the hand in S1!37

3.2 Brain plasticity!41

3.2.1 Synaptic and organisational mechanisms!41

x



3.2.2 Cortical reorganisation of the hand following cutaneous 
anaesthesia of the forearm!43

3.2.3 Phantom hand somatotopy!46

3.2.4 Cortical expansion of the fingers in subjects suffering from 
long-term exposure to vibrating tools!50

4 fMRI of intrinsic brain activity!52

4.1 Intrinsic activity of the brain!53

4.1.1 Spontaneous neural firing !53

4.1.2 Functional networks!53

4.2 Imaging strategies for mapping functional networks!54

4.2.1 Seed-based intrinsic fMRI!54

4.2.2 Independent component analysis!55

4.3 Comparing intrinsic network maps to task-based activation 
maps!56

5 Conclusions and future aspects!61

6 Acknowledgements!63

7 References!64

xi

3.2.2 Cortical reorganisation of the hand following cutaneous 
anaesthesia of the forearm!43

3.2.3 Phantom hand somatotopy!46

3.2.4 Cortical expansion of the fingers in subjects suffering from 
long-term exposure to vibrating tools!50

4 fMRI of intrinsic brain activity!52

4.1 Intrinsic activity of the brain!53

4.1.1 Spontaneous neural firing !53

4.1.2 Functional networks!53

4.2 Imaging strategies for mapping functional networks!54

4.2.1 Seed-based intrinsic fMRI!54

4.2.2 Independent component analysis!55

4.3 Comparing intrinsic network maps to task-based activation 
maps!56

5 Conclusions and future aspects!61

6 Acknowledgements!63

7 References!64

xi





1 Introduction

Since its beginning in 1973 (Lauterbur 1973), magnetic resonance imaging 
(MRI) has become a widely utilised imaging technique to visualise internal 
morphology and function of the human body. In 1982, Thulborn et al. 
(1982) observed that the transverse relaxation rate of water protons in blood 
was determined predominantly by the oxygenation state of the blood, later 
referred to as the MR signal being blood oxygen level dependent (BOLD). 
This gave great promise for the use of an endogenous contrast for imaging 
the oxygenation state of blood. However, it was not until the beginning of 
the 1990:s that this effect was used for monitoring human brain activity 
(Bandettini, et al. 1992; Belliveau, et al. 1991; Kwong, et al. 1992; Ogawa, 
et al. 1992). Since then, functional magnetic resonance imaging (fMRI) has 
been used for studying functional activity in various regions of the brain and 
the number of published studies has increased rapidly. Today, necessary 
equipment for performing fMRI is available in most larger hospitals.

The sensorimotor cortex of the brain is a frequently probed region and its 
functional properties and neural activation in response to externally applied 
stimulation are well characterised. Functional activation in this particular 
region may be achieved using simple and straightforward experimental 
designs. The primary somatosensory cortex (S1), where sensory signals 
from the body are processed, is situated in the post central gyrus. S1 is 
functionally divided into sub regions corresponding to a cortical map of the 
body surface, i.e. a somatotopic map (Penfield and Boldrey 1937). Thus, 
each part of the body surface is connected to a specific brain region. The 
size of these cortical sub regions does not reflect the actual body size but 
rather the magnitude of information processed. Body regions of exquisite 
sensory function such as the face and hand thus constitute the two largest 
cortical regions in S1.

The functional structure of these cortical maps are continuously changing as 
a response to our interaction with the outside world. This capacity to adapt, 
commonly referred to as brain plasticity (Elbert and Rockstroh 2004; Wall, 
et al. 2002), exists throughout the brain and is associated with e.g. 
experience and learning. However, brain plasticity could potentially also 
explain neurological symptoms experienced in various neural disorders, e.g. 
focal hand dystonia (Elbert, et al. 1998) or after nerve section (Merzenich, et 
al. 1984). On the contrary, effects following brain plasticity may potentially 
also be used for rehabilitation purposes after neural injury or pathology. In 
this case a chosen function could be promoted or strengthen by using 
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external manipulation of neural resources (Muellbacher, et al. 2002). To 
monitor these plastic effects a reliable mapping technique would be of great 
clinically value.

Although the cortical hand region is relatively large it is challenging to map 
individual fingers using fMRI. The limited sensitivity suggests that a rather 
low spatial resolution is advisable. However, the somatotopic map in this 
region is highly detailed and experiments using a low spatial resolution may 
suffer from partial volume effects (PVE), i.e. the imaging technique cannot 
resolve the anatomical or functional details of interest. This fine balance, 
between improving sensitivity and at the same time minimise partial volume 
effects, is crucial when monitoring plastic effects in the cortical hand region. 
Ultimately, a careful choice of spatial parameters is likely to increase the 
overall fMRI performance.

Recently, new ways to map various brain regions have also evolved, based 
on outlining networks which are connected functionally (Raichle and 
Snyder 2007). In this way it may be feasible to extract information from 
processes in the sensorimotor network that cannot be retrieved using 
conventional fMRI. The full potential for outlining brain function and neural 
networks when investigating plastic processes are however not yet known.

 
1.1 Objectives

The objectives of this thesis are:

• To optimise fMRI for mapping the primary somatosensory cortex during 
tactile stimulation of the hand (chapter 2). The impact of the choice of 
spatial parameters should be emphasised.

• To develop an easy to use, flexible, reproducible and MR compatible 
apparatus for tactile stimulation when mapping the primary 
somatosensory cortex (chapter 2).

• To study human plasticity in the primary somatosensory cortex in subjects 
where such effects are hypothesised (chapter 3).

• To explore novel methods for mapping the functional network of the 
sensorimotor cortex and compare the information retrieved to 
conventional fMRI (chapter 4).
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2 fMRI performance

In fMRI, brain activation is studied by acquiring MR images sensitive to the 
physiological response following neural stimulation. Images acquired 
during a specific task are then compared to images acquired in absence of 
that task. Although the underlying principle is straightforward, the actual 
execution of the fMRI experiment as well as the properties of the measured 
signal are complex. Briefly, specific magnetic properties are imaged, 
reflecting haemodynamic variations due to changes in the underlying neural 
activity. This is performed in a highly dynamic and not easily controlled 
biological system, where small procedural changes could affect the outcome 
considerably. To increase fMRI performance, i.e. how well the activation 
map corresponds to the underlying neural activity, several steps may be 
optimised throughout the process. The choice of task/control state should be 
carefully considered to reflect the neuronal mechanisms of interest and 
comply to the specific hypothesis. Furthermore, the choice of imaging 
technique, including spatial and temporal resolution, signal-to-noise and 
contrast-to-noise, is of great importance to ensure high sensitivity as well as 
high specificity. Ultimately, the evaluation strategy of the often huge amount 
of data has a strong influence on the resulting brain activation map.

In this chapter the process of acquiring fMRI data is investigated in the 
sense of ensuring high fMRI performance when mapping S1. The 
underlying physiological mechanisms following neural activation, and how 
these mechanisms are used for imaging brain activity are discussed in 
section 2.1. In the subsequent sections, contributions regarding imaging 
technique, tactile stimulation and data evaluation are presented: In section 
2.2 the impact of spatial resolution and PVE is discussed and recommended 
spatial resolutions based on modelled data are presented (paper I). In 
section 2.3, a strategy for mapping different fingers in S1 is demonstrated 
(paper II). Furthermore, it is shown that the optimal magnitude of 
smoothing is intimately coupled to the image BOLD contrast-to-noise 
(paper I and paper II).

2.1 Imaging the BOLD contrast

2.1.1 Neural signalling

The basic unit for information processing and signalling in the brain is the 
neurone. The neurone consists of a soma, constituting the cell nucleus, and 
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an axon, a myelin sheeted fibre for conveying electrical signals to distant or 
nearby situated neurones (figure 2.1). This electrical signal is referred to as 
the action potential and it propagates along the axon by the opening and 
closing of specific ion channels and thereby depolarise and hyperpolarise 
the cell in an orderly fashion. The neurone also includes dendrites, making 
contacts to axon terminals of other neurones. The interconnection site 
between the axon terminal and the dendrite is called the synapse. Neuronal 
signals are typically transferred through these sites chemically, by pre-
synapse released neurotransmitters (figure 2.1). These neurotransmitters 
(e.g. glutamate, #-aminobutyric acid or dopamine), which act on post 
synaptic receptors, collectively either excite or inhibit the generation of a 
post synaptic potential and further propagation of the signal.

Figure 2.1 - The neurone consists of a so
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Processing signal information is a continuously ongoing activity in the 
brain. Whether we are awake or sleeping, responding to external stimulation 
(e.g. visual input or touch of a finger tip) or internal stimulation (e.g. 
planning or reasoning) or simply doing nothing, our brain is in some sense 
always active. Thus, the brain require oxygen and energy substrates at all 
times. The energy extracted is used predominantly for maintaining or 
restoring ion concentrations within the cytoplasm and releasing and 
recycling of neurotransmitters in the synaptic cleft (Logothetis and Pfeuffer 
2004). Although the adult brain constitutes merely 2% of the body weight, it 
accounts for approximately 20% of the energy consumed, the major part 
being due to neuronal communication (Buzsaki, et al. 2007).

2.1.2 Neurovascular coupling

The total blood flow to the brain is about 750-1000 ml/min or approximately 
15% of the cardiac output. (Kandel, et al. 2000). Since the brain has an 
ongoing demand for oxygen and energy substrates, it is not surprising that 
the brain and the vascular system is tightly connected. When the cerebral 
metabolic rate (CMR) suddenly increases in a region of the brain the 
demand for oxygen (CMRO2) and energy increases swiftly as are the 
metabolic waste products (mainly CO2 and water). This triggers the local 
arterioles and capillary sphincters to dilate and relax, providing the adjacent 
cells with well-oxygenated blood and an increased wash-out of CO2 (figure 
2.2). Surprisingly, the partial pressure of carbon dioxide (pCO2) is a far 
more potent trigger of the haemodynamic response compared to pO2 
(Kandel, et al. 2000). Consequently, the haemodynamic response following 
neural activation, and thus increased CMRO2, includes two major 
mechanisms: (i) An increase in regional cerebral blood flow (CBF) and (ii) 
an increase in regional cerebral blood volume (CBV).

These physiological responses do not occur instantly after neural activation. 
Although the neuronal firing delay after stimulation is in the order of 150 ms 
(Gerstein 1960), the haemodynamic response is much slower, showing 
dynamic features over a prolonged period of time. Initially after a 
momentary stimulus, the increase in CMRO2 is assumed to deplete the well-
oxygenated blood pool close to the activation site. One to two seconds later 
the CBF, and thus the CBV, increases rapidly and peak approximately five to 
eight seconds after the onset of neural activity (Buxton, et al. 2004). This 
auto-regulated response is far exceeding the tissue need resulting in oxygen 
saturation of the blood. This delayed effect is not particularly localised but 
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Figure 2.2 - During activation, the arterioles dilate in response to the growing 

concentration of metabolic waste products, resulting in an increased wash-out of 

deoxyHb. The local magnetic field becomes less distorted,  ultimately increasing 

the MR signal. Courtesy of Stuart Clare, Oxford Centre for Functional MRI of 

the Brain

may include for example adjacent draining veins. The baseline return of 
CBV is slower compared to the baseline return of CBF (Buxton, et al. 2004) 
due to wall tension differences of arterioles and venules. Interestingly, 
recent investigations regarding the neural origin of the haemodynamic 
response suggest a correlation to the energetically expensive synaptic 
processes rather than to actual neurone firing (Logothetis, et al. 2001; 
Logothetis and Pfeuffer 2004). 

2.1.3 Oxy- and deoxyhaemoglobin

When carried in blood, oxygen is almost exclusively bound to haemoglobin 
(Hb), a molecule complex abundant in the erythrocyte. Hb consists of four 
sub units, each containing an organic molecule (a heme group) tightly 
associated to a protein (globulin). The heme group includes an iron ion 
(Fe2+) which functions as a site for oxygen binding, i.e. oxygenating Fe2+ to 
Fe3+. The oxygen-rich blood leaving the lungs is close to fully saturated by 
oxygen, meaning that almost all Hb molecules are binding four O2-
molecules. This oxygen-rich state of Hb is commonly referred to as oxyHb. 
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When the blood reaches the tissue the oxygen binding capability decreases 
and oxygen is easily released, eventually entering the tissue by diffusion. In 
this state the Hb is saturated to a lesser degree, referred to as deoxyHb. 
Neural activation tends to lower the level of deoxyHb locally due to an 
increased CBF, although a counteracting effect from increased CBV exists. 
The ability to monitor changes of deoxyHb following neural activation 
using MRI is discussed next.

2.1.4 The BOLD effect

In MRI the origin of the intrinsic signal is the energy separation of the 
nuclear spin state in an externally applied magnetic field. This energy 
separation generates a slight dominance for proton spins oriented along the 
field (slightly lower energy state) compared to proton spins oriented against 
the field, due to the Boltzmann distribution of energy states. This 
equilibrium results in a net magnetisation vector (M0) with an orientation 
along the external field and its magnitude being proportional to the magnetic 
field strength (B0) and the number of protons. If electromagnetic energy, 
tuned to match the energy difference of the two states, is induced in the 
system the equilibrium is disturbed. In this way the orientation of M0 is 
temporarily altered producing a transverse magnetic vector (Mt) 
proportional to M0. This transversal spin precession is detectable by the 
system. The transverse proton spins gradually lose coherence due to spin-
spin interaction, a process called T2 relaxation, resulting in a Mt signal loss. 
Moreover, the system also gradually loses energy approaching the 
equilibrium state, a process called T1 relaxation.

If the local magnetic field is non-uniform, the loss of coherence is more 
rapid because adjacent protons ”sense”  different field strengths (T2* 
relaxation). This effect is typically seen due to magnetic susceptibility, a 
term describing the local contribution to magnetic flux density, induced by a 
substance in an externally applied magnetic field. Depending on the 
magnetic properties of the substance, this effect may be small or large and 
may enhance or counteract the local flux density, leading to local 
disturbances of magnetic field uniformity. Similar to water, oxyHb does not 
affect the local magnetic flux density extensively. However when the oxyHb 
releases oxygen, the complex will contain unpaired electrons contributing to 
the pronounced paramagnetic property of deoxyHb (Pauling and Coryell 
1936). The result is a fast loss of MR signal in regions of deoxyHb, 
consequently referred to as the blood oxygen level dependent (BOLD) 
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effect. The T2*  signal decay can be studied using imaging sequences 
sensitive to magnetic susceptibility, such as gradient echo techniques. The 
imaging technique of choice so far has been echo-planar imaging (EPI) 
(Mansfield 1977), which combines the possibility of T2*  contrast and 
excellent temporal resolution. The accessible BOLD effect increases while 
increasing the field strength (van der Zwaag, et al. 2009), however, the T2* 
signal decay is faster and a shorter echo time (TE) is needed.

Susceptibility effects are not the only mechanisms that have been suggested 
to affect the T2* relaxation in BOLD fMRI. An increased level of 
oxygenation also alters the magnetic properties of blood, resulting in a 
decreased T2 relaxation. However, it seems as this contribution to the 
BOLD effect is less pronounced compared to the susceptibility effect 
(Hoogenraad, et al. 2001). Moreover, the T2 for blood is shortened at higher 
field strengths (Yacoub, et al. 2001) suggesting a smaller contribution to the 
BOLD signal in this case. 

2.1.5 The fMRI experiment

To be able to monitor the BOLD effect, T2*  weighted MR images acquired 
during a specific task are typically compared to some sort of control state. 
The brain volume is continuously imaged while alternating various tasks 
(e.g. sensory input or motor output) and periods of a preferred control state, 
for example eyes closed rest. In this manner image volumes are acquired 
over time resulting in a four-dimensional data set where each image volume 
corresponds to a single time point. In turn, each image volume comprises 
thousands of voxels (i.e. the smallest image volume element defining the 
spatial resolution of the image) resulting in time series of signal variations 
over time for each voxel region of the brain. These regional signal variations 
are potentially reflecting brain activity due to the BOLD effect. Note that, 
although eyes closed rest is a commonly used control state it may not be the 
most suitable in all experiments. For example, hippocampal activity has 
been shown to be higher during rest compared to simple cognitive tasks 
such as ”deciding whether a digit is odd or even”  or ”deciding whether an 
arrow is pointing left or right” (Stark and Squire 2001).

Since the temporal design of the task application is known and the temporal 
characteristics of the haemodynamic response (see section 2.1.2) can be 
modelled, any BOLD activation is assumed to correlate to the temporal 
design convolved with the haemodynamic response (figure 2.3). Thus, 
statistical inferences of task induced brain activation can be made for each 
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Figure 2.3 - A simple fMRI experiment of 96 time points where task periods (dark 

grey fields) alternate between rest periods (light grey fields). The dark grey curve 

represents the regional mean of the temporal signal from an activated brain 

region. Clearly this signal time series is highly correlated to the assumed BOLD 

response in light grey (i.e. the haemodynamic response function convolved with 

the rest-task design).

voxel time series based on correlation to this reference wave form 
(Bandettini, et al. 1993). This is commonly performed voxel wise by 
minimising the sum of the squared residuals $"2 in the general linear model 
(GLM (Friston, et al. 1995); Eq. 2.1), where Y is the measured signal time 
series, X is the design matrix and ! is the weighting factors to be estimated.

Eq. 2.1

Before statistical evaluation the data is motion corrected, typically using a 
six parameter spatial transformation (assuming the brain being a rigid body). 
This is the single most important pre processing step during the data 
evaluation as head motion is recognised as the most severe and misleading 
confound in fMRI studies (Turner, et al. 1998). Furthermore, the time series 
are generally temporally filtered, using a high pass filter to correct for 
system drifts, and spatially smoothed (see section 2.3.3). In case of 
evaluating group data, each individual brain is conformed to a known co-
ordinate system, e.g. the Talairach system (Talairach J. 1988).

Ultimately, functional brain activation images are constructed where colour-
scaled statistical inferences are presented above a chosen statistical 
threshold, and subsequently overlaid on anatomical images for localisation 
purposes. Due to the extreme number of hypotheses in fMRI (one for each 
voxel), a statistical threshold based on controlling the amount of false 
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voxel), a statistical threshold based on controlling the amount of false 
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positives in the activated voxel cohort (false discovery rate; FDR) 
(Benjamini and Hochberg 1995) instead of controlling the number of false 
positives in the total cohort (all voxels) is generally but not always used in 
this thesis.

The choice of experimental design, spatial resolution and smoothing are 
seriously affecting the resulting activation image. The underlying 
mechanisms, recent progression and novel contributions to this specific field 
of fMRI optimisation are discussed and presented in the following section.

2.2 BOLD contrast-to-noise

2.2.1 Signal-to-noise in MRI

The measured MR signal (S) is proportional to the time derivative of the 
oscillating Mt, thus S ! "M0, where " is the angular precession frequency 
of the spin vector (i.e. the Larmor frequency). Since both " and M0 are 
proportional to B0, the intrinsic signal is proportional to B02 and the number 
of protons in the sample volume studied. To measure this signal an antenna, 
or coil, tuned to match " is used. However, the signal of interest is 
contaminated by various noise sources. Electrical noise in the receiver 
system as well as thermally generated, random currents in the sample 
contributes to the image noise. This type of noise is commonly referred to as 
thermal or white due to its typically flat power spectral characteristics. The 
magnitude of this noise is also proportional to B0, resulting in a signal-to-
noise ratio (SNR) being proportional to B0 and the number of protons in the 
sample (Edelstein, et al. 1986). The thermal noise however, is independent 
of the sample volume or acquisition technique used. Since these oscillating 
signals are sampled over a time period, the SNR is also proportional to the 
square-root of the total sampling time (Edelstein, et al. 1986). Moreover, 
potential noise sources of more complex characteristics include system drift 
and imperfections in the RF, gradient and shim subsystems.

Since the MR signal is proportional to the number of protons in the sample 
and the magnitude of the thermal noise is not, the SNR is highly dependent 
on the voxel volume used. Since the BOLD contrast generally is low 
(typically 2 - 4% at 1.5 tesla (Turner, et al. 1998)) compared to the noise 
level, the image SNR is of critical importance in fMRI. Parrish et al. (2000) 
demonstrated that the SNR requirement for mapping BOLD induced signal 
changes increased rapidly when the expected BOLD contrast decreased. For 
small contrasts, < 1%, a SNR > 70 was needed to be able to detect 50% of 
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the truly activated voxels. This suggests that a low spatial resolution should 
be used in order to ensure high SNR and activation sensitivity. However, as 
discussed next, SNR may not be the parameter of primary importance in 
fMRI experiments.

2.2.2 Temporal SNR

In fMRI, temporal BOLD signal variations originating from haemodynamic 
responses are measured over time and subsequently evaluated statistically, 
preferably by time-course correlation to a reference wave form. Since the 
statistical inferences are based on signal variations over time, the temporal 
SNR (tSNR), rather than SNR, is of primary importance. tSNR is not only 
dependent on thermal noise but also on periodic fluctuations, referred to as 
physiological noise (Biswal, et al. 1995; Hyde, et al. 2001; Kruger and 
Glover 2001). These can be of neural origin (spontaneous neural activity), 
affecting T2*  or of non-neural origin (CSF fluctuation due to cardiac and 
respiratory functions), affecting the overall MR signal. In contrast to thermal 
noise, physiological noise has a typical power spectral dependence inversely 
proportional to the frequency, with additional peaks corresponding to 
fluctuations due to CSF pulsation and breathing (Turner, et al. 1998), and is 
predominantly seen in grey matter and CSF (Bodurka, et al. 2005). 
Physiological noise also contributes to the actual signal acquired, thus 
demonstrating a dependence of signal strength, %S. Kruger and Glover 
(2001) suggested that % demonstrated a physical measure of SNR 
degradation by signal dependent fluctuations. The contribution of 
spontaneous neural activity was also shown to peak when TE " T2*  (valid 
for BOLD imaging in general (Norris 2006)). Accordingly, it is the tSNR 
and not the SNR that is the limiting parameter in an fMRI experiment. It has 
now been shown that regardless of an increase in SNR, whether 
accomplished by increasing the magnetic field strength, using multichannel 
coils or lowering the spatial resolution, the tSNR tends to reach a plateau, 
theoretically described by Eq. 2.2 (Kruger and Glover 2001) and presented 
in figure 2.4, where further SNR improvement is of negligible benefit 
(Triantafyllou, et al. 2005).

Eq. 2.2
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For example, when the noise is predominantly thermal, i.e. SNR is poor, the 
plateau is not yet reached and tSNR may be increased, simply by increasing 
the SNR. However, as the magnitude of the physiological noise approaches 
the magnitude of the thermal noise, the tSNR gain diminishes. This is of 
great importance when deciding on what spatial resolution should be used. 
Bodurka et al. (2007) proposed a ”suggested”  voxel volume where the total 
thermal and system related noise variance equals the physiological noise 
variance. The impact of tSNR has also been studied recently using various 
BOLD contrasts (Murphy, et al. 2007).

SNR

tS
N

R

Line of identity

Physiological noise 

present

Figure 2.4 - The origin of the noise in fMRI is in part physiological. Since this 

noise contributes to the fMRI signal it is SNR dependent in contrast to thermal 

noise. Thus, in situations where the noise is predominantly physiological (e.g. 

high SNR), tSNR cannot be increased simply by increasing SNR.

tSNR is not the only parameter restricting fMRI sensitivity. As the voxel 
size increases, the risk of including both activated and non-activated tissue 
in a single voxel increases. This is commonly referred to as partial volume 
effects (PVE). In the next section the concept of PVE is discussed and in 
section 2.2.4 results based on modelling the balance between tSNR and PVE 
(paper I) are presented, suggesting that the voxel volume of choice is 
highly dependent on the BOLD contrast at hand.
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2.2.3 Partial volume effects

Insufficient image resolution may lead to mixing of different tissue types or 
activation states within a voxel. PVE have been thoroughly investigated in 
several MRI applications such as volumetric lesion estimations (Firbank, et 
al. 1999) and brain tissue segmentation (Zijdenbos and Dawant 1994). 
However, although several studies regarding the impact of functional 
resolution in fMRI exist (Bodurka, et al. 2007; Korvenoja, et al. 2006; 
Scouten, et al. 2006), PVE has rarely been considered. Since the spatial 
resolution in fMRI generally is poor (typically 33 mm3) compared to the 
spatial characteristics of the tissues examined (e.g. the primary 
somatosensory cortex (Geyer, et al. 1999)), PVE may affect the outcome 
considerably, proposing the need for such studies.
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Figure 2.5 - Increasing the voxel volume does not necessarily result in an 

increased fMRI performance due to an increased contribution of physiological 

noise (solid). On the contrary, PVE (small dots; hypothetical feature) will 

deteriorate the performance,  resulting in a peak performance (named hypothesis 

here) and thus an optimal voxel volume.

We will now return to figure 2.4, which presents the stagnating gain in tSNR 
as SNR increases. Here the label SNR could be switched to ”voxel 
volume”  (see section 2.2.1). Furthermore, as tSNR is proportional to some 
sort of hypothetical fMRI performance the label tSNR could be switched to 
”performance”. These changes will in turn enable some sort of imaginable 
effect from PVE: An infinitesimal voxel volume would minimise PVE and 
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thus maximise performance (if no noise was present). However, as the voxel 
volume increases, the contribution of PVE will increase, decreasing fMRI 
performance (hypothetically described in figure 2.5). fMRI performance 
would thus peak at some voxel volume where the balance between tSNR 
and PVE is optimal (labelled ”hypothesis”  in figure 2.5). In fact, when 
examining the primary sensorimotor cortex, which is a region of high grey 
matter tortuosity (Scouten, et al. 2006), the overall fMRI performance drops 
rapidly at low spatial resolution, despite a favourable tSNR (paper I, see 
section 2.2.4). This suggests that the choice of spatial resolution is of utter 
importance when examining functional regions where small and localised 
activation is expected.

Using too high spatial resolution could potentially result in larger numbers 
of voxel activation beyond the actual site of neural activity. Kim et al. 
(2004) showed that the spatial correlation of the haemodynamic response to 
the underlying neural processes is less than 50% below 2.63 mm3. This is 
surely a challenging issue when performing experiments of sub millimeter 
resolution.

2.2.4 Modelling fMRI performance

The thought of finding optimal voxel volumes in fMRI was encouraging. To 
investigate the impact of spatial resolution on fMRI performance the ”true” 
brain activation has to be known. This is however very difficult in in vivo 
fMRI studies. Fortunately there is always the possibility of investigating 
these properties in a model. Models for fMRI optimisation purposes have 
been sparse. Desco et al. (2001) studied the impact of spatial resolution, but 
this model did not account for physiological noise, and only one type of 
tissue was assumed throughout the whole brain. In paper I a model, based 
on high-resolution human data for studying fMRI performance, was 
presented which included thermal as well as physiological noise. Although 
the model can be used to assess the influence of various parameters, the 
impact of spatial resolution and smoothing is emphasised in this theses.

High-resolution (0.333 mm3) cryo-sectional photographs of a representative 
female brain (The National Library of Medicine's Visible Human Project, 
http://www.nlm.nih.gov) were used to create artificial 3D time series of 
functional data, based on realistic and accurate information of the human 
brain anatomy (paper I). Thermal noise was subsequently added to the time 
series, with a variance magnitude corresponding to true SNR in various 
voxel volumes in the range of 1.33 mm3 to 4.33 mm3 (measured from actual 

26

thus maximise performance (if no noise was present). However, as the voxel 
volume increases, the contribution of PVE will increase, decreasing fMRI 
performance (hypothetically described in figure 2.5). fMRI performance 
would thus peak at some voxel volume where the balance between tSNR 
and PVE is optimal (labelled ”hypothesis”  in figure 2.5). In fact, when 
examining the primary sensorimotor cortex, which is a region of high grey 
matter tortuosity (Scouten, et al. 2006), the overall fMRI performance drops 
rapidly at low spatial resolution, despite a favourable tSNR (paper I, see 
section 2.2.4). This suggests that the choice of spatial resolution is of utter 
importance when examining functional regions where small and localised 
activation is expected.

Using too high spatial resolution could potentially result in larger numbers 
of voxel activation beyond the actual site of neural activity. Kim et al. 
(2004) showed that the spatial correlation of the haemodynamic response to 
the underlying neural processes is less than 50% below 2.63 mm3. This is 
surely a challenging issue when performing experiments of sub millimeter 
resolution.

2.2.4 Modelling fMRI performance

The thought of finding optimal voxel volumes in fMRI was encouraging. To 
investigate the impact of spatial resolution on fMRI performance the ”true” 
brain activation has to be known. This is however very difficult in in vivo 
fMRI studies. Fortunately there is always the possibility of investigating 
these properties in a model. Models for fMRI optimisation purposes have 
been sparse. Desco et al. (2001) studied the impact of spatial resolution, but 
this model did not account for physiological noise, and only one type of 
tissue was assumed throughout the whole brain. In paper I a model, based 
on high-resolution human data for studying fMRI performance, was 
presented which included thermal as well as physiological noise. Although 
the model can be used to assess the influence of various parameters, the 
impact of spatial resolution and smoothing is emphasised in this theses.

High-resolution (0.333 mm3) cryo-sectional photographs of a representative 
female brain (The National Library of Medicine's Visible Human Project, 
http://www.nlm.nih.gov) were used to create artificial 3D time series of 
functional data, based on realistic and accurate information of the human 
brain anatomy (paper I). Thermal noise was subsequently added to the time 
series, with a variance magnitude corresponding to true SNR in various 
voxel volumes in the range of 1.33 mm3 to 4.33 mm3 (measured from actual 

26



33 mm3 MRI data assuming linear sample volume dependence). Because of 
the use of magnitude images in a typical fMRI setting, thermal noise in the 
image domain is not Gaussian but Rician distributed (Gudbjartsson and Patz 
1995). This comes from the Gaussian distributed noise in the real and 
imaginary part of the quadrature receivers of the MR system being 
transformed during the creation of magnitude images. Rician distributed 
noise can be modelled according to Eq. 2.3, where S is the noisy voxel 
signal, S0 is the noise-free signal and &R2 and &I2 are Gaussian distributed 
noise variances in the real and imaginary part of the quadrature receivers, 
respectively (Henkelman 1985).

Eq. 2.3

! ! ! !
Furthermore, physiological noise was modelled from in vivo resting state 
time series in representative regions of grey matter, white matter and CSF. 
The time series were acquired at 33 mm3 spatial resolution (3 tesla) to avoid 
major contributions of thermal noise to the overall noise (i.e. the majority of 
the noise was physiological in its origin). The physiological noise time 
series were motion corrected, their mean values were set to zero and they 
were low pass filtered to further minimise the thermal noise contribution. 
These physiological noise time series were scaled to match %S (% = 0.011 in 
grey matter, %  = 0.006 in white matter (Kruger and Glover 2001) and 0.021 
in CSF (Bodurka, et al. 2005)) and then randomly added to each voxel.

As no established definition of fMRI performance (P) is available we 
propose, in paper I, that the truly positive activation volume (TP), divided 
by the sum of the falsely activated (FP) and falsely inactivated (FN) 
activation volume (Eq. 2.4) reflect P - a straightforward, quantitative and 
single value measure, closely connected to the definition of sensitivity and 
specificity.

Eq. 2.4

fMRI performance was shown to be highly dependent on the choice of 
voxel volume. At very high spatial resolution, the poor tSNR (due to poor 
SNR) considerably decreases the sensitivity resulting in a low fMRI 
performance. Increasing the voxel volume initially improves the tSNR and 
the fMRI performance correspondingly. However, a turning point is 
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eventually reached where the stagnating benefit of increased SNR (i.e. as 
noise becomes dominated by physiological fluctuations and the gain in 
tSNR is negligible) is consumed by rapidly increasing PVE (figure 2.6). 
This turning point of maximal fMRI performance, which was hypothetically 
predicted in figure 2.5 (labelled ”hypothesis”), can be used for choosing the 
spatial resolution. It is easily seen that this optimal voxel volume is highly 
dependent on the intrinsic contrast-to-noise ratio (CNR), i.e. the magnitude 
of the BOLD effect compared to the underlying noise characteristics 
(defined in Eq. 2.5).

Eq. 2.5

In cases with intrinsically higher CNR (e.g. in experiments performed at 
higher field strength and/or for stronger BOLD effects) a smaller voxel 
volume is of more value than for cases with lower CNR. Note that choosing 
too large voxel volume when CNR is high may actually deteriorate fMRI

Figure 2.6 - Modelled data of the impact of voxel volume on fMRI performance. 

At low voxel volumes the poor SNR results in low sensitivity. However,  at too 

large voxel volume, fMRI performance decreases due to PVE. For each 

experiment CNR an optimal voxel volume can be found. (Paper I)
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performance compared to choosing the same voxel volume when the CNR 
is poorer (figure 2.6).

This fine balance between tSNR and PVE is indeed crucial for high fMRI 
performance. Since this balance is greatly dependent on the CNR, any 
choices of spatial matters should be performed with the expected 
experiment CNR in mind, if possible. Our results correspond well to results 
presented by other groups. Hyde et al. (2001) showed that 1.53 mm3 voxel 
volume was preferable when using motor stimuli at 3 tesla, i.e. typically 
very high CNR. Bodurka et al. (2007) on the other hand, presented an 
optimal voxel volume of 1.83 mm3 based on the concept of choosing a voxel 
volume that ensured the physiological and thermal noise to be equal.

2.3 Experimental design and post processing

2.3.1 Tactile stimulation

The theoretical and modelled results of the impact of spatial resolution 
inspired us to investigate this property in vivo. To do this, an unambiguous, 
straightforward and reproducible method for applying tactile stimulation 
was needed.

Several groups have been mapping the somatosensory finger regions using 
fMRI (Hansson and Brismar 1999; Hlushchuk and Hari 2006; Kurth, et al. 
1998; Maldjian, et al. 1999; Stippich, et al. 1999; van Westen, et al. 2004; 
Wienbruch, et al. 2006). In Paper II we present an in-house built 
pneumatically driven and computer controlled system for tactile stimulation 
of the skin (figure 2.7), based on the principles presented by Wienbruch et 
al. (2006). The system allowed individual settings of pulse timing and 
frequency (< five Hz due to the compressive properties of air) for eight 
individual channels stimulating up to eight different skin areas.

The system was tested for mapping the small and localised functional 
regions of the S1, corresponding to the functional somatotopy of individual 
fingers. The BOLD activation of individual fingers was initially assumed to 
be small suggesting an optimal voxel volume around 33 mm3, according to 
figure 2.6 (3 tesla and 2% BOLD contrast). However, it was found that the 
use of a higher spatial resolution was superior (paper II) to a more 
conventional spatial resolution. Cortical finger activation was found in 69% 
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Figure 2.7 - Schematic view of the tactile stimulation system. Eight membranes 

deliver individual tactile stimulation via computer controlled pneumatic valves. 

(Paper II)

of the cases using 23 mm3 compared to 57% using 33 mm3. In fact cortical 
activation of the little finger was absent on group level for 33 mm3 (figure 
2.8). One explanation for the high resolution supremacy in this case could 
be that the experiment was performed using an eight channel coil, ensuring 
sufficient SNR despite the small voxel volume. Another explanation may be 
that the actual CNR was not as poor as initially assumed.

The short and long-term reproducibility of the S1 finger activation was also 
evaluated. Although complex methods for measuring the test-retest 
reliability in fMRI exists (Genovese, et al. 1997; Noll, et al. 1997) we 
merely compared the localisation, strength and volume of the BOLD 
activation over time for simplicity. One volunteer was scanned five 
consecutive days as well as two months after the initial experiment (paper 
II). The system showed remarkable reproducibility in localisation of the 
cortical regions (table 2.1 and figure 2.9) corresponding to different fingers 
(one standard deviation of the activated region centre-of-gravity was around 
4 mm). The strength and extent of the BOLD activation varied more - 
properties which are known to be less reproducible (van Gelderen, et al. 
2005) compared to localisation.
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Figure 2.8 - S1 and S2 activation during tactile stimulation of the thumb, middle 

and little finger. The results represent a group of 21 healthy volunteers. A 

separation of individual fingers according to the expected somatotopy in S1 can 

be seen. Interestingly, little finger activation was only found when increasing the 

spatial resolution to 23 mm3. All other images here are acquired using 33 mm3 

spatial resolution. (Paper II)

Table 2.1
Reproducibility of the centre-of-gravity and cluster sizes in a volunteer over two 

months.
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FDR < 0.05. * FDR < 0.01, ** FDR < 0.1. Co-ordinates are given in Talairach 

space. 2 mm spatial resolution and 4 mm smoothing kernel width are used. 

(Paper II)
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These results confirmed a sufficient sensitivity and reproducibility for tactile 
stimulation in clinical cohorts. Furthermore, we were convinced to use a 
relatively high spatial resolution in any subsequent project utilising tactile 
stimulation of the hand.

Figure 2.9 - fMRI during tactile stimulation of the fingers was performed five 

consecutive days and two months after the initial scan in one volunteer. The 

localisation of the different fingers was highly reproducible. (Paper II)

2.3.2 The choice of scan time

The most straightforward way to map any BOLD signal differences would 
naturally be to acquire one image volume during the active state and one 
image volume during the control state. However, this is not feasible for 
several reasons. First of all, the poor CNR necessitates signal averaging over 
a large number of time points to extract functional information. Moreover, 
as the scanner is susceptible to electronic drifts and shot-to-shot instabilities, 
the signal baseline is not necessarily maintained. Acquiring a large number 
of sample volumes makes it possible to correct for these types of linear or 
low frequency drifts. The impact of scan duration on detection sensitivity 
has been studied theoretically as well as experimentally (Murphy, et al. 
2007). Notably, the scan duration required was shown to be proportional to 
tSNR-2, suggesting the tSNR to be critical for experiment outcome.
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However, estimating the required scan time based on expected tSNR is a 
delicate task. The human brain is an exceptionally dynamic system with a 
continuously ongoing perception of the external environment. This heavy 
information input would likely cause a system overflow if the brain was not 
able to distinguish important information from less important. In fMRI this 
process could be referred to as habituation effects, fatigue or loss of 
attention and is seriously hampering the fMRI performance. These effects 
are presumably more harmful when performing long session experiments, 
suggesting that an increase in scan time may not result in an expected 
improvement. In fact, this effect was unintentionally found (paper II), 
where the detection sensitivity after five minutes of tactile stimulation was 
decreased by ~20% regardless of the spatial resolution used.

Unfortunately minimising these effects is elusive. Session time could be 
reduced without hampering the tSNR if a high temporal resolution is used. 
However, high temporal resolution is often achieved at the expense of 
spatial resolution, SNR (due to limited T1 relaxation) or coverage. Keeping 
the experiment short using a simple design and a limited number of 
hypotheses may ultimately be the best approach. In paper III, IV and V a 
limited coverage (superior half of the brain) was used to maximise the 
temporal resolution, and thus minimising the length of the session.

2.3.3 Smoothing

Spatial smoothing of the functional data is normally used to improve SNR 
and to ensure a Gaussian distributed error in the GLM (Worsley and Friston 
1995). The strategies of how to apply smoothing and to what extent has, 
however, been an area of discussion (Parrish, et al. 2000; Scouten, et al. 
2006; Triantafyllou, et al. 2006). The choice of smoothing kernel width 
could in the end affect the resulting data considerably.

By smoothing the functional data it is possible to increase tSNR when the 
SNR is poor. However, when highly localised and spatially limited 
activation is expected, such as when mapping the cortical hand somatotopy, 
smoothing may critically deteriorate detection sensitivity (Geissler, et al. 
2005). For example, sensory activation of the thumb, middle and little finger 
was found in one subject using little or no smoothing, but when applying a 
smoothing kernel size of 8 mm on the exact same data set, the activation of 
all fingers vanished (paper II ; figure 2.10). 
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Figure 2.10 - The potential negative effect of smoothing is illustrated.  The choice 

of smoothing kernel widths can severely affect the resulting activation map 

although the exact same image set is used. Here, the use of an eight mm kernel 

(~2.5 times the voxel size) almost entirely erase the actual activation present. 

(Paper II)

On the other hand smoothing may increase the number of FP activated 
voxels in situations where the original CNR is sufficient. This could also in 
part be due to the inclusion of draining veins or adjacent activation regions, 
ultimately decreasing the fMRI performance as FP increases (paper I). 
Evaluation of data sets after a commonly used smoothing kernel width (2.5 
times the voxel side) shows a subtle increase in performance, but mainly in 
cases of poor CNR (figure 2.11 b). However, when the CNR is high, the 
choice of voxel volume is even more crucial, which is seen as a steeper 
decrease in performance at increasing voxel volumes compared to the 
unsmoothed data (figure 2.11 a).

Interestingly, Triantafyllou et al. (2006) showed that smoothing may 
improve SNR without affecting the magnitude of the physiological noise. 
This suggests that a high-resolution experiment could be beneficial even 
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Figure 2.11 - a) figure 2.6 for comparison (unsmoothed data),  b) smoothed data. 

Smoothing (in this case ~2.5 times the voxel size) clearly affects the fMRI 

performance and the optimal choice of voxel volume. Smoothing may increase 

the performance but only when the original SNR is poor. Thus, in cases of high 

CNR, smoothing is only advisable when the voxel volume is very small. (Paper I)

though a lower resolution is sufficient to answer a specific hypothesis. This 
effect is potentially seen in situations of high CNR (solid and open squares 
in figure 2.11); Applying a 4 mm smoothing kernel of the data acquired at 
1.63 mm3 results in increased performance (figure 2.11 b) compared to non-
smoothed data acquired at 43 mm3 (figure 2.11 a). Because of the limitation 
of voxel sizes investigated (< 4.53 mm3) this effect is not seen in situations 
of poor CNR (solid and open circles), however it can still be anticipated.

Thus, choosing smoothing kernel size based on the voxel size, as commonly 
advised within the fMRI community, is clearly not a suitable solution (figure 
2.11 b). In fact, the results presented in paper I suggest that the optimal 
magnitude of smoothing is highly dependent on the experiment CNR rather 
than the actual voxel size. By evaluating fMRI performance using various 
degrees of smoothing it was demonstrated that the optimal size of the 
smoothing kernel, normalised to voxel size, is highly dependent on CNR 
(figure 2.12). At CNR approximately larger than 1, smoothing kernel widths 
of the same magnitude as the voxel size (i.e. unsmoothed data in practice) 
maximised the performance. This suggests that the use of little or no 
smoothing is advantageous when the CNR is high.
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Figure 2.12 - The need for smoothing is intimately coupled to the CNR (b) rather 

than to the voxel size (a). When the CNR is approximately larger than 1, little or 

no smoothing is preferable. (Paper I)

36

Figure 2.12 - The need for smoothing is intimately coupled to the CNR (b) rather 

than to the voxel size (a). When the CNR is approximately larger than 1, little or 

no smoothing is preferable. (Paper I)

36



3 Representation and reorganisation of the hand 
in somatosensory cortex

The world around us is perceived through our senses. We continuously 
receive and process a huge amount of information through our detection 
systems. Although connected to each other in a complex way, each detection 
system is independently functioning and related information is processed in 
separate regions of the brain. The structure of these cortical regions are 
further differentiated according to the detailed functionality of each such 
region. In the parietal lobe of the brain, where sensory stimulation is 
processed, a detailed map of the body exists that corresponds to the vast 
number of peripheral receptive fields of the body surface. This so called 
somatotopic map is not permanent. On the contrary, it is continuously 
changing due to experience and learning. This map may also change in 
response to an altered sensory input or in response to neuropathy. 
Knowledge of these processes may improve rehabilitation of patients where 
such changes exists (e.g. limb amputees, dystonia or neuropathy) (Lundborg 
2003; Lundborg 2004).

In this chapter the cortical somatotopy of the human hand is initially over-
viewed and related to our results of mapping the hand in primary 
somatosensory cortex (S1). Subsequently, in section 3.2.1, the underlying 
mechanisms of cortical plasticity is briefly discussed. Plastic effects of S1 
are studied by fMRI in three cohorts where reorganisational effects during 
sensory stimulation are hypothesised due to a cortical shift or re-routing of 
afferent nerve impulses: (i) In volunteers during cutaneous anaesthesia of 
the forearm (section 3.2.2), (ii) in hand amputees (section 3.2.3) and (iii) in 
subjects suffering from long-term exposure to vibrating tools (section 3.2.4). 
Here, evidence of cortical plasticity in all these cohorts by using fMRI are 
presented (paper III, IV and V). These results were achieved by utilising 
the optimised procedure for S1 mapping, presented in section 2.2 and 
section 2.3.

3.1 Representation of the hand in S1

As first sensed by peripheral mechanoreceptors in the skin, touch sensation 
reaches the brain via the spinal cord. After synapsing in the thalamus the 
signal is projected to the contralateral S1 in the post central gyrus. This 
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results in a reversed somatosensory map where touch sensation in the right 
hand is predominantly processed in the left S1 and vice versa.

S1 contains four different areas, defined by their cytoarchitecture, namely 
Brodmann´s areas 1, 2, 3a and 3b (figure 3.1). The majority of the thalamic 
neurones project their axons to area 3a and 3b situated along the anterior 
bank of the post central gyrus. In turn, neurones in these areas project to 
area 1, situated in the most lateral part, and area 2, situated on the posterior 
bank, of the post central gyrus. Additionally, the right and left 
somatosensory cortex are interconnected through the corpus callosum. In 
turn, all these areas project to the higher-order secondary somatosensory 
cortex (S2), located on the superior bank of the lateral fissure, and associal 
areas in posterior parietal cortex (Purves, et al. 2004).

Figure 3.1 - Sensory information from the body surface is projected via the spinal 

cord and the thalamus to Brodmann’s areas 1, 2, 3a and 3b of the primary 

somatosensory cortex (S1). S1 is bilaterally situated in the post central cortex, 

adjacent to the primary motor cortex in the pre central cortex and associal 

sensory cortex in the posterior parietal lobe. Illustrations from Purves et al., 

Neuroscience, third ed. Sinauer Associates, Inc.
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Figure 3.2 - S1 contains a complete map of the body surface. However,  the map 

does not reflect the size of the body surface but rather the innervation density of 

the skin.  Body regions of outstanding sensory function, such as the face and the 

hand, are thus unproportionally large in the cortex reflecting massive neural 

resources. This cortical representation of the body surface is commonly referred 

to as the homonculus. Illustrations from Purves et al.,  Neuroscience, third ed. 

Sinauer Associates, Inc.

Each of the four regions of the S1 contains a complete map of the body 
surface (Penfield and Boldrey 1937) (figure 3.2). This somatotopic map 
does not represent the body in its actual physical proportion. Instead each 
part of the body is represented in the brain in proportion to its relative 
significance to sensory perception. In fact, the map reflects the innervation 
density of the skin (Kandel, et al. 2000), suggesting that a large number of 
neurones result in an overall better sensitivity in that part of the body. Body 
parts with exquisite sensitivity, such as the hand and lips, are represented by 
the largest areas in S1 (figure 3.2) (Maldjian, et al. 1999; Stippich, et al. 
1999), where the cortical grey matter mass per peripheral surface area is 
about 100 times larger compared to the abdomen (Kandel, et al. 2000).

Although the hand is represented by a comparably large area of S1, the 
distances between different fingers are only a few mm and the distance 
between the thumb and the little finger is approximately 20 mm (paper II). 
In order to map this detailed somatotopy, a computer controlled apparatus 
for tactile stimulation was used (see section 2.3.1). Preference for high-
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resolution acquisition and limited smoothing was also concluded (see 
section 2.2.4 and section 2.3.3).

Overall, the activation cluster localisation for the separate fingers 
corresponded well to the expected organisation in SI, i.e. the thumb, middle 
finger, and little finger were organised in an anterior-to-posterior, inferior-to-
superior and, lateral-to-medial manner. The mean co-ordinates for the 
thumb, middle and little finger are shown in table 3.1. Although activation in 
area 3b is predominantly seen during tactile stimulation, activation in other 
areas is seen occasionally (figure 3.3).

Figure 3.3 - Tactile stimulation is often seen in S1 area 3b. In this subject 

additional activation on the crown of the post central gyrus (area 1) can be seen. 

(Paper II)
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Table 3.1
Individual Talairach co-ordinates at 23 mm3 spatial resolution

Subject

Cluster size Cluster size Cluster size

x y z x y z x y z

1 -57 -16 37 <10** - - - 0 - - - 0
2 -50 -19 46 218 - - - 0 - - - 0
3 - - - 0 - - - 0 - - - 0
4 -44 -19 44 15 -35 -21 52 146 -33 -28 61 27
5 -48 -13 49 <10** -49 -25 50 614* -42 -22 52 <10
6 -53 -20 42 55 -48 -29 52 <10** - - - 0
7 -53 -15 43 <10** -48 -23 52 185* -42 -29 55 <10
8 -56 -22 44 418 -47 -31 52 54 -45 -29 51 616
9 -47 -21 41 595 -44 -25 48 356* -42 -31 50 114*
10 -46 -14 46 472 -43 -24 53 153* -35 -27 57 132
11 - - - 0 - - - 0 - - - 0
13 -53 -24 41 21 - - - 0 - - - 0
14 -49 -18 49 153 - - - 0 -37 -26 58 165**
15 - - - 0 - - - 0 - - - 0
16 -47 -28 42 42 -39 -26 53 34* -40 -34 50 102*
17 -53 -17 41 1018 -49 -29 44 248* -42 -31 46 47
18 -49 -16 44 877* - - - 0 - - - 0
20 -52 -20 47 27 - - - 0 - - - 0
Mean -50 -19 44 -45 -26 51 -40 -29 53
S.D. 3.8 4.0 3.3 4.9 3.2 3.0 3.9 3.4 4.7

Coordinates            Coordinates           Coordinates           

Thumb                                          Middle finger                                    Little finger                                   

FDR < 0.05.  * FDR < 0.01, ** FDR < 0.1. Volunteer 12, 19 and 21 are not 

included due to stimuli failure (volunteer 12) or compliance issues (volunteer 19 

and 21). (Paper II)

3.2 Brain plasticity

3.2.1 Synaptic and organisational mechanisms

The early brain development of the embryo is a product of genetic 
instructions and cell signalling and is thus activity independent. During this 
time neural circuits are abundantly established. As the brain mature these 
circuits are modified by patterns of neural activation, thus largely affected 
by incoming signals. In this way the functional systems of the brain develop 
under a strong influence of the surrounding environment admitting the brain 
to adapt to better respond to the demands from the outside world. This 
capacity to adapt is generally known as brain plasticity - a process closely 
associated to the concepts of experience, learning, conditioning and ability 
to store information. Although the majority of these processes are 
considered to become less effective in the adult brain, they persist 
throughout life in order to learn new skills or to store memories. Moreover, 
in situations where the perception of the outside world changes due to 
neural injury or pathology, brain plasticity may play an important role.
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There is considerable evidence for plastic changes taking place in the 
mature synapse as moderation of the synapse strength. Depending on the 
underlying molecular alterations or potential changes in gene expression this 
moderation can be very short-lived or last for years (Kandel, et al. 2000). 
However, Merzenich et al. (1983) suggested that cortical reorganisation of 
existing functional networks also play a vital role. After section of the 
median nerve, i.e. silencing the cortical areas corresponding to the glabrous 
skin of the thumb, index and middle finger, these cortical areas momentarily 
responded to stimulation of the dorsal side of these fingers (normally 
covered by the radial nerve). Since this cortical ”unmasking”  was seen 
immediately after nerve section, they concluded that the unmasked signal 
pathway must be present but heavily suppressed during normal 
circumstances. This second set of underlying pathway is suggested to exist 
in topographical areas of temporal firing pattern correlations, e.g. sensation 
of different fingers during grasp (Merzenich, et al. 1984). In this case these 
plastic changes are predominantly due to short-term reorganisation of 
existing networks rather than moderation of synapse strength. However, if 
this state persists, formerly suppressed axon tracts may be strengthened over 
time due to long-term synaptic alterations. Thus, the extension of these 
initially unmasked areas may increase over time.

This underlying circuitry may be detected in typical experiments, e.g. the 
experiment described in paper II. Here, stimulation of each finger did 
render slightly elevated activation in the cortical area corresponding to the 
other two fingers (figure 3.4). This could be due to such an underlying 
connection.

Although the molecular mechanisms of plasticity cannot be investigated 
using fMRI, the ability to monitor functional changes following plastic 
effects in S1 is promising. For example, long-term plasticity effects in S1 of 
chronic stroke patients was studied by Schaechter et al. (2006). In these 
patients an increased cortical thickness and functional activation of S1 areas 
were presented and suggested to originate from improved sensorimotor hand 
function. Short-term reorganisational effects due to immediate unmasking 
have also been observed in a few amputees (Borsook, et al. 1998; Grusser, 
et al. 2004).

In the following three sections, plastic changes due to reorganisation of 
existing networks and possibly long-term synaptic strengthening are 
examined in three cohorts where such effects are hypothesised. Although 
these plastic changes are by simplicity measured in S1, plasticity may also 
exist at sub cortical levels, such as in the thalamus and spinal cord.
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Figure 3.4 - An fMRI experiment showing the mean signal in the cortical region 

corresponding to the little finger (stimulation during the period in red). Clearly 

this region is activated during stimulation of the thumb (blue) and middle finger 

(green) as well, indicating substantial communication within these regions. 

Potentially, these second order connections can be unmasked if the direct path is 

restricted.

3.2.2 Cortical reorganisation of the hand following cutaneous 
anaesthesia of the forearm

Recently it was demonstrated that an inhibition of afferent nerve impulses 
from the forearm using cutaneous anaesthesia was improving sensory 
functions of the hand (Bjorkman, et al. 2004; Rosen, et al. 2006). The 
responsible mechanism was suggested to be a short-term cortical 
reorganisation resulting in more nerve cells supplying the hand. This guided 
plasticity is promising for promoting and improving weakened or lost 
sensory function (Muellbacher, et al. 2002). Intrigued by the robust and 
reproducible S1 activation presented in section 2.3 (paper II), we wanted to 
confirm such cortical reorganisation during anaesthesia. Hypothetically, this 
silencing of forearm signals to S1 would thus lead to a reorganisation of 
adjacent cortical regions (see section 3.2.1), such as the hand.
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Figure 3.5 - An anaesthetic cream was applied on the volar surface of the 

forearm to temporarily hinder sensation information from this region to reach 

S1.

Figure 3.6 - S1 activation after tactile stimulation of the right hand fingers in two 

volunteers before (a and d) and after (b and e) applying an anaesthetic cream to 

the forearm. Cortical activation expands cranially and medially after 

subcutaneous anaesthesia, thus including the cortical forearm region. The 

expansion is more clearly visualised by statistically comparing b to a (c) and e to 

d (f). (Paper III)
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To accomplish this, cutaneous sensation of the right volar forearm was 
temporarily inhibited in ten healthy volunteers, using an anaesthetic cream 
(figure 3.5). Tactile stimulation of the five right hand fingers was then 
examined using fMRI directly prior to and after 80 minutes of anaesthesia 
(paper III). Functional changes were subsequently correlated to potential 
improvements of the sensory function. It was shown that the cortical area 
representing the five fingers of the right hand expanded cranially, medially 
and posteriorly after forearm anaesthesia, suggesting an immediate 
reorganisation of receptive field inputs corresponding to the fingers, 
terminating in the forearm cortical area.

S1 activation during tactile stimulation was clearly apparent in all 
volunteers (see figure 3.6 a and d for two volunteers). The cortical finger 
representation expanded according to figure 3.6 b and e following forearm 
anaesthesia. In six out of ten subjects this functional reorganisation was 
statistically significant (p < 0.004; figure 3.6 c and f). Significantly increased 
activation was also seen in other regions, e.g. ipsi-lateral S1, posterior 
cingulate gyrus and superior parietal lobe, however, these activation clusters 
were less significant and smaller than 100 mm3. Functional differences in 
the forearm region was also statistically significant in the group evaluation 
(FDR < 0.05), corresponding to the Talairach co-ordinates (-19, -33, 63). 
The sensory function of the hand was clinically tested by measuring the 
touch thresholds and two-point discrimination (the minimal distance 
between two points that can be distinguished and perceived as two) of the 
index and little finger.

The four volunteers that most clearly showed an expansion of finger 
activation into cortical forearm regions also improved finger sensitivity 
measured by tactile discrimination (marked by *  in table 3.2). Such a plastic 
recruitment of neural resources could thus be coupled to improved 
functionality of cortically adjacent regions. A cortical expansion was not 
seen in all subjects. This could be due to the rather small cortical region 
corresponding to the forearm. In cases where nerve impulses from the hand 
are lost, a more pronounced fMRI effect is expected.

45

To accomplish this, cutaneous sensation of the right volar forearm was 
temporarily inhibited in ten healthy volunteers, using an anaesthetic cream 
(figure 3.5). Tactile stimulation of the five right hand fingers was then 
examined using fMRI directly prior to and after 80 minutes of anaesthesia 
(paper III). Functional changes were subsequently correlated to potential 
improvements of the sensory function. It was shown that the cortical area 
representing the five fingers of the right hand expanded cranially, medially 
and posteriorly after forearm anaesthesia, suggesting an immediate 
reorganisation of receptive field inputs corresponding to the fingers, 
terminating in the forearm cortical area.

S1 activation during tactile stimulation was clearly apparent in all 
volunteers (see figure 3.6 a and d for two volunteers). The cortical finger 
representation expanded according to figure 3.6 b and e following forearm 
anaesthesia. In six out of ten subjects this functional reorganisation was 
statistically significant (p < 0.004; figure 3.6 c and f). Significantly increased 
activation was also seen in other regions, e.g. ipsi-lateral S1, posterior 
cingulate gyrus and superior parietal lobe, however, these activation clusters 
were less significant and smaller than 100 mm3. Functional differences in 
the forearm region was also statistically significant in the group evaluation 
(FDR < 0.05), corresponding to the Talairach co-ordinates (-19, -33, 63). 
The sensory function of the hand was clinically tested by measuring the 
touch thresholds and two-point discrimination (the minimal distance 
between two points that can be distinguished and perceived as two) of the 
index and little finger.

The four volunteers that most clearly showed an expansion of finger 
activation into cortical forearm regions also improved finger sensitivity 
measured by tactile discrimination (marked by *  in table 3.2). Such a plastic 
recruitment of neural resources could thus be coupled to improved 
functionality of cortically adjacent regions. A cortical expansion was not 
seen in all subjects. This could be due to the rather small cortical region 
corresponding to the forearm. In cases where nerve impulses from the hand 
are lost, a more pronounced fMRI effect is expected.

45



Table 3.2
Clinical improvement after EMLA® application in terms of tactile discrimination 

in tip of digit II and V and corresponding activation extension to cortical forearm 

regions

Subject Clinical improvement (2PD) 

In percent and in mm (pre and post treatment raw data) 

 

Significant activation 

of the forearm area 

post/pre EMLA® 

contrast 

 Digit II Digit V  

6 39 (3.1-1.9) 48 (3.1-1.6)  

1 24 (2.5-1.9) 44 (3.4-1.9) * 

8 29 (3.1-2.2) 35 (3.4-2.2) * 

9 38 (1.6-1.0) 14 (2.2-1.9)  

5 11 (2.8-2.5) 38 (5.0-3.1) *** 

3 24 (2.5-1.9) 24 (2.5-1.9) * 

7 36 (2.4-1.6) 11 (2.8-2.5)  

10 12 (2.5-2.2) 10 (3.1-2.8) * 

2 0 (2.5-2.5) 0 (2.8-2.8) ** 

4 0 (2.5-2.5) -14 (2.2-2.5)  

Significant activation expansion to the forearm area in the S1 was seen in six 

subjects. *FDR < 0.05; ** p < 0.001, *** ipsilateral activation p < 0.001. The 

presented results are sorted by the best clinical improvement. (Paper III)

3.2.3 Phantom hand somatotopy

After observing reorganisational effects following forearm anaesthesia we 
wanted to investigate whether any long-term reorganisations could be 
monitored in patients suffering from chronic blockage of afferent nerve 
impulses. This was performed in six unilateral hand amputees (paper IV). 
In these patients no neural connection between the hand and brain had been 
present for in average 12 years [range: 2 - 25].
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Interestingly, these patients may experience phantom sensations of various 
fingers on the amputation stump, a feature that opens a promising approach 
for developing sensory feed-back in hand prostheses. The stump hand map 
could be explained by several mechanisms: Initially, an unmasking of 
underlying cortical pathways can explain such sensations in body parts 
which are cortically close to the hand (i.e. the face and forearm). 
Furthermore, the cut peripheral nerves undergo terminal swelling and 
regenerative sprouting following amputation, which may reinnervate stump 
skin regions. In this case the normal route for hand sensation is re-
established and the cortical hand region is partly ”recaptured”  (Bjorkman, et 
al. 2007) - a process not seen in the face hand-map. Variations in the 
reinnervation process could potentially explain the differences in the stump 
hand map.

The six patients in our study had a tactile finger map on the amputation 
stump, although in various degrees. These maps were individually outlined 
(figure 3.7) and subsequently used as receptive fields of phantom finger 
sensation in the fMRI experiment. The thumb, index and little finger map 
were outlined in all patients as well as three forearm control regions where 
no finger sensation was experienced. 

Figure 3.7 - Forearm regions where the patient experienced sensation from the 

thumb, index and little finger are marked with I,  II and V, respectively.  Regions 

where no such finger sensation was perceived were marked as empty circles for 

control reasons.
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Tactile stimulation was applied in nine regions: Three regions of the 
amputation stump, corresponding to thumb, index and little finger phantom 
sensation, three forearm regions with no such phantom finger sensation and 
finally the intact thumb, index and little finger of the opposite hand. The 
resulting cortical activation during stimulation of the phantom finger regions 
of the amputated stump was comparable to corresponding finger activation 
in a reference population of 20 healthy volunteers (figure 3.8). 

Figure 3.8 - Tactile stimulation of the amputated stump skin regions 

corresponding to perceived sensation of the thumb, index and little finger in 

amputated hand patients (group results). Tactile stimulation of the right hand 

fingers in a control group are shown for comparison. (Paper IV)

It is evident that stimulation of the amputated stump in these subjects 
activated cortical hand region. Furthermore, the location of the activated 
areas corresponded well to cortical finger representations of their healthy 
opposite hand (figure 3.9). However, activation of the amputated side was 
generally less distinct and the ipsilateral S1 was more robustly activated, 
suggesting an increased use of closely connected regions. Cortical activation 
corresponding to lost fingers was seen in three out of six subjects and after 
group evaluation. The contribution of nerve sprouting induced phantom 
sensation in these cases was unclear but could explain the large hand map 
diversity between subjects.
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Figure 3.9 - Cortical activation from tactile stimulation of the mapped amputated 

stump and the corresponding fingers of the healthy side. Stimulation of the 

amputated stump is activating cortical finger regions although activation is less 

distinct including more extensive ipsilateral activation. (Paper IV)

An excellent phantom finger somatotopy of one patient is presented in figure 
3.10. Stimulation of the forearm regions without phantom finger sensation 
did not result in focal activation or in most cases activation at all.

As the hand normally comprises a relatively large area of S1, a great loss of 
receptive fields potentially evokes a huge amount of neural resources. 
Resources which can be used momentarily by cortical reorganisation. Over 
time the original signalling route may be re-established as cut nerves may 
regenerate at the site of amputation leading to reinnervation of the forearm 
skin.
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As the hand normally comprises a relatively large area of S1, a great loss of 
receptive fields potentially evokes a huge amount of neural resources. 
Resources which can be used momentarily by cortical reorganisation. Over 
time the original signalling route may be re-established as cut nerves may 
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Figure 3.10 - State-of-the-art activation during tactile stimulation of the mapped 

stump regions.  A clear functional somatotopy corresponding to the thumb, index 

and little finger is seen. (Paper IV)

3.2.4 Cortical expansion of the fingers in subjects suffering from long-
term exposure to vibrating tools

It is well known that long-term exposure to vibrational hand-held tools 
could induce neurological symptoms, such as deteriorated sensory function, 
decreased fine motor ability and pain. These symptoms can in part be 
explained by injury to the peripheral nerve and mechanically induced 
muscle damage. However, central effects cannot be ruled out. Recently, 
Vidyasagar et al. (2009) showed cortical reorganisation of S1 after three 
hours of vibrotactile stimulation to the index and ring finger. Significant 
shifts of the cortical border areas of these two fingers were observed 
immediately following the vibrotactile stimulation, including an overlap of 
these regions and the cortical representation of the middle finger. Such 
plastic effects may in part explain symptoms seen in subjects suffering from 
vibration induced neuropathy. Knowledge of these processes can also 
improve existing treatment strategies.

To address this, reorganisation effects in S1 were studied in dental 
technicians who had been exposed to ~600 Hz hand vibration during 15 to 
44 years (paper V). The subjects typically suffered from decreased finger 
sensitivity, fine motor ability and/or pain. Tactile stimulation of the thumb, 
middle and little finger was applied in these subjects and compared to a 
healthy control group. An increased overlap in cortical finger 
representations and a statistically significant (p < 0.0005) increase of 
activation in the regions corresponding to the thumb, middle and little finger 
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were found (figure 3.11). Furthermore, the activation volume was larger for 
all fingers in the group exposed to vibration, especially for the middle and 
little finger. 

Similar cortical finger expansion has been presented before in musicians 
suffering from hand dystonia due to vigourous training (Elbert, et al. 1998). 
Indeed, strongly enhanced signalling pattern from vibrations may cause 
similar effects and eventually induce cortical deficits. Based on these 
reorganisations, individual rehabilitation programs may be custom designed.

Figure 3.11 - Tactile stimulation of patients suffering from neural pathology (NP) 

after long-term exposure to vibration, compared to a control group. An increased 

activation volume was seen in all fingers of NP subjects, suggesting that 

peripheral input may affect cortical function. (Paper V)
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4 fMRI of intrinsic brain activity

In conventional fMRI the normal approach is to compare functional images 
of a control state to functional images acquired during a specific task state. 
This type of experiment is generally referred to as task-based fMRI. 
However, 60-80% of the brain's energy budget is used to support intrinsic 
activity (Buzsaki, et al. 2007), i.e. activity not coupled to a specific task. In 
comparison, the energy burden from momentary demands may be as little as 
0.5-1% of the total brain energy budget (Raichle and Mintun 2006). Thus, 
brain activity is mainly involving maintenance of information for 
interpreting, responding and predicting environmental demands (Raichle 
and Snyder 2007). This implies that most of our knowledge of brain 
function from fMRI is learned by studying a minor component of the brain 
function, i.e. reflexive responses to momentary demands. It is now possible 
to map brain function in absence of an external task by mapping functional 
brain regions of temporally correlated signal characteristics. These 
temporally correlated regions are commonly referred to as functional 
networks.

How well do these networks correspond to activation maps during task-
based fMRI? Could such a network map potentially offer additional 
information when investigating plastic processes in the sensorimotor cortex? 
The first question is of interest when using fMRI for pre-surgical planning, 
i.e. mapping vital brain regions close to brain tumours (Vlieger, et al. 2004). 
In patients unable to perform tasks in a controlled manner (children or 
patients suffering from cognitive impairment or paresis), a task-free 
mapping method would be advantageous. The second question addresses the 
reorganisational effects investigated in this thesis. Are plastic changes 
restricted within each functional network or can these reorganisational 
effects cross functional boundaries?

In this chapter the properties of brain activity in absence of a task is 
discussed and how these properties can be used to map the sensorimotor 
cortex. Finally, in section 4.2.3, I address the first question by comparing the 
activation map from conventional task-based fMRI to the intrinsic network 
of the sensorimotor cortex (paper VI). The second question is not addressed 
in this thesis, however, it is considered important and will be investigated in 
the near future.
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4.1 Intrinsic activity of the brain

4.1.1 Spontaneous neural firing

In the beginning of the 1990:s the introduction of BOLD fMRI resulted in 
an escalation of studies for mapping brain function. However, it was soon 
discovered that some regions of the brain showed negative signal responses 
in certain circumstances (Raichle, et al. 1994; Shulman, et al. 1997). This 
was a peculiar finding since the rest state was simply thought of as a 
baseline of neuronal activity. Using positron emission tomography (PET) it 
was quantitatively found that these regions had a decreased activity during 
goal directed tasks, rather than increased activity during rest (Raichle, et al. 
2001). Such negative responses were consequently labelled “deactivations”. 
The intrinsic brain activity was considered to be physiological fluctuations 
of the BOLD signal and was later named physiological noise (Kruger and 
Glover 2001). This noise included hemodynamic and CSF fluctuations, due 
to breathing and heart activity, as well as poorly characterised low-
frequency fluctuations (< 0.1 Hz (Biswal, et al. 1995)). These fluctuations 
are roughly twice as large in grey matter compared to white matter 
(Bodurka, et al. 2005; Kruger and Glover 2001).

These low-frequency fluctuations are now assumed to reflect metabolic 
fluctuations due to spontaneous neuronal firing, a continuously ongoing 
neural process which was first investigated in the human brain some 50 
years ago (Gerstein 1960). These processes are not likely induced from 
spontaneous behavior of the subject (e.g. day-dreaming) because of its 
presence throughout the whole brain (compared to task-based activity) and 
its consistency between different subjects. Furthermore, ongoing activation 
in form of spontaneous neural firing is present at all times, e.g during 
external stimulation (Fox and Raichle 2007), during anaesthesia (Vincent, et 
al. 2007) and also in the infant brain (Fransson, et al. 2007).

4.1.2 Functional networks

Biswal et al. (1995), who studied correlations of the BOLD response in 
sensorimotor regions in absence of a task, was the first to find signal 
correlations within the left and right primary motor cortex, including 
supplementary motor areas (SMA). Such correlations are now suggested to 
reflect considerable axonal connections revealing potential functional 
networks within the brain (Fox and Raichle 2007). Since then, several 
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functional networks have been found (Damoiseaux, et al. 2006; De Luca, et 
al. 2006). The functional network perhaps most frequently studied is the so 
called default network. The default network is unique in its responsiveness 
to cognitive tasks. Activation suppression during cognitive tasks cause the 
regional deactivations often encountered during task-based fMRI. Since 
these deactivations almost always include some specific regions of the brain, 
such as the ventral anterior and posterior cingulate cortex (Fransson 2005), 
the thought of a basal network, somehow connected to the underlying brain 
function has been suggested (Raichle, et al. 2001). This default network has 
been investigated by several groups (Biswal, et al. 1995; De Luca, et al. 
2006; Fransson 2005), These networks have been studied in various types of 
neural dysfunctions, such as attention deficit hyperactivity disorder (ADHD) 
(Zang, et al. 2007) and Alzheimer’s disease (Wang, et al. 2007).

4.2 Imaging strategies for mapping functional networks

The two most commonly used methods for mapping intrinsic networks are 
based on finding functional connectivity through signal correlations, 
although the specific approaches differ somewhat. Both methods have 
advantages and drawbacks. In order to more easily understand the 
experiment addressing the first question above, a short introduction to these 
imaging strategies for mapping connectivity is needed. It should be noted 
that the physiological ”noise”  from spontaneous neural firing is the signal of 
interest when mapping functional networks. Thus, a substantially larger 
voxel volume is used in this particular case to ensure a large contribution of 
physiological noise compared to thermal noise (see section 2.2.2). 
Preprocessing strategies which are commonly used in both intrinsic and 
task-based fMRI (see section 2.1.5) are not discussed in detail here.

4.2.1 Seed-based intrinsic fMRI

A correlation analysis to identify functional connectivity can be performed 
using time courses from so called seed regions. Seed regions are chosen 
based on an assumed functional relevancy to the network of interest. Thus, 
these regions can be chosen from anatomical information (e.g. pre-scanned 
images) or from functional information (e.g. task-based fMRI). The seed-
based technique is limited to applications where there is an a priori 
expectation of an existing functional network.
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In seed-based correlation analysis, the mean signal time course of the seed 
region is representing the temporal signal characteristic of interest, similar 
to what the modelled haemodynamic response is representing in task-based 
fMRI. This signal time course, or regressor, is then correlated to all other 
voxel time courses of the functional data in order to map regions of similar 
temporal BOLD response. However, the temporal BOLD response is 
generally contaminated as several potential noise sources are affecting the 
signal. These noise sources should be controlled to be able to avoid any non-
neural correlations, such as head motion, CSF and brain tissue pulsations 
and global signal changes. This is typically done using head motion 
correction, correction for mean global signal and temporal filtering of the 
data to reject fluctuations outside the region of interest (i.e. above 0.1 Hz). 
Furthermore, potential physiological confounds may be modelled in the 
GLM by modelling additional regressors reflecting the signal time courses 
in the white matter and the ventricles (CSF) (Cordes, et al. 2000; Vincent, et 
al. 2006). Temporal characteristics originating from these sources can thus 
ultimately be rejected instead of included. Functional network maps are 
finally created based on a chosen correlation threshold.

4.2.2 Independent component analysis

When using independent component analysis (ICA) to find regional 
connectivity, neither seed regions nor the use of a hypothetical reference 
function are required. It is thus possible to characterise several types of 
fluctuations without the constraints of prior assumptions. On the other hand 
the resulting amount of data is often huge and it may be elusive to separate 
the underlying sources of information.

ICA is based on the assumption that neural signal time courses from 
different functional networks are independent and that acquired functional 
information is a mixture of these independent sources. In practice ICA 
works in a reversed fashion, splitting the acquired temporal information into 
statistically independent components, thus outlining different functional 
networks. Although the mathematical details are elaborate and an extensive  
presentation is beyond the scope of this thesis, the underlying principles are 
to separate components so that 1) independence between components is 
maximised, 2) complexity of the data is minimised (data from one single 
functional network is always less complex than data from several functional 
networks) and 3) minimise normality (data from one single functional 
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network is always less Gaussian than data from several functional 
networks). For a full tutorial, I recommend Stone (2004).

As multiple components are found, there is a need to determine the ones of 
interest. This could be a difficult task since components may be associated 
to not only spontaneous neural activity but also various noise components. 
Spontaneous fluctuations are certainly separated in frequency from non-
neural haemodynamic noise sources, such as CSF and brain tissue pulsation. 
However, the temporal resolution of the acquired functional data is 
generally around 2 seconds and thus, signal fluctuations above 0.25 Hz 
cannot be accurately measured (according to the Nyquist-Shannon sampling 
theorem). This ultimately leads to temporal aliasing of higher frequency 
components, such as cardiac pulsation and respiration cycle (De Luca, et al. 
2006), contaminating the low-frequency data if the EPI repetition time (TR) 
is not lowered. To better distinguish between different noise sources, an 
ICA “finger print technique”  has been suggested (De Martino, et al. 2007). 
This method utilise the possibility to characterise the source components 
beyond their frequency components. Several additional component 
characteristics can be analysed, such as degree of clustering, skewness of 
the data, kurtosis and temporal and spatial entropy. As BOLD signals of 
neural origin typically has a high degree of clustering, skewness and entropy 
and low kurtosis it is possible to distinguish them from typical EPI artefacts, 
e.g. susceptibility effects, residual motion artefacts, vessel-induced BOLD 
signals or cardiac pulsations (De Martino, et al. 2007).

4.3 Comparing intrinsic network maps to task-based activation 
maps

How well do these networks correspond to activation maps during task-
based fMRI? The consistency of functional brain networks has previously 
been evaluated using various approaches. For example, these networks have 
been shown to be consistent across healthy subjects (Damoiseaux, et al. 
2006) and the intra subject test-retest precision using ICA was presented to 
be similar to conventional task-based methods (Nybakken, et al. 2002). 
Furthermore, ICA has proved to give results comparable to conventional 
fMRI when examining task-based data sets from auditory stimulation and 
language tasks (Quigley, et al. 2002) and from sensorimotor stimulation 
(Moritz, et al. 2000; Quigley, et al. 2002). Similar results have been 
presented for seed-based analysis (Quigley, et al. 2001).
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However, in these studies information based on functional mapping prior to 
the experiment have been used, making such comparisons less useful in 
situations where no task-based information will be available (e.g. fMRI 
aided pre-surgical planning of patients unable to perform tasks). Recently, 
Kokkonen et al. (2009) compared intrinsic state data and finger-tapping data 
using ICA in patients with brain tumour, concluding that it was possible to 
localise sensorimotor areas from rest data using ICA without using any a 
priori acquired information. In the same manner, Liu et al. (2009) showed 
that activation maps from seed-based correlations was quite similar to both 
motor task activation and direct cortical stimulation in patients with tumour 
and epileptic foci close to the primary motor cortex. Unfortunately, these 
results were not evaluated using a quantitative approach making any 
comparisons difficult.

To fully cover the question asked, we wanted to contribute with a 
quantitative approach, using no a priori functional information (paper VI). 
The sensorimotor cortex was examined using seed-based analysis and ICA 
(fastICA) (Hyvarinen and Oja 2000) of rest data, according to section 4.2.1 
and 4.2.2, and using finger tapping fMRI (motor and sensory stimulation). 
The intrinsic network maps found were individually compared to the task-
based activation map utilising a quantitative definition of concurrence ratio 
(c ; Eq. 4.1), introduced by Quigley et al. (2001).

Eq. 4.1

Here, V is the mapped volume using ICA (ica), seed-based analysis (s) and 
task-based fMRI (t). Thus if the mapped brain volumes (using different 
approaches) are largely shared, compared to the size of the maps, c will be 
large.

Ten subjects were included in the study and bilateral activation of the 
primary motor cortex and SMA were generally seen in all three methods. 
Although the motor networks found using ICA and seed-based correlation 
analysis were qualitatively comparable to the activated regions during the 
motor task, these areas were only partly overlapping in most subjects. This 
is shown in figure 4.1 and 4.2 where activation maps from task-based fMRI 
in blue, seed-based correlation analysis (figure 4.1) and ICA (figure 4.2) in 
yellow and their intersect in green are presented. This non-perfect 
correspondence is expected due to several reasons: Finger-tapping activates 
regions corresponding to the hand solely, while network maps likely include 
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is shown in figure 4.1 and 4.2 where activation maps from task-based fMRI 
in blue, seed-based correlation analysis (figure 4.1) and ICA (figure 4.2) in 
yellow and their intersect in green are presented. This non-perfect 
correspondence is expected due to several reasons: Finger-tapping activates 
regions corresponding to the hand solely, while network maps likely include 
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Figure 4.1 - The intrinsic sensorimotor network found using a seed situated in 

the left pre central gyrus compared to bilateral motor-task fMRI. The intrinsic 

sensorimotor network is shown in yellow, the task-based activation is shown in 

blue and regions activated using both methods are shown in green. The seed 

region is shown in red. Corresponding concurrence ratios (c) for three 

representative subjects are shown. (Paper VI)

functional regions corresponding to the whole body. These differences 
probably also reflect the methods inherently different sensitivity 
characteristics and noise susceptibility. Furthermore, the use of different 
statistics makes it difficult to choose specific thresholds. Finally, the extent 
and magnitude of all BOLD responses are continuously fluctuating from 
time to time. For example, the task-based map typically includes parietal 
activation such as the primary and secondary somatosensory cortex. In 
addition the posterior parietal cortex is intimately coupled to sensory 
initiation and guidance of movement of the performing hand (Kandel, et al. 
2000). These regions were occasionally also mapped in ICA, perhaps due to 
inclusion of additional inseparable components of the network found, such 
as components of sensory basis, however, using the seed-based analysis 
these parietal regions were occasionally missed. 

58

Figure 4.1 - The intrinsic sensorimotor network found using a seed situated in 

the left pre central gyrus compared to bilateral motor-task fMRI. The intrinsic 

sensorimotor network is shown in yellow, the task-based activation is shown in 

blue and regions activated using both methods are shown in green. The seed 

region is shown in red. Corresponding concurrence ratios (c) for three 

representative subjects are shown. (Paper VI)

functional regions corresponding to the whole body. These differences 
probably also reflect the methods inherently different sensitivity 
characteristics and noise susceptibility. Furthermore, the use of different 
statistics makes it difficult to choose specific thresholds. Finally, the extent 
and magnitude of all BOLD responses are continuously fluctuating from 
time to time. For example, the task-based map typically includes parietal 
activation such as the primary and secondary somatosensory cortex. In 
addition the posterior parietal cortex is intimately coupled to sensory 
initiation and guidance of movement of the performing hand (Kandel, et al. 
2000). These regions were occasionally also mapped in ICA, perhaps due to 
inclusion of additional inseparable components of the network found, such 
as components of sensory basis, however, using the seed-based analysis 
these parietal regions were occasionally missed. 

58



Figure 4.2 - The intrinsic sensorimotor network found using ICA compared to 

bilateral motor-task fMRI. The component of interest was chosen based on two 

criteria: The component was largely situated around the central sulcus and the 

data characteristics suggested a neural origin (see section 4.2.2). The 

sensorimotor network is shown in yellow, the task-based activation is shown in 

blue and regions activated using both methods are shown in green. 

Corresponding concurrence ratios (c) for three representative subjects are 

shown. (Paper VI)

When comparing the motor networks found using ICA to the bilateral motor 
task activation, an average c of 0.35 [0.19 - 0.54] was obtained. This could 
be compared to the slightly lower c of 0.26 [0.07 – 0.50] in the case of seed-
based analysis. In general the maximal c were obtained at low to moderate 
statistical thresholds suggesting that the regions of most significant 
activation in the resulting ICA and seed-based maps overlapped poorly to 
the highly significant motor task activation. This proposes that lower 
statistical thresholds are preferable when using these alternative approaches, 
as the most strongly activated regions may not overlap at all.

Hence, both regional overlap and mismatches between intrinsic 
sensorimotor networks and conventional finger-tapping fMRI were found. 
Generally, the regions presenting highly pronounced activation differed 
substantially between techniques. Both seed-based analysis and ICA have 
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potential for intrinsic network mapping and both methods present similar 
concurrence ratios. Because of the huge amount of information received in 
ICA, potentially leading to difficulties when choosing components of 
interest, I recommend the seed-based method in situations where the 
warranted network is known. This generally applies in pre surgery planning 
of patients unable to perform tasks. This may also be the case when 
reorganisational effects in primary somatosensory cortex are to be studied.
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5 Conclusions and future aspects

In this thesis, functional mapping of the primary somatosensory cortex (S1) 
using fMRI was investigated. fMRI performance in this region was 
evaluated in theory by modelling BOLD responses based on the underlying 
mechanisms of neural activation (paper I). Using a computer controlled 
apparatus for tactile stimulation, fMRI performance was further examined in 
vivo (paper II). In these studies, it was shown that both the optimal voxel 
volume and amount of smoothing applied are highly dependent on 
experiment’s CNR. Furthermore, the use of robustly applied and computer 
controlled tactile stimulation ensured precise and reproducible finger 
activation. The results presented in these two papers encouraged us to 
continue and study plastic S1 reorganisation in subjects with sensory 
dysfunction.

Reorganisational effects due to brain plasticity in S1 were investigated in 
volunteers (paper III), in hand amputees (paper IV) and in subjects 
exposed to vibrating tools (paper V). Activation of the cortical forearm area 
was found during finger stimulation if the forearm skin surface was 
anaesthetised. This was coupled to a clinically improved sensory function, 
suggesting that an increased amount of neural resources was provided for 
the hand. Furthermore, phantom hand somatotopy was studied in hand 
amputees. It was shown that the cortical region corresponding to the missing 
hand was activated during tactile stimulation of specific areas of the 
amputated stump where phantom finger sensation was perceived. Finally, 
cortical activation of the hand area was proven to be increased and enlarged 
in subjects suffering from long-term exposure to vibration tools. Hence, 
evidence of reorganisational effects due to brain plasticity in S1 was seen in 
several types of sensory dysfunction using fMRI.

Recently proposed methods (ICA and seed-based approach) for mapping S1 
in absence of a specific task were evaluated. The intrinsic network of 
sensorimotor cortex found using these techniques was quantitatively 
evaluated and compared to S1 activation during task-based fMRI (paper 
VI). The networks found were roughly overlapping the task-based activation 
map. However, supplementary information reflecting the whole somatotopic 
body region is retrieved, which may offer an additional view of plastic 
processes in this region.
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For future projects in this field I suggest:

• Investigations of various acquisition and evaluation parameters in fMRI 
using the theoretical model presented here. For example, an evaluation of 
how to choose an appropriate statistical threshold in task-based fMRI, 
would be of great interest.

• Further development of a tactile stimulation system to increase fMRI 
sensitivity.

• Complementary studies of subjects suffering from neural disorders, such 
as diabetic feet patients and subjects exposed to long-term low-frequent 
vibrating tools.

• Examinations of reorganisational effects due to S1 plasticity in subjects 
suffering from neural hand disorders using intrinsic state network 
mapping.
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noggrann och professionell - en riktig vetenskapsman! Sören, du har 
verkligen en förmåga att se möjligheter och vara positiv. Även om våra 
forskningsområden skiljer sig åt något har du alltid visat stort intresse för 
mig och min forskning. Du var även väldigt positiv när jag bestämde mig 
för att börja läsa medicin och därmed gå ner på halvtid.

Jag vill även tacka mina medarbetare på handkirurgen, Göran Lundborg, 
Birgitta Rosén och Anders Björkman. Er otroliga kunskap, förmåga att 
samarbeta och era intressanta idéer gjorde dessa år roligare och lättare. Jag 
är glad att våra vägar korsades och jag ser fram emot ett fortsatt samarbete!

Under åren har jag även haft glädjen att arbeta tillsammans med många 
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läkarprogrammet - jag ser fram emot att bli er kollega.

Tack till alla mina släktingar, till familjerna Jannesson och Wickander och 
mina allra närmsta vänner (ni vet alla vem ni är). Ni betyder mycket för 
mig!

Till sist vill jag tacka min familj. Ingenting hade kunnat genomföras utan er. 
Caroline, mamma och pappa, mormor, Sarah och Mattias.
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This work addresses the balance between temporal signal-to-noise ratio
(tSNR) and partial volume effects (PVE) in functional magnetic
resonance imaging (fMRI) and investigates the impact of the choice of
spatial resolution and smoothing. In fMRI, since physiological time
courses are monitored, tSNR is of greater importance than image SNR.
Improving SNR by an increase in voxel volume may be of negligible
benefit when physiological fluctuations dominate the noise. Furthermore,
at large voxel volumes, PVE are more pronounced, leading to an overall
loss in performance.Artificial fMRI time series, based on high-resolution
anatomical data, were used to simulate BOLD activation in a controlled
manner. The performance was subsequently quantified as a measure of
how well the resulted activation matched the simulated activation. The
performance was highly dependent on the spatial resolution. At high
contrast-to-noise ratio (CNR), the optimal voxel volume was small, i.e.
in the region of 23mm3. It was also shown that using a substantially larger
voxel volume in this case could potentially negate the CNR benefits. The
optimal smoothing kernel width was dependent on the CNR, being larger
at poor CNR. At CNR N1, little or no smoothing proved advantageous.
The use of artificial time series gave an opportunity to quantitatively
investigate the effects of partial volume and smoothing in single subject
fMRI. It was shown that a proper choice of spatial resolution and
smoothing kernel width is important for fMRI performance.
© 2008 Elsevier Inc. All rights reserved.

Introduction

In functional magnetic resonance imaging (fMRI), the resulting
activation map is a statistical map of hemodynamic response
originating from neuronal activity. The hemodynamic responses can
be monitored by acquiring blood oxygen level dependent (BOLD)
contrast weightedMR-images (Bandettini et al., 1992; Kwong et al.,
1992; Ogawa et al., 1992). The BOLD effect is generally small

compared to the noise level in fMRI (Turner et al., 1998), suggesting
that a low spatial resolution of the functional image should be used in
order to increase the signal-to-noise ratio (SNR). Furthermore, the
fMRI technique requires high temporal resolution, which generally
necessitates a relatively poor spatial resolution, i.e. 33 mm3 or lower.
The large voxel volume often used makes fMRI prone to partial
volume effects (PVE) that may be critical when mapping brain
regions with a well-defined and detailed functional topography, e.g.
somatosensory (Geyer et al., 1999) and motor cortex (Geissler et al.,
2005).

Spatial smoothing of the functional data is normally used to
further improve SNR and to ensure a Gaussian distributed error in
the general linear model (GLM) (Worsley and Friston, 1995). The
strategies of how to apply smoothing and to what extent has,
however, been an area of discussion (Scouten et al., 2006;
Triantafyllou et al., 2006; Parrish et al., 2000). The choice of
spatial resolution and smoothing kernel width is expected to affect
the obtained data in several ways.

Since the statistical inferences in fMRI are based on signal
variations over time, the temporal SNR (tSNR) is of primary
importance. tSNR is not only dependent on thermal noise but also
on hemodynamic and metabolic fluctuations, referred to as
physiological noise (Biswal et al., 1995; Hyde et al., 2001; Kruger
and Glover, 2001), predominantly seen in gray matter (GM) and
cerebrospinal fluid (CSF) (Bodurka et al., 2005). Although the
origin of physiological noise is not fully understood, Kruger and
Glover (2001) suggest that it demonstrates a dependence of signal
strength, in contrast to thermal noise, which is mainly determined
by coil loading. It has been shown that, regardless of an increase in
signal-to-noise ratio, accomplished by increasing the magnetic
field strength, using multichannel coils or lowering the spatial
resolution, the tSNR tends to reach a plateau, where further SNR
improvement is of negligible benefit (Triantafyllou et al., 2005).

The impact of tSNR at various BOLD contrasts has been studied
recently (Murphy et al., 2007). Since the spatial resolution generally
is poor, it is also important to investigate the combined impact of
tSNR and PVE in an fMRI experiment. This is a delicate task since in
vivo studies lack the opportunity to assess a quantitative measure of
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performance as the size and localization of activation in the human
brain are unknown. Although several studies regarding the impact of
functional resolution and spatial localization in fMRI exist
(Korvenoja et al., 2006; Scouten et al., 2006; Bodurka et al.,
2007), PVE are often not considered. PVE have, however,
thoroughly been investigated in otherMR applications as volumetric
lesion estimations (Firbank et al., 1999) and brain tissue segmenta-
tion (Zijdenbos and Dawant, 1994). For fMRI, one group used a
modeled activation response to investigate the impact of different
spatial resolutions in various multiresolution wavelet approaches
(Desco et al., 2001). In this way it was possible to know the true
activation a priori, but this model did not account for physiological
noise. Also, only one type of tissue was assumed throughout the
whole brain.

The purpose of this study is to investigate how the choice of
spatial resolution and smoothing kernel width affects the perfor-
mance in single-subject fMRI. We present a model based on a high-
resolution anatomical template that simulates artificial fMRI time
series under the influence of temporal signal to noise and partial
volume effects. The model is used to examine fMRI performance
over a broad range of spatial resolutions, using different smoothing
kernel widths.

Materials and methods

Creation of artificial time series

High-resolution (0.333 mm3) cryosectional photographs of a
representative female cadaver (The National Library of Medicine's
Visible Human Project, http://www.nlm.nih.gov) were used as a
basic anatomical map of the human brain. One hundred images were
used to represent a 75!75!33 mm3 volume of the cerebrum. The
images were segmented into white matter (WM), GM, and CSF
volumes using signal thresholding. The contrast in the images was
altered to resemble echo-planar imaging (EPI) contrast. Represen-
tative signal values for the different tissues were obtained from
volunteer measurements at a whole body 3 T scanner (Siemens
Medical Solutions, Erlangen, Germany) using an EPI BOLD
sequence with TE/TR=30/2660 ms, bandwidth=2442 Hz/pixel
and spatial resolution=33 mm3. The measured signal levels for CSF,
GM and WM were approximately 2900, 1900 and 1700, respec-
tively. These values were magnified proportionally to avoid any
quantum noise effects in the further processing of the data.

The 3D volume was replicated into 4!12 “rest” and 4!12
“active” volumes in order to create a block designed artificial fMRI
time series. Within the active volumes, activation was created as a
signal increase in the GM in a selected ellipsoid-shaped region
(hereafter referred to as true activation), using typical BOLD
contrasts, see section Contrast-to-noise ratio. The spatial scale,
where the hemodynamic responses correlate to neuronal activity, is a
fewmillimeters (Kim et al., 2004; Ugurbil et al., 2003). Thus, tomore
accurately model the spatial extension of the hemodynamic response
due to neural activity, a 3 mm diameter sphere was used to spatially
dilate the activation. However, activation was always constricted to
tissue regions (i.e. not dilated into CSF). Activated regions were
simulated in the region of primary somatosensory and motor cortex.

Modeling and applying noise

In MR BOLD imaging, several sources of undesired signal
variances may occur. In this study only the thermal noise and the

physiological noise were included in the model. Furthermore, the
term SNR refers to the image signal-to-noise ratio (i.e. signal divided
by the standard deviation of the thermal noise), while tSNR includes
additional temporal noise originating from physiological fluctua-
tions. The investigation of intersubject variability and motion-
induced noise was beyond the scope of this study, and shot-to-shot
electronic instabilities were neglected since they only comprise a
small fraction of the in vivo time series noise (Triantafyllou et al.,
2005).

It has been shown that thermal noise in a magnitudeMR image is
Rician distributed (Gudbjartsson and Patz, 1995). This distribution
arises from Gaussian distributed noise in the quadrature receiver of
the MR system. Rician distributed noise can be modeled according
to Eq. (1) where S is the noisy voxel signal, S0 is the noise free signal
and !R

2 and !I
2 are Gaussian distributed noise variances in the real

and imaginary part of the quadrature receivers, respectively
(Henkelman, 1985).

S !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
S0 " rR# $2 " r2I

q
%1&

To obtain a start value for !R
2 and !I

2, the standard deviation of
the thermal noise was measured in a tissue-free region in the same
head scans used to determine EPI-BOLD contrast (33 mm3 voxel
size) and corrected by a factor 0.655! 1 to get the standard deviation
!R=!I of the intrinsic Gaussian distributed noise (Henkelman,
1985).

Image volumes with ten different spatial resolutions were then
generated by resampling the high-resolution images into coarser
voxel resolutions of 1.33, 1.73, 2.03, 2.43, 2.73, 3.03, 3.33, 3.63,
4.03 and 4.33 mm3 (multiples of the original resolution of
0.333 mm3). Each low-resolution voxel signal was thus calculated
as the mean signal of the corresponding high-resolution voxels.
Rician distributed noise was modeled using Eq. (1) and applied in
the generated images of different resolutions so that the SNR was
proportional to the voxel volume, using the measured SNR for
33 mm3 voxel volume as a reference. Different resolutions were
simulated keeping the field-of-view constant.

Physiological noise is typically signal fluctuations that are
spatially and temporally correlated (Biswal et al., 1995). Noise due
to metabolic fluctuations has a typical frequency below 0.1 Hz
while breathing and heart activity induces colored noise at higher
frequencies. However, these higher frequencies are often aliased
in fMRI due to insufficient sampling speed and appear as
lower frequency contributions below the Nyquist frequency (0.5
TR– 1=0.2 Hz in this case). The temporal standard deviation of the
physiological noise has been shown to be proportional to the signal
itself, "S, where the proportionality constant " has been
empirically determined to 0.011 in GM, 0.006 in WM (Kruger
and Glover, 2001) and 0.021 in CSF (Bodurka et al., 2005).
Furthermore, " is comparable at different field strengths (Trian-
tafyllou et al., 2005).

To model the temporal characteristics of the physiological noise,
in vivo resting-state time series were used (the same head scans used
to determine EPI-BOLD contrast). 3 T and 33 mm3 voxel size were
used to assure that the majority of the noise was physiological in its
origin (Bodurka et al., 2007). 100 GM, 100WM and 100 CSF voxel
time series from different parts of the brain were chosen to represent
a selection of different physiological time series. The time series
were motion corrected (BrainVoyager), and their mean values were
set to zero. Finally, the time series were low pass filtered using a

347A. Weibull et al. / NeuroImage 41 (2008) 346–353

performance as the size and localization of activation in the human
brain are unknown. Although several studies regarding the impact of
functional resolution and spatial localization in fMRI exist
(Korvenoja et al., 2006; Scouten et al., 2006; Bodurka et al.,
2007), PVE are often not considered. PVE have, however,
thoroughly been investigated in otherMR applications as volumetric
lesion estimations (Firbank et al., 1999) and brain tissue segmenta-
tion (Zijdenbos and Dawant, 1994). For fMRI, one group used a
modeled activation response to investigate the impact of different
spatial resolutions in various multiresolution wavelet approaches
(Desco et al., 2001). In this way it was possible to know the true
activation a priori, but this model did not account for physiological
noise. Also, only one type of tissue was assumed throughout the
whole brain.

The purpose of this study is to investigate how the choice of
spatial resolution and smoothing kernel width affects the perfor-
mance in single-subject fMRI. We present a model based on a high-
resolution anatomical template that simulates artificial fMRI time
series under the influence of temporal signal to noise and partial
volume effects. The model is used to examine fMRI performance
over a broad range of spatial resolutions, using different smoothing
kernel widths.

Materials and methods

Creation of artificial time series

High-resolution (0.333 mm3) cryosectional photographs of a
representative female cadaver (The National Library of Medicine's
Visible Human Project, http://www.nlm.nih.gov) were used as a
basic anatomical map of the human brain. One hundred images were
used to represent a 75!75!33 mm3 volume of the cerebrum. The
images were segmented into white matter (WM), GM, and CSF
volumes using signal thresholding. The contrast in the images was
altered to resemble echo-planar imaging (EPI) contrast. Represen-
tative signal values for the different tissues were obtained from
volunteer measurements at a whole body 3 T scanner (Siemens
Medical Solutions, Erlangen, Germany) using an EPI BOLD
sequence with TE/TR=30/2660 ms, bandwidth=2442 Hz/pixel
and spatial resolution=33 mm3. The measured signal levels for CSF,
GM and WM were approximately 2900, 1900 and 1700, respec-
tively. These values were magnified proportionally to avoid any
quantum noise effects in the further processing of the data.

The 3D volume was replicated into 4!12 “rest” and 4!12
“active” volumes in order to create a block designed artificial fMRI
time series. Within the active volumes, activation was created as a
signal increase in the GM in a selected ellipsoid-shaped region
(hereafter referred to as true activation), using typical BOLD
contrasts, see section Contrast-to-noise ratio. The spatial scale,
where the hemodynamic responses correlate to neuronal activity, is a
fewmillimeters (Kim et al., 2004; Ugurbil et al., 2003). Thus, tomore
accurately model the spatial extension of the hemodynamic response
due to neural activity, a 3 mm diameter sphere was used to spatially
dilate the activation. However, activation was always constricted to
tissue regions (i.e. not dilated into CSF). Activated regions were
simulated in the region of primary somatosensory and motor cortex.

Modeling and applying noise

In MR BOLD imaging, several sources of undesired signal
variances may occur. In this study only the thermal noise and the

physiological noise were included in the model. Furthermore, the
term SNR refers to the image signal-to-noise ratio (i.e. signal divided
by the standard deviation of the thermal noise), while tSNR includes
additional temporal noise originating from physiological fluctua-
tions. The investigation of intersubject variability and motion-
induced noise was beyond the scope of this study, and shot-to-shot
electronic instabilities were neglected since they only comprise a
small fraction of the in vivo time series noise (Triantafyllou et al.,
2005).

It has been shown that thermal noise in a magnitudeMR image is
Rician distributed (Gudbjartsson and Patz, 1995). This distribution
arises from Gaussian distributed noise in the quadrature receiver of
the MR system. Rician distributed noise can be modeled according
to Eq. (1) where S is the noisy voxel signal, S0 is the noise free signal
and !R

2 and !I
2 are Gaussian distributed noise variances in the real

and imaginary part of the quadrature receivers, respectively
(Henkelman, 1985).

S !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
S0 " rR# $2 " r2I

q
%1&

To obtain a start value for !R
2 and !I

2, the standard deviation of
the thermal noise was measured in a tissue-free region in the same
head scans used to determine EPI-BOLD contrast (33 mm3 voxel
size) and corrected by a factor 0.655! 1 to get the standard deviation
!R=!I of the intrinsic Gaussian distributed noise (Henkelman,
1985).

Image volumes with ten different spatial resolutions were then
generated by resampling the high-resolution images into coarser
voxel resolutions of 1.33, 1.73, 2.03, 2.43, 2.73, 3.03, 3.33, 3.63,
4.03 and 4.33 mm3 (multiples of the original resolution of
0.333 mm3). Each low-resolution voxel signal was thus calculated
as the mean signal of the corresponding high-resolution voxels.
Rician distributed noise was modeled using Eq. (1) and applied in
the generated images of different resolutions so that the SNR was
proportional to the voxel volume, using the measured SNR for
33 mm3 voxel volume as a reference. Different resolutions were
simulated keeping the field-of-view constant.

Physiological noise is typically signal fluctuations that are
spatially and temporally correlated (Biswal et al., 1995). Noise due
to metabolic fluctuations has a typical frequency below 0.1 Hz
while breathing and heart activity induces colored noise at higher
frequencies. However, these higher frequencies are often aliased
in fMRI due to insufficient sampling speed and appear as
lower frequency contributions below the Nyquist frequency (0.5
TR– 1=0.2 Hz in this case). The temporal standard deviation of the
physiological noise has been shown to be proportional to the signal
itself, "S, where the proportionality constant " has been
empirically determined to 0.011 in GM, 0.006 in WM (Kruger
and Glover, 2001) and 0.021 in CSF (Bodurka et al., 2005).
Furthermore, " is comparable at different field strengths (Trian-
tafyllou et al., 2005).

To model the temporal characteristics of the physiological noise,
in vivo resting-state time series were used (the same head scans used
to determine EPI-BOLD contrast). 3 T and 33 mm3 voxel size were
used to assure that the majority of the noise was physiological in its
origin (Bodurka et al., 2007). 100 GM, 100WM and 100 CSF voxel
time series from different parts of the brain were chosen to represent
a selection of different physiological time series. The time series
were motion corrected (BrainVoyager), and their mean values were
set to zero. Finally, the time series were low pass filtered using a

347A. Weibull et al. / NeuroImage 41 (2008) 346–353



Butterworth filter (cutoff=0.2 Hz) to minimize the thermal noise
contribution. Subsequently, temporally correlated and tissue-
specific physiological noise was applied, i.e. a random (out of
100) physiological time series was added to each voxel, and scaled to
match "S.

Contrast-to-noise ratio

In fMRI, statistical inferences are based on signal changes, i.e.
activation contrast, over time in a noisy environment, making the
activation contrast-to-noise ratio (CNR) an important and interesting

Fig. 1. 2D activation patterns from an unsmoothed data set (1.5 T and 2% activation contrast) on an anatomical background, i.e. cryosectional photographs of a
representative female cadaver. The slice position was chosen so that the central sulcus (arrow), between motor cortex and primary somatosensory cortex, was
visible. a) True high-resolution activation pattern, b–d) FDR-corrected statistical parametric maps q(FDR)b0.05. 23 mm3, 33 mm3 and 43 mm3 spatial resolution,
respectively.

Fig. 2. True positive (TP), false positive (FP) and false negative (FN) volumes normalized to the truly activated volume. The x axis represents the length of the
cubic voxel side in mm. (a) No smoothing, (b) smoothing with a kernel filter width of 2.5 times the voxel volume. An increase in TP activated volume after
smoothing is seen mainly at high resolution, when the initial tSNR is poor. At larger voxel volumes, the FP activated volume increases rapidly.
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parameter to consider. In this work the CNR was defined as the
difference between the activated and non-activated voxel signal
divided by the standard deviation of the total applied noise (Eq. 2),
where Sactive /Srest!1 corresponds to the BOLD contrast.

CNR ! Sactive ' Srest!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
r2R " r2I " k2S2rest

q %2&

Four hypothetical fMRI experiments were modeled using typical
BOLDcontrasts (Kwong et al., 1992). The BOLDeffect was assumed
being roughly proportional to the field strength (Turner et al., 1998).
Hence, in the first two experiments, a hemodynamic response
corresponding to a BOLD contrast of 1% at 1.5 T and 2% at 3 Twas
assumed. In the second two experiments, a stronger hemodynamic
response with a BOLD contrast of 2% at 1.5 Tand 4%at 3 Twas used.

SPM processing

The artificial time series were analyzed using SPM5 (Statistical
Parametric Mapping 5, http://www.fil.ion.ucl.ac.uk/spm). Motion

correction was not applied since patient motion was not modeled.
Each time series was high pass filtered (cutoff=3 cycles /modeled
session), and the effect of spatial smoothing was studied by
evaluating the data sets using several different Gaussian smoothing
kernel widths (i.e. full width at half maximum) ranging from 0 mm,
i.e. no smoothing, to several times the voxel volume. The hemo-
dynamic response function was expressed as a simple step function,
being zero during rest and one during activation, to match the
simplified model of response. Serial correlations were corrected for
using autoregressive characterization of the first order, AR(1), in the
GLM (Friston et al., 2000). The resulting parametric map was
overlaid on the corresponding high-resolution anatomical image
(see Fig. 1). A statistical threshold corrected for false discovery rate
of q(FDR)b0.05 (Benjamini and Hochberg, 1995) was used.

Evaluation

The resulting activationmap at the given threshold was compared
voxel-by-voxel to the true activation data in the high-resolution key
map. Since the key map and the resulting activation map were of

Fig. 3. The TP/(FP+FN) ratio versus spatial resolutions for different smoothing kernel widths. Hypothetical experiments at 1.5 T (circles) and 3 T (squares) are
shown as well as small hemodynamic response (open characters) and larger (doubled) hemodynamic response (solid characters). (a) Unsmoothed data sets, (b) data
sets smoothed using a kernel width of 2.5 times the voxel side, and (c) data sets smoothed at an optimal kernel width maximizing performance at each voxel volume.

Fig. 4. Scatter plots of optimal smoothing kernel widths that maximize the performance. (a) Optimal kernel widths versus voxel volume. The dashed line
represents virtually no smoothing (the kernel size is the same as the voxel side leading to negligible smoothing effects). (b) Optimal kernel width/voxel side
versus CNR. The lower dashed line represents virtually no smoothing, suggesting that little or no smoothing should be used at CNR N1. The upper dashed line
represents a smoothing kernel width based on 2.5 times the voxel size.
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sets smoothed using a kernel width of 2.5 times the voxel side, and (c) data sets smoothed at an optimal kernel width maximizing performance at each voxel volume.

Fig. 4. Scatter plots of optimal smoothing kernel widths that maximize the performance. (a) Optimal kernel widths versus voxel volume. The dashed line
represents virtually no smoothing (the kernel size is the same as the voxel side leading to negligible smoothing effects). (b) Optimal kernel width/voxel side
versus CNR. The lower dashed line represents virtually no smoothing, suggesting that little or no smoothing should be used at CNR N1. The upper dashed line
represents a smoothing kernel width based on 2.5 times the voxel size.
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different resolutions, the data in the activation map were resampled
using a resolution corresponding to the key map data. Each voxel in
the resulting high-resolution key map was regarded as either
‘activated’ or ‘non-activated’, i.e. neglecting specific t-values, and
subsequently labeled as a true positive (TP), true negative (TN), false
positive (FP) or false negative (FN). As a measure of performance,
the ratio TP/(FP+FN) was used. When comparing activation maps
using various spatial resolutions and smoothing kernel widths, values
maximizing this ratio were considered optimal.

Results

The resulting activation map is highly dependent on the spatial
resolution (Fig. 1). For example, at high resolution, poor tSNR lowers
the possibility to detect significant activation. Increasing the voxel

volume increases tSNR initially and improves sensitivity, although
the specificity decreases due to PVE and the increasing contribution of
physiological noise. This relationship is evaluated quantitatively by
calculating the TP, FP and FN activated volumes. At high resolution,
the resulting activation map has large volumes of FN activation, also
seen as small volumes of TP activation as these parameters are
coupled with the relationship TP=1!FN (Fig. 2a). When increasing
the voxel volume (decreasing the spatial resolution), TP activation
increases rapidly, and at large voxel volumes, the TP activation is
stable and close to the truly activated volume. However, the volume of
FP activation also increases slowly with increasing voxel volume.

By smoothing the time series spatially, it is possible to gain tSNR.
This leads to an increase in the TP activated volume, especially for
higher spatial resolutions (Fig. 2b) where the original tSNR is poor.
However, smoothing also increases the amount of FP activated volume.

Fig. 5. Coronal and axial activation maps, at 1.5 T and 2% BOLD contrast (solid circles in Figs. 3 and 4), in and around the region of motor cortex and primary
somatosensory cortex. The images are presented in radiological convention. Activation maps are FDR corrected with a statistical threshold, q(FDR)b0.05. Three
frequently used spatial resolutions (23 mm3 (a, b and c), 33 mm3 (d, e and f), and 43 mm3 (g, h and i)) at different smoothing kernels are presented. No smoothing
was used in (a), (d) and (g). (b), (e) and (h) were smoothed using a kernel width 2.5 times the voxel volume, and (c), (f) and (i) were smoothed using a kernel
width maximizing the performance. Note that zero smoothing was optimal for 43 mm3 (g, i).
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As a measure of performance, the ratio TP/(FP+FN) was used.
This ratio is small at high resolution due to the small volume of TP
activation and large volume of FN activation. Increasing the voxel
volume, and consequently also the tSNR, will make the system more
sensitive for detecting activation and hence the TP/FN ratio increases.
Continuing to increase the voxel volume will eventually reduce the
ratio as the volume of FP activation grows due to increased PVE. The
performance is plotted for four hypothetical experiments in Fig. 3.
High tSNR and large BOLD contrast, i.e. high CNR, are generally
beneficial, but the choice of spatial resolution is important (Fig. 3a).
The optimal voxel volume is smaller when the CNR is high. Using a
large voxel volume in this case may even negate the benefit of high
CNR. This is visualized in Fig. 3a, where the performance of high
CNR data (solid squares) drops below the performance of lower CNR
data (open squares and solid circles)at large voxel volumes. Evaluation
of the data sets that were spatially smoothed with a kernel width of 2.5
times the voxel side (Fig. 3b) shows an increase in performance, but
mainly in cases of poor CNR. However, when the CNR is high, the
choice of voxel volume is even more crucial, which is seen as a steeper
decrease in performance at increasing voxel volumes (Fig. 3b) com-
pared to the unsmoothed data (Fig. 3a). The performance was further
evaluated using a broad range of smoothing kernel widths (not shown).
In this way, it was possible to maximize performance, i.e. maximizing
the ratio TP/(FP+FN), for all voxel volumes using optimal kernel
widths (Fig. 3c). The optimal size of the smoothing kernel width is
not directly related to the voxel volume (Fig. 4a). However, the optimal
size of the smoothing kernel, normalized to voxel size, is highly
dependent on CNR (Fig. 4b). At CNR approximately larger than 1,
smoothing kernel widths of the same magnitude as the voxel size or
smaller (resulting in the same activation pattern as unsmoothed data in
practice) maximized the performance, suggesting the use of little or no
smoothing. To visualize the performance result, activation maps at
1.5 Tand 2% BOLD contrast (solid circles inFigs. 3 and 4) are shown
in axial and coronal orientation for 23, 33 and 43 mm3 voxel volumes
(Fig. 5). When the CNR is low or moderate (a–f), smoothing the
images is favorable, yet toomuch (e)may lower the specificity. At high
CNR (g–i), little or no smoothing is advantageous. For this specific
case (1.5 T and 2% BOLD contrast) the optimal smoothing kernel
width was 6 mm at 23 mm3, 5 mm at 33 mm3 and 4 mm (equivalent
to zero smoothing) at 43 mm3 voxel volume.

Discussion

It is feasible to simultaneously investigate the impact of different
spatial resolutions, partial volume effects and smoothing in fMRI by
simulating activation patterns using high-resolution templates. The
access to “true” activation maps in this study made it possible to
quantitatively investigate the TP, TN, FP and FN activation, which
would be impossible to do using in vivo data. It is also helpful to be
able to investigate these effects over a broad range of CNRs since
fMRI experiments may be performed in various ways. The use of
high-resolution photographs as anatomical and functional maps
minimizes induced errors coupled to the MR modality itself.

The choice of spatial resolution in fMRI is highly dependent on
tSNR and BOLD response. At very high spatial resolution, the poor
SNR makes it difficult to distinguish activated tissue from non-
activated. Increasing the voxel volume ensures better SNR, however,
additional increase in SNR will not affect the tSNR proportionally,
due to physiological noise (Triantafyllou et al., 2005). Continuing
increasing voxel volume will therefore eventually result in only a
negligible gain in statistical power as the noise becomes dominated by

the physiological fluctuations. At a specific voxel volume, the benefit
from high tSNR is counterbalanced by the escalating PVE, especially
due to increased FP activated volumes (Fig. 2a). In cases with
intrinsically higher CNR (e.g. in experiments performed at higher
field strength and/or for stronger BOLD effects) a smaller voxel
volume is of more value than for cases with lower CNR (Fig. 3a). A
way of increasing CNR for noisy data is to apply smoothing, but this
also leads to increased amounts of FP activation. Depending on the
situation, smoothing could thus be of different value. For low CNR
cases, it might be the difference between detecting and not detecting
activation at all, whereas for high CNR situations, smoothing
hampers the result by large amounts of FP activation. Although
difficult in practice, adjustment of the smoothing kernel width in
relation to the specific CNR of each experiment (Fig. 4b), rather than
in relation to the voxel side used (which is normally the case), would
be of great value. However, to take advantage of high-field fMRI and
high-quality coils, when available, it seems disadvantageous to use
larger voxel volumes than 33 mm3 (Fig. 3c).

Smoothing strategies in fMRI have been discussed in many
studies (Parrish et al., 2000, Scouten et al., 2006, Triantafyllou et al.,
2006). Scouten et al. argued for a relatively large functional voxel
volume rather than a smaller functional voxel volume combined
with a large smoothing kernel width due to the irreversible SNR loss
when averaging high-resolution data in MRI (Edelstein et al., 1986).
However, the noise in fMRI also includes physiological noise, which
is proportional to the voxel volume. It has been suggested that, in
some cases, it could be beneficial to use a higher resolution to
minimize the effect of the physiological noise and then smooth to
regain SNR (Triantafyllou et al., 2006). An example of this is seen in
Fig. 3, where the high CNR data sets (solid squares) benefit from
smoothing at high spatial resolution (Fig. 3b, 1.33 mm3 and
1.73 mm3 smoothed using 3.3 mm and 4.0 mm smoothing kernel
width respectively) rather than using a low spatial resolution from
the beginning (Fig. 3a, 3.33 mm3 and 4.03 mm3 voxel size).

The optimal voxel volume has been investigated by other groups
(Bodurka et al., 2007; Hyde et al., 2001). Hyde et al. showed that
1.53 mm3 voxel volume was preferable when using motor stimuli at
3 T, i.e. typically very high CNR. Bodurka et al. presented an optimal
voxel volume of 1.83 mm3 based on the concept of choosing a voxel
volume that ensured the physiological and thermal noise to be equal.
Although the smoothing strategies used in these studies are not clearly
stated, their results agree fairly well with the results presented in this
study. However, it is evident that the actual CNR and smoothing used
play vital roles. Furthermore, the choice of statistical threshold is likely
to affect the optimal voxel sizes in general.

Regions with high surface-to-volume ratio, such as the primary
somatosensory and motor cortex modeled in this study, are more
prone to PVE because of the high tortuosity in these regions (Scouten
et al., 2006). In a real fMRI experiment, the usually high and robust
activation due to motor stimuli may suggest the use of higher spatial
resolution. However, in the sensory cortex, where more subtle
activation contrast is expected, a lower spatial resolution may be
preferable. On the other hand, using large voxel volumes and
smoothing in these anatomically and functionally detailed regions
may combine adjacent activations or draining vessels from
neighboring tissue (Geissler et al., 2005).

This study shows that the choice of spatial resolution and
smoothing strategy is important. The choice is highly dependent on
the CNR, and in the end, it is a matter of the required sensitivity
and specificity. In studies requiring detailed localization and quan-
tification of small activation clusters, high resolution and limited
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smoothing kernel may be the way to go. However, when expecting
large volumes of activation or when an actual finding rather than the
precision of it is important, lower resolution and smoothing may be
used more generously.

The performance was here estimated as the ratio TP/(FP+FN)
simply because a large volume of TP activation is preferable, as are
limited volumes of FP and FN activation. There are undoubtedly
several ways to estimate the performance in an fMRI experiment;
however, there is to our knowledge no standardized method. The
best type of method used likely depends on what one is trying to
study. By choosing TP/(FP+FN) as a measure of performance, we
emphasize on giving a true depiction of the BOLD effect in a
highly tortuous region with highly detailed and well-defined
activation. Nevertheless, it is not unlikely that the results presented
in this study would be somewhat different depending on the
performance estimation method chosen.

Physiological noise is difficult to model due to its complex char-
acteristics, e.g. spatial correlations (Biswal et al., 1995), potential
phase propagations throughout the brain, and temporal aliasing due
to insufficient sampling time. It has beenmodeledmathematically for
regression purposes to improve theGLMmodel (Glover et al., 2000).
In this study, a model based on measured resting-state data was used;
however, the physiological noise was not implemented as spatially
correlated. In a real experiment, where spatial correlations may be
present, smoothing could amplify the effect of physiological noise in
neighboring voxels, within the range of the smoothing kernel. This
could potentially hamper the efficiency of the correction for serial
correlations, AR(1). We also evaluated applying the physiological
noise as a pure increase of the standard deviation of the white
Gaussian noise !2=[!0

2+"2S2]1/2 (Kruger and Glover, 2001). The
results obtained (not presented here) were very similar to the results
presented in this paper, suggesting that the use of AR(1) in the GLM
to whiten the noise was efficient in this case.

The change of voxel dimensions in this study was simulated
solely as a change in the matrix size. The SNR gain due to
increased sampling time of a larger k-space was not considered,
resulting in a potential underestimation of SNR at high spatial
resolution. On the other hand, a high spatial resolution may force
the use of longer TE due to increased sampling time. This could
result in a decreased BOLD effect. In addition, increased sampling
time also induces blurring due to more pronounced T2* decay and
susceptibility effects during longer read out time. In practice, it
may even not be feasible to increase the spatial resolution beyond
23 mm3, at least not using typical EPI sequences for covering the
whole brain, due to insufficient gradient performance. In addition,
the slice profile was modeled as perfectly rectangular. This approx-
imation is less valid at high through-plane resolution as a rectangular
slice profile is more difficult to achieve when slices are thin. For
higher spatial resolution acquisitions, the use of partial k-space GR-
EPI (Hyde et al., 2001) or 3D fMRI based on balanced steady-state
techniques (Miller et al., 2006) could be an alternative.

The “true” activation was created as a homogenous signal
increase throughout the gray tissue within an ellipsoid-shaped region.
Although this is an approximation, it should not affect the
investigation of PVE and smoothing effects considerably. Draining
veins are importantwhen discussing the specificity of the experiment.
However, activation from draining veins was not considered in this
study, although they often can contribute as false activated voxels.

In this study, fMRI in a single subject was emphasized, where
smoothing mainly is applied to increase SNR and to prevent a non-
Gaussian error distribution in the analysis. The latter may have a

larger importance in vivo as head motion and physiological fluc-
tuations result in spatially correlated changes in image intensity,
which evoke non-Gaussian error distributions (Turner et al., 1998).
In group studies, smoothing also makes it possible to account for
anatomical diversity and functional discrepancies, introducing
another dimension of the role of smoothing in these cases.

Depending on the choice of statistical threshold, different
combinations of sensitivity and specificity are achieved, suggesting
interpretation differences of any outcome. One way to take these
differences into consideration is to use a receiver operating
characteristics (ROC) analysis (Metz, 2000) which has been used
before in the field of fMRI (Skudlarski et al., 1999). An investigation
of the impact of changing the statistical threshold on fMRI per-
formance would be an interesting future study.

In conclusion, this study introduces a novel way to simulta-
neously investigate how different spatial resolutions are affected by
partial volume effects and smoothing strategies in fMRI experiments.
The use of a high-resolution anatomical template made it possible to
apply artificial activation in an anatomically correct way. Knowledge
of the true activation a priori made it possible to investigate the
performance quantitatively. The simultaneous evaluation of temporal
signal-to-noise and partial volume effects over a broad range of
spatial resolutions suggested that the choice of spatial resolution is
important in order to maximize the performance. The results also
illustrate that the optimal width of the smoothing kernel depends on
the experiment CNR rather than the voxel volume.
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Gaussian error distribution in the analysis. The latter may have a
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tuations result in spatially correlated changes in image intensity,
which evoke non-Gaussian error distributions (Turner et al., 1998).
In group studies, smoothing also makes it possible to account for
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another dimension of the role of smoothing in these cases.

Depending on the choice of statistical threshold, different
combinations of sensitivity and specificity are achieved, suggesting
interpretation differences of any outcome. One way to take these
differences into consideration is to use a receiver operating
characteristics (ROC) analysis (Metz, 2000) which has been used
before in the field of fMRI (Skudlarski et al., 1999). An investigation
of the impact of changing the statistical threshold on fMRI per-
formance would be an interesting future study.

In conclusion, this study introduces a novel way to simulta-
neously investigate how different spatial resolutions are affected by
partial volume effects and smoothing strategies in fMRI experiments.
The use of a high-resolution anatomical template made it possible to
apply artificial activation in an anatomically correct way. Knowledge
of the true activation a priori made it possible to investigate the
performance quantitatively. The simultaneous evaluation of temporal
signal-to-noise and partial volume effects over a broad range of
spatial resolutions suggested that the choice of spatial resolution is
important in order to maximize the performance. The results also
illustrate that the optimal width of the smoothing kernel depends on
the experiment CNR rather than the voxel volume.
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Abstract

Functional magnetic resonance imaging mapping of the finger somatotopy in the primary somatosensory cortex requires a reproducible
and precise stimulation. The highly detailed functional architecture in this region of the brain also requires careful consideration in choice of
spatial resolution and postprocessing parameters. The purpose of this study is therefore to investigate the impact of spatial resolution and
level of smoothing during tactile stimulation using a precise stimuli system. Twenty-one volunteers were scanned using 23 mm3 and 33 mm3

voxel volume and subsequently evaluated using three different smoothing kernel widths. The overall activation reproducibility was also
evaluated. Using a high spatial resolution proved advantageous for all fingers. At 23 mm3 voxel volume, activation of the thumb, middle
finger and little finger areas was seen in 89%, 67% and 50% of the volunteers, compared to 78%, 61% and 33% at 33 mm3, respectively. The
sensitivity was comparable for nonsmoothed and slightly smoothed (4 mm kernel width) data; however, increasing the smoothing kernel
width from 4 to 8 mm resulted in a critical decrease (!50%) in sensitivity. In repeated measurements of the same subject at six different days,
the localization reproducibility of all fingers was within 4 mm (1 S.D. of the mean). The precise computer-controlled stimulus, together with
data acquisition at high spatial resolution and with only minor smoothing during evaluation, could be a very useful strategy in studies of brain
plasticity and rehabilitation strategies in hand and finger disorders and injuries.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Precise spatial mapping of finger areas in the primary
somatosensory cortex (SI) is interesting for several different
applications. Studies of functional changes in the brain after
hand injuries and studies of neurological disturbances like
focal hand dystonia and vibration-induced neuropathy could
benefit from a reliable mapping method. The ability to
monitor functional changes in the SI over time could
contribute to optimisation of rehabilitation strategies [1,2]. It
would also be an important tool when investigating the
brain–hand neuronal network principles for sensory feed-
back in the growing field of intelligent hand prosthesis [1,2].

Functional magnetic resonance imaging (fMRI) has
proved to be a valuable tool for studies of cortical
activation in vivo [3,4]. However, due to the highly
detailed somatotopic architecture of the hand and fingers in
cortex [5], fMRI using standard (33 mm3 or lower) spatial
resolution may be inadequate for mapping purposes. When
using very poor spatial resolution, the separation of closely
localized and confined sensory finger regions could be
hampered. An enhanced risk of falsely activated or
nonactivated voxels is also present due to partial volume
effects [6]; that is, mixed activated and nonactivated tissue
in a single voxel is interpreted as homogeneous. Further-
more, using large smoothing kernel widths during post-
processing of the data may combine activations from
functionally separated brain regions or draining veins [7].
However, as the cortical blood-oxygen-level-dependent
(BOLD) response of pure tactile stimulation is typically
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less than 2% [8], the contrast-to-noise ratio may be too
poor when using nonsmoothed high-resolution data. These
aspects suggest that the choice of spatial resolution and
smoothing kernel width could be crucial when mapping
highly detailed and localized tactile activation in SI.
Finally, the diverse population of cutaneous and subcuta-
neous receptors at the fingertip [9] makes it important to
stimulate the skin in a controlled and known manner.

Several groups have investigated stimuli systems for
mapping the finger somatotopy in SI [10–14]. One group
investigated area 3b with a manually applied brushing
stimuli and reported activation of all cortical finger areas in
94% of the volunteers investigated, although an intraex-
aminer error of 18% was reported [11]. This study showed a
somatotopic relationship on group level that was comparable
to results from earlier studies performed on different
modalities of functional neuroimaging. Another group used
a low-cost and computer-controlled pneumatic stimuli
system to show that 1 Hz stimulation frequency resulted in
the largest BOLD activation contrast in the low-frequency
range (1–5 Hz) when stimulating the thumb [12]. In some
studies, a well-organized somatotopy has been shown on a
group level only [11,14]. However, when investigating
sensory feedback in the field of prosthesis development and
monitoring patient rehabilitation after hand injuries, infor-
mation of the individual somatotopy would be beneficial.

Reproducible, accurate and easy-to-use in vivo mapping
methods of SI finger areas are a prerequisite for studies of
brain plasticity and functional changes in neurological
disturbances and hand rehabilitation. Although various
stimulation procedures have been tested, the impact of
different spatial resolutions and level of smoothing has, to
our knowledge, not been investigated for this application.

The aim of this study was to optimize the choice of spatial
resolution and smoothing kernel width in fMRI finger
mapping of SI. To achieve reproducible and unambiguous
stimulation, we used a pneumatically driven and computer-
controlled system for tactile stimuli of targeted skin areas.
Somatosensory fMRI data were acquired in healthy
volunteers at two different spatial resolutions, and the data
were subsequently evaluated using different smoothing
kernel widths to find an optimized set of acquisition and
evaluation parameters.

2. Subjects and methods

2.1. Subjects

fMRI was performed on 22 healthy, right-handed
volunteers (12 females) with a mean age of 39 years (age
range, 19–56 years). Written informed consent was obtained
from each volunteer and the local ethics committee approved
the study. Three volunteers were excluded from the study:
Volunteer 12 was excluded due to an electrical error in the
power amplifier during stimulation. The amplifier was
repaired before the next volunteer, and the specific error

did not recur during the project. Volunteer 19 was not able to
complete the scanning session due to claustrophobia-related
problems, and Volunteer 21 was excluded due to extreme
head motion, which was not possible to correct for by
postprocessing techniques.

2.2. Stimuli system

The stimuli system is pneumatically driven and electro-
nically controlled (Fig. 1), based on the same principle as
presented by Wienbruch et al [12]. It has eight separate
channels that can be individually controlled. Each channel
consists of a pneumatic valve (Festo, Germany, 525146)
connected with a plastic tube (length, 4.5 m; inner radius,
1 mm) to a membrane (4-D Neuroimaging; area, ca. 0.8
cm2). The membrane can be attached to the target skin area
using tape, and when the valve is alternately opened and
closed, compressed air (1–5 bars) delivers tactile stimuli
through the membrane. It is important that the length/radius
ratio of the plastic tubes is small enough to deliver distinct
stimuli, due to the compressive properties of air and potential
tube compliance. The time-dependent air pressure at the site
of the membranes was not measured; however, distinct,
periodic and minimally delayed membrane pressure was
empirically ensured prior to each examination. The perma-
nently installed air supply in the scanner room was used.

The pneumatic valves are electronically controlled using
an ordinary laptop PC equipped with a 24-channel digital I/O
PCMCIA card (National Instruments, 776912-01) and a
custom written LabVIEW software. The software allows
individual setting of the desired pulse timings and frequencies
for each separate channel. The pulse signals are amplified
from 5 to 24 V using an in-house-built power amplifier.

All pneumatic equipment is placed inside the scanner
room, whereas the electronic control equipment is placed
outside, in the control room. All electronic communication to
the scanner room is transferred through a filter plate,
minimizing radiofrequency noise penetration from outside.

2.3. fMRI experiments

fMRI was performed using a whole-body 3-T scanner
(Siemens Medical Solutions, Erlangen, Germany) equipped
with an eight-channel head coil. All volunteers were asked to
lay still with their eyes closed during the experiment, and the
head was stabilized with cushions and foam pads. Three
membranes were attached, by tape, to the tips of the thumb,
middle finger and little finger of the right hand. In this
manner, the function of both the medianus (thumb and
middle finger) and ulnaris (little finger) nerve was addressed.
Each volunteer was instructed to position both arm and hand
in the most comfortable way with the help of cushions and
other support material to ensure patient comfort and to
minimize induced errors due to motion or fatigue.

Two fMRI experiments were conducted in the study.
Volunteers 1 through 21 participated in the main experiment
where two BOLD data sets with different spatial resolution
were acquired during each session (23 mm3 and 33 mm3
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individual setting of the desired pulse timings and frequencies
for each separate channel. The pulse signals are amplified
from 5 to 24 V using an in-house-built power amplifier.

All pneumatic equipment is placed inside the scanner
room, whereas the electronic control equipment is placed
outside, in the control room. All electronic communication to
the scanner room is transferred through a filter plate,
minimizing radiofrequency noise penetration from outside.
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(Siemens Medical Solutions, Erlangen, Germany) equipped
with an eight-channel head coil. All volunteers were asked to
lay still with their eyes closed during the experiment, and the
head was stabilized with cushions and foam pads. Three
membranes were attached, by tape, to the tips of the thumb,
middle finger and little finger of the right hand. In this
manner, the function of both the medianus (thumb and
middle finger) and ulnaris (little finger) nerve was addressed.
Each volunteer was instructed to position both arm and hand
in the most comfortable way with the help of cushions and
other support material to ensure patient comfort and to
minimize induced errors due to motion or fatigue.

Two fMRI experiments were conducted in the study.
Volunteers 1 through 21 participated in the main experiment
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were acquired during each session (23 mm3 and 33 mm3
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cubic voxels). The second experiment was a repeated
acquisition over several days on Volunteer 22, to evaluate
the reproducibility of the measurement.

Before functional imaging, a high-resolution anatomical
scan was acquired (3D-FLASH, TE/TR=4.9/11 ms, flip
angle=15°, resolution=1!1!1 mm3, 176 oblique transversal
slices oriented to form a plane through the anterior–
posterior commissures). Functional BOLD imaging was
then performed using a gradient-echo echo-planar imaging
(GE-EPI) pulse sequence with TE/TR=30/2660 ms, flip
angle=90° and 288 functional 3D volumes. The functional
scans were in the same orientation as the anatomical scan,
and the most superior slice was matched to precisely cover
the most superior part of the brain in all experiments. The
33-mm3 spatial resolution [64!64 matrix size, 192!192
mm2 field of view (FOV), 36 slices, 2440 Hz/pixel] was
applied first in 11 subjects, whereas the 23-mm3 spatial
resolution (128!128 matrix size, 256!256 mm2 FOV, 23
slices, 1502 Hz/pixel, 6/8 partial k-space acquisition) was
applied first in 10 subjects. In the case of 23 mm3 spatial
resolution, the use of 6/8 partial k-space acquisition was
necessary to maintain TE at 30 ms. The theoretical SNR
difference for the two measurements was SNR3 mm/SNR2

mm=2.2 [15]. In addition, when using 23 mm3 spatial
resolution, the maximal slice coverage within one TR was
reduced, and for this reason, only the superior part of the
brain, that is, the secondary somatosensory cortex and
above, was covered.

During the functional acquisition, tactile stimuli of the
three fingers [pulse frequency=1 Hz, pulse width=100 ms,
2.5 bars (pressure)] were separately applied in a semirandom
block design (the order of finger stimuli was continuously
changing between volunteers) alternating between rest
conditions of no stimuli. The operator started the stimulation
protocol and the GR-EPI sequence simultaneously. Any
delay differences were assumed to be below 100 ms and
insignificant to the final result, due to the use of block
design. The block length was 31.92 s, that is, 12 TR, and the
experiment started with a rest condition.

The second experiment was performed to investigate the
reproducibility of the main experiment. Volunteer 22 (male,
30 years old) was scanned on five consecutive days (Day 1–
Day 5) and on Day 66, using 23 mm3 resolution. The
parameters were exactly the same as in the main experiment
when the 23-mm3 resolution was used.

After the scanning session, each volunteer was asked if any
complications had occurred, to ensure the use of proper data
and the possibility to exclude data on reasonable grounds.

2.4. Evaluation

Evaluation of the data was performed using BrainVoyager
QX 1.8 software (Brain Innovation B.V., The Netherlands).
The functional data series were preprocessed and coregis-
tered to the anatomical data. The data sets were subsequently
normalized to Talairach space using a fit of the anatomical
data to a Talairach template (coordinate grid). Preprocessing

Fig. 1. Schematic view of the stimuli system setup. Eight easily attachable plastic membranes deliver tactile stimulation using pressurised air. Eight pneumatic
valves, electronically controlled by an in-house-built LabVIEW program, manage the air pressure delivery. The eight independent stimulation channels may be
varied with regard to frequency, amplitude and duration.
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included motion correction by means of trilinear interpola-
tion, high-pass filtering to suppress low-frequency modula-
tion (limited to three cycles) and spatial smoothing using a
0-mm (nonsmoothed), 4-mm and 8-mm smoothing kernel
width, respectively. In the second experiment, that is, the
reproducibility investigation, a smoothing kernel width of
4 mm was used.

Separate activation maps for the three different fingers,
that is, each finger was individually contrasted to rest, were
created using the general linear model (GLM). Serial
correlations were corrected for by using autoregressive
characterization of the first order, AR(1), in the GLM [16].
A false discovery rate (FDR; [17])-corrected statistical
threshold of q(FDR)b.05 was used as default for individual
subjects. In the absence of activation, a less conservative
threshold, q(FDR)b.1, was tested. If SI activation appeared
at this lowered threshold without inducing large or scattered
activation in other regions, the activation was considered true
and above noise threshold. In case of large combined
activation regions, a threshold of q(FDR)b.01 was used. All
spatial coordinates were determined as center of gravity of
the clusters. If more than one activation cluster was visible
within the SI, here anatomically defined as the postcentral
gyrus, the coordinates of the cluster that had the highest
t-value average were used. In cases of potential motion
artefacts, that is, large activation regions close to the skull or
to tissue borders or motion corrections in excess of 1 mm or
1°, the motion correction estimates were also included as
regressors in the GLM. Data were evaluated for single

volunteers as well as on a group level. The mean value and
standard deviation of the Talairach coordinates were
calculated in both experiments.

3. Results

In general, contralateral activation of SI was more often
seen in the high-resolution 23-mm3 functional maps,
compared to the 33-mm3 maps, when using a 4-mm
smoothing kernel width (Tables 1 and 2). The statistical
threshold was carefully lowered to q(FDR)b.1 (marked with
** in Tables 1 and 2) to increase the sensitivity in cases of
absent activation at q(FDR)b.05. This resulted in contral-
aterally activated SI regions of the thumb, middle finger and
little finger areas in 83%, 50% and 50% of the volunteers,
respectively, at 23 mm3 (Table 1). In comparison, only 50%,
44% and 22% of the volunteers showed activated regions in
SI at 33 mm3 at equivalent threshold (Table 2). When
evaluating only one of the two spatial resolutions, that is,
either 23 mm3 or 33 mm3, conducted first in each session, the
sensitivity was improved further. First-session SI activation
of the thumb, middle finger and little finger was seen in 89%,
67% and 50% of the volunteers at 23 mm3 and in 78%, 61%
and 33% of the volunteers at 33 mm3, respectively. Images
from Volunteer 4, with activation in all three fingers, are
shown in Fig. 2. In this specific case, activation was present
in both Brodmann area 1 and area 3b. All individual
Talairach coordinates are presented in Tables 1 and 2

Table 1
Individual Talairach coordinates at 23 mm3 spatial resolution

Subject Thumb Middle finger Little finger

Coordinates Cluster size Coordinates Cluster size Coordinates Cluster size

x y z x y z x y z

1 "57 "16 37 b10 !!

2 "50 "19 46 218
3
4 "44 "19 44 15 "35 "21 52 146 "33 "28 61 27
5 "48 "13 49 b10 !! "49 "25 50 614 ! "42 "22 52 b10
6 "53 "20 42 55 "48 "29 52 b10 !!

7 "53 "15 43 b10 !! "48 "23 52 185 ! "42 "29 55 b10
8 "56 "22 44 418 "47 "31 52 54 "45 "29 51 616
9 "47 "21 41 595 "44 "25 48 356 ! "42 "31 50 114 !

10 "46 "14 46 472 "43 "24 53 153 ! "35 "27 57 132
11
13 "53 "24 41 21
14 "49 "18 49 153 "37 "26 58 165 !!

15
16 "47 "28 42 42 "39 "26 53 34 ! "40 "34 50 102 !

17 "53 "17 41 1018 "49 "29 44 248 ! "42 "31 46 47
18 "49 "16 44 877 !

20 "52 "20 47 27
Mean "50 "19 44 "45 "26 51 "40 "29 53
S.D. 3.8 4.0 3.3 4.9 3.2 3.0 3.9 3.4 4.7

q(FDR)b.05. Volunteers 12, 19 and 21 are not included due to stimuli failure (Volunteer 12) or compliance issues (Volunteers 19 and 21). Cluster sizes in mm3.
! q(FDR)b.01.
!! q(FDR)b.1.
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including the group mean and standard deviation (1 S.D.) of
all fingers. Overall, the activation cluster localization for the
separate fingers corresponded well to the expected organiza-
tion in SI; that is, the thumb, middle finger and little finger
were organized in an anterior-to-posterior, inferior-to-super-
ior and lateral-to-medial manner.

The individual fMRI data were also evaluated using three
different smoothing kernel widths (0, 4 and 8 mm), as shown
for Volunteer 1 in Fig. 3. When using spatially nonsmoothed
data (0 mm smoothing kernel width), finger activation was
seen in three additional cases of little finger stimulation when
using 33 mm3 spatial resolution. However, at 23 mm3 spatial
resolution, the use of nonsmoothed data resulted in a
complete loss of SI activation in five sessions, all showing
activation when using a 4-mm smoothing kernel width.
Using an 8-mm smoothing kernel width resulted in a major
decrease of sensitivity to finger activation in SI regardless of
spatial resolution used. Here, only 22%, 28% and 6%
(23 mm3) and 44%, 39% and 22% (33 mm3) of the
volunteers showed activation of the thumb, middle finger
and little finger areas, respectively.

A group analysis of the 33-mm3 data, that is, including all
volunteers in the GLM, yielded SI activation at q(FDR)b.001
for the thumb and middle finger only (Fig. 4). Even at more
conventional thresholds, that is, q(FDR)b.05, no little finger
SI activation was seen. At 23 mm3, however, all three fingers
showed SI activation in the group analysis, q(FDR)b.001.

The reproducibility study of Volunteer 22 generated
activation in the thumb, middle finger and little finger areas

in all cases except for little finger activation on Day 4 (Fig. 5).
The mean Talairach coordinates from the six experiments for
the three fingers were ("51±2.0,"19±1.4, 40±2.5), ("44±0.5,
"21±2.0, 48±1.8) and ("42±1.5, "28±1.5, 55±3.0) for the
thumb, middle finger and little finger, respectively (Table 3).

4. Discussion

In individuals in general, the activation cluster localiza-
tion for the separate fingers corresponded well to the
expected organization in SI [18] (Tables 1 and 2); that is,
the thumb, middle finger and little finger were organized in
an anterior-to-posterior, inferior-to-superior and lateral-to-
medial manner. In some individuals, however (Volunteers 8
and 20), the distributed somatotopy of the middle finger and
the little finger was not found. This is likely to be due to
overlap in sensory distribution of different fingers [19].
High-resolution (23 mm3) BOLD imaging proved to be more
sensitive compared to BOLD imaging at 33 mm3 spatial
resolution. This was also seen at group level (Fig. 4), where
group activation of the little finger was absent at 33 mm3

resolution. The advantage of using a high spatial resolution
could be due to the detailed functional somatotopy in SI [5].
This specific region may also be more prone to partial
volume effects due to the highly tortuous anatomy, that is,
large surface-to-volume ratio [20]. Although the BOLD
response from tactile stimulation is expected to be rather low,
the use of high field strength and multichannel coils

Table 2
Individual Talairach coordinates at 33 mm3 spatial resolution

Subject Thumb Middle finger Little finger

Coordinates Cluster size Coordinates Cluster size Coordinates Cluster size

x y z x y z x y z

1 "56 "15 39 181 "48 "21 45 237 "45 "25 49 b10
2 "42 "22 53 b10
3
4 "35 "20 53 28 !

5 "52 "12 50 56 !!

6
7
8 "55 "19 41 1337 "44 "18 49 313 ! "42 "26 49 86
9
10 "48 "16 40 b10 !!

11
13 "52 "22 43 289
14 "54 "16 46 11 !!

15 "46 "30 50 56
16 "49 "25 42 42 ! "42 "31 49 b10 "30 "32 54 b10
17 "54 "19 35 178 "48 "27 42 114
18
20 "49 "23 44 318 "45 "32 51 782 ! "44 "34 53 b10
Mean "52 "19 42 "44 "25 49 "40 "29 51
S.D. 2.9 4.2 4.3 4.2 5.5 3.8 6.9 4.4 2.6

q(FDR)b.05. Volunteers 12, 19 and 21 are not included due to stimuli failure (Volunteer 12) or compliance issues (Volunteers 19 and 21). Cluster sizes in mm3.
! q(FDR)b.01.
!! q(FDR)b.1.
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increases the contrast-to-noise ratio, which, in turn, favors
the use of high spatial resolution [6].

Since 23 mm3 spatial resolution required a 128!128
matrix, the comparison between 23 mm3 and 33 mm3 spatial
resolution was not straightforward. Partial k-space acquisi-
tion (6/8) was necessary to be able to maintain TE at 30 ms.
Overall, the theoretical SNR for the 33-mm3 spatial
resolution session was 2.2-fold increased compared to the
23-mm3 spatial resolution session. If all parameters, except
for voxel volume, would have been identical, this factor had
been expected to be 3.4. It would have been possible to carry
out the experiments using equal theoretical SNR, by
increasing the bandwidth to more than what was needed in
the case of 23 mm3 spatial resolution. However, the use of
optimized protocols was considered important, rather than
having equal acquisition parameters. In the end, the use of
33 mm3 spatial resolution resulted in a poorer outcome
despite more than twice as high SNR compared to the use of
23 mm3 spatial resolution.

The choice of smoothing kernel width proved to be
crucial when investigating small, localized and highly
detailed functional regions such as the finger areas in SI.
Our results in this article show that using a large smoothing
kernel width when mapping the SI in individual subjects
was disadvantageous. The decrease in sensitivity was either
due to a combination of activation and draining veins,

making it impossible to distinguish the finger activation, or
due to activation loss (Fig. 3; 8 mm smoothing kernel
width). The sensitivity was improved when smoothing the
high-resolution data using a 4-mm smoothing kernel width,
although this was not seen in the low-resolution data. This
could be due to an inherent need for smoothing high-
resolution data as SNR might be too poor [6,21]. Although
nonsmoothed data resulted in good sensitivity, some
smoothing is advisable to avoid non-Gaussian error in the
GLM [22]. In a group study, there may also be a need for
additional smoothing due to anatomical and functional
variations within a group [23].

The sensitivity of finger activation in SI was improved
when evaluating the acquisition parameter set (either 23 mm3

or 33 mm3 spatial resolution) used first in each experiment.
A possible explanation is that volunteers suffer from
habituation effects, loss of attention and/or fatigue during
the experiment, which are likely to increase over time. This
suggests a less sensitive activation result for the specific
acquisition parameter set applied last in the experiment.
Activation during the first session, regardless of spatial
resolution used, was seen in 23% more cases, implying an
improvement when only one resolution is used. Thus, the
improved statistical inference of a long session, that is, a
large number of time points, could be counterbalanced with a
potential decrease in sensitivity over time.

Fig. 2. Single volunteer (Volunteer 4) activation in primary somatosensory cortex from tactile stimuli of thumb, middle finger and little finger tips at 23 mm3

spatial resolution. Coordinates are given in Talairach space. The resulting activation shows well-separated finger somatotopy and clusters do not overlap. In case
of multiple significant clusters in SI (here, thumb activation in Brodmann areas 1 and 3b), the cluster containing the most significant voxel was evaluated (here,
Brodmann area 1).
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Our results in this article show that using a large smoothing
kernel width when mapping the SI in individual subjects
was disadvantageous. The decrease in sensitivity was either
due to a combination of activation and draining veins,

making it impossible to distinguish the finger activation, or
due to activation loss (Fig. 3; 8 mm smoothing kernel
width). The sensitivity was improved when smoothing the
high-resolution data using a 4-mm smoothing kernel width,
although this was not seen in the low-resolution data. This
could be due to an inherent need for smoothing high-
resolution data as SNR might be too poor [6,21]. Although
nonsmoothed data resulted in good sensitivity, some
smoothing is advisable to avoid non-Gaussian error in the
GLM [22]. In a group study, there may also be a need for
additional smoothing due to anatomical and functional
variations within a group [23].

The sensitivity of finger activation in SI was improved
when evaluating the acquisition parameter set (either 23 mm3

or 33 mm3 spatial resolution) used first in each experiment.
A possible explanation is that volunteers suffer from
habituation effects, loss of attention and/or fatigue during
the experiment, which are likely to increase over time. This
suggests a less sensitive activation result for the specific
acquisition parameter set applied last in the experiment.
Activation during the first session, regardless of spatial
resolution used, was seen in 23% more cases, implying an
improvement when only one resolution is used. Thus, the
improved statistical inference of a long session, that is, a
large number of time points, could be counterbalanced with a
potential decrease in sensitivity over time.

Fig. 2. Single volunteer (Volunteer 4) activation in primary somatosensory cortex from tactile stimuli of thumb, middle finger and little finger tips at 23 mm3

spatial resolution. Coordinates are given in Talairach space. The resulting activation shows well-separated finger somatotopy and clusters do not overlap. In case
of multiple significant clusters in SI (here, thumb activation in Brodmann areas 1 and 3b), the cluster containing the most significant voxel was evaluated (here,
Brodmann area 1).
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Fig. 3.Visualization of smoothing effects inVolunteer 1 at 33 mm3 spatial resolution. At 8 mm smoothing kernel width (2.5 times the voxel size), the sensitivity to
tactile finger activation is critically hampered.

Fig. 4. Group activation for the thumb, middle finger and little finger at 33 mm3. The little finger is also presented at 23 mm3. The coordinates refer to the
center of gravity of the cluster and indicate a somatotopic organization at group level. However, little finger activation in primary somatosensory cortex is
absent at 33 mm3.
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The reproducibility of finger activation during tactile
stimuli was satisfying for mapping the somatotopy in SI
(Fig. 5 and Table 3). The center-of-gravity coordinates for
the different fingers were very stabile on both short and long
terms. The cluster sizes varied more; however, this variation
was expected as several parameters affect the cluster size in
a complex way (e.g., variation in the degree of actual brain
activation, scanner variations, physiological noise or
statistical threshold based on FDR). In some sessions,

additional activation was also seen in other regions of the
brain, for example, prefrontal activation in Day 2. These
activation clusters were assumed not directly connected to
the tactile stimulation.

The overall function of the stimulation system was
excellent in administrating a sensory stimulus to the different
fingers in the MR environment. Although the sharp
rectangular pulse stimulation is inevitably smoothed due to
air compression in the tubes, it was not considered to hamper

Fig. 5. Reproducibility study of Volunteer 22. Tactile stimulation of the thumb, middle finger and little finger was executed on five consecutive days
(Day 1–Day 5) and on Day 66. A spatial resolution of 23 mm3 and a 4-mm smoothing kernel width were used. Activation of the little finger was
absent on Day 4, possibly due to the volunteer having problems being awake during parts of the session.

Table 3
Investigation of reproducibility (Volunteer 22)

Day Thumb Middle finger Little finger

Coordinates Cluster size Coordinates Cluster size Coordinates Cluster size

x y z x y z x y z

1 "50 "18 41 924 "43 "19 47 70 "42 "25 60 34
2 "51 "17 39 3552 "44 "20 49 4790 "42 "26 52 225
3 "52 "21 41 512 "44 "24 46 38 "43 "31 54 63
4 "54 "19 40 396 "44 "22 47 40 !!

5 "48 "18 35 303 "43 "19 47 29 "42 "30 56 59 !!

66 "52 "18 42 1820 "44 "20 51 395 ! "39 "27 55 1173
Mean "51 "19 40 "44 "21 48 "42 "28 55

S.D. 2.0 1.4 2.5 0.5 2.0 1.8 1.5 2.6 3.0

q(FDR)b.05. Coordinates are given in Talairach space; 23 mm3 spatial resolution and 4 mm smoothing kernel width are used. Cluster sizes in mm3.
! q(FDR)b.01.
!! q(FDR)b.1.
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the study for the tube lengths used here. The actual stimulus
was empirically evaluated prior to all subjects to ensure
distinct, periodic and reproducible stimulation. However, for
a setup using longer tubes, this might be an issue. The
stimulation system proved able to map the distribution in SI
on an individual level. The electronic control of the system
ensures a highly reproducible tactile stimulus delivery.
Another advantage is that the membranes can be attached
to the fingertips without constraining the volunteer's hand
and arm position, thus reducing the risk for problems of
fatigue or discomfort during the experiment. The system
ensures high patient comfort and is easy to work with in the
MR environment.

An important limitation of using high spatial resolution
in fMRI is the partial coverage of the brain. At 23 mm3 or
higher spatial resolution, it might not be feasible to cover
the whole brain using typical GR-EPI sequences, due to
insufficient gradient performance. Fast 3D fMRI methods
based on steady-state techniques have been used for
increasing the spatial resolution regionally beyond
23 mm3 [24]. This could be an interesting option for
mapping finger somatotopy at ultrahigh spatial resolution;
however, these methods rely on a highly homogeneous
magnetic field in the region of interest, which introduce
new issues in whole-brain fMRI.

In a similar study, ipsilateral SI activation due to tactile
stimulation was monitored [25], representing transcallosal
fibres connecting the SI of both hemispheres. In our study,
ipsilateral SI activation was rarely seen, and at group level,
ipsilateral activation was only visible in the secondary
somatosensory cortex, even at very low statistical thresholds.
It has recently been suggested that area 3b in SI may have an
ipsilateral and transient deactivation during tactile stimula-
tion due to interhemispheric inhibition [26]. This weaker and
negative activation contrast could potentially neutralise the
positive activation contrast from nearby regions in SI.
Another explanation could be that the ipsilateral response
may be too weak to measure with the experimental setup
presented in this study.

Although SI comprises four rather distinct regions
(Brodmann areas 1, 2, 3a and 3b), each with a complete
somatotopic representation of the body surface, with a
variety of functional characteristics and complexity [9], the
focus in this study is activation in either part of the SI. An
investigation of activation in different Brodmann areas
would be of great interest, but the scope of this study was to
investigate the impact of spatial resolution and smoothing
and to test the stimulation system for reproducible finger
activation rather than a functional mapping of different
Brodmann areas within SI.

In conclusion, high spatial resolution (2!2!2 mm3)
proved to be advantageous when mapping the SI and
showed a reasonable sensitivity to tactile finger stimulation.
Smoothing should be applied with caution as the sensitivity
to individual finger activation decreased rapidly when
increasing the kernel width. The presented system proved

able to deliver a stimulus, resulting in distinct fingertip
activation in SI, and was capable of mapping the
somatotopy at an individual level. Finally, the stimuli
system showed a remarkable reproducibility and seems
promising for studies aiming to separate cortical finger
areas such as studies of brain plasticity in hand and finger
disorders and injuries.
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Although SI comprises four rather distinct regions
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variety of functional characteristics and complexity [9], the
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Smoothing should be applied with caution as the sensitivity
to individual finger activation decreased rapidly when
increasing the kernel width. The presented system proved

able to deliver a stimulus, resulting in distinct fingertip
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