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ABSTRACT 

Introduction: Occupational drivers of terrain vehicles are exposed to 
several risk factors associated with musculoskeletal symptoms in the lower 
back as well as in the neck and upper limbs. Vibration has been suggested to 
be a main risk factor. These drivers are exposed to both whole-body 
vibration (WBV) and hand-arm vibration (HAV). Aim: This study 
establishes the association between driving terrain vehicles and 
musculoskeletal disorders (MSDs) in the neck and upper limbs as well as 
hand-arm vibration syndrome (HAVS). In addition, this study examines the 
effect on muscles in the neck and upper limbs of the type of vibration 
exposure that occurs in occupational driving of terrain vehicles. Methods 
and results: In Paper I, a cross-sectional questionnaire study on 
occupational drivers of terrain vehicles, increased Prevalence Odds Ratios 
(POR) were found for numbness, sensation of cold and white fingers (POR 
1.5-3.9) and for MSDs in the neck (POR 2.1-3.9), shoulder (POR 1.8-2.6) 
and wrist (POR 1.7-2.6). For the shoulders, neck and elbow, there appears 
to be a pattern of increased odds with increasing exposure time. In Paper II, 
an experimental study on the trapezius muscle, which included 20 men and 
17 women, the mean frequency of the electromyography signal (EMGMNF) 
decreased significantly more in a three minute sub-maximal contraction 
without vibration (-3.71Hz and -4.37Hz) compared to with induced 
vibration (-3.54Hz and -1.48Hz). In Paper III, a higher initial increase of the 
mean of the root-mean-square of the electromyography signal (EMGRMS) 
was seen in a three minute sub-maximal contraction with vibration exposure 
compared to without vibration (0.096% vs. 0.045%). There was a larger 
mean EMGMNF decrease for NV compared to V in the total three minutes, 
and a larger decrease also in the first time period was seen for the NV 
compared to V. A small gender effect was also noticed. In Paper IV, the 
combination of HAV and WBV was studied in laboratory settings and 
resulted in a higher trapezius EMGRMS compared to the HAV and WBV 
separately. Conclusion: Occupational drivers of terrain vehicles are likely to 
experience symptoms related to HAVS and musculoskeletal symptoms in 
the neck and upper limbs. Local vibration does not seem to have any 
negative acute effects on trapezius muscle fatigue. Vibration exposure seems 
to cause an initial increase in muscle activity in the trapezius that could be 
related to recruitment on new motor-units. A combination of HAV and 
WBV causes a larger muscular demand on the trapezius muscle.  
 
 
Keywords: Electromyography, drivers, hand-arm vibration, trapezius, 
whole-body vibration. 
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SVENSK SAMMANFATTNING 
Yrkesförare av terränggående fordon, såsom skogsmaskiner, 
snöskotrar och pistmaskiner utsätts för flera riskfaktorer relaterade till 
besvär i nacke och armar och undersökningar har även visat att de har 
dessa besvär i hög utsträckning. En känd riskfaktor för besvär i 
muskler och leder är exponering för vibrationer. 
Terrängfordonsförare utsätts dels för vibrationer i händerna från 
styrdon, sk hand-armvibrationer, men också vibrationer från sätet, sk 
helkroppsvibrationer. Denna dubbla exponering skulle kunna bidra 
till de utbredda besvären i nacke och skuldra hos denna yrkesgrupp. 
Det är känt att vibrationer kan öka muskelaktivitet genom en 
reflexrespons. Denna ökande belastning på muskulaturen har 
föreslagits kunna bidra till besvär. Syftet med denna studie var därför 
att se om det finns något samband mellan terrängfordonskörning och 
nack- och skulderbesvär, samt vibrationsrelaterade besvär i händer 
och armar. Syftet var också att i experimentella studier undersöka 
vibrationers akuta effekt på nackmuskulaturen. Dels hur det påverkar 
muskeltrötthet och muskelaktivtet, men även hur kombinationen av 
vibrationer från händer och säte påverkar muskelaktivteten. 
Resultaten visar att förare av terränggående fordon har en ökad risk 
för besvär i nacke, skuldror och handleder, samt en ökad risk för vissa 
vibrationstypiska besvär i händerna såsom domningar, köldkänsla och 
vita fingrar. De experimentella studierna visade att vibrationer inte 
ökar på muskeltrötthet under en tre-minutersperiod. Däremot finns 
det finns vissa skillnader i hur muskelaktiviteten ändras under denna 
tre-minutersperiod. Då nackmuskulaturen under låg belastning utsätts 
för vibrationer, ses en tidig ökning av muskelaktiviteten som sedan 
avtar, medan om samma arbete utförs utan vibrationer så ser 
ökningen mer jämn ut över tid. En kombination av hand-
armvibrationer och helkroppsvibrationer ger upphov till en ökad 
muskelaktivitet jämfört med hand-armvibrationer och 
helkroppsvibrationer separat. Dessa resultat visar att lokala 
vibrationer på kort sikt påverkar muskelaktiviteten, men de verkar 
inte ha någon negativ effekt muskeltrötthet i nacken. Däremot styrker 
de hypotesen att dessa förare utsätts för en belastande kombinerad 
vibrationsexponering som på lång sikt kan vara relaterad till den höga 
förekomsten av muskulära besvär i nacke och skuldror.
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ABBREVIATIONS 
 
COMB1  HAV+WBV in phase  
 
COMB2 HAV+WBV, 180° phase shifted 
 
EMG  Electromyography 
 
EMGMDF The median frequency of the electromyography signal 
 
EMGMNF The mean frequency of the electromyography signal 
 
EMGRMS The root-mean-square of the electromyography signal 
 
∆EMGMNF The difference between EMGMNF before and after the three minute 

sub-maximal trapezius contraction 
 
∆EMGRMS The difference between EMGRMS before and after the three minute  

sub-maximal trapezius contraction 
 
HAV  Hand-arm vibration 
 
HAVS  Hand-arm vibration syndrome 
 
Hz  Hertz 
 
MSDs  Musculoskeletal disorders 
 
MU  Motor unit 
 
MVC  Maximum voluntary contraction 
 
NV   No-vibration condition 
 
NV1   First measurement without vibration 
 
NV2  Second measurement without vibration 
 
POR  Prevalence odds ratio 
 
RMS  Root-mean-square 
 
SD  Standard deviation 
 
SE  Standard error 
 
TVR  Tonic vibration reflex 
 
V1  First measurement with vibration 
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V2  Second measurement with vibration 
 
WBV  Whole-body vibration 
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Introduction 
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INTRODUCTION 

Work-related musculoskeletal disorders  
The high prevalence of work-related musculoskeletal disorders 

is one of the most common and expensive public health issues in 
North America and Europe (1-3). The prevalence has intensified 
since the mid 20th century. Similar symptom patterns have been given 
different names besides the term work-related musculoskeletal 
disorders, for example work-related myalgia, neck-shoulder myalgia  
and low back pain (4). For a long time, low back pain has been 
studied, but lately the issue of the increasing number of work-related 
neck and shoulder complaints have been given more attention (5, 6). 
The general term musculoskeletal disorders (MSDs) are commonly 
used in the research field, and henceforth this term will be used in this 
thesis.  

Prevalence of neck pain has been reported to be around 14%-
48% in the industrial world (5-10). In 2006, 2.7% of the Swedish men 
and 5.7% of the Swedish women reported that their work had caused 
neck pain. The prevalence of work-related shoulder and arm pain was 
6.1% for men and 9.8% for women (10). Several studies have 
investigated risk factors for developing neck and upper limb 
disorders. A review by Larsson et al. summarized the results from the 
six last years (11). Gender is considered an important factor; women 
report a higher prevalence of pain in the upper limbs and in the neck, 
compared to men (5, 11, 12). Age and smoking are additional risk 
factors for developing MSDs in the neck and upper limbs. Physical 
risk factors that have been linked with pain in the neck and shoulders 
are repetitive movements, high force demands, work posture such as 
duration of constrained postures, as well as awkward or extreme 
postures, and exposure to vibration (11).  
 
Vibration 
Exposure in working life 

An estimated 480 000 workers (430 000 men and 50 000 
women) between the ages of 16-64 were exposed to vibration as a 
result of their occupation in Sweden during 2005; 7.5% used vibrating 
hand-held tools during at least ¼ of their working time, and 7.4% 
were exposed to whole-body vibration (WBV) during at least ¼ of 
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their working time (12). Approximately 1 million hand-held tools and 
800 000 vehicles are used in different professions in Sweden (13). 
Mechanics and construction workers are examples of occupational 
users of hand-held tools. Studies have shown a relationship between 
occupations with hand-arm vibration (HAV) exposure and 
musculoskeletal symptoms in the neck and upper limbs (14-17). 
Relationships between occupations with WBV exposure and 
musculoskeletal symptoms in the neck and upper limbs have also 
been found (18-20).  
 

Definition 
Vibration is an oscillatory motion and by definition, it is not a 

constant motion but alternately greater and less than some average 
value. The magnitude of the vibration is determined by the extent of 
the oscillation, and the frequency of the vibration in determined by 
the repetition rate of the cycles of oscillation (21). Vibration can be 
divided into deterministic and random vibration. Random (stochastic) 
vibration can only be characterized as having some statistical 
properties, whereas deterministic vibration, such as sinusoidal 
vibration, can be predicted from knowledge of previous oscillations. 
Sinusoidal vibration can be used to study the effects of one single 
frequency of motion, a characteristic that makes it suitable for 
laboratory studies. Vibration is usually subdivided in local vibration 
and whole-body vibration (WBV). Local vibration is characterized by 
vibration transmitted from a vibrating surface to a part of the body. 
This exposure is usually referred to as hand-arm vibration (HAV) or 
hand-transmitted vibration since it most commonly occurs with the 
use of vibrating hand-held tools (22). Typically, WBV occurs when 
the whole body is supported by a vibrating surface in turn causing the 
whole body to be affected (21).   

The magnitude of a vibration can be expressed in several ways. 
It can be quantified as the displacement between the peak movement 
in one direction and the peak movement in the opposite direction 
(peak-to-peak displacement) or as velocity. However, most standards 
require that the magnitude of vibration be expressed in terms of 
acceleration (m/s2). The acceleration can be expressed in terms of 
peak-to-peak or the peak acceleration, but the measure that is more 
commonly used is the root-mean-square (RMS) value - the square 
root of the average value of the square of the acceleration (22).  
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The frequency of a vibration is expressed as the number of 
oscillations per second measured as Hertz (Hz). The simplest type of 
vibration is the sinusoidal vibration because it contains only one 
frequency. Different vibration frequencies affect the human body in 
different ways. According to the standards ISO 2631-1 (23) and ISO 
5349-1 (24) analysis of the influence on health of WBV should be 
performed within the frequency range 0.5-80Hz and for HAV within 
5-1500Hz. The different frequencies are given different weights 
corresponding to the sensitivity of the human body (23, 24). 
 

Physiological effects of vibration 
When a muscle is exposed to vibration, the vibration elicits a 

reflex response - the tonic vibration reflex (TVR). This reflex is 
caused by a vibration induced stretch of the muscle spindle (25). This 
stretch can be produced by a local vibration to the muscle or tendon 
as well as from the relative movement of the human body during 
exposure to WBV. Vibration is transmitted through body parts, lower 
frequencies more so than higher. Certain vibration frequencies trigger 
the natural frequency of different body parts, a frequency that results 
in resonance. The resonance for the human spine has been reported 
to be 4.5-5.5Hz (26, 27), 1-1.4Hz and 9Hz for the head-neck complex 
(28) and 4-8Hz for the shoulders (29).  

Circulation is also effected by vibration. Exposure to HAV, 
especially with higher frequencies, causes a vasoconstriction in the 
blood vessels and a reduction of peripheral blood flow (30). Vibration 
exposure can also produce cardiovascular effects such as heart-rate 
variability (31, 32). Several epidemiological studies have shown a 
relationship between working with vibrating hand-held tools and 
acute and chronic vascular and neurological symptoms in the hands 
(22, 33-35). The exposure of the hands and arms to vibration can 
cause both reduced blood circulation to the fingers and attacks of 
blanching of one or several fingers. This condition is usually referred 
to as vibration-induced white finger. Hand-arm vibration syndrome 
(HAVS) also includes symptoms such as tingling, numbness and 
muscle and joint symptoms. At first these symptoms are acute and 
reversible, but with prolonged exposure they can become chronic. 
The vascular symptoms have been studied the most, but neurological 
and musculoskeletal symptoms are also included in the HAVS. Biopsy 
studies have shown changes in the muscular tissue after exposure to 
vibration both in rats and in humans (36). The HAV does not only 
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seem to affect the muscles in the hand; pain in the neck, shoulder, 
elbow and wrist is also associated with working with vibrating hand-
held tools (14, 16, 17). 

Whole-body vibration (WBV) can affect the human body in 
several different ways. Motion sickness and discomfort are common 
health effects (21).  WBV also has effects on the cardiovascular 
function, respiratory system, sensory responses and the skeletal 
system (22). Increased prevalence of musculoskeletal symptoms in the 
neck, shoulder, and lower back have been reported in several 
occupations that include exposure to WBV in the daily routine. Truck 
drivers have been reported to have high prevalence of lower back, 
neck and shoulder symptoms (19, 37). Okunribido et al. show that 
numerous groups of occupational drivers have a high prevalence of 
low back pain (38). Bus drivers have a prevalence of neck pain as high 
as 53%, and shoulder pain up to 42% (18).   

 
Terrain vehicles  

Whole-body vibration exposure is particularly predominant in 
vehicles. Drivers of terrain vehicles are exposed to WBV in their 
everyday work routine and they have a high prevalence of 
musculoskeletal disorders (20). Terrain vehicles operate in off-road 
environments and examples of vehicles are snowmobiles, snow-
groomers, four wheelers and forest machines such as forwarders and 
harvesters. There are about 21 000 snowmobiles and 10 000 forest 
machines used professionally in Sweden, in occupations associated 
with for example forestry, reindeer herding and alpine ski resorts (13). 
Occupational drivers in general report a high prevalence of 
musculoskeletal disorders. In Sweden, 21.7% of occupational drivers 
reported work-related symptoms and 4.1% had been on sick leave 
pension for more than five weeks (10). Drivers of terrain vehicles are 
exposed to high levels of vibration caused by the irregular terrain that 
they operate in. Shocks and jolts, or short high amplitude vibrations, 
are a common exposure for these drivers. They are also exposed to 
both WBV from the seat and HAV from the steering devices in the 
vehicles. In addition to vibration exposure, drivers of terrain vehicles 
have several other potential risk factors in their daily routine, such as 
poor ergonomics, extensive working hours, long-term sitting and 
psychosocial load.  
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Muscle physiology and electromyography  
 

The skeletal muscle  
The main tasks for human skeletal muscles are to produce 

movements, to stabilize the body, to move substances within the 
body and to produce heat. The muscle cell, usually referred to as 
muscle fibres, consists of myofibrils, which are the contractile element 
of the skeletal muscle. The myofibrils contain three types of even 
smaller structures called filaments (myofilaments). The filaments can 
be either thick or thin. Depending on whether the muscle is 
contracting or relaxing, the thick and thin filaments overlap one 
another. The overlapping of the filaments - i.e. the muscle contraction 
- occurs when the muscle fibres are excited by the central nervous 
system. Muscle fibres that are innervated by the same nerve fibre 
(axon) are called motor units (MU), and this is the smallest functional 
unit of a muscle (39). The number of motor fibres in a MU varies 
widely, but it has generally been agreed that muscles that are 
responsible for fine movements and adjustments (such as ocular 
muscles) have the smallest number of fibres per MU, while larger 
muscles, such as those in the limbs have larger MUs (40).  

Muscle fibres are classified according to their structure and 
function. There are three general types of muscle fibres; Slow 
oxidative (type I), fast oxidative-glycolytic (IIA), and fast glycolytic 
(type IIB) fibres. The type I fibres have a small diameter and a slow 
contraction velocity. On the other hand, they are very resistant to 
fatigue. The type IIA are also resistant to fatigue, not to the same 
extent as the type I, but they have a fast contraction velocity. The type 
IIB fibres have the largest diameter and are easily fatigued. Their 
contraction is strong and rapid (39). To increase the muscle force, 
there are two processes involved: increasing the number of active 
MUs, which is called recruitment, and increasing the stimulation rate 
of the motor nerve. Larger MUs are recruited as the synaptic input 
increases in strength. This is called the Henneman’s size principle: the 
smaller MUs have lower thresholds and the larger MUs have higher 
thresholds (41). The smaller MUs do not only have fewer muscle 
fibres, but their muscle fibres are also smaller in size. The muscle 
fibre types increases in size, and are recruited in the following order: 
type I → IIA → IIB. They are de-recruited in the reverse order. 
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Muscle fatigue 
Muscle fatigue might be related to the development of 

discomfort and injuries in the musculoskeletal system (42-45). Several 
definitions for the term muscular fatigue exist, but one commonly 
used definition is that muscular fatigue is “an exercise-induced 
reduction in maximal voluntary muscle force” (46).  Fatigue is usually 
divided into peripheral and central fatigue. Peripheral fatigue refers to 
the exercise induced processes leading to a reduction in force and 
occurs at or distal to the neuromuscular junction. This type of fatigue 
can be shown by a fall in the twitch or tetanic force produced by the 
peripheral nerve stimulation with the muscle being at rest. Central 
fatigue on the other hand refers to more proximal processes. It is 
usually this type of fatigue that is “an exercise-induced reduction in 
maximal voluntary muscle force”. The central fatigue can be 
demonstrated by an increase in the additional force provoked by 
nerve stimulation during a maximal voluntary contraction.  If the 
nerve stimulation can produce this extra force, the conclusion is that 
some MUs were not recruited or were not firing fast enough. This 
superimposed twitch is a sign of central fatigue caused by central 
processes proximal to the site of motor axon stimulation (46).  

 

Electromyograpy 
Electromyography (EMG) is a technique to visualize and 

analyze the electrical signal derived from the MUs in the muscle when 
it contracts. This signal can be recorded using either needle EMG or 
surface EMG (47). With needle EMG, the needle electrode is 
penetrated through the skin and directly into the muscle. Needle 
EMG gives more detailed information regarding wave shape of MU’s 
action potential. Surface EMG electrodes are glued onto the skin 
which makes this method non-invasive. It gives more “global” 
information about the muscle and is composed of the summation of 
hundreds of contributions from the active MUs. Because each 
contribution is heavily filtered by the tissue between the sources and 
the electrodes, this method is only applicable on superficial muscles. 
The EMG signal can be described in different ways. A common 
parameter to describe the amplitude of the signal is the root-mean-
square (EMGRMS) of the EMG signal. To describe the EMG signal in 
the frequency domain, the mean frequency (EMGMNF) or the median 
frequency (EMGMDF) can be used (40). EMG is a common method to 
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use when evaluating possible muscular fatigue. A decrease in the 
EMGMNF or EMGMDF with a simultaneous increase in the EMGRMS 
indicates muscular fatigue (43, 48). The increase of the EMGRMS 
however, can be a more uncertain measure of fatigue, especially in 
ergonomic field studies, since it can also be due to an increased 
workload (49, 50). Three explanations to the changes in EMGRMS and 
EMGMNF have been presented: MU recruitment, MU synchronization 
and changes in the conduction velocity of muscle fibres. When using 
EMG indicators of fatigue, it is important to remember that it is only 
the electrical manifestations of fatigue that are presented, and not the 
direct measures of mechanical fatigue (the reversible reduction of the 
ability to generate mechanical force (50). 
 
Vibration exposure and muscle response 

Some studies have examined the response in spinal muscles to 
vibration by means of EMG. The following paragraph is a summary 
of the results from these. For an overview, see Table 1. 

It seems clear that seated WBV exposure increases the EMG 
amplitude, expressed as EMGRMS, in the erector spinae muscle. This 
has been shown for both lower frequencies from 0.3Hz to 10Hz  (51, 
52) as well as for higher frequencies (from 30Hz to 40Hz) (53). The 
EMGRMS seems to increase with increasing vibration magnitude (52, 
54, 55). De Oliviera et al. (56, 57) studied EMG response in the back 
muscles during helicopter flights and did not find any increased 
muscle activity compared to static sitting or standing. Contrary to De 
Oliviera’s studies, Thuresson (54) found a 0.5-1% of maximum 
voluntary electrical activation increase in the upper neck muscles at 
frequencies around 5Hz for all head worn equipment and neck 
positions in helicopter pilots. For the lower neck muscles, the activity 
increased about 1% of maximum voluntary electrical activation at the 
same frequency when the head was in a flexed position. 

Several studies have shown a relationship between sitting 
posture and EMG response in the spinal muscles when exposed to 
WBV (58-60). The results of the studies were unanimous: a bent 
forward posture gives the largest EMG amplitudes in the lumbar and 
thoracic back muscles during vibration exposure. This result however 
was not the case for the neck muscles which had increased muscle 
activity in all tested postures.   

Timing of muscle responses to transients, or sudden increases 
in vibration acceleration, have been studied for the back muscles (58, 
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61, 62). A non-linear increase of the internal load was predicted with 
rising amplitudes. The muscle response occurred right at the start and 
was within the range of stretch reflexes, and the muscle response 
occurred earlier with increasing amplitudes of the transients. Posture 
also affects the timing of the muscle response to the transient; a bent 
forward and an erect posture gave more pronounced responses (58). 
Some studies have presented a synchronization of muscle activity, 
which is related to the vibration frequency (52) as well as the sitting 
posture (59).  

Hansson et al. (63) showed an increased development of fatigue 
in the erector spinae muscle in sitting subjects exposed to WBV. The 
exposure time was five minutes and was performed both with and 
without WBV exposure.  
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In conclusion, most EMG studies have investigated back 
muscles, and most of the studies have only studied WBV. The few 
studies that have investigated the trapezius muscle activity presented 
an increased muscle activity that was not affected by alterations in 
posture. 
 
Rationale for the thesis 

Occupational drivers of terrain vehicles are exposed to several 
risk factors related to the development of neck and upper limb 
disorders. Epidemiological studies have shown an increased 
prevalence of musculoskeletal disorders in this group. However, the 
relation between driving terrain vehicles and neck and upper limb 
disorders is not fully understood. Exposure to vibration has been 
identified in existing literature as a potential risk factor. The drivers of 
terrain vehicles have a unique work situation where they are exposed 
to both whole-body vibration and hand-arm vibration simultaneously. 
Electromyography studies during exposure to whole-body vibration 
have mainly focused on the muscles in the lower back, whereas the 
studies on exposure to hand-arm vibration have focused on muscles 
in the hands. There is a lack of studies that investigate the exposure of 
the combination of whole-body vibration and hand-arm vibration. 
Furthermore, few studies have investigated neck muscle activation 
during exposure to vibration.  
 



Aims 
 ______________________________________________________  

AIMS OF THE THESIS 

This thesis investigates how the type of vibration exposure that 
occurs during occupational driving of terrain vehicles affects the neck 
and upper limb muscles.  
 
Specific aims 
 
• To establish the association between typical vibration 

symptoms in hands and musculoskeletal symptoms in the neck 
and upper limbs and exposure to driving terrain vehicles (Paper 
I). 

• To describe the acute effects of local vibration on the fatigue 
development in the upper trapezius muscle by means of 
electromyography (Paper II). 

• To investigate the muscle activity in the upper trapezius muscle 
during a sustained sub-maximal contraction with induced 
vibration as measured by electromyography (Paper III).  

• To compare the electromyographic response in the neck, lower 
back and forearms in a combined HAV and WBV exposure 
and separate HAV and WBV exposure (Paper IV). 

• To establish possible gender differences on the effect of 
vibration exposure on muscle activity (Paper II-IV).  
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METHODS 

The first paper included registered drivers of terrain-vehicles as 
well as reindeer herders from the northern part of Sweden. The 
second, third and fourth paper included young, healthy subjects with 
no history of being exposed to vibration in their occupation.  
 
Subjects 
Paper I 

All registered drivers of terrain vehicles and randomly selected 
reindeer herders in the four most northern counties in Sweden were 
asked to participate in the questionnaire study. The drivers were 
registered as drivers of forest machines, workers using snowmobiles 
and workers using snow-groomers. The questionnaire was also sent to 
referents randomly selected from the general population in the same 
region. For a more detailed version of the inclusion procedure, see 
Figure 1. Only drivers that had worked professionally for at least 
three years were included in the exposed group. Only the referents 
that had no more than one year of exposure to driving any kind of 
terrain vehicle were included in the non-exposed group (referent 
group).  
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Table 2. Number of subjects included in paper I (n), age, cumulative 
exposure time during all years (lifetime) and during the previous year in 
hours (h) for drivers of terrain vehicles and referents (mean, range) and 
nicotine use. 

                                                  Drivers of  

 Forest  
Machin s e
(n=273) 

Snowmobiles 
 
(n=176) 

Snow- 
groomers 
(n=101) 

Reindeer 
Herders 
(n=218) 

Referents 
 
(n=296) 

Age 49  42  42  45  42  
(range) (26-69) (21-65) (23-60) (21-62) (20-61) 
Exposure time (h)      
Lifetime 42435 5483 14153 9829 0.5 
(range) (172-135860) (80-39080) (1308-50640) (40-80136) (0-64) 
Previous 12 months 1669 306 624 381 1.1 
(range) (0-5104) (0-1600) (32-1540) (0-2252) (0-96) 
Nicotine use  
(cigarettes or snuff) 

114  67  40  107  107  

(%) (41.8) (38.1) (39.6) (49.1) (36.1) 
 
 

Paper II and III 
Twenty healthy male volunteers and 20 healthy female 

volunteers were included in this laboratory study (Table 3). The 
participants had no history of musculoskeletal disorders and were 
asked to avoid hard physical activity the day before the day of 
measurement. All the volunteers gave their informed consent before 
the inclusion in the study.  
 
 

Table 3. Characteristics of subjects in paper II and III, number, age, 
height, weight and maximum voluntary contraction (MVC), mean (range). 

 Men (n=20) Women (n=20) 

Age (years) 25.7 (21-39) 25.9 (20-37) 
Height (cm) 183.9 (172-193) 167.0 (158-174) 
Weight (kg) 79.7 (64-95) 61.2 (48-70) 
MVC (N) 76 (45-103) 48 (28-72) 
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Paper IV 
Twelve healthy male volunteers and 10 healthy female 

volunteers were included in the experimental study of combined 
vibration exposure (Table 4). The subjects had no history of 
musculoskeletal disorders and they were asked to avoid hard physical 
activity the day before the day of the experiment. All the volunteers 
gave their informed consent before the inclusion in the study. 
 
 

Table 4. Characteristics of subjects in paper IV, number, age, height, 
weight, physical activity level and maximum voluntary contraction (MVC), 
mean (range). 
 Men (n=12) Women (n=10) 
Age (years) 23 (20-26) 23 (21-25) 
Height (cm) 178 (165-189) 168 (160-178) 
Weight (kg) 75 (61-98) 62 (54-70) 
Physical activity level 5 (4-6) 5 (4-6) 
MVC trapezius (N) 76 (45-103) 54 (35-76) 
MVC erector carpi radialis (N) 17 (10-21) 12 (10-16) 

 
 
DATA COLLECTION METHODS 

Data collection methods included a self-administered 
questionnaire and experimental electromyography recordings.  
 

Questionnaire (paper I) 
The mailed questionnaire asked the respondents to rate 

symptoms of HAVS in their fingers and hands. There were six items 
regarding symptoms from left and right side of the body: 1) 
Numbness in hand or finger during night; 2) Reduced strength in 
hand; 3) Prone to drop objects; 4) Ache in finger; 5) Sensation of 
coldness in hand or finger; and 6) White fingers of the type where one 
or several fingers turns pale when it is damp or cold.  The severity of 
the symptoms was graded from 1 to 4 (1=none, 2=insignificant, 
3=some, 4=pretty much). The Swedish version of the Nordic 
Questionnaire was used to assess musculoskeletal symptoms within 
the last 12 months in the wrists, elbows, shoulders, and the neck (64). 
This questionnaire includes items with dichotomized response 
alternatives regarding symptoms (ache, pain, or discomfort) 
originating from different regions of the musculoskeletal system. 
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Each individual also estimated their exposure duration in total years, 
months/years and hours/weeks of driving various terrain vehicles. 
The cumulative exposure time in hours was calculated from this 
information. The same was done for cumulative exposure during the 
last 12 months. Information about the respondents’ age and nicotine 
use was also collected. 
 

EMG (paper I-IV) 
In paper II and III, surface EMG was collected from the right 

upper trapezius (pars descendens). In paper IV, surface EMG was 
collected from the right upper trapezius (pars descendens), right 
extensor carpi radialis longus, and the right lumbar part of erector 
spinae. Disposable bipolar Ag-AgCl electrodes were used. The 
electrode pairs (centre-to-centre distance 20mm) were placed along 
the direction of the muscles. The trapezius electrodes were placed 20 
mm lateral to the midpoint of the line between the seventh cervical 
vertebra and acromion (65); the extensor carpi radialis electrodes were 
placed at the midpoint between the middle of the bend of the arm 
and the lateral epicondyle of humerus at a length distance of one-third 
the forearm length from the elbow to the wrist; the erector spinae 
electrodes were placed at a two-finger width (approximately 30mm) 
laterally from the processus spinosus of the L1 vertebrae (66). The 
skin was shaved and cleaned with alcohol before the electrode 
attachment. EMG was recorded with a digital wireless data acquisition 
system (67) with high impedance (>10GΩ) differential inputs. The 
EMG channels had ± 50mV dynamic range, 0-400Hz bandwidth, and 
<3µV RMS noise. Each channel was A/D converted at 1000 samples 
per seconds with 20 bits resolution, and the data was stored on a 
computer. The data was processed off-line using MATLAB software. 
In paper II and III, a 20Hz high pass 6th order digital Butterworth 
filter was applied to the EMG signal. In study IV, a 15Hz high pass 
and 250Hz low pass 8th order digital Butterworth filters were applied 
to the data. To suppress the motion artefacts from the EMG due to 
the vibration of the skin (paper IV), 0.8Hz wide 3rd order Butterworth 
notch filter centred at 10, 20, 30,…, and 110Hz were applied. There 
were also some problems with interference from the frequency 
converter controlling the vibrator’s cooling fan. This was removed 
using notch filters.  
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Vibration exposure 
Paper II and III 

A small shaker that provided a sinusoidal acceleration of 
2.4m/s2 (RMS) (1.7mmp-p) and a frequency of 10Hz in unloaded 
condition was used for vibration exposure. The vibration was applied 
approximately orthogonally to the subject’s right shoulder (the central 
part of the acromion) (Figure 2). This vibration frequency was chosen 
because it is a common frequency during occupational driving (20). A 
15mm diameter circular plastic disc was mounted on the shaker, and 
the shaker was attached to a coil spring suspended linear bearing unit. 
When the subjects lifted their shoulders as they were instructed 
(elevated 2cm) the contact force from the shaker was about 5N. 

 
 

 
         

Figure 2. Experimental set-up, paper II and III. 
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Paper IV 
A sinusoidal vibration with a frequency of 10Hz was generated 

using a single signal generator (Hewlett & Packard 33120A) and two 
separate power amplifier and electrodynamic shaker assemblies. For 
the HAV exposure a Ling Dynamic System (LDS) 300 and LDS 
7/600 were used and for WBV exposure a LDS MPA 1 and LDS 712 
were used. The phase between the HAV and the WBV exposure 
could be inverted using a double pole switch between the MPA 1 and 
the LDS 712. The magnitude of the frequency-weighted acceleration 
was 5.0m/s2 for the HAV and 1.1m/s2 for the WBV. These 
measurements correspond to the exposure limit values established in 
the European vibration directive (68). The actual vibration 
magnitudes were measured using accelerometers (Brüel & Kjaer 4368 
and 4384), one mounted on the seat and one mounted on the handle 
bar. The measured accelerations were amplified (Brüel & Kjaer 2635) 
before they were monitored on a digital oscilloscope (Tektronix). 
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Experimental procedure  
Paper II and III 

First, the subjects performed a standing MVC of a shoulder 
elevation. A sling with a padded loop around their right shoulder was 
attached to a force transducer and the subjects were instructed to lift 
their right shoulder up as forcefully as possible. To ensure that the 
subjects did not bend their body to the opposite side to produce more 
force, the test leader stood behind the subject. The highest of three 
attempts was chosen as MVC. For normalisation of the EMG, the 
subjects then performed a sub-maximal contraction (30% of MVC) in 
the same position. The subjects were then seated on a stool and were 
instructed to sit in an upright position facing forward with their arms 
hanging beside their torso and their feet placed on a horizontal 
supporting surface. Weights (about 10% of MVC per weight) were 
held in the hands by the subjects to increase the muscle load in the 
trapezius. The weights were kept during the whole experiment, except 
during the resting period. 

EMG was recorded during 15s when the subjects lifted both 
the shoulders up to the shaker (2cm) without vibration. Next the 
subjects kept this position for three minutes and directly after, EMG 
was recorded again for 15s without induced vibration. EMG was 
measured during the whole three minute period as well. The subjects 
also rated the perceived exertion of the upper trapezius muscle after 
the three minutes using the Borg 6-20 scale (69). The three minute 
periods were repeated four times, twice with the induced vibration 
(V1 and V2) and twice without (NV1 and NV2). There was 10 
minutes of rest between each of the four trials and the order of the 
four trials was randomized. The 15s measuring period before and 
after the three minutes was always performed without vibration. For 
an illustration of the experimental procedure see Figure 3. 
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Figure 3. Experimental procedure paper II and III. The order of all four periods 
was randomized.  
 
 

Paper IV 
Fine-tuning the phase was done with a simple RC filter with 

variable resistance. The subjects were seated on a wooden seat 
without a back rest that was mounted on the large LDS 712 shaker 
(Figure 4). The posture was measured and controlled, and was 90 
degrees to the hips and knees. A hard plastic bicycle-like straight 
handlebar with a 35mm-diameter handles and 390mm handles 
(centre-to-centre distance) was mounted on the HAV shaker. The 
handlebar was placed so that a 60-degree shoulder flexion with 
straight elbows was attained. The subjects applied a grip force of 40N 
during the whole exposure time. This was monitored with an I-scan 
system (Tekscan) including a 5101 model sensor. The subjects were 
asked neither to lean on nor to lift the handles so that they only lifted 
the weight of their arms. To control this, the applied push/pull force 
on the handlebar was measured with a load cell (Tedea Huntleigh, 

15s EMG 
recordning 

15s EMG 
recordning 

15s EMG 
recordning 

Paper III Paper II Paper II 

Period 1 

Period 2 

Period 4 

Period 3 

180s static muscle load 
with vibration exposure (V1) 

180s static muscle load 
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180s static muscle load 
without vibration exposure (NV1) 

15s EMG 
recordning 

15s EMG 
recordning 

15s EMG 
recordning 

15s EMG 
recordning 

15s EMG 
recordning 

180s static muscle load 
without vibration exposure (NV2) 
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1022, 35kg) mounted between the handlebar and shaker. Using a 
pointer instrument, both the subjects and the test leader could 
monitor the load cell force. EMG was recorded for 30s of exposure, 
five periods in total, with two minutes of rest in between each 
recording period. The exposures were hand-arm vibration from the 
handles (HAV), whole-body vibration from the seat (WBV), 
HAV+WBV in phase (COMB1), HAV+WBV, 180° phase shifted 
(COMB2), and one period without vibration exposure (NV). The 
order of all exposures was randomized. The experimental procedure 
is presented in Figure 5. 

 
 
 

 
Figure 4. Experimental set-up, paper IV, showing sitting posture, vibration 
exposure, and electrode placement for the trapezius, erector spinae and extensor 
carpi radialis. 
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COMB2 HAV WBV 

 
Figure 5. An example of an experimental procedure; no vibration (NV), hand-
arm vibration (HAV), whole-body vibration (WBV), HAV+WBV in phase 
(COMB1), HAV+WBV, 180° phase shifted (COMB2). The order of all 
exposures was randomized.  
 
 
Statistical methods 
Paper I 

One non-symptom group and one symptom group were 
created in the exposed group as well as in the referent group for each 
of the symptoms for determining prevalence odds ratios (POR). For 
the HAVS symptoms, the non-symptom group included the 
participants that graded their symptoms as 1 or 2; the participants that 
graded their symptoms as 3 or 4 created the symptom group. For the 
musculoskeletal symptoms, the answers were already dichotomized 
according to the Nordic questionnaire (64). POR comparing the 
prevalence of symptoms in respective driving group with the referent 
group was determined by means of multiple logistic regression 
analysis and was adjusted for age and nicotine use. Significance refers 
to the 95% confidence interval. SPSS 12.0.1 (SPSS Inc.) was used for 
the statistical calculations. All the drivers (also those with <3 years of 
exposure time) were also stratified into four exposure bands (life time 
exposure in hours of all terrain vehicles) to calculate odds ratios in 
each exposure band. 
 

Paper II  
Repeated measures analysis of variance (SPSS version 12.0.1) 

was used to examine the effects of vibration. The independent 
variables were exposure (vibration (V) and no-vibration (NV)), 
measure (1st/2nd), and gender (men/women). The dependent 
variables were the difference in EMGMNF and EMGRMS between 
before and after the three minute sub-maximal trapezius contraction 
(∆EMGMNF and ∆EMGRMS). Significance was accepted at p ≤ 0.05. 

Rest 

120s 120s 30s 30s 120s 120s 

Rest Rest Rest COMB1 NV 

30s 30s 30s 
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Paper III 
Only the first measure of vibration and no-vibration condition 

(V1 and NV1) were used in paper III. The EMG parameters were 
analyzed for a selected 173s segment to avoid possible artefacts in the 
beginning and end of the recordings. This 173s was divided into three 
equally long segments. The slopes of the normalized EMGRMS and of 
the EMGMNF in each period, for each individual were estimated using 
linear regression (SPSS version 15.0.). The effect of vibration on the 
regression coefficient was then compared using repeated measures 
analysis of variance. The independent variables were exposure 
(vibration (V) and no-vibration (NV)), time period (1st/2nd/3rd), and 
gender (men/women). The dependent variables were regression 
coefficient for EMGRMS and EMGMNF. Significance was accepted at p 
≤ 0.05.  
 

Paper IV 
Repeated measures analysis of variance (SPSS version 15.0.) was 

used to examine the effects of different vibration exposures on the 
EMG response in the neck, arms and lower back. The independent 
variables were exposure (HAV, WBV, COMB1, COMB2) and gender 
(men/women). Dependent variables were the normalized EMGMDF 
and EMGRMS (expressed as percentage of NV) of the different 
muscles. Significance was accepted at p ≤ 0.05.  
 
 
Ethical approval 

The Ethical Committee of the Faculty of Medicine at Umeå 
University approved of the studies (§454/03, dnr 03-400).  
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RESULTS 

Prevalence of hand-arm vibration 
syndrome and musculoskeletal disorders 
(Paper I) 

The excluded subjects in paper I did not differ from the final 
study population (Table 5).  
 
 
Table 5. Number of excluded drivers of terrain vehicles and referents (n), age, 
cumulative exposure time during all years (lifetime) and during the previous 
year in hours (h) (mean, range) and nicotine use. 

                                            Drivers of  

 Forest 
Machines 
(n=23) 

Snowmobiles 
 
(n=35) 

Snow-
groomers 
(n=35) 

Reindeer  
Herders 
(n=26) 

Referents 
 
(n=216) 

Age 52  43  37  51  40  
(range) (32-68) (21-63) (20-63) (29-61) (19-61) 
Exposure time (h)      
Lifetime 25788 2459 3896 1142 1585 
(range) (0-66012) (0-29520) (432-23828) (0-16840) (0-26464) 
Previous 12 months 1158 221 507 8.5 97 
(range) (0-2160) (0-1124) (40-1080) (0-80) (0-1768) 
Nicotine use  
(cigarettes or snuff) 

9  9  16  6  74  

(%) (39.1) (25.7) (45.7) (23.1) (34.3) 
 
 

Hand-arm vibration syndrome  
The drivers and the reindeer herders had a high prevalence of 

numbness (17-30%), sensation of cold in hand or fingers (16-24%), 
and white fingers (12-20%). Numbness was the most dominant 
symptom of HAVS in the referent group (13%). No obvious 
differences between left and right side were found. In general, the 
drivers and reindeer herders had higher prevalence for the symptoms 
of HAVS compared to the referent group (Table 6). All the exposed 
groups had increased odds for numbness and sensation of cold on at 
least one side (POR 1.5-3.9). All the drivers except for the snow-
groomers had increased odds for white fingers in at least one hand 
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(POR 1.9-3.5). The drivers of snow-groomers also had increased odds 
for ache in fingers in the right hand (POR 2.6). No increased odds 
were found for poor strength or for prone to drop objects in any of 
the groups (Table 7). 
 

Musculoskeletal disorders  
Prevalence of musculoskeletal symptoms in the neck (43-61%), 

shoulder (26-43%) and wrist (15-30%) were high in the driver groups 
and reindeer herders compared to the referents (12-31%) (Table 6).  
Increased odds of musculoskeletal symptoms in the neck were found 
for all driver groups and the reindeer herders (POR 2.1-3.9) (Table 7). 
All driver groups had increased odds of symptoms in at least one 
shoulder (POR 1.8-2.6). Increased odds of symptoms in the right 
elbow were found only in drivers of snow-groomers (POR 2.0). The 
POR of musculoskeletal symptoms in the wrist was significantly 
increased in all the drivers except drivers of forest machines (POR 
1.7-2.6) (Table 7).  
 
 

Table 6. Prevalence (%) of HAVS and MSD in the neck and upper limbs for 
all the exposed groups and the referent group. 
  

Drivers of 
 

  

 Forest – 
machines 

(n=273) 

Snowmobiles 
 

(n=176) 

Snow- 
groomers 

(n=101) 

Reindeer  
herders 
(n=218) 

Referents 
 

(n=296) 
 Left Right Left Right Left Right Left Right Left Right 

Numbness 22 20 19 17 28 30 28 27 13 13 
Poor 
strength 

10 10 7 9 12 16 15 16 11 11 

Prone to 
drop objects 

8 7 3 3 4 4 6 7 6 6 

Ache in 
finger 

11 11 10 8 15 14 10 11 10 7 

Sensation of 
cold 

19 21 17 16 22 22 22 24 12 9 

White 
fingers 

19 20 12 13 13 13 16 16 9 7 

           
Wrist 17 15 17 22 26 29 25 30 12 15 
Elbow 12 16 11 15 5 17 11 16 8 11 
Shoulder 43 43 26 34 42 41 38 39 22 25 
Neck 56 43 61 49 31 
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Exposure time 
There were significantly higher odds ratios in the higher 

exposure quartiles compared to the lowest concerning numbness, 
coldness in hand, or finger on the right side, and white fingers in the 
right hand. However, there was no clear pattern of increasing odds 
ratios between the three higher exposure quartiles (Table 8). There 
were significantly higher odds ratios in the higher exposure quartiles 
compared to the lowest in the musculoskeletal symptoms in the neck, 
shoulder, and wrist in both sides and in the elbow on the right side. 
For the shoulders and the neck as well as the right elbow a pattern of 
increasing odds with increasing exposure time was apparent (Table 8). 
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Fatigue development (Paper II) 
Because of insufficient quality in the EMG recording for three 

of the subjects, these were removed from the analysis in paper II. 
Most of the 37 subjects exhibited a decreased EMGMNF during the 
180s-sustained sub-maximal contraction (NV1: 29 subjects; NV2: 36 
subjects; V1: 31 subjects; V2: 23 subjects). The mean EMGMNF 
decreased in both vibration (V1: -3.54; V2: -1.48Hz) and no-vibration 
condition (NV1: -3.71; NV2: -4.37Hz), but significantly more in the 
no-vibration condition (p=0.010) (Figure 6 and Table 9). The mean 
EMGRMS increase was larger for the contraction without vibration 
(5.23% and 6.12%) compared to with vibration (4.01% and 3.54%); 
however, this was not statistically significant. The repeated measure 
analysis showed a significant effect of vibration on ∆EMGMNF. It also 
revealed an interaction between vibration and 1st/2nd measure (Table 
10). There were no difference in the Borg ratings between V and NV. 
 
 

 
 
Figure 6. Mean EMGMNF (Hz) and EMGRMS (% of 30% MVC) for the 
whole group, before and after the three minute sub-maximal trapezius contraction, 
1st and 2nd measure, with (V1, V2) and without vibration (NV1, NV2). 
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Table 9. Means of EMGMNF and EMGRMS for vibration and no-vibration, 
first (1st) and second (2nd) measure, before (b) and after (a) the three-minute 
sub-maximal trapezius contraction.  
  Men (n=20) Women (n=17) 
  1st 2nd 1st 2nd 
  b a b a b a b a 
Vibration EMGMNF 

(Hz) 
Mean 
SD 

 
 
77.5 
13.2 

 
 
74.4 
12.5 

 
 
75.4 
12.9 

 
 
73.1 
11.9 

 
 
76.6 
12.1 

 
 
72.5 
11.8 

 
 
73.2 
9.4 

 
 
72.7 
9.3 

 EMGRMS 
(% of 30% 
MVC) 
Mean 
SD 

 
 
 
74.6 
22.4 

 
 
 
76.3 
22.6 

 
 
 
78.2 
28.7 

 
 
 
81.0 
27.3 

 
 
 
73.1 
35.5 

 
 
 
82.4 
48.1 

 
 
 
79.1 
39.4 

 
 
 
89.2 
49.6 

No-  
vibration 

EMGMNF 
(Hz) 
Mean 
SD 

 
 
77.4 
13.6 

 
 
73.6 
12.2 

 
 
76.4 
12.5 

 
 
71.6 
11.7 

 
 
75.6 
9.6 

 
 
71.9 
8.5 

 
 
76.6 
10.8 

 
 
72.7 
11.8 

 EMGRMS 
(% of 30% 
MVC) 
Mean 
SD 

 
 
 
79.5 
34.2 

 
 
 
81.7 
31.3 

 
 
 
79.1 
28.1 

 
 
 
79.7 
29.4 

 
 
 
77.5 
45.8 

 
 
 
83.5 
50.1 

 
 
 
75.5 
35.5 

 
 
 
82.5 
45.5 

  
Table 10. Summary of the repeated measures analysis of variance comparing 
exposure condition; vibration (V) and no-vibration (NV), first and second 
measure (1st/2nd) and gender (men/women). Dependent variables are 
∆EMGRMS and ∆EMGMNF for the trapezius. 
Measures F df p 
Anova for ∆EMGMNF 
 
Within subjects effect  
Condition= V/NV 
Condition= 1st/2nd measure 
V/NV*1st/2nd measure 
Between subjects effect 
Gender = Men/Women 

 
 
 

9.484 
1.466 
7.507 

 
3.564 

 
 
 

1 
1 
1 
 

1 

 
 
 

0.004* 
0.234 
0.010* 

 
0.612 

Anova for ∆EMGRMS 
 
Within subjects effect  
Condition= V/NV 
Condition= 1st/2nd measure 
V/NV*1st/2nd measure 
Between subjects effect 
Gender = Men/Women 

 
 
 

1.210 
0.011 
0.089 

 
0.263 

 
 
 

1 
1 
1 
 

1 

 
 
 

0.279 
0.917 
0.767 

 
0.067 

*p<0.05    
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Muscle activity during vibration (Paper III) 
There was no difference between V and NV in the mean 

EMGRMS of the total 173s recording (Table 11 and Table 12). 
However, the mean regression coefficient of EMGRMS for the 
different time periods revealed a higher initial regression coefficient 
during the vibration exposure vs. without vibration (0.096% vs. 
0.045%) (Table 12). This was however not significant in the repeated 
measures analysis (Table 11). The repeated measures analysis showed 
no significant effect of vibration concerning the regression coefficient 
of the EMGMNF, but there was a larger mean EMGMNF decrease for 
NV compared to V. By dividing the data with time a slight larger 
decrease in the first period could be seen for the NV compared to V 
(Table 13).  
 
  
Table 11. Summary of the repeated measures analysis of variance comparing 
exposure condition; vibration (V) and no-vibration (NV), time period 
(1st/2nd/3rd) and gender (men/women). Dependent variables are regression 
coefficient of EMGRMS and EMGMNF for the trapezius.  

Measures F df p 
 
Anova for regression coefficient EMGRMS 
 
Within subjects effect 

 
 

 
 

 

 
 

 

V/NV 0.001 1 0.973 
V/NV*gender 0.006 1 0.940 
V/NV* 1st/2nd/3rd period 0.942 2 0.394 
V/NV* 1st/2nd/3rd period*gender 0.457 2 0.635 
Between subjects effect 
Gender (men/women) 

 
1.037 

 
1 

 
0.315 

 
Anova for regression coefficient EMGMNF 
 
Within subjects effect 

   

V/NV 1.346 1 0.253 
V/NV*gender 0.701 1 0.408 
V/NV* 1st/2nd/3rd period 0.493 2 0.613 
V/NV* 1st/2nd/3rd period*gender 3.037 2 0.054 
Between subjects effect 
Gender (men/women) 

 
35.798 

 
1 

 
0.322 

*p<0.05    
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Table 12. Mean of regression coefficient on normalized EMGRMS (%V/s) 
divided by exposure (V/NV), time (1st, 2nd, 3rd) and gender (men/women). 
Exp Mean SE Period Mean SE Gender Period Mean SE 
 
V 

 
0.041 

 

 
0.015 

 

 
1 

 
0.096 

 
0.029 

 
Men 
  
  

 
1 

 
0.063 

 
0.041 

2 0.014 0.023 2 0.034 0.032 
3 0.011 0.026 3 0.001 0.037 
   Women 1 0.129 0.041 
   2 -0.005 0.032 
   3 0.022 0.037 

 
NV 

 
0.040 

 
0.011 

 
1 

 
0.045 

 
0.021 

 
Men 
  
  

 
1 

 
-0.001 

 
0.030 

2 0.048 0.036 2 0.043 0.051 
3 0.026 0.032 3 0.049 0.046 
   Women 

  
  

1 0.091 0.030 
   2 0.054 0.051 
   3 0.003 0.046 

 
Table 13. Mean of regression coefficient on EMGMNF (Hz/s) divided by 
exposure (V/ NV), time (1st, 2nd, 3rd) and gender (men/women). 
Exp Mean SE Period Mean SE Gender Period Mean SE 
 
V 

 
 -0.016 

 
0.005 

 
1 

 
-0.031 

 
0.007 

 
Men 
  
  

 
1 

 
-0.034 

 
0.010 

2 -0.013 0.007 2 -0.023 0.009 
3 -0.003 0.008 3 -0.008 0.011 
   Women 1 -0.027 0.010 
   2 -0.002 0.009 
   3 0.001 0.011 

 
NV 

 
-0.023 

 
0.004 

 
1 

 
-0.042 

 
0.009 

 
Men 
  
  

 
1 

 
-0.058 

 
0.013 

2 -0.025 0.007 2 -0.015 0.010 
3 -0.004 0.007 3 0.001 0.009 
   Women 

  
  

1 -0.026 0.013 
   2 -0.034 0.010 
   3 -0.008 0.009 

 
 
Combination of hand-arm vibration and 
whole-body vibration (Paper IV) 

The mean EMGRMS and EMGMDF for men and women 
separately are presented in Table 14, and on group level in Figure 7 
and Figure 8. For the trapezius there was a higher EMGRMS for the 
COMB1 and COMB2 compared to the HAV and WBV separately. 
The WBV did not differ from the no-vibration condition (Figure 7). 
There was a similar pattern for the trapezius muscle concerning the 
EMGMDF. The COMB1 and COMB2 had a higher EMGMDF than the 
other exposures with the COMB2 having the highest EMGMDF 
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(Figure 8). There was a higher EMGRMS for HAV and COMB1 for the 
extensor carpi radialis, whereas the WBV and COMB2 showed no 
higher values compared to the condition without any vibration 
exposure (Figure 7), and similar patterns appeared for the EMGMDF 
but for the COMB2 instead of COMB1 (Figure 8). For the erector 
spinae muscle, there was a generally high increase in EMGRMS and 
EMGMDF for all exposures compared to the no-vibration condition, 
but with a higher increase for the COMB1 and COMB2 (Figure 7, 
Figure 8). The repeated measures analysis showed a significant effect 
of exposure on EMGRMS in all measured muscles, whereas only in the 
trapezius for the EMGMDF (Table 15).  
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Figure 7. Mean EMGRMS (% of no-vibration) for the trapezius, 
extensor carpi radialis, and erector spinae, for all vibration conditions; 
Hand-arm vibration (HAV), whole-body vibration (WBV), 
HAV+WBV in phase (COMB1), HAV+WBV, 180° phase 
shifted (COMB2) (n=22). 
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Figure 8. Mean EMGMDF (% of no-vibration) for the trapezius, 
extensor carpi radialis, and erector spinae, for all vibration conditions; 
Hand-arm vibration (HAV), whole-body vibration (WBV), 
HAV+WBV in phase (COMB1), HAV+WBV, 180° phase 
shifted (COMB2) (n=22). 

Table 15. Summary of the repeated measures analysis of variance comparing 
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exposure condition; hand-arm vibration (HAV), whole-body vibration 
(WBV), HAV+WBV in phase (COMB1), HAV+WBV, 180° phase 
shifted (COMB2) and gender (men/women). Dependent variables are 
EMGRMS and EMGMDF (normalized to % of no-vibration) for the 
trapezius, extensor carpi radialis and erector spinae muscle (n=22). 
Measures F df p 
 
Anova for EMGRMS 
 

   

Within subjects effect  
Trapezius: 
Exposure= HAV; WBV; Comb1; Comb2 

 
 

4.264 

 
 

3 

 
 

0.009* 
Between subjects effect 
Gender= men/women 
 

 
0.258 

 
1 

 
0.617 

Extensor carpi radialis: 
Exposure= HAV; WBV; Comb1; Comb2 

 
3.216 

 
3 

 
0.029* 

Between subjects effect 
Gender= men/women 
 

 
0.850 

 
1 

 
0.367 

Erector spinae: 
Exposure= HAV; WBV; Comb1; Comb2 

 
3.242 

 
3 

 
0.029* 

Between subjects effect 
Gender= men/women 

 
1.203 

 
1 

 
0.286 

 
Anova for EMGMDF 
 

   

Within subjects effect  
Trapezius: 
Exposure= HAV; WBV; Comb1; Comb2 
 

 
 

2.975 

 
 

3 

 
 

0.039* 

Between subjects effect 
Gender=  men/women 
 

 
0.027 

 
1 

 
0.872 

Extensor carpi radialis: 
Exposure= HAV; WBV; Comb1; Comb2 

 
1.545 

 
3 

 
0.212 

Between subjects effect 
Gender=  men/women 
 

 
0.226 

 
1 

 
0.640 

Erector spinae: 
Exposure= HAV; WBV; Comb1; Comb2 

 
0.264 

 
3 

 
0.851 

Between subjects effect 
Gender=  men/women 

 
2.589 

 
1 

 
0.124 

*p<0.05    
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Gender differences (paper II-IV) 
There were too few women in the cross-sectional material on 

HAVS and MSDs for a gender analysis to be done. The analysis of 
muscle fatigue and vibration showed no gender difference on the 
effect of vibration. There was, however, a higher EMGRMS increase in 
general for the women compared to the men (Table 9). This was 
similar for the V and the NV. In paper III, there were some 
differences in the EMGRMS increase in different time periods between 
men and women. The women had an initial increase in EMGRMS in 
both V and NV but the regression coefficient was larger for the V 
(0.129% vs. 0.091%) (Table 12). The men had a regression coefficient 
of the EMGRMS in the first period that was half the size of the 
women’s initial increase during V (0.063%) and almost no initial 
change at all at all during NV (-0.001%) (Table 12). A slight gender 
effect was also apparent concerning the EMGMNF. The men had a 
large initial EMGMNF decrease during NV compared to V  
(-0.058Hz/s vs. -0.034Hz/s), whereas the initial EMGMNF decrease 
did not differ between NV and V for the women (-0.026Hz/s vs.  
-0.027Hz/s) (Table 13). Concerning the combination of WBV and 
HAV, there was no gender effect found on the effect of exposures. 
However, some differences were seen in EMGRMS between men and 
women in the different muscles. The women had a higher trapezius 
EMGRMS generally in all exposures, whereas the men had a higher 
EMGRMS in the erector carpi radialis and the erector spinae (Table 14). 
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DISCUSSION 

Results 
Hand-arm vibration syndrome and musculoskeletal 
disorders in the neck and upper limbs 

A higher prevalence of HAVS symptoms for the drivers of 
terrain vehicles compared to unexposed referents was found. Similar 
results have been reported (70) on drivers of snowmobiles with an 
age-adjusted prevalence of white fingers of 18%, a percentage similar 
to the snowmobile drivers in this thesis (left side: 19%; right side: 
17%). The prevalence of numbness in the hands in Anttonen and 
Virokanna’s study was 49%, while only around 12% was seen in the 
present study. A study on traffic police motorcyclists showed an 
increased prevalence of finger blanching (4.2% compared to 0% in 
the control group) and finger numbness (19.3% compared to 4.1%) 
(71) which is lower than what was found in the drivers in the present 
study. Police motorcyclists operate in a more regular terrain, and 
therefore the vibration exposure would not be the same for this 
group compared to terrain vehicle drivers.  

Age and nicotine use could not explain the results in the 
present study and therefore vibration exposure from the steering 
device could be contributing to the symptoms. HAV levels in terrain 
vehicles have been measured and exposure levels that could cause 
HAVS have been found (72, 73). 

High prevalence of MSD in the neck, shoulders and arms was 
also found in the present study, a finding that is similar to Mirbod et 
al. (71) who reported a prevalence of 13.4% of shoulder pain and 
45.4% of shoulder stiffness in police motorcyclists. The 
musculoskeletal symptoms are more difficult to directly relate to 
vibration exposure since these symptoms are related to a number of 
known risk factors. Some of these risk factors are present in driving 
environments such as poor ergonomics, low-level static load, long 
duration of sitting, and stress. However, vibration is one risk factor as 
well, and HAV might be transmitted from the hands directly up to 
the neck. The WBV from the seat is transmitted up through the 
spine. This could cause a higher muscular demand of the stabilising 
muscles in the neck and possibly cause a more static muscle use. The 
vibration could also cause the driver to grasp the handlebar or 
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steering device harder because of reduced sensation in the hand and 
because of this increase the static muscle load in the arms, shoulders 
and neck.  
 

Vibration and fatigue development 
The study on local vibration in the trapezius muscle during a 

sub-maximal shoulder elevation shows that vibration induced in the 
trapezius muscle during a fatiguing task results in a smaller EMGMNF 
decrease compared to the same fatiguing task without induced 
vibration. This might indicate that the induced vibration reduced the 
level of fatigue or that it slowed the fatigue development down. 
Contrary to our results, Hansson et al. (63) showed a larger decrease 
of EMGMNF in the erector spinae muscle during a five minute 
vibration exposure compared to static sitting, concluding the result 
with vibration increasing the fatigue development in the muscle. 
Coorevits et al. (74) studied vibration and its effects on localized 
muscle fatigue in the back and found a larger decrease in the EMGMNF 
during no-vibration condition as in the present study. A study on arm 
flexors during fatiguing contractions reports similar results and 
suggests a more efficient and effective recruitment of high threshold 
MUs during fatiguing contractions with vibration exposure (75). 
Muscle fibres that are mainly used in low level work load like the 
shoulder elevation in the present study are the small type I (slow 
oxidative) (76). Vibration induced into a muscle or a tendon is 
believed to affect mainly the recruitment of the type IIB fibres (fast 
glycolytic) (77). Vibration to the patellar tendon has been reported to 
decrease the recruitment threshold and firing rates of MUs (78). 
Martin et al. (79) showed that an increase in the TVR in frequencies 
below 100Hz results principally from an increase in motor neuron 
depolarization with the firing frequency of Ia afferents, which leads to 
a recruitment of MUs of increasing threshold. One hypothesis could 
be that this central effect increases the recruitment of type IIb fibres 
making it responsible for a larger rotation of MUs. This larger 
variation of fibre types being used when vibration is induced might 
activate a smaller proportion of the type I muscle fibres than would 
normally be the case during a low level static contraction, resulting in 
the trapezius muscle not being fatigued to the same extent. It might 
be argued that the type IIb muscle fibres are less fatigue resistance 
than the type I, and therefore there is a possibility that the results 
could have been the opposite if the exposure time would have been 
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longer. Nevertheless, an increased rotation of MUs should have a 
positive effect on muscular fatigue. 

Increased discharge rate of MUs in muscles in the hand has 
been found after 30 minutes of vibration exposure and is suggested to 
be necessary for performing the constant-force task due to the 
vibration-induced decrease in the force capacity of the muscle (80). 
The smaller decrease of EMGMNF after vibration found in the present 
study might be an after-effect like the one described above. A 
combination of the increased variation in fibre type activation and 
after effects on discharge rates might also be the case. Histological 
experiments have reported that there are differences in how short-
term vibration affects the type I and the type II muscle fibres, which 
supports the theory that there is an increased recruitment of type II 
muscle fibres during vibration (36).  

An increase in peripheral circulation in the trapezius muscle 
might also be contributing to the smaller EMGMNF decrease after 
vibration exposure. Some studies have shown an increased blood flow 
with vibration exposure (81); however, others have shown a decrease 
in the peripheral circulations (30, 82). Clearly, the effect of vibration 
on peripheral circulation depends on the frequency of the vibration 
(30). Different muscles might also exhibit differing effects when 
exposed to vibration. 

In the present study, the EMGRMS was higher in the vibration 
condition compared to the condition without vibration, although this 
was not significant. Similar results have been reported (79, 83) in the 
finger and wrist flexor muscles and been described as an effect of the 
tonic vibration reflex. The effect of this reflex has mostly been 
presented for vibration exposures of higher frequencies (40-150Hz). 
However, Seidel (52) showed TVR during whole-body vibration with 
the frequencies of 1–30Hz.  

 

Changes in muscle activity during vibration 
exposure 

A larger EMGRMS increase in the trapezius muscle in the first 
time period for the vibration condition compared to the no-vibration 
condition was found. Hansson et al. (63) studied the effect of 
vibration exposure in the back muscles in seated subjects during a five 
minute period. The results in the thoracic part of the erector spinae 
muscle in Hansson’s study were similar to the present study with a 
larger increase in EMGRMS initially, which then decreased towards the 
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end of the five minutes. The effects of the tonic vibration reflex have 
been shown to be more pronounced in the initial 10 seconds of 
vibration exposure in the biceps brachii muscle (84). Increased muscle 
activity initially during vibration exposure followed by a decline has 
been presented (85). Griffin et al. (86) studied vibration and fatigue in 
the triceps brachii muscle and found an initial decrease in the firing 
rate as could be expected during sustained contraction, but after 
applying vibration an increased firing rate was seen. The type of MUs 
that are mostly affected by vibration are characterized by a high 
recruitment threshold in voluntary isometric contractions, a high 
firing rate during the initial phase of MVCs, and a rapid decline in 
firing rate during sustained MVCs (85). The smaller EMGMNF 
decrease during vibration in the first time period compared to without 
vibration found in the present study are not coherent with results by 
Coorevits et al. (74) where the EMGMNF decreased more initially when 
exposed to vibration. 
 

Combination of HAV and WBV 
A combined HAV and WBV exposure increased the muscle 

activity as measured by EMGRMS and EMGMDF in the trapezius. HAV 
and WBV separately also increased the EMGRMS compared to no-
vibration, but not to the same extent as the two combinations of 
HAV and WBV. There was some increased EMGRMS in the extensor 
carpi radialis during HAV and one of the combined exposures. 
Increased muscle activity in shoulder muscles (87), biceps brachii (88) 
as well as the forearm muscles (87) during exposure to local vibration 
has been shown by others. The muscle activity in erector spinae 
increased for all exposures, but no clear difference in muscle activity 
during the combined vibration exposure compared to the HAV and 
WBV was found in the present study. Studies have shown increased 
muscle activity in the back muscles when exposed to vibration (52, 
53). The vibration exposure in these studies, however, was not 
identical with the one chosen in the present study. Both amplitude 
and frequency have been reported to be of importance when looking 
at its effects on muscle activity measured with EMG (52, 55, 58, 60, 
89).  

The vibration that was used in the present study, with a lower 
frequency, is transmitted through body parts. Head transmissibility in 
seated subjects exposed to 10Hz WBV have been reported being 
between 0.52 (least severe posture) and 1.14 (most severe posture) 

 53



Discussion 
 ______________________________________________________  

(60, 90). Trunk transmissibility has been reported to be up to 1.7 for 
10Hz vibration (60). With the double vibration that was investigated 
in this study, two sources of vibration existed, the handles and the 
seat. Therefore, the vibration is transmitted from both the hands 
through the arms up to the neck and from the buttocks up to the 
neck through the spine. This might cause a high absorbed vibration 
magnitude in the trapezius muscle with larger reflex muscle activation 
as a consequence. Studies have shown that higher vibration 
magnitudes cause a higher muscle response (52). Concerning the 
combination of HAV and WBV in anti-phase, it could cause an 
increased stretch in the trapezius muscle with a larger reflex activation 
as a consequence. This anti-phase condition could cause more 
constant and static muscle activation in the trapezius and result in a 
higher EMGRMS that might contribute to development of muscle 
fatigue with increasing exposure duration. Resonance has been 
reported in the lower back for frequencies at 3-4Hz, 6Hz, and 10-
12Hz when applying impact to the hand-arm system for standing 
subjects (91). This resonance was lower than when the impact was 
applied at the feet, and the authors concluded the results as an 
attenuation of the vibration by the hand-arm system before it reaches 
the lumbar spine. The highest EMG amplitude was found in this 
study during the combined HAV and WBV, indicating that the 
trapezius absorbs energy from the HAV before it reaches the lumbar 
spine and the WBV before it reaches the hand-arm system.  

The proprioception is known to be affected by vibration 
exposure. Vibration exposure is believed to modulate postural 
orientation and postural equilibrium. This can result in changes in the 
centre of pressure in standing and increases body sway (92). 
Vestibular response to low frequency vibration has also been 
suggested to elicit a muscle response (52). The postural sway (mainly 
in the anterior-posterior direction) as well as the illusion of body 
segments moving are affected by exposure to local vibration (93, 94). 
Studies have shown that this disturbed proprioception arises 
regardless of which muscle is vibrated as long as the muscle is related 
to postural control (95). The above mentioned studies were 
performed on standing subjects and with exposure local vibration. 
However, postural control can also be effected by seated WBV (93). 
The combined HAV and WBV in anti-phase might cause conflicting 
illusory movements because of the two different sensory inputs. If so, 
this could cause a higher muscular demand for the trapezius to 
stabilize the head and for erector spinae to stabilise the upper body.  
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Gender effects 
The cross sectional study did not include a sufficient number of 

women for a gender analysis. This is simply due to the fact that there 
are few women in professions that include driving terrain vehicles. 
No gender effects were found on the effect of vibration in the study 
of vibration and muscular fatigue in the trapezius. However, some 
effects were found on the EMGRMS in general. A larger increase in the 
EMGRMS both with and without induced vibration was found for the 
women compared to the men. As mentioned, the recruitment of type 
IIb muscle fibres is mainly affected by vibration (77). Women, 
however, have a larger over all portion of type I fibres (96), so this 
would not explain the larger increase in EMGRMS. The higher 
EMGRMS for women was also present for both with vibration and 
without. Some studies have suggested a difference in the distribution 
of muscle fibres between men and women. Women have a larger 
portion of type IIb fibres in the descending part of the trapezius 
(especially in the lower part of it) and men have a larger portion of 
type II fibres in the upper part of the descending portion of the 
trapezius (97, 98). The electrodes in the present study were placed on 
the lower part or the descending portion (65), and this might explain 
why a larger EMGRMS increase was found in the women. It might also 
explain the effects that were found in the study of muscle activity 
during vibration (Paper III) where the women had a larger initial 
EMGRMS increase during V compared to the men. In the study of the 
combined HAV and WBV no gender effects on the differences in 
muscular response between the exposures were found. There were 
however, some differences in amplitude of the EMG in the different 
muscles. The women seemed to use their trapezius to a higher degree 
than the men, and the men had a higher activity in their forearms and 
lower back. Experimental studies have shown that women tend to use 
their trapezius muscle more than men when performing work with 
their arms. Although the posture in the present experiment was 
controlled, individual muscle activation strategies could have occurred 
(14).  
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Methodological considerations 
Epidemiology 

The cross-sectional design has its limitations, especially since it 
cannot draw conclusions about single causative effects. A longitudinal 
study is more suitable for this. The drivers have various ergonomic 
situations that are likely to affect the occurrence of MSDs. These 
factors were not taken into account in the first paper. The study 
group consisted of different driving groups that not only have 
different ergonomic environments, but also differences in seasonal 
work, cold exposure, and work routines.  

To be included in the exposed group, the subjects had to have 
at least three years of exposure, where each year had to include more 
than eight hours of exposure to terrain vehicles. This is a very short 
exposure time, and it can be argued if eight hours of driving would 
have any effect on the health. However, most of the drivers that were 
included in the study reported far more hours/year of driving. Over-
estimation, however, can be a problem in retrospective exposure 
assessments. The respondents were not asked whether they used 
vibrating hand-held tools, which would influence their symptoms, 
especially of HAVS.  
 

Experimental design 
An interaction between the first and second measure was found 

for the effect on the ∆EMGMNF. The initial EMGMNF was lower for 
the second vibration exposure than for the other trials (V1, NV1 and 
NV2). One could hypothesize that the vibration was a new and 
unacquainted stimulus that the subjects were not used to; therefore 
they tensed their muscles more the first time (V1). The difference was 
within the normal range of variance in EMGMNF measures in 
laboratory settings (99). There are some difficulties with standardizing 
a shoulder elevation and different muscle strategies might occur. To 
reduce this as much as possible, it was visually controlled by the same 
test leader during the whole experiment.  

In paper III, no statistically significant differences were found 
in the EMG parameters between the vibration and the no-vibration 
condition. One reason for this could be that the study included an 
insufficient number of subjects. However, most of the EMG-studies 
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performed in musculoskeletal research include less than 20 subjects 
and 40 subjects must be considered to be in the upper range. 

The low load of 10% of MVC in paper II and III could be 
argued. Since such low loads are common in occupational settings, it 
must be considered highly relevant for the present research questions. 
One of the strengths in the experimental studies was the fact that 
each subject was its own control and that all measures were done the 
same day. Therefore, the problem of repeatability in contraction, 
sitting posture, and EMG electrode placement did not exist. Vibration 
exposure affects grip force. To control this, the grip force was 
monitored and held constant.  

As mentioned in the introduction, a commonly used definition 
for muscular fatigue is “an exercise-induced reduction in maximal 
voluntary muscle force” (46). This definition requires that the MVC is 
observed, until the force no longer can be maintained, known as the 
failure point. However, concerning sub-maximal contractions, the 
involved muscles are continuously fatigued from the onset of the 
contraction without a failure point occurring. This development of 
muscular fatigue in sub-maximal contractions can be observed by the 
changes in the EMG signal, such as a shift towards lower frequencies 
(43). In the present thesis, a failure point in desired force is not 
investigated, but the above-mentioned changes in the EMG signal 
were noted. Although some studies argue the use of EMG for 
assessing muscle fatigue (100), this method was chosen for practical 
reasons as well as for the possibility to be compared to other studies.  

Significant effects of movement artefacts in the data were 
found in pilot studies prior to paper IV. This was filtered using notch 
filters. The interference from the cooling fan was filtered in a similar 
way. The problem with removing movement artefacts is that parts of 
the true EMG signal will also be removed. However, after the pilot 
tests, it was concluded that not removing the artefacts would cause a 
larger error than if they were removed. Method development, for the 
management of the vibration-evoked movement artifacts would be 
beneficial. It is important to fully understand and be able to separate 
movement artefacts from the true synchronized muscle activity that 
has been suggested in previous studies. Laboratory and simulation 
experiments could be used to acquire an understanding of this 
problem.   
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External validity 
Because the cross-sectional study included a large number of 

the occupational drivers of terrain vehicles in northern Sweden, 
general conclusions about their increased risks for musculoskeletal 
symptoms and HAVS can be drawn. Other countries might have 
different conditions, such as different terrain and vehicles. One must 
also remember that the epidemiological data here cannot give an 
answer to the effect of vibration on HAVS and MSDs in the neck and 
upper limbs, but only the association between driving vehicles with 
large vibration levels and HAVS and MSDs.  

Because the exposure time was only three minutes in the paper 
II and III and 30s in paper IV, only conclusions about acute effects 
can be drawn. With increasing exposure time, the results could be 
different. Only one frequency and amplitude was chosen for each 
experiment: however, these were based on common work life 
exposure levels both for HAV and WBV (20). Still, it is important to 
remember that the papers II-IV are based on experimental data, not 
field data. In the actual working situation, other risk factors occur, 
such as long exposure duration, ergonomic factors, and mental stress. 
Also, in an actual driving situation the grip force varies, and this was 
standardized and kept constant in the experiment. It is possible that 
the effect vibration has on the grip force is an important factor in 
increasing muscle load in the neck and upper limbs for the 
occupational drivers of terrain vehicles. However, to try to distinguish 
the effect of vibration, this standardization was necessary. The 
authentic vibration exposure also consists of several short, high 
amplitude periods - shocks and jolts. These are also believed to affect 
musculoskeletal problems.  

The experimental studies were performed on young healthy 
subjects with no experience of occupational driving of terrain 
vehicles. Being accustomed with vibration exposure as well as 
possible changes in the muscles caused by long-term vibration 
exposure might have given different results compared to the ones in 
the present study. However, to study the vibration on muscular 
activity the chosen population was believed to be the most suitable.  
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Implications for further research 
Due to the high prevalence of musculoskeletal disorders in drivers of 
terrain vehicles, it is critically important to further investigate these 
types of vibration exposures. Laboratory studies with longer exposure 
duration as well as vibration including shocks and jolts would give 
important information that might be linked to the development of 
musculoskeletal symptoms in the neck and upper limbs. Field studies 
in drivers of different terrain vehicles are of great interest for 
understanding the muscle activity during authentic driving. Here 
ergonomic factors, shocks, stress, etc. could be considered. In 
addition, to further evaluate gender effects, more typical female 
professions with vibration exposure must be studied. 
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CONCLUSIONS 

These studies demonstrate the following: 
 
• Driving terrain vehicles is related to experiencing symptoms 

related to hand-arm vibration syndrome, such as numbness 
sensation of cold and white fingers. Driving terrain vehicles is 
also related to experiencing musculoskeletal symptoms in the 
neck, shoulders and wrists. These symptoms seem to be 
associated with the exposure time (Paper I). 

• Short-term exposure to local vibration has no negative effect on 
the level of fatigue of the upper trapezius muscle as measured 
by EMG (Paper II). 

• Vibration causes an early increase of muscle activity during a 
sustained, sub-maximal trapezius contraction (Paper III). 

• A combination of HAV and WBV gives a higher muscle 
activity in the trapezius muscle compared to HAV and WBV 
exposure separately. This might help explain the high 
prevalence of symptoms in the neck in drivers of terrain and 
off-road vehicles (Paper IV). 

• Clear gender effects do not seem to exist regarding the effect of 
vibration on muscle activity (Paper II, III, IV). 
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