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Abstract 
Despite the best available surgical repair, traumatic median nerve injury within the forearm 

typically causes lifelong impairment in hand function. This stems from an inadequate reinnervation 
of the nerves supporting sensory functions of the thumb, index and long finger, and of nerves 
supplying intrinsic hand muscles. This thesis examines whether median nerve injuries can cause 
structural and functional changes in the brain. Understanding such changes can help the development 
of new treatments for improved recovery of hand function.  

The first study introduces a novel apparatus and paradigm for examining tactile neural processing 
with fMRI under well-controlled behavioral conditions. The scientific issue challenged was whether, 
in healthy adults, different cortical areas could be involved in processing tactile stimuli depending on 
their temporal frequency content. In a threshold-tracking paradigm, the participants’ task was to 
detect oscillatory mechanical stimulations of various frequencies delivered to the tip of either left or 
right middle finger. Regardless of stimulated hand, tactile detection of audible frequencies (20 and 
100 Hz) engaged the left auditory cortex while detection of slow object displacements (3 Hz) engaged 
visual cortex. These results corroborate and advance the metamodal theory of brain function, which 
posits that brain areas can contribute to sensory processing by performing specific computations – 
those for which they are specialized – regardless of input modality.  

The second and third studies concern structural and functional changes in the brain of adults with 
one reinnervated hand after an injury transecting the median nerve in the forearm. Healthy 
individuals matched for sex, handedness and age served as controls. Irrespective of side of injury (left 
or right), voxel-based morphometry applied on T1 MR-images revealed reductions of gray matter in 
the left ventral and right dorsal premotor cortex, and reductions of white matter in related 
commissural pathways. We interpreted these as activity-dependent structural adaptations to reduced 
neural processing linked to restrictions in the diversity of the natural manual dexterity repertoire 
caused by a disturbed innervation of the hand. Conversely, increases in gray matter were observed 
bilaterally in a motion-processing visual cortical area. We interpreted this as a structural manifestation 
of increased neural processing linked to greater dependence on vision for controlling manual dexterity 
due to impaired tactile innervation of the affected hand. 

To reveal functional changes in tactile cortical processing after median nerve reinnervation, we 
recorded brain activity using fMRI when study participants performed perceptually demanding tactile 
threshold-tracking and oddball detection tasks with our novel apparatus. The hand representation of 
the contralesional primary somatosensory cortex (S1) showed greater activity compared to the 
controls when the reinnervated index finger was engaged in the tasks, but strikingly also when fingers 
of both hands innervated by uninjured nerves were engaged, i.e., little finger of the reinnervated hand 
and index and little finger of the other hand. The generally increased activity indicates a general 
disinhibition of contralateral S1, suggesting that increased functional reorganization is an ongoing 
process of chronic nerve injury. In addition, prefrontal areas implicated in processes that support 
decision-making and response selection showed increased activity, suggesting that such processes 
were more computationally demanding after nerve injury. 

Together, these results indicate that brain areas can undergo significant changes after peripheral 
nerve injury, even when followed by best available surgical repair and reinnervation conditions. These 
changes can include activity-dependent structural adaptations consisting of either regional decreases 
or increases in gray matter concentration, which likely depend on an area's functional specialization 
and on changes in its processing load due to behavioral constraints imposed by the injury. Moreover, 
the results also suggest that the affected hand's primary cortical projection area is still in a state of 
ongoing functional reorganization despite the fact that peripheral reinnervation of the hand should 
have been completed long ago, which should inspire the development of new therapeutic regimens 
for what today is considered a chronic impairment. 

Key words: Humans, Hand, Touch, Peripheral nerve injury, Magnetic resonance imaging, 
Somatosensory Cortex, Cortical plasticity 
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A man paints with his brains and not with his hands. 

Michelangelo (1475-1564) 
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General introduction  
The brain’s skilled use of our hands is behind many of the cultural and 
technological achievements that mark us as humans. The brain and the hands are 
close associates in two important and closely interconnected functions: the 
exploration and reshaping of the physical world. This functional collaboration 
requires that the brain, via peripheral (afferent) nerves, obtains rich information 
of mechanical events that take place when the hand interacts with objects and a 
highly developed central neural control system that, via peripheral (efferent) 
nerves, can orchestrate the musculature of the hand and arm. Accordingly, 
injuries to peripheral nerves that supply the hand cause impaired hand function 
due to immediate and detrimental loss of tactile sensibility from the normally 
innervated skin areas and paralysis of muscles innervated by injured nerves. Such 
injuries to peripheral nerves can be repaired with microsurgical techniques that 
re-adapts the interrupted nerve sheet. Successful surgical intervention enables 
nerve fibers (axons) to re-grow out over the injury site and further from the injury 
site at a speed of about 1 mm a day for later reinnervation of the affected skin and 
muscles. The reinnervation is necessary to regain sensory and motor functions of 
the affected nerves. However, not all axons survive to regenerate, which results 
in fewer axons reaching reinnervated areas. Furthermore, during regeneration, 
axons are misguided to varying degree, which results in mismatches concerning 
the location and type of end-organs of reinnervated axons compared to before the 
injury. These and other factors affect both sensory and motor functions and 
generally lead to lasting impaired sensorimotor control of the affected hand even 
after state-of-the-art treatment (Lundborg and Rosen, 2007). Age, severity and 
site of injury together with the delay in surgical repair significantly influence the 
functional outcome. A follow-up time of 2–3 years is considered necessary to 
evaluate the outcome of treatment of the injury (Bowlby, 1890; Nicholson and 
Seddon, 1957; Sunderland, 1968; Ruijs et al., 2005). The lasting impairments 
consist of various degrees of altered sensation: affected persons may show 
increased touch thresholds, have trouble localizing tactile stimuli in the affected 
area of the hand, lack the ability to appreciate the three-dimensional form of 
objects by touch (stereognosis), and to various degrees also experience cold 
intolerance and pain. Mostly related to the sensory impairment, nerve injury 
leads to clumsiness of the affected hand and especially problems with everyday 
tasks that require fine motor skills, e.g., buttoning a shirt, tying shoes or 
performing hand actions without seeing their affected hand.  

Nerve injuries in the upper limb typically result from accidental blunt or sharp 
trauma, e.g., from traffic accidents or work-related injuries, but also from 
complications at childbirth, from poorly performed surgery (iatrogenic injuries) 
and self-inflicted injuries (Ciaramitaro et al., 2010). Based on Swedish statistics, 
it is estimated that trauma to peripheral nerves innervating the hand affects more 
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than 80,000 persons every year in Europe (incidence 11 per 100 000 person-
years; Asplund et al., 2009). Nerve injuries often occur in rather young 
individuals (average age 28 years; Asplund et al., 2009) and the resultant lifelong 
impairment in hand function affects daily activities and may prevent the injured 
person from returning to work (Bruyns et al., 2003; Dahlin and Wiberg, 2017). 

The principal goal of this thesis was to further the understanding of how the brain 
might change its neural processing in response to peripheral nerve injury in the 
upper limb. For this purpose, I have investigated persons who suffered a 
traumatic total transecting injury to their median nerve in the distal forearm 
followed by state-of-the-art surgical repair. More than 2 years after the injury and 
surgical repair, they were assessed with respect to structural changes in the brain 
by using voxel-based morphometry (VBM) and functional changes in the brain 
by using functional magnetic resonance imaging (fMRI). The overall objective of 
the thesis work was to contribute to a better understanding of how changes in the 
brain relate to how nerve-injured persons recover hand function and to inspire 
further studies of new aspects of structural and functional plasticity that can help 
the development of new, more efficient, treatments.  

The main theme of the thesis thus concerns neuroplasticity, and more 
specifically, brain plasticity at adulthood associated with a defined peripheral 
nerve injury (Paper II and III). However, the first study, presented in Paper I, 
deals with healthy adults and introduces a novel apparatus and paradigm for 
examining tactile neural processing under well-controlled behavioral conditions 
using fMRI. This development also laid the foundation for the study of functional 
changes in the brain following median nerve injury (Paper III). The scientific 
question addressed in Paper I relates to the specificity with which different brain 
regions process information from different sensory modalities, in this case, 
different sub-modalities within the sense of touch. 

In the Introduction sections that follows, I first briefly present historical aspects 
of the treatment of peripheral nerve injuries and of how our understanding of 
brain function has developed, with emphasis on the human cerebral cortex. Then, 
I present current views on the organization of the nervous system related to hand 
function under normal healthy conditions, with a focus on peripheral sensory 
mechanisms and cortical organization of brain areas involved in goal-oriented 
hand actions. Finally, I address clinical aspects of injuries to peripheral nerves 
innervating the hand, with emphasis on the median nerve, and current views of 
how the central nervous system might be affected by such injuries. 
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Short historical review 

History of peripheral nerve injuries and their treatment 

One of the oldest known recommendations regarding treatment of peripheral 
nerve injury is that of the Greek physician and philosopher Galen of Pergamon 
(AD 129-216, Gross, 1987): he discouraged suturing of severed nerve ends since 
it would lead to unbearable pain and “epilepsy”. Paul of Aegina (AD 625-690) was 
the first to describe approximation of nerve ends with wound closure. He lived 
and worked during the Byzantine era and in his epical work Medical 
Compendium in Seven Books (Aegina, 1914) he emphasized the importance of 
not further injuring the nerve when taking care of the wound and advocated 
avoidance in piercing the nerve with the needle when adapting skin and 
subcutaneous tissue. Thus, instead of direct repair by suturing the nerve, he 
recommended bringing the nerve ends closer through careful adaptation of the 
surrounding tissues. He also seemed to have understood the close relationship 
between peripheral nerves and the brain: 

“But nothing may touch the wound, for the nerve is very sensitive and cold in its 
temperament, and forms union of the principal parts with the brain.” 

“When the nerve is completely cut, there is no danger, but the limb becomes power-
less”  

Over more than a thousand years it was debated whether to suture nerve injuries 
or not. Although successful outcomes after nerve suture were described in the 
early 19th century, the results were probably exaggerated and reflected poor 
understanding of how to assess surgical outcomes after nerve injury and repair:  

“Many experiments have been made by physiologists, to prove that when a nerve is 
divided all sensation and motion are lost in the parts to which it was distributed, and 
that after the reunion of the divided parts it performs its functions as well as before.”  

Joseph Swan, 1820 (Swan, 1820) 

“…very frequently in fact the phenomena of sensation and motion which had been 
believed to be permanently destroyed, are ultimately more or less perfectly re-
established.”  

Alfred LM Velpau, 1845 (Velpeau, 1846) 

The problems with severe postoperative pain, fear of painful chronic neuralgias 
and the lack of functional restitution kept many renowned surgeons from 
attempting nerve repair and instead they recommended cutting out the nerve 
(neurotomy) or amputating the limb/finger(-s) affected by an injury (Guthrie, 
1820).  

The at the time prevailing idea that the nerve fibers (axons) in the two stumps of 
the nerve would simply re-unite immediately with the suturing of the nerve, 
through so called prima intentio nervorum, might have obscured the assessment 
and realization of the actual post-operative results. The exaggerated 
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interpretations of successful results within 2-3 weeks after the suturing of injured 
peripheral nerves are ground for hesitation as to whether there were any 
successful nerve repairs in the 19th century (Trendelenburg, 1923). Furthermore, 
some of the techniques of suturing peripheral nerves at that time also indicate the 
understanding of the physiology of nerve signals and the concept of nerve 
regeneration after peripheral nerve injury was very limited (see Fig. 1).  

 

Figure 1. Old discarded, and currently used techniques for nerve suture 

Historical exposé of suturing techniques used for adaptation of severed nerve endings. It is 
easy to stand in hindsight today and say that some of the techniques that were suggested 
would never work. A: The severed nerve, B: Ferara´s side-to-side nerve suture from the 17th 
century; C: Wedge suture, among those “shown only to be condemned” in (Wolsey 1907); 
D: End-to-end with sutures passing through nerve fascicles; E: Rawa´s co-apted suture, 
with nerve stumps sutured together but without any possibility of regeneration of axons; F: 
epineural microsutures, the current state-of-the-art-technique. For injuries with significant 
gap between nerve ends, that cannot be closed without tension in the nerve; G: The 
intermediate suture or ‘Suture á la distance’; H: Neuroplasty for bridging the gap presented 
by Woolsey after grafting-failures; I: Grafting with autogenous nerve material (from same 
individual), the currently used technique when nerve injury has significant gap. 
References; B: (Browne, 1951) C: (Woolsey, 1907), E: (Rawa, 1885), D, G and H described 
in (Woolsey, 1907) and (Babcock, 1927). 
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However, with expanding clinical experience from patients coming from the wars 
of the late 19th and early 20th century, peripheral nerve surgery became 
established and popularized. 

August Waller refuted the ideas of axon reuniting through prima intentio nervo-
rum by showing that axons in frogs distal to the injury would degenerate after the 
nerve was divided (so called Wallerian degeneration: Waller, 1850). That axons 
actually had the opportunity to grow out from the site of injury was made clear by 
the demonstration of the regenerating axonal growth cone in chicken in 1890 
(Ramon y Cajal, 1890). With that, it became evident that time was needed for 
nerves to regain their function after injury.  

During the American Civil War, the Federal Armies established a medical unit for 
nerve injuries staffed by the surgeons Weir Mitchell, Morehouse and Keen, and 
based on their experiences from the treatments and observations of 120 cases 
they wrote Gunshot Wounds and other injuries of nerves in 1864. This is probab-
ly the first major summary of cases of nerve injuries, important for an overall 
understanding of consequences of nerve injury although they did not in particular 
describe surgical nerve injury interventions. Based on symptoms of some of their 
patients they described causalgia for the first time, today known as complex 
regional pain syndrome type II, CRPS II (Weir Mitchell, 1864). 

In 1889 Anthony Bowlby (Bowlby, 1890), a surgical pathologist active in London, 
followed up 20 cases treated with primary nerve repair and found that only two 
of those had what could be considered a sufficient return of hand function. He 
also established that one often had to wait 2-3 years before evaluating the final 
results, a follow up-time that is more or less in agreement with current knowledge 
(Bowlby, 1890; Nicholson and Seddon, 1957; Sunderland, 1968; Ruijs et al., 
2005).  

The idea that nerves injuries with large gaps could be treated with nerve grafts, 
i.e., harvesting another nerve and suture it to bridge the gap, won some popularity 
between the world wars after Sterling Bunnell showed success in severed nerves 
in the upper limb (Bunnell, 1927; Bunnell, 1939). Before this, nerve grafting had 
been considered more or less useless due to poor outcome, probably due to lack 
of knowledge of graft-versus-host reactions associated with use of nerve grafts 
from animals (Woolsey, 1907; Trendelenburg, 1923). The lasting hesitation to 
graft nerves, even using nerve grafts from the same person (autografts), is 
illustrated by the fact that still in the late 1970s, surgeons instead shortened bones 
to enable tension free nerve adaptation (Mackinnon, 2015).  
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Sir Herbert Seddon took interest in the fact that there exists…  
“among clinicians…considerable confusion when we come to examine those 
numerous cases in which function is lost although anatomical continuity of the nerve 
is more or less preserved.” 

From this interest and the study of 460 cases at the Oxford Centre, he 1941 
classified nerve injuries in three groups: (i) complete division, (ii) lesion in 
continuity and (iii) transient block. The next year, Sir Seddon published a paper 
in which he applied the advice from Henry Cohen, a general internist in Liverpool 
and the President of the Royal Society of Medicine, on the nomenclature. As a 
result, the different types of injury were termed neurotmesis, axonotmesis and 
neurapraxia, respectively (Seddon, 1942). 

Sir Sidney Sunderland further advanced modern peripheral nerve surgery by 
meticulously assessing injuries and the post-operative results. He added two gra-
des on Seddon’s grading of peripheral nerve injuries, between axonotmesis and 
neurotmesis: ‘loss of continuity of nerve fibres’ and loss of perineurium and 
fascicles. He also emphasized the importance of gaining knowledge and 
experience from case histories and, accordingly, initiated follow-up studies over 
more than a ten-year period of soldiers from the Australian Forces who had sus-
tained peripheral nerve injuries and returned to their homeland for treatment 
(Sunderland, 1968).  

Erik Moberg took the assessment of hand function even further than just consi-
dering sensory and motor function:  

It has been born home to me with the passage of the years how little the results of 
customary tests of sensibility in an injured hand correspond with the actual ability of 
the patient to use his hand 

 (Moberg, 1958)  

By declaring that the return of function of the hand is the therapeutic goal after 
nerves injuries, and by implementing multiple tests that assessed compound 
sensorimotor function of the hand, he set new standards for the assessment of 
hand injuries, for instance, in measuring of outcomes after treated upper limb 
peripheral nerve injury.  

Today, the surgical treatment of early diagnosed sharp total peripheral nerve 
injury is immediate primary repair with epineural suture (Mackinnon, 2015; 
Dahlin and Wiberg, 2017), to adapt the nerve stumps such that the proximal 
axons can grow out (regenerate) and potentially regain contact with sensory 
receptors or muscles and thereby restore their former function. After surgical 
treatment, the patient is followed by experienced physiotherapists and 
occupational therapists through the period of hand rehabilitation. 
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The expansion of microsurgical treatment of peripheral nerve injuries would not 
have been possible without parallel advancements in medicine, such as, antibio-
tics, anesthetics, sterile techniques and various technical advances (the 
microscope/magnifying loupes, microsurgical tools, etc.). And surely, without the 
contribution of either successes or failures by the pioneers of nerve injury 
treatment, of which many are not mentioned in this brief historical exposé, as 
well as the hardships endured by patients with peripheral nerve injuries who 
provided … 

…lessons which could be learnt in the ward where each [nerve] lesion was regarded 
as a providential experiment from which every possible advantage should be taken”  

 (Sunderland, 1968) 

… peripheral nerve surgery would perhaps be as discouraging today as it was back 
in the ancient Greece.  

Historical aspects on understanding the function of the brain 

The historic origins of comprehension of human cerebral functions largely traces 
it roots in case studies after trauma attained on the battlefield. The Edvin Smith 
Surgical Papyrus from the 1,6oo BC, describes two cases of head injury with 
subsequent loss of the ability to speak (aphasia). However, the idea of the brain 
as an organ of the mind took time to gain acceptance is apparent from the writings 
of the eminent Greek philosopher and scientist Aristotle (384-322 BC) who 13 
centuries later proclaimed that intelligence and thoughts resided in the heart1, 
whereas the brain was merely considered to be a cooling system for blood. After 
Aristotle’s death, Herophilos of Chalcedon (335-280 BC) became the first ancient 
Greek physician to perform systematic dissections of human cadavers. He 
performed about 600 dissections of presumably executed prisoners. He is 
supposed to have described the nervous system in some detail although none of 
his original works have remained. However, human dissections became 
forbidden after his death and his ideas was outcompeted by older thoughts or 
simply forgotten (Ghosh, 2015). 

Galen of Pergamon (AD 129-216) instead dissected animals (Gross, 1987). Based 
on the macroscopic appearances of each part of the central nervous system (CNS), 
he believed that the cerebellum controlled muscles whereas the cerebrum 
processed senses. Although he was in many respects quite far from correct, he 
considered the brain to be responsible for thoughts and the nerves to be 
responsible for relaying sensations. 

1 Consider how this idea lives on in with sentences such “I love you with all my heart”, whereas “…with 
all my brain” would scientifically be more accurate, although perhaps considered as less romantic. 
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It was not until the 19th century that ideas of functional specialization of specific 
brain areas began to be accepted (Boling et al., 2002). Franz Joseph Gall forwar-
ded in 1796 the theory that (i) humans possess innate moral and intellectual 
abilities that depend on the brain, (ii) the brain comprises a set of “organs” each 
related to its specific faculty, but also (iii) that the skull reflects the shape of the 
brain and therefore invites assessment of a person’s capabilities by means of so-
called cranioscopy. This scientific proposal was quickly transformed into lucra-
tive quackery and pseudo-science by Johann Spurzheim (1776-1832), who spread 
the teaching of phrenology and very imaginative phrenological maps across 
Europe and the USA (Zola-Morgan, 1995). Gall will probably forever be 
associated with phrenology and yet his proposal that humans possess innate 
abilities that depend on the brain and that the brain consist of functionally 
distinct areas are now recognized as scientific facts. 

With Paul Broca’s presentation in 1861 of his observations of two patients who 
had lost their ability to speak after suffering injury to the inferior frontal gyrus in 
the left hemisphere of their brains (Broca, 1861), the idea of functional 
organization of the brain gained further ground. In the decade after Broca’s 
discovery, Fritsch and Hitzig furthered this idea when they discovered the 
excitability of the cortex and localized contralateral motor function in the anterior 
part of the cortex of the two hemispheres of dogs, i.e., electrical current applied 
in the left hemisphere was accompanied with motion in the right half of the body 
(Fritsch, 1870). Albert Grünbaum and Sir Charles Sherrington further mapped 
the cortical functions of motor and sensory cortices of monkeys using electrical 
stimulation and ablation of specific cortical areas (Grünbaum, 1902). In parallel 
with the electrophysiological studies of the cortex, histological assessment with 
cytoarchitectural mapping techniques of the brain confirmed the physiological 
boundaries of, for instance, the motor areas (Campbell, 1905; Brodmann, 1909); 
the areas defined by these boundaries are still in use. Campbell may, in fact, have 
been the first to report on cortical neuroplasticity related to peripheral nerve 
injury when he described cellular changes in the contralateral primary motor 
cortex after limb amputation.  

With the emergence of neurosurgery of epileptic foci in humans and the use of 
galvanic (electrical) cortical stimulation, the similar cortical maps in humans 
could be confirmed (Krause, 1908; Cushing, 1909; Snyder and Whitaker, 2013). 
With additional sophistication of cortical stimulation techniques in the mid-20th 
century it was possible to map the functional organization of the cortex with high 
precision in awake humans during surgery. Through this, Wilder Penfield 
furthered the concept of somatotopy of the primary sensory and motor cortices – 
the idea of representations of body parts spread in a mapped order in the cortex 
of the brain. Penfield´s biggest impact came perhaps from the introduction of the 
cortical homunculus (Penfield, 1937), the “little man” with body parts in sizes 
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relative to their sensory or motor representation sizes. One of Penfield’s students, 
Donald Hebb, postulated in 1949 the basic idea behind neuroplasticity, that two 
neurons that are repeatedly active together become structurally more associated, 
so that activity in one facilitates activity in the other (Hebbian learning: Hebb, 
1949). Penfield later also presented the first evidence of a human secondary 
somatosensory cortex (Penfield, 1954). 

With the introduction of functional magnetic resonance imaging (fMRI) in 1990, 
it became possible to evaluate brain activity non-invasively whilst performing 
various tasks in the MRI-scanner (Ogawa et al., 1990). Accordingly, the 
possibility to investigate human brain functions expanded vastly. Up to now, 
more than 50,000 scientific articles with the search word ‘fMRI’ have been 
catalogued in PubMed, with more than 5,000 articles added just in 20182. 
Continued improvement in fMRI sampling and analyzing techniques together 
with other old and new techniques used for studying brain function (humans and 
animal: intracortical neuron recordings, electroencephalography; EEG, 
magneto-encephalography; MEG, Optical imaging techniques etc.) warrant that 
the progress of our understanding of the brain is likely to continue.  

  

2 Statistics from www.pubmed.gov, search "functional magnetic resonance imaging"[All Fields] OR 
"fmri"[All Fields] performed 2019/05/13. For data of publications in 2018 the search terms: AND 
"2018/01/01"[PDAT] : "2018/12/31"[PDAT] were added. 
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Normal hand function 
“What can the eyes see? What can the ear hear? What can the hand do?” With 
these words Erik Moberg beautifully summed up that hand function assessment 
demands testing of the composite function of the hand, and not only ‘sensation’ 
or ‘motion ability’ (Moberg, 1966). Put in other words, dexterous manual actions 
critically depend on both motor function for movement of the hand and arm, and 
sensation for feedback control and their complex sensorimotor interactions. 

To exemplify: if the goal is to contact a specific object, the hand needs to properly 
reach the object, for this programming of muscle commands depends on 
integration of visual information and somatosensory information from the arm 
(proprioception). Vision can provide a sensory framework for positioning, 
orientation and pre-shaping of the hand during reaching and gripping of objects, 
but offers limited information useful for controlling the action of the digits in 
dexterous tasks once an object is contacted. After contacting the object, sensory 
information from the tactile receptors in the glabrous skin on the inside of the 
hand becomes critical. 

Figure 2 shows, in a very simplified and schematic form, the role of sensory 
inputs in motor control. The illustrated principle enables correction with both 
visual and proprioceptive information during reaching, while tactile signals 
would dominate during manipulation. Tactile sensory information is forwarded 
to the brain, providing information on mechanical events in object interfaces, 
including forces applied on the object, and information about properties of the 
object necessary for planning and predictive control of hand actions, e.g. object 
weight and friction in relation to the skin (Johansson and Flanagan, 2009). The 
action goals, formulated by the brain, are then transformed to desired motor 
commands, which specifications depends on multimodal sensory state information. 

 

Figure 2. Sensorimotor feedback loop for the execution of a motor action 

11 
 



 

Sensory information is not only used for planning motor commands, but also for 
automatic (reflex) correction of evolving commands transmitted to the 
effectuating muscles. Of course, the actions governed by the muscles result in 
changes in the sensory input/state which close the sensorimotor loop. Without 
sensory feedback there is no perception of how much power is applied to the 
object, and consequently it will either be held too tightly and possibly crushed or 
be held too loosely and possibly dropped. As such, in dexterous manipulation 
proper fine motor actions critically depend on tactile feedback from the fingertips 
contact with the object.  

In the sections that follow, I will briefly describe critical components of the 
sensorimotor mechanisms supporting manual dexterity, with emphasis on the 
peripheral sensory mechanisms and cortical organization of brain areas involved 
in goal-oriented hand actions.  

Peripheral sensory mechanisms supporting manual dexterity  

The number of axons within the brachial plexus and the nerve roots that supply 
each upper limb has been estimated to about 350,000. Notably, about 90% of 
these are afferent axons providing the CNS with sensory information, whereas 
only about 10% serve motor functions (Gesslbauer et al., 2017), which illustrates 
the fundamental importance of sensory inputs for the sensorimotor control of the 
hand and arm. In this brief review, I will focus on the low-threshold 
mechanoreceptors (LTMRs) situated in the glabrous skin of the palmar surface 
of the human hand because they are particularly pertinent to my thesis work: 
critical information for the control of manual dexterity consists of information on 
mechanical interactions between the hands and objects that originate in these 
receptors (Johansson and Flanagan, 2009). Vision only provides indirect 
information about such events and proprioceptive receptors, which deliver 
information about joint configurations and muscle states, poorly reflect details of 
mechanical events at the fingertips (Hager-Ross and Johansson, 1996; Macefield 
et al., 1996; Macefield and Johansson, 1996; Dimitriou and Edin, 2008). 

LTMRs are responsible for the tactile sensibility of the hand (Vallbo and 
Johansson, 1984; Johnson, 2001) and signals from these mechanoreceptors are 
conveyed to the brain by fast conducting thick myelinated Aβ-afferent axons 
belonging to first-order tactile neurons with cell bodies in the dorsal root ganglia 
(DRG). Other sensory signals from the hand and arm important for normal hand 
functions are signals from sensors in muscles conducted in thick myelinated Aα-
afferent axons that indicate muscles’ states (muscle spindles and Golgi tendon 
organ; Phillips et al., 1971) and from nociceptors (pain) and thermoreceptors 
conducted in thin myelinated Aδ- and unmyelinated C-afferent axons.  
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The physiology of the tactile afferent neurons conveying signals from LTMRs in 
the glabrous skin of the human hand has been investigated thoroughly in the last 
~50 years (Hagbarth and Vallbo, 1967; Knibestol and Vallbo, 1970; Johansson 
and Vallbo, 1979; Vallbo and Johansson, 1984; Johansson and Flanagan, 2009; 
Abraira and Ginty, 2013; Vallbo, 2018). Each fingertip is innervated by about 
2,000 of tactile neurons, whereas some 10,000 innervate the palm (Johansson 
and Vallbo, 1979).  

Four types of tactile neurons innervate different types of LTMRs and signal 
complementary aspects of skin deformation (Fig. 3). These are considered as 
different sub-modalities in the cutaneous sensibility of touch. Two of these types 
show fast-adapting (FA) responses, i.e., they respond with action potentials only 
during skin deformation changes. These afferent neurons innervate Meissner 
and Pacinian LTMRs. The two other types, innervating Merkel and Ruffini 
LTMRs, are slowly-adapting (SA), i.e., in addition to responsiveness to skin 
deformation changes they also respond to maintained tissue deformation. In 
addition, the tactile afferent neurons can be subdivided with respect to the 
characteristics of their cutaneous receptive fields as defined by gentle pointed 
touch stimuli: Type I afferents (FA-1, SA-1) originate in the superficial layer of the 
skin and have small and well-defined receptive fields (typically ~10 mm2) 
composed of several “hotspots” due to branching of the distal axon in the skin 
(Johansson, 1978; Nolano et al., 2003; see Fig. 3), while Type II (FA-2, SA-2) 
afferents originate in deeper layers and have larger and more diffusive receptive 
fields.  

 

Figure 3. The location of LTMRs in skin and their relationships to tactile afferents  
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The innervation density in the skin of the Type I tactile neurons shows a marked 
increase in the proximo-distal direction of the hand, i.e., the density is 
particularly high in the fingertips. Accordingly, these neurons enable the 
fingertips to provide high spatial tactile acuity. In contrast, Type II afferents show 
a more uniform innervation density. The FA-2s (Pacinians) resemble 
seismographs as they are exceptionally responsive to mechanical transients that 
propagate through the tissues even from remote sites. Likewise, SA-2s are 
responsive to stimuli applied remotely from the receptor itself by gauging strain 
in the dermal and subdermal fibrous tissues.  

Because each of the FA-1, FA-2 and SA-1 afferents are most easily excited by 
oscillatory skin displacements of different frequency (Johansson et al., 1982), 
each type can be stimulated in isolation using threshold near amplitudes of 
sinusoidal mechanical stimulations of the skin. Each type also typically evokes a 
characteristic feeling when stimulated in isolation (Ochoa and Torebjork, 1983; 
Lofvenberg and Johansson, 1984; Vallbo et al., 1984). Stimulation of FA-1 
afferents, which are most sensitive to skin deformation changes of frequencies 
between ~5 and ~50 Hz, give rise to a sensation described as “flutter”, while 
stimulation of FA-2 afferents, which are exceptionally sensitive to high-frequency 
vibrations (~40 – 400 Hz), bring about a sensation of diffuse “vibration”. Finally, 
stimulating SA-1 afferent neurons in isolation, most sensitive to skin deformation 
changes of low-frequency (<~ 5 Hz) and to static skin displacements, cause 
“pressure” sensations.  

Afferents from adjacent peripheral receptors and axons innervating adjacent 
muscle fibers merge to form small nerve fascicles which are further joined to 
larger fascicles that together form peripheral nerves. Near the spinal cord afferent 
axons and efferent (motor) axons are separated such that they form dorsal 
sensory and ventral motor roots, respectively.  

The cell bodies of the first-order sensory neurons that innervate receptors in the 
various body tissues, including tactile LTMRs, are located in dorsal root ganglia 
adjacent to the spinal cord (Fig. 4). These neurons are classified as pseudo-
unipolar because they have a single axon with two branches, one reaching distally 
to the end-organs, and the other projecting proximally into the spinal cord. A 
collateral of the proximal axon of tactile afferent neurons ascends in the 
ipsilateral dorsal column of the spinal cord and reaches the cuneate nucleus 
located in the medulla oblongata, where the afferent signals are processed 
(Witham and Baker, 2011; Bengtsson et al., 2013). From the 2nd order tactile 
afferent neurons in the cuneate nuclei, the tactile information is further 
propagated centrally in axons that cross the body midline in the medial lemniscus 
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and terminate in the ventro-posterior nucleus of thalamus (VPN). Both the 
cuneate nucleus and VPN has a somatotopic organization (Kaas et al., 1984; Davis 
et al., 1996), and cortical top-down signals can tune the processing in the 
somatosensory ascending pathways in a task and context dependent manner 
(Harris et al., 1965; Adkins et al., 1966; Canedo, 1997; Ergenzinger et al., 1998; 
Palmeri et al., 1999). For example, the relationship between afferents from 
thalamus to cortex and corticothalamic efferents is 1:10 (Liu et al., 1995) 
suggesting that corticothalamic information has major influences on the 
processing of the afferent signals before they are further relayed to the cortex. 
From the VPN, axons of 3rd-order afferent neurons convey processed information 

 

Figure 4. Schematic illustration of sensory input and motor output  

Sensory afferent signals from LTMRs in the skin are relayed to CNS through Aβ-
fibers of 1st-order sensory neuron (red line in cross sections) with cell bodies located 
in the dorsal root ganglia (DRG – cross section labelled 4). Axonal collaterals ascend 
through dorsal column (DC – cross section labelled 3) of the spinal cord to the 
cuneate nuclei (NC – cross section labelled 2). 2nd-order sensory neurons cross the 
midline of the body and relay signals (blue line) to the ventroposterior nucleus 
(VPN) of thalamus (T). From VPN, 3rd-order neurons relay signals (yellow line) to 
the 4th layer of the primary somatosensory cortex (S1 – cross section labelled 1). 
Motor efferent signals from the upper motor neuron in the primary motor cortex 
(M1) travel in corticospinal fibers (light green line) that crosses the midline in the 
medulla and carry information down to activate interneurons and lower motor 
neurons in the ventral horn of the spinal cord. Axons of lower motor neuron (orange 
line) innervate muscles and signal muscles to contract. 
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to the primary somatosensory area (S1) in the anterior parietal cortex, but to 
some degree also directly to the secondary somatosensory cortex (S2) in the 
parietal operculum on the ceiling of the lateral sulcus (Pons et al., 1992).  

Cortical brain areas associated with somatosensory and 
multisensory processing  

Primary somatosensory cortex 
The primary somatosensory cortex (S1) plays a critical role in processing afferent 
somatosensory input and contributes to the integration of sensory and motor 
signals necessary for skilled movement. S1 is located in the anterior parietal 
cortex, in the posterior bank of the central sulcus and on the postcentral gyrus, 
and is the major cortical receiver of somatosensory information which arise from 
receptors positioned throughout the body. The S1 of each hemisphere primarily 
contains a tactile representation of the opposite (contralateral) side of the body 
and the representations of the body parts are orderly arranged: from toes at the 
medial aspect of the hemisphere to the mouth at the lateral inferior aspect. The 
somatosensory representation of the hand is located at the postcentral gyrus 
posterior and adjacent to the primary motor cortex of the hand in the precentral 
gyrus.  

S1 consists of four different Brodmann areas (BA), area 3a, 3b, 1 and 2, organized 
in an anterior to posterior order (see Fig. 5). Each area contains its own 
somatotopic map of the body, including separate representations of each digit 
(Kaas, 1993; Gelnar et al., 1998; Maldjian et al., 1999; Kurth et al., 2000; Sato et 
al., 2002; Chen et al., 2003; Ruben et al., 2006). In area 3a the thalamic input 
originates primarily in muscle spindles (Phillips et al., 1971; Kaas, 2004) and this 
area is thought to provide an important source of proprioceptive information for 
the adjacent primary motor cortex. BA3b is by some referred to as S1 proper 
because its main inputs originate from cutaneous receptors (Wu and Kaas, 2003; 
Liao et al., 2013). This area has small, intermingled domains that are activated by 
different types of tactile stimulation, such as vibration, pressure, or flutter, 
reflecting distinct pathways from the various types of peripheral receptors in the 
skin (Sur et al., 1981). Neurons in BA1 receive strong activating inputs from BA3b 
and thus this area is thought to be involved in a secondary cortical stage of tactile 
processing (Papadelis et al., 2011), but they also receive direct input from VPN. 
BA1 neurons show larger and more complex cutaneous receptive fields than those 
of BA3b and encode more complex stimuli, such as direction of object moving 
over the skin surface. Evidence from non-human primates shows that neurons in 
BA1 can encode various features of various kinds contact events at the fingertips 
(Callier et al., 2019). 
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BA2 receives inputs from BA3b and BA1 and therefore constitutes a third level of 
cortical processing of tactile and proprioceptive information (Pons and Kaas, 
1986). This cortical input is combined with proprioceptive inputs directly from 
thalamus. Neurons in BA2 are especially responsive when objects are actively 
explored or manipulated with the hands so that tactile and proprioceptive 
afferent information is combined for more complex representation of objects 
necessary for dexterous object manipulation and haptics in general, as 
exemplified by stereognosis. Essentially, all connections between the Brodmann 
areas of S1 involve reciprocal elements (Kaas, 2004; Keysers et al., 2010). 

The processing of tactile information in S1 involves intra-areal lateral connections 
allowing for processes where the various finger representations dynamically 
interact, mainly through complex lateral inhibitory mechanisms often 
reminiscent of surround suppression (Ruben et al., 2006; Lipton et al., 2010; 
Reed et al., 2010; Thakur et al., 2012; Martuzzi et al., 2014). Such interactions 
likely exists to enhance spatial processing of tactile stimuli often with regard to 

 

Figure 5. Schematic illustration of finger representations in S1, and their 
input and output 

Signals from LTMRs reach the primary somatrosensory cortex through neurons 
from the ventroposterior nucleus (VPN) of thalamus. Input is processed and relayed 
to neighbouring and more distant areas of the brain involved in perception and 
control of actions and decisions. BA4 is the equivalent of the primary motor cortex. 
BA: Brodmann Area; PPC, Posterior Parietal Cortex; VPN, ventroposterior nucleus 
of thalamus; VPS, ventroposterior superior nucleus of thalamus; Cx, Cortex; S2,  
secondary somatosensory cortex. Roman figures I-V denote schematically 
mediolateral organization of finger representations. Colors of arrows denote major 
routes of feedforward connections, notably all of these show reciprocal elements. 
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contrast, orientation, and direction of motion. Of relevance to the study in the 
current thesis on how unilateral median nerve injury can affect brain function 
(Paper III) is that there are dynamic interactions also between hand S1 cortices 
of the two hemispheres. This implies that stimulation of one hand not only give 
rise to contralateral cortical activity, but also to ipsilateral activity changes 
(Hlushchuk and Hari, 2006; Klingner et al., 2015; Tal et al., 2017). However, 
there is little evidence of direct connections between the BA3b’s of the two 
hemispheres. Communication between the two BA3b is thought to be through 
sensory areas showing interhemispheric connections with which BA3b directly 
communicates, partially BA1 and BA2 but especially "higher-level" sensory areas, 
including S2 (Killackey et al., 1983; Iwamura et al., 2002; Reed et al., 2011). 

Lesions affecting the hand representation of postcentral gyrus cause deficits in 
two-point discrimination, position sense and point localization, object size, 
shape, and texture discrimination (Corkin et al., 1970; Roland and Mortensen, 
1987; Kaas, 2004).  

Sensory association cortices and multisensory processing  
Processing of somatosensory input beyond S1 occurs in several cortical areas 
(Kaas, 2004; Dijkerman and de Haan, 2007). The characteristics of the neuronal 
signals become increasingly more complex the further away the neurons are from 
the thalamic input to the cortex. The cortical association areas, i.e., the brain 
areas outside the primary regions, typically not exclusively process one type of 
sensory input, but are involved in multisensory/multimodal integration. 
Association areas with a close relationship to S1 are the secondary somatosensory 
cortex (S2), the posterior parietal cortex (PPC) and the (posterior) insular cortex 
(Culham and Kanwisher, 2001). 

Traditionally, the primary sensory areas process signals belonging to only one 
sensory modality (vision, hearing, somatosensation, etc.), but more recently there 
is evidence that virtually all cortical regions can receive and be influenced by 
inputs in more than one sensory modality. That is, while processing in the 
primary sensory areas is dominated by modality specific information, these areas 
can still process signals originating in other modalities. This can happen "when 
there is a need" to perform specific calculations that the primary area are 
specialized in regardless of input modality (Pascual-Leone and Hamilton, 2001). 
An example on such metamodal processing is that congenital or early blind 
persons activate visual cortex when reading Braille (Sadato et al., 1996; Sadato et 
al., 1998). In the case of healthy individuals, the primary auditory cortex (A1), 
located in the Heschl’s gyrus of the temporal lobe, has been reported to be 
involved in processing of tactile stimuli (Foxe et al., 2000; Schroeder et al., 2001; 
Fu et al., 2003; Caetano and Jousmaki, 2006; Schurmann et al., 2006). This 
metamodal mechanism was further explored in Paper I of the current thesis, in 
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which we investigated brain activity in healthy adults to examine whether 
different cortical areas could be involved in processing tactile stimuli depending 
on the temporal frequency content of the stimuli. That is, whether cortical brain 
activity would differ in response to tactile oscillatory stimulations at 3, 20 and 
100 Hz delivered to the fingertips.  

Considering the secondary somatosensory cortex (S2), single neuron recordings 
in trained monkeys during tactile perceptual tasks engaging their fingertips show 
that attention modulates neuronal discharge at a higher rate in S2 (~80% of 
neurons) than in S1 (~ 50%), and that S2 neurons code more complex, integrated 
somatosensory information (Hsiao et al., 1993). For tactile processing of object 
shape for action and perception, BA2 of S1 and S2 are considered responsible for 
three-dimensional shape based on integration of tactile and proprioceptive 
inputs while two-dimensional tactile shape (and movement) are processed in 
areas 3b and 1 of S1 by neurons with receptive fields consisting of excitatory and 
inhibitory subregions (Hsiao, 2008).  

The human S2, located in the parietal operculum on the ceiling of the lateral 
sulcus (Sylvian fissure) holds multiple bilateral representations of the body 
surface (Sanchez Panchuelo et al., 2018). S2 receives inputs from S1 through 
reciprocal cortico-cortical connections and to some extent also from thalamus. S2 
exchanges information with other associative areas involved in higher-level 
processing such as PPC and insula. Human S2 is considered to consist of four 
areas that are called parietal operculum 1-4 (OP1-4) based on cytoarchitectonic 
distinctions (Eickhoff et al., 2006a). The four areas are believed to be involved in 
different functions (Eickhoff et al., 2006b). Specifically, areas OP1, 3 and 4 are 
considered to be directly related to somatosensory processing with independent 
representations of the body, whereas OP2 seems to be involved in multimodal 
processing by responding to visual, auditory and vestibular stimuli and during 
whole body movements (Eickhoff et al., 2006c; Shinder and Newlands, 2014; 
Frank and Greenlee, 2018). Functional and structural analysis of the connections 
between brain areas in humans show that OP1 is more closely integrated with the 
anterior inferior parietal cortex and VPN of thalamus, while OP4 shows a higher 
level of integration with premotor areas, inferior frontal cortex, postcentral gyrus 
and primary motor areas (Eickhoff et al., 2010). This suggests that OP1 is more 
closely connected to the parietal networks for higher-level somatosensory 
processing and OP4 more closely connected to higher-level motor control, which 
is in agreement with cortical connection of analogue brain areas in monkeys 
(Disbrow et al., 2003), although both areas have connections with premotor areas 
(Gharbawie et al., 2011). The function and connectivity pattern of OP3 have not 
yet been as well characterized as the other areas. Overall, the detailed functions 
of the S2 subareas are largely unknown, but in general, they seem to possess 
associative functions comparable to those described for areas of the posterior 
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parietal cortex. As such, the name “secondary somatosensory cortex” perhaps 
more describes that the area was the second to be found showing somatosensory 
responses (Penfield, 1954) rather than being the sole ‘second area’ in a hierarchy 
of somatosensory processing. 

The posterior parietal cortex (PPC), located between the S1 and the visual cortex 
in the occipital lobe, is a section of the cortex that links and processes 
somatosensory and visual information (Creem-Regehr, 2009). Processed 
information is then fed to the prefrontal and premotor areas for sensory control 
of actions (Gentile et al., 2011; Gallivan and Culham, 2015). The integration of 
sensorimotor information in the PPC are exemplified by, for instance, regional 
increases in brain activity during observation, planning and execution of reaching 
and grasping actions (Prado et al., 2005; Beurze et al., 2007; Kroliczak et al., 
2008), and tool perception and tool use (Hermsdorfer et al., 2007; Higuchi et al., 
2007; Imazu et al., 2007; Vaesen, 2012). The generality and associativeness of the 
PPC in the construction of multisensory/multimodal based maps 
(visual/somatosensory) of the peripersonal space supporting control of actions 
are further exemplified by the fact that PPC lesions can give rise to symptoms 
such as simultagnosia, oculomotor apraxia, and optic ataxia3, a triad first 
described by Rezso Balint in 1909 (Balint, 1909; Hausser et al., 1980). Also, 
damage to PPC is associated with a profound lack of awareness of bodily posture 
or the position of limbs. Furthermore, “temporary lesions” produced with 
transcranial magnetic stimulation (TMS) suggests that PPC also uses tactile and 
proprioceptive information (position and force related signals) for our percept of 
stiffness of a contacted object, for instance when feeling the ripeness of a fruit in 
the food store (Reichenbach et al., 2011; Ferrari-Toniolo et al., 2015). 

Dorsal and ventral visual and somatosensory processing 
streams  
Visual information is important for positioning one’s body, limb and hands to 
enable proper object-oriented manual actions. The cortical area primarily 
receiving visual input is the primary visual cortex (V1) located in the most 
posterior part of the occipital lobe. In analogy with the somatotopic organization 
of S1, in V1 there is a spatially ordered map of the visual field seen by the eyes 
(retinotopy). V1 feeds information to other vision processing areas, termed the 
extrastriatal cortex, which in turn relay processed visual information further 
across the brain through different processing streams.  

Ungerleider and Mishkin introduced the notion that visual information is 
processed in a ventral visual stream for recognition and identification of objects 

3 Simultagnosia: inability to perceive more than one item in the visual field; Oculomotor apraxia: 
difficulty in making targeted eye movements; Optic ataxia: the inability to make visually guided arm 
and hand movements 
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and in a dorsal visual stream for visually guided actions. They showed that 
lesions of the inferio-temporal cortical regions in monkeys affected visual discri-
mination and recognition of an object whereas posterior parietal lesions resulted 
in impairment in visuospatial functions (Mishkin et al., 1982; Mishkin and 
Ungerleider, 1982; Mishkin, 1983). Evidence of a corresponding distinction of 
visual processing pathways in human was then generated by Goodale and Milner 
who launched the concept of the now well-known "what" and "how" streams 
(Goodale and Milner, 1992). The latter (“how”) was based on the observation that 
damage to the posterior parietal cortex not only impaired the control of the hand’s 
position during reaching but also the adaptation of the shape and orientation of 
the hand to the orientation and shape of the target object (Perenin and Vighetto, 
1988). The dorsal “how” stream has subsequently been divided in two: (i) A 
dorsomedial stream where visual information is processed in a pathway that 
includes the superior parieto-occipital cortex, and the dorsal premotor cortex 
(PMd) in the frontal lobe (Galletti et al., 2001; Gallivan et al., 2009). (ii) A 
dorsolateral pathway pass through the inferior parietal lobe of the PPC and the 
ventral premotor cortex (PMv) in the frontal lobe (Rizzolatti and Matelli, 2003; 
Gallivan and Culham, 2015). In this distinction, the dorsomedial stream has been 
implicated in planning and online corrections of skilled reaching and grasping 
whereas the dorsolateral stream in higher-level manual dexterity such as tool use 
or hand gestures that rely on visual information to recognize, in particular, 
movement of objects during self-movements (Johnson-Frey, 2004; Galletti and 
Fattori, 2018).  

The dorsal stream features early integration of tactile and visual stimuli relevant 
for control of manual actions. The extrastriate “middle temporal” area (MT/V5) 
of the primate brain (in humans: human middle temporal visual complex; hMT+) 
is considered located in the dorsal visual stream and is specialized in the 
processing of visual motion information. It belongs to a region in the posterior 
temporal cortex near the so-called occipito-temporal junction that holds 
association areas that respond to multisensory information. Of these areas, the 
lateral occipital cortex and the hMT+ respond to tactile stimuli in addition to 
visual stimuli. The lateral occipital cortex is located just posterior to hMT+ and is 
claimed to be involved in processing visual and tactile shape information of 
objects (as opposed to texture, Amedi et al., 2001; Beauchamp, 2005). The hMT+ 
responds to both visual and tactile motion (Hagen et al., 2002) and its direction 
(van Kemenade et al., 2014), and when watching images of moveable objects 
learned through touch (Chan et al., 2010) and during 3D object haptic perception 
(Blake et al., 2004). 
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The ventral stream is considered to go from the early visual cortices (striate 
cortex) through areas of the inferotemporal cortex and further in the temporal 
cortex to the anterior inferotemporal area, and from there to prefrontal areas: the 
ventrolateral prefrontal cortex (VLPFC) and the orbitofrontal cortex (Kravitz et 
al., 2013). Analysis of connections between areas using resting state functional 
MRI data of 470 individuals also finds support for three cortical pathways (Haak 
and Beckmann, 2018; see Fig. 6).  

Whether there are two (or three) visual streams has been debated, partly because 
there are quite a few overlapping functions and well-developed connections bet-
ween the proposed streams. Nevertheless, many researchers in the field consider 
this model as relevant for investigating integration of visual (and somatosensory; 
see further below) information for planning and control motor actions (e.g., the 
journal Cortex devoted an entire volume to this subject in 2018; de Haan et al., 
2018). However, the initial ideas from Mishkin and Ungerleider to consider the 
cortical streams as fixed series of interconnected cortical areas have been 
replaced over time by the view that they rather represent interconnected neuronal 

 

Figure 6. Lateral schematic view of the cortical visual streams 

Areas described in this section schematically illustrated. S1: Primary somatosensory 
cortex, M1: Primary motor cortex, A1: Primary auditory cortex, V1: Primary visual 
cortex, PPC: Posterior Parietal Cortex, Cx: Cortex. Extrastriate cortex refers to non-
primary visual processing areas.  
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networks involved in a number of functional processes and whose activation 
changes dynamically according to the context (Galletti and Fattori, 2018). 

Mishkin also proposed a similar dual organization of the somatosensory 
pathways for touch and proprioception (Mishkin, 1979), a notion that has gained 
further support (Dijkerman and de Haan, 2007; Delhaye et al., 2018). In this 
model, the somatosensory ventral stream originates in the projections from S1 to 
S2 cortex, including the neighboring zones along the upper bank of the lateral 
(Sylvian) fissure and the parietal operculum. The ventral network has strong 
anatomical links through the insular cortex to the medial temporal lobe and 
hippocampus, providing a cortico-limbic circuit for object recognition and 
memory acquired through touch. The insular cortex is located deep in the fold 
between the temporal, parietal and frontal lobes, and is covered by the temporal, 
frontal and parietal operculum. Insula is thought to play a role in diverse 
functions usually linked to emotion or the regulation of the body's homeostasis. 
These functions include compassion and empathy, perception, motor control, 
self-awareness, cognitive functioning, and interpersonal experience. The 
posterior insula connects reciprocally with S2 and receives input from thalamic 
nuclei, including from the ventromedial nucleus (posterior part) that are highly 
specialized to convey homeostatic-related information such as pain, temperature, 
itch, local oxygen status, and sensual touch. The somatosensory dorsal stream is 
conveyed through the PPC, particularly the region bordering the intraparietal 
sulcus in humans and monkeys. The dorsal stream represents information 
gathered by touch and proprioception during interactions with objects and the 
environment. The PPC projects primarily to the premotor areas of the frontal 
lobe, providing a pathway for initiating and controlling motor behavior. These 
frontoparietal networks play a key role in voluntary movement, particularly the 
skilled behaviors of the hand and arm: reaching, grasping and tool use. 

Cortical motor areas 

The phrase “motor area” refers commonly to brain areas located anterior to the 
central sulcus that project to the ventral horn of the spinal segments harboring 
interneurons as well as α motor neurons responsible for activating skeletal 
muscles.  

The primary motor cortex, or M1, was given its name because very small electri-
cal stimuli can evoke limb movements, whereas the term premotor nowadays 
refers to areas in the frontal lobe with direct projections to M1. Studies in non-
human primates show six definable premotor areas; on the lateral surface of the 
hemispheres the ventral and dorsal premotor areas (PMv and PMd) and in the 
medial surface the supplementary motor area (SMA), and the rostral, dorsal and 
ventral cingulate motor areas (CMAr, CMAd and CMAv; Riehle, 2005). Neuronal 
tracing studies show that the premotor cortex and M1 hold similar amounts of 
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corticospinal neurons (Riehle, 2005), although a significant fraction of M1 
neurons directly innervate the motor neuron whereas premotor neurons 
essentially innervate only interneurons (Lemon et al., 2002). Electrical 
stimulation in each of the premotor areas evoke limb movements, but in a smaller 
proportion of neurons than in M1, and at intracortical stimulation intensities 
typically higher than those that evoke movements when applied to M1. 
Furthermore, there is evidence that motor effects evoked from the premotor areas 
at least in part depend on interactions with M1 (Riehle, 2005; Schmidlin et al., 
2008). As such, each premotor area has the potential to influence the generation 
and control of movement at the level of the spinal cord, as well as at the level of 
M1. 

Furthermore, premotor areas are typically activated bilaterally even during 
strictly unilateral upper limb movements (Ehrsson et al., 2000), suggesting that 
they are involved in higher-level representations and processing of information 
and action goals. In contrast, M1 is considered to be essentially unilaterally active 
in unimanual actions, again suggesting a more direct coupling with the motor 
neurons of the contralateral limb (but see for instance: Ganguly et al., 2009; 
Heming, 2019, for examples of ipsilateral M1 activity). The exact functional 
division of labor between the premotor areas are yet to be understood, although 
vast research has been devoted to this issue.  

The motor areas also each have different degrees of reciprocal connections with 
parietal areas such as Brodmann areas 3a, 1, 2, and the areas within the PPC. The 
complexity of these parietofrontal networks have been explored using neuronal 
tracing techniques in non-human primates, lesion studies, electrical 
stimulations, etc. According to these studies, each premotor area receives a 
unique pattern of input from the various subdivisions of the parietal lobe and 
provides a functional-connectivity basis for characterizing the various premotor 
areas. Understanding how the premotor areas interact and function in humans is 
challenging, because most of what is known stem from studies in non-human 
primates with which humans do not necessarily share detailed neuroanatomical 
traits. It is, for instance, largely unknown if connections between non-primary 
motor areas to the lower motor neuron in the spinal cord exist in human (Riehle, 
2005). 

Primary motor cortex 
Primary motor cortex controls body movements through corticospinal 
projections to contralateral spinal interneurons and motor neurons (lower motor 
neurons, LMNs) that activate muscles, creating limb and body movements. 
Rather than a somatotopic organization or a representation of isolated muscle 
(i.e., myotopic representation), the primary motor cortex consists of several 
overlapping distributed body-part-modules that each processes and controls 
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composite movements involving several muscles often actuating an operating 
across several joints (Ejaz et al., 2015). That stimulation of individual M1 
corticomotoneuronal (CM) neurons can activate two or more muscles that 
operate over both distal and proximal joints of the arm indicates that individual 
CM neurons can contribute to complex multi-joint movements (McKiernan et al., 
1998). Conversely, evidence that LMN’s that innervate intrinsic hand muscles can 
be driven by neuronal CM pools targeting single muscles harmonizes with the fact 
that finger movements can be individualized and more finely tuned.  

Input to M1 from other cortical areas arises from regions in the frontal and 
parietal lobes that, like M1, are the origin of projections to the spinal cord (Dum 
and Strick, 2005; Riehle, 2005). These corticospinal-tract projecting areas 
include all the premotor areas in the frontal lobe (defined above) and portions of 
the anterior superior parietal lobe. M1 has no substantial connections with the 
prefrontal and limbic cortices. 

Premotor cortex 
The ventral premotor area (PMv), which in the left hemisphere contains the 
Broca’s area attributed to speech production, has been shown to also be involved 
in comprehension, execution and observation of sequential actions (Fadiga et al., 
2009), i.e., functions not exclusively related to language processing. For example, 
TMS over the left PMv has shown that it is involved in higher-order processing of 
perceptual sequences also when the task is neither motor nor linguistic (Alamia 
et al., 2016). PMv’s role in higher-level control and processing of hand actions in 
object manipulation is evident from studies showing its engagement in selection 
of specific grip postures (Raos et al., 2006), but not to a particular object 
(Kroliczak et al., 2008; for a review about PMv, see: Grafton, 2010).  

The role of the dorsal premotor area (PMd) in manual dexterity is even less well 
understood than that of PMv. PMd seems, however, primarily to be involved in 
the planning of manual actions in the reachable space and to be especially 
involved in the control of bimanual actions (Sadato et al., 1997). Virtual lesions 
in PMd, produced by TMS in humans, disrupt both the coupling of grasp and lift 
forces in precision object lifting (Davare et al., 2006) and the ability to associate 
object mass with symbolic information (Nowak et al., 2009). The dorsomedial 
visual stream that codes information for reaching projects to the PMd, whereas 
the dorsolateral visual stream that codes information for dexterous object 
handling and tool use project to the PMv.  

The supplementary motor area’s (SMA) hierarchical intermediate position 
between higher-level processing areas and the executive motor areas is reflected 
by its balanced connections with prefrontal areas without direct corticospinal 
connections and its projections to PMd, PMv and M1. The SMA’s projections to 
PMd and PMv are more substantial than its projections to M1, suggesting that its 
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influence one motor activity is exerted through connections with other premotor 
areas rather than directly to M1 (Dum and Strick, 2005; Nachev et al., 2008). 

For the premotor areas of cingulate cortex in the medial wall of the hemispheres, 
electrophysiological and lesion studies in monkeys, along with virtual lesion 
studies using TMS and neuroimaging data in humans suggest that they are 
responsible for higher-level planning and control of goal directed manual actions. 
To this end, they integrate information about (internal) action-goals from 
prefrontal cortex and multimodal sensory state information (external and 
internal) from parietal cortex, including somatosensory information from the 
hands (Binkofski et al., 1999; Dum and Strick, 2005; Frey, 2008; Grafton, 2010; 
Davare et al., 2011; Brozzoli et al., 2014; Rizzolatti et al., 2014). 

In non-human primates, the cingulate premotor areas are subdivided into rostral, 
ventral and dorsal parts. The human counterparts (Picard and Strick, 1996) are 
considered to be the anterior and posterior rostral cingulate zones (RCZa and 
RCZp) and the caudal cingulate zone (CCZ). In humans, as for non-human 
primates, these areas are involved in multiple aspects of motor control and are 
considered holding separate upper limb representations (Picard and Strick, 
1996). Intracortical electrical stimulation in humans assessed for epileptic-
attenuating surgery showed that an area corresponding to the RCZa was most 
reliable in promoting reaching and grasping as well as body-directed arm or hand 
actions with a contralateral preference while more anterior areas did not evoke 
any limb movements (Caruana et al., 2018).  

Prefrontal cortex  

The prefrontal cortex (PFC) is located rostral to the premotor cortices (see Fig. 
6). The subregions of the prefrontal cortex have been defined in detail using 
cytoarchitectonic mapping techniques (Donahue et al., 2018) and based on 
connectivity analysis of fMRI-data (Fan et al., 2016). However, the functional 
definitions of these areas are not characterized to a similar degree of detail. The 
functions of the prefrontal cortex is considered to be “knowledge about behavior” 
(Wise, 2008), perhaps more often described as executive functions and cognitive 
control. This includes planning, selection and moderation of complex cognitive 
behavioral by weighting internal and external goals against the predicted 
consequences of optional actions, considering factors such as long-versus-short-
term rewards and punishments. The PFC is thought to have a division of labor 
according to a multidimensional spatial organization, which in one dimension 
involve a gradual shift from the posterior regions implicated in optimizing the 
performance of tasks at hand to the frontal regions more implicated in global 
abstract functions such as exploring the environment in relation to internal goals 
for potentially changing to action strategies considered more important or 
beneficial for the individual (O'Reilly, 2010; O'Reilly et al., 2010).  

26 



 

The prefrontal cortex is highly interconnected with many parts of the brain, 
including extensive connections with other cortical, subcortical and brain stem 
sites. In contrast to the premotor areas in the frontal cortex, the prefrontal cortex 
(PFC) shows no projections to M1 and no corticospinal projections. Accordingly, 
electrical stimulations do not evoke any body movements. Hence, PFC has more 
general functions in goal-directed behaviors that relate to choices in the 
forthcoming and ongoing behavior, and choices about changing ongoing behavior 
(Miller and Cohen, 2001). Signals from PFC feed into premotor areas (but not to 
M1), and, as such, can be considered representing higher levels of decision-
making. Pathology disturbing these areas causes shifts in personality and affects, 
for instance, inhibition control. A famous example is that of Phineas Gage, who 
in 1848 suffered an injury to his PFC, resulting in profound changes in his 
personality traits including lack of impulse control, whereas he showed no 
apparent changes in other functions such as memory, communication or 
sensorimotor skills (Harlow, 1869).  

The function of PFC may seem largely unrelated to manual actions and how upper 
limb peripheral nerve injury affects hand functions. However, given that 
peripheral nerve injury imposes behavioral changes that must be dealt with in 
terms of planning and selection of actions as well as implementation of 
compensatory strategies, it seems reasonable to assume that prefrontal areas can 
show injury-related functional and/or structural changes. 

Based on anatomy and proposed functional specializations different ways of 
subdividing the PFC can be found in the literature, but differentially labeled sub-
areas often show overlapping complementary and related functions. The PFC is 
often divided into a dorsolateral area (DLPFC) and a ventrolateral area (VLPFC) 
located the lateral aspect of the frontal lobe, whereas the medial aspect of the 
frontal lobe is divided into the pre-supplementary motor area (pre-SMA) and the 
anterior cingulate cortex (ACC), and more anteriorly a dorsomedial PFC area 
(DMPFC) and a ventromedial PFC area (VMPFC).  

The pre-SMA, located just anterior to SMA, shows extensive connections with 
prefrontal and premotor areas (Bates and Goldman-Rakic, 1993), but little or no 
connections with M1 and no corticospinal projections (Riehle, 2005). The pre-
SMA shows more abstract couplings of activity to motor output than its 
neighboring area SMA and has been, for example, implicated in situations of 
response conflicts (Picard and Strick, 1996; Nachev et al., 2007; Nachev et al., 
2008). 

The anterior cingulate cortex (ACC) is located rostral to the RCZa and is thought 
to play a critical role in forming associations between rewards (/punishments) 
and actions (Behrens et al., 2007; Jocham et al., 2009). Its dorsal part is mainly 
involved in cognitive aspects of decision making, which is reflected in its dense 
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connections with parietal cortex and other prefrontal areas, while its ventral parts 
are more involved in emotional and motivational aspects as reflected by denser 
connections with amygdala and anterior insula. ACC is especially involved in 
effortful tasks, such as for instance learning a new task or performing problem-
solving (Kolling et al., 2016; Shenhav et al., 2016). Together with the anterior 
insula it belongs to a network that responds to salient information about bodily 
states (involving visceral and somatosensory information available through the 
anterior insula) that through ACC signal the need for behavioral change 
(Dosenbach et al., 2007; Seeley et al., 2007; Menon and Uddin, 2010).  

DLPFC has been proposed to be the “endpoint” of the dorsal visual pathway and 
mainly involved in processing of how to interact with stimuli, whereas VLPFC has 
been suggested to be the “endpoint” of the ventral visual pathway and primarily 
involved in characterizing stimuli (Bunge et al., 2005; Dosenbach et al., 2007; 
Gilbert and Sigman, 2007; Dosenbach et al., 2008; O'Reilly, 2010). However, 
both these regions seem to be involved in task-switching, inhibition of actions, 
and action orientation. The DMPFC, which to some respects correspond to the 
frontotemporal pole or the anterior prefrontal cortex, is considered involved in 
assessing whether to exploit the current task or to explore other potentially more 
beneficial tasks. This include balancing one’s behavior by processing benefits and 
risks while attending and pursuing the currently performed task, or flexible 
change between tasks (Donoso et al., 2014; Koechlin, 2014, 2016; Mansouri et al., 
2017). VMPFC corresponds in part to the orbitofrontal cortex, which is one of the 
least understood regions of the human brain. It is proposed to be involved in 
higher levels of sensory integrations, such as in reinforcements of rewards as well 
as punishments and implementing stimulus-reinforcement associations 
(Kringelbach and Rolls, 2004; Kringelbach, 2005).  
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Hand function after peripheral nerve injury 

Classification of nerve injuries 

Trauma to a peripheral nerve can cause damage of various degrees to the nerve 
fibers (axons) and may also be associated with injuries to tendons, bone, 
connective tissue, and blood vessels, all in potential need of surgical treatment. 
For adequate treatment, it is important to assess correctly the degree of nerve 
injury and to determine if surgery is necessary or not. Today, Sunderland’s 
grading of nerve injury is in clinical use. It consists of a five-degree scale that is 
based on the nature of axonal injury and the extent of damage to the connective 
tissues in the nerve that protect and guide the axons to their distal targets during 
reinnervation (Pfister et al., 2011; for details, see Fig. 7). In addition, Sunderland 
described patients in the potential need of surgical intervention who suffered 
variable degrees of mixed or partial injury to a nerve (Sunderland, 1968). This 
was later introduced in as a sixth category of nerve injury (Ray and Mackinnon, 
2010).  

It can be difficult to clinically diagnose correctly the degree of nerve damage. For 
example, in a person with a wound at the wrist who suffers impaired sensation 
within a skin territory that conforms to the innervation territory of a nerve at the 
site of the injury (with or without motor symptoms) any degree of nerve injury 
may be present. A thorough clinical assessment in combination with a description 
of the injury course will, however, help decide whether the injury will need 
surgical exploration and perhaps surgical intervention or if it is appropriate to 
await spontaneous recovery. Currently, when patients presented early and when 
there is even a suspicion of 5th degree injury, such as in the patients investigated 
in Paper II and III, immediate primary epineural suture is the preferable surgical 
approach (Pederson, 2014; Mackinnon, 2015; Dahlin and Wiberg, 2017).   
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Figure 7. Classification of nerve injuries  

1st degree “Neurapraxia” 
Temporary conduction block with axons and supportive structures not disrupted. 
Surgical intervention not needed, will recover in days to weeks. Most commonly 
caused by compression, such as the radial nerve compression seen in cases of 
“Saturday night palsy”. 

2nd degree “Axonotmesis” 
Purely axonal damage with preservation of the connective tissue framework of the 
nerve. Disintegration of the axon distal to the injury site accompanied by breakdown 
of the myelin sheet (Wallerian degeneration). Proximal axons attempt to regenerate 
guided by the distal nerve to reinnervate their targets. Surgical intervention not 
needed. Outcome can vary depending on the location of injury, a more proximal 
injury has worse prognosis. Most commonly caused by crush injury. 

3rd degree  
Axonal damage and disruption of the Schwann cell basal lamina and concomitant 
injury to the connective tissue closest to the axon, the endoneurium. Partly 
disorganizes the fascicular axonal structure, can give rise to distal mismatches in 
reinnervation. Surgery typically not needed. Most commonly caused by crush injury. 

4th degree 
As 3rd degree, but more severe injury involving disrupted perineurium. Poor tissue 
architecture and possible scar formation that may hinder regeneration of axons. 
Some spontaneous recovery may occur, but excision of the involved nerve segment 
and surgical repair of the nerve is typically required. Most commonly caused by crush 
injury. 

5th degree “Neurotmesis” 
Complete transection of nerve, in need of surgical repair. Options are primary repair, 
nerve grafting if injury caused distance between nerve endings such that they cannot 
be easily re-adapted without tension, or possibly, if motor function is affected and 
the injury is proximal, nerve transfer. Most commonly caused by nerve transection 
or laceration. 

30 



 

Reinnervation after surgical repair 

As mentioned in GENERAL INTRODUCTION, suturing of the nerve stumps using 
microsurgical techniques that re-adapts the interrupted nerve sheet allows axons 
of the injured nerve the ability to regenerate over the injury site. The regeneration 
rate is typically about 1 mm a day for later reinnervation of denervated peripheral 
tissues. However, following transection of a peripheral nerve, about one-third of 
the sensory neurons in the DRG die due to stress-induced apoptosis 
(programmed cell death; Liss et al., 1996). For surviving neurons, the 
regeneration and their path finding at outgrowth depend on various types of 
complex molecular mechanisms that stimulate or inhibit the axonal outgrowth 
(Lundborg and Rosen, 2007; Allodi et al., 2012; Grinsell and Keating, 2014; 
Dahlin and Wiberg, 2017; Krarup et al., 2017).  

After axotomy, neuronal phenotype switches from a transmitter to a regenerative 
state, inducing the down- and up-regulation of numerous cellular components as 
well as the synthesis de novo of some molecules normally not expressed in adult 
neurons. Regardless of how well the nerve fascicles are re-adapted during surgical 
repair, misdirection of axonal outgrowth appears inevitable given that tens of 
thousands of axons may be involved. For example, cutaneous afferent axons may 
be misdirected to motor endplates or sensory end-organs of inappropriate 
modality or locations (Witzel et al., 2005). Meissner and Merkel end-organs 
appear to be reinnervated to a higher degree than Pacinian corpuscles (Dellon, 
1981; Hallin et al., 1981; Mackel, 1985). Furthermore, during early stages of 
reinnervation (7–23 months postoperatively), as compared to late stages (after 
≥3 years), there are at least three abnormalities: single afferent axons can show 
multiple cutaneous receptive fields (FA-1, SA-1), can have unusually small or 
large receptive fields (FA-1, SA-1), and show pronounced fatigue to repeated 
stimulations (SA-1: Mackel et al., 1983a; Mackel, 1985). This suggests that the 
transitional properties of regenerating afferents reflect unstable connections 
between axons and end-organ as well as immature axonal properties, including 
changes in axonal branching patterns in the skin.  

Reinnervated sensory neurons may not only show receptor dysfunction but 
regularly show abnormal conduction properties characterized by abnormally 
high dispersion of conduction velocities, giving rise to desynchronized inputs to 
the CNS compared to normal conditions (Buchthal and Kuhl, 1979; Hallin et al., 
1981; Krarup et al., 2017). Together, these abnormalities contribute to incomplete 
recovery of tactile sensory functions after reinnervation and also make prognosis 
for tactile recovery unpredictable. That is, the spatial misalignment of 
regenerating axons, which was first recognized by John Kearsley Mitchell in 1895 
(Mitchell, 1895), and the abnormal axonal conduction properties may interfere 
with the spatial and temporal structuring of the afferent neural activity necessary 
for well-functioning central processing of sensory signals.  
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A nerve injury affecting axons of motor neurons will leave the previously 
innervated muscle fibers paralyzed until reinnervated. Although α motor neurons 
can also enter apoptosis, they tend to do so to a lesser extent than sensory neurons 
(Li et al., 1994; Novikov et al., 1995). Likewise, with adequate surgical treatment, 
including good matching of motor fascicles in the proximal and distal stump of 
the injured nerve, the efferent axons can, to a high degree, regenerate and 
reinnervate muscles. As with reinnervation by sensory axons, reinnervation by 
motor axons typically results in some misdirection of axons during regeneration 
with reference to the muscle fibers that were originally innervated. Little is known 
about reinnervation of muscle sensory organs (muscle spindles and Golgi tendon 
organs etc.).  

With developments of new neuroprotection techniques, the problems of neuronal 
death of α motor neurons and sensory neurons in the DRG after peripheral nerve 
lesions may be reduced in the future (Hart et al., 2004; Hart et al., 2008). 
However, mismatches of axonal reinnervation concerning location and type of 
targeted end-organs will almost certainly remain even with an increased number 
of surviving neurons. Consequently, the brain's ability to learn to utilize 
spatiotemporal aberrant signal patterns in the populations of affected afferent 
neurons remains to be crucial for restoring hand function after peripheral nerve 
injury. By better understanding how functional plasticity of CNS might help or 
hinder the regaining of hand function, new approaches to treatment of nerve 
injuries may be identified, with the long-term goal of improving patient 
outcomes. 

Median nerve injury  

Injury to the median nerve constitutes the most common form of peripheral nerve 
injury following injury to digital nerves (Asplund et al., 2009), and is especially 
detrimental for hand function because the median nerve supports the brain with 
sensory information from the digits that are most important for manual dexterity, 
i.e.,  the thumb, index- and middle finger. The inclusion criteria for the nerve-
injured persons studied in this thesis (Paper II and III) were that they more than 
2 years before the study had experienced a 5th degree unilateral median nerve 
injury (complete nerve transection) which was treated within 24 hours after the 
injury and that the injury was located at the forearm level, distal to the sites where 
the axons that innervate the extrinsic hand muscles leave the nerve.  

These criteria defined a group of median nerve injured and reinnervated study 
participants with an affected sensory innervation in a well-defined hand area: the 
volar aspect of the thumb, index and long finger, the radial half of the ring finger, 
and the radial aspect of the palm, whereas the effects on muscle function where 
limited. The muscles that could be affected are intrinsic hand muscles that 
contribute to fine thumb movements (opponens pollicis muscle, abductor pollicis 
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brevis muscle and the superficial part of flexor pollicis brevis muscle) and to fine 
control of index and long finger movements (1st and 2nd lumbar muscles).  

After microsurgical nerve repair, for a patient suffering a 5th degree nerve injury 
in the distal forearm, it may take about 200 days before sensory reinnervation of 
the fingertips is initiated given the typical axonal regeneration rate of 1 mm/day. 
About 2 years after the injury, the signals relayed by reinnervated afferent axons 
seem to have matured and the peripheral situation is stabilized (Mackel et al., 
1983a; Mackel et al., 1983b), which corresponds to the time after which little 
further improvement is seen in hand function (Dellon, 1981; Rosen and 
Lundborg, 2001; Ruijs et al., 2005). However, even with the best available clinical 
treatment, a median nerve transection at the distal forearm level results in lasting 
impairment of hand function (Dellon, 1981; Jaquet et al., 2001; Ruijs et al., 2005; 
Lundborg and Rosen, 2007; Vordemvenne et al., 2007; Mavrogenis et al., 2009; 
Pederson, 2014).  

The typical clinical outcome at late stage after an median injury at the distal 
forearm level is near normalized hand mobility, including for the thumb, while 
the tactile sensibility remains affected as evidenced by, for example, increased 
touch thresholds and increased moving and static two-point-discrimination 
thresholds (Chemnitz et al., 2013b). However, the patients rarely express their 
problems in sensory terms, but rather comment on shortcomings in activities of 
daily life and especially in tasks that require fine finger dexterity. Some activities 
are often described as impossible to perform, e.g., buttoning a shirt without sight, 
picking up small objects from a tabletop. Patients also commonly report on 
accidentally burning or cutting their injured hand because of impaired sensation. 
They also commonly comment on increased dependence on vision when 
performing fine manual tasks such as tying shoelaces and handling cutlery. 
Symptoms connected to cold intolerance are also described, including freezing 
more quickly, color changes, stiffness, and reduced dexterity (Chemnitz et al., 
2013a). 
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CNS changes after peripheral nerve injury 
Injury to a peripheral nerve results in CNS partially or totally losing control of the 
affected body parts concerning sensory, motor and autonomic functions. 
Functional deficits caused by a peripheral nerve injury can be compensated by 
essentially two neural mechanisms: the reinnervation of denervated targets by 
regeneration of injured axons and the remodeling of nervous system circuitry 
related to the lost functions. Plasticity of central connections may to some degree 
compensate functionally for the lack of specificity in target reinnervation and 
distorted temporal structuring of the peripheral afferent signals; plasticity in 
human has, however, limited effects on disturbed sensory localization, 
discrimination or fine motor control after injuries, and may even result in 
maladaptive changes. 

From the brain’s perspective, sensory information relayed through the affected 
nerves goes missing immediately with injury, and during the period of axonal 
regeneration there are no sensory signals from the previously innervated 
segments of the body and after reinnervation there is a spatiotemporal aberrant 
signal pattern in the populations of affected afferent neurons. Basic knowledge of 
how the brain responds to such changes come from neuronal recordings using 
intracortical electrodes in brains of monkeys that have been experimentally 
exposed to injuries to peripheral nerves (Paul et al., 1972; Kaas et al., 1983; 
Merzenich et al., 1983b; Wall et al., 1986; Sanes et al., 1988; Florence et al., 1994; 
Jones, 2000).  

Findings in monkeys 

Studies in non-human primates have shown that functional reorganization of 
sensory and motor systems following peripheral damage is an activity-dependent 
multiple-step phenomenon affecting wide neural networks including spinal cord, 
brainstem, thalamus and also cortical regions directly or indirectly involved in 
the processing of the impacted nerve (for reviews see: Jain et al., 1998; Chen et 
al., 2002; Wall et al., 2002; Kaas and Collins, 2003). However, plasticity 
following peripheral nerve injury and deprivation has been mainly monitored in 
primary somatosensory cortex which will be focused on here. 

Peripheral nerve transection implies an acute deafferentation which can trigger 
immediate and evolving long-standing plastic changes on the corresponding 
cortical representation areas as well as in adjacent brain regions (Merzenich et 
al., 1983b; Merzenich et al., 1983a; Wall et al., 1986; Garraghty and Kaas, 1991; 
Silva et al., 1996). Peripheral nerve injuries result in an obvious loss of evoked 
activity in the corresponding cortical map in response to stimulation of the 
skin covered by the injured nerve. Shortly thereafter, the same brain region 
becomes responsive to inputs originated in other body parts with adjacent 
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cortical representations. The result is shrinkage in size of the cortical field 
deprived from its original inputs, and its takeover by adjacent representations for 
the processing of information conveyed by intact sources. The rapid time-course 
of these changes suggests that there is an extended network of reciprocal 
connectivity across cortical representations of different sensory areas, so that 
sensory inputs from one finger normally inhibit existing inputs from adjacent 
fingers. The fast changes, occurring within minutes after deafferentation, are 
probably based on the unmasking of previously present, but functionally inactive, 
synaptic connections. Although, unmasking of connections probably involves 
various mechanisms influencing the balance of cortical excitation-inhibition 
(Isaacson and Scanziani, 2011), removal of inhibition of excitatory synapses due 
to reduction of GABAergic inhibition has been suggested as the most important 
to cause plastic changes (Sammons and Keck, 2015). The consolidation of longer 
lasting plastic reorganization might require structural processes consisting in the 
generation of new projections through sprouting of axon collaterals, dendritic 
elongation and branching and formation of new synaptic connections. The extent 
and relevance of these mechanisms, however, remain still poorly understood. 

If peripheral nerves are surgically repaired and axonal regeneration occurs, the 
cortical remodeling may be totally or partially restored depending on the severity 
of the injury and the capability to accurately reinnervate their former targets.  

However, misdirection in axonal paths during regeneration results in motor and 
sensory axons that can aberrantly reinnervate targets that do not match their 
original organ, function or territory. This result in an abnormal mapping between 
cortical representations of the affected body segments regarding both input and 
output functions. In response to this, within limits the primary somatosensory 
cortex (S1) reorganizes by showing a new and distorted mapping of the skin areas 
originally innervated by injured nerves (Wall et al., 1986; for reviews see: Kaas et 
al., 1983; Jain et al., 1998). Accordingly, the originally well-organized 
somatotopic digit representation can change to a mosaic-like pattern where 
individual digits can be represented across multiple discontinuous areas and 
individual cortical neurons can respond to stimuli in multiple areas of the skin 
rendering fractionated cutaneous receptive fields. In addition to a confused 
topography of inputs from the hand, the relative timing of impulses in ensembles 
of afferents will be distorted, which could hinder the normally occurring rapid 
recognition/classification of tactile stimuli (Johansson and Birznieks, 2004; 
Johansson and Flanagan, 2009; Pruszynski et al., 2018). In fact, a distorted 
timing of neural signals as such might cause remodeling of hand representation 
in adult S1 as a result of Hebbian-like functional plasticity (Wang et al., 1995; 
Pleger et al., 2001).  
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Findings in humans  

Brain plasticity in contexts of sensory and sensorimotor processing has been 
intensively studied. Structural changes of varying complexity have been 
associated with adaptations to peripheral conditions affecting perceptual and 
movement abilities as well as skill learning (Sluming et al., 2002; Draganski et 
al., 2004; Bengtsson et al., 2005; Draganski et al., 2006; Draganski and May, 
2008; Scholz et al., 2009; Langer et al., 2012; Makin et al., 2013b; Makin et al., 
2013a; Preissler et al., 2013). For example, persons suffering limb amputation 
show signs of gray matter reduction in thalamus (Draganski et al., 2006) and in 
cortical motor areas (Makin et al., 2013a) related to the lost limb, but also gray 
matter increases which might reflect increased processing associated with 
compensatory behavioral changes (Preissler et al., 2013). Studies have also 
showed that skill learning can increase regional gray matter volume in certain 
areas of the brain, as for example in the left PMv in professional musicians 
(Sluming et al., 2002) and in association areas of the parietal cortex after 
intensive training of a visuomotor task (juggling; Draganski et al., 2004). 
Furthermore, visual deprivation in adults can induce gray and white matter 
decreases in the primary visual pathways (Mendola et al., 2005; Xie et al., 2007; 
Hernowo et al., 2014) and hearing loss can result in an analogous degeneration 
in auditory areas (Husain et al., 2011). Thus, it is well-established that both 
sensory deprivation-related plasticity and use-dependent plasticity can cause 
structural changes in the human brain.  

When it comes to median nerve injury, I only know one previous study that 
examined structural brain changes (Taylor et al., 2009). This study reported 
decreases in gray matter after injury and repair of the median and/or ulnar nerve 
and in brain areas not specifically associated with hand control, including areas 
of postcentral gyrus seemingly distant from sensorimotor hand representations. 
In Paper II, we asked whether such areas can be seen showing structural changes 
by using an alternative technique, voxel-based morphometry (VBM), which is 
additionally sensitive to local surface area and cortical folding compared with the 
voxel-based cortical thickness analysis applied in the previous study (Ashburner 
et al., 2003; Hutton et al., 2009; Winkler et al., 2010).  

Concerning previous studies on effect of median nerve injury on brain activity in 
humans, fMRI studies have shown that tactile stimulation of digits can activate 
the contralesional S1 to a similar or even greater extent after unilateral hand 
nerve injury and reinnervation compared with healthy individuals (Hansson and 
Brismar, 2003; Taylor et al., 2009; Fornander et al., 2010; Chemnitz et al., 2015; 
Bjorkman and Weibull, 2017). However, these previous studies have mainly 
focused on stimulations within the reinnervated skin area. In Paper III, we asked 
to which degree median nerve injury might cause changes in cortical responses 
to tactile input from non-median innervated skin areas within the affected hand 
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since the activity within S1's finger representations dynamically interact under 
normal conditions and are subject to complex lateral, mainly inhibitory, intra-
areal interactions (Ruben et al., 2006; Lipton et al., 2010; Reed et al., 2010; 
Thakur et al., 2012; Martuzzi et al., 2014). We also asked whether nerve injury 
might affect cortical responses to inputs from the hand of the non-injured arm 
since stimulation of one hand in healthy individuals also affect the brain activity 
within the ipsilateral S1 (Hlushchuk and Hari, 2006; Klingner et al., 2015; Tal et 
al., 2017). One conceivable pathway for such interactions between the S1 cortices 
of the two hemispheres is that signals are conveyed via callosal connections 
between higher-level somatosensory areas (e.g., S2) and that the effects are 
transmitted to S1 via feedback connections from higher-level somatosensory 
areas (Tommerdahl et al., 2006; Reed et al., 2011; Klingner et al., 2015). To 
address these issues, in Paper III, we recorded brain activity using fMRI during 
tactile stimulation targeting the tip of the index finger innervated by the 
reinnervated median nerve, but also the tip of the little finger of the same hand 
innervated by the uninjured ulnar nerve and the tips of the index and little fingers 
of the other unaffected hand. Furthermore, although it is well established that the 
neural processing of tactile stimuli even in early somatosensory areas varies with 
task requirements (Staines et al., 2002; Nelson et al., 2004), previous imaging 
studies on changes in brain processing after median nerve reinnervation rarely 
controlled adequately for the task-/attentional-set. Therefore, it is unclear 
whether median nerve injury can affect the functioning of top-down mechanisms 
that normally control the brain's processing of sensory information from the hand 
based on task-set.  

To address this issue, in the present thesis recordings of brain activity with fMRI 
were compared under conditions where the participants were required to 
continually attend to and process peripheral afferent signals that emerged from 
tactile stimulations at their fingertips (i.e., during a tactile task), but also under 
conditions with identical tactile stimulations when of no importance for their 
current task (i.e., during a visual task).   
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Aims of projects within this Thesis 
 

 

  

 

 

You miss 100% of the shots you don't take. 
Wayne Gretzky (1961 - ) 
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The overall aim of the empirical studies within this thesis was to investigate 
changes in the brain after median nerve injury, i.e., after surgical repair, 
regeneration and matured reinnervation. To reveal changes in the primary 
somatosensory and motor areas as well as areas beyond these primary areas, 
VBM (Voxel-Based Morphometry) was applied to determine structural changes 
in the structure of gray and white matter while fMRI (functional Magnetic 
Resonance Imaging) was applied to determine changes in cortical activation 
during functional tasks.  

Specific Aims 
Paper I: The traditional view is that sensory perception relies on brain areas 
specialized to process specific sensory modalities has been challenged by the 
metamodal theory of brain function, which posits that brain areas contribute to 
sensory processing by performing specific computations – those for which they 
are specialized – regardless of input modality (Pascual-Leone and Hamilton, 
2001). We set out to: 

• investigate differential brain activity during tactile stimulation targeting 
the different sub-modalities of touch by delivering tactile stimulations of 
oscillatory frequencies (3/20/100 Hz). These are for each frequency 
principally based on inputs from a specific type of cutaneous 
mechanoreceptor in the glabrous skin of the hand (3Hz: SA-1, 20Hz: FA-
1 and 100 Hz: FA-2; Talbot et al., 1968; Freeman and Johnson, 1982; 
Johansson et al., 1982; Lofvenberg and Johansson, 1984).  

• investigate whether detection of tactile stimulation by the fingertips at 
hearable frequencies (>∼12 Hz) would engage auditory areas because of 
their known computational specialization for detecting temporal features 
encoded in periodic mechanoreceptive afferent signals. We also 
considered that visual areas might be engaged for infrasonic frequencies 
at which humans visually perceive object motion (<∼12 Hz).  

• test if such potential effects could depend on whether the tactile 
stimulations were critically used or not (i.e., task-set dependent effects).  

However, to test these hypotheses it was also necessary to develop and test a novel 
apparatus and paradigms for implementation of the required well-controlled 
mechanical stimulation protocols in the electromagnetically harsh MRI-
environment. The development of this apparatus and tactile paradigms to test 
effects of task-set was also important for later investigation of persons suffering 
median nerve injury presented in Paper III.  

 
Paper II: Inspired by recent findings on activity-dependent structural plasticity 
in the adult brain, the aim of the study presented in Paper II was to test whether 
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the imperfect reinnervation and the resulting deterioration in fine dexterity after 
repaired median nerve injuries can cause structural changes in the brain.  

• Specifically, we expected that activity-dependent structural changes 
might occur in the hand area of the S1 contralateral to the injured side 
since experimental peripheral nerve lesions in animals can cause 
substantial functional reorganizations both in contralesional S1 and M1. 
We also considered that brain areas functionally associated with higher-
level planning and control of hand actions might be affected because of 
altered neural processing linked to more general changes in behavior 
related to hand use after median nerve injury.  

Paper III: Previous fMRI studies in humans have reported that tactile stimulation 
an affected digit can activate the contralateral S1 to a greater extent after median 
nerve damage and reinnervation than in healthy individuals. However, there are 
no systematic studies of how median nerve injury might affect the responsiveness 
of the contralesional S1 during tactile stimulation of non-median innervated 
areas within the affected hand and stimulation of the hand of the non-injured 
arm. 

• A specific aim of the study of Paper III was to investigate with fMRI 
whether and how median nerve injury can affect the complex lateral 
interactions that normally occur between the finger representations 
within S1 and its responsiveness to stimulation of the ipsilateral hand.  

• Another aim of this study was to test whether median nerve injury might 
affect modulation of brain processing of sensory information from the 
hand based on task-set, primarily focusing on the contralesional S1. 

• Since median nerve injury leads to behavioral changes related to various 
aspects of hand function, we also sought for injury effects on brain 
activity in cortical areas outside the primary sensorimotor cortices when 
the study participants performed demanding tactile tasks engaging their 
fingertips. 
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Materials and Methods 
 

 
 
 

 
 
  

 

 

I have not failed.  
I´ve just found 10 000 ways that won’t work. 

- Thomas A. Edison (1847 – 1931) 
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In this section, I give an overview of, and rationales for the techniques and 
methods used in the three papers on which this thesis is based.  

Brief description of methodology and rationale 
for each paper  

Paper I 

In Paper I, we used fMRI to identify brain areas differentially involved in the 
processing of tactile information depending on the temporal frequency of 
oscillatory skin displacements. To this end, an apparatus was designed to provide 
precise tactile stimulation to fingertips in the MRI-scanner. Sixteen healthy 
individuals performed a tactile detection task during which brain activity was 
measured. The participants performed the task receiving oscillatory skin 
displacements at 3-, 20-, and 100-Hz delivered to the middle finger of the left and 
right hand in separate consecutive scanning sessions. The detection task was 
based on a variant of the von Bekesy’s threshold-tracking method (von Bekesy, 
1947). In the threshold-tracking tasks the participants responded to detecting the 
stimuli at the fingertip by pressing a button with the big toe contralateral to the 
hand receiving the tactile stimuli.   

The frequencies (3, 20, 100 Hz) were chosen because tactile detection at these 
frequencies is for each frequency principally based on inputs from a specific type 
of cutaneous mechanoreceptor in the glabrous skin of the hand (3Hz: SA-1, 20Hz: 
FA-1 and 100 Hz: FA-2; Talbot et al., 1968; Freeman and Johnson, 1982; 
Johansson et al., 1982; Lofvenberg and Johansson, 1984). In addition, they 
represent both infrasonic (3 Hz) and hearable (20 and 100 Hz) frequencies. As 
presented in the introduction, these frequencies evoke different percepts. 
Stimulation at 3 Hz is often described in visual terms, such as a gradual position 
change of an object moving the skin (Lofvenberg, 1984), and stimulation at higher 
frequencies are described in more auditory related terms (20 Hz: wobble or 
flutter, 100 Hz: diffuse vibration; Talbot et al., 1968).  

The rationale for employing the threshold-tracking task was threefold: First, 
threshold-tracking kept the subjects actively engaged in the task because they had 
to use the tactile information continuously. Second, threshold-tracking ensured 
that the effective stimulus intensity was normalized in perceptual terms across 
the different frequencies. Since the sensitivity to tactile stimuli varies with 
frequency (Talbot et al., 1968; Lofvenberg and Johansson, 1984) and the effective 
stimulus intensity can influence brain activation levels (Backes et al., 2000; 
Arthurs and Boniface, 2002; Nelson et al., 2004; Siedentopf et al., 2008), 
normalizing the stimulus amplitude to perceptual threshold ensured that any 
observed effects were related to differences in stimulus frequency rather than 
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intensity. And third, by keeping the signals near perceptual threshold, we 
minimized both central and peripheral adaption to maintained tactile stimulation 
(Lundstrom and Johansson, 1986; Leung et al., 2005; Tommerdahl et al., 2005). 

Important for the interpretation of potential differences in brain activity between 
trial types, we wanted to have similar amounts of button presses performed by 
each participant. For this we had programmed an adaptive algorithm that also 
prevented the participants from simply controlling the stimulus amplitude by 
rhythmically pressing the button (see methods section in Paper I for further 
details).  

In addition, to analyze whether task set would affect brain activity in relevant 
brain areas, the participants also performed a visual threshold-tracking task 
during which they received the same tactile stimulations of the fingers as 
delivered during the tactile trials. That is, during each tactile trial, the oscillatory 
skin stimulation was recorded and then replayed to the fingertip in the 
subsequent visual trial. During the visual trials the participants’ task was to detect 
a circular image displayed in the center of the computer screen against a white 
background.  

Paper II 

For Paper II, we used VBM, an MRI technique that enables investigations of 
regional structural changes in gray and white matter of the brain (Ashburner and 
Friston, 2000, 2001), on sixteen right-handed nerve-injured adults. Sixteen 
healthy individuals matched by age, sex and handedness served as control group. 
The nerve-injured had more than two years earlier (range: 2.4 – 17.1 years) 
suffered sharp complete transection (Sunderland 5th degree nerve injury) of the 
median nerve in their left (n = 11) or right (n = 5) distal forearm followed by 
microsurgical epineural end-to-end repair within 24 hours. We chose to exclude 
patients with injuries that had happened less than two years after such an injury, 
since most of the attainable recovery of hand function is believed to have occurred 
at about two years after such injuries. 

Paper III 

In Paper III, we used fMRI to identify brain areas with changed activity after 
median nerve injury as compared to age, sex and handedness matched controls. 
The same apparatus and similar threshold-tracking tasks as used in Paper I was 
applied together with an additional tactile task that consisted of detecting deviant 
oddball stimuli delivered among trains of standard suprathreshold stimuli. The 
same participants as in Paper II performed tactile tasks in the MRI-scanner. In 
this paper, for presentational reasons, we focused on the eleven participants that 
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has suffered left hand injury and their controls, although also right-side injured 
and their controls was analyzed but not presented. 

During the tactile threshold-tracking task, in an interleaved manner, the index or 
the little finger of either the left of the right hand received oscillatory tactile 
stimulations at 20 Hz, and the left and right hand was addressed in separate 
consecutive scanning sessions. As in Paper I, we included visual threshold-
tracking trials interleaved with tactile threshold-tracking trials. The visual trials 
were included to investigate whether the nerve-injured participants maintained 
the ability of healthy individuals to suppress tactile afferent-induced activity in 
somatosensory brain areas while task-irrelevant (Nordmark et al., 2012; Hsiao et 
al., 1993; Johansen-Berg et al., 2000). Also here did we apply an adaptive 
algorithm to normalize the amount of button presses (and decisions) between 
trial types and participants, important for the interpretation of potential 
differences in brain activity between these (see Paper I and III for details). 

In the tactile oddball-detection task, the participant’s assignment was to detect 
rarely occurring epochs of 40 Hz sinusoidal stimulations among regular epochs 
of 20 Hz stimulations. That is, the participants were requested to respond 
whenever they perceived a deviant stimuli. As in the threshold-tracking task they 
performed the oddball task with their index and little finger of their right and left 
hand and responded by pressing the pushbutton with the big toe of the 
contralateral side. The principal rationale for including the oddball task was to 
complement the threshold-tracking task providing threshold near stimulation 
amplitudes with a task with suprathreshold stimulations (4 x perception 
threshold) that also involved frequency discrimination. It has been reported in 
animal studies that various brain areas, including S1, may be more critically 
involved in tasks requiring tactile frequency discrimination than in tasks 
requiring detection of stimuli at threshold (LaMotte and Mountcastle, 1979; 
Romo et al., 2012). Although, the participants were much less active in button-
presses in the oddball task (0.03 s-1) than in the threshold-tracking task (0.2 s-1), 
they still needed to continuously focus on the tactile stimulation. Importantly, the 
study was not intended to analyze brain activity in connection with detection of 
oddballs; such an analysis would have required a significantly higher frequency 
of oddball stimuli.  

We chose to use 20 Hz stimulations since they primarily evoke responses in the 
FA-1/Meissner corpuscles, which seem most reestablished after reinnervation 
following peripheral nerve injury (Dellon, 1981). This notion was supported by a 
pilot study in which I exposed persons with reinnervated unilateral median and 
ulnar nerve injury to vibrotactile stimuli of different frequencies (3, 20 and 100 
Hz, data not published). The findings indicated that the ratio of tactile thresholds 
between hands was lowest at 20 Hz stimulation. 
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The study presented in this paper had several critical features that we considered 
important for revealing possible functional changes in the brain after median 
nerve injury: 

 It had passed at least two years between the participants´ nerve injury 
and repair and their participation in the study (range: 2.5 – 17.1 years), 
i.e., a time after which these patients show little further functional 
improvement. 

 The paradigms forced the participants to actively attend the stimuli. This 
implied, and experiments verified, that all participants used the tactile 
afferent signals evoked by the stimuli. Indeed, it is well established that 
the neural processing of peripheral tactile input vary with task require-
ments even in early somatosensory areas as also shown in Paper I 
(Johansen-Berg et al., 2000; Brooks et al., 2002; Johansen-Berg and 
Matthews, 2002; Puckett et al., 2017; Nordmark et al., 2012). 

 The stimulus paradigms used assured that the effective stimulus intensity 
was normalized to perceptual thresholds across the different stimulation 
sites and participants, including the site in the reinnervated skin area of 
the nerve-injured participants. We consider the individually normalized 
stimulus intensities important to allow comparisons of brain activation 
both within a person and between persons given that the intensity can 
affect the level of brain activity (Arthurs and Boniface, 2002; Nelson et 
al., 2004; Siedentopf et al., 2008; Backes et al., 2000).  

 The experimental design made it possible to investigate the effects of 
injury not only when a reinnervated finger was stimulated in the tactile 
task but also injury effects on the responses in especially the 
contralesional S1 to stimulation of fingers supplied by non-injured nerves, 
both belonging to affected hand and the other hand.  

Material 

Participants, inclusion and exclusion criteria 

Paper I: The participants included 16 right-handed healthy individuals (eight 
women and eight men, aged 19–28 years) without any neurological disorder. 
They were recruited to attend after they had reported interest in participating in 
the study after reading about the study on posters at Umeå University’s campus 
area.  

Paper II and III: The participants included 16 adult right-handed persons that 
had suffered median nerve injury and 16 healthy controls, matched to age, sex 
and handedness. The nerve-injured participants were recruited from patients 
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(age 18-65 years) treated at the Hand and Plastic Surgery Clinic, University 
Hospital of Umeå, Sweden, for accidental sharp nerve injury isolated to their 
median nerve. To obtain a homogeneous group of study participants with well-
defined and well-characterized type of nerve injury, we chose to investigate 
persons that had suffered unilateral median nerve injury at the level of the distal 
forearm. In addition they were required to have had undergone early surgery with 
primary nerve repair and had reached the time after surgery considered needed 
for a steady state recovery of the function of the affected hand. After excluding 
potential participants because of a history of other neurological deficits or other 
hand injuries, diabetes, or other disabilities, 36 participants were contacted and 
out of these, 18 met the inclusion criteria and agreed to participate in the study. 
Two of them suffered claustrophobic reactions when entering the MRI-scanner 
hindering their participation, leaving us with a total of 16 nerve-injured 
participants. 

Methods 

Magnetic Resonance Imaging – a brief description 

MRI (Magnetic Resonance Imaging) is used clinically in the diagnosis of 
pathology in for instance brains, organs, limbs, etc. The basic technique was 
initially used to investigate resonance within bulk matter (Nobel Prize in Physics 
– 1952, Bloch and Purcell, 1952), but was later further developed to also 
investigate biological tissues (Nobel Prize in Medicine or Physiology – 2003, 
Lauterbu and Mansfield, 2003). In short, an atomic nucleus—most commonly 
hydrogen—is perturbed by a weak oscillating magnetic field (radio-frequency 
pulse or RF-pulse) whilst located in a strong static magnetic field. The strong 
static field positions the axis of all hydrogen atoms along the magnetic field such 
that they have a low-energy or high-energy spin while the oscillating magnetic 
field will cause resonance in the intrinsic frequency spin of the atoms at a given 
frequency (the Larmor frequency) depending on the static magnetic field. The 
oscillating field thus provides the means for exciting the nuclei with RF-pulses, 
lifting the nuclei to their high-energy state. When the pulse vanishes, the excited 
nuclei will relax to their low-energy state and at the same time produce an 
electromagnetic signal with a frequency characteristic of the magnetic field at the 
nucleus. By recording the electromagnetic signal the amount of hydrogen atoms 
can be measured and by adding slight differences in the magnetic field of three 
planes of the area measured (X, Y, Z), using a so called gradient field, differences 
in the electromagnetic signals recorded can be used to define the location of the 
signals. Eventually, by detecting the signals and analyzing them, sets of in-plane 
slices that build up a 3D volume of the assessed body part are produced (Huettel 
et al., 2009).  
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Functional Magnetic Resonance Imaging– a brief description 

BOLD-fMRI (Blood Oxygenated Level-Dependent functional Magnetic Reso-
nance Imaging) was developed by Ogawa and colleagues and first published in 
1990 (Ogawa et al., 1990). fMRI is currently a vastly used non-invasive neuro-
imaging technique for measuring brain activity by detecting changes associated 
with regional cerebral blood flow. The technique takes advantage of the magnetic 
properties of hemoglobin molecules that have released oxygen in tissues, i.e., 
deoxyhemoglobin, to indirect measure the amount of blood flow in small brain 
volumes, so called voxels, which usually comprise about 3×3×3 mm. Changes in 
blood flow are detected as changes in the BOLD signal such that the increased 
flow of oxygenated blood, considered to reflect local increased glucose 
consumption, is delivered in excess of the metabolic requirement of oxygen which 
leads to wash out of the magnetic deoxyhemoglobin (Arthurs and Boniface, 2002; 
Glover, 2011).  

The BOLD-signal was earlier considered to indirectly measure regional neuronal 
activity, however, recent studies have questioned this coupling, and it is more or 
less agreed today that the signal not only reflects neuronal activity but to some 
degree also consumption of glucose by supportive cell types (Hillman, 2014; 
Logothetis, 2008).  

The physiological blood-flow response, the hemodynamic response, lags the 
cellular events that trigger it by a couple of seconds, since the vascular system 
respond with some delay to the brain’s regional metabolic demands. Therefore, 
there is a delay in both the increase and the decrease of the BOLD signal after 
local changes in brain activity: the peak in blood-flow typically lags a stimulus by 
about 5 seconds and the increase in the signal takes several seconds to vanish 
after the stimulus has ended.  

To sample brain activity of the whole brain, and to produce three-dimensional 
fMRI brain volumes of data, sampling of fMRI-data requires sampling of multiple 
adjacent thin brain slices. Typically these are sampled with a rate of one complete 
brain volume every 1.5 or 2 s, which is called the repetition time. By repeating the 
stimulus that is to cause the brain activity, and sample data containing 
hemodynamic responses during all stimulations, each voxel’s BOLD-signal 
response can be correlated to a temporal model of the normal hemodynamic 
response. By correlating the measured and the temporal hemodynamic response, 
a β-value is calculated for each sampled voxel. It is thus possible to analyze 
statistically if a specific voxel shows a significantly positively or negatively 
correlated BOLD-signal with the stimulations provided. Given this, fMRI-data 
usually contain a spatial resolution of the sampled voxels of about mm3 size and 
a temporal resolution that is in the order of seconds.  
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These spatial and temporal limitations are common to all fMRI experiments and 
have led to two main experimental paradigms: either repetitive blocks (“trials”) 
of stimulations or single stimulations (“events”). The trials or events are 
interleaved with interstimulus intervals of defined rest during which the recorded 
BOLD-signal is considered to reach its baseline value – corresponding to the 
measured voxels baseline energy consumption.  

Voxel-Based Morphometry – a brief description 

Voxel-based morphometry (VBM) is a neuroimaging technique for measuring 
gray or white matter volumes to detect local differences in brain anatomy 
(Ashburner and Friston, 2000, 2001). It uses the signal intensity from T1-MR 
images to compare regional gray or white matter concentration between groups 
of participants or longitudinally within specific participants (Good et al., 2001; 
Draganski et al., 2004; Draganski and May, 2008). Sampled MR images are 
segmented (separated) into gray matter, white matter and cerebrospinal fluid, 
then spatially normalized to an average-brain template and spatially “smoothed” 
to account for possible anatomical differences between individuals that are not 
dealt with by the spatial normalization. As for the fMRI-data, the voxels sampled 
and analyzed in the structural analysis contain a vast number of neurons, and the 
analysis method does not measure the actual number of neurons but rather the 
signal intensity of the gray matter which is translated to gray matter 
concentration in gray matter areas and white matter concentration in white 
matter tracts.  

Novel apparatus for tactile stimulations in the MRI-scanner 

Roland S. Johansson, Göran Westling and Anders Bäckström designed, 
developed and produced the apparatus used in Paper I and III for tactile 
stimulations of the fingertips in the MR environment. It consists of a rectangular 
box containing tactile stimulators that can act on the left or the right hand. The 
fingertips of the stimulated hand contacted the vertical surface of one side of the 
box and the thumb contacts the opposing surface. For each stimulated fingertip 
the oscillatory skin displacements were created by the movements of a protruding 
ridge extending in the proximal-distal direction of the fingertip (see methods in 
Paper I for details). To instruct the participants about the procedure and how to 
perform the tasks in the MRI scanner, before the MR scanning session they 
practiced short versions of the different tasks on a replica of the apparatus outside 
the MRI-scanner.  

Data acquisition and analysis  

For all data acquisitions, processing and statistical analysis of the MRI-data, we 
used standardized methods. All functional and structural brain scans were 
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performed at the University hospital of Northern Sweden, Umeå. For Paper I we 
used a 3-Tesla MRI-scanner (Achieva 3.0, Phillips Medical Systems, Eindhoven, 
The Netherlands) using an eight-channel SENSE head coil. For Papers II and III 
we instead used a scanner not available during the data collection for Paper I, i.e., 
Discovery MR750 3-Tesla scanner equipped with a 32-channel head coil (GE 
Medical Systems, Milwaukee, Wisconsin, USA).  

For Paper II and III we had a priori hypotheses about structural (II) and 
functional (III) changes in the primary somatosensory cortices based on 
previous research. However, considering the novelty of the tasks performed and 
the paradigms applied, we were also open for effects in other parts of the brain. 
Therefore, in these papers, we performed both analyses focusing on the hand 
areas of the primary somatosensory cortices with statistical thresholds corrected 
for multiple comparisons in the search area, so called small volume correction 
(SVC) analysis, and whole-brain analysis with correction for multiple 
comparisons taking into account all registered voxels. 

fMRI-data 
Selection of MRI parameters during fMRI data acquisition depend on the analy-
ses to be pursued because there is a trade-off between sampling the whole brain 
which requires comparatively thicker slices and focusing on smaller details that 
requires a thinner slice thickness. For these reasons and given the scanners avai-
lable for our studies, in Paper I we used a slice thickness of 4.65 mm with an in-
plane resolution of 3.44 × 3.44 mm2 (64 × 64 matrix), whereas in Paper III we 
used a slice thickness of 4.5 mm and an in-plane resolution of 1.95 × 1.95 
mm2 (128×128 matrix). 

As detailed in the papers, fMRI-data were analyzed with the SPM software4. 
These analyses included standard procedures such as correcting for head 
movements, spatial and temporal smoothing and normalization to a standard 
brain template (the standard Montreal Neurological Institute, MNI, EPI 
template) to allow group analysis. We applied a rather limited spatial smoothing 
with an isotropic Gaussian kernel of 6 mm full width at half maximum (FWHM) 
due to the fact that we did not tolerate larger spatial shifts of potential effects 
given our interest in location of the effects (Mikl et al., 2008). High-pass filtering 
and grand means scaling were applied to reduce participant-specific drifts in the 
BOLD-signal and slow global changes in BOLD activity. Batching of analyses, 
visualization, and extraction of parameter estimates across clusters were 
performed with software developed in-house (DataZ).  

4 http://www.fil.ion.ucl.ac.uk/spm 
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Our main rationale for choosing Analysis of variance (ANOVA) as the statistical 
model for analyzing our fMRI-data was to optimize our ability to find reliable 
effects with our novel experimental paradigms. ANOVAs, as compared to paired 
t-tests have the advantage of detecting effects between given factors with fewer 
statistical tests. For instance, using Student’s t-test for analyzing the 2 × 3 design 
in Paper I (2 hands × 3 frequencies), would have required 15 t-tests which, if not 
handled properly with correction for multiple tests, would result in p-value 
inflation. In contrast, given that the underlying assumptions behind the analysis 
are fulfilled, the corresponding ANOVA allows proper conclusions of both the 
main effects and any interactions.  

We applied group level analysis using SPM’s flexible factorial design (Paper I) 
and full factorial design (Paper III) for statistical inferences; the former does not 
allow repeated measures analysis of group effects, i.e., will produce false positives 
if comparing groups of participants (McLaren, 2014). SPM enables analyses of at 
most 2 × 3 matrices. Accordingly, it does not allow analyses of designs that 
otherwise would have suited us, e.g., a multifactorial design, such as, 
group × hand × finger × task.  

In addition, to explore and evaluate brain activations common to different expe-
rimental conditions and participant groups with reference to the baseline activity 
recorded during the intertrial periods, we performed conjunction analyses 
(Nichols et al., 2005).  

In addition to whole-brain analyses performed for Paper I and III, for Paper III, 
given the strong a priori assumption of effects in the hand primary sensorimotor 
cortex after peripheral nerve injury, we performed constrained small volume 
correction (SVC) analyses to the pre- and postcentral gyrus. In these analyses we 
applied a cluster extent threshold of 20 continuous voxels combined with a voxel 
threshold of P <0.005.  

VBM data 
The T1-MR images for VBM analyses were sampled with 1 mm thick slices and an 
in-plane resolution of 0.49 × 0.49 mm (512 × 512 matrix). Here we chose a FWHM 
of 8 mm as recommended in the SPM manual5. We then entered the pre-
processed single-participant gray and white matter images into group analyses 
using the VBM-software provided in SPM8 (Ashburner and Friston, 2000). A 
general linear model analysis was performed at each voxel where group of 
participants constituted the predictor of prime interest. We used total 
intracranial gray and white matter volume as a “global nuisance effect” both in 
the gray and white matter analysis (global normalization, ANCOVA in SPM8). 

5 https://www.fil.ion.ucl.ac.uk/spm/doc/#Manual, p. 474 
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Furthermore, to statistically control for influences of age and sex on regional gray 
and white matter volumes (Good et al., 2001), age constituted a continuous 
predictor and sex a categorical predictor in all analyses. To protect against false 
positives while at the same time retain the power to detect meaningful effects in 
the face of multiple comparisons across image voxels (Roiser et al., 2016), we 
subjected the preprocessed morphometric images to a two-step threshold 
approach in all statistical analyses of effects of nerve injury (Forman et al., 1995). 
We combined a voxel-based threshold of P < 0.005 with a cluster size threshold 
of P < 0.05 corrected for so-called family-wise error rate.  

Given the a priori assumption of effects in the hand primary sensorimotor cortex 
after peripheral nerve injury, we performed small volume correction (SVC) 
analyses for these areas, focusing target spheres with a diameter of 20 mm 
centered on the MNI-coordinates of the hand SMC established in a meta-analysis 
based on fMRI (Mayka et al., 2006).  

For the whole-brain analysis a cluster size threshold of one-half of that in the 
standard double-threshold approach was used to search for areas showing 
symmetrically localized bilateral effects on the gray and white matter volume. We 
motivate this approach with the argument that bilateral homologous effects with 
high probability indicate meaningful effects given the strong structural and 
functional connectivity between bilaterally connected areas (Salvador et al., 
2005; Hofer and Frahm, 2006; Johnston et al., 2008; Chao et al., 2009). 

We chose to report the standardized effect sizes using Cohen’s d, which describes 
the effect size as the difference between the means of the compared groups 
divided by the pooled standard deviation.  

Ethical considerations 
The studies on human subjects included in this thesis was approved by the 
Regional Ethical Review Board in Umeå, Sweden (DNR 07-087M). In all the 
studies within this thesis, the principles stated in the Declaration of Helsinki 
(2008, sixth version) were followed in study implementation and design.  
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People love chopping wood.  

In this activity one immediately sees results. 

Albert Einstein (1879-1955) 
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Summary of Results presented in Paper I 
The main findings of Paper I were:  

• that the novel apparatus and paradigms for assessment of tactile sensibility 
of the fingertips based on well-controlled mechanical parameters were 
found to operate flawlessly in the MRI-environment 

• the demonstration of an effect of stimulus frequency during the tactile 
threshold-tracking in two cortical regions: the auditory cortex and the 
visual cortex  

o the BOLD-response was stronger in the left auditory cortex during 
detection of tactile stimuli at hearable frequencies (20 and 100 Hz), 
compared to during detection of tactile stimuli at infrasonic 
frequencies (3 Hz). 

o the BOLD-response was suppressed in the right lingual gyrus of 
visual cortex during detection of tactile stimuli of infrasonic 
frequencies (3 Hz), whereas there was no difference compared to 
baseline during detection of tactile stimuli at hearable frequencies 
(2o and 100 Hz).  

• the finding that the frequency-dependent effects in both these areas 
disappeared when the participants performed a visual threshold-tracking 
task despite receiving identical tactile stimuli as in the tactile threshold-
tracking tasks. 

 
Analysis of behavioral data showed the new methodology met the prescribed 
goals. For example, the tactile detection thresholds measured when the tactile 
threshold-tracking tasks were performed in the scanner were similar and varied 
with stimulus frequency in the same manner as previously reported for oscillatory 
displacements of the skin of the fingertips in traditional laboratory settings. 
Furthermore, in accordance with the methodological design, the amount of 
response button actions (performed with the foot contralateral to the stimulated 
hand) were similar for all tested conditions both under the tactile and the visual 
threshold-tracking trials. This minimized the risk that comparisons of brain 
activity between different test conditions were affected by the neural processes 
related to frequency of decision-makings and response selections.  

Brain activity, measured as BOLD-signals, differed depending on hand involved 
during the tactile threshold-tracking task: the primary somatosensory cortex 
contralateral to the hand receiving the tactile stimuli showed higher activity, as 
did the primary sensorimotor cortex of the foot contralateral to the foot 
responding with button presses and the ipsilateral anterior foot areas of the 
cerebellum. 

A comparison of BOLD-signals during the tactile and the visual task, independent 
of hand receiving tactile stimuli (and foot controlling push button), showed 
widespread effects. Higher activity during the tactile task was observed bilaterally 
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in the supplementary motor areas, in the parietal cortex extending from the hand 
area of the postcentral gyrus and anterior PPC along a belt that included the 
secondary somatosensory cortex and bilaterally the inferior frontal gyrus 
corresponding to PMv. Higher brain activity during the visual task was seen in 
vast areas of the visual cortices of the occipital lobe. 

Analysis of common brain activity during the tactile threshold-tracking task 
independent of stimulated hand and stimulation frequency showed bilateral 
activation in the perisylvian cortex including the secondary somatosensory 
cortex, the superior temporal cortex, inferior parietal lobule, supramarginal gyrus 
and insula. Bilateral activation was also present in pre-SMA, anterior cingulate 
cortex and in the putamen and palladium of basal ganglia. Bilaterally, but to a 
larger extent for the right hemisphere, a cluster with increased activity stretched 
along the anterior of precentral gyrus from the posterior part of the ventral 
premotor cortex and insula medial to the dorsal premotor cortex. A separate 
prominent cluster engaged the right dorsolateral prefrontal cortex. 

Summary of Results presented in Paper II 
The main findings of Paper II were that the median nerve-injured study 
participants, compared with controls, showed:  

• reduction of gray matter in two premotor areas independent of side of 
injury (left and right forearm).  

• reductions of white matter pathways that connect premotor cortices of the 
two hemispheres independent of injured side.  

• increase, independent of injured side, of gray matter bilaterally in a 
motion-processing visual area located in the middle temporal gyrus, also 
independent of side of injury. 

• reduction of gray matter in the right M1 of left-sided injured participants. 
 

Analysis of changes in gray matter concentration restricted to the primary 
sensorimotor cortex showed decrease in an area of the contralateral primary 
motor cortex of the left side median nerve-injured participants.  

Whole-brain analysis revealed gray matter decreases for the nerve-injured, 
independent of injured side, in the left ventral premotor cortex (PMv) and the 
right dorsal premotor cortex (PMd). White matter decreases were found in the 
middle part of corpus callosum and in a sector of white matter subcortically 
radiating from corpus callosum to the right PMd. The decrease in gray matter in 
the right PMd and the adjacent decrease in white matter in the right radiation of 
corpus callosum showed a positive correlation for the nerve-injured participants. 
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Whole-brain analysis also revealed bilateral areas in extrastriate visual cortex 
with increased gray matter concentration for the nerve-injured participants, 
namely bilaterally in the posterior part of middle temporal gyrus near the 
occipito-temporal junction. The location of this effect was attributed to the medial 
superior temporal area (MST) in the anterior-superior zone of the human 
homolog of the macaque motion complex (V5/hMT+) of the visual cortex. 

Summary of Results presented in Paper III  
The main findings of Paper III were that the left-sided median nerve injured 
study participants, compared with controls, showed:  

• higher brain activity in the hand representation of the contralesional right 
primary somatosensory cortex (S1) when performing tactile tasks (tactile 
threshold-tracking and tactile oddball-detection tasks)  

o when using the left reinnervated index finger, but also when using 
the little finger of the left-hand and the fingers of the other hand 
innervated, all innervated by uninjured nerves.  

• increased brain activity in prefrontal cortical areas implicated in higher-
level behavioral processing.  

• that there were no effects of injury when the participants performed a 
visual task while they received identical tactile stimuli as in the tactile 
threshold-tracking task. 

 
Behavioral data showed that the detection thresholds measured during the tactile 
threshold-tracking task based on 20 Hz oscillatory displacements of the skin of 
the fingertips were similar for the nerve-injured and the control participants, with 
the exception of the reinnervated index finger of the nerve-injured that showed 
an increased threshold. The amount of button presses per trial were similar for 
both groups of participants during matching test conditions. 

During both the tactile threshold-tracking and the oddball-detection trials, the 
nerve-injured participants showed increased brain activity in contralesional S1 in 
a zone stretching from the index to the little finger representation regardless of 
stimulated finger, i.e., left and right index and little finger. There was no effect of 
nerve injury in the corresponding areas of the left, ipsilesional, S1. Analysis of 
brain activity within these areas during visual threshold-tracking showed no 
effect of injury, suggesting that the injury effect depended on task-set. 

Analysis of brain activity during both the tactile threshold-tracking task and the 
oddball-detection task showed individual representations of the index and little 
finger in contralateral S1, for both hands and for both the controls and the nerve-
injured participants. For both identified finger representations in contralesional 
S1, the increase in brain activity of the nerve-injured compared to the control 
participants was similar regardless of which finger was stimulated. In fact, for 
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both finger representations, the control participants showed negative BOLD-
signals when the other tested finger of the same hand and when the fingers of the 
ipsilateral right hand received tactile stimuli, whereas the injured participants 
basically lacked such negative BOLD responses within the identified finger 
representations. 

The whole-brain analysis showed a main effect of injury in three areas of the 
prefrontal cortex when the reinnervated left index finger was engaged in the 
tactile tasks: the dorsal anterior cingulate cortex, the left ventrolateral prefrontal 
cortex (VLPFC) on the orbital part of inferior frontal gyrus and the right 
dorsolateral prefrontal cortex (DLPFC) of the middle frontal gyrus. 

Analysis of brain areas that were jointly activated independent of stimulated 
hand, task and injury during the tactile tasks showed results that were practically 
indistinguishable from those of the conjunction analysis of the BOLD-signals 
recorded during the tactile threshold-tacking task performed by healthy adults in 
Paper I in which common activity independent of stimulated hand and 
stimulation frequency was analyzed.  
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Discussion 
 

 

 

  

 

 

 

 

It is the mark of an educated mind to be able to 
 entertain a thought without accepting it.  

Aristotle (384-322 BC) 
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The overall aim of this thesis has been to expand the knowledge of structural and 
functional changes in the brain occurring as a consequence of median nerve 
injury.  

In a first study, presented in Paper I, we addressed 16 healthy individuals to 
validate the use of a novel apparatus for tactile stimulation of fingertips with high-
precision in the MRI-scanner and developed a task paradigm that would later be 
used to study persons with median nerve injury (Paper III). In Paper I we 
provided evidence for metamodal processing in healthy humans, specifically that 
tactile stimuli with frequency contents in the audible range are processed not only 
in the classical primary somatosensory cortical areas but also in the primary 
auditory cortex.  

Papers II and III addressed persons that had suffered median nerve injury and 
had regained a stable degree of sensory function after reinnervation of the hand. 
In Paper II we addressed structural changes in the brains of the nerve-injured 
using the MR-technique voxel-based morphometry. The VBM-analysis showed 
that median nerve injury caused gray matter reductions in two premotor areas 
(left PMv and right PMd), two white matter regions that correspond to the 
interhemispheric connections between the premotor areas of the two 
hemispheres, and bilateral increases of gray matter volume in an extrastriate 
brain area in the middle temporal gyri involved in visuomotor guidance of the 
hands. Also, the left side injured (n =11) showed decreased gray matter volume in 
the contralesional primary motor area of the hand. These structural findings are 
interpreted as expressions of activity-dependent plasticity secondary to the 
consequences of the nerve injury, given that the neurons in the areas showing 
structural changes are multiple synaptic connections away from the injured 
neurons of the peripheral nerve.  

In Paper III we focused on the eleven left-side nerve-injured participants and 
their controls and showed that the entire hand area of the contralesional S1 – also 
including the representation of the little finger innervated by the uninjured ulnar 
nerve – had increased activity during tactile tasks independent of finger or hand 
being stimulated. We interpret these general increases in activity in the 
contralesional S1 hand area as changes in GABAergic inhibition potentially 
promoting enhanced functional reorganization capacity. We also found increased 
brain activity in three areas in the prefrontal cortex that have been implicated in 
higher-level goal-oriented behavioral processing such as decision-making and 
response selection, suggesting that such processing is computationally more 
demanding during tactile tasks after median nerve injury.  

In the sections that follow, I will summarize discussions for each paper, provide 
a synthesis of the findings, discuss the reliability of the findings, and lastly 
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comment on open ends that should be further studied regarding peripheral nerve 
injury affecting hand function. 

Paper I 

The main novel finding in Paper I was that vibratory fingertip stimulation with 
frequencies in the hearable range affected brain activity in the primary auditory 
cortex, whereas stimulations at inaudible (infrasonic) frequencies did not. That 
is, the effect was driven by the 20 and 100 Hz stimulations but not by the 3 Hz 
stimulation. Although we did not map out A1 with auditory stimuli, Heschl’s 
gyrus, to which the activity was localized, is considered as one of the more reliable 
anatomical structures in terms of functional and structural coupling in the brain. 
Previous studies have shown responses in the auditory cortex to touch, both in 
man (Foxe et al., 2000; Caetano and Jousmaki, 2006; Schurmann et al., 2006) 
and monkey (Schroeder et al., 2001; Fu et al., 2003) and with different types of 
techniques such as intracortical recordings (monkeys) and fMRI and MEG 
(humans). However, in none of these studies were stimuli with a frequency 
content outside that of the hearable range presented. By also presenting effective 
tactile stimuli at inaudible (infrasonic) frequencies, we could show that the 
responses to touch stimuli in the auditory cortex were exclusive to stimuli with 
frequencies within the hearable range. Accordingly, our conclusion is that—
whether afferent signals originate in the mechanoreceptors in the cochlea or the 
skin—the auditory cortex can be recruited to take advantage of its specialization 
in detecting temporal features encoded in periodic afferent signals.  

On a speculative note, it is intriguing to consider the similarities between hearing 
and touch, given that both percepts are caused by mechanical stimulations. 
Indeed, similarities between hearing and touch was noted already in the 19th 
century by Ernst Heinrich Weber (Weber, 1851) and was quite extensively 
investigated by George von Bekesy (von Bekesy, 1947, 1959). The increase in 
vibrotactile perceptual thresholds caused by simultaneous auditory stimulation 
with frequency-matched pulsed tones (Verrillo and Capraro, 1974) also matches 
our results. That is, the elevation in tactile threshold would depend on the 
auditory cortex being caught up by the auditory stimuli (i.e., the primary 
modality), reducing its utility as a coprocessor available to the somatosensory 
system.  

From an evolutionary point of view, it is worth to comment on the possibility that 
there is a common ancestor of the low-threshold mechanoreceptors located in the 
skin and the mechanoreceptors in the organ of Corti in the cochlea of the inner 
ear. As an example, fish have sensitive pressure receptors in the lateral line 
system, which can detect vibrations relayed through the water, enabling, for 
instance, a shark to detect stimuli in the range 25-50 Hz (Bleckmann and Zelick, 
2009). Perhaps did these pressure organs evolve in two separate ways through 
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evolution of land living creatures, one ending up as receptors in the cochlea of the 
ear (Popper and Fay, 1997; Fay and Popper, 2000) and one as pressure receptors 
in the skin. Along the same lines, a common “pressure sensory cortex” would have 
been divided into what is currently known as primary somatosensory cortex (S1) 
and primary auditory cortex (A1). Indeed, these cortical areas are in close vicinity 
in humans, and are even closer in “lower mammals” (see: Kaas, 2004, for the 
relationship of S1-A1 in the evolution steps represented by opossum, rat, owl 
monkey and more).  

Stimulations of the fingertip at 3 Hz also affected the activity in the lingual gyrus. 
We speculate that this BOLD-signal suppression represents decreased processing 
in that area. This suppression may reflect a mechanism that contributes to task 
performance by restricting the crossmodal responsiveness of this area to object 
motion. In the absence of any concurrent visual information about moving 
objects, such suppression may minimize interference between the tactile and 
visual modality regarding perception of object motion. Such suppression may 
have been especially important in our experimental paradigm, where the 
participants performed a tactile task that required maximum focus on detecting 
tactile events of amplitudes hovering around the perception threshold. 

Moreover, the finding that frequency effects were present only during the tactile 
task and not during the visual task emphasizes the task dependence of the neural 
processing of sensory information (Hyvarinen et al., 1980; Drevets et al., 1995; 
Carlsson et al., 2000; Johansen-Berg and Lloyd, 2000; Staines et al., 2002; 
Nelson et al., 2004; Porro et al., 2004; Ghazanfar and Schroeder, 2006). 
Furthermore, the widespread effect of task on brain activity (see Figure 5B in 
Paper I) suggests that the responsiveness of traditionally somatosensory areas to 
tactile stimulation is determined by interactions between the tactile input and 
complex task-related cognitive processes. 

That we did not see any effects of stimulation frequency in S1 does not exclude 
that tactile afferent information from different types of cutaneous 
mechanoreceptors (SA-1s, FA-1s, FA-2s) can be processed in different cortical 
modules of S1 as indicated in animal studies (Sur et al., 1984; Friedman et al., 
2004). Because these modules consist of small, intermingled, clusters called 
cortical columns or modules (∼500 μm in diameter) within S1, even with the 
highest today available spatial resolution provided by ultra-high field human MRI 
(≥7 Tesla) one would not be able to detect the small scale of this organization 
(Huber et al., 2017; Kashyap et al., 2018).  
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Paper II 

The main findings in Paper II were that median nerve-injured show gray matter 
decreases in two cortical areas involved in higher-lever processing of hand 
function (PMv, PMd) with two related white matter changes (in corpus callosum 
and right radiation of corpus callosum), as well as gray matter increase bilaterally 
in an area involved in visual spatial processing of information supporting hand 
actions. The left side injured participants also showed reduction in gray matter in 
the contralesional primary motor cortex. That the detected effects were 
synaptically remote from the lesioned neurons and involved reductions as well as 
increases of cortical gray matter volume suggests that they represent complex 
activity-dependent, injury driven, adaptations in specific processing units in the 
brain (Jones, 2000; Jaquet et al., 2001; Navarro et al., 2007; Fields, 2015; Zatorre 
et al., 2012). 

The lack of detectable effects in contralesional S1 and limited effects in 
contralesional M1 stand in contrast to the considerable gray matter effects in 
these areas reported in persons with sensorimotor deprivation caused by 
amputation or immobilization of an upper extremity (Langer et al., 2012; Makin 
et al., 2013a; Preissler et al., 2013). A possible explanation for the overall spared 
primary sensorimotor areas in the nerve-injured participants in the present study 
is that they regularly used their affected hand in everyday uni- and bimanual 
activities. With the increased activity during tactile tasks in the contralesional S1 
as shown in Paper III, perhaps even an increased gray matter volume in S1 could 
have been reasonable. Another explanation, is the possibility that reinnervation 
may prevent transneuronal atrophic effects propagating through the ascending 
somatosensory pathways to S1 (Jones, 2000), given that as many as 70–80% of 
the DRG neurons survive section of a peripheral nerve (Risling et al., 1983; Devor 
et al., 1985; Arvidsson et al., 1986; Himes and Tessler, 1989; Lekan et al., 1997). 
Other possible explanations of no evident decrease in gray matter volume in S1 
may be that there is a compensatory increase after an initial decrease during the 
first period after injury, or that immediate mechanisms of plasticity related to 
“overtaking” by adjacent somatosensory areas prevents an initial decrease.  

That the reduction in gray matter was present in the left PMv, i.e., the opercular 
part of Broca’s area, irrespective of affected hand is consistent with the left 
hemisphere´s dominance in manual praxis in right-handed humans (Haaland et 
al., 2000; Grezes and Decety, 2001; Johnson-Frey et al., 2005; Lewis, 2006). 
Moreover, it is consistent with the idea that this cortical area constitutes a 
repository for a "vocabulary" of manual actions containing “words” representing 
motor acts of different degrees of abstraction, complexity and hierarchical rela-
tionships (Rizzolatti et al., 1988; Jeannerod et al., 1995; Binkofski and Buccino, 
2006; Fadiga et al., 2009; Rizzolatti et al., 2014). As such, the loss of gray matter 
in the left PMv would depend on reduced use of neuronal populations that 
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represent certain action phases (i.e., “words” in the analogy of speech) that are 
essential parts of the repertoire of actions of daily life. The failure of nerve-injured 
individuals to express certain action phases would then originate from a lack of 
reliable afferent signals that would, in turn, prevent successful execution of one 
or several of the sequentially linked action phases that are necessary to achieve 
reliably goals of motor acts (Johansson and Flanagan, 2009). 

The gray matter increase observed bilaterally in the posterior middle temporal 
gyrus matches the increased dependence on vision in activities requiring skillful 
object handling in nerve-injured persons with impaired tactile innervation of a 
hand (Brink and Mackel, 1987; Jerosch-Herold, 1993; Jenmalm and Johansson, 
1997; Jenmalm et al., 2000; Chemnitz et al., 2013a). The localization of the effect 
to the V5/hMT+ complex agrees with previous observations that this area 
constitutes a node in the dorsal visual stream that supports visually guided 
actions (Goodale and Milner, 1992; Grefkes et al., 2004; Schenk et al., 2005; Ilg 
and Schumann, 2007; Whitney et al., 2007; Kravitz et al., 2013). Likewise, 
manual visuomotor skill acquisition is associated with increased gray matter 
density especially in this extrastriate visual region (Draganski et al., 2004; Boyke 
et al., 2008). Moreover, the V5/hMT+ complex is considered as the earliest site 
in the parieto–premotor (dorsomedial) pathway where visual motion signals and 
tactile information are integrated (Hagen et al., 2002; Blake et al., 2004; 
Beauchamp et al., 2007; Ricciardi et al., 2007; van Kemenade et al., 2014). This 
suggests that the increase in gray matter in this area reflects an intensified cross-
modal processing for functional compensation of the somatosensory deficiencies 
of the affected hand.  

Paper III 

The main finding in Paper III was that the hand representation of the 
contralesional (right) primary somatosensory cortex (S1) of the nerve-injured 
showed greater brain activity compared to the controls not only when the left 
reinnervated index finger was engaged in the tactile tasks, but also when the left 
little finger and the fingers of the ipsilateral (right) hand innervated by uninjured 
nerves were engaged. We also found that the nerve-injured participants showed 
elevated brain activity in prefrontal cortical areas during execution of the tactile 
tasks. We interpret this as representing that top-down processes supporting deci-
sion-making and response selection are computationally more demanding for the 
injured participants due to their compromised tactile sensibility compared to the 
control participants. The trend towards increased brain activity within these 
prefrontal areas also during stimulation of non-affected digits may reflect the fact 
that these higher-level processing areas are more generally involved in hand 
function, i.e., these areas increase their activity independently of whether the task 
involves affected or non-affected skin areas. 
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Even after state-of-the-art surgical repair and reinnervation of injured hand 
nerves, functional reorganizational changes are thought to occur in hand 
representations of the human S1 (Lundborg and Rosen, 2007). Yet, it is not 
obvious that such changes per se explain the increased brain activity in the nerve-
injured participants of the present study. Moreover, the similarity of the 
localization of the identified index finger representation of the nerve-injured and 
the controls indicates that such reorganizational changes were limited in our 
study material. As such, our findings are consistent with those found in non-
human primates in which that the median nerve after transection and surgical 
repair largely resumes its original projection area in S1, but with some distortion 
of its internal topography (Wall et al., 1986; Merzenich and Jenkins, 1993). 
Furthermore, there is growing evidence that cortical representation of a limb 
remains remarkably stable despite loss of its major peripheral input (Kikkert et 
al., 2016; Makin and Bensmaia, 2017). 

The increased brain activity in the contralesional S1 during tactile tasks after 
reinnervation most likely reflected a reduction of stimulation-induced inhibition 
that changes the overall balance of excitation-inhibition towards excitation. Since 
cortical inhibition is generated by neurons releasing GABA, it seems reasonable 
to assume that the elevated brain activity in the contralateral S1 is caused by a 
reduction in intra-areal stimulation-induced GABAergic inhibition (the absence 
of a detectable effect during the cue period suggests that this inhibition required 
the presence of tactile stimuli rather than just focused attention on sensing them). 
This, in turn, suggests that processes promoting increased plasticity were still 
ongoing in the nerve-injured participants. The main reason for this interpretation 
is that a reduction in stimulation-induced GABAergic inhibition seems crucial for 
inducing (and maintaining) excitatory cell reorganizations in the deprived 
projection zone of a lesioned peripheral nerve in adulthood (Garraghty et al., 
1991; Arckens et al., 2000; Levy et al., 2002; Garraghty et al., 2006; Marik et al., 
2010; Chen et al., 2011). Whether this interpretation of increased activity in the 
right S1 really depend on GABAergic disinhibition could be addressed in future 
studies by using Magnetic Resonance Spectroscopy which can measure local 
cortical GABA concentrations (Stagg et al., 2011; Puts and Edden, 2012).  

A sign that the reorganization of newly formed circuits are stabilizing is that 
GABAergic inhibition (and cortical excitability) gradually approach baseline 
levels (Sammons and Keck, 2015) and thus re-establishes a more normal 
inhibition/excitation-balance, to a more inhibited state. Accordingly, although 
the injury occurred several years ago (on average 8.1 years) and the attainable 
peripheral reinnervation of the hand were completed, the overall increase in 
BOLD-signal in the contralesional hand S1 representation in the nerve-injured 
participants may reflect an ongoing reorganizational plasticity. Such ongoing 
reorganizational plasticity may relate to limitations in the Hebbian learning rules 
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considered to account for the formation of cortical topographic maps and cell 
assemblies in S1 that represent natural stimuli (Buonomano and Merzenich, 
1998). Due to the spatiotemporal abnormal noisy activity in ensembles of 1st-
order tactile neurons after reinnervation, these rules may partially fail to achieve 
a complete stabilization of S1 since they are based on the detection of 
spatiotemporally correlated inputs with precise time criteria and from a limited 
cutaneous area (Pons et al., 1991; Song and Abbott, 2001; Feldman, 2012; Chang 
and Merzenich, 2003; Zhou et al., 2011). 

During the visual task, the BOLD-signals were suppressed to the same levels in 
the injured and the control participants. This suggests another type of inhibitory 
mechanism than that behind the difference between the groups in the tactile task. 
Hence, the modulation dependent on task modality was likely caused by “top-
down” attentional-related global modulation of somatosensory processing 
pathways driven by higher-level processing distributed within frontal and 
parietal cortex, cerebellum and thalamus (Gilbert and Sigman, 2007; Dosenbach 
et al., 2008).  

The three prefrontal areas showing higher activity for the nerve-injured partici-
pants during the tactile tasks all show complex interactions in cognitive control 
of goal-oriented behavior. One possible interpretation of these areas increased 
activity is, according to previous human fMRI studies, that they represent 
components of two separate networks supporting different types of top-down 
control (Dosenbach et al., 2008). The dorsal ACC and VLPFC together with 
anterior insula and thalamus have been implicated in processes supporting stable 
maintenance of task sets in goal directed behaviors. In contrast, DLPFC together 
with the inferior parietal lobule, intraparietal sulcus, precuneus and middle 
cingulate cortex are considered engaged on a trial-by-trial basis in error-related 
activity and initiation and adaptations of control. These complex prefrontal 
effects are to interpret, however, we consider that they reflect that tactile tasks 
performed with the hands after median nerve injury are more cognitively 
demanding, causing additional neuronal processing compared to healthy 
controls. Perhaps are these effects related to behavioral changes that must be 
dealt with regarding choices in the ongoing or forthcoming behavior. Or in the 
case of performing tactile tasks, conflicts about staying in the current task-set and 
continuing the performance of the task although it involves their impaired hand.  

The tendency to elevated brain activity regardless of finger used in the tactile 
tasks likely reflects that the control of everyday dexterous actions practically 
always engage multiple digits and also engage both hands more often than 
infrequently (Kilbreath and Heard, 2005; Ingram and Wolpert, 2011). Hence, the 
compromised tactile inputs from one hand's median nerve innervation area could 
affect the decoding and higher-level processing of tactile information normally 
based on spatiotemporally organized inputs from digits of both hands. Moreover, 
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the prefrontal effects, especially that in the left VLPFC, might also reflect 
processes involved in coping with pain, numbness, stiffness, weakness and 
swelling related to cold intolerance often experienced during use of the affected 
hand (Irwin et al., 1997; Chemnitz et al., 2013b; Kringelbach and Rolls, 2004).  

Synthesis  
Changes in central nervous sensorimotor processing after median nerve injury, 
repair and reinnervation, are amply exemplified in this thesis work: structural and 
functional changes not only occur in primary somatosensory and motor areas of 
the hands, but also in premotor, prefrontal and extrastriatal visual brain areas (Fig. 8).  

The implementation of most daily hand actions involves several brain areas, 
including those areas which in this thesis work have been shown affected by 
median nerve injury. The areas identified are implicated in seeing and localizing 
an item to be manipulated, deciding what goal-oriented behavior to (or not to) 
perform, generate motor commands to move the hands, adapt the contact 
conditions between the hand and seized objects to their mechanical properties for 
successful object manipulation outcomes etc. In planning and control of goal-

 

Figure 8 – Schematic illustration of brain areas affected by median nerve 
injury after reinnervation.  

Findings of brain areas affected by median nerve injury detected in Paper II and III 
schematically illustrated on a lateral view of the right hemisphere for visualization. Note that 
some of the illustrated changes were bilateral and some occurred in only one of the 
hemispheres regardless of side of injury. Green circle denotes increase in gray matter, red 
circles denote decrease in gray matter and blue circles denote increased brain activity during 
tactile tasks. 
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oriented manual behaviors one can consider multiple sensorimotor control loops 
(Fig. 2) that may be affected after nerve injury due to the impaired tactile 
sensation. For the brain, a spatiotemporally distorted afferent input from the 
hand after nerve injury leads to unreliable interpretations of the mechanical 
events occurring in the affected skin areas. This may cause insecurities and 
“clumsiness” in nerve-injured when performing some manual actions, which may 
lead them to search for, and choose, alternative behavioral strategies or perhaps 
strictly avoiding certain manual tasks. Such behavioral changes likely require 
increased cortical processing resources for decision making and action selection, 
i.e., processing that primarily rely on operations of the prefrontal cortex. The 
seemingly most ‘serious’ structural changes—the gray matter shrinkages—are 
observed in areas associated with the repository of processes that represent 
various manual skills. This suggests that the gray matter reduction reflects a 
decrease in neuronal activity associated with a lasting limitation of the manual 
action repertoire caused by the nerve injury. Conversely, the bilateral increase of 
gray matter volume in the extrastriatal cortex likely reflects effects of use-
dependent plasticity related to compensatory visuomotor processing linked to the 
impaired tactile sensibility. 

However, the indications on increased ongoing reorganization plasticity in 
contralesional S1 in combination with improvements in neuroprotection that may 
reduce the loss of sensory DRG neurons and prolonged rehabilitation schemes, 
create hope for improved functional return after median nerve injury in the 
future. Ideas for further studies that might contribute to such a development are 
presented in the section below entitled ‘Future directions’. 

Reliability 
In this section, I intend to bring up a few points that argue for the reliability of 
the results achieved. First, for the fMRI analyzes presented in Paper I and III, we 
consider that the study paradigms used successfully promoted adequate 
comparisons of brain activity (BOLD-signals) between different stimulus 
conditions within the participants, but also for comparisons performed at group 
level. The behavioral/psychophysical results provide support that the 
participants made use of the tactile inputs that they were exposed to in the tactile 
tasks and that they performed the tasks in agreement with the instructions given. 
The measured tactile thresholds along with the observed responses to oddball 
stimulus were consistent with this. Likewise, the algorithm used for balancing the 
amount of button presses in each threshold-tracking trials worked as expected, 
i.e., it steered the stimuli such that similar number of responses were made in all 
trials by all participants. Furthermore, the intensity of the tactile stimulations in 
the tactile tasks were perceptually equalized across all comparable trials by all 
participants.  
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The scientifically most interesting effects on brain activity presented in these 
papers (Paper I: effects of stimulus frequency, and Paper III: effect of injury and 
of finger) can therefore not be easily explained by differences in perceptual 
intensities of the stimuli, differences in behavior or task-set. Notably, studies 
investigating stimulation-evoked brain activity that lack control of such 
potentially confounding factors may show differences in brain activity that 
depend on differences not controlled for in the experimental conditions. Also, 
despite partly different stimulus parameters in Paper I and III, we observed a 
striking overlap of effects in conjunction analyses looking for increased brain 
activity common for the tactile trial irrespective of stimulation condition 
(stimulated hand/finger, tactile task) and group of study participants (younger 
healthy adults in Paper I, partly older healthy adults and nerve-injured adults in 
Paper III). The brain areas commonly engaged in our tactile tasks included not 
only the traditional somatosensory areas but also cerebellum, posterior parietal, 
premotor and prefrontal areas, which are areas shown to be active also in other 
types of demanding tactile or sensorimotor tasks (Burton et al., 2008; Kroliczak 
et al., 2008; Gallivan and Culham, 2015). Another factor that I consider supports 
the reliability considering the interpretation of the present findings is that the 
included nerve-injured participants were quite homogenous with regard to type 
of nerve injury, surgery and state of reinnervation. Although the nerve-injured 
participants showed differences in concomitant injuries (e.g., injuries to tendons 
and arteries, see: Nordmark et al., 2018), they showed no apparent lasting 
disabilities related to this, such as reduced range of motion. Nor did the amount 
of concomitant injuries correlate with their self-reported disabilities in everyday 
actions or cold intolerance, indicating that the nerve injury was itself the most 
important factor. 

However, apart from potential statistical issues commented on further below, 
there are limitations regarding the generalizability of the results in the present 
studies, especially those involving nerve-injured participants. One limitation of 
the studies involving nerve-injured is that no drop-out analysis was performed. 
Therefore, we cannot say whether there were differences in the studied group 
compared to the nerve-injured persons that did not want to participate in the 
study or could not endure the MRI session. It is, for instance, possible that the 
included participants were those with the best clinical outcomes. Since we did not 
obtain consent from those that rejected participation, it would, in our case, have 
been unethical to perform drop-out analyses that might have revealed differences 
in outcome potentially available in clinical data. Another limitation concerns 
gender aspects. Injuries to peripheral nerves are more common in men than 
women (Asplund et al., 2009), and therefore perhaps not surprisingly, more 
nerve-injured men than women were available for participation for the studies 
presented in Paper II and III. To the best of my knowledge, sex differences in 
anatomy of the peripheral nerves, treatment of nerve injuries or injury type and 
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outcome of injuries have never been reported, and this thesis did not aim to 
investigate potential differences between the sexes. However, to avoid potential 
effects on group level we factored out potential effects of gender in Paper II and 
III. Notably, SPM analyses of the factor gender did not produce any statistically 
significant effects, but the statistical power of this analysis was low given that only 
four in each of the groups of the injured and controls were women.  

Statistical choices and issues  
The choices of statistical thresholds in neuroimaging techniques using fMRI is a 
topic that is often debated and should be debated. Due to the immense number 
of statistical tests that can be performed given some 200,000 voxels sampled 
multiple times for whole-brain analyses, the risk of false positive voxels with 
wrongly performed statistical tests may be high. Today, especially given signs of 
low reproducibility of fMRI studies (Open Science, 2015) and recent statistical 
concerns questioning the validity of many scientific articles based on fMRI-data 
(Eklund et al., 2016), it is important to consider the validity of statistical analyses 
when performing brain imaging studies. In the studies presented in this thesis we 
have applied a double-step statistical threshold with the first threshold at voxel-
level and the second at cluster-size level, to reduce the risk of false positive 
clusters. However, the double-step thresholding approach used in this thesis was 
likely to classify smaller clusters as non-significant since it implied a quite 
conservative cut-off cluster-size for significant clusters in its second step. For the 
SVC analyses in Paper III, given the strong a priori assumption of effects of factor 
finger and potentially group, we decided to use a cluster extent threshold of 20 
continuous voxels combined with the voxel threshold of p < 0.005 which can be 
considered as rather liberal. 

In this respect, I derive satisfaction from seeing the reproducibility in the 
conjunction analyses performed in Paper I and III mentioned above. That is, 
despite partly different stimulus parameters in Paper I and III, we observed a 
striking overlap of effects in conjunction analyses looking for increased brain 
activity common for the tactile trial irrespective of stimulation condition 
(stimulated hand/finger, tactile task) and group of study participants (younger 
healthy adults in Paper I and relatively older healthy and nerve-injured adults in 
Paper III). The brain areas commonly engaged in our tactile tasks included not 
only the traditional somatosensory areas but also cerebellum, posterior parietal, 
premotor and prefrontal areas, which are areas shown to be active also in other 
types of demanding tactile or sensorimotor tasks (Burton et al., 2008; Kroliczak 
et al., 2008; Gallivan and Culham, 2015). I also especially derive satisfaction from 
seeing the similarity of the main effects of finger in the right S1 between the 
separate analyses of data from the tactile threshold-tracking and oddball-
detection tasks, and between separate analyses of data from each group of 
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participants (see Figures 3b and 3c in Paper III). Finally, another important point 
in this respect is that the significant effects presented in the fMRI studies in this 
thesis – with the exception of the conjunction tests - are derived from 
comparisons of brain activity when the participants were engaged in tasks, as 
opposed to comparing activity between data recorded during trials with that 
sampled during intertrial periods.  

Thus, given the statistical criteria applied and the overall sensible outcome of the 
analyses with reference to established knowledge about brain areas implicated in 
hand functions, I consider all effects of the addressed experimental factors 
presented in this thesis as robust. However, with more participants additional 
areas with significant effects might have been detected, but with regard to 
peripheral nerve injury, as for studies of other clinical conditions, there is a 
potential trade-off between including many participants and striving for 
homogeneous groups. Perhaps, the most obvious analysis where more nerve-
injured participants would have been desired was for the right-side nerve-injured 
(N = 5) for the studies presented in Papers II and III.  

Although previous studies have strived to increase the statistical power by pooling 
data from left- and right-side nerve-injured participants after “flipping” of 
hemispheres (left-right) for achieving symmetry regarding injury side (Makin et 
al., 2013a; Chemnitz et al., 2015), we chose not do so because of known asymmet-
ries between the hemispheres. These include structural asymmetries (Watkins et 
al., 2001; Luders et al., 2006) as well as functional asymmetries that certainly 
applies to brain areas implicated in higher-level action planning and manual 
praxis (Haaland and Harrington, 1996; Schluter et al., 2001; Johnson-Frey et al., 
2005; Lewis, 2006). It even applies to primary sensorimotor cortex (Kim et al., 
1993; Ziemann and Hallett, 2001; Driver et al., 2015). Indeed, that many of the 
significant effects detected in the thesis studies were lateralized to either the left 
or the right hemisphere regardless of side of injury (Paper II) or hand stimulated 
(Paper I and III) confirmed the potential interpretational danger of applying such 
procedure of “flipping” of hemispheres.  
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Future directions 
From the work leading to this thesis and the findings presented herein, I have 
identified three “research areas” that I consider interesting and important, as well 
as feasible to pursue: (i) further brain-imaging studies in persons with peripheral 
nerve injury, (ii) studies of injury effects on the peripheral nerve, (iii) studies that 
investigate composite hand function. 

The most obvious area to proceed with is perhaps the first of those indicated 
above, i.e., further fMRI studies in patients with peripheral nerve injury. This 
may, for example, involve taking the stimulus paradigms used in Paper I and III 
further or by applying other perceptual paradigms during sampling of fMRI-data 
in nerve-injured persons. A feasible idea within reach would be to dive deeper 
into the complex interactions in the hand representation of S1 both under healthy 
conditions and after peripheral nerve injury. For this, similar paradigms as in 
Papers I and III could be used to address stimuli to the thumb/index-/long-/ring-
/little-finger of each hand. In addition, stimulation to more than one finger at a 
time would allow for investigation of potentially more complex interactions, 
including lateral inhibitory mechanisms. With a field-of-view focused on S1 and 
with the possibility of using fMRI sampling at higher magnetic field (7 Tesla), the 
sampled data would offer higher spatial resolution than those of the present 
thesis. Other paradigms focusing on sensorimotor control could investigate brain 
activity during uni- and/or bimanual object manipulation tasks to search for 
changes in brain activity that could be related to the structural changes seen in 
Paper II, i.e., exploring eye-hand coordination, bimanual coordination or the 
narrowing in manual repertoire. 

For improved understanding of structural changes after peripheral nerve injury, 
a longitudinal study approach would have been preferred. However, given the 
time for a PhD project, the cross-sectional approach involving comparisons of 
nerve-injured and matched controls was realistic. It would have taken about 19 
years to complete a longitudinal study with the nerve-injured patient material 
available for this study. That is, the time from the first MR scan just after the 
earliest incoming patient was operated until the last received patient's clinical 
condition would have been considered stable. Longitudinal studies with adequate 
power performed within a more reasonable time frame should, however, be 
feasible as multicenter enterprises given that MRI scanners are commonly 
available even at regional hospitals. Of special interest would be to combine 
longitudinally followed structural changes with parallel observations of 
functional development over time, and how various rehabilitation regimes or 
treatments could affect these results. 

(ii) The second research area proposed; further studies of injury effects on the 
peripheral nerve, would focus on how the nerve’s signaling and stimulus encoding 
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properties are affected after reinnervation. A better understanding of changes in 
the peripheral nerve in this respect would be of great importance for the 
understanding the pathophysiology behind the lasting hand impairment. Such 
knowledge could help better understand the challenges for the CNS to interpret 
and adapt to the input coming from the affected nerve. 

Questions such as to which degree LTMRs of the various functional types are 
represented in reinnervated peripheral nerves could, for example, be investigated 
using psychophysical tests combined with fMRI in paradigms similar to the 
tactile threshold-tracking paradigm used in Paper I. By performing the threshold-
tracking task with frequencies adjusted to primarily evoke responses in a specific 
type of tactile afferent neurons (3Hz: SA-1, 20Hz: FA-1 and 100 Hz: FA-2), and 
comparing the detection thresholds to those at normally innervated glabrous skin 
areas, the degree of functional reinnervation could be estimated. As mentioned 
in the methods section, a pilot study that I did suggest that patients with 
unilateral median and ulnar nerve injuries have “more normal” tactile thresholds 
for FA-1 neurons after reinnervation as compared to SA-1s and FA-2s. 
Furthermore, reinnervated afferents could be investigated using 
microneurography addressing individual afferents that have reinnervated the 
skin of the hand. Such investigation could answer whether or to which degree 
reinnervated afferents reclaim similar receptive field properties (Pruszynski and 
Johansson, 2014; Johansson, 1978) as before the injury. Microneurography was 
used by Mackel and colleagues (Mackel et al., 1983a; Mackel et al., 1983b; Brink 
and Mackel, 1987) to investigate reinnervated humans in the 1980s, and they 
already then suggested (Mackel et al., 1983b) to use better receptive field 
mapping techniques similar to those used by (Johansson, 1978) to answer such 
questions. However, to the best of my knowledge, no one has pursued such 
investigations. Furthermore, since the receptive fields depend on the terminal 
branching of the axons in the skin, histological techniques investigating biopsies 
from the affected skin areas of the hand, such as that used by Nolano and 
colleagues (Nolano et al., 2003), could help to shed light on this matter.  

(iii) The third identified research area is perhaps a bit paradoxical to come out 
from the studying of structural and functional changes in the brains of persons 
that suffered median nerve injury: the need for more knowledge about behavioral 
changes after nerve injury. Although important and vast efforts have been made 
to characterize hand function after peripheral nerve injuries (see for instance: 
Moberg, 1958; Sollerman and Ejeskar, 1995; Rosen and Lundborg, 2001; 
Jerosch-Herold, 2005; Geere et al., 2007; Lundborg and Rosen, 2007; Chemnitz 
et al., 2013a; Ashwood et al., 2017; Krarup et al., 2017), there are still, what I 
consider, critical questions remaining. In my mind, a burning question revolves 
around statistics on how nerve-injured persons use their hands in everyday life, 
including more complex aspects of the dexterous hand function. Measurable 
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behavioral changes after injury would be interesting to correlate with structural 
and functional changes identified in the brain, but most importantly the behavior 
represented by the actual natural use of the hands is the outcome that the clinical 
treatment aim to reach.  

Data that could be of importance for evaluation and development of treatments 
are those that also identify compensatory mechanisms that the patients use in 
everyday manual actions, in addition to objective measures of their “clumsiness” 
and restrictions in manual action repertoire. For this, based on the structural 
changes seen in Paper II and on notions from clinical experience, I propose 
studies on both eye-hand-coordination and bimanual coordination, which may 
answer and describe how nerve-injured individuals compensate their 
somatosensory deficit. In addition, fundamental knowledge about how much they 
actually use their hands is important considering that the amount of use likely 
correlate with the functional recovery. Although the measurement of daily use of 
the hands can be difficult to achieve, given the fast development of many smart 
electronical devices that can be worn without hassle, such data collection should 
soon, if not already, be within reach. Daily-use measurements of hand use could 
help in the timing of introduction of clinical rehabilitation interventions and also 
help determine when to increase the complexity of manual training exercises. 
Another application of data sampled that way could be to provide the patient with 
daily feedback to encourage “normality” in the use of the hands.  

In summary, for those who are curious and want to develop the area scientifically, 
the possibilities for future investigations in the work of improving hand function 
after peripheral nerve injury seem rich. 
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I am just a child who has never grown up.  
I still keep asking these 'how' and 'why' questions.  

Occasionally, I find an answer. 
Stephen Hawking (1942-2018) 
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Based on the findings presented in this thesis, it is concluded that: 
 
In healthy people, the temporal frequency content of tactile 
stimuli influences brain activity during tactile detection tasks 
(Paper I).   
 fMRI-analysis of brain activity showed that during tactile detection of 3, 20, 

and 100 Hz stimulations, the left auditory cortex shows increased activity, 
during stimulation with hearable frequencies (20 and 100 Hz), and an area 
within visual cortex exhibits decreased activity at infrasound frequencies (3 
Hz). Thus, the frequency content of the tactile input influences the processing 
in two traditionally unimodal brain areas, neither of which are primarily 
associated with processing tactile information. This finding advances the 
metamodal theory of brain function. 

Median nerve injury can cause long-term structural changes 
in the brain (Paper II). 
 VBM-analysis showed that the left ventral and right dorsal premotor cortex 

show gray matter reductions irrespective of side of median nerve injury, and 
reductions of white matter are seen in related commissural pathways 
interconnecting the premotor areas of the two hemispheres. Left-side injured 
show gray matter reduction in the contralesional primary motor cortex. All 
these structural brain changes likely represent manifestations of reduced 
neural processing linked to restrictions in the diversity of the natural manual 
dexterity repertoire caused by the peripheral nerve injury. 

 An area involved in visual movement processing show bilateral increase in 
gray matter, which likely reflects compensatory visuomotor processing linked 
to the impaired tactile sensibility. 

Median nerve injury can cause long-term functional changes 
in the brain (Paper III). 
 fMRI-analysis of brain activity showed that the hand representation of the 

contralesional primary somatosensory cortex (S1) shows increased activity 
compared to controls when nerve-injured use a reinnervated finger in tactile 
tasks, but also when using fingers innervated by uninjured nerves of either 
hand. This indicates that the injury causes a general disinhibition of the 
contralesional S1, suggesting that increased reorganization plasticity is a 
continuous feature of chronic recovery from peripheral nerve injury. 

 Nerve-injured also show increased activity in prefrontal cortical areas, 
suggesting that top-down processes supporting decision-making and 
response selection are computationally more demanding for the injured 
participants due to their compromised tactile sensibility compared to the 
control participants.  
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