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Abstract

BACKGROUND—Workers who stand on platforms or equipment that vibrate are exposed to 

foot-transmitted vibration (FTV). Exposure to FTV can lead to vibration white feet/toes resulting 

in blanching of the toes, and tingling and numbness in the feet and toes.

OBJECTIVES—The objectives are 1) to review the current state of knowledge of the health risks 

associated with foot-transmitted vibration (FTV), and 2) to identify the characteristics of FTV and 

discuss the associated risk of vibration-induced injury.

PARTICIPANTS—Workers who operated locomotives (n = 3), bolting platforms (n = 10), jumbo 

drills (n = 7), raise drilling platforms (n = 4), and crushers (n = 3), participated.

METHODS—A tri-axial accelerometer was used to measure FTV in accordance with ISO 2631-1 

guidelines. Frequency-weighted root-mean-square acceleration and the dominant frequency are 

reported. Participants were also asked to report pain/ache/discomfort in the hands and/or feet.

RESULTS—Reports of pain/discomfort/ache were highest in raise platform workers and jumbo 

drill operators who were exposed to FTV in the 40 Hz and 28 Hz range respectively. Reports of 

discomfort/ache/pain were lowest in the locomotive and crusher operators who were exposed to 

FTV below 10 Hz. These findings are consistent with animal studies that have shown vascular and 

neural damage in exposed appendages occurs at frequencies above 40 Hz.
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CONCLUSIONS—Operators exposed to FTV at 40 Hz appear to be at greater risk of 

experiencing vibration induced injury. Future research is required to document the characteristics 

of FTV and epidemiological evidence is required to link exposure with injury.
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1. Introduction

Vibration, an oscillatory motion about a fixed point, can enter the body at any point that is in 

contact with a vibrating surface including the hands (hand-arm vibration), feet (foot-

transmitted vibration), or buttock and back (whole-body vibration). Adverse health effects, 

associated with vibration exposure are partially dependent on the primary point of entry to 

the body; therefore, it is important to document the source of the occupational exposure and 

the transmission route. For example, when driving a motorized vehicle a worker is exposed 

to hand-arm vibration (HAV) through contact with the steering wheel, whole-body-vibration 

(WBV) through the seat, and foot-transmitted vibration (FTV) through contact with the 

floor. In another scenario, a worker using a pneumatic power-tool may be solely exposed to 

HAV from the tool; however, if the tool is attached to a platform then the worker may also 

have concurrent FTV exposure. Similarly, some workers may only have FTV exposure, for 

example those who work on platforms that vibrate (i.e. crusher platform; drilling platform, 

bolting platform, etc.).

Several researchers have estimated occupational exposure to WBV including Bovenzi [1] 

who suggested 4–7% of the workforce in North America and Europe were exposed annually 

to harmful levels of WBV, and Wasserman [2] who reported 7 million workers in the United 

States had annual exposure to WBV. More recently Palmer and colleagues [3], estimated 

that 7.2 million men and 1.8 million women in Great Britain are exposed to occupational 

WBV. To date, published epidemiological data has not classified FTV independent from 

general WBV. Therefore, we do not know how many people from the estimated WBV 

exposure groups are primarily exposed to FTV. Epidemiological data are available for HAV 

exposure, suggesting 1.7–5.8% of workers in the United States, Canada and European 

countries are exposed to occupational HAV [4]. Furthermore, the prevalence of vibration 

white finger is estimated at 0–5% amongst workers using vibrating tools in warm climates 

and jumps up to 80–100% amongst workers exposed in countries at higher latitudes with 

colder climates [4,5].

Health effects associated with WBV have been well documented and include low-back pain, 

spinal degeneration, neck problems, headaches, nausea, gastrointestinal tract problems, 

disturbed sleep, and autonomic nervous system dysfunction [6–8]. HAV exposure causes a 

condition referred to as hand-arm-vibration syndrome (HAVS). HAVS is associated with 

vascular, neurological, and musculoskeletal problems of the hand-arm system [9]. Exposure 

to FTV may cause an analogous syndrome in the lower extremities; however, little is known 

about the characteristics of occupational FTV or clinical implications with prolonged 

exposure. The extent of disability caused by vibration exposure is variable and may depend 

on the magnitude, frequency, and duration of exposure; however, a clear dose response 
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relationship has yet to be proven [4]. Low-back pain is the most common complaint amongst 

workers exposed to WBV, which can lead to lost work time depending on the severity of the 

disorder [10,11]. The severity of HAVS is generally classified using the Stockholm 

Workshop Scales (SWS) [12]. The SWSs are based on symptomatic history and generally 

require additional objective testing to establish a diagnosis of HAVS and provide accurate 

staging. The highest vascular component score on the SWS describes frequent blanching 

attacks affecting most fingers accompanied by trophic skin changes. The highest SWS score 

for the sensorineural component describes persistent numbness with tingling accompanied 

by reduced tactile discrimination and manual dexterity impairment. FTV can result in 

vascular and sensorineural changes in the feet; however, the SWS does not lend itself to 

staging of vibration white foot (VWFt) and no similar staging system has been developed to 

date to classify severity of FTV related disease.

The objective of this paper is to review the current state of knowledge of health risks 

associated with FTV, including evidence from animal studies, clinical studies and field 

studies. Case data from a field study in mining are presented to document the characteristics 

of FTV and discuss the associated risk of VWFt.

2. Effects of segmental vibration on physiology: Evidence from animal 

studies

Foot- and hand-transmitted vibration can be referred to as segmental vibration because the 

transmission of energy from the vibrating source to the body is limited to a single region or 

segment of the body. In workers, most studies examining the effects of segmental vibration 

have focused on vibration transmission to the hands. Skin biopsy samples collected from the 

fingers of workers have demonstrated that repeated, long-term exposure to vibration can 

result in damage to the arteries of the fingers and hands. This damage is characterized by 

thickening of the vascular smooth muscle, and fibrosis of the internal lining of blood vessels 

(i.e., the intima [13]). There is also nerve damage in these samples that is characterized by 

fibrosis in the region around peripheral nerves, a thinning or loss of the myelin sheath, and a 

reduction in peripheral nerves [14]. Although these studies demonstrate the morphological 

changes associated with vascular and sensorineural dysfunction in workers, additional data 

are needed to understand the mechanisms underlying these changes.

Animal models have been used to study the damage and mechanisms underlying vibration-

induced injuries to the vascular, sensorineural and skeletal muscle systems. The models have 

included both single and repeated exposures of the fore and hind limbs of rats, mice or 

rabbits, or tails of rats to vibration using frequencies ranging from 30–1000 Hz with 

accelerations of approximately 2–7 g [15–18]. These studies have demonstrated that the 

morphological and physiological effects of both acute and repetitive vibration on these 

systems are similar to the effects seen in humans [13–20]. Furthermore, the effects are in 

part dependent upon the frequency of the vibration exposure [15,18, 21,22].

A single session of exposure to vibration (4 h in duration) using a broad range of frequencies 

has shown that blood flow is reduced in exposed appendages of animals [21]. These acute 

changes in blood flow may be the result of an increased responsiveness to α2C 
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adrenoreceptor-mediated vaso-constriction [23] and/or a reduced responsiveness to 

acetylcholine (ACh)-mediated vasodilation [24]. These functional effects appear to be 

mediated in part by vibration-induced increases in oxidative stress within vessels [24]. 

Morphological changes after a single vibration exposure include the presence of vacuoles in 

the smooth muscle and endothelial layers of peripheral arteries [22].

Exposure to repeated bouts of vibration results in fibrosis of the intima (internal lining of 

arteries comprised of endothelial cells), and obstruction of the lumen in peripheral vessels 

[16,17], as well as remodeling of arteries characterized by a thickening of the vascular 

smooth muscle wall and reduction in the diameter of the lumen [20]. Repeated exposures 

also result in a reduced responsiveness of arteries to ACh-mediated vasodilatation and 

increases in oxidative activity and the expression of remodeling factors [17,20].

Vibration also induces morphological and physiological changes in peripheral nerve 

function in animal models. Single exposures to vibration of a single frequency (i.e., in the 

30–1000 Hz range), have been associated with a reduction in nerve conduction velocity [21], 

edema and myelin disruption in nerves [18, 25,26], and a transient increase in the sensitivity 

of peripheral nerves to transcutaneous electrical stimulation at 2000 Hz [27]. Exposure to a 

single bout of impact vibration (i.e. acceleration shock pulse applied to one point) resulted in 

swelling in nerve terminals and an increased sensitivity to heat on the day of the exposure in 

rats exposed to tail vibration. By day 4 post-exposure, there was a reduction in PGP9.5 (a 

marker of nerve fibers) in nerve terminals, myelin disruption, and a reduced sensitivity to a 

heat stimulus in tails exposed to impact vibration [28]. In animal models, repetitive exposure 

results in damage to the myelin sheath around axons [29], reductions in axoplasmic transport 

[30], a reduced ability of nerves to regenerate after dissection [31], and a permanent 

reduction in nerve conduction velocity [32]. Similar morphological and functional changes 

in humans [14] are most likely responsible for the long-term changes in sensorineural 

function seen in workers exposed to segmental vibration [33–35].

Fewer studies have examined the effects of segmental vibration on skeletal muscle. Single 

exposures to vibration do not appear to have any effects on skeletal muscle morphology 

[36]. However, repeated exposure to vibration results in muscle fiber degeneration and 

regeneration, the presence of central nuclei [36,37] and increases in the cross-sectional areas 

of slow twitch muscle fibers [38]. Skeletal muscle atrophy also occurs and is accompanied 

by limb weakness leading to walking difficulty in rats [39]. If similar changes in skeletal 

muscle and peripheral nerves occur in humans, it is reasonable to assume that they could 

lead to longer-term changes in motor function and muscle weakness.

Vibration-induced injuries appear to be associated with the amount of tissue stress and strain 

experienced during exposure to vibration [40]. A research team at the National Institute for 

Occupational Safety and Health (Morgantown, USA) recently characterized the physical 

(i.e., biodynamic) response of the rat tail to vibration. This was done by securing the tail to a 

vibrating platform, exposing the tail to different vibration frequencies, and comparing the 

displacement of the tail with the displacement of the platform at the various exposure 

frequencies [41]. The ratio of the tail displacement to the platform displacement, which is 

referred to as vibration transmissibility, is one measure that can be used to describe the 
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biodynamic response. In an additional study, the frequency-dependent biodynamic response 

of the tail was correlated with changes in vascular physiology [15]. The results of these 

studies demonstrated that indices of vascular remodeling and function occurred more rapidly 

at vibration frequencies that generated the greatest biodynamic response [15]. The results of 

modeling studies investigating vibration power absorption in the tail suggest this is because 

tissue stress and strain is greatest at the frequencies that generate the greatest response [41]. 

These findings are consistent with the results of human studies on the hand-arm system [40], 

and suggest that characterizing the biodynamic response of a body segment to vibration may 

be critical for determining the risk of developing a vibration-induced injury.

3. Clinical evidence for vibration white foot/vibration white toes

Vibration white finger (VWF), the vascular component of hand-arm vibration syndrome 

(HAVS), is a well documented occupational form of secondary Raynaud’s phenomenon first 

reported by Loriga in 1911 [42]. More recently, a condition descriptively termed “vibration 

white foot” (VWFt) or “vibration-induced white toes” (VWT) has been recognized. VWT is 

analogous to vascular HAVS but manifests as Raynaud’s phenomenon in the toes arising 

after sufficient exposure to foot-transmitted vibration. To date, the published literature 

addressing cases of VWT in workers without hand-arm vibration syndrome is limited to two 

case reports [43,44], though a greater number of studies have reported VWT in workers with 

HAVS after mixed exposure to both hand and foot-transmitted vibration [45–47]. That 

Raynaud’s phenomenon in the toes could occur in workers with direct foot-transmitted 

vibration is supported from a pathophysiological standpoint, given that both systemic and 

local mechanisms have been implicated in the hand-arm vibration syndrome [48].

In 1994, Tingsgard et al. [43] reported a case of a 46-year-old mink farmer presenting with 

cold-induced blanching in the toes of the left foot. The farmer had a twelve-year history of 

vibration exposure to his left foot from resting the foot on a vibrating pedal while driving a 

small wagon. In addition to the unilateral Raynaud’s phenomenon observed in the toes, 

further work-up additionally showed a subtle neuropathy in the affected foot. Other causes 

were excluded, and the worker was diagnosed with VWT. A second case of VWT has more 

recently been reported. Thompson et al. described the case of an underground miner with 18 

years of experience who presented with isolated symptoms of blanching and pain in the toes 

after at least four years of FTV exposure from the operation of vehicle-mounted 

underground bolting machines [44]. Neurological and musculoskeletal examinations of both 

the upper and lower extremities were normal. Vascular flow in the digits was measured 

using photocell plethysmography. This technique involves placement of photocell devices 

around the digits, which detect systolic and diastolic volumetric changes in the blood 

vessels. Low or absent systolic variations in pulse waveforms post cold stress demonstrates 

decreased blood flow secondary to vasospasm. Using a standardized protocol, digital 

photocell plethysmography of the hands and feet of the worker after a 2-minute 10°C cold 

immersion bath was conducted to determine if the worker had evidence of vascular 

impairment in the feet and/or hands. Results from the cold provocation digital photocell 

plethysmography showed significant cold induced vasospasm in the toes with normal 

findings in the fingers. After excluding other potential causes for vascular abnormalities in 
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the feet, the worker’s condition was attributed to past segmental vibration exposure to the 

feet [44].

Reports have also documented vasospastic disease in the feet of workers exposed to both 

hand and foot-transmitted vibration, though interpretation of the aetiology of the foot 

symptoms in these workers is complicated by concurrent vascular HAVS [45–47]. This is 

due to the fact that workers with documented vascular HAVS in the hands often present with 

concurrent vasospasm in the toes, even in the absence of FTV exposure [49,50]. In these 

cases, the underlying mechanism seems to primarily be a centrally mediated increase in 

sympathetic tone [51], though it is possible that other systemic effects including altered 

circulating vasoactive mediators such as endothelin may also contribute [52]. Interestingly, 

there is some evidence that workers with mixed hand and foot-transmitted vibration 

exposure show more severe foot symptoms than workers with hand vibration exposure alone 

[46]. Hedlund et al. studied 27 miners exposed to hand-transmitted vibration, with a subset 

of these workers also having concurrent exposure to FTV secondary to drilling on raised 

platforms with a dominant frequency of 40 Hz [46]. Six of the 27 miners experienced white 

toes and all six with white toes were in the FTV group. This study demonstrated a 

statistically significant association between Raynaud’s phenomenon in the toes and a history 

of FTV [46]. The two published case-reports of VWT [45,47] also support this association, 

with both reports describing workers with a history of mixed hand and foot vibration 

exposure having prominent foot symptoms.

4. Literature review summary

Research from animal, clinical and field studies indicate exposure to segmental vibration can 

cause damage to peripheral nerves and blood vessels. Furthermore, results from animal 

model studies suggest the negative health effects are frequency dependent and associated 

with tissue stress and strain experienced when exposed to vibration. Results from field and 

clinical studies suggest exposure to FTV can result in vibration white feet/toes which is 

analogous to hand-arm vibration syndrome. To date there have been only two published case 

reports of VWT independent of a diagnosis of HAVS. Furthermore, workers who are 

exposed to both HAV and FTV appear to have more severe foot symptoms. However, 

further research is required to understand the link between occupational exposure to FTV 

and the development of VWT and/or VWFt. In particular, more research is required to 

determine the magnitude, frequency, and duration of FTV exposure associated with a 

clinical diagnosis of VWFt.

5. Field study of FTV exposure and reported symptoms

5.1. Objectives

Many job tasks and responsibilities within the mining industry expose workers to FTV. 

Limited research has investigated and documented the exposure of FTV and the associated 

potential health effects. The objectives of this case study are to document the characteristics 

of FTV associated with the operation of underground mining equipment and to determine 

the risk of developing VWT.
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5.2. Methods

The methods in this study were approved by the Laurentian University Research Ethics 

Board (Sudbury, Ontario, Canada) and all participating workers provided informed consent 

prior to data collection.

5.2.1. Participants and equipment—Twenty-seven workers with a mean age of 46 ± 

13 years, height of 175 ± 6 cm, mass of 88 ± 16 kg, and experience of 22 ± 13 years 

participated in this study. Data were collected over the course of one year at six underground 

mine sites (hard-rock nickel or gold mines) in northern Ontario; however, working 

conditions underground were not altered by changes in weather above ground. Each worker 

only operated one piece of equipment resulting in 27 individual measures of FTV from five 

types of equipment including; locomotives (n = 3), bolting platforms (n = 10), jumbo drills 

(n = 7), raise drilling platforms (n = 4), and crushers (n = 3). A locomotive is a small train 

used to move ore in an underground mine. Workers are exposed to FTV when they stand to 

drive the locomotive. Workers use specialized drills and bolting booms that are attached to 

platforms that they stand on in order to install bolts used to stabilize mine openings. 

Vibration from the hydraulic bolter is transmitted to the floor of the platform, which exposes 

the worker to FTV. Jumbo drills have one or two boom arms that are used to drill holes into 

a rock face. The worker stands away from the boom to operate hand controls that are used to 

control the drill boom. Jumbo drill operators are exposed to HAV through the hand controls 

and to FTV through the floor. Raise platforms are used to lift workers off the ground to drill 

rock typically with a jackleg drill. One or two workers simultaneously operate a drill (or 

drills) while standing on the raise platform. The drill leg is attached to the platform 

transmitting the vibration generated by the drill to the platform, exposing the worker to 

FTV. Raise drill workers are also exposed to HAV from contact with the drill controls. 

Crusher operators are exposed to FTV when they monitor conveyor belts transporting 

rock/ore to crusher jaws and they can also be exposed to some HTV when operating controls 

used to break-up larger rock/ore pieces before entering the crusher jaws. Although it was not 

possible to control for daily exposure to FTV, most participants worked an 8-hour shift 

underground (note: one participating minesite had a 10 hour shift schedule) with an average 

estimated daily exposure to FTV of 5.72 (± 0.66) hours.

5.2.2. Data collection—Prior to all vibration measurements each participating worker 

was asked to verbally report if they had any history of pain, ache or discomfort in their 

hands or feet in the last 6-months of work. Workers were shown a body map to clearly 

illustrate the region of the body represented as “feet” and “hands” and asked to report their 

pain/ache/discomfort on a 4-point scale with 1 equivalent to a mild ache/pain/discomfort and 

4 equal to a very, very severe ache/pain/discomfort. For the purpose of this paper, individual 

discomfort severity scores are not reported. Alternatively, for each vehicle type evaluated, 

the percentage of workers who reported the presence of an ache/pain or discomfort 

(anywhere between a severity level of 1–4) in the hands and/or feet is presented (Table 1).

A 10g series two tri-axial accelerometer (NexGen Ergonomics, Montreal QC) was secured 

to the vibrating surface the worker stood on, allowing the worker to perform his regular 

duties. Vibration was measured in the x (fore-aft), y (lateral), and z (vertical) direction, at a 

Eger et al. Page 7

Work. Author manuscript; available in PMC 2015 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sampling frequency of 500 Hz in accordance with ISO 2631-1 guidelines [53]. One of two 

methods was used to secure the accelerometer to the surface the worker stood on. If the 

surface was solid metal the accelerometer was secured to a magnet, which was subsequently 

placed on the metal surface where the worker stood to perform his duties the majority of the 

time. If a magnet could not be used, the accelerometer was placed in a rubber pad (i.e. 

designed according to ISO 2631-1 specifications) and securely attached to the equipment of 

interest using tie wraps, or heavy-duty tape. The accelerometer was monitored throughout 

the testing period to ensure it remaining firmly in contact with the vibrating surface.

Measurement duration was dependent on the type of equipment being tested and ranged 

from 30 minutes (raise platforms) to just over 80 minutes (locomotives). In all cases a 

minimum of three cycles were collected resulting in loaded and unloaded travel for 

locomotives; several drill and bolt holes for the bolters, several drill holes for the jumbo drill 

and several drill holes at different angles for the raise. Crusher measures included different 

sizes of rock/ore at different crusher speeds in order to gain a representative sample.

5.2.3. Data analysis—Data were stored on a P3X8-2C DataLOG II datalogger 

(Biometrics, Gwent, UK) and processed with VATS 3.4.3 (NexGen Ergonomics, Montreal, 

Qc). Frequency weighted root-mean-square accelerations (awx; awy; awz) were calculated 

using the appropriate weighting factors (x-axis = Wd; y-axis = Wd; z-axis = Wk) as 

described in ISO 2631-1 [53]. The mean awx, awy, awz values were subsequently calculated 

and are reported along with the dominant frequency (DF). The probability of adverse health 

effects were determined based on the eight-hour ISO 2631-1 Health Guidance Caution Zone 

guidelines where frequency-weighted r.m.s. acceleration below 0.45 m/s2 is associated with 

a low probability of adverse health effects and exposure above 0.9 m/s2 is associated with a 

high probability of adverse health effects [53].

5.3. Findings

5.3.1. Vibration measurements—Frequency-weighted root-mean-square acceleration 

values and dominant frequency measured at the feet are reported in Table 1. The weighted 

root-mean-square acceleration was greatest in the z-axis for all equipment tested; meaning 

workers were exposed to higher levels of vertical vibration than lateral or fore-aft vibration. 

FTV magnitude was greatest when drilling off the raise platforms (awz = 0.84 m/s2) and the 

lowest when operating the crusher (awz = 0.22 m/s2). The dominant frequency in the vertical 

axis (z-axis) ranged from a low of 4.2 Hz (driving the locomotive) to a high of 40 Hz 

(drilling off the raise platform).

According to the ISO 2631-1 eight-hour health guidance caution zone, none of the workers 

were exposed to vibration levels above the zone of caution. Furthermore, only the raise 

workers were exposed to vibration placing them in the zone of caution, suggesting an 

increased probability of adverse health effects.

5.3.2. Pain, ache, discomfort reports—Reports of pain/ache/discomfort in the hands 

and feet were the lowest amongst workers operating the crusher and highest amongst 

workers drilling off the raise platforms (Table 1). For example, 100% of the raise workers (n 

= 4) reported pain/ache/discomfort in the hands and 75% (n = 3) reported pain/ache/
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discomfort in the feet. Whilst, none of the crusher operators reported a pain/ache/discomfort 

with the hands and only 33% (n = 3) reported a pain/ache/discomfort at the feet (within the 

last 6-months). Recall, vibration exposure magnitude was lowest for the crusher operators 

and highest for the raise workers, suggesting a correlation between vibration magnitude and 

discomfort reports.

5.4. Relevance and discussion

The primary objective of this case study was to document the characteristics of FTV 

exposure with a secondary objective to determine prevalence of pain/ache/discomfort in the 

feet of workers exposed to FTV. Reports of pain/ache/discomfort (within the last 6-months), 

at the hands (100%) and feet (75%), were the greatest amongst raise workers. Moreover, the 

raise workers were exposed to the greatest magnitude of FTV in the vertical direction at a 40 

Hz dominant frequency. Although not specifically asked, two of the three raise workers with 

pain/ache/discomfort in the feet volunteered that they had also been recently diagnosed by 

their treating physicians to have VWFt and HAVS. Due to the cross-sectional nature of the 

exposure data we are not able to confirm that exposure to FTV on the raise platform was the 

primary cause of VWFt; however, it seems plausible given that the raise workers in this 

study were exposed to the highest levels of FTV and the dominant frequency was 40 Hz, 

which has been associated with segmental damage. For example, animal studies have shown 

the finger-hand-arm system is more susceptible to vibration at higher frequencies (40–100 

Hz for the hand-arm system, and > 100 Hz for the fingers) [40], and in a field study of 

miners exposed to local and WBV, 6 of the 27 miners exposed to FTV with a dominant 

frequency of 40 Hz, were diagnosed with vibration white toes [46].

Reports of pain/ache/discomfort in the feet (n = 4) were second highest (57%) amongst 

Jumbo Drill operators (Table 1). These workers were exposed to a dominant frequency just 

below 30 Hz. One of the Jumbo Drill operators also reported that he had been diagnosed 

with VWFt, and four indicated they had a diagnosis of HAVS from their treating physicians.

Locomotive operators reported the fewest problems with the feet. This study found the 

locomotive operators were exposed to FTV with a dominant frequency of 4.2 Hz. This 

frequency is associated with resonance in the spine and pelvis [54], suggesting that 

locomotive operators are likely at a greater risk of experiencing low back problems 

following prolonged vibration exposure. The FTV exposure generated while operating a 

locomotive is a result of the locomotive moving along a track, rather than vibration 

transmitted from a hydraulic drill or bolter attached to a platform. Thus, the dominant 

frequency for the underground locomotive is more in-line with surface locomotive vehicles 

[55], and other equipment that is driven such as load-haul dump vehicles [56], and 

harvesters [57]. This is in contrast to the dominant FTV observed for raise workers, which is 

in line with the dominant frequency associated with the operation of jackleg and stopper 

drills [58].

The findings of this study are in keeping with those of animal studies, and suggest that the 

frequency of vibration exposure should be taken into consideration when determining 

possible health effects [15,21]. This is particularly important since the suggested standard to 

evaluate health risks associated with exposure to vibration when sitting, standing, or lying 
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down, ISO 2631-1, incorporates frequency weighting curves that give less importance to 

vibration levels that occur in frequency ranges above 20 Hz [53]. Alternatively, the standard 

used to determine health risks associated with exposure to segmental HAV, ISO 5349-1, 

which places greater weight on frequencies above 20 Hz [59], might be better suited to 

evaluate exposure to FTV (when the health effect of interest is VWT).

Additional research is required to understand the biodynamic response of the foot to FTV. 

Animal model studies have shown tissue stress and strain levels are highest at resonance 

[41], resulting in greater injury. Determining the resonant frequency of the foot is important 

for prevention because equipment and tools (i.e. anti-vibration drills; isolated platforms) and 

personal protective equipment (i.e. anti-vibration insoles, boots or mats) could be designed 

with the focus being to reduce vibration at frequencies where tissue resonance in the foot/

toes occurs. Determining the resonant frequencies of the foot and toes could also inform 

future ISO standards, particularly with respect to the development of appropriate weighting 

curves that are based on resonance frequencies for the toes, foot, and lower leg. Improved 

standards would offer more informed guidance with respect to FTV exposure magnitude, 

and frequency that should be limited in order to prevent health risks associated with 

exposure to FTV.

Additional studies are also required to determine the influence of other risk factors such as 

cold exposure, when combined with FTV, on the development of vascular hypertrophy 

leading to VWFt. For example, epidemiological data suggests workers in cold climates have 

a higher prevalence of HAVS [11]; however, additional studies are required to determine if 

vibration exposure when combined with cold increases the risk of developing VWFt. In the 

meantime, workers exposed to FTV should dress appropriately to keep their feet warm and 

dry.

6. Conclusion

Animal models have demonstrated vibration-induced alterations in peripheral vascular and 

nerve physiology, which have given clinicians a better understanding of the changes that 

occur in the human physiological system when it is exposed to vibration. Clinical and 

epidemiological studies support the contention that workers with significant segmental 

vibration exposure to the upper and/or lower extremities can develop cold-induced 

vasospasm in the toes. In general, in workers exposed to HAV, symptoms of cold-induced 

finger vasospasm usually seem to be most severe in the directly exposed hands as a result of 

local vibration-induced trauma, while the non-exposed feet tend to have less severe 

symptoms best attributed to centrally mediated mechanisms (increased sympathetic tone and 

altered circulating vasospastic mediators). In workers with direct vibration exposure to the 

feet, risk of developing VWT is increased. Both the magnitude and, perhaps more 

importantly, the dominant frequency of the FTV seems to be an important determinant of 

risk, with research to date suggesting higher frequencies (40 Hz) to carry greater risk with 

respect to VWFt or VWT compared to lower frequency distributions. Further, study is 

required to delineate the magnitude of the problem and to better characterize and control 

foot-transmitted vibration as an occupational hazard.
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