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Abstract 

This study aimed to assess the effects of whole-body vibration (WBV) on the brain through 

changes in blood protein concentrations, seat and head accelerations, and symptomatology over 

time. Subjects were assigned to control, 1-hour, or 8-hour vibration exposure groups. Glial 

fibrillary acidic protein (GFAP) and S100B concentrations were measured. Root mean square 

average weighted vibration (Aws), vibration dose value (VDV), and seat-to-head transmissibility 

(STHT) were calculated. There were no differences in GFAP (p = 0.79) or S100B (p = 0.97) 

concentrations between 1-hour and 8-hour subjects (p = 0.79). Average weighted head 

acceleration (p = 0.566) and VDV (p = 0.843) were not significantly different between the 1-

hour and 8-hour groups. The average resultant STHT was not significantly different across time 

(p = 0.852). Similarities in blood biomarker concentrations and head acceleration measures 

between exposure groups indicate that injury does not occur from singular WBV exposure. This 

study furthers the knowledge of heavy vehicle operation, demonstrating that individual exposure 

to WBV likely does not cause neurological injury.
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Chapter 1: Introduction 

There are 29 million commercial motor vehicle (CMV) workers, such as commercial 

truck drivers, forklift operators, and machinists, who are at risk of developing musculoskeletal 

and physiological injury through excessive vibration exposure (Abbate et al., 2004; McBride et 

al., 2014; Paschold & Sergeev, 2009). The American population is regularly exposed to 

potentially excessive vibrations through 220.43 billion vehicle trips occurring every day in the 

United States of America (Transportation, 2017). Vibrations cause muscle activation to stabilize 

the body, leading to fatigue and subsequent strain injury when vibration exposure is excessive. 

The extensive vibration dosage that American motor vehicle operators are exposed to potentially 

puts the population at risk for whole-body vibration (WBV)-related injury. Whole-body 

vibrations result from an alternating periodic or imbalanced force acting on the body, injuring 

tissue when the frequency and magnitude of the vibration are large enough to overcome the 

tissue’s damping capabilities (CCOHS, 2017; McBride et al., 2014). The International 

Organization for Standardization (ISO) has set an exposure action value (EAV) of 0.5 m/s2 root 

mean square (r.m.s.) acceleration and 8.5 m/s1.75 for vibration dose value (VDV) and an exposure 

limit value (ELV) of 1.0 m/s2 r.m.s. acceleration and 17 m/s1.75 VDV for triaxial accelerations 

(ISO, 1997). While these recommendations are commonly known, vehicle operators regularly 

exceed these limitations to maximize earning potential. Bovenzi (2009) found that WBV 

exposure exceeding Aws and VDV exposure action values are experienced by 7.8% and 28.9% 

of professional drivers, respectively. Seated railroad engineers are exposed to VDV values above 

critical ISO ratios, suggesting they are at risk for harmful levels of shock (Johanning et al., 

2006). Milosavljevic et al. (2010) found that farmers riding ATVs for a typical 95.7 minutes per 

day are exposed to a VDV of 16.6 and exceed the EAV after 8 minutes and the ELV after 220.8 
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minutes. Whole-body vibration exposure below the EAV presents a minimal risk for 

musculoskeletal or physiological injury, specifically to the lumbar spine and its connective 

tissue; however, upon reaching the EAV, caution is necessary as the risk of injury gradually 

increases until reaching the ELV. The risk of injury is then considered to become more 

dangerous once the WBV levels reach the ELV and intervention starts to become necessary. 

Both EAV and ELV levels are regularly surpassed by occupational vehicle operators, potentially 

leading to an increased risk of injury. 

Vibration occurs when a periodic or imbalanced force is applied to an object, causing the 

object to oscillate about its equilibrium position (CCOHS, 2017). The degree to which the object 

vibrates depends on the force’s frequency and magnitude (CCOHS, 2017). The kinetic energy 

transferred from a vibrating surface to the human body and its musculoskeletal tissue causes 

injury through the tissue’s inability to absorb and dissipate the transmitted energy. 

Compositional characteristics such as lean mass and muscular cross-sectional area factor into the 

absorptive capabilities of the tissue (Mansfield et al., 2006; Smith, 1994). Vibrations at 

frequencies ideal for localized musculoskeletal tissue composition resonate, amplifying and 

propagating the mechanical waves (Singh et al., 2016). A mechanical wave’s power is related to 

the energy the wave supplies over a time period. Absorbed power within skeletal muscle tissue 

increases linearly with vibration frequency until the frequency reaches resonance, beyond which 

the muscle activation is impeded, and frequency decreases (Mizrahi, 2015). Musculoskeletal 

tissue is susceptible to resonance at frequencies in the 4-6 Hz and 8-12 Hz ranges, typical to 

vehicle operation (Fairley & Griffin, 1989; Hinz & Seidel, 1987; Holmlund et al., 2000; 

Mansfield & Griffin, 2000). Resonance amplifies the vibration magnitude, which as a vibration 

propagates from the alternating periodic or imbalanced force, leads to higher exposure at the 
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head than what is seen at the seat (Paddan & Griffin, 1998; Wang et al., 2006). The body 

presents a biodynamic response to WBV, in which one body segment’s response to vibration 

triggers the reaction of another body segment (Qui & Griffin, 2012). The biodynamic response to 

WBV is due to the biomechanical and physiological characteristics of the bone, skeletal muscle, 

and internal organs exposed to the force (Cardinale, 2003). Vibration magnification is also due in 

part to the coupled motion of the seated body, which results in more significant head motion, 

causing a whiplash effect that amplifies accelerations at the head (Mandapuram et al., 2012; 

Paddan & Griffin, 1998; Wang et al., 2006). Kociolek et al. (2018) found that vibration at the 

head can be 2.19 times higher in the anterior-posterior, 0.91 in the medial-lateral, and 1.37 in the 

inferior-superior axes than at the seat. Low-frequency vibrations are amplified and transmitted 

throughout body tissue, damaging the musculature and causing pain and discomfort for vehicle 

operators. Resonant effects, coupled motion of the body, and smaller muscular cross-sectional 

area at the neck are factors in higher vibration magnitude at the head, increasing head 

acceleration, and potential for injury. 

The risk for musculoskeletal injury to the lumbar spine and its connective tissue from 

excessive WBV exposure is well-established; however, less is known about the risk of brain 

injury. The effects of low-level mechanical forces on the brain have been researched in traumatic 

brain injury (TBI) populations and present potentially similar- injury mechanisms as WBV. 

Indirect forms of brain injury, due to mechanical wave propagation, can cause damage similar to 

direct head impacts depending on the wave frequency and magnitude (Meaney & Smith, 2011; 

Taber et al., 2006). Mechanical brain injury is caused by the linear and rotational acceleration of 

the brain within the skull, leading to tissue deformation (Barth et al., 2001; Kleiven, 2013; 

Rowson et al., 2016). Rotational acceleration poses a greater risk of injury due to the brain being 
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more resilient to compression than shear strain (Kleiven, 2013). Additionally, repetitive impacts 

prevent the brain from returning to a resting state and subsequently recovering, posing a greater 

risk of injury than singular impacts (Broglio et al., 2017; O'Connor et al., 2017). An injury 

mechanism such as WBV may not generate large tissue deformation per period of vibration, but 

the cumulative vibration exposure could lead to chronic injury. 

The constant brain acceleration due to vibration results in physical injury from the brain 

colliding with the cranium walls; however, injury also occurs from the brain’s physiological 

response to the external stressor. Physical stress applied to the brain and surrounding vasculature 

causes decreased oxygen delivery to the brain due to vasoconstriction and increased blood-brain 

barrier (BBB) permeability (Betz et al., 1989; Curry et al., 2002; Olsen et al., 1985; Unterberg et 

al., 2004; Yan, Zhang, Agresti, LoGiudice, et al., 2015). The physiological stress caused by 

vasoconstriction leads to ischemia-reperfusion injury, cellular metabolic flux, and further BBB 

permeability through edema (Betz et al., 1989; Unterberg et al., 2004). Increased BBB 

permeability allows for the bi-directional flow of inflammatory-response proteins (Di Battista et 

al., 2016; Diaz-Arrastia et al., 2014; Kawata et al., 2016; Kawata et al., 2018; Kellermann et al., 

2016; Papa et al., 2016; Shahim et al., 2018). Inflammatory-response protein concentrations are 

commonly used as a benchmark for injury in individuals suspected of suffering a TBI(Papa et al., 

2014). Measuring inflammatory-response protein concentrations in the blood could provide a 

link between high frequency, low magnitude WBV exposure and brain injury.  

Several studies indicate cumulative WBV induces physiological adaptions associated 

with physical brain injury. Yan, Zhang, Agresti, Yan, et al. (2015) determined that decreased 

nerve conduction velocity, reduced cerebral blood flow, cerebral tissue damage, and neuron 

necrosis accumulate with continued exposure to WBV. These findings were supported by 
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Grewal et al. (2017), who suggested that cerebrovascular damage increased with longer exposure 

to WBV. Additionally, Dubayle et al. (2020) found that singular bouts of low-level vibration do 

not elicit a change in BBB permeability, but cumulative exposure over time does, indicating that 

the magnitude and duration of WBV exposure may cause physiological injury. The findings of 

these studies indicate that physiological adaptions do occur from excessive WBV exposure; 

however, assessing for inflammatory-response protein concentrations such as glial fibrillary 

acidic protein (GFAP) and S100 calcium-binding protein B (S100B) could provide further 

evidence of excessive WBV exposure and a potential brain injury mechanism. 

The cognitive effects of brain injury have been thoroughly examined in TBI populations 

and show similar effects from chronic WBV exposure. Individuals exposed to cumulative WBV 

exposure have reported increased symptomatology similar to those who have experienced a TBI, 

such as depression, irritability, lethargy, cognitive deficits, emotional distress, low self-efficacy, 

anxiety, confusion, anger, hostility, impaired motor control, and emotional isolation (Abbate et 

al., 2004; Curry et al., 2002; Kociolek et al., 2018; Mino et al., 1991; Willigenburg et al., 2013; 

Yan, Zhang, Agresti, LoGiudice, et al., 2015). Sherwood and Griffin (1990) determined that 

vibrations at 1.0 m/s2 r.m.s. cause cognitive deficits, indicating that low-magnitude vibrations 

can cause brain injury. While the long-term effects of WBV on cerebral health have not been 

assessed, the physiological adaptions and symptomatology indicate that those exposed to chronic 

WBV may be at risk for similar cognitive impairments and disorders as what is witnessed in 

those with a history of TBI. 

Statement of the Problem 

The primary focus regarding WBV vibration-related injury has been on the lumbar spine 

and its connective tissue, while little to no research has looked at the effects of WBV on brain 
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injury. Chronic WBV exposure could lead to brain injury, which has an adverse impact on the 

long-term health of vehicle operators. Determining the effect of prolonged WBV on biomarker 

elicitation indicative of brain injury will further the knowledge of the harmful effects of 

excessive WBV exposure and help in making recommendations for vehicle manufacturers and 

operators. 

Purpose 

The purposes of this study are 

1.  to determine if prolonged exposure to WBV will elicit a change in GFAP and S100B 

protein concentrations in the blood, 

2. to determine the differences between head acceleration and seat acceleration (STHT) over 

time, and  

3. to determine if WBV exposure leads to symptom responses similar to TBIs. 

Research Question(s) 

1. Does vibration exposure trigger an elevation in protein concentrations indicative of 

traumatic brain injury? 

2. Does increased exposure to vibration result in postural muscle fatigue, which in turn 

results in increased vibration exposure at the head? 

3. Do individuals who experience prolonged vibration exposure experience symptoms 

indicative of traumatic brain injury? 
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Hypothesis 1 

Null Hypothesis 1 

There will be no increase in GFAP and S100B protein concentrations following prolonged WBV 

exposure. 

Alternative Hypothesis 1 

There will be an increase in GFAP and S100B protein concentrations following prolonged WBV 

exposure. 

Hypothesis 2 

Null Hypothesis 2 

The acceleration at the head will not be higher over time. 

Alternative Hypothesis 2 

The acceleration at the head will be higher over time due to a decrease in cervical stability over 

the course of testing. 

Hypothesis 3 

Null Hypothesis 3 

The WBV exposure will not lead to symptoms and accumulated head accelerations similar to 

those diagnosed with a TBI. 

Alternative Hypothesis 3 

The WBV exposure will lead to symptoms and accumulated head accelerations similar to those 

diagnosed with a TBI. 

Limitations 

Limitations of this study included: 
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1. Vibration testing is limited to the vertical axis, which may not accurately represent the 

motion experienced by motor vehicle operators. 

2. Motor vehicle operation following completion of the test may impact blood protein 

concentration sampling 24 hours after testing. 

3. Exposure duration may not truly reflect the brain response following longer bouts of motor 

vehicle operation or from repetitive or chronic exposure. 

4. The brain’s acceleration within the cranium was not directly measured. 

5. Recruitment difficulties that led to a small sample size may not accurately represent the true 

brain response to whole-body vibration. 

Delimitations 

Delimitations of this study included: 

1. The Lansmont Model 1000 Vibration Test System® (Lansmont Model 1000 Vibration Test 

System, Monterey, CA), Vicon Blue Trident® (Vicon Blue Trident, Version 2, Denver, CO) 

inertial measurement units, and DuoSet® Assay kits (R&D Systems, Human DuoSet ELISA, 

Minneapolis, MN) were used to control and measure vibration exposure’s effect on subjects. 

2. The inclusion criteria of no history of traumatic brain injuries within the past six months, no 

current pregnancy, being above 18 years of age, having full mental capacity, and being of 

sound health were chosen with the consent, health, and safety of subjects in mind. 

3. The effects of repetitive WBV exposure were omitted due to study feasibility. 

4. Anthopometric effects on head acceleration were omitted due to the individuality of the 

subject body dimensions and composition. 

5. The physiological effect of biological sex on brain response was not considered due to the 

complexity that would add to the study. 



9 
 

Assumptions 

Assumptions of this study included: 

1. Vertical vibration testing will be valid since motor vehicle operators experience the greatest 

motion in the vertical axis, with negligible lateral and fore-aft motion. 

2. Motor vehicle operation following completion of the test will not impact blood protein 

concentration sampling 24 hours after testing since recruited subjects will be local and likely 

driving minimal distances. 

3. Exposure duration may not truly reflect the brain response following longer bouts of motor 

vehicle operation or from repetitive exposure. 

4. It is impossible to measure the brain’s acceleration within the cranium directly; however, the 

motion of the cranium is assumed to be the best possible method. 

5. The small sample size was assumed to accurately represent the population for a pilot study 

and would be expanded for future research.  

Operational Definitions 

Average weighted vibration exposure (Aws(8)) is the average (A) exposure over an eight-hour 

(8) day and takes into account the magnitude of the vibration and how long you are exposed to it 

and is calculated from the frequency weighted root mean square (r.m.s.) acceleration 

measurements, awx, awy, and awz and the measured exposure period Texp. The highest value of 

A(8)x, A(8)y, or A(8)z is the Average weighted vibration exposure (Aws(8)) (Filho et al., 2019; 

Kim et al., 2016; Taing, 2020). 

Glial fibrillary acidic protein (GFAP) is the main cytoskeletal intermediate filament protein 

produced by astrocytes and is increasingly expressed when a neural injury occurs, and astrocytes 

are damaged (Diaz-Arrastia et al., 2014; Kawata et al., 2016). Changes in GFAP are measured 
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through venous blood sampling and assay done at a baseline and period(s) of time following 

exposure to the physical stressor. 

S100 calcium-binding protein B (S100B) is a protein that assists with intracellular calcium-

binding, which, when the brain is exposed to a physical stressor, triggers an upregulation of 

S100B, resulting in a damaging influx of calcium into the cell (Giza & Hovda, 2001; Kawata et 

al., 2018). Changes in S100B are measured through venous blood sampling and assay done at a 

baseline and period(s) of time following exposure to the physical stressor. 

Seat-to-Head-Transmissibility (STHT) refers to the body’s complex frequency domain 

characteristics that result in the transmission of vibration from the point of contact at the seat to 

the most distal connection at the head. The ratio of acceleration at the head compared to the 

acceleration at the seat is the Seat-to-Head-Transmissibility (STHT) (Sandover, 1988). 

Vibration Dose Value (VDV(8)) is a cumulative measurement of the vibration level received 

over 8 hours providing an alternative evaluation of vibration exposure that is often used to give a 

better indication of the risks associated with "shock" or "peak" events. The VDV is a cumulative 

value that increases with measurement time.  The highest value of VDVexp,x, VDVexp,y, or 

VDVexp,z is the vibration dose value, VDV (Kim et al., 2016; Taing, 2020). 
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Chapter 2: Literature Review 

The American population is regularly exposed to potentially excessive vibrations through 

vehicle operation. There are 220.43 billion vehicle trips that occur every day in the United States 

of America, with 36.57 million trips occurring for work (Transportation, 2017). Twenty-nine 

million workers in the United States are exposed to occupational whole-body vibration (WBV) 

annually, leading to musculoskeletal and physiological injuries (Abbate et al., 2004; McBride et 

al., 2014; Paschold & Sergeev, 2009). A physical injury occurs when WBVs exceed the tissue’s 

absorptive capabilities, leading to tissue damage. Whole-body vibration translates through the 

seat and back, up to the neck, impacting all tissue within the body (Paddan & Griffin, 1998; 

Wang et al., 2006). The transmissibility of vibrations results in a significantly higher vibration 

magnitude at the head than at the seat due to tissue resonance, amplifying the magnitude leading 

to significant damage within the body (Singh et al., 2016; Wang et al., 2006). Whole-body 

vibration exposure can easily exceed recommended limits in a short period, depending on the 

magnitude and frequency of the vibration (Griffin, 2006; Milosavljevic et al., 2010). Whole-body 

vibration exposure exceeding recommended limits can result in musculoskeletal disorders, 

localized specifically, in the neck and low back (Johanning et al., 2006; McBride et al., 2014; 

Milosavljevic et al., 2012; Milosavljevic et al., 2010). 

Excessive WBV exposure’s effect on the lumbar spine and its connective tissue have 

been extensively researched; however, less is known about the impact excessive WBV exposure 

has on the brain. Whole-body vibration exposure can lead to neurophysiological damage through 

vasoconstriction of cerebral arteries and capillaries, blood-brain barrier (BBB) disruption, 

metabolic adaptions, and neuronal damage (Grewal et al., 2017; Yan, Zhang, Agresti, 

LoGiudice, et al., 2015; Yan, Zhang, Agresti, Yan, et al., 2015). While a correlation between 
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WBV exposure and brain physiology exists, there is little supporting research and a similar need 

for research on the direct relationship between WBV exposure and cognition. Whole-body 

vibration damage leads to noticeable symptoms such as depression, confusion, irritability, 

aggression, lethargy, anxiety, poor memory and cognition, and postural instability (Abbate et al., 

2004; Curry et al., 2002; Kociolek et al., 2018; Willigenburg et al., 2013). However, there is a 

lack of research on evidence of cognitive deficits at the physiological level. The high frequency, 

low-magnitude forces acting at the head, and the neurocognitive symptoms experienced raise 

concerns about the risk of brain injury caused by WBV exposure, driving the need for a more in-

depth understanding of excessive WBV’s effect on the brain. 

The lack of research on the effect of excessive WBV on the brain results in the need to 

review other research areas that focus on physical forces acting on the brain to cause injury, such 

as traumatic brain injury (TBI). Traumatic brain injuries can be caused by biomechanical forces 

affecting function, causing temporary cognitive impairments and possible neuropathological 

changes (McCrory et al., 2017). The viscoelastic brain’s acceleration within the cranium leads to 

mechanical and physiological stress that results in injury. Whole-body vibration and TBI damage 

similarities are most noticeable when looking at frequent, repetitive mTBI and high-frequency 

WBV. While singular, high magnitude forces lead to significant health problems, the more 

significant issue might reside with repetitive, lower magnitude forces due to the brain’s inability 

to recover (Broglio et al., 2017; Di Battista et al., 2016; Tagge et al., 2018). The damage caused 

by frequent low-level accelerations of the brain could mirror the injury caused by WBVs.   

The evidence of neurophysiological adaptions due to WBV indicates a potential link 

between WBV exposure and chronic brain injury. However, there is limited research looking 

into the biochemical effects WBV has on the brain, potentially exposing working populations to 
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long-term health effects associated with these biochemical changes. This literature review aims 

to build towards determining the link between WBV exposure and a chronic brain injury 

indicated by biochemical adaptions. The purpose of this Literature Review is to assess the effects 

of acceleration and vibration on the brain, how this causes physiological changes, and how 

WBVs and TBIs lead to short- and long-term cognitive effects. This Literature Review will look 

at the effect of vibration on the body, the mechanical forces behind brain injury, the 

physiological effects of brain injury, and the long-term health consequences of chronic WBV 

exposure and TBIs. 

Whole-body Vibration 

Vibration 

Vibration is the oscillation about an objects equilibrium point due to the application of a 

periodic or imbalanced force, with the extent of vibration dependent on the vibration frequency 

and magnitude (CCOHS, 2017). The sinusoidal mechanical wave resulting from vibration is 

separated into elastic power (Pet), instantaneous power (PTr), and absorbed power (PAbs) 

(Lundstrom et al., 1998). Elastic power is supplied to and removed from the surface during 

excitation (Lundstrom et al., 1998). Instantaneous power is transmitted to the surface interfaced 

with the object at any specific point in the wave (Lundstrom et al., 1998). The absorbed power is 

absorbed by the object from the surface, equating to the energy dissipated through damping, and 

is proportional to the acceleration squared (Lundstrom et al., 1998). Vibration impacts the body 

when the forces that generate the vibration are transferred to the body. The vibration magnitude, 

frequency, direction of action, and stimulus duration affect the vibration severity (ISO, 1998). 

Absorbed power increases as vibration frequency increases until it peaks at the object’s resonant 

frequency, whereafter it decreases (Lundstrom et al., 1998).  The non-linear relationship between 
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power and frequency indicates that the peak damage is at the resonant frequency. The 

biodynamic response to WBV, other than absorbed power, typically includes resonance, 

impedance, and seat-to-head transmissibility (STHT) (Rakheja et al., 2010).  

Resonant Frequency 

Resonance refers to the natural frequency at which an object vibrates predetermined by 

its physical characteristics. Objects at their resonant frequency vibrate at a higher magnitude than 

the applied alternating periodic or imbalanced force (Mayton et al., 2018). While vibrations 

outside the resonant frequency pass through the entire body, vibrations in the resonant frequency 

resonate in localized body tissue, amplifying the vibrations and vehicle occupant’s discomfort 

(Singh et al., 2016). The complex oscillatory motion of vibration within the body can result in 

unique physiological responses between exposed individuals (ISO, 1997). Two distinct resonant 

peaks at 4-6 Hz and 8-12 Hz for the human body have been proposed (Fairley & Griffin, 1989; 

Hinz & Seidel, 1987; Holmlund et al., 2000; Mansfield & Griffin, 2000; Milosavljevic et al., 

2011; Wang et al., 2006). However, resonant peaks at 4-6 Hz and 8-12 Hz might be too 

simplified an explanation for the body’s response to vibration. Vibration magnitude and 

frequency, the physical characteristics of the seat (composition, inclination angle, and foot and 

arm rests), the human body's anthropometrics, and the interplay between tissue and stiffness, all 

affect the human body’s resonance response (Kubo et al., 2001).  

Individual characteristics, such as increased muscular stiffness, lead to resonant 

frequency changes due to decreased body’s rotation about the medial-lateral axis, and increased 

tissue stiffness (Mansfield et al., 2006). The body’s neuromechanics stabilize musculature and 

increase ligament tension, increasing resonant frequency through increased stiffness (Keller et 

al., 2000). The varying resonance levels in different body tissue regions result in localized 
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resonant frequencies. Different regional tissue characteristics could injure some tissues but not 

others due to localized resonant peaks. Whole-body vibrations at the resonant frequency amplify 

the vibration magnitude, resulting in musculoskeletal injury by increasing activation and 

subsequent fatigue of postural muscles (Mayton et al., 2018; Milosavljevic et al., 2011). Intrinsic 

parameters and reflex mechanisms also assist with stabilization through stiffness and damping 

when exposed to vibration vibration exposure (Fard et al., 2004).  However, when the vibration 

is significant enough, it overcomes stabilization and and the muscles become incapable of 

activation. 

The resonant behavior of the human body depends on vibration magnitude and 

frequency, as the relationship between frequency and magnitude is non-linear (Smith, 1994). 

Higher body tissue stiffness emphasizes resonant frequency differences at higher magnitudes, but 

muscular stiffness decreases as vibration magnitude increases beyond a point (Fairley & Griffin, 

1989; Mansfield et al., 2006). If the vibration frequency and magnitude are great enough, the 

muscle is incapable of activation, leading to a decrease in frequency (Mizrahi, 2015). Mass, 

stiffness, and damping characteristic differences may explain the human body’s non-linear 

behavior under varying acceleration levels (Smith, 1994). Human body tissue characteristics 

possibly contribute to the decrease in resonant frequency and absorbed power as vibration 

magnitude increases beyond musculoskeletal tissue resonance.  

Direct measurement of the transmissibility and driving-point response function, apparent 

mass and impedance, and the vibrations acting on the body are necessary due to an inability to 

examine biodynamic responses (Dong et al., 2013). The upper extremity’s response to vibration 

is dependent on the lower extremity's response and its interface with the vibratory source. The 

peak transmissibilities between the seat-to-pelvis and pelvis-to-spine are likely the cause of the 
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peak in the apparent mass, giving evidence of similar causes of a non-linear response (Mansfield 

& Griffin, 2000, 2002). The thighs affect the human body's apparent mass by applying a 

counterforce to the vibrating force acting on the body; this counterforce is dependent on the 

stiffness of the thighs, the height of the footrest, and the amplitude of vibration (Fairley & 

Griffin, 1989). A high contact surface causes larger Pet and subsequently larger PTr and Pabs, and 

the lower extremity actions affect the impedance of the vibration acting on the upper body.  

Impedance 

Vibrational impedance is the ratio of force at the seat to the seat’s velocity, whereas 

apparent mass is the ratio of force at the seat to the acceleration at the seat (Sandover, 1988). The 

human body dampens vibration through deformation kinematics and resulting dynamics that 

impede vibration transference (Mizrahi, 2015). Mechanical impedance of vibration within the 

body can be affected by the frequency and magnitude of the vibration, anthropometrics, and 

biological sex (Holmlund et al., 2000). Vibration magnitude and impedance are inversely related 

at lower frequencies, where impedance increases as vibration magnitude decreases until the 

resonant frequency, beyond which muscles activation is inhibited (Holmlund et al., 2000).  

Impedance up to the first peak is due to static weight, while the primary source of impedance at 

the first resonant frequency of the human body is the spine, chest, and shoulders, and the second 

frequency peak can be attributed to the head, abdomen, and pelvis (Holmlund et al., 2000; Smith, 

1994). Males experience a larger, more focused first impedance peak, while females had a larger 

second peak (Holmlund et al., 2000). The higher body fat percentage in females could explain 

larger PAbs and damping at lower frequencies than men when normalized for bodyweight due to a 

decreased stiffness-to-mass-ratio at which lower frequencies resonate (Lundstrom et al., 1998). 
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Muscle mass and fiber type differences between skeletal muscle groups and biological sexes 

could also explain the impedance differences and the two frequency peaks. 

The structural differences between regions of the body and their surrounding tissue 

stiffnesses impact localized impedance. The difference in impedance per region of the body can 

be witnessed in the spine, where the lumbar spine has a higher dynamic impedance and stiffness 

than the thoracic spine (Keller et al., 2000). The chest and shoulders are the primary sources of 

impedance in the 5-8 Hz frequency range, and the primary source of impedance in the 12-14 Hz 

frequency range is dependent on the pelvic motion within the seat (Smith, 1994). Both posture 

and hand positioning positively affect apparent mass and STHT due to an increase in the upper 

body’s support and stability (Wang et al., 2008). Hand placement on the thighs supports the 

upper body and prevents displacement. A relaxed, kyphotic seating posture requires a lower 

frequency for peak PAbs than an erect seated posture (Lundstrom et al., 1998). Subjects seated in 

a kyphotic posture experience increased apparent mass damping at resonance (Mansfield & 

Griffin, 2002). Increased apparent mass damping could be due to increased thigh contact area 

through the pelvis's posterior rotation from the forward-leaning posture (Kitazaki & Griffin, 

1998).  The larger contact area increases the excitation point of the body and shear deformation 

of the pelvic area, lowering the natural frequency (Kitazaki & Griffin, 1998). The impact of 

posture and localized structural differences on impedance emphasizes seat design and postural 

muscle strength. 

Seat-to-Head-Transmissibility 

Seat-to-head transmissibility refers to the body’s complex frequency domain 

characteristics that result in the ratio of acceleration at the head to the acceleration at the seat 

(Sandover, 1988). Vibration stemming from the vehicle-road interface during operation 
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translates through the seat of the car, up the back, and to the neck and head due to the kinetic 

chain, resulting in 1.75 times larger at the head than at the seat (Paddan & Griffin, 1998; Wang et 

al., 2006). The largest STHT acceleration is experienced in the vertical and anterior-posterior 

directions when exposed to accelerations matching the seated body’s primary resonant frequency 

(Wang et al., 2006). The body has more significant biodynamic responses to triaxial than 

uniaxial accelerations due to the body’s coupled motion, leading to higher vibration transmission 

(Mandapuram et al., 2012). The head-neck complex has the greatest transmissibility between 4-8 

Hz, with vibrations higher than 12 Hz resulting in a noticeable facial vibration sensation (Hagena 

et al., 1986, as cited in Smith, 1994). Resonant response to vibration in the first frequency peak 

of WBV exposure amplifies the Pabs up the kinetic chain where neck musculature cannot stabilize 

the head. There is a lag between the accelerations at the head compared to the seat, indicative of 

STHT, which could explain the whiplash effect of amplified accelerations at the head compared 

to the seat (Kociolek et al., 2018). A decrease in vibratory impedance and an increase in the 

head’s acceleration magnifies the brain’s acceleration within the cranium, leading to more 

significant brain damage.  

WBV Exposure Guidelines and Measurement Practices 

Humans develop pathology as a direct result of exposure to WBV. The cumulative 

exposure to prolonged low-level vibrations, repetitive shocks, singular, high-level shocks, or 

both low-level shocks and vibrations contribute to injury (Johnson et al., 2015). The cumulative 

load of vehicular shock and accelerations, as well as the duration of exposure, are likely causes 

for musculoskeletal pain in drivers (Milosavljevic et al., 2012). Prolonged periods of exposure 

lead to higher vibration dosage, increasing the risk of musculoskeletal injury and vibrational 

disease due to excessive maximum and summated vibration levels (Bovenzi, 2009; Solecki, 
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2012). The degree of vibrational disease can be classified into first, second, or third-degree 

stages based on the progression of neurovascular dysfunction and polyneuropathy (Seidel, 1993). 

Chronic exposure to excessive vibration and shock could result in the development and 

progression of vibrational disease in vehicle operators. The risk of developing vibration 

exposure-related diseases and disorders has caused governing bodies to create vibration exposure 

guidelines, most notably the European Union (EU) and the International Organization for 

Standardization (ISO). Two commonly analyzed vibration parameters are the root mean square 

average weighted vibration (Aws) and the Vibration Dose Value (VDV). Table 1 reprents a 

synthesis of vibration exposure testing from prior research. 

Table 1  

Vibration Exposure Measured for Different Populations 

Study Population Freq (Hz) Magnitude Exposure 
Duration 

(Kociolek et al., 
2018) 

ATV 1.3-4.9 Hz Head (2.26 
m^2/s^4/Hz) 

 
seat (1.00 

m^2/s^4/Hz) 

30 min 

(Du et al., 2018) CMV N/A Active seat 6.5 
m/s^1.75 

 
Passive seat 11.2 

m/s^1.75 

Weighted – 
8hr 

(Moschioni et al., 
2010) 

Car N/A 0.3-0.43 m/s2 2 km drive 

(Mandapuram et 
al., 2012) 

Vibration 
simulator 

Random 
vibration in 0.5-

20 Hz range 

0.25 and 0.4m/s2 
(individual axis) 

0.23 and 0.4m/s2 (3-
axis) 

64 trials over 
two days, 60 
sec each with 
2 minutes of 
rest between 

trials 
(Wang et al., 

2006) 
Vibration 
simulator 

Random 
vibration in 0.5-

15 Hz range 

0.25, 0.5 and 1 m/s2. Two 56 sec 
trials 

(Wang et al., 
2008) 

Vibration 
simulator 

Random 
vibration in 0.5-

15 Hz range 

0.25, 0.5 and 1 m/s2. Two 56 sec 
trials 
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(Duarte & Melo, 
2018) 

Car & SUV N/A 0.02-0.98 m/s2 30 second trial 
per road 

condition and 
vehicle speed 

(Fethke et al., 
2018) 

Heavy utility 
Vehicle 

N/A 0.81 m/s2 Operation 
during 

workday (0.58 
hr) 

(McBride et al., 
2014) 

Locomotive N/A 0.28 m/s2 ax, 0.32 
m/s2 ay, 0.62 m/s2 

az, 

5 work shifts 
(32 hr) 

(Johanning et al., 
2006) 

Locomotive N/A Vector sum of 0.14, 
0.22, 0.28, and 0.49 

m/s^2 

Workshift 

(Dubayle et al., 
2020) 

Vibration 
simulator (mice 
in centrifuge) 

90 Hz 0.5 and 2g 2g singular 
exposure 

(900s), 0.5g 
exposure for 

63 days (900s) 
(Nawayseh & 
Griffin, 2005) 

Random fore-aft 
vibration 
simulator 

0.25-10 Hz 0.125, 0.25, 0.625, & 
1.25ms-2 r.m.s. 

60 seconds per 
exposure 

(Singh et al., 
2016) 

Random 
Vibration 
Simulator 

5, 8, 12, 16, & 20 
Hz 

0.5, 1.0 & 1.5 m/s-2 

r.m.s. 
60 seconds per 

back angle 

(Yan, Zhang, 
Agresti, 

LoGiudice, et al., 
2015) 

Vibration 
Simulator (rats) 

30 Hz 0.5g 4 hours/day, 5 
days/week for 

2, 4, or 8 
weeks 

(Yan, Zhang, 
Agresti, Yan, et 

al., 2015) 

Vibration 
Simulator (rats) 

30 Hz 0.5g 4 hours/day, 5 
days/week for 

2, 4, or 8 
weeks 

(Grewal et al., 
2017) 

Vibration 
Simulator (rats) 

30 Hz 0.5g 4 hours/day, 5 
days/week for 
8 or 12 weeks 

 

Note. A meta-analysis of prior studies shows that studies utilizing vibration simulators typically 

consist of random frequencies between 0.25-20 Hz, magnitudes between 0.125-1.5 m/s-2 r.m.s., 

for a duration between 30-60 seconds per trial.  
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Root Mean Square Average Weighted Vibration 

 The root mean square (r.m.s.) average weighted vibration (c) is the calculated average 

weighted acceleration for vibration exposure. Average weighted vibration can be calculated as 

seen in (1) (Taing, 2020): 

𝐴௪௦ = ቂ
ଵ

்
∫ 𝑎௪

ଶ (𝑡)𝑑𝑡
்

଴
ቃ

భ

మ       (1) 

The root mean square (r.m.s.) average weighted vibration (Aws) where aw(t) is the 

frequency-weighted acceleration at time, t and refers to the measurement for the duration in 

seconds (Taing, 2020). 

The r.m.s. average weighted acceleration can be extrapolated to account for average 

vibration exposure over a typical work period of 8 hours as seen in (2) (Filho et al., 2019): 

𝐴(8) = 𝐴௪௦ ∗ ට
்

బ்
                                                 (2) 

The average frequency weighted acceleration extrapolated over an 8-hour period, where 

T is the effective time, and T0 is the work period (Filho et al., 2019). 

The European Union and International Organization for Standardization have set a lower 

limit, the exposure action value (EAV), and an upper limit, the exposure limit value (ELV), for 

permissible vibration exposure. The exposure action value is the limit set for vibration exposure 

whereafter action is recommended to minimize musculoskeletal injury risk, while the exposure 

limit value for vibration exposure is the limit set for the maximum tolerable exposure amount in 

which any higher exposure will increase the risk for musculoskeletal injury.  The International 

Organization for Standardization has set an EAV of 0.5 m/s2 and an exposure limit value (ELV) 

of 1.0 m/s2 for triaxial accelerations (Filho et al., 2019). Table 2 shows tolerance thresholds for 

vibration exposure magnitude as determined by determined by ISO 2631-1 [Table 1]. 
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Table 2  

Vibration Magnitude Comfort Levels 

 Acceleration, m/s2 
Comfortable <0.315 

Slightly Comfortable 0.315-0.63 
Fairly uncomfortable 0.5-1.0 

Uncomfortable 0.8-1.6 
Very uncomfortable 1.25-2.5 

Extremely Uncomfortable >2.0 
 
Note. Adapted from “Mechanical vibration and shock—evaluation of human exposure to whole‐

body vibration—Part 1: General requirements,” ISO 2631‐1, 1997 (2), p. 26. Copyright 1997 by 

the International Organization for Standardization.  

Vibration Dose Value 

The vibration dose value (VDV) is the calculated total vibration experienced at the seat 

(Taing, 2020). Equation (3) can be used to calculate the VDV (Kim et al., 2016; Taing, 2020): 

𝑉𝐷𝑉 = ቂ∫ 𝑎௪௦
ସ (𝑡)𝑑𝑡

்

଴
ቃ

భ

ర                                                            (3) 

The vibration dose value can be extrapolated to account for vibration exposure over a 

typical work period of 8 hours as seen in (4) (Taing, 2020): 

𝑉𝐷𝑉(8) = 𝑉𝐷𝑉 ∗ ቂ
଼ ௛௥∗଺଴ ௦௘௖∗଺଴ ௦௘௖
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The International Organization for Standardization has set an EAV of 8.5 m/s1.75 and an 

exposure limit value (ELV) of 17 m/s1.75 for triaxial accelerations (Filho et al., 2019). 

Occupations where employees operate larger vehicles regularly see ISO recommended levels 

exceeded. Seated railroad engineers are exposed to VDV values above critical ISO ratios, and 

farmers on ATVs are exposed to a VDV of 16.6 and exceed the EAV after 8 minutes and the 

ELV after 220.8 minutes (Johanning et al., 2006; Milosavljevic et al., 2010). Vehicle operators 

are more likely to experience WBV levels that exceed the VDV EAV than the Aws EAV (Fethke 
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et al., 2018). The higher likelihood of exceeding the VDV EAV is due to increased sensitivity to 

impulsive vibration with the VDV calculation than the Aws calculation (Blood et al., 2011; Kim 

et al., 2016). Daily vibration dose is likely more sensitive to impulsive vibrations due to it 

accounting for the total vibration exposure, whereas Aws is used to calculate average vibration 

exposure. The decreased sensitivity of the Aws can potentially lead to an underestimation of 

vibration exposure, making VDV the more accurate vibration exposure calculation (Blood et al., 

2011).  

Seat-to-Head-Transmissibility  

The seat-to-head transmissibility (STHTx,y,z(f)) is the ratio between the cross-spectral 

density of the acceleration at the head to the cross-spectral density of the acceleration at the seat 

for each of the three axes (5, 6, 7) (Kumar & Saran, 2016): 

𝑆𝑇𝐻𝑇௭(𝑓) =
௔೥೓೐ೌ೏(௙)

௔೥ೞ೐ೌ೟(௙)
                                                                     (5) 

𝑆𝑇𝐻𝑇௫(𝑓) =
௔ೣ೓೐ೌ (௙)

௔ೣೞ೐ೌ೟(௙)
                                                                             (6) 

𝑆𝑇𝐻𝑇௬(𝑓) =
௔೤೓೐ೌ೏(௙)

௔೤ೞ೐ೌ೟(௙)
                                                                             (7) 

The cumulative effects of repetitive low-level vibrations and shocks or single bouts of 

high-level shock cause vibration-related musculoskeletal injuries in vehicle operators. Whole-

body vibration exposure exceeding the A(8) maximum, A(8) summation, and VDV maximum is 

experienced in 11.4%, 23.8%, and 32.2% of respective industrial vehicle operators (Bovenzi, 

2009). The underestimation of vibration exposure using Aws calculations could be resulting in an 

underestimation in the number of vehicle operators exposed to potentially harmful levels of 

WBV. Whole-body vibration that regularly exceeds the VDV-base action value is a potential 

factor for 73.9% and 63.1% of industrial workers experiencing neck and low-back pain, 
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respectively (McBride et al., 2014). The European Union and ISO have set baseline values for 

vibration exposure levels that increase the risk of developing musculoskeletal disorders; 

however, these levels have not been determined for an increased risk of brain injury. Measuring 

total and average vibration along with shock exposure could allow for an understanding of 

vibration levels that lead to brain injury. 

Mechanical Forces of Brain Injury 

Linear and Rotational Acceleration 

Traumatic brain injury can be caused by direct forces such as an impact to the skull, 

where the force acting on the skull causes pressure wave propagation extending from the point of 

impact (Meaney & Smith, 2011). However, the injury can be caused by indirect forces, such as 

with vibration, where mechanical wave propagation can lead to damage at or away from the 

point of contact (Smith et al., 2018; Taber et al., 2006). The brain’s acceleration within the 

cranium increases pressure in the coup region and decreases pressure in the contrecoup region 

(Mao et al., 2015). The mechanisms that cause a brain injury make it a multifaceted injury. 

Linear and rotational acceleration, as well as the brain’s subsequent deceleration, are the primary 

causes of traumatic brain injury (Meaney & Smith, 2011). Linear acceleration of the head causes 

transient intracranial pressure gradients leading to a more focal injury, such as a hematoma or 

contusion, while rotational acceleration causes shear strain of the brain leading to concussion or 

swelling of the brain (Rowson et al., 2016). The brain is more resistant to compression from 

linear acceleration than to shear strain, leading to shear being the primary cause of brain 

deformation (Kleiven, 2013). Rotational acceleration causes a higher incidence of the brain 

scraping the inside of the cranium and subsequently increases the amount of tissue alteration 

(Barth et al., 2001). The larger the impact to the skull, the larger the brain movement, pressure, 
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and subsequent deformation (Rowson et al., 2016). The brain’s acceleration within the cranium 

leads to mechanical injury through its impact within the rigid cranium; however, the pressure 

wave propagation is another major source of physical injury.  

High Magnitude vs. Repetitive Low-Magnitude TBI 

Traumatic brain injury occurs through mechanical and physiological responses to a 

physical disturbance to the brain. An injury commonly occurs from a high force impact to the 

head; however, the greatest injury might occur from repetitive, low-level head accelerations. 

Traumatic brain injury risk does not increase with a series of high magnitude hits, and in fact, the 

greatest injury risk is associated with an individual impact (O'Connor et al., 2017). An increased 

injury risk associated with individual impacts is valid as long as there is enough time for the 

brain to return to homeostasis within the skull (Broglio et al., 2017). If there is not enough time 

for the brain to return to homeostasis before the next impact occurs, then the chance for TBI 

increases (Broglio et al., 2017).  The brain’s needed recovery time depends on the magnitude of 

the previous hit, so the brain takes longer to recover after a high force impact than it would a low 

force impact (Broglio et al., 2017). While the brain may recover quicker from low-impact forces, 

constant vibration may prevent the brain from returning to equilibrium, increasing the risk of 

injury. The brain’s repetitive acceleration decreases the integrity of the inferior fronto-occipital 

fasciculus, with the degree of degradation relating to the amount of impact exposure (Bahrami et 

al., 2016). Repetitive acceleration increases variability in the default mode network, which is 

active during periods of lack of focus, and adaptive increases in cerebral blood flow as a 

response to the occurrence of impacts over time (Slobounov et al., 2017). The mechanical forces 

of repetitive brain acceleration lead to physical and physiological injury through the brain’s 

inability to return to homeostasis within the cranium. 
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Physiological Response 

Reduced Cerebral Blood Flow 

Repetitive brain accelerations (Baseline CBF mean = 2.5 mm2/s ± 0.1 mm2/s, Sham 

Reduction in Baseline CBF mean = 42% ± 6%; P < .01; rCHI Reduction in Sham CBF mean = 

21% ± 4%; P < .001) and WBVs (Normal Carotid Artery Blood Flow mean = 15.9 mL/min ± 1.3 

mL/min, 4-Week WBV Carotid Artery Blood Flow mean = 13.3 mL/min ± 1.3 mL/min; Normal 

Temporal Artery Blood Flow mean = 6.7 mL/min ± .5 mL/min, 4-Week Temporal Artery Blood 

Flow mean = 4.9 mL/min ± 0.9 mL/min; P < .0005) temporarily slow cerebral blood flow, 

signifying a delayed physiological response following a brain injury (Buckley et al., 2015; Yan, 

2015). Indirect stimulation from vibration (Normal Vasodilation Ratio mean = 0.8 EC/EM ±0.1 

EC/EM, 4-Week Vasodilation Ratio mean = 0.6 EC/EM ±0.04EC/EM; P < .01) causes excessive 

vasoconstriction of arteries, reducing cerebral blood flow, and injuring endothelial cells in the 

lumen (Yan, Zhang, Agresti, LoGiudice, et al., 2015). The decrease in cerebral blood flow, and a 

subsequent decrease in oxygen supply to the brain, causes damage due to ischemia (Yan, Zhang, 

Agresti, Yan, et al., 2015). The return of cerebral blood flow following ischemic injury causes a 

reperfusion injury from the brain’s re-oxygenation resulting in inflammation caused by oxidative 

stress (Yan, Zhang, Agresti, Yan, et al., 2015). The accumulated effects of acceleration-related 

cerebral blood flow disruption can lead to negative neural and cerebrovascular health outcomes. 

Short doses of vibration exposure can lead to vascular damage (Tissue Perfusion Mean Decrease 

= 37 % ±1%; P < .001), while consistent exposure can potentially lead to more progressive 

injury, such as extensive endothelial cellular death and eventual vascular occlusion (Curry et al., 

2002). Vasoconstriction resulting from short-term vibration exposure causes vacuoles to form in 

endothelial cells and lumen and can result in cell death from edema, apoptosis, or necrosis if 
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exposure continues (Curry et al., 2002; Grewal et al., 2017). Reduced cerebral blood flow and 

inhibited neuronal function from repeated WBV exposure potentially explain increased fatigue, 

decreased judgment, and decreased reaction time that drivers feel during long bouts of vehicle 

operation (Grewal et al., 2017). 

Blood-Brain-Barrier Permeability 

Secondary brain injury from a physical injury occurs through increases in 

neuroinflammatory response and BBB permeability (Vilalta et al., 2008). The division between 

the neural tissue and blood is constructed of the BBB, the blood CSF barrier, and the arachnoid 

epithelium, and serves as physical, transport, metabolic, and immunologic barriers to the 

diffusion of polar solutes (Serlin et al., 2015). The BBB consists of connected endothelial cells, 

astrocytes, microglia, and pericytes divided by circulating blood from interstitial tissue and 

maintains homeostasis by limiting the influx of harmful particulates through the function of the 

neurovascular unit (Lochhead et al., 2010; Sahyouni et al., 2017; Serlin et al., 2015). Occludins-, 

claudins-, and junctional-associated proteins form tight junctions between endothelial cells 

regulating BBB permeability (Krueger et al., 2013). Oxygen is perfused across the BBB through 

surrounding capillaries (Grewal et al., 2017). Consistent exposure to brain acceleration, in 

conjunction with a high average vibration magnitude, is the primary influencer for BBB leakage 

[Figure 1] (Dubayle et al., 2020).  
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Figure 1  

Effects of centrifugation and WBV on IgG extravasation in the hippocampus.  

 

 

Note. a IgG extravasation expressed as the percentage of labelling observed in Long-HG and 

Ctrl-HG groups for the entire surface of hippocampus. b Comparison of the surfaces of 

hippocampus in Long-HG and Ctrl-HG groups. c IgG extravasation expressed as the percentage 

of labelling for the constant area of hippocampus in the LongHG and Ctrl-HG groups. d, e IgG 

extravasation expressed as the percentage of labelling observed in the Short-HG, landing and 

take-off groups in comparison with their control. f, g IgG extravasation expressed as the 

percentage of labelling observed in the WBV groups in comparison with their control. Statistical 

significant differences are reported. The star indicates p < 0.05. From “Effects of centrifugation 

and whole-body vibrations on blood-brain barrier permeability in mice,” by D. Dubayle, A. 
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Venden-Bossche, M. Beraneck, L. Vico, & J.C. Morel, 2020, NPJ Microgravity, 6, p. 3. 

Copyright 2020 by Nature Research. Reprinted with permission (see Appendix B). 

Traumatic brain injury results in multifocal disruption to the BBB, in part, due to direct 

endothelial damage from brain acceleration (Johnson et al., 2018). Blood-brain barrier disruption 

can also occur from reductions in cerebral blood flow due to ischemia, disrupting water and 

electrolyte homeostasis, ionic exchange, and increasing endothelial cellular fluid retention (Betz 

et al., 1989; Unterberg et al., 2004). The increase in cellular fluid retention disturbs cell function, 

breaking down the BBB (Betz et al., 1989). Shear stress from the brain’s acceleration within the 

cranium stretches the axons and leads to vascular injury (Sahyouni et al., 2017). Vascular injury 

leads to the unregulated influx of plasma proteins into the interstitial (ISF) and cerebrospinal 

fluids (CSF) (Unterberg et al., 2004). Brain injury causes fluid retention, damaging the BBB 

through swelling and the accumulation of harmful waste. Traumatic brain injury decreases 

ipsilateral cortex waste clearance by 25% due to reduced paravascular CSF-ISF exchange and 

interstitial solute removal (increase in P-tau levels identified with anti-pThr205, P < .05; increase 

in P-tau levels identified with anti-pThr231, P < .05; increase in P-tau levels identified with 

pSer396, P < .01) (Iliff et al., 2014). Decreased waste removal associated with traumatic brain 

injury leads to decreased cognitive function and increased neuronal impairment from the chronic 

accumulation of harmful proteins such as phosphorylated tau (Iliff et al., 2014).  

Ischemic injury can lead to the influx of reactive oxygen species that contribute to 

vasogenic edema and increase blood-brain barrier permeability (Lochhead et al., 2010; Witt et 

al., 2003). Vasogenic brain edema results from ischemic-reperfusion injury, allowing an influx of 

plasma proteins into neural cells due to increased BBB permeability (Betz et al., 1989). The 

interplay between physical disruption from vasogenic edema and metabolic adaption from 
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endothelial cell activation and calcium instability results in increased BBB permeability for up to 

72 hours post-injury (Alluri et al., 2015; Unterberg et al., 2004).  Cytotoxic brain edema differs 

from vasogenic edema due to an intact BBB, and is characterized by ischemic injury resulting in 

intracellular fluid retention from Na/ K ATPase damage, and subsequent death (Betz et al., 

1989). Ischemic injury damages neurons through edema by disrupting cellular homeostasis either 

through an influx of plasma proteins across a hyperpermeable BBB, or cellular swelling through 

sodium and water retention.  

Repetitive brain injury negatively affects BBB permeability due to adaptions that allow 

for the influx of inflammatory proteins (serum protein fibrinogen immunoreactivity left 

hemisphere sham mean = 0.18% ± 0.01%, serum protein fibrinogen immunoreactivity right 

hemisphere sham mean = 0.29% ± 0.05%; serum protein fibrinogen immunoreactivity left 

hemisphere 6-hour post-concussion mean = 4.39% ± 2.3%, serum protein fibrinogen 

immunoreactivity right hemisphere 6-hour post-concussion mean = 3.87% ± 1.88% P = 0.03) 

(Johnson et al., 2018). Dubayle et al. (2020) found that singular bouts of low-level vibration do 

not elicit a change in BBB permeability, but cumulative exposure over time does, indicating that 

physiological injury may be caused by the magnitude and duration of WBV exposure. Repeated 

brain acceleration from WBV could disrupt the BBB, similar to what is seen in TBIs. 

Neurometabolic Cascade 

Neuronal deficits following TBI result from ischemic injury that causes a sodium-

potassium flux that impairs cellular activity (Giza & Hovda, 2001). A TBI causes mechanical 

neuronal disruption, resulting in acute and subacute cellular physiological adaptions from an 

increase in extracellular potassium, depolarizing the neurons (Giza & Hovda, 2001). Rapid 

depolarization of neurons following a TBI leads to an efflux of potassium and an influx of 
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calcium into the cell due to mitochondrial dysfunction causing the secretion of glutamate (Pierce 

et al., 2018). The excessive cytoplasmic calcium pulled into the mitochondria affects membrane 

potential, leading to inflammatory cascades, apoptosis, and endothelial cellular breakdown 

(Cornelius et al., 2013; Sahyouni et al., 2017). Oxidative stress resulting from changes in 

membrane potential following a TBI results in hypometabolism, decreased global neural 

connectivity, and cerebral blood flow (Giza & Hovda, 2001). Ischemia from the reduced cerebral 

blood flow prevents the glial cells from taking up excessive extracellular potassium, while the 

accumulation of intracellular calcium in the mitochondria impairs oxidative metabolism and 

increases BBB permeability (Giza & Hovda, 2001). Calcium is critical for learning and memory, 

but long-term elevations in intracellular calcium levels are damaging for cells, decreasing 

cognitive function due to increased oxidative stress and myelin disruption that increases 

phosphorylated tau (Deshpande et al., 2008; O'Hare Doig et al., 2017). Increases in ionic flux 

coinciding with the sodium-potassium pump work to reestablish homeostasis through cellular 

hypermetabolism deplete energy storage (Barkhoudarian et al., 2016). The rapid period of 

cellular hypermetabolism to keep up with the energy demand leads to a period of 

hypometabolism (Barkhoudarian et al., 2016). Lactate, a byproduct of cellular metabolism, 

accumulates within the cell due to cellular hypermetabolism and decreased lactate metabolism, 

resulting in cellular dysfunction and increased BBB permeability (Giza & Hovda, 2001). 

Repetitive exposure to trauma can prolong energy impairments, leading to apoptotic cell death 

and the accumulation of harmful proteins (Martinez et al., 2010). Brain injury results in 

inflammatory effects that cause a metabolic cascade exacerbated by repetitive exposure. The 

high frequency, low magnitude accelerations observed with WBV might trigger a metabolic 

cascade that leads to chronic injury with prolonged periods of regular exposure. 
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Biomarkers 

Due to the physical effect of vibration and acceleration on the brain, inflammatory 

proteins produced in the Central Nervous System are transported into the bloodstream (Kawata 

et al., 2016). Brain-produced proteins potentially enter the bloodstream due to injury to the BBB 

or the glymphatic system (Kawata et al., 2016). Brain injuries damage the neurons and glia that 

make up the neurovascular unit, resulting in disrupted neurovascular unit integrity, allowing 

brain-derived inflammatory proteins to leave the BBB through the glymphatic system (Blyth et 

al., 2011; Kawata et al., 2016).  

The history of TBI does not significantly link to individual inflammatory protein levels, 

indicating that the high acceleration head impacts might not be the predominant cause for long-

lasting damage (Di Battista et al., 2016). Repetitive, low acceleration impacts and gender could 

be the most significant factors in eliciting a biological response, potentially indicating that 

consistent low-level disturbances to the brain, such as vibration, could elicit a protein response 

(Battista, 2016). Two biomarkers commonly analyzed for a TBI that might indicate a response 

from WBV are glial fibrillary acidic protein (GFAP) and S100 calcium-binding protein B 

(S100B). 

Glial Fibrillary Acidic Protein 

Glial fibrillary acidic protein is the main cytoskeletal intermediate filament protein 

produced by astrocytes and is increasingly expressed when a neural injury occurs, and astrocytes 

are damaged (Diaz-Arrastia et al., 2014; Kawata et al., 2016). Glial fibrillary acidic protein 

levels increase ten times that of normal levels following repetitive head impacts (median GFAP 

level post-injury = 0.112 ng/mL, IQR = 0.030-0.462 ng/mL, range = 0.008-8.078 ng/mL vs 

median control GFAP level post-injury = 0.008 ng/mL, IQR = 0.008- 0.030 ng/mL, range = 
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0.008-0.773 ng/mL; P < .001) (Papa et al., 2016). The elevated GFAP levels following a brain 

injury likely correspond to an increase in the reactive astrocytes (Pham et al., 2019). Glial 

fibrillary acidic protein levels are significantly elevated for three days in the ipsilateral dentate 

gyrus (F(2, 29) = 3.61; p < 0.05) and 4-7 days in the thalamus after brain injury (Kabu et al., 2015; 

Pham et al., 2019). Glial fibrillary acidic protein levels begin to decrease but remain elevated at a 

detectable level for up to 90 days post-injury, making it a useful biomarker for tracking recovery 

(control GFAP median [IQR] = 0.80 [0.8–1.070] pg/mL; day 1 GFAP median [IQR] = 17.60 

[3.88–129.6] pg/mL, day 30 GFAP median[IQR]  = 1.330 [0.8–2.21] pg/mL, day 90 GFAP 

median[IQR]  = 1.350 [0.8870– 2.280] pg/mL; p < 0.0001) (Bogoslovsky et al., 2016). While 

GFAP levels significantly increase following a TBI, the expression is not significantly elevated 

when exposed to low-magnitude head accelerations (Non-HHI baseline mean = 32.69 pg/ml ± 

9.99 pg/ml, Non-HHI post-game mean = 33.02 pg/ml ± 9.07 pg/ml; p = 0.6) (Joseph et al., 

2019). The specificity of GFAP to the brain could explain the lower levels of expression under 

low-magnitude head accelerations since they do not elicit the same short-term effects as high-

magnitude head accelerations (Papa et al., 2019). The lack of significant elevation in GFAP 

levels following low-magnitude head accelerations could make it less useful for detecting an 

inflammatory response from cumulative WBV exposure. 

S100 Calcium-Binding Protein B 

 S100 calcium-binding protein B primarily assists with intracellular calcium-binding, 

differentiating glial cell types, and transducing neural signals (Kawata et al., 2018). S100 

calcium-binding protein B levels increase following repetitive low-magnitude head accelerations 

(baseline to post-practice change in S100B concentration level pads off  high # of impacts (SE) =  

0.06(0.01) µg/l; p < 0.001; baseline to post-practice change in S100B concentration level pads on  
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high # of impacts (SE) =  0.08(0.01) µg/l; p < 0.001) (Kawata et al., 2016). Following a TBI, 

patients saw S100B serum concentrations peak the day of the injury and decrease in the days 

afterward (S100B peak mean concentration day 1 = 0.18 µg/l, range = 0.12-0.33 µg/l; S100B 

peak mean concentration day 2 = 0.16 µg/l, range = 0.13-0.23 µg/l; S100B peak mean 

concentration day 3 = 0.12 µg/l, range = 0.08-0.18 µg/l; S100B peak mean concentration day 4 = 

0.09 µg/l, range = 0.06-0.13 µg/l; S100B peak mean concentration day 5 = 0.08 µg/l, range = 

0.04-0.09 µg/l; p < 0.05) (Kellermann et al., 2016). The observed elevated response from S100B 

following repetitive low-magnitude head accelerations potentially makes it a strong biomarker 

for detecting an inflammatory response from cumulative WBV exposure and predicting injury 

outcomes (Bogoslovsky et al., 2016; Kawata et al., 2018). Individuals with higher S100B 

concentrations in their blood six months following TBI treatment tend to have worse outcomes, 

potentially due to the high uptake of S100B in the CSF (high CSF S100B (µg/l ≥30 g/l) 

concentration level outcome = 30% good, 70% bad; low CSF S100B (µg/l <30 g/l) concentration 

level outcome = 67% good, 33% bad; OR(95% CI) = 4.15 (1.34–12.84); p = 0.012) (Kellermann 

et al., 2016). Discerning elevated S100B could be a potential tool to distinguish brain injuries 

resulting from cerebral vascular damage and increased blood pressure at the BBB (Kawata et al., 

2017). The distinction between injury modalities would help determine the effects of WBV, 

which have been previously shown to increase cerebral blood pressure and damage vasculature 

(Grewal et al., 2017; Yan, Zhang, Agresti, LoGiudice, et al., 2015; Yan, Zhang, Agresti, Yan, et 

al., 2015). 

Justification of a Combined Testing Approach 

The multifocal nature of a TBI makes using one biomarker unlikely to accurately reflect 

the extent of a TBI's damage (Bogoslovsky et al., 2016). Analyzing GFAP and S100B together 
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could yield information regarding injury mechanisms due to their origins (Diaz-Arrastia et al., 

2014). S100B (CT + trauma 0-8 hour mean = 1838.0 ± 3599.6pg/mL, CT + trauma 12-32 hour 

mean = 569.2 ± 914.2pg/mL; P < 0.001) concentrations peak 0-8 hours after injury and then 

decline, while GFAP concentrations (CT + trauma 0-8 hour mean = 3065.0 ± 7295.2pg/mL, CT 

+ trauma 12-32 hour mean = 10,005.6 ± 15,867.6pg/mL; P < 0.001) peak 12-32 hours after 

injury (Mahan et al., 2019). Glial fibrillary acidic protein has the greater specificity, sensitivity, 

and accuracy than S100B (Diaz-Arrastia et al., 2014; Gill et al., 2018; Mahan et al., 2019; Papa 

et al., 2014). However, testing both GFAP and S100B produce more sensitive measures for 

distinguishing between injured and healthy individuals due to the differences in their elicitation 

and tissue locations (Mahan et al., 2019). 

Symptoms 

Traumatic Brain Injury Symptoms 

Traumatic brain injuries affect brain function, causing temporary cognitive impairment 

and possible neuropathological changes (McCrory et al., 2017). Repetitive low-magnitude head 

impacts affect forebrain and midbrain connections, impairing executive functioning, sight, 

hearing, and memory (Bahrami et al., 2016; Slobounov et al., 2017). A higher number of TBIs 

increases the disconnect in the brain leading to a decrease in functional neural efficiency due to 

the degradation of the frontal white matter integrity (Clark et al., 2018). A neural disconnect 

between the forebrain and midbrain leads to motor function deficits, learning ability, memory 

recall, encoding capabilities, and recognition discriminability, with increased dysfunction 

occurring with larger periods of head acceleration (Lavender et al., 2020; Wright et al., 2020). 

More frequent exposure to repetitive head accelerations will result in more significant cognitive 

deficits and emotional irregularity (Oyegbile et al., 2018). A TBI history increases hostility, 
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depression, and anxiety in the short and long term (Goswami et al., 2016; Guskiewicz et al., 

2007; Moore et al., 2016). Kerr et al. (2018) found that athletes sustaining three or more TBIs are 

4.2 times as likely to suffer from moderate to severe depression (Kerr et al., 2018). Reger et al. 

(2012) found that mTBI leads to a heightened fear response to stressful events, similar to what is 

seen with Post Traumatic Stress Disorder. An increased history of exposure to harmful levels of 

head acceleration leads to more significant damage to the sections of the brain responsible for 

motor and cognitive function. 

Whole-Body Vibration Symptoms 

Excessive WBV exposure results in musculoskeletal disorders (MSD), specifically in the 

neck and low back (Johanin, 2018; McBride, 2018; Milosavlejevic, 2012; Milosavljevic, 2010). 

Excessive WBV levels lead to a high incidence of muscular and nerve pain in the neck and upper 

extremity (Rehn et al., 2002; Rehn et al., 2004). Vehicle operators can experience headaches and 

neck pain due to the cumulative shock from WBV exposure (Kociolek et al., 2018; Milosavljevic 

et al., 2012). The cervical injuries and discomfort that individuals exposed to harmful WBV 

experience indicate that the potential for injury to tissues distal from the vibratory source, 

specifically the brain. In addition to MSDs, low-level WBV exposure impairs short-term 

memory and cognitive functions (Sherwood & Griffin, 1990). Individuals exposed to repetitive, 

low-level WBVs have increased risks of depression, irritability, lethargy, cognitive deficits, 

emotional distress, low self-efficacy, anxiety, confusion, anger, hostility, and emotional isolation 

(Abbate et al., 2004). Mino et al. (1991) found that 67.9% of individuals with vibration disease 

from occupational vibration exposure report having moderate to severe depression. The 

cumulative effects of WBV exposure led to worsened memory, decision making, slower reflexes, 

and decreased postural control and stability, which may be important in developing 
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neurocognitive disorders (Curry et al., 2002; Kociolek et al., 2018; Willigenburg et al., 2013; 

Yan, Zhang, Agresti, LoGiudice, et al., 2015). Sherwood and Griffin (1990) found that reaction 

time was significantly impaired when exposed to vibrations of 1.0 m/s2 r.m.s. Cognitive deficits 

occurring at 1.0 m/s2 r.m.s. indicate that low-magnitude accelerations are capable of causing 

symptoms of brain injury. Increased tau phosphorylation, long-term changes in axonal 

pathology, and neuroinflammation, caused by cumulative, repetitive head accelerations, are 

associated with increased anxiety and decreased spatial learning memory (McAteer et al., 2016). 

The cognitive symptoms experienced by those exposed to repetitive WBV indicate a potential 

tau accumulation, increasing the chances of developing neurocognitive disorders. Cumulative 

WBV exposure results in symptoms similar to what is seen from TBI, indicating similar 

mechanical and physiological responses. 

Long-Term Cognitive Effects 

Brain injuries can trigger short-term symptomatic responses; however, the cumulative 

effects can lead to long-term health consequences. Traumatic brain injuries potentially increase 

the risk of neurodegenerative diseases later in life (Guskiewicz et al., 2005). However, low-

threshold brain acceleration can also cause traumatic brain injuries and early signs and 

neurocognitive disorder complications (Tagge, 2018).  Head impacts have also been shown to 

increase blood flow to the brain, specifically to the somatosensory cortex, and increase white 

matter integrity alterations three-fold (Bazarian et al., 2012; Slobounov et al., 2017). The 

neurophysiological damage that cumulative low-threshold accelerations cause from both low-

level impacts and WBV has been hypothesized to increase the risk of cerebral diseases such as 

dementia, Alzheimer’s Disease, Parkinson’s, and CTE (Grewal et al., 2017; McAllister & 

McCrea, 2017). While the mechanics might not be the same between chronic low-level impacts 
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and WBV exposure, similar physiological adaptions that occur could potentially lead to similar 

poor health outcomes. 

Tau 

Traumatic brain injuries lead to an increase in hyperphosphorylated tau in the neurons 

(Di Battista et al., 2016; Shahim et al., 2018). Tau stabilizes axonal microtubules, with this 

process being regulated by phosphorylation at binding sites (Puvenna et al., 2016) . However, 

injury causes the hyperphosphorylation of tau, destabilizes the microtubules, and alters axonal 

transport (Puvenna et al., 2016). Tau hyperphosphorylation causes tau to detach from the 

microtubules and accumulate in the neuron, where it self-aggregates and polymerizes to form 

oligomers that are toxic to the cell (Collins-Praino & Corrigan, 2017). Once the injury progresses 

to neuronal death, tau is released (Neergaard et al., 2018). Elevated t-tau levels lead to worse 

global functional connectivity of neurons (Di Battista et al., 2016). As oligomers accumulate in 

the cell, they combine to form neurofibrillary tangles (NFTs), which are observed posthumously 

in individuals with CTE and Alzheimer’s Disease (Collins-Praino & Corrigan, 2017; Neergaard 

et al., 2018). Chronic traumatic encephalopathy (CTE) is a disease affecting the brain that is 

believed to be caused by repetitive impacts to the head and is characterized by degeneration of 

mental cognition, emotional stability, impulse control, mood, executive functioning, and short-

term memory (Baugh et al., 2014). Chronic traumatic encephalopathy is a neurodegenerative 

disease characterized by the accumulation of hyperphosphorylated tau in the form of NFTs in the 

neurons (McKee et al., 2013). There are four stages of CTE progression, with it originating in the 

perivasculature, proximal to the sulci of the cerebral cortex, and characterized by NFTs slowly 

promulgating throughout the brain over time, leading to cerebral atrophy and an increase in the 

severity of symptoms from headache, depression and shortened attention span in the early stages, 
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to impaired cognition and memory and increased aggression in the later stages (McKee et al., 

2015; McKee et al., 2013). Alarmingly, McKee et al. (2013) found evidence of CTE present in 

80% of subjects with a history of repetitive mTBI. A history of repetitive mTBI, potentially from 

chronic WBV exposure, leads to chronic cell death and the subsequent accumulation of tau leads 

to neurodegenerative diseases later in life. 

Traumatic Brain Injury 

Repetitive TBIs and mTBIs have been potentially linked to an increased risk of 

neurocognitive disorders such as CTE, dementia, and Alzheimer’s Disease (Bertrand et al., 2016; 

McAllister & McCrea, 2017; Tagge et al., 2018). There has been significant evidence that shows 

a correlation between a history of repetitive head impacts and the development of 

neurodegenerative diseases. Of patients with CTE, 90% had a history of TBI (McAllister & 

McCrea, 2017). Retired football players are diagnosed with Alzheimer’s Disease at a rate of 

1.3% (Guskiewicz et al., 2005). McAllister and McCrea (2017) found an 11.8% incidence of 

CTE and 16% for Parkinson’s Disease in impact exposed brains. Approximately 45% of athletes 

with CTE develop dementia, which increases to 66% after the age of 60 (Bertrand et al., 2016). 

Chronic headaches are an issue for 30% of retired athletes, potentially indicating the early stages 

of CTE (Bertrand et al., 2016; McKee et al., 2013). Repetitive head impacts increase the risk of 

developing neurodegenerative diseases with age.  

A history of TBIs leads to neurocognitive impairments later in life. Mental health is 

worse for athletes who have previously sustained a TBI than those who have not, with mental 

health impairments being 2.5 times as likely if they have sustained three or more TBIs (Kerr et 

al., 2018). While TBI history is associated with CTE, the actual cause might be the repetitive low 

magnitude head accelerations athletes sustain (Tagge et al., 2018). The potential link between 
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CTE and chronic low-level brain acceleration could indicate that other low acceleration forces, 

such as repetitive WBV, could cause neurocognitive disorders. 

Whole-Body Vibration 

To the knowledge of this review, no research has been conducted on tau accumulation in 

populations exposed to chronic WBV; however, there is evidence to support that WBV exposure 

could increase the risk of neurocognitive disorders. Continued daily WBV exposure for one 

month leads to significant cerebral tissue injuries (Yan, Zhang, Agresti, LoGiudice, et al., 2015). 

The damage to cerebral tissue results in injury to the neuronal structures of the brain. Increased 

duration of exposure to WBVs results in an increased accumulation of dark, shrunken neurons 

and neuronal atrophy due to daily exposure preventing healing (Yan, Zhang, Agresti, Yan, et al., 

2015). Yan, Zhang, Agresti, LoGiudice, et al. (2015) found that after two weeks of daily WBV 

exposure, there were reductions in lumen size, differences in endothelial circumference, 

decreased length of the elastic membrane, and increased vasoconstriction of the middle cerebral 

arteries are more constricted. Prolonged WBV exposure causes cerebral vascular spasm that 

decreases cerebral blood flow from vasoconstriction of the capillaries (Grewal et al., 2017). 

Whole-body vibration exposure causes the endothelial cells of the cerebral artery wall to form 

irregular patterns, leading to its degradation (Grewal et al., 2017; Yan, Zhang, Agresti, 

LoGiudice, et al., 2015). Cerebral artery wall degradation impairs the brain’s blood perfusion 

capability and subsequent function (Grewal et al., 2017; Yan, Zhang, Agresti, LoGiudice, et al., 

2015). The impaired blood perfusion decreases the ability of oxygen to enter the brain, causing 

ischemia. Along with shear, ischemia-reperfusion resulting from daily WBV exposure and 

nightly rest may factor into the damage done to neuron and peripheral nerves (Yan, Zhang, 
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Agresti, Yan, et al., 2015). The damage done from chronic WBV exposure causes neuronal 

damage through vasoconstriction, impaired perfusion, and ischemia, leading to cell death. 

Conclusion 

The purpose of this literature review was to assess the effects of acceleration and 

vibration on the brain, how this causes physiological changes, and how the WBVs and TBIs lead 

to short- and long-term cognitive effects. By analyzing the injury mechanisms of WBV and TBI 

forces, similarities were seen in each physical stressor’s mechanical and physiological responses. 

Repetitive, lower-level acceleration exposure, such as what is seen with mTBI and WBV 

exposure, may pose a higher risk for injury compared to a singular, high force TBI due to the 

magnitude of injury increasing when the brain does not have the time to return to homeostasis 

(Broglio et al., 2017). The repetitive, high frequency, low-magnitude acceleration of the brain 

due to WBV could prevent the brain from returning to its homeostatic level, increasing the risk 

for injury. The increased vibration magnitude at the head compared to the seat indicates an 

amplification in vibration that could result in more significant mechanical and physiological 

injury (Abbate et al., 2004; Fairley & Griffin, 1989; Hinz & Seidel, 1987; Holmlund et al., 2000; 

Mansfield & Griffin, 2000; Milosavljevic et al., 2011; Paddan & Griffin, 1998; Singh et al., 

2016; Wang et al., 2006). Brain injury can be caused by an applied force, such as vibration or a 

head impact, that damages the brain’s sulci and neurovascular unit (Smith et al., 2018). A 

physical stressor such as vibration or a head impact can lead to neurophysiological damage 

through vasoconstriction of cerebral arteries and capillaries, BBB disruption, and metabolic 

adaptions that trigger the response of inflammation-causing proteins (Grewal et al., 2017; 

Kawata et al., 2016; Yan, Zhang, Agresti, LoGiudice, et al., 2015; Yan, Zhang, Agresti, Yan, et 

al., 2015). Mechanical and physiological injury triggers adaptive mechanisms that result in 
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harmful conditions later in life. The cumulative effects of low-magnitude head accelerations and 

low-level WBV exposure lead to similar neurocognitive disorder symptoms (Abbate et al., 2004; 

Goswami et al., 2016; Moore et al., 2016; Pham et al., 2019; Tsushima et al., 2019). While the 

mechanics might not be the same between chronic mTBI and WBV exposure, the 

neurophysiological damage could increase the risk of developing cerebral diseases such as 

dementia, Alzheimer’s, Parkinson’s, and CTE (Grewal et al., 2017; Guskiewicz et al., 2005; 

McAllister & McCrea, 2017). Similarities in physical mechanisms and response outcomes 

potentially indicate similarities in cerebral injury. Analyzing known inflammatory-response 

proteins expressed during TBI, such as GFAP and S100B could indicate an injury response in 

individuals exposed to WBV. There is evidence to support the belief that excessive, chronic 

WBV exposure can result in brain injury and needs to be further investigated to determine if 

there is a risk for the development of neurodegenerative diseases. 
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Chapter 3: Methodology 

Subjects 

The methodology for this study complies with the testing standards established in ISO 

10326-1 and the safety standards established in ISO 13090-1. 

This study is a cross-sectional randomized control trial. Subjects were recruited from 

Virginia Polytechnic Institute and State University (Virginia Tech) and the surrounding 

Blacksburg, VA area through flyers posted around campus and Blacksburg. Thirty-two subjects, 

14 males and 18 females, participated in this study [Table 3]. Subjects were informed of the 

study purpose, protocol, and safety measures in place to prevent harmful vibration exposure 

before testing commenced. 

Table 3  

Test subject physical characteristics 

N = 32 Mean (SD) Minimum Maximum 
Age (years) 35.4 ±16 18 64 
Weight (kg) 77.9 ± 20.1 50 149 
Height (cm) 169.8 ± 12.0 150 200 

 
Note. Subjects were between 18 to 64 years old, 50 to 149 kg, and 150 to 200 cm. 

Subjects were excluded if they had a history of traumatic brain injuries within the past six 

months, were currently pregnant, were under 18 years of age, did not have full mental capacity, 

used a prosthesis, recently had a surgical procedure, or had an active disease of the respiratory, 

gastrointestinal tract, genito-urinary, cardiovascular, musculoskeletal, or nervous system (ISO, 

1998). 

Subjects were randomly assigned to a control, short-term exposure, or long-term 

exposure group. Block randomization was used to group subjects into either the control (no 

exposure), short-term exposure (1 hour exposure), or long-term exposure (8 hours exposure) 
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group. Block sizes were hidden from the executor and randomly mixed. Nine subjects were in 

the control group, twelve were in the short-term exposure group, and eleven were in the long-

term exposure group. The study was approved by the institutional review board at Marshall 

University (see Appendix B) after deference from the institutional review board at Virginia Tech 

(see Appendix C). Informed and written consent was obtained from all subjects (see Appendix 

D). 

Materials 

The study used a Lansmont Model 1000 Vibration Test System® (Lansmont Model 1000 

Vibration Test System, Monterey, CA) to administer a uniaxial alternating periodic or 

imbalanced force in only the vertical axis to subjects. The vibration profile was measured for a 

26’ leaf spring Freightliner M2 106 straight delivery box truck. This vehicle had 26,000 lbs. of 

gross vehicle weight and 10,000 lbs. of payload capacity. The vehicle was loaded up to 75% of 

its payload capacity. The truck was traveling between Mocksville, NC, and Blacksburg, VA, on 

a two-lane asphalt highway. The vibration measurement was conducted using a Lansmont 

Saver3x90 data logger mounted under the frame of the seat using a magnetic mount (Lansmont 

Corporation, Monterey, CA, USA) [Table 4].  

Table 4  

Settings Used for the Vibration Datalogger. 

 Timer Triggered 
Record time 15s 
Sampling Frequency 100 samples/s 
Wakeup Interwall 15s 
Filter  250Hz 
Data Retention Fill/Stop 

Note. The data logger has a 200g maximum range. The data logger was configured to collect data 

continuously throughout the trip. 
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Table 5 

Summary Table of the Used Power Spectral Density Profile for Vibration. 

Frequency (Hz) PSD (G2/Hz) 
1 0.0002387 
2 0.0026415 
2.5 0.0020159 
3.7 0.0001767 
7.1 0.0000672 
12.5 0.0005267 
19.4 0.0000565 
49.9 0.0000023 

Note. The data collected from the data logger was processed using the SaverX software with a 50 

Hz filter (Lansmont Corporation, Monterey, CA, USA). Any recorded events below 0.04g were 

filtered out.  

Figure 2 

Vibration Profile Obtained from a Penske Truck 

 

Note. The Gravitational Root Mean Square acceleration of the vibration profile was 0.081, while 

the profile included frequencies between 1 and 50 Hz. 

Two Vicon Blue Trident® (Vicon Blue Trident, Version 2, Denver, CO) inertial 

measurement units were used to measure vibrations at the lower back and at the head in 2-hour 
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intervals for the 8-hour exposure group, lasting for 1 minute for each interval. Burland et al. 

(2020) found high reliability for cumulative impact loading during an acceleration-deceleration 

task (left limb ICC[95% CI] = 0.88[0.65-0.97], right limb ICC = 0.89[0.68-0.97]). 

DuoSet® Assay kits (R&D Systems, Human DuoSet ELISA, Minneapolis, MN) were 

used to assess GFAP and S100B protein concentrations in the blood.  

Modified Rivermead Post Concussion Symptom Questionnaires (RPQ) (King et al., 

1995) (see Appendix E) and Whole-Body Vibration Health Screening Questionnaires 

(WBVHSQ) were given to subjects to gauge head injury symptoms from WBV exposure and 

vibration history (Pope et al., 2002) (See Appendix F). Rivermead Post Concussion Symptom 

Questionnaire scores typically range from (0) to (64), with higher scores indicating more severe 

TBI symptoms (King et al., 1995). The RPQ was chosen due to its good test-retest reliability 

(0.89 for RPQ-13, 0.72 for RPQ-3, P < 0.01) and external construct validity scores (0.83 for 

RPQ-13, 0.62 for RPQ-3, P < 0.01) (Eyres et al., 2005). The WBVHSQ was chosen to assess 

symptoms of neck and low-back pain due to the significant relationship it has with vibration and 

shock exposure (P < 0.05) for neck pain over a 12-month duration and low-back pain (OR = 

1.24, P = 0.092) over a (12) month period (Milosavljevic et al., 2011). An hourly discomfort 

survey was used to gauge local discomfort on an increasing scale from 0-10, where 0 was no 

discomfort and 10 was maximum discomfort. 

Protocol 

Subjects arrived at the testing site and consented to participate in the study. Subjects 

completed a Whole-Body Vibration Health Screening Questionnaire and buckled themselves into 

the truck seat on the vibration platform. Subjects scored their discomfort every hour, ranging 
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from no pain (0) to maximum pain (10). At the end of testing, subjects completed a modified 

Rivermead Post-Concussion Questionnaire. 

Data Collection 

Subjects were randomly assigned to control, short-term exposure, and long-term exposure 

groups. The control group experienced no vibration, the short-term exposure group experienced 

1 hour of vibration, and the long-term exposure group experienced 8 hours of vibration. Subjects 

were given the modified WBVHSQ before and the modified RPQ after testing.  

Venous blood was sampled before, immediately after, and 24 hours after testing, and 

sterile tubes that contained an anticoagulant agent were filled (Kawata et al., 2017). The plasma 

was separated through centrifugation for 10 minutes and stored at -80°C until analysis was 

conducted (Kawata et al., 2017).  

One researcher, positioned between the subject and the Lansmont vibration test system, 

operated the system and observed the subject. Testing would cease at the subject’s request or in 

case of a system malfunction, with the researcher having the ability to use an emergency stop if 

required. Test duration was determined by the subject’s experimental group. The long-term 

exposure group subjects were given 1 hour of cumulative breaks throughout testing. Fifteen-

minute breaks were assigned after hours two and six of vibration exposure, and a 30-minute 

break was given after hour four of vibration exposure. Subjects were given the ability to modify 

break schedules as needed, as long as the cumulative break did not exceed 1 hour before testing 

was completed. 

Vicon Blue Trident® IMUs were fixed to the seat and the head of the subjects, with the 

+Z axis going to the left side of the subject, the +Y direction pointed behind the subject, and the 

+X direction pointed upwards [Figure 3]. The IMUs were set up to collect both linear and 
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rotational accelerations in the Z, Y, and Z directions. The sample rate for the IMUs was set to 

1134 Hz, and the collection time was set to 60 seconds. Head and seat accelerations were 

sampled every 2 hours for the 8-hour subjects and at the beginning and end for the 1-hour group. 

Localized subject discomfort was gauged every hour, ranging from no pain (0) to maximum pain 

(10). 

Vibration data were obtained in real-time using the Vicon Blue Trident® IMUs and 

uploaded to Vicon Capture.U (Capture.U 1.3, Version 7). 

Figure 3 

Test setup 

 

Note. The trials were conducted using a rigid original equipment manufacturer truck seat without 

armrests and an installed aftermarket seat belt. Subjects were allowed to use devices during 

testing. 
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A code was implemented for all subject data to maintain subject anonymity. Data were 

stored on a flash drive in a locked filing cabinet in a locked office in Gullickson Hall at Marshall 

University. 

Data Processing 

Glial fibrillary acidic protein and S100B measurements for the serum samples were 

performed using enzyme-linked immunosorbent assay (ELISA) kits via manufacturer 

instructions. Biomarker data were retrieved following plasma analysis.  

Raw acceleration data from the Vicon Blue Trident® IMUs fixed to the platform, seat, 

and subjects’ head were processed in Matlab (MATLAB R2022b Version 9.13.0). Table 6 

defines the variables used in Aws and VDV calculations. 

Table 6 

Definitions of Variables Used in Vibration Exposure Calculations.      

Symbol Definition 
Aws r.m.s average weighted acceleration 

wx=1.4; wy=1.4;wz=1.0 
aw(t) frequency-weighted acceleration at time, t 
VDV vibration dosage value 

t Instantaneous time 
T Effective time or duration of the measurement 
T0 Work period 

STHTx,y,z Seat-to-head-transmissibility 
ax,y,z acceleration 

 
Note. Definitions for variables used in root mean square average weighted vibration and 

vibration dose value, two measures for vibration exposure. 

The root mean square (r.m.s.) average weighted vibration (Aws) was calculated as seen in 

(1) and compared to the ISO 2361-1 exposure action value (EAV) of 0.5 m/s2 and an exposure 

limit value (ELV) of 1.0 m/s2 for triaxial accelerations (ISO, 1997; Taing, 2020): 
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మ       (1) 

The r.m.s. average weighted vibration (Aws) where aw(t) is the frequency-weighted 

acceleration at time, t. T refers to the measurement for duration in seconds (Taing, 2020). 

The r.m.s. average weighted acceleration was extrapolated to account for average 

vibration exposure over a typical work period of 8 hours, where T is the effective time, and T0 is 

the work period, as seen in (2) (Filho et al., 2019): 

𝐴(8) = 𝐴௪௦ ∗ ට
்

బ்
                                                 (2) 

The vibration dose value (VDV) was calculated to determine the total vibration 

experienced at the seat and compared to the ISO 2361-1 EAV of 8.5 m/s1.75 and an ELV of 17 

m/s1.75 for triaxial accelerations (Taing, 2020). Equation (3) can be used to calculate the VDV 

(Kim et al., 2016; Taing, 2020): 

𝑉𝐷𝑉 = ቂ∫ 𝑎௪
ସ (𝑡)𝑑𝑡

்

଴
ቃ

భ

ర                                                            (3) 

The vibration dose value can be extrapolated to account for vibration exposure over a 

typical work period of 8 hours (4): 

𝑉𝐷𝑉(8) = 𝑉𝐷𝑉 ∗ ට
்

బ்
                                                           (4) 

The seat-to-head transmissibility (STHT) for each of the three axes was calculated by 

dividing the cross-spectral density (CPSD) of the seat and head by the auto-spectral density of 

the seat (Kumar & Saran, 2016). This was done to look at how the frequency transmits: 

𝑆𝑇𝐻𝑇 =
஼௉ௌ஽ೄೣಹೖ

(௙)

஼௉ௌ஽ೄೣೄೣ(௙)
                                                                             (5) 

H = the transfer function for a given frequency, f = hamming window (1-20 Hz) 



51 
 

The seat-to-head transmissibility (STHTx,y,z) for each of the three axes was also 

calculated by taking the average of the acceleration of the head divided by the average of the seat 

acceleration (Kumar & Saran, 2016). This was done to look at how the amplitude transmits: 

𝑆𝑇𝐻𝑇 =
ோெௌಹೖ

ோெௌೄೣ

                                                                            (6) 

Statistical Analysis 

Questionnaire Responses 

Descriptive statistics (maximum, mean, and standard deviation) for the Rivermead Post-

concussion Questionnaire were conducted for the short-term exposure and long-term exposure 

groups. Paired samples t-tests were conducted to compare subject RPQ response data for the 

short-term exposure and long-term exposure groups.  

Descriptive statistics (maximum, mean, and standard deviation) for the Discomfort 

survey were conducted for the short-term exposure and long-term exposure groups. The percent 

differences compared to baseline discomfort levels were calculated for each hour of vibration 

exposure. Kruskal Wallis analysis with a Sidak correction method was used to compare 

discomfort levels between hours of vibration exposure. 

Blood Protein Concentrations 

Two-way analysis of variance was used to compare GFAP and S100 B levels before, 

after, and post-testing. Paired samples t-tests were used to compare normalized GFAP and 

S100B levels after and post-testing. Statistical significance was set a priori at alpha = 0.05. 
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Acceleration Calculations 

These data were calculated for each subject, and then statistical analysis was conducted. 

Descriptive statistics (maximum, mean, and standard deviation) were calculated for the subjects’ 

head and seat acceleration data.  

Two-way mixed ANOVAs with between-subjects factor of vibration exposure duration 

and within-subjects factor of time were calculated to assess differences in: average resultant head 

acceleration, maximum resultant head acceleration, average resultant seat acceleration, 

maximum resultant seat acceleration, average weighted head acceleration, total vibration dose 

volume at the head, average weighted seat acceleration, and total vibration dose volume at the 

seat. Both maximum resultant seat acceleration at 0 hours (W11 = 0.796, p = 0.008) and RMS 

average weighted seat vibration at 0 hours (W11 = 0.835, p = 0.027) showed positive kurtosis. 

These variables were not transformed as kurtosis would be expected, given the proximity of the 

seat accelerometer and vibration source. A three-box-length criterion was used to assess the 

dataset for outliers. A Shapiro-Wilk test was used to determine whether the variables were 

normally distributed. The homogeneity of variances was assessed using a Levene’s test. Levene's 

test was found to be violated for average resultant seat acceleration at the last recording (W1,19 = 

7.687, p = 0.012), which may affect type I error, so results for average resultant seat acceleration 

should be interpreted with caution. There was homogeneity of covariances (p > 0.001) for all 

variables, as assessed by Box's M test. Seat-to-head-transmissibility was determined by 

measuring the vibration magnitude at different frequencies. Average resultant STHT and average 

resultant STHT at distinct frequency peaks for subject groups were then compared using one-

way ANOVA.  
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Chapter 4: Results 

Demographics 

Thirty-two (32) total subjects volunteered to participate in this study. Fourteen (14) 

subjects were male and eighteen (18) were female. There were nine (9) control, twelve (12) 1-

hour, and eleven (11) 8-hour exposure subjects [Table 7].  

Table 7 

Subject Demographics 

 Control 1-hour 8-hour 
Age (years) 44.44 ±12.99 37.50 ± 17.88 25.64 ± 1.26 
Height (cm) 168.22 ± 12.35 171.00 ± 9.96 169.73 ± 14.59 
Weight (kg) 80.00 ± 14.05 76.08 ± 19.27) 78.18 ± 26.13 

Sex M/F 3M/6F 6M/6F 5M/6F 
 

Note. Control subjects had an average body mass index (BMI) of 28.3 kg/m2, 1-hour exposure 

subjects had an average BMI of 26.0 kg/m2, and 8-hour exposure subjects had an average BMI of 

27.1 kg/m2. 
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Questionnaire Responses 

Rivermead Post-concussion Questionnaire 

Figure 4 

Average Rivermead Post-concussion Questionnaire Responses 

 

Note. The average reported severity score for the reported RPQ symptoms. The average RPQ 

symptom severity score for overall symptomatology in 1-hour subjects was 3.91 ± 3.73, while 

the average score for 8-hour subjects was 5.09 ± 4.50. 

No significant differences existed in any of the assessed RPQ symptoms between 1-hour 

and 8-hour vibration exposure subject groups (t= 0.56).  

There were no significant differences in average RPQ symptom severity scores for 

headache symptomatology (1-hour = 0.64 ± 0.81, 8-hour = 0.45 ± 0.52, t= 0.42), nausea (1-hour 
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= 0.18 ± 0.40, 8-hour = 0.45 ± 0.69, t= 0.33) or noise sensitivity (1-hour = 0.27 ± 0.65, 8-hour = 

0.00 ± 0.00, t= 0.31) in the 1-hour and 8-hour vibration exposure groups.  

There was a significant difference in average RPQ symptom severity scores for fatigue 

(1-hour = 0.55 ± 0.69, 8-hour = 1.55 ± 1.44, t = 0.049) but not for restlessness (1-hour = 0.36 ± 

0.81, 8-hour = 0.36 ± 0.92, t= 0.93) in the 1-hour and 8-hour vibration exposure groups.  

There were no significant differences in average RPQ symptom severity scores for 

irritability (1-hour = 0.00 ± 0.00, 8-hour = 0.27 ± 0.47, t= 0.08) or frustration (1-hour = 0.00 ± 

0.00, 8-hour = 0.18 ± 0.40, t= 0.17) in the 1-hour and 8-hour vibration exposure groups. 

There were no significant differences in average RPQ symptom severity scores for 

forgetfulness (1-hour = 0.18 ± 0.40, 8-hour = 0.09 ± 0.30, t= 0.5), decreased concentration (1-

hour = 0.45 ± 0.69, 8-hour = 0.36 ± 0.92, t= 0.71), or decreased cognition (1-hour = 0.45 ± 0.93, 

8-hour = 0.55 ± 0.69, t= 0.90) in the 1-hour and 8-hour vibration exposure groups.  

There were no significant differences in average RPQ symptom severity scores for 

blurred vision (1-hour = 0.27 ± 0.65, 8-hour = 0.18 ± 0.60, t= 0.68), light sensitivity (1-hour = 

0.00 ± 0.00, 8-hour = 0.09 ± 0.30, t= 0.35), double vision (1-hour = 0.00 ± 0.00, 8-hour = 0.09 ± 

0.30, t= 0.35), or dizziness (1-hour = 0.55 ± 0.93, 8-hour = 0.45 ± 0.93, t= 0.91) in 1-hour and 8-

hour vibration exposure groups.  

Neither of the 1-hour or 8-hour groups experienced symptoms of insomnia or depression. 

Discomfort Survey 

Physical discomfort increased for subjects as the duration of the vibration exposure 

increased. The average discomfort levels across exposure went as follows: baseline = 1.61 ± 

1.23, 1-hour = 2.41 ± 2.17, 2-hour = 2.00 ± 1.47, 3-hour = 1.73 ± 1.10, 4-hour = 1.82 ± 1.08, 5-

hour = 1.95 ± 1.46, 6-hour = 1.91 ± 1.38, 7-hour = 2.27 ± 1.49, and 8-hour = 2.55 ± 1.57 [Figure 
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4]. The average percent increase in discomfort level at each hour of exposure, relative to 

baseline, went as follows: 1-hour = 9%, 2-hour = 32%, 3-hour = 34%, 4-hour = 43%, 5-hour = 

45%, 6-hour = 46%, 7-hour = 78%, and 8-hour = 111% [Figure 5]. 

Figure 5 

Discomfort Level Across Hours of Vibration Exposure 

 

Note. Differences in discomfort were not significant between hours 1-8 of vibration exposure: 1-

hour → 2-hour (χ2 = 0.226, p = .64), 2-hour → 3-hour (χ2 = 0.083, p = .77), 3-hour → 4-hour (χ2 

= 0.088, p = .77), 4-hour → 5-hour (χ2 = 0.001, p = .97), 5-hour → 6-hour (χ2 = 0.001, p = .97), 

6-hour → 7-hour (χ2 = 0.32, p = .57), 7-hour → 8-hour (χ2 = 0.142, p = .71). 

However, the change in discomfort across hours of vibration exposure was not seen 

overall as significant (χ2(8) = 5.19, p = .737). The difference between baseline and 8-hour 

discomfort was significant (p = 0.04), while the differences between baseline and 1-hour 

discomfort (p = 0.17) and 1-hour and 8-hour discomfort (p = .45) were not significant.  
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Blood Protein Concentrations 

Glial Fibrillary Acidic Protein 

Blood concentration levels of GFAP did not significantly change following vibration 

exposure for either the 1-hour or 8-hour groups [Figure 6]. Glial fibrillary acidic protein 

concentration levels remained similar for 1-hour subjects before, after, and 24-hour post-testing 

(Before = 0.89 ± 0.56 ng/mL, After = 0.92 ± 0.43 ng/mL, 24-hour Post = 0.88 ± 0.41 ng/mL, 

F1,59 = 2.95, p = 0.09, partial η2 = 0.048). Similarly, GFAP levels remained similar for 8-hour 

subjects before, after, and 24-hour post-testing (Before = 1.25 ± 0.64 ng/mL, After = 1.78 ± 2.71 

ng/mL, 24-hour Post = 1.26 ± 1.02 ng/mL, F2,59 = 0.40, p = 0.68, partial η2 = 0.013).  

Figure 6 

Glial Fibrillary Acidic Protein Results 

 

 

Note. There were no significant differences in GFAP concentrations between 1-hour and 8-hour 

subjects (F2,59 = 0.24, p = 0.79, partial η2 = 0.008). 
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S100 Calcium-Binding Protein B 

There were no significant differences in S100B concentrations measured after- and 24-

hour post-testing for either 1-hour subjects (t = 0.86) or 8-hour subjects (t = 0.46) [Figure 7].  

The 1-hour exposure group experienced a statistically significant change in S100B 

concentration (Before = 0.56 ± 0.45 ng/mL, After = 0.56 ± 0.48 ng/mL, 24-hour Post = 0.62 ± 

0.45 ng/mL, F1,62 = 10.66, p < 0.05, partial η2 = 0.15), but this change was not viewed as 

meaningful by the researchers. Blood concentration levels of S100B did not significantly change 

following vibration exposure for the 8-hour group (Before = 0.96 ± 0.5 ng/mL, After = 0.93 ± 

0.48 ng/mL, 24-hour Post = 0.98 ± 0.49 ng/mL, F2,62 = 0.06, p = 0.94, partial η2 = 0.002).  

Figure 7 

S100 Calcium Binding Protein B Results 

 

Note. There were no significant differences in S100B levels between 1-hour and 8-hour subjects 

(F2,62 = 0.03, p = 0.97, partial η2 = 0.0009). 
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There were no significant differences in normalized GFAP concentrations measured 

after- and 24-hour post-testing for either 1-hour subjects (t = 0.86) or 8-hour subjects (t = 0.46) 

[Figure 8].  

Figure 8 

Glial Fibrillary Acidic Protein Normalized Results 

 

Note. There were no significant differences in GFAP concentrations between 1-hour and 8-hour 

subjects for blood samples collected after testing (t = 0.63) or 24-hour post-testing (t = 0.25). 

There were no significant differences in normalized S100B concentrations measured 

after- and 24-hour post-testing for either 1-hour subjects (t = 0.89) or 8-hour subjects (t = 0.81) 

[Figure 9]. 
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Figure 9 

S100 Calcium Binding Protein B Normalized Results 

 

Note. There were no significant differences in S100B concentrations between 1-hour and 8-hour 

subjects for blood samples collected after testing (t = 0.56) or 24-hour post-testing (t = 0.59). 

Acceleration Calculations 

There was no statistically significant interaction between exposure duration group and 

time for any study variable: average resultant head acceleration (F1,19 = 0.164, p = 0.690, partial 

η2 = 0.009), maximum resultant head acceleration (F1,19 = 0.017, p = 0.896, partial η2 = 0.001), 

average resultant seat acceleration (F1,19 = 0.771, p = 0.391, partial η2 = 0.039), maximum 

resultant seat acceleration (F1,19 = 1.013, p = 0.327, partial η2 = 0.051), average weighted head 

acceleration (F1,19 = 1.188, p = 0.289, partial η2 = 0.059), total vibration dose volume at the head 

(F1,19 = 0.033, p = 0.858, partial η2 = 0.002), average weighted seat acceleration (F1,19 = 0.014, p 

= 0.908, partial η2 = 0.001), and total vibration dose volume at the seat (F1,19 = 0.060, p = 0.809, 

partial η2 = 0.003). Given no significant interactions, follow-up analyses were conducted for 

main effects. 
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Resultant Head Acceleration 

Average Resultant Head Acceleration 

Average resultant head acceleration was significantly greater at the end of a session than 

at the beginning of a session (beginning = 9.809 m/s2, end = 9.862 m/s2, F1,19 = 14.689, p = 

0.001, partial η2 = 0.436). Average resultant head acceleration was not significantly different 

between the 1-hour group and the 8-hour group (1-hour = 9.827 m/s2, 8-hour = 9.844 m/s2, F1,19 

= 0.234, p = 0.634, partial η2 = 0.012). 

Maximum Resultant Head Acceleration 

Maximum resultant head acceleration was not significantly different at the end of a 

session than at the beginning of a session (beginning = 14.665 m/s2, end = 14.679 m/s2, F1,19 = 

0.008, p = 0.929, partial η2 = 0.000). Maximum resultant head acceleration was not significantly 

different between the 1-hour group and the 8-hour group (1-hour = 14.576 m/s2, 8-hour = 14.768 

m/s2, F1,19 = 0.644, p = 0.432, partial η2 = 0.033). 

Resultant Seat Acceleration 

Average Resultant Seat Acceleration  

Average resultant seat acceleration was significantly greater at the end of a session than 

at the beginning of a session (beginning = 9.814 m/s2, end = 9.817 m/s2, F1,19 = 6.136, p = 0.023, 

partial η2 = 0.244). Average resultant seat acceleration was not significantly different between 

the 1-hour group and the 8-hour group (1-hour = 9.815 m/s2, 8-hour = 9.816 m/s2, F1,19 = 0.118, 

p = 0.735, partial η2 = 0.006). 

Maximum Resultant Seat Acceleration 

Maximum resultant seat acceleration was not significantly different at the end of a 

session than at the beginning of a session (beginning = 13.160 m/s2, end = 13.228 m/s2, F1,19 = 
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0.361, p = 0.555, partial η2 = 0.019). Maximum resultant seat acceleration was not significantly 

different between the 1-hour group and the 8-hour group (1-hour = 13.135 m/s2, 8-hour = 13.253 

m/s2, F1,19 = 1.893, p = 0.185, partial η2 = 0.091). 

Root Mean Square Average Weighted Acceleration 

Weighted Head Acceleration  

Average weighted head acceleration was not significantly different at the end of a session 

than at the beginning of a session (beginning = 1.509 m/s2, end = 1.573 m/s2, F1,19 = 2.644, p = 

0.120, partial η2 = 0.122). Average weighted head acceleration was not significantly different 

between the 1-hour group and the 8-hour group (1-hour = 1.558 m/s2, 8-hour = 1.525 m/s2, F1,19 

= 0.341, p = 0.566, partial η2 = 0.018). 

Weighted Seat Acceleration 

Average weighted seat acceleration was not significantly different at the end of a session 

than at the beginning of a session (beginning = 0.975 m/s2, end = 0.971 m/s2, F1,19 = 0.269, p = 

0.610, partial η2 = 0.014). Average weighted seat acceleration was not significantly different 

between the 1-hour group and the 8-hour group (1-hour = 0.969 m/s2, 8-hour = 0.977 m/s2, F1,19 

= 1.317, p = 0.265, partial η2 = 0.065). 

Vibration Dose Value 

Vibration Dose Value at the Head 

Total vibration dose volume at the head was not significantly different at the end of a 

session than at the beginning of a session (beginning = 8.396 m/s1.75, end = 8.729 m/s1.75, F1,19 = 

1.301, p = 0.268, partial η2 = 0.064). Total vibration dose volume at the head was not 

significantly different between the 1-hour group and the 8-hour group (1-hour = 8.531 m/s1.75, 8-

hour = 8.593 m/s1.75, F1,19 = 0.041, p = 0.843, partial η2 = 0.002). 
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Vibration Dose Value at the Seat 

Total vibration dose volume at the seat was not significantly different at the end of a 

session than at the beginning of a session (beginning = 8.983 m/s1.75, end = 8.754 m/s1.75, F1,19 = 

1.606, p = 0.220, partial η2 = 0.078). Total vibration dose volume at the seat was not 

significantly different between the 1-hour group and the 8-hour group (1-hour = 8.761 m/s1.75, 8-

hour = 8.976 m/s1.75, F1,19 = 2.067, p = 0.167, partial η2 = 0.098). 

Seat-to-Head Transmissibility 

Average resultant seat-to-head transmissibility was not significantly different across time 

(beginning = 2.03, 1-hour = 2.075, 8-hour = 2.086, F2,57 = 0.16, p = 0.852, partial η2 = 0.0056). 

Two distinct frequency peaks were found for STHT at 3 Hz and 14 Hz for hours 0, 1, and 8 of 

vibration exposure. The peak at 3 Hz was insignificantly higher after the first hour of vibration 

exposure compared to the beginning and eighth hours of exposure (beginning = 1.84, 1-hour = 

1.92, 8-hour = 1.84, F2,41 = 0.680, p = 0.512, partial η2 = 0.032). The peak at 14 Hz was 

insignificantly higher after the eighth hour of vibration exposure compared to the beginning and 

first hours of exposure (beginning = 2.42, 1-hour = 2.41, 8-hour = 2.50, F2,41 = 0.529, p = 0.593, 

partial η2 = 0.025). 
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Figure 10 

Seat-to-Head Transmissibility by Frequency Band at Baseline 

 

Figure 11 

Seat-to-Head Transmissibility by Frequency Band at 1-hour 
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Figure 12 

Seat-to-head transmissibility by frequency band at 8-hour 
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Chapter 5: Discussion 

This study aimed to determine the effect of prolonged WBV exposure on GFAP and 

S100B protein concentrations, STHT, and TBI symptom response. It was believed that WBV 

exposure would trigger an elevation in protein concentrations, increase vibration at the head due 

to postural muscle fatigue, and lead to a TBI-like symptom response.  

Questionnaire Responses 

There was a significant difference between baseline discomfort and discomfort for the 8-

hour vibration exposure group; however, there was no significant difference between baseline 

discomfort and discomfort for the 1-hour vibration exposure group. The difference in discomfort 

between baseline and after 8 hours of vibration exposure was as expected. However, the lack of 

difference in discomfort between the 1-hour and 8-hour exposure groups was unexpected, 

despite the difference in discomfort between baseline and 8 hours of exposure. It is possible that 

the lack of difference between the 1-hour and 8-hour exposure groups was due to the small 

number of subjects that experienced vibration exposure beyond 1 hour. Fatigue began to increase 

at a greater rate beginning in hour six and maintained the increased rate of discomfort until 

testing ended at hour eight. The increased rate of discomfort raises concern about further 

exposure, such as for semi-truck drivers who are driving for the Federal Motor Carrier Safety 

Administration’s maximum work period of 11 hours per day and 70 hours per week. Mansfield 

et al. (2014) found that physical discomfort increases with increased sitting time and is 

accelerated by WBV exposure. Increases in experienced discomfort across exposure expectedly 

coincided with increased fatigue following WBV exposure.  

There was no significant difference in the RPQ symptoms experienced by the 8-hour 

exposure group compared to the 1-hour exposure group outside of fatigue, indicating that 
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exposure duration did not influence symptomatology. Average total RPQ symptomatology 

scores were below the injury threshold average total symptom scores reported by Zeldovich et al. 

(2022). Despite being below the injury threshold, fatigue was significantly different between the 

1-hour and 8-hour exposure groups. Additionally, irritability was close enough to statistically 

significant to indicate that a larger sample size might show a difference over time. Prior studies 

have theorized that the fatigue motorists experience after an extended period of driving could be 

due to brain dysfunction (Grewal et al., 2017; Yan, Zhang, Agresti, Yan, et al., 2015). Azizan et 

al. (2018) determined that fatigue increased as vibration amplitude and exposure duration 

increased. However, this was not supported by this study, as no physiological effect on the brain 

from WBV exposure was indicated. The significant fatigue and discomfort responses with 

prolonged exposure could, in part, be due to the sedentary nature of the task. Subjects potentially 

experienced discomfort from constant postural muscle activation, as well as inactive glutes, 

causing the hip flexors to tighten and anteriorly rotate the pelvis, leading to back pain. Fatigue 

could stem from boredom or the rhythmic rocking at low-frequency oscillations (Zhang et al., 

2024). Future research could be conducted to test subject fatigue objectively. Future research 

could also consider the incorporation of cognitive testing pre- and post-vibration exposure. 

Blood Protein Concentrations 

Vibration exposure did not elicit a change in GFAP or S100B levels for either the 1-hour or 

8-hour groups. Glial fibrillary acidic protein concentration levels remained similar before, after, 

and 24-hour post-testing for 1-hour (Before = 0.89 ± 0.56 ng/mL, After = 0.92 ± 0.43 ng/mL, 24-

hour Post = 0.88 ± 0.41 ng/mL) and 8-hour (Before = 1.25 ± 0.64 ng/mL, After = 1.78 ± 2.71 

ng/mL, 24-hour Post = 1.26 ± 1.02 ng/mL) subjects. There is no injury threshold value for GFAP 

concentration levels, but prior research has found that GFAP levels can range from 0.008 to 
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10.01 ng/mL, depending on injury severity (Mahan et al., 2019; Papa et al., 2016). The witnessed 

GFAP levels fall within this large, reported range.  

S100B concentration levels remained similar before, after, and 24-hour post-testing for 1-

hour (Before = 0.56 ± 0.45 ng/mL, After = 0.56 ± 0.48 ng/mL, 24-hour Post = 0.62 ± 0.45 

ng/mL) and 8-hour (Before = 0.96 ± 0.5 ng/mL, After = 0.93 ± 0.48 ng/mL, 24-hour Post = 0.98 

± 0.49 ng/mL) subjects. The normal injury threshold for S100B is 0.12 ng/ml (Janigro et al., 

2022). Prior research has found that TBI patients can experience a peak concentration of 0.18 

ng/ml (Kellermann et al., 2016). The reported injury threshold and injury values are notably 

lower than the witnessed baseline S100B levels for this study. The significantly greater values 

witnessed in this study are potentially due to the ELISA kit used. Therefore, these values should 

not be used in comparison with other research values; instead, they should be used to assess 

trends across sampling within this study.  

The lack of significant change in GFAP levels could be due to its sensitivity to low-

magnitude head accelerations (Joseph et al., 2019). However, S100B is more sensitive to low-

magnitude head accelerations, and no significant differences in protein levels were detected 

(Kawata et al., 2016). Due to this, it is likely that the acceleration experienced was not great 

enough to cause an inflammatory response. 

While the experienced individual bouts of vibration exposure did not lead to a 

pathophysiological adaptation, several studies have indicated that the cumulative effect of daily 

exposure may cause neurophysiological damage. Dubayle et al. (2020) theorized that duration 

period was of greater significance than vibration intensity regarding cerebral injury. This theory 

is supported by Yan, Zhang, Agresti, LoGiudice, et al. (2015), who determined that rats exposed 

to repetitive bouts of whole-body vibration did not sustain significant neurological injury early 
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on in exposure, but the cumulative effects of exposure over time led to more harmful injury, such 

as neuronal damage and death. Additionally, Yan, Zhang, Agresti, LoGiudice, et al. (2015) 

theorized that commercial motor vehicle operators’ daily whole-body vibration exposure and 

subsequent rest mimics that of ischemic reperfusion injury. Subsequent research by Yan, Zhang, 

Agresti, Yan, et al. (2015) found that rats exposed to two months of whole-body vibration 

experienced vasoconstriction of cerebral vasculature. Grewal et al. (2017) also found that 

cerebral capillaries remained intact early on in exposure; however, capillary damage occurred as 

vibration exposure accumulated. Repetitive, prolonged WBV exposure may elicit similar 

disorders in commercial motorists and would need to be assessed over a longer experimental 

period. Future research may consider including complementary testing, such as computerized 

tomography (CT), which could be used with blood biomarker testing to better understand the 

effects of WBV on the brain. Additionally, future research may consider changing the study 

design to a cohort study to see how vibration exposure affects the brain over a longer duration. 

Acceleration Calculations 

Vibration exposure, between and within exposure duration groups did not have a notable 

effect on experienced head acceleration. Follow-up analysis did primarily support this, except 

regarding average resultant head acceleration. Vibration exposure led to increased average 

resultant head acceleration levels at the end of exposure compared to the beginning. However, 

the difference between exposure groups was statistically significant by 0.053 m/s2, which is of no 

practical importance due to the marginal difference. 

Maximum resultant head acceleration was not significantly different at the end compared to 

the beginning of the sessions, nor was it significantly different between 1-hour and 8-hour 

groups. The similarities observed in maximum resultant head acceleration indicate that while 
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head acceleration trended to increase across exposure, cervical stability did not decrease 

significantly. The maintenance of cervical stability could be due to the sampled vibration profile 

lacking “shock” events, as the maximum acceleration experienced was 1.5 g’s. Greater whole-

body vibration exposure, stemming from a worse road surface, could lead to shock events that 

increase peak head acceleration and VDV. Additionally, the lack of shock events could be 

attributed to the utilization of a uniaxial vibration table for testing. The restriction of motion to 

the vertical axis prevented rapid acceleration exposure from whiplash (sudden forward-backward 

or side-to-side motion) stemming from braking or turning. Hynes (2008) found that horizontal 

and vertical head accelerations were similar for mild vibration exposure, but horizontal head 

acceleration was significantly greater for moderate vibration exposure, showing that peak 

acceleration is dependent on the direction of the applied force. 

Average resultant head acceleration was significantly different between exposure groups, 

but Aws acceleration was similar. The differences between acceleration measures could explain 

the difference in outcomes. Average resultant head acceleration was the resultant of the 

acceleration averaged over the sampling duration, while for Aws, each input signal was weighted 

by an assigned multiplier due to direction and frequency. The root-mean-square was taken for 

these weighted signals. While the average resultant acceleration may have changed, accelerations 

at frequencies of greater weight may not have.  

The values of this study (1-hour = 1.558 m/s2, 8-hour = 1.525 m/s2) were higher than 

some prior studies that looked at Aws from heavy vehicle operation (0.39-0.43 m/s2) (Johnson et 

al., 2015; Kumar et al., 2021) but were not far exceeding other reported data for heavy trucks or 

agricultural vehicles with reported peak Aws of 1.22 and 1.88 m/s2, respectively (Filho et al., 

2019; Kociolek et al., 2018). The vibration profile was sampled from a 26’ leaf spring box truck 
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utilizing 75% of its 26,000 lb. payload capacity. The size and weight of the truck, coupled with 

its installed rigid seat, could potentially explain why the Aws were on the higher end for heavy 

vehicle operation. These excessive values could highlight injury risks associated with 

occupations such as movers and large-scale delivery drivers. 

Vibration dose value, like max resultant acceleration levels, did not significantly change 

throughout vibration exposure. This was potentially due to the lack of “shock” events from the 

sampled vibration profile, as well as postural stability not decreasing to the point that the back 

and head were vulnerable to higher acceleration levels. Vibration dose value is a measure that is 

more sensitive to peaks due to its use of the fourth power instead of the second, as for Aws, for 

acceleration time history. The roadway on which the vibration profile was sampled could have 

contributed to the lack of shock events. The vibration profile was sampled over an asphalt 

highway between Mocksville, NC, and Blacksburg, VA, for one hour. The smoother surface of 

the highway potentially does not represent the type of exposure that an individual may see over 

prolonged vehicle operation, such as from a residential neighborhood or job site. Additionally, 

the use of a vertical axis vibration table does not incorporate the vibration magnitude of the x-

and y-directions. Vibration dose values were similar to prior studies that examined VDV from 

heavy vehicles (Du et al., 2018; Johnson et al., 2018; Kumar et al., 2021). 

Bovenzi (2009) found that public utility and transport vehicles did not exceed the EAV or 

ELV for Aws and VDV; however, these findings were in regard to musculoskeletal injury risk 

when assessing for low-back pain. This study found that Aws and VDV for a similar vehicle 

exceed the EAV, and in the case of Aws, the ELV for accelerations at the head. The increased 

acceleration experienced at the head, exceeding the EAV and ELV, furthers the need for 

established thresholds for brain injury risk. 
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While seat-to-head transmissibility remained similar across time, there were noticeable 

peaks at 3 Hz (beginning = 1.84, 1-hour = 1.92, 8-hour = 1.84) and 14 Hz (beginning = 2.42, 1-

hour = 2.41, 8-hour = 2.50). The STHT peaks witnessed in this study are similar to what has 

been found in prior research (Smith, 1994; Wang et al., 2006). Smith (1994) reported that the 

lower frequency resonant peak was attributable to the motion of the upper torso and head-neck 

complex; however, this shifted to the increased motion of the lower torso at the higher frequency 

peak. 

Limitations 

The first limitation of this study is that the exposure duration was significantly less 

compared to similar types of studies, which could have contributed to a lack of 

pathophysiological injury. The shortened exposure duration was due to challenges with using 

human subjects as opposed to rats. The average life span of a rat is three years (Yan, Zhang, 

Agresti, Yan, et al., 2015). Therefore, the couple weeks to months of exposure used to test rats is 

equivalent to one to four and a half years for a human (Yan, Zhang, Agresti, Yan, et al., 2015). 

Due to study constraints, exposing a human subject to whole-body vibration exposure for that 

period was not feasible. Secondly, vibration testing was limited to the vertical axis, which may 

not accurately represent the motion experienced by motor vehicle operators who are accelerating, 

braking, or turning while driving. Thirdly, subjects may be exposed to varying levels of road-

induced vibration following testing, which may affect blood protein concentration sampling 24 

hours after testing. Restricting subject vehicle operation following testing was not feasible as 

subjects could not remain at the facility following vibration exposure. Fourthly, the inability to 

physically measure the brain’s acceleration within the cranium’s fluid barrier is another potential 

limitation. However, it is still possible to reasonably predict the vibration’s effect on the brain. 
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And finally, the small sample size may not accurately represent the brain’s WBV response. 

There is a likelihood that a larger sample size would have improved the statistical accuracy of 

subject symptomatology. However, it is unlikely that increasing the sample size would have 

affected blood protein or acceleration results. 

Societal Benefits 

This study furthers the knowledge of commercial motor vehicle operators and 

manufacturers as it demonstrates that individual bouts of road-induced vibration exposure likely 

do not cause neurological injury. Establishing human subject protein response levels to 

prolonged whole-body vibration is an important step toward determining if WBV exposure from 

vehicle operation negatively impacts a motorist’s health or ability to operate the vehicle. 

Gauging subjects’ head acceleration over the exposure period shows how a motorist’s postural 

stability potentially decreases over time, which could increase the risk of injury. Assessing 

subject symptomatology shows that there is the potential that fatigue from vibration exposure 

increases over time, which could increase the risk of traffic accidents. Future research can be 

done to find the effects of repetitive exposure, over months and years, to long bouts of road-

induced whole-body vibrations. 

  



74 
 

References 

Abbate, C., Micali, E., Giorgianni, C., Munao, F., Brecciaroli, R., Salmaso, L., & Germano, D. 

(2004). Affective correlates of occupational exposure to whole-body vibration. A case-

control study. Psychotherapy and Psychosomatics, 73(6), 375-379. 

https://doi.org/10.1159/000080391  

Alluri, H., Wiggins-Dohlvik, K., Davis, M. L., Huang, J. H., & Tharakan, B. (2015). Blood-brain 

barrier dysfunction following traumatic brain injury. Metabolic Brain Disease, 30(5), 

1093-1104. https://doi.org/10.1007/s11011-015-9651-7  

Azizan, A., Zali, Z., & Padil, H. (2018). Evaluation of reaction time performance and subjective 

drowsiness during whole-body vibration exposure. IOP conference series. Materials 

Science and Engineering, 370(1), 12020. https://doi.org/10.1088/1757-

899X/370/1/012020  

Bahrami, N., Sharma, D., Rosenthal, S., Davenport, E. M., Urban, J. E., Wagner, B., Jung, Y., 

Vaughan, C. G., Gioia, G. A., Stitzel, J. D., Whitlow, C. T., & Maldjian, J. A. (2016). 

Subconcussive head impact exposure and white matter tract changes over a single season 

of youth football. Radiology, 281(3), 919-926. https://doi.org/10.1148/radiol.2016160564  

Barkhoudarian, G., Hovda, D. A., & Giza, C. C. (2016). The molecular pathophysiology of 

concussive brain injury - an update. Physical Medicine and Rehabilitation Clinics of 

North America, 27(2), 373-393. https://doi.org/10.1016/j.pmr.2016.01.003  

Barth, J. T., Freeman, J. R., Broshek, D. K., & Varney, R. N. (2001). Acceleration-deceleration 

sport-related concussion: the gravity of it all. Journal of Athletic Training, 36(3), 253-

256. https://www.ncbi.nlm.nih.gov/pubmed/12937493  



75 
 

Baugh, C. M., Robbins, C. A., Stern, R. A., & McKee, A. C. (2014). Current understanding of 

chronic traumatic encephalopathy. Current Treatment Options in Neurology, 16(9), 306. 

https://doi.org/10.1007/s11940-014-0306-5  

Bazarian, J. J., Zhu, T., Blyth, B., Borrino, A., & Zhong, J. (2012). Subject-specific changes in 

brain white matter on diffusion tensor imaging after sports-related concussion. Magnetic 

Resonance Imaging, 30(2), 171-180. https://doi.org/10.1016/j.mri.2011.10.001  

Bertrand, H., Thor, S., M.L., A., & A., M. (2016). Potential long-term consequences of 

concussive and subconcussive Injury. Physical Medicine and Rehabilitation Clinics of 

North America, 27(2), 503-511. https://doi.org/10.1016/j.pmr.2015.12.007  

Betz, A. L., Iannotti, F., & Hoff, J. T. (1989). Brain edema: a classification based on blood-brain 

barrier integrity. Cerebrovascular and Brain Metabolism Review, 1(2), 133-154. 

https://www.ncbi.nlm.nih.gov/pubmed/2701373  

Blood, R. P., Dennerlein, J., Lewis, C., Rynell, P. W., & Johnson, P. W. (2011). Evaluating 

whole-body vibration reduction by comparison of active and passive suspension seats in 

semi-trucks Proceedings of the Human Factors and Ergonomics Society Annual Meeting,  

Blyth, B. J., Farahvar, A., He, H., Nayak, A., Yang, C., Shaw, G., & Bazarian, J. J. (2011). 

Elevated serum ubiquitin carboxy-terminal hydrolase L1 is associated with abnormal 

blood-brain barrier function after traumatic brain injury. Journal of Neurotrauma, 28(12), 

2453-2462. https://doi.org/10.1089/neu.2010.1653  

Bogoslovsky, T., Gill, J., Jeromin, A., Davis, C., & Diaz-Arrastia, R. (2016). Fluid biomarkers of 

traumatic brain injury and intended context of use. Diagnostics (Basel), 6(4). 

https://doi.org/10.3390/diagnostics6040037  



76 
 

Bovenzi, M. (2009). Metrics of whole-body vibration and exposure–response relationship for 

low back pain in professional drivers: a prospective cohort study. International Archives 

of Occupational and Environmental Health, 82, 893-917. https://doi.org/10.1007/s00420-

008-0376-3  

Broglio, S. P., Lapointe, A., O'Connor, K. L., & McCrea, M. (2017). Head impact density: a 

model to explain the elusive concussion threshold. Journal of Neurotrauma, 34(19), 

2675-2683. https://doi.org/10.1089/neu.2016.4767  

CCOHS. (2017). Vibration - health effects. Canadian Centre for Occupational Health and Safety. 

https://www.ccohs.ca/oshanswers/phys_agents/vibration/vibration_effects.html 

Clark, J. M., Hoshizaki, T. B., & Gilchrist, M. D. (2018). Assessing women's lacrosse head 

impacts using finite element modelling. Journal of the Mechanical Behavior of 

Biomedical Materials, 80, 20-26. https://doi.org/10.1016/j.jmbbm.2018.01.020  

Collins-Praino, L. E., & Corrigan, F. (2017). Does neuroinflammation drive the relationship 

between tau hyperphosphorylation and dementia development following traumatic brain 

injury? Brain, Behaivor, and Immunity, 60, 369-382. 

https://doi.org/10.1016/j.bbi.2016.09.027  

Cornelius, C., Crupi, R., Calabrese, V., Graziano, A., Milone, P., Pennisi, G., Radak, Z., 

Calabrese, E. J., & Cuzzocrea, S. (2013). Traumatic brain injury: oxidative stress and 

neuroprotection. Antioxidants & Redox Signaling, 19(8), 836-853. 

https://doi.org/10.1089/ars.2012.4981  

Curry, B. D., Bain, J. L., Yan, J. G., Zhang, L. L., Yamaguchi, M., Matloub, H. S., & Riley, D. 

A. (2002). Vibration injury damages arterial endothelial cells. Muscle & Nerve, 25(4), 

527-534. https://doi.org/10.1002/mus.10058  



77 
 

Deshpande, L. S., Sun, D. A., Sombati, S., Baranova, A., Wilson, M. S., Attkisson, E., Hamm, R. 

J., & DeLorenzo, R. J. (2008). Alterations in neuronal calcium levels are associated with 

cognitive deficits after traumatic brain injury. Neuroscience Letters, 441(1), 115-119. 

https://doi.org/10.1016/j.neulet.2008.05.113  

Di Battista, A. P., Rhind, S. G., Richards, D., Churchill, N., Baker, A. J., & Hutchison, M. G. 

(2016). Correction: altered blood biomarker profiles in athletes with a history of 

repetitive head impacts. PLoS One, 11(10), e0164912. 

https://doi.org/10.1371/journal.pone.0164912  

Diaz-Arrastia, R., Wang, K. K., Papa, L., Sorani, M. D., Yue, J. K., Puccio, A. M., McMahon, P. 

J., Inoue, T., Yuh, E. L., Lingsma, H. F., Maas, A. I., Valadka, A. B., Okonkwo, D. O., 

Manley, G. T., & Investigators, T.-T. (2014). Acute biomarkers of traumatic brain injury: 

relationship between plasma levels of ubiquitin C-terminal hydrolase-L1 and glial 

fibrillary acidic protein. Journal of Neurotrauma, 31(1), 19-25. 

https://doi.org/10.1089/neu.2013.3040  

Dong, R. G., Welcome, D. E., McDowell, T. W., & Wu, J. Z. (2013). Theoretical relationship 

between vibration transmissibility and driving-point response functions of the human 

body. The Journal of Sound & Vibration, 332(24), 6193-6202. 

https://doi.org/10.1016/j.jsv.2013.07.017  

Du, B. B., Bigelow, P. L., Wells, R. P., Davies, H. W., Hall, P., & Johnson, P. W. (2018). The 

impact of different seats and whole-body vibration exposures on truck driver vigilance 

and discomfort. Ergonomics, 61(4), 528-537. 

https://doi.org/10.1080/00140139.2017.1372638  



78 
 

Duarte, M. L. M., & Melo, G. C. (2018). Influence of pavement type and speed on whole body 

vibration (WBV) levels measured on passenger vehicles. Journal of the Brazilian Society 

of Mechanical Sciences and Engineering, 40. https://doi.org/10.1007/s40430-018-1057-0  

Dubayle, D., Vanden-Bossche, A., Beraneck, M., Vico, L., & Morel, J. L. (2020). Effects of 

centrifugation and whole-body vibrations on blood-brain barrier permeability in mice. 

NPJ Microgravity, 6(1), 1. https://doi.org/10.1038/s41526-019-0094-z  

Eyres, S., Carey, A., Gilworth, G., Neumann, V., & Tennant, A. (2005). Construct validity and 

reliability of the Rivermead Post-Concussion Symptoms Questionnaire. Clinical 

Rehabilitation, 19(8), 878-887. https://doi.org/10.1191/0269215505cr905oa  

Fairley, T. E., & Griffin, M. J. (1989). The apparent mass of the seated human body: vertical 

vibration. Journal of Biomechanics, 22(2), 81-94. https://doi.org/10.1016/0021-

9290(89)90031-6  

Fard, M. A., Ishihara, T., & Inooka, H. (2004). Identification of the head-neck complex in 

response to trunk horizontal vibration. Biological Cybernetics, 90(6), 418-426. 

https://doi.org/10.1007/s00422-004-0489-z  

Fethke, N. B., Schall, M. C., Merlino, L. A., Chen, H., Branch, C. A., & Ramaswamy, M. 

(2018). Whole-body vibration and trunk posture during operation of agricultural 

machinery. Annals of Work Exposure and Health, 62(9), 1123-1133. 

https://doi.org/10.1093/annweh/wxy076  

Filho, J. G. P., Neto, M. F., Quintas, J. P. R., & Gomes, H. M. (2019). Case study on vibration 

health risk and comfort levels in loading crane trucks. The International journal of health 

planning and management, 34(4).  



79 
 

Gill, J., Latour, L., Diaz-Arrastia, R., Motamedi, V., Turtzo, C., Shahim, P., Mondello, S., 

DeVoto, C., Veras, E., Hanlon, D., Song, L., & Jeromin, A. (2018). Glial fibrillary acidic 

protein elevations relate to neuroimaging abnormalities after mild TBI. Neurology, 

91(15), e1385-e1389. https://doi.org/10.1212/WNL.0000000000006321  

Giza, C. C., & Hovda, D. A. (2001). The neurometabolic cascade of concussion. Journal of 

Athletic Training, 36(3), 228-235. https://www.ncbi.nlm.nih.gov/pubmed/12937489  

Goswami, R., Dufort, P., Tartaglia, M. C., Green, R. E., Crawley, A., Tator, C. H., Wennberg, 

R., Mikulis, D. J., Keightley, M., & Davis, K. D. (2016). Frontotemporal correlates of 

impulsivity and machine learning in retired professional athletes with a history of 

multiple concussions. Brain Structure & Function, 221(4), 1911-1925. 

https://doi.org/10.1007/s00429-015-1012-0  

Grewal, P., Goyal, S., Matloub, M., Shen, F., Zhang, L. L., Matloub, H. S., & Havlik, R. (2017). 

Insidious cerebral capillary trauma from motor vehicle-induced vibration. 

Neurophysiology and Rehabilitation, 1(1), 1-7.  

Griffin, M. J., Howarth, H.V.C., Pitts, P.M., Fischer, S., Kaulbars, U., Donati, P.M. and 

Brereton, P.F. (2006). Advisory Committee on Safety and Health at Work (2006) Guide 

to good practice on whole-body vibration: non-binding guide to good practice for 

implementing Directive 2002/44/EC on the minimum health and safety requirements 

regarding the exposure of workers to the risks arising from physical agents (vibrations) 

EU Good Practice Guide WBV  Brussels, Belgium. 

Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Cantu, R. C., Randolph, C., & 

Jordan, B. D. (2005). Association between recurrent concussion and late-life cognitive 



80 
 

impairment in retired professional football players. Neurosurgery, 57(4), 719-726. 

https://doi.org/10.1093/neurosurgery/57.4.719  

Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Harding, H. P., Jr., Mathews, A., 

Mihalik, J. P., & Cantu, R. C. (2007). Recurrent concussion and risk of depression in 

retired professional football players. Medicine & Science in Sports & Exercise, 39(6), 

903-909. https://doi.org/10.1249/mss.0b013e3180383da5  

Hagena, F. W., Werth, C. J., Piehler, J., Plitz, W., Hoffman, G. O., & Zwingers, T. (1986). 

InVivo experiments on the response of the human spine to sinusoidal Gz- vibration. 

Backache and Back Discomfort, AGARD Conference Proceedings (AGARD-CP-378), 16-

11-16-12.  

Hinz, B., & Seidel, H. (1987). The nonlinearity of the human body's dynamic response during 

sinusoidal whole body vibration. Industrial Health, 25(4), 169-181. 

https://doi.org/10.2486/indhealth.25.169  

Holmlund, P., Lundstrom, R., & Lindberg, L. (2000). Mechanical impedance of the human body 

in vertical direction. Applied Ergonomics, 31(4), 415-422. https://doi.org/10.1016/s0003-

6870(99)00063-0  

Hynes, L. M. (2008). Specific Parameters of the Perturbation Profile Differentially Influence the 

Vertical and Horizontal Head Accelerations During Human Whiplash Testing. In. 

IntechOpen. https://doi.org/10.5772/5373  

Iliff, J. J., Chen, M. J., Plog, B. A., Zeppenfeld, D. M., Soltero, M., Yang, L., Singh, I., Deane, 

R., & Nedergaard, M. (2014). Impairment of glymphatic pathway function promotes tau 

pathology after traumatic brain injury. Journal of Neuroscience, 34(49), 16180-16193. 

https://doi.org/10.1523/JNEUROSCI.3020-14.2014  



81 
 

ISO. (1997). Mechanical vibration and shock - evaluation of human exposure to whole-body 

vibration - Part 1: general requirements  

ISO. (1998). ISO 13090-1:1998(en) Mechanical vibration and shock — guidance on safety 

aspects of tests and experiments with people — part 1: exposure to whole-body 

mechanical vibration and repeated shock.  

Janigro, D., Mondello, S., Posti, J. P., & Unden, J. (2022). GFAP and S100B: What You Always 

Wanted to Know and Never Dared to Ask. Front Neurol, 13, 835597. 

https://doi.org/10.3389/fneur.2022.835597  

Johanning, E., Landsbergis, P., Fischer, S., Christ, E., Gores, B., & Luhrmann, R. (2006). 

Whole-body vibration and ergonomic study of US railroad locomotives. Journal of Sound 

and Vibration, 298, 594-600. https://doi.org/10.1016/j.jsv.2006.06.030  

Johnson, P. W., Dennerlein, J., Ramirez, L. M., Arias, C., Escallon, A. C. R., Becerra, I. E. R., 

Aulck, L., Piedrahita, H., & Barrero, L. H. (2015, 9-14 August). Assessment of 

continuous and impulsive whole body vibration exposures in heavy equipment mining 

vehicles. Proceedings 19th Triennial Congress of the IEA,  

Johnson, V. E., Weber, M. T., Xiao, R., Cullen, D. K., Meaney, D. F., Stewart, W., & Smith, D. 

H. (2018). Mechanical disruption of the blood-brain barrier following experimental 

concussion. Acta Neuropathologica, 135(5), 711-726. https://doi.org/10.1007/s00401-

018-1824-0  

Joseph, J. R., Swallow, J. S., Willsey, K., Lapointe, A. P., Khalatbari, S., Korley, F. K., 

Oppenlander, M. E., Park, P., Szerlip, N. J., & Broglio, S. P. (2019). Elevated markers of 

brain injury as a result of clinically asymptomatic high-acceleration head impacts in high-



82 
 

school football athletes. Journal of Neurosurgery, 130, 1642-1648. https://doi.org/ 

10.3171/2017.12.JNS172386  

Kabu, S., Jaffer, H., Petro, M., Dudzinski, D., Stewart, D., Courtney, A., Courtney, M., & 

Labhasetwar, V. (2015). Blast-associated shock waves result in increased brain vascular 

leakage and elevated ROS levels in a rat model of traumatic brain injury. PLoS One, 

10(5), e0127971. https://doi.org/10.1371/journal.pone.0127971  

Kawata, K., Liu, C. Y., Merkel, S. F., Ramirez, S. H., Tierney, R. T., & Langford, D. (2016). 

Blood biomarkers for brain injury: What are we measuring? Neuroscience & 

Biobehavioral Reviews, 68, 460-473. https://doi.org/10.1016/j.neubiorev.2016.05.009  

Kawata, K., Rubin, L. H., Takahagi, M., Lee, J. H., Sim, T., Szwanki, V., Bellamy, A., Tierney, 

R., & Langford, D. (2017). Subconcussive impact-dependent increase in plasma 

S100beta levels in collegiate football players. Journal of Neurotrauma, 34(14), 2254-

2260. https://doi.org/10.1089/neu.2016.4786  

Kawata, K., Tierney, R., & Langford, D. (2018). Blood and cerebrospinal fluid biomarkers. 

Handbook of Clinical Neurology, 158, 217-233. https://doi.org/10.1016/B978-0-444-

63954-7.00022-7  

Keller, T. S., Colloca, C. J., & Fuhr, A. W. (2000). In vivo transient vibration assessment of the 

normal human thoracolumbar spine. Journal of Manipulative Physiological Therapeutics, 

23(8), 521-530. https://doi.org/10.1067/mmt.2000.109680  

Kellermann, I., Kleindienst, A., Hore, N., Buchfelder, M., & Brandner, S. (2016). Early CSF and 

serum S100B concentrations for outcome prediction in traumatic brain injury and 

subarachnoid hemorrhage. Clinical Neurology and Neurosurgery, 145, 79-83. 

https://doi.org/10.1016/j.clineuro.2016.04.005  



83 
 

Kerr, Z. Y., Thomas, L. C., Simon, J. E., McCrea, M., & Guskiewicz, K. (2018). Association 

between history of multiple concussions and health outcomes among former college 

football players: 15-Year follow-up from the NCAA concussion study (1999-2001). The 

American Journal of Sports Medicine, 46(7). https://doi.org/10.1177/0363546518765121  

Kim, J. H., Dennerlein, J., & Johnson, P. W. (2016). The comparisons of whole body vibration 

exposures and supporting musculature loading between single- and multi-axial 

suspension seats during agricultural tractor operation Proceedings of the Human Factors 

and Ergonomics Society 2016 Annual Meeting,  

King, N., Crawford, S., Wenden, F., Moss, N., & Wade, D. (1995). The rivermead post 

concussion symptoms questionnaire: a measure of symptoms commonly experienced 

after head injury and its reliability. Journal of neurology, 242(9), 587-592.  

Kitazaki, S., & Griffin, M. J. (1998). Resonance behaviour of the seated human body and effects 

of posture. Journal of Biomechanics, 31(2), 143-149. https://doi.org/10.1016/s0021-

9290(97)00126-7  

Kleiven, S. (2013). Why most traumatic brain injuries are not caused by linear acceleration but 

skull fractures are. Frontiers in Bioengineering and Biotechnology, 1, 15. 

https://doi.org/10.3389/fbioe.2013.00015  

Kociolek, A. M., Lang, A. E., Trask, C. M., Vasiljev, R. M., & Milosavljevic, S. (2018). 

Exploring head and neck vibration exposure from quad bike use in agriculture. 

International journal of industrial ergonomics, 66, 63-69.  

Krueger, M., Hartig, W., Reichenbach, A., Bechmann, I., & Michalski, D. (2013). Blood-brain 

barrier breakdown after embolic stroke in rats occurs without ultrastructural evidence for 



84 
 

disrupting tight junctions. PLoS One, 8(2), e56419. 

https://doi.org/10.1371/journal.pone.0056419  

Kubo, M., Terauchi, F., Aoki, H., & Matsuoka, Y. (2001). An investigation into a synthetic 

vibration model for humans: an investigation into a mechanical vibration human model 

constructed according to the relations between the physical, psychological and 

physiological reactions of humans exposed to vibration. International journal of 

industrial ergonomics, 27, 219-232.  

Kumar, R., Sharma, R., Kumar, V., & Khan, A. A. (2021). Predictors of whole-body vibration 

exposure among Indian bus and truck drivers. Journal of physics. Conference series, 

1854(1), 12033. https://doi.org/10.1088/1742-6596/1854/1/012033  

Kumar, V., & Saran, V. H. (2016). Seat-to-head transmissibility and reading discomfort of the 

seated subjects exposed to whole body vibration. International Journal of Acoustics and 

Vibration, 21(1), 67-74. https://doi.org/10.20855/ijav.2016.21.1396  

Lavender, A. P., Rawlings, S., Warnock, A., McGonigle, T., Hiles-Murison, B., Nesbit, M., 

Lam, V., Hackett, M. J., Fitzgerald, M., & Takechi, R. (2020). Repeated long-term sub-

concussion impacts induce motor dysfunction in rats: a potential rodent model. Frontiers 

in Neurology, 11, 491. https://doi.org/10.3389/fneur.2020.00491  

Lochhead, J. J., McCaffrey, G., Quigley, C. E., Finch, J., DeMarco, K. M., Nametz, N., & Davis, 

T. P. (2010). Oxidative stress increases blood-brain barrier permeability and induces 

alterations in occludin during hypoxia-reoxygenation. Journal of Cerebral Blood Flow & 

Metabolism, 30(9), 1625-1636. https://doi.org/10.1038/jcbfm.2010.29  



85 
 

Lundstrom, R., Holmlund, P., & Lindberg, L. (1998). Absorption of energy during vertical 

whole-body vibration exposure. Journal of Biomechanics, 31(4), 317-326. 

https://doi.org/10.1016/s0021-9290(98)00011-6  

Mahan, M. Y., Thorpe, M., Ahmadi, A., Abdallah, T., Casey, H., Sturtevant, D., Judge-Yoakam, 

S., Hoover, C., Rafter, D., Miner, J., Richardson, C., & Samadani, U. (2019). Glial 

fibrillary acidic protein (GFAP) outperforms S100 calcium-binding protein B (S100B) 

and ubiquitin C-terminal hydrolase L1 (UCH-L1) as predictor for positive computed 

tomography of the head in trauma subjects. World Neurosurgery, 128, e434-e444. 

https://doi.org/10.1016/j.wneu.2019.04.170  

Mandapuram, S., Rakheja, S., Boileau, P. E., & Maeda, S. (2012). Apparent mass and head 

vibration transmission responses of seated body to three translational axis vibration. 

International journal of industrial ergonomics, 42, 268-277. 

https://doi.org/10.1016/j.ergon.2012.02.002  

Mansfield, N. J., & Griffin, M. J. (2000). Non-linearities in apparent mass and transmissibility 

during exposure to whole-body vertical vibration. Journal of Biomechanics, 33(8), 933-

941. https://doi.org/10.1016/s0021-9290(00)00052-x  

Mansfield, N. J., & Griffin, M. J. (2002). Effects of posture and vibration magnitude on apparent 

mass and pelvic rotation during exposure to whole-body vibration. Journal of Sound and 

Vibration, 253(1), 93-107. https://doi.org/10.1006/jsvi.2001.4251  

Mansfield, N. J., Holmlund, P., Lundstrom, R., Lenzuni, P., & Nataletti, P. (2006). Effect of 

vibration magnitude, vibration spectrum and muscle tension on apparent mass and cross 

axis transfer functions during whole-body vibration exposure. Journal of Biomechanics, 

39(16), 3062-3070. https://doi.org/10.1016/j.jbiomech.2005.09.024  



86 
 

Mansfield, N. J., Mackrill, J., Rimell, A. N., & MacMull, S. J. (2014). Combined effects of long-

term sitting and whole-body vibration on discomfort onset for vehicle occupants. ISRN 

Automotive Engineering, 2014. https://doi.org/10.1155/2014/852607  

Mao, H., Unnikrishnan, G., Rakesh, V., & Reifman, J. (2015). Untangling the effect of head 

acceleration on brain responses to blast waves. Journal of Biomechanical Engineering, 

137(12), 124502. https://doi.org/10.1115/1.4031765  

Martinez, A., Portero-Otin, M., Pamplona, R., & Ferrer, I. (2010). Protein targets of oxidative 

damage in human neurodegenerative diseases with abnormal protein aggregates. Brain 

Pathology, 20(2), 281-297. https://doi.org/10.1111/j.1750-3639.2009.00326.x  

Mayton, A. G., Porter, W. L., Xu, X. S., Weston, E. B., & Rubenstein, E. N. (2018). 

Investigation of human body vibration exposures on haul trucks operating at U.S. surface 

mines/quarries relative to haul truck activity. International journal of industrial 

ergonomics, 64, 188-198. https://doi.org/10.1016/j.ergon.2017.05.007  

McAllister, T., & McCrea, M. (2017). Long-term cognitive and neuropsychiatric consequences 

of repetitive concussion and head-impact exposure. Journal of Athletic Training, 52(3), 

309-317. https://doi.org/10.4085/1062-6050-52.1.14  

McAteer, K. M., Corrigan, F., Thornton, E., Turner, R. J., & Vink, R. (2016). Short and long 

term behavioral and pathological changes in a novel rodent model of repetitive mild 

traumatic brain injury. PLoS One, 11(8), e0160220. 

https://doi.org/10.1371/journal.pone.0160220  

McBride, D., Paulin, S., Herbison, G. P., Waite, D., & Bagheri, N. (2014). Low back and neck 

pain in locomotive engineers exposed to whole-body vibration. Archives of 



87 
 

Environmental & Occupational Health, 69(4), 207-213. 

https://doi.org/10.1080/19338244.2013.771246  

McCrory, P., Feddermann-Demont, N., Dvorak, J., Cassidy, J. D., McIntosh, A., Vos, P. E., 

Echemendia, R. J., Meeuwisse, W., & Tarnutzer, A. A. (2017). What is the definition of 

sports-related concussion: a systematic review. Brittish Journal of Sports Medicine, 

51(11), 877-887. https://doi.org/10.1136/bjsports-2016-097393  

McKee, A. C., Stein, T. D., Kiernan, P. T., & Alvarez, V. E. (2015). The neuropathology of 

chronic traumatic encephalopathy. Brain Pathology, 25(3), 350-364. 

https://doi.org/10.1111/bpa.12248  

McKee, A. C., Stern, R. A., Nowinski, C. J., Stein, T. D., Alvarez, V. E., Daneshvar, D. H., Lee, 

H. S., Wojtowicz, S. M., Hall, G., Baugh, C. M., Riley, D. O., Kubilus, C. A., Cormier, 

K. A., Jacobs, M. A., Martin, B. R., Abraham, C. R., Ikezu, T., Reichard, R. R., Wolozin, 

B. L., . . . Cantu, R. C. (2013). The spectrum of disease in chronic traumatic 

encephalopathy. Brain, 136(Pt 1), 43-64. https://doi.org/10.1093/brain/aws307  

Meaney, D. F., & Smith, D. H. (2011). Biomechanics of concussion. Clinical Journal of Sports 

Medicine, 30(1), 19-31, vii. https://doi.org/10.1016/j.csm.2010.08.009  

Milosavljevic, S., Bagheri, N., Vasiljev, R. M., McBride, D. I., & Rehn, B. (2012). Does daily 

exposure to whole-body vibration and mechanical shock relate to the prevalence of low 

back and neck pain in a rural workforce? Annals of Occupational Hygiene, 56(1), 10-17. 

https://doi.org/10.1093/annhyg/mer068  

Milosavljevic, S., Bergman, F., Rehn, B., & Carman, A. B. (2010). All-terrain vehicle use in 

agriculture: exposure to whole body vibration and mechanical shock. Applied 

Ergonomics, 41(4), 530-535. https://doi.org/10.1016/j.apergo.2009.11.002  



88 
 

Milosavljevic, S., McBride, D. I., Bagheri, N., Vasiljev, R. M., Mani, R., Carman, A. B., & 

Rehn, B. (2011). Exposure to whole-body vibration and mechanical shock: a field study 

of quad bike use in agriculture. Annals of Occupational Hygiene, 55(3), 286-295. 

https://doi.org/10.1093/annhyg/meq087  

Mino, Y., Yasuda, N., Ohara, H., Une, H., Arisawa, T., & Goto, M. (1991). Depressive 

symptoms among patients with vibration disease. Industrial Health, 29(1), 33-36. 

https://doi.org/10.2486/indhealth.29.33  

Mizrahi, J. (2015). Mechanical impedance and its relations to motor control, limb dynamics, and 

motion biomechanics. Journal of Medical and Biological Engineering, 35(1), 1-20. 

https://doi.org/10.1007/s40846-015-0016-9  

Moore, R. D., Sauve, W., & Ellemberg, D. (2016). Neurophysiological correlates of persistent 

psycho-affective alterations in athletes with a history of concussion. Brain Imaging and 

Behavior, 10(4), 1108-1116. https://doi.org/10.1007/s11682-015-9473-6  

Moschioni, G., Saggin, B., & Tarabini, M. (2010). Long term WBV measurements on vehicles 

travelling on urban paths. Industrial Health, 48(5), 606-614. 

https://doi.org/10.2486/indhealth.mswbvi-31  

Nawayseh, N., & Griffin, M. J. (2005). Tri-axial forces at the seat and backrest during whole-

body fore-and-aft vibration. Journal of Sound and Vibration, 281, 921-942. 

https://doi.org/10.1016/j.jsv.2004.02.047  

Neergaard, J. S., Dragsbaek, K., Christiansen, C., Karsdal, M. A., Brix, S., & Henriksen, K. 

(2018). Two novel blood-based biomarker candidates measuring degradation of tau are 

associated with dementia: a prospective study. PLoS One, 13(4), e0194802. 

https://doi.org/10.1371/journal.pone.0194802  



89 
 

O'Connor, K. L., Peeters, T., Szymanski, S., & Broglio, S. P. (2017). Individual impact 

magnitude vs. cumulative magnitude for estimating concussion odds. Annals of 

Biomedical Engineering, 45(8), 1985-1992. https://doi.org/10.1007/s10439-017-1843-3  

O'Hare Doig, R. L., Chiha, W., Giacci, M. K., Yates, N. J., Bartlett, C. A., Smith, N. M., 

Hodgetts, S. I., Harvey, A. R., & Fitzgerald, M. (2017). Specific ion channels contribute 

to key elements of pathology during secondary degeneration following neurotrauma. 

BMC Neuroscience, 18(1), 62. https://doi.org/10.1186/s12868-017-0380-1  

Olsen, N., Fjeldborg, P., & Brchner-Mortensen, J. (1985). Sympathetic and local vasoconstrictor 

response to cold in vibration induced white finger. Brittish Journal of Industrial 

Medicine, 42(4), 272-275. https://doi.org/10.1136/oem.42.4.272  

Oyegbile, T. O., Delasobera, B. E., & Zecavati, N. (2018). Postconcussive symptoms after single 

and repeated concussions in 10- to 20-year-olds: a cross-sectional study. Journal of Child 

Neurology, 33(6), 383-388. https://doi.org/10.1177/0883073818759436  

Paddan, G., & Griffin, M. (1998). A review of the transmission of translational seat vibration to 

the head. Journal of Sound and Vibration, 215(4), 863-882.  

Papa, L., Brophy, G. M., Welch, R. D., Lewis, L. M., Braga, C. F., Tan, C. N., Ameli, N. J., 

Lopez, M. A., Haeussler, C. A., Mendez Giordano, D. I., Silvestri, S., Giordano, P., 

Weber, K. D., Hill-Pryor, C., & Hack, D. C. (2016). Time course and diagnostic accuracy 

of glial and neuronal blood biomarkers GFAP and UCH-L1 in a large cohort of trauma 

patients with and without mild traumatic brain injury. JAMA Neurology, 73(5), 551-560. 

https://doi.org/10.1001/jamaneurol.2016.0039  

Papa, L., Silvestri, S., Brophy, G. M., Giordano, P., Falk, J. L., Braga, C. F., Tan, C. N., Ameli, 

N. J., Demery, J. A., Dixit, N. K., Mendes, M. E., Hayes, R. L., Wang, K. K., & 



90 
 

Robertson, C. S. (2014). GFAP out-performs S100beta in detecting traumatic intracranial 

lesions on computed tomography in trauma patients with mild traumatic brain injury and 

those with extracranial lesions. Journal of Neurotrauma, 31(22), 1815-1822. 

https://doi.org/10.1089/neu.2013.3245  

Papa, L., Zonfrillo, M. R., Welch, R. D., Lewis, L. M., Braga, C. F., Tan, C. N., Ameli, N. J., 

Lopez, M. A., Haeussler, C. A., Mendez Giordano, D., Giordano, P. A., Ramirez, J., & 

Mittal, M. K. (2019). Evaluating glial and neuronal blood biomarkers GFAP and UCH-

L1 as gradients of brain injury in concussive, subconcussive and non-concussive trauma: 

a prospective cohort study. BMJ Paediatrics Open, 3(1), e000473. 

https://doi.org/10.1136/bmjpo-2019-000473  

Paschold, H. W., & Sergeev, A. V. (2009). Whole-body vibration knowledge survey of U.S. 

occupational safety and health professionals. Journal of Safety Research, 40(3), 171-176. 

https://doi.org/10.1016/j.jsr.2009.02.008  

Pham, L., Shultz, S. R., Kim, H. A., Brady, R. D., Wortman, R. C., Genders, S. G., Hale, M. W., 

O'Shea, R. D., Djouma, E., van den Buuse, M., Church, J. E., Christie, B. R., Drummond, 

G. R., Sobey, C. G., & McDonald, S. J. (2019). Mild closed-head injury in conscious rats 

causes transient neurobehavioral and glial disturbances: a novel experimental model of 

concussion. Journal of Neurotrauma, 36(14), 2260-2271. 

https://doi.org/10.1089/neu.2018.6169  

Pierce, J. D., Gupte, R., Thimmesch, A., Shen, Q., Hiebert, J. B., Brooks, W. M., Clancy, R. L., 

Diaz, F. J., & Harris, J. L. (2018). Ubiquinol treatment for TBI in male rats: effects on 

mitochondrial integrity, injury severity, and neurometabolism. Journal of Neuroscience 

Research, 96(6), 1080-1092. https://doi.org/10.1002/jnr.24210  



91 
 

Pope, M., Magnusson, M., Lundström, R., Hulshof, C., Verbeek, J., & Bovenzi, M. (2002). 

Guidelines for whole-body vibration health surveillance. Journal of Sound and Vibration, 

253(1), 131-167.  

Puvenna, V., Engeler, M., Banjara, M., Brennan, C., Schreiber, P., Dadas, A., Bahrami, A., 

Solanki, J., Bandyopadhyay, A., Morris, J. K., Bernick, C., Ghosh, C., Rapp, E., 

Bazarian, J. J., & Janigro, D. (2016). Is phosphorylated tau unique to chronic traumatic 

encephalopathy? Phosphorylated tau in epileptic brain and chronic traumatic 

encephalopathy. Brain Research, 1630, 225-240. 

https://doi.org/10.1016/j.brainres.2015.11.007  

Qui, Y., & Griffin, M. J. (2012). Biodynamic response of the seated human body to single-axis 

and dual-axis vibration: effect of backrest and non-linearity. Industrial Health, 50(1), 37-

51. https://doi.org/10.2486/indhealth.ms1298  

Rakheja, S., Dong, R. G., Patra, S., Boileau, P. E., Marcotte, P., & Warren, C. (2010). 

Biodynamics of the human body under whole-body vibration: synthesis of the reported 

data. International journal of industrial ergonomics, 40, 710-732. 

https://doi.org/10.1016/j.ergon.2010.06.005  

Reger, M. L., Poulos, A. M., Buen, F., Giza, C. C., Hovda, D. A., & Fanselow, M. S. (2012). 

Concussive brain injury enhances fear learning and excitatory processes in the amygdala. 

Biological Psychiatry, 71(4), 335-343. https://doi.org/10.1016/j.biopsych.2011.11.007  

Rehn, B., Bergdahl, I. A., Ahlgren, C., From, C., & Jarvholm, B. (2002). Musculoskeletal 

symptoms among drivers of all-terrain vehicles. Journal of Sound and Vibration, 253(1), 

21-29. https://doi.org/10.1006/jsvi.2001.4247  



92 
 

Rehn, B., Nilsson, T., & Jarvholm, B. (2004). Neuromusculoskeletal disorders in the neck and 

upper extremities among drivers of all-terrain vehicles--a case series. BMC 

Musculoskeletal Disorders, 5, 1. https://doi.org/10.1186/1471-2474-5-1  

Rowson, S., Bland, M. L., Campolettano, E. T., Press, J. N., Rowson, B., Smith, J. A., Sproule, 

D. W., Tyson, A. M., & Duma, S. M. (2016). Biomechanical perspectives on concussion 

in sport. Sports Medicine and Arthroscopy Review, 24(3), 100-107. 

https://doi.org/10.1097/JSA.0000000000000121  

Sahyouni, R., Gutierrez, P., Gold, E., Robertson, R. T., & Cummings, B. J. (2017). Effects of 

concussion on the blood-brain barrier in humans and rodents. Journal of Concussion, 1. 

https://doi.org/10.1177/2059700216684518  

Sandover, J. (1988). Behaviour of the spine under shock and vibration: a review. Clinical 

Biomechanics, 3(4), 249-256. https://doi.org/10.1016/0268-0033(88)90045-9  

Seidel, H. (1993). Selected health risks caused by long-term, whole-body vibration. American 

Journal of Industrial Medicine, 23(4), 589-604. https://doi.org/10.1002/ajim.4700230407  

Serlin, Y., Shelef, I., Knyazer, B., & Friedman, A. (2015). Anatomy and physiology of the 

blood-brain barrier. Seminars in Cell and Developmental Biology, 38, 2-6. 

https://doi.org/10.1016/j.semcdb.2015.01.002  

Shahim, P., Tegner, Y., Marklund, N., Blennow, K., & Zetterberg, H. (2018). Neurofilament 

light and tau as blood biomarkers for sports-related concussion. Neurology, 90(20), 

e1780-e1788. https://doi.org/10.1212/WNL.0000000000005518  

Sherwood, N., & Griffin, M. J. (1990). Effects of whole-body vibration on short-term memory. 

Aviation, Space, and Environmental Medicine, 61(12), 1092-1097. 

https://www.ncbi.nlm.nih.gov/pubmed/2285398  



93 
 

Singh, I., Nigham, S. P., & Saran, V. H. (2016). Effect of backrest inclination on sitting subjects 

exposed to WBV. Procedia Technology, 23, 76-83. 

https://doi.org/10.1016/j.protcy.2016.03.001  

Slobounov, S. M., Walter, A., Breiter, H. C., Zhu, D. C., Bai, X., Bream, T., Seidenberg, P., 

Mao, X., Johnson, B., & Talavage, T. M. (2017). The effect of repetitive subconcussive 

collisions on brain integrity in collegiate football players over a single football season: a 

multi-modal neuroimaging study. NeuroImage: Clinical, 14, 708-718. 

https://doi.org/10.1016/j.nicl.2017.03.006  

Smith, D., Franco, R., DiCesare, C. A., Schneider, D. K., McGill, C., Smith, Q. D., & Myer, G. 

D. (2018). Red blood cell response to blast levels of force impartations into freely 

moveable fluid surfaces inside a closed container. Frontiers in Physics, 6, 93.  

Smith, S. D. (1994). Nonlinear resonance behavior in the human exposed to whole-body 

vibration. Shock and Vibration, 1(5), 439-450.  

Solecki, L. (2012). Studies of farmers' annual exposure to whole body vibration on selected 

family farms of mixed production profile. Annals of Agricultural and Environmental 

Medicine, 19(2), 247-253. https://www.ncbi.nlm.nih.gov/pubmed/22742796  

Taber, K. H., Warden, D. L., & Hurley, R. A. (2006). Blast-related traumatic brain injury: what 

is known? Journal of Neuropsychiatry and Clinical Neurosciences, 18(2), 141-145. 

https://doi.org/10.1176/jnp.2006.18.2.141  

Tagge, C. A., Fisher, A. M., Minaeva, O. V., Gaudreau-Balderrama, A., Moncaster, J. A., Zhang, 

X. L., Wojnarowicz, M. W., Casey, N., Lu, H., Kokiko-Cochran, O. N., Saman, S., 

Ericsson, M., Onos, K. D., Veksler, R., Senatorov, V. V., Jr., Kondo, A., Zhou, X. Z., 

Miry, O., Vose, L. R., . . . Goldstein, L. E. (2018). Concussion, microvascular injury, and 



94 
 

early tauopathy in young athletes after impact head injury and an impact concussion 

mouse model. Brain, 141(2), 422-458. https://doi.org/10.1093/brain/awx350  

Taing, R. (2020). Determining how long truck driver whole body vibration exposure data has to 

be collected to accurate estimate actual daily exposures (Publication Number 28023694) 

University of Washington].  

Transportation, U. S. D. o. (2017). National household travel survey. Federal Highway 

Administration. https://nhts.ornl.gov/ 

Tsushima, W. T., Ahn, H. J., Siu, A. M., Yoshinaga, K., Choi, S. Y., & Murata, N. M. (2019). 

Effects of repetitive subconcussive head trauma on the neuropsychological test 

performance of high school athletes: a comparison of high, moderate, and low contact 

sports. Applied Neuropsychology: Child, 8(3), 223-230. 

https://doi.org/10.1080/21622965.2018.1427095  

Unterberg, A. W., Stover, J., Kress, B., & Kiening, K. L. (2004). Edema and brain trauma. 

Neuroscience, 129(4), 1021-1029. https://doi.org/10.1016/j.neuroscience.2004.06.046  

Vilalta, A., Sahuquillo, J., Rosell, A., Poca, M. A., Riveiro, M., & Montaner, J. (2008). Moderate 

and severe traumatic brain injury induce early overexpression of systemic and brain 

gelatinases. Intensive Care Medicine, 34(8), 1384-1392. https://doi.org/10.1007/s00134-

008-1056-1  

Wang, W., Rakheja, S., & Boileau, P.-É. (2006). Effect of back support condition on seat to head 

transmissibilities of seated occupants under vertical vibration. Journal of Low frequency 

noise, vibration and active control, 25(4), 239-259.  

Wang, W., Rakheja, S., & Boileau, P. E. (2008). Relationship between measured apparent mass 

and seat-to-head transmissibility responses of seated occupants exposed to vertical 



95 
 

vibration. Journal of Sound and Vibration, 314, 907-922. 

https://doi.org/10.1016/j.jsv.2008.01.015  

Willigenburg, N. W., Kingma, I., & van Dieen, J. H. (2013). Center of pressure trajectories, 

trunk kinematics and trunk muscle activation during unstable sitting in low back pain 

patients. Gait & Posture, 38(4), 625-630. https://doi.org/10.1016/j.gaitpost.2013.02.010  

Witt, K. A., Mark, K. S., Hom, S., & Davis, T. P. (2003). Effects of hypoxia-reoxygenation on 

rat blood-brain barrier permeability and tight junctional protein expression. American 

Journal of Physiology-Heart and Circulatory Physiology, 285(6), H2820-2831. 

https://doi.org/10.1152/ajpheart.00589.2003  

Wright, M. J., Monti, M. M., Lutkenhoff, E. S., Hardy, D. J., Litvin, P. Y., Kelly, D. F., 

Guskiewicz, K., Cantu, R. C., Vespa, P. M., Hovda, D. A., Lopez, W. D., Wang, C., 

Swerdloff, R., & Fuster, J. M. (2020). Memory in repeat sports-related concussive injury 

and single-impact traumatic brain injury. Brain Injury, 34(12), 1666-1673. 

https://doi.org/10.1080/02699052.2020.1825806  

Yan, J. G., Zhang, L. L., Agresti, M., LoGiudice, J., Sanger, J. R., Matloub, H. S., & Havlik, R. 

(2015). Neural systemic impairment from whole-body vibration. Journal of Neuroscience 

Research, 93(5), 736-744. https://doi.org/10.1002/jnr.23536  

Yan, J. G., Zhang, L. L., Agresti, M., Yan, Y., LoGiudice, J., Sanger, J. R., Matloub, H. S., 

Pritchard, K. A., Jr., Jaradeh, S. S., & Havlik, R. (2015). Cumulative brain injury from 

motor vehicle-induced whole-body vibration and prevention by human apolipoprotein A-

I molecule mimetic (4F) peptide (an apo A-I mimetic). Journal of Stroke & 

Cerebrovascular Diseases, 24(12), 2759-2773. 

https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.08.007  



96 
 

Zeldovich, M., Bockhop, F., Covic, A., Cunitz, K., Polinder, S., Haagsma, J. A., von 

Steinbuechel, N., On Behalf Of The Center-Tbi, P., & Investigators. (2022). Reference 

Values for the Rivermead Post-Concussion Symptoms Questionnaire (RPQ) from 

General Population Samples in the United Kingdom, Italy, and The Netherlands. J Clin 

Med, 11(16). https://doi.org/10.3390/jcm11164658  

Zhang, N., Fard, M., Xu, J., Davy, J. L., & Robinson, S. R. (2024). Road safety: The influence of 

vibration frequency on driver drowsiness, reaction time, and driving performance. 

Applied Ergonomics, 114, 104148-104148. https://doi.org/10.1016/j.apergo.2023.104148  

  



97 
 

Appendix A: IRB Approval Letter 

 
 



98 
 

 

Appendix B: Figure Approval 

 

 



99 
 

 

 



100 
 

Appendix C: Memorandum 

 

  



101 
 

Appendix D: Informed Consent 

Informed Consent to Participate in a Research Study 
Inflammatory protein elicitation in response to whole-body 

vibration exposure 
 

Suzanne Konz, PhD, ATC, CSCS, Principal Investigator 
Nicholas Miller, Co-Investigator 

 
 

Introduction 
 

You are invited to be in a research study. Research studies are designed to gain scientific 
knowledge that may help other people in the future. You may or may not receive any benefit 
from being part of the study. There may also be risks associated with being part of research 
studies. If there are any risks involved in this study, then they will be described in this consent. 
Your participation is voluntary. Please take your time to make your decision and ask your study 
investigator or research staff to explain any words or information that you do not understand. 
 

Why Is This Study Being Done? 
 

The purposes of this study are: 
4. to determine if prolonged exposure to whole-body vibration will elicit a change in stress-

released protein concentrations in the blood, 
5. to determine the differences between head acceleration and seat acceleration over time, 

and  
6. to determine if whole-body vibration exposure leads to symptom responses similar to 

traumatic brain injuries. 
 

How Many People Will Take Part In The Study? 
 

Approximately 20-50 individuals from Virginia Tech University and the surrounding 
Blacksburg, VA community will participate in this study. A total of 50 subjects are the most that 
would be able to enter the study. 
 

What Is Involved In This Research Study? 
 

 Block randomization will be used to group you into either the control (no exposure), 
short-term exposure (1-hour exposure), or long-term exposure (8-hour exposure) group. 
Block sizes will be hidden from the executer and randomly mixed. 

 You will be asked to complete two (2) questionnaires, give three (3) blood samples and 
sit in a chair attached to a vibrating platform for a set duration of either no time, thirty 
(30) minutes, or one (1) hour. 

 
Before the study begins,  
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 You will complete a modified whole-body vibration health screening questionnaire to 
determine your eligibility to participate in the study.  

 You will then read and sign the consent form if you are willing to participate in the study. 
 The study investigator will answer any questions you have regarding the consent form. 
 
 
 
During the study, 
 You will be randomly assigned to a control, short-term exposure, or long-term exposure 

group. The control group will experience no vibration and are free to leave after blood 
sampling, the short-term exposure group will experience 1-hour of vibration, and the 
long-term exposure group will experience 8 hours of vibration.   

 Your blood will be sampled before testing, immediately after testing, and 24-hours after 
testing.  

 An device that measures acceleration, force, and direction, an IMU (inertial measurement 
unit), will be applied to your head, behind the right ear using double-faced tape. Coverlet 
will be placed over the IMU and your skin to further secure the IMU position.  

 You will complete one (1) trial of seated vibration exposure, meeting the specifications of 
your assigned experimental group.  

 You will have a blood sample taken following the completion of vibration testing and 
then complete a modified Rivermead Post-Concussion Symptom Questionnaire.  

 You will be free to leave the testing site after completing the blood sampling and 
questionnaire with the expectation to return 24-hours later for a final blood draw.  

 

How Long Will You Be In The Study? 
 

You will be in the study for approximately two (2) 1.5-hour sessions for control and short-term 
exposure groups, and one (1) 8.5-hour and one (1) 1.5-hour sessions. 
  
You can decide to stop participating at any time.   
 
The study investigators may stop you from taking part in this study at any time if they believes it 
is in your best interest; if you do not follow the study rules; or if the study is stopped. 
 

What Are The Risks Of The Study? 
 

Being in this study involves some risk to you.  You should discuss the risk of being in this study 
with the study staff. The risks and side effects related to this study include: nausea (less likely), 
dizziness (less likely), bruising (less likely), light-headedness (less likely), muscle soreness (less 
likely), confusion (less likely), fatigue (less likely), drowsiness (less likely) 
 
 
You should talk to your study investigator about any side effects that you have while taking part 
in the study. 
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There may also be other side effects that we cannot predict. You should tell the research staff 
about all the medications, vitamins and supplements you take and any medical conditions you 
have.  This may help avoid side effects, interactions, and other risks. 
 
 
No funds have been set aside to compensate for any injury sustained while participating in this 
study. 
 

Are There Benefits To Taking Part In The Study? 
 

If you agree to take part in this study, there may or may not be direct benefit to you.  We 
hope the information learned from this study will benefit other people in the future. The benefits 
of participating in this study may be: the satisfaction from helping to discover evidence of 
inflammatory-response protein concentration changes following WBV exposure, helping to 
determine the vibration magnitude transmitted from the seat to the head, and helping to discover 
evidence of a potential for chronic injury by comparing inflammatory-response protein 
concentrations to known concentrations indicative of injury. 
 

What About Confidentiality? 
 

We will do our best to make sure that your personal information is kept confidential.  However, 
we cannot guarantee absolute confidentiality.  Federal law states that we must keep your study 
records private.  Nevertheless, certain people other than your researchers may also need to see 
your study records.  By law, anyone who looks at your records must keep them completely 
confidential. Records will be kept in a locked filing cabinet inside a locked office within the 
offices of the co-investigators at Marshall University.  
 
Those who may need to see your records are: 
 

 Co-Investigators of the Study 
 

If we publish the information we learn from this study, you will not be identified by name or in 
any other way.   
 

What Are The Costs Of Taking Part In This Study? 
 
There are no costs to you for taking part in this study.  All the study costs, including any study 
medications and procedures related directly to the study, will be paid for by the study. Costs for 
your regular medical care, which are not related to this study, will be your own responsibility. 
 

Will You Be Paid For Participating? 
 

A five dollar ($5) Amazon gift card will be given to control subjects after completion of the 
initial blood draw and a second five dollar ($5) Amazon gift card will be given to control 
subjects after completion of the blood draw 24-hours after the initial blood draw. 
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A five dollar ($5) Amazon gift card will be given to short-term exposure subjects after 
completion of the initial blood draw, a second five dollar ($5) Amazon gift card will be given to 
short-term exposure subjects after completion of the blood draw following short-term vibration 
exposure, and a third five dollar ($5) Amazon gift card will be given to short-term exposure 
subjects after completion of the blood draw 24-hours after the initial blood draw. 
 
A five dollar ($5) Amazon gift card will be given to long-term exposure subjects after 
completion of the initial blood draw, a one hundred dollar ($100) Amazon gift card will be given 
to long-term exposure subjects after completion of the blood draw following short-term vibration 
exposure, and a ten dollar ($10) Amazon gift card will be given to long-term exposure subjects 
after completion of the blood draw 24-hours after the initial blood draw. 
 
 

What Are Your Rights As A Research Study Participant? 
 

Taking part in this study is voluntary.  You may choose not to take part or you may leave the 
study at any time.  Refusing to participate or leaving the study will not result in any penalty or 
loss of benefits to which you are entitled.  If you decide to stop participating in the study we 
encourage you to talk to the investigators or study staff first to learn about any potential health or 
safety consequences. 
 

Whom Do You Call If You Have Questions Or Problems? 
 

For questions about the study or in the event of a research-related injury, contact one of the 
study’s co-investigators, Dr. Suzanne Konz at (304) 696-2926, Dr. Laszlo Horvath at (540) 
231-7673, or Nicholas Miller at (304) 941-4417.You should also call the investigator if you 
have a concern or complaint about the research. 
 
For questions about your rights as a research participant, contact the Marshall University IRB#1 
Chairman Dr. Henry Driscoll or ORI at (304) 696-7320.  You may also call this number if: 

o You have concerns or complaints about the research. 
o The research staff cannot be reached. 
o You want to talk to someone other than the research staff. 

 
 
You will be given a signed and dated copy of this consent form. 
 
 
SIGNATURES 
 
You agree to take part in this study and confirm that you are 18 years of age or older.  You have 
had a chance to ask questions about being in this study and have had those questions answered.  
By signing this consent form you are not giving up any legal rights to which you are entitled. 
 
 
________________________________________________ 
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    Subject Name (Printed) 
 
 
________________________________________________            ____________________ 
    Subject Signature                                                                                           Date 
 
 
________________________________________________             ____________________ 
     Person Obtaining Consent                                                                             Date 
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Appendix E: Whole-Body Vibration: Pre-Placement Health Surveillance Questionnaire 
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Appendix F:  Modified Rivermead Post-Concussion Symptoms Questionnaire*  

After a head injury or accident some people experience symptoms which can cause worry or 
nuisance.  We would like to know if you now suffer from any of the symptoms given below.  As 
many of these symptoms occur normally, we would like you to compare yourself now with 
before the accident.  For each one, please circle the number closest to your answer.  
  
0 =   Not experienced at all  
1 = No more of a problem  
2 =   A mild problem  
3 =   A moderate problem  
4 =   A severe problem  
  
Compared with before the accident, do you now (i.e., over the last 24 hours) suffer from:  
  
Headaches.................................................. 0  1  2  3  4  
Feelings of Dizziness ................................. 0  1  2  3  4  
Nausea and/or Vomiting ........................... 0  
Noise Sensitivity,  

1  2  3  4  

  easily upset by loud noise ................ 0  1  2  3  4  
Sleep Disturbance ...................................... 0  1  2  3  4  
Fatigue, tiring more easily ......................... 0  1  2  3  4  
Being Irritable, easily angered .................. 0  1  2  3  4  
Feeling Depressed or Tearful .................... 0  1  2  3  4  
Feeling Frustrated or Impatient ................ 0  1  2  3  4  
Forgetfulness, poor memory ..................... 0  1  2  3  4  
Poor Concentration .................................... 0  1  2  3  4  
Taking Longer to Think .............................. 0  1  2  3  4  
Blurred Vision ............................................. 0  
Light Sensitivity,   

1  2  3  4  

  Easily upset by bright light ................ 0  1  2  3  4  
Double Vision ............................................. 0  1  2  3  4  
Restlessness .............................................. 0  
  
  
Are you experiencing any other difficulties?  
  

1  2  3  4  

1. _______________________________  0  1  2  3  4  

2. _______________________________  0  
  
  
  

1  2  3  4  

*King, N., Crawford, S., Wenden, F., Moss, N., and Wade, D. (1995) J. Neurology 242: 587-592  
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