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Abstract

Background

Increased occurrence of Raynaud’s phenomenon, neurosensory injury and carpal tunnel

syndrome has been reported for more than 100 years in association with work with vibrating

machines. The current risk prediction modelling (ISO-5349) for “Raynaud’s phenomenon” is

based on a few studies published 70 to 40 years ago. There are no corresponding risk pre-

diction models for neurosensory injury or carpal tunnel syndrome, nor any systematic

reviews comprising a statistical synthesis (meta-analysis) of the evidence.

Objectives

Our aim was to provide a systematic review of the literature on the association between

Raynaud’s phenomenon, neurosensory injuries and carpal tunnel syndrome and hand-arm

vibration (HAV) exposure. Moreover the aim was to estimate the magnitude of such an

association using meta-analysis.

Methods

This systematic review covers the scientific literature up to January 2016. The databases

used for the literature search were PubMed and Science Direct. We found a total of 4,335

abstracts, which were read and whose validity was assessed according to pre-established

criteria. 294 articles were examined in their entirety to determine whether each article met

the inclusion criteria. The possible risk of bias was assessed for each article. 52 articles

finally met the pre-established criteria for inclusion in the systematic review.

Results

The results show that workers who are exposed to HAV have an increased risk of vascular

and neurological diseases compared to non-vibration exposed groups. The crude estimate

of the risk increase is approximately 4–5 fold. The estimated effect size (odds ratio) is 6.9 for

the studies of Raynaud’s phenomenon when including only the studies judged to have a low
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risk of bias. The corresponding risk of neurosensory injury is 7.4 and the equivalent of carpal

tunnel syndrome is 2.9.

Conclusion

At equal exposures, neurosensory injury occurs with a 3-time factor shorter latency than

Raynaud’s phenomenon. Which is why preventive measures should address this vibration

health hazard with greater attention.

Introduction

Extensive and prolonged exposure to manual work involving the use of vibrating power tools

can lead to a number of adverse health effects, primarily in the peripheral neurological, vascu-

lar and musculoskeletal systems [1, 2]. The resulting symptom complex is now collectively

summarised and internationally acknowledged as hand-arm-vibration syndrome (HAVS).

The vascular component of HAVS represents an increased tendency to vasospasm in the

digital capillaries, and is manifested by the appearance of “white finger” (Raynaud’s Phenome-

non). The neurological component includes both a diffuse peripheral neurosensory injury and

an entrapment of the median nerve at the wrist, entailing a symptom complex covered by the

carpal tunnel syndrome (CTS) concept. In both neurosensory cases, symptoms of disturbed

neural function include positive, negative and provokable manifestations [3]. Skeletal injuries

manifest as osteoarthritis. An increased occurrence of reduced muscular function and the

development of tendinopathies, tenosynovitis or fibrosis (e.g. Dupytrens contracture) are also

reported.

The evidence of the relation between vibration exposure and injury is currently based solely

on descriptive, narrative summaries of scientific reports. Only for “Raynaud’s phenomenon” is

there a risk assessment model, as presented in the annexe to ISO 5349–1 [4]. Neurosensory

injury, carpal tunnel syndrome and musculoskeletal injuries all lack separate ISO-standard

models for risk assessment in relation to vibration exposure.

Increased occurrence of Raynaud’s phenomenon has been reported for more than 100

years. These findings come from studies of several work environments where exposure to

vibration was present [5–7]. The conclusion that the symptoms were caused by exposure to

vibrations and that the symptoms could be triggered by cold was not confirmed until the

1930s in connection with studies of foundry workers [8]. Alternate concurrent exposures (e.g.

cold, quartz exposure) may also contribute to the occurrence of vascular damage and trigger

the symptoms. It is well documented that work involving vibration exposure represents a

potential risk for “Raynaud’s phenomenon”, but little is known about the extent to which the

exposure to vibration in itself contributes to “Raynaud’s phenomenon”. Current risk predic-

tion modelling for “Raynaud’s phenomenon” (ISO 5349) is based on estimates of prevalence

rates and latencies from seven studies published during the period from 1946 to 1977 [9]. The

studies included represent relatively high intensity exposures measured in the dominant vibra-

tion direction (A(8) within the domain 9–20 m/s2) and long working hours, of 9–12 hours pro

day. The model assumptions on exposure were conditioned that the exposure to vibrations

was more or less continuous, with only minor, brief interruptions. For the low daily exposure

predictions, the risk estimates were extrapolated based on the relationships that were found for

high exposures. The prevalence rates of “Raynaud’s phenomenon” in the underlying studies
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varied from 30% to 70%. The relationship was, moreover based on definitions of “Raynaud’s

phenomenon” that varied in the degree of diagnostic resolution and precision.

Our aim was to provide a systematic review of the literature on the association between

“Raynaud’s phenomenon” (“white finger”) and hand-arm vibration exposure with special

attention paid to exposure estimates and the risk of bias. Moreover, the aim was to add a com-

plementary statistical synthesis by estimating the magnitude of such an association using

meta-analysis.

Reports witness neurosensory injuries in the form of sensory impairment, reduced motor

function and trouble from neurosensory symptoms in relation to vibration exposure, over a

long period. The reports stem from work environments where vibration exposure was preva-

lent [6]. The nerve injuries have to varying degrees been interpreted as a general manifestation

of a widespread syndrome to specific nerve dysfunctions. The neurosensory symptoms were

until the mid-1900s attributed to early signs of the development of vascular injury. The current

knowledge of neurosensory injuries in relation to vibration exposure is insufficient to indicate

to what extent the exposure to vibration in itself contributes to the ‘neuro-sensory impairment

“, as distinguished from other work exposures.

Our aim was also to provide a systematic review of the literature on the association between

neurosensory disorders and hand-arm vibration exposure with special attention paid to expo-

sure estimates and the risk of bias. Moreover, the aim was to estimate the magnitude of such

an association using meta-analysis

Nerve symptoms in accordance with carpal tunnel syndrome were reported early in studies

from specific work environments in which vibrating tools were used [6]. A relation between

work with vibrating tools and the contracting of carpal tunnel syndrome is supported by sev-

eral separate original studies and systematic reviews (e.g. [10] and [11]). Most of the original

reports and reviews on the relation between CTS and vibration exposure use job title as an

indicator of exposure to vibration. A restricted number of studies present the total operating

time (TOT) but there is a general lack of information on the vibration acceleration levels.

There is currently a shortage of knowledge about the extent to which exposure to vibration

in itself contributes to “carpal tunnel syndrome”, as distinct from other ergonomic work

exposures.

The following systematic review with accompanying meta-analysis attempts to answer the

question of the relationship between the risks of “carpal tunnel syndrome” and exposure to

hand-transmitted vibration with special attention being paid to exposure estimates and the

risk of bias.

Method

This systematic review with supporting statistical syntheses (meta-analyses) is limited to hand-

arm vibration exposure and vascular and nerve damage. We accumulate nerve damage as neu-

rosensory damage and as carpal tunnel syndrome. The hand-arm vibration syndrome’s vascu-

lar and nervous manifestations can occur either separately or together and without mutual

relation. The following systematic review will discuss the different outcomes separately. Only

studies in which a measurement or an estimation of vibration exposure has been reported are

included in this review.

Systematic literature search

Our systematic review follows the “PRISMA statement” for reporting systematic reviews and

meta-analyses [12]. We adhere to Prisma’s guidelines regarding the application of its 24-point
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checklist, terminology, flow and reporting. The systematic literature review was based solely

on original scientific papers published in refereed journals.

The databases used for interrogation were PubMed (US National Library of Medicine,

Bethesda, Maryland) and Science Direct (Elsevier, Amsterdam). The reason for the slightly

overlapping databases was that these databases index articles from partially various journals.

The search strategy has deliberately been as broad as possible so as to include articles with

HAV exposure and the outcome of malfunctioning of vessels and nerves in the hand-arm (in

the form of either blood flow disorders (Raynaud’s phenomenon), the effect on nerves (neuro-

sensory impairment) or specific nerve effects on the median nerve in the wrist (carpal tunnel

syndrome). Initial search was carried out on a broad basis, without selection criteria based on

indexing. Articles published in languages other than English and studies that did not involve

effects on humans were excluded manually. The detailed search string is presented in the sup-

porting information (S1 Text), and the literature search covers publications from 1945 until

January 1, 2016.

The articles’ abstracts were examined in relation to the purpose of the literature review with

requirements for information on vibration exposure as well as current health outcomes. All

articles were reviewed by two of the authors independently. In case of disagreement, all three

authors discussed each article until a consensus was reached.

For each article abstract which was found to be relevant, the full article was read by two

reviewers independently to ensure that the relevant criteria were met. The reviewers used a

protocol with defined quality with points (S1 Table), which focused on the study’s methodol-

ogy and scientific quality in the sense of risk of bias. Each article was discussed by the two

reviewers and in case of disagreement all three reviewers discussed it until there was a

consensus.

We found a total of 4,335 abstracts (Fig 1), which were read and whose validity was assessed

according to pre-established criteria. 294 articles were then examined in their entirety to deter-

mine whether each article met the inclusion criteria. From the 293 articles 242 were excluded

(Fig 1), which resulted in 52 articles finally meeting the pre-established criteria for inclusion in

the systematic review.

Meta-analysis

Studies that reported a relative risk (odds ratio) for any of the three outcomes (Raynaud’s phe-

nomenon, neurosensory damage and CTS) were included in our meta-analyses. Included in

the meta-analysis were only studies that presented data which enabled us to calculate an un-

adjusted odds ratio.

In order to study the influence of the magnitude of the vibration exposure on the outcome,

studies of the same groups of vibration-exposed workers, but with varying exposure levels,

were gathered. The lowest exposure group in each study was defined as “Low exposure” and

the highest exposure group as “High exposure”. The comparisons of estimates have been made

in accordance with Altman and Bland [13].

Exposure quantification was based on the exposure data that could be identified in each

article. In the articles where information could be found, the daily equivalent vibration

expressed as A(8), has been calculated. The following four doses have been identified: Dose

1 = Number of exposure years (year); Dose 2 = Number of exposure hours (h); Dose 3 = Daily

vibration exposure, A (8) (m/s2); Dose 4 = Cumulative vibration exposure (mh/s2, m2h/s4 or

m2h3/s4).

We carried out “random-effect” meta-analyses and tested the heterogeneity between the

different studies using the Cochran chi-square (Q-test) and I2 statistics [14, 15]. The risk of
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bias was assessed by cumulative meta-analysis and by subgroup analysis. For cumulative meta-

analysis, studies were ranked in descending order by their respective graded quality score (risk

of bias). The results are reported for each study effect size as odds ratios with 95% confidence

intervals (lower and upper limit) and the z-value as well as p-value.

Publication bias was examined with funnel plots. Asymmetry in funnel plots were assessed

by three statistical methods: the rank correlation method [16], regression analysis [17] and the

Fig 1. Flow chart of the search strategy and selection of studies in order to evaluate the relationship between the

hand-arm vibration and health outcomes in accordance with the PRISMA (Raynaud’s phenomenon,

neurosensory injury, carpal tunnel syndrome).

https://doi.org/10.1371/journal.pone.0180795.g001
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Duval and Tweedie “trim and fill” method [18]. In the case of empty cells occurring (for vascu-

lar injury only), we have added one case to the empty cells, and a case in the other cells to

allow the calculation of risk estimates [19].

Of the original 52 articles, only have 24 been included in our meta-analyses (Fig 1). The

exclusion is conditioned, among other things, by the fact that certain articles only described

the prevalence of injury in vibration-exposed individuals (9 articles omitted) [20–28] or that

the aim was to compare exposed with unexposed individuals regarding any specific clinical

outcome for example temperature thresholds (6 articles omitted) ([29–34]). Studies were also

omitted that describe the same study population and have similar data (2 articles omitted) [35,

36]. In these cases, only the publication that we in the consensus deemed most relevant has

been included in the meta-analyses.

All calculations were made using the statistical program CMA Comprehensive Meta-Analy-

sis version 3.3 (Biostat, Englewood, United States; [37])

Results

Raynaud’s phenomenon

The result of the systematic literature review presented in Table 1 shows both our estimate of

risk of bias (S1 Table) regarding the reliability of the diagnosis for “Raynaud’s phenomenon”

and the total number of quality points. The total is the sum of the quality scores for the diagno-

sis added to the quality score for “study method” and “exposure”.

For the outcome Raynaud’s phenomenon 41 articles were obtained (Table 1), published

between 1978 and 2013. The articles examined had a variation in their mean score of between

1 and 11 for the quality points for the diagnosis of Raynaud’s phenomenon. The prevalence of

Raynaud’s phenomenon varies from 0% to 53% in the different studies, with an average of

22% (Fig 2).

The total weighted risk of all studies for Raynaud’s phenomenon gave an odds ratio of 4.56

(95% CI 3.00–6.95). Fig 3 depicts on a forest plot the results of our meta-analysis on studies

when we compare the risk of Raynaud’s phenomenon between groups exposed to HAV versus

unexposed reference groups.

Stratified meta-analysis of studies with low risk of bias (studies with the highest quality

scores in Table 1) versus those with unclear / high risk of bias (studies with a minimum grade

point) shows large differences. The group of studies with a low risk of bias (n = 12) reported an

overall odds ratio of 6.85 (95% CI 4.17–11.25), while group of studies with unclear / high risk

(n = 10) for bias had an overall odds ratio of 2.76 (95% CI 1.69–4.50). Heterogeneity was com-

parable between both groups of studies [75% (p<0.01) vs. 81% (p<0.01)].

Stratified studies based on the year of publication (before and after 1997; n = 13 vs. n = 9)

noted that the weighting of the older studies provide a higher odds ratio compared to recent

studies [6.03 (p<0.01) Vs. 3.13 (p<0:01)], while heterogeneity is comparable [88% (p<0.01)

Vs. 85% (p<0.01)]. The analysis was stratified in studies with a low risk of bias (based on the

distribution of quality points according to S1 Table) versus those with an unclear risk of bias.

Within the two risk groups (n = 12 and n = 10), studies have been ranked in descending order

from those with the lowest risk of bias to those with the highest risk, based on their overall

quality score.

Fig 4 describes the results of the meta-analysis for studies comparing the risk of Raynaud’s

phenomenon between groups exposed to different levels of HAV. The analysis has been

divided between the four different categories of measuring doses. For each measuring dose,

studies have been ranked in descending order based on their total score (Table 1). In some of

the articles several exposure parameters have been presented.

Hand-arm vibration syndrome: A systematic review and meta-analysis
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Table 1. Includes studies of Raynaud’s phenomenon and their assessed risk of bias (quality score) regarding the diagnosis “Raynaud’s phenom-

enon” (Diagnosis sum) and the total sum when the quality score for assessing diagnosis’ Raynaud’s phenomenon, “study method” and “expo-

sure” has been added (Total score). The studies are presented in descending order based on the total score. Higher scores indicate higher “quality”,

indicating a smaller possible risk of bias. Furthermore, the study design is given for each study.

Study Reference Design Diagnosis sum Total sum

Bovenzi, 1998 [35] Cohort 11 29

Bovenzi, 2008 [36] Cohort 11 28

Bovenzi, 2008* [38] Cohort 11 27

Bovenzi, 2000 [39] Case-control 11 26

Bovenzi, 2010* [40] Cohort 9 26

Bovenzi, 1995* [41] Cross-section 11 25

Bovenzi, 2010* [42] Cohort 9 25

Bovenzi, 1998* [43] Cross-section 11 24

Mirbod, 1992* [44] Case-control 11 23

Bovenzi, 2011* [45] Cohort 8 23

Mirbod, 1999 [27] Cohort 8 22

Aiba, 2012 [20] Cohort 8 21

Hagberg, 2008* [46] Cohort 4 21

Barregard, 2003 [21] Case-control 8 20

Bovenzi, 1988* [47] Cross-section 10 19

Bovenzi, 1985 [48] Cross-section 9 19

Bovenzi, 1994* [49] Cross-section 8 19

Nilsson, 1989* [50] Cross-section 7 19

Palmer, 1998* [51] Cross-section 7 18

Futatsuka, 2005* [52] Cross-section 7 17

Brubaker, 1987* [22] Cohort 6 17

Koskimies, 1992 [26] Cross-section 6 17

Futatsuka, 1985 [23] Cohort 2 17

Su, 2013 [53] Cross-section 6 16

Jang, 2002* [54] Cross-section 4 16

Yamada, 1995* [55] Cross-section 9 15

Bovenzi, 2005* [56] Cross-section 6 15

Letz, 1992* [57] Cross-section 4 15

Chatterjee, 1978* [58] Cross-section 6 14

Harazin, 1996 [25] Cross-section 6 14

Brubaker, 1985* [59] Cross-section 5 14

Burdorf, 1991* [60] Cross-section 3 14

Cherniack, 2004* [61] Cross-section 3 14

Anttonen, 1994* [62] Cross-section 1 12

Virokannas, 1995* [63] Cross-section 1 12

Bovenzi, 1980* [64] Cross-section 2 10

Musson, 1989 [28] Cross-section 1 10

Walker, 1985* [65] Cross-section 1 9

Burstrom, 2010* [66] Cross-section 1 8

Mirbod, 1994* [67] Cross-section 1 7

Tominaga, 1994* [68] Cross-section 1 7

*The study included in the meta-analysis

https://doi.org/10.1371/journal.pone.0180795.t001
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For the different dose measures varies the odds ratios between 2.64 (p<0.01) and 5.08 (p

<0.01). The heterogeneity of the various dose measures is 75% (p <0.01), 81% (p<0.01), 98%

(p<0.01) and 75% (p <0.01).

Fig 5 shows the results of the meta-regression analysis of the relationship between A(8) and

the natural logarithm of the prevalence of Raynaud’s phenomenon among vibration-exposed

individuals. The result is based on the data of 33 studies, and in some of the studies several

groups of exposed been present.

The analysis shows that the relation is reliable (p = 0.012) and the coefficient of A(8) is 0.09.

The results also show that there is a significant (p<0.001) variation between the studies, indi-

cating that, although the A (8) is the same in the two studies, prevalence of Raynaud’s phenom-

enon varies. The model explains 16% of variation between studies.

Fig 2. The prevalence of Raynaud’s phenomenon in the included studies sorted by year of

publication.

https://doi.org/10.1371/journal.pone.0180795.g002
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Fig 3. Statistics and forest plot of a “random - effect” meta-analysis of the prevalence of Raynaud’s

phenomenon between the groups exposed to HAV and non-exposed reference groups. The size of the

square of the individual studies is proportional to the study’s weight in the analysis. The red diamond indicates

the overall risk. The studies have been ranked in order from highest to lowest quality score points according to

quality criteria in appendix (S1 Table) and Table 1. The asterisk indicates that the study data presented made

it possible to calculate the unadjusted odds ratio.

https://doi.org/10.1371/journal.pone.0180795.g003

Fig 4. Statistics and forest plot of the weighting for each dose studies in Raynaud’s phenomenon

sorted by various measuring cup. The size of the square of the individual studies is proportional to the

study’s importance in the analysis. The blue diamond’s (rhomboids) shows the combined effect of the

subgroups of measuring cup; Dose 1 = Number of exposure years (year); Dose 2 = Number of exposure

hours (h); Dose 3 = Daily vibration exposure, A (8) (m/s2); Dose 4 = Cumulative vibration exposure (mh/s2,

m2h/s4 or m2h3/s4). The studies have been ranked in order from highest to lowest quality score points

according to Table 1. The asterisk indicates that the study data presented made it possible to calculate the

unadjusted odds ratio.

https://doi.org/10.1371/journal.pone.0180795.g004
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The funnel plot of the studies included in our meta-analysis indicates that they were distrib-

uted symmetrically around the estimated effect, suggesting little effect of publication bias for

the contrast between HAV-exposed and unexposed individuals (Fig 6). However, between the

low and high exposed group there was a tendency that the studies were distributed somewhat

asymmetrically around the estimated effect, indicating some publication bias (Fig 7).

Neuro-sensory injury

The results of the systematic literature review on articles addressing neurosensory injuries are

given in Table 2. The table shows both our estimate of risk of bias (S1 Table) regarding the reli-

ability of the diagnosis of “neuro-sensory injury” as well as the total number of quality points.

Fig 5. Meta-Regression analysis of the relationship between the logarithm of the prevalence of

Raynaud’s phenomenon in vibration-exposed and vibration exposure A(8) (random effect; n = 14).

The figure also shows the regression line’s 95% confidence intervals intervals (red lines). Blue lines show the

prediction interval. The size of the circles represents the importance of the study results in the estimates of the

regression.

https://doi.org/10.1371/journal.pone.0180795.g005

Fig 6. Funnel plot with pseudo 95% confidence interval for publication bias in studies of the

association between the occurrence of Raynaud’s phenomenon among groups exposed to HAV and

non-exposed reference groups. Beggs test shows no evidence of publication bias (p = 0.14), while Eggers

test indicates such an effect (p <0.01). The trim and fill method imputed three missing studies to the left of the

mean (random-effects model).

https://doi.org/10.1371/journal.pone.0180795.g006
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The total is the sum of the quality scores for the diagnosis added to the quality score for “study

method” and “exposure”.

For the outcome neurosensory injury, 33 articles were included, of which 7 articles are

unique to neurosensory injury. 21 articles included also Raynaud’s phenomenon and 2 articles

carpal tunnel syndrome. For the outcome neurosensory damage articles included were pub-

lished from 1978 to 2013. The prevalence of neurosensory damage has varied in the different

studies from 17% to 79%, with an average of 43% (Fig 8).

The total weighted risk of all 18 studies in neuro-sensory injury gave an odds ratio of 4.58

(95% CI 3.28 to 6.38). Fig 9 describes in a forest plot the results of the meta-analysis of studies

where we compare the risk of neurosensory injury between groups exposed to HAV versus

unexposed reference group.

Stratified meta-analysis of studies with a low risk of bias (studies with the highest quality

scores in Table 2) versus those with an unclear / high risk of bias (studies with the lowest qual-

ity score) shows some differences. The group of studies with a low risk of bias (n = 8) reported

an overall odds ratio of 7.37 (95% CI 4.28 to 14.15), while the group of studies with an unclear

/ high risk (n = 10) for bias had an overall odds ratio of 3.31 (95% CI 2.17–5.06). Heterogeneity

was the same for both groups of studies [74% (p<0:01) vs. 74% (p<0:01)].

Stratified meta-analysis on studies based on the year of publication (before resp. after 1997;

n = 12 and n = 6) shows no significant difference in risk estimates between early and later pub-

lications [5.08 (p<0:01) vs. 4.46 (p<0:01)] and similar heterogeneity [76% (p<0.01) vs. 78%

(p<0.01)].

Fig 10 describes the results of the meta-analysis of studies, comparing the risk of neurosen-

sory injury between groups exposed to different levels of HAV. The analysis has also been split

between the two categories of measuring doses presented. For each measuring dose, studies

have been ranked in descending order according to their total score. In some of the articles

several exposure parameters have been entered.

For the two dose measures, the odds ratio varies between 2.67 (p<0:01) to 4.77 (p<0:01).

Heterogeneity Dos 2 is 76% (p<0.01) and Dos 4, 15% (p = 0.32).

Fig 11 presents the results of meta-regression analysis of the relationship between A(8)

and the natural logarithm of the prevalence (logit event rate) of neurosensory injury among

Fig 7. Funnel l plot with pseudo 95% confidence interval for publication bias in studies of the

association between the occurrences of Raynaud’s phenomenon among groups exposed to different

levels of HAV. Beggs test (p = 0.04), but not Eggers test (p = 0.36), showed evidence of publication bias and

trim and fill method imputed seven studies lacked the left of the mean (random-effect model).

https://doi.org/10.1371/journal.pone.0180795.g007
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vibration-exposed individuals. The result is based on data for 19 articles, and in some of the

articles several groups of exposed individuals have been studied.

The analysis shows that the relationship is statistically significant (p = 0.039) and the coeffi-

cient of A(8) is 0.08. The results also show that there is a significant (p<0.001) variation

between the studies, indicating that, although the A(8) is the same in the two studies, preva-

lence of neurosensory damage varies. The model explains 5% of the variation between studies.

The funnel plot of the studies included in our meta-analysis indicate that they were distrib-

uted asymmetrically around the estimated effect, suggesting some publication bias for both the

Table 2. Included studies of neuro-sensory injury and their assessed risk of bias (quality score) regarding the diagnosis “neuro-sensory injury

“(Diagnosis sum) and the total sum when the quality score for assessing diagnosis’ neuro-sensory injury, “study method” and “exposure” has

been added (Total score). The studies are presented in descending order based on the total score. Higher scores indicate higher “quality”, indicating less

possible risk of bias. Furthermore, the study design is given for each study.

Study Reference Design Diagnosis sum Total sum

Bovenzi, 2011* [69] Cohort 11 25

Bovenzi, 2000 [39] Case-control 9 24

Mirbod, 1992* [44] Case-control 11 23

Mirbod, 1999 [27] Cohort 9 23

Nilsson, 2008 [31] Cross-section 9 20

Barregard, 2003 [21] Case-control 8 20

Nilsson, 2001 [33] Cross-section 8 20

Ho, 1986 [29] Cross-section 11 19

Su, 2013* [53] Cross-section 9 19

Bovenzi, 1994* [49] Cross-section 8 19

Futatsuka, 2005* [52] Cross-section 8 18

Edlund, 2013* [70] Cohort 2 18

Bovenzi, 1988* [47] Cross-section 8 17

Bovenzi, 1985* [48] Cross-section 7 17

Palmer, 1998* [51] Cross-section 6 17

Yamada, 1995 [55] Cross-section 10 16

Lundstrom, 1999 [30] Cross-section 6 16

Koskimies, 1992 [26] Cross-section 5 16

Jang, 2002* [54] Cross-section 4 16

Matsumoto, 1995* [71] Cross-section 9 15

Gerhardsson, 2005 [24] Cross-section 6 15

Letz, 1992* [57] Cross-section 4 15

Chatterjee, 1978* [58] Cross-section 6 14

Malchaire, 2001* [72] Cross-section 4 14

Burdorf, 1991* [60] Cross-section 3 14

Cherniack, 2004* [61] Cross-section 3 14

Brubaker, 1985* [59] Cross-section 4 13

Anttonen, 1994* [62] Cross-section 1 12

Virokannas, 1995* [63] Cross-section 1 12

Bovenzi, 2005* [56] Cross-section 2 11

Musson, 1989 [28] Cross-section 1 10

Bovenzi, 1980* [64] Cross-section 1 9

Mirbod, 1994* [67] Cross-section 1 7

*The study included in the meta-analysis

https://doi.org/10.1371/journal.pone.0180795.t002
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Fig 8. The prevalence of neuro-sensory injury in the studies included sorted by year of publication.

https://doi.org/10.1371/journal.pone.0180795.g008

Fig 9. Statistics and “forest plot” with aggregate from “random - effect” meta-analysis of the

incidence of neurosensory injury between groups exposed to HAV and non-exposed reference

groups. The size of the squares of the individual studies is proportional to the importance of the study in the

analysis. The red diamond represents the weighted risk for all studies. The studies have been sorted in order

from highest to lowest quality score points according to Table 2. The asterisk indicates that the study data

presented made it possible to calculate the unadjusted odds ratio.

https://doi.org/10.1371/journal.pone.0180795.g009
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contrast between HAV exposed and unexposed individuals as well as between low and high

exposed groups (Figs 12 and 13).

Carpal tunnel syndrome

The result of the systematic literature review of articles addressing CTS is presented in Table 3.

The table shows both our estimate of risk of bias (S1 Table) regarding the reliability of the diag-

nosis of “carpal tunnel syndrome” and the total number of quality points. The total is the sum

of the quality scores for the diagnosis added to the quality score for “study method” and “expo-

sure”. The summary shows that the seven studies that examined the CTS have a variation of

the mean score between 1 and 11 for the diagnosis of CTS. The prevalence of CTS has varied

from 7% to 35% in the different studies with an average of 18% (Fig 14).

Fig 10. Statistics and Forest plot of the weighting for each dose studies in neuro-sensory injury

sorted by the various dose measures. The size of the square of the individual studies is proportional to the

study’s importance in the analysis. The blue diamonds (rhomboids) shows the combined effect of the

subgroups of dose measures. Dose 2 = Number of exposure hours (h); Dose 4 = Cumulative vibration

exposure (mh/s2, m2h/s4 or m2h3/s4). The studies have been ranked in order from highest to lowest quality

score points according to Table 2. The asterisk indicates that the study data presented made it possible to

calculate the unadjusted odds ratio.

https://doi.org/10.1371/journal.pone.0180795.g010

Fig 11. Meta-Regression analysis of the relationship between the logarithm of the prevalence of

neurosensory injury in vibration-exposed and vibration exposure A(8) (random effect; n = 15). The

figure also shows the regression line 95% confidence limits (red lines). Blue lines show the prediction interval.

The size of the circles represents the importance of the study results in the estimates of the regression.

https://doi.org/10.1371/journal.pone.0180795.g011
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Fig 15 presents in a forest plot the results of our meta-analysis of studies comparing the risk

of CTS between groups exposed to HAV versus an unexposed reference group. The studies are

ranked in descending order according to their overall quality score.

For the CTS showed the overall risk estimate an odds ratio of 2.93 (95% CI 1.74–4.95) and

0% (p = 0.93) heterogeneity. The funnel plot of the few studies included in our meta-analysis

indicates that they were distributed quite symmetrically around the estimated effect suggesting

little publication bias (Fig 16).

If we use the findings in our review, the following models between exposure and Raynaud’s

phenomenon or neurosensory injury can be calculated. The relationship is based on data on

the different study groups’ daily vibration exposure, expressed as A(8), the predicted preva-

lence of symptoms and the group’s medium exposure time (years). We have assumed a linear

Fig 12. Funnel plot with pseudo 95% confidence interval for publication bias in studies of the

association between the occurrences of neuro-sensory injury among groups exposed to HAV and

non-exposed reference groups. A Beggs test shows evidence of publication bias (p = 0.04), while Eggers

test indicates no evidence the effect (p = 0.07). The trim and fill method imputed no missing study (random-

effects model).

https://doi.org/10.1371/journal.pone.0180795.g012

Fig 13. Funnel l plot with pseudo 95% confidence interval for publication bias in studies of the

association between the occurrences of neuro-sensory impairment among groups exposed to

different levels of HAV. A Beggs test (p = 0.04) and Eggers test (p = 0.02) showed evidence of publication

bias while the trim and fill method imputed no missing study (random-effects model).

https://doi.org/10.1371/journal.pone.0180795.g013
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Table 3. Studies included of CTS and their estimated risk of bias (quality score) regarding the diagnosis “Carpal tunnel syndrome” (Diagnosis

sum) and the total sum when the quality score for assessing diagnosis’ CTS, “study method” and “exposure” has been added (Total score). The

studies are presented in descending order based on the total score. Higher scores indicate higher “quality” indicating less possible risk of bias. Furthermore,

the study design is given for each study.

Study Reference Design Diagnosis sum Total sum

Bovenzi, 2000* [39] Case-control 11 26

Sanden, 2010 [34] Cross-section 11 22

Nilsson, 1994 [32] Cross-section 11 24

Bovenzi, 2005* [56] Cross-section 10 19

Bovenzi, 1994* [49] Cross-section 6 17

Edlund, 2013* [70] Cohort 1 17

Gerhardsson, 2005 [24] Cross-section 6 15

*The study included in the meta-analysis

https://doi.org/10.1371/journal.pone.0180795.t003

Fig 14. The prevalence of CTS in the studies included sorted by year of publication.

https://doi.org/10.1371/journal.pone.0180795.g014

Fig 15. Statistics and “forest plot” with aggregate from “random - effect” meta-analysis of the

prevalence of CTS among groups exposed to HAV and non-exposed reference groups. The size of the

squares of the individual studies is proportional to the study’s importance in the analysis. The red diamond

represents the weighted risk for all studies. The studies have been sorted in order from highest to lowest

quality score points according to Table 3. The asterisk indicates that the study data presented made it

possible to calculate the unadjusted odds ratio.

https://doi.org/10.1371/journal.pone.0180795.g015
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relationship between occurrence of symptoms and exposure. For example, in a group, the

prevalence of symptoms is 40% and the group’s medium exposure time is 20 years. The time

before 10% of the group exhibit symptoms can then be calculated to 5 years. The information

of the A(8) and the number of years to 10% prevalence can then be used to form a relationship.

Such a relation is depicted in Fig 17 for Raynaud’s phenomenon and neurosensory injury. Fur-

thermore, in the figure, the corresponding curve of ISO 5349–1 is shown (green dotted line).

The figure (Fig 17) shows that the disparity of the calculated values is extensive. In the

assumptions we made, it appears, based on the calculated regression lines, that at a daily expo-

sure level of 10 m/s2 results in a ten per cent prevalence of Raynaud’s phenomenon after 6

years and neuro-sensory impairment after 2 years; the difference is thus a factor of 3. Further-

more, it appears that both regression lines run roughly parallel and have a poor compliance

with the prediction based on ISO 5349–1.

Discussion

This systematic literature review and meta-analysis which covers the scientific literature up to

January 2016 shows that workers who are exposed to HAV have an increased risk of vascular

and neurological diseases compared to non-vibration exposed groups. The crude estimate of

the risk increase is approximately 4–5 fold. The estimated effect size (odds ratio) is 6.9 for the

studies of Raynaud’s phenomenon when including only the studies judged to have a low risk

of bias. The corresponding risk of neurosensory injury is 7.4 and the equivalent of carpal tun-

nel syndrome is 2.9. However, for the relation between vibration exposure and carpal tunnel

syndrome, the number of studies included is low, which makes this risk estimate less precise

and the relation more sensitive to bias.

The comparison of the same groups of vibration-exposed individuals by contrasting high

exposure with low exposure showed a pooled risk estimate that varies between 2.5 and 5 for

both Raynaud’s phenomenon and neuro-sensory injury and a relation that indicates an expo-

sure-response relationship. Meta-regression analyses also indicate that the risk increases for

Raynaud’s phenomenon by a log Odds rate of 0.09% for each exposure increase of 1 m/s2. The

corresponding increase in risk for neuro-sensory impairment was 0.08%. However, this does

not answer the question of how severe the extent of the damage becomes, in each individual

Fig 16. Funnel plot with pseudo 95% confidence interval for publication bias in studies of the

association between the occurrences of CTS among groups exposed to HAV and non-exposed

reference groups. A Beggs and Eggers test showed no evidence of publication bias (p = 0.50; p = 0.21) and

the trim and fill method imputed one missing study to the right of the mean (random-effects model).

https://doi.org/10.1371/journal.pone.0180795.g016
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case (dose-effect), when the exposure increases. For carpal tunnel syndrome valid exposure-

response calculations have not been possible to conduct due to lack of studies.

Possible bias

Possible outcome bias. The definitions of “injury” demonstrate significant shifts in diag-

nostic and medical content from the early studies to the recent ones. Initially, a collective, all-

encompassing term was used for the syndrome “HAVS”, while later the diagnosis became cate-

gorized into specific organ entities (vascular, nerve), and thereafter even further sub-grouped.

Nerve injury is one example of a collective term which has further been sub-categorized into

various sensory units pathology, large- and small fibre neuropathy and entrapment syndrome

(CTS). Early studies on neurosensory impairment could, thus, have included both diffuse neu-

ropathy and damage to the nerves in the carpal tunnel, and would in recent studies therefore

possibly have been referred to as carpal tunnel syndrome. In our selection of articles, we found

studies of carpal tunnel syndrome mainly from the mid-1990s and onwards introducing a

diagnostic bias to the early studies.

Fig 17. Calculated 10% correlation between the prevalence of Raynaud phenomenon (25 studies; 40

values) and neurosensory injury (17 studies; 21 values) as a function of the 8-hour equivalent

frequency-weighted acceleration and number of years of exposure. In the figure shown, the linear

regression line for the two outcomes, and the corresponding curve of ISO 5349–1 [(Equations: Prevalence

Raynaud phenomenon (%) = 10 ^ (1.35+ log10 (A (8) + - 0.53)) r = 12.39; Prevalence neurosensory damage

(%) = 10 ^ (0.9+ log10 (A (8) + - 0.54)), r = 12.55)].

https://doi.org/10.1371/journal.pone.0180795.g017
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During the time interval covered, laboratory tests have also been improved and new labora-

tory tests introduced. Electro-diagnostic tests and various cold provocation tests are such

examples. The panorama of injury has also changed during this period. The early studies

mainly reported vascular injury, while recent studies report a relatively higher occurrence of

nerve injury, an observation that might reflect a real transition in the injury panorama but

could also be an effect of attention bias or publication bias.

The level of diagnostic precision also varies between different studies and over time.

Numerous studies define the outcome as symptom descriptions only, while others use semi

objective or objective tests at diagnosis. A number of studies differentiate minor injury against

serious harm by classification, but the majority of the studies indicate only the presence of

symptoms, which means that more advanced injury may be equated with minor damage. The

presently advocated “Stockholm workshop scales” [73, 74] to classify vascular and neurological

disorders lack precision for several of the terms used and are thus unable to clearly differentiate

minor injury from severe disease

The results of our meta-analysis reveal that effect sizes vary between the studies with a low

risk of bias (“high quality” studies) compared with the studies with increased (“low quality

studies) risk of bias. For the studies with a low risk of bias, we found an overall risk of Ray-

naud’s phenomenon of 6.8, while the equivalent of studies with a lower quality was 3.6. The

relationship is similar for neuro-sensory impairment with a risk of 7.8 and 3.3, respectively.

Possible Exposure bias. Measuring instruments, electronics and measurement methodol-

ogies have developed and have thereby varied over time, but since 1976 have been standard-

ized under ISO (ISO 5349). The most obvious difference in method involves measuring the

dominant direction to sum vector, expressed as an initial 4-hour equivalent and subsequently

the 8-hour equivalent value and with or without frequency weighting. In this report, if at hand,

we have consistently used or recalculated all exposures to the 8-hour equivalent frequency-

weighted vibration, which allows comparability between different studies. Levels of exposure

in various studies have been calculated as the group mean and not as individual cumulative

dose. This means that anyone who showed signs or expressed symptoms may have received

these in a previous exposure alternatively previously been anywhere from heavy to insignif-

icantly exposed. Moreover, in the studies included, the exposures occurred at many different

levels and were quantified in different ways. This means that those who in one study were con-

sidered low-exposed might in another study be regarded as highly exposed.

The results of this review could be biased by confounding exposures. Hand intensive work,

cold, local stress and a power grip can all constitute contributory factors for the occurrence of

vascular and nerve damage. Besides being a confounder for the occurrence of both white finger

and nerve damage, cooling is also a trigger for attacks of Raynaud’s phenomena and cold intol-

erance. Most studies have been conducted in the temperate climate zone, and studies have

shown that Raynaud’s phenomenon does not manifest in hot climates [52].

To investigate whether other factors may explain the occurrence of injury, we have gone

over all the studies and examined whether they have taken into account a possible Primary

Raynaud‘s phenomenon and effect-modifying factors or confounders. We have looked for

information in the studies of whether the authors have taken into account other diseases and

whether standard laboratory screening tests for inflammatory disease and polyneuropathy has

been performed. The result is expressed in terms of high or low risk for diagnosis bias (quality

score).

Possible method bias. During our primary systematic literature search of publications,

we followed the conventional electronic database-based literature search on several search

engines. Through our broad approach, our quality testing and renewed searches, comple-

mented by a manual review of non-indexed reports, we estimate that the final literature search
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was sensitive enough (number needed to read = 83 for the electronic search and NNR = 100

for the hand search) to give a valid picture of the scientific base as it is reflected in Western sci-

entific publications. Our restriction to English-language publications may cause the relevant

Russian, French, German, Spanish and Chinese science to be overlooked.

The literature search process has been marred by duplication bias and citations bias. A

few writers have repeatedly published reports based on the same study population. In the

duplications, only the publication that we by consensus have deemed to be most relevant

has been included in the Meta-analyses. In order to provide the reader with transparent

information about the publication bias, funnel plots for standard error in relation to effect

size as log odds ratios have been presented. This is with the proviso that the standard error

is related to the study population log-odds (115). Signs of publishing bias are found for both

white finger and nerve injury. This may indicate that the risk estimate is possibly overstated.

This is most clearly seen in a number of publications with few participants but with high

risks.

The statistical synthesis is based on a meta-analysis according to the “Comprehensive Meta

Analyses” statistical package. In cases where there are empty cells, a conservative approach

with the addition of “1” in all cells been utilized. Meta-analyses in which this adjustment has

been used were, for example, where there was no occurrence of “white fingers” [52]. Calcula-

tion where all studies with 0 cells were excluded gave a change in the overall crude risk of 3.6

to 3.1 and for the subgroup of high-quality studies from 6.8 to 6.5.

The scientific literature on vibration health hazards is dominated by cross-sectional studies.

In the descriptive assessment of individual studies’ effect size, we found prevalence rates of the

magnitude that challenge the use of odds ratio. The overestimation of the risk that might result

has been considered in our overall judgement. We have in our grading of risk for bias weighted

the type of study and in addition to the meta-analysis taken into account the design in deter-

mining the effect size.

Aspects on risk assessment

The risk assessment in the annex of ISO 5349–1 is based on the relation to the level of vibration

intensity, number of years of exposure and the prevalence of Raynaud’s phenomenon. Also,

this annex is often used for neurological injuries. Our results show that the relationships

between vibration exposure and Raynaud’s phenomenon and neurosensory injury represent

different functions. Risk assessment of neuro-sensory impairment based on the data of ISO

5349 may thus be misleading. The European vibration directive [75] could, therefore, suffer

from the same weakness. The need for revision of the risk assessment model is thus important.

A conclusion compatible with that from the UK´s Health and Safety Laboratory “A critical

review of evidence related to hand-arm vibration syndrome and the extent of exposure to

vibration”, which claims that there are still a number of unknowns with regard to the exposure

—response relationships for HAVS [76].

Our literature review also reveals that there is no research on the interactions between vari-

ous diseases and the various manifestations of HAVS. The effect of such comorbidity with

vibration injury has in recent decades received increased attention and has gained in clinical

importance, since the occurrence of chronic diseases increases in a work population who work

at higher age. Interactions can occur not only between HAVS and various diseases, but also

with the medication given for medical risk factors (such as the treatment of blood pressure).

Knowledge of how different diseases interact (comorbidity) with the onset and worsening of

HAVS as well as the influence of basal body functions such as sleep and fitness, are currently

lacking in the literature.
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An issue closely related to comorbidity is the question on how individuals’ potential vulner-

ability to vibration exposure modifies the development of HAVS. Comorbidity, age-related

modifying factors and the possible interactions with drugs and other vasoactive or nerve-dis-

turbing exposures have mostly been overlooked in present research. Risk information about

the dangers of working with vibrating machines related to age and susceptibility lacks evi-

dence-based knowledge. Vulnerability factors for the occurrence of various manifestations of

HAVS need to be identified.

Conclusions

Workers who are exposed to HAV have an increased risk of vascular and neurological diseases

compared to non-vibration-exposed groups. At equal exposures, neurosensory injury occurs

with a 3-time factor shorter latency than Raynaud’s phenomenon, which is why more preven-

tive measures should more aggressively address this vibration health hazard.
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Organization for Standardization, 2001 May 1999. Report No.

5. Hamilton A. A study of spastic anaemia in the hands of stonecutters. Industrial Accident Hygiene Ser-

vice Bulletin. 1918:53–66.

6. Hamilton A. Exploring The Dangerous Trades—The Autobiography Of Alice Hamilton, M.D. Boston:

Little Brown; 1943.

7. Loriga G. II lavoro con i martelli pneumatici. Bollettino del Ispettorato del Lavoro. 1911; 2:35–60.

8. Seyring M. Maladies from work with compressed air drills. Bulletin of Hygiene. 1931; 6(25).

9. Brammer AJ. Dose-response relationships for hand-transmitted vibration. Scand J Work Environ

Health. 1986; 12(4 Spec No):284–8. Epub 1986/08/01. PMID: 3775313.

10. van Rijn RM, Huisstede BM, Koes BW, Burdorf A. Associations between work-related factors and the

carpal tunnel syndrome—a systematic review. Scand J Work Environ Health. 2009; 35(1):19–36. Epub

2009/03/12. PMID: 19277433.

11. Palmer KT. Carpal tunnel syndrome: the role of occupational factors. Best practice & research Clinical

rheumatology. 2011; 25(1):15–29. Epub 2011/06/15. https://doi.org/10.1016/j.berh.2011.01.014 PMID:

21663847.

12. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, Ioannidis JP, et al. The PRISMA statement

for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions:

explanation and elaboration. Journal of clinical epidemiology. 2009; 62(10):e1–34. https://doi.org/10.

1016/j.jclinepi.2009.06.006 PMID: 19631507.

13. Altman DG, Bland JM. Interaction revisited: the difference between two estimates. BMJ. 2003; 326

(7382):219. Epub 2003/01/25. PMID: 12543843.

14. Ioannidis JP, Patsopoulos NA, Evangelou E. Uncertainty in heterogeneity estimates in meta-analyses.

BMJ. 2007; 335(7626):914–6. Epub 2007/11/03. https://doi.org/10.1136/bmj.39343.408449.80 PMID:

17974687.

15. Petitti DB. Approaches to heterogeneity in meta-analysis. Stat Med. 2001; 20(23):3625–33. Epub 2001/

12/18. https://doi.org/10.1002/sim.1091 PMID: 11746342.

16. Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for publication bias. Bio-

metrics. 1994; 50(4):1088–101. Epub 1994/12/01. PMID: 7786990.

17. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical

test. BMJ. 1997; 315(7109):629–34. Epub 1997/10/06. PMID: 9310563.

18. Duval S, Tweedie R. Trim and fill: A simple funnel-plot-based method of testing and adjusting for publi-

cation bias in meta-analysis. Biometrics. 2000; 56(2):455–63. Epub 2000/07/06. PMID: 10877304.

19. Carmeli Y, Samore MH, Huskins C. The association between antecedent vancomycin treatment and

hospital-acquired vancomycin-resistant enterococci: a meta-analysis. Archives of internal medicine.

1999; 159(20):2461–8. PMID: 10665895.

20. Aiba Y, Yamamoto K, Ohshiba S, Ikeda K, Morioka I, Miyashita K, et al. A Longitudinal Study on Ray-

naud’s Phenomenon in Workers Using an Impact Wrench. J Occup Health. 2012; 54(2):96–102. Epub

2012/02/02. PMID: 22293245.

21. Barregard L, Ehrenstrom L, Marcus K. Hand-arm vibration syndrome in Swedish car mechanics. Occup

Environ Med. 2003; 60(4):287–94. Epub 2003/03/28. https://doi.org/10.1136/oem.60.4.287 PMID:

12660377.

22. Brubaker RL, Mackenzie CJ, Hertzman C, Hutton SG, Slakov J. Longitudinal study of vibration-induced

white finger among coastal fallers in British Columbia. Scand J Work Environ Health. 1987; 13(4):305–

8. Epub 1987/08/01. PMID: 3433031.

23. Futatsuka M, Ueno T. Vibration exposure and vibration-induced white finger due to chain saw operation.

Journal of occupational medicine: official publication of the Industrial Medical Association. 1985; 27

(4):257–64. Epub 1985/04/01. PMID: 3998876.

24. Gerhardsson L, Balogh I, Hambert PA, Hjortsberg U, Karlsson JE. Vascular and nerve damage in work-

ers exposed to vibrating tools. The importance of objective measurements of exposure time. Appl

Ergon. 2005; 36(1):55–60. Epub 2005/01/04. https://doi.org/10.1016/j.apergo.2004.09.001 PMID:

15627422.

25. Harazin B, Langauer-Lewowicka H. Raynaud’s phenomenon in different groups of workers using hand-

held vibrating tools. Cent Eur J Public Health. 1996; 4(2):130–2. Epub 1996/05/01. PMID: 8996728.

Hand-arm vibration syndrome: A systematic review and meta-analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0180795 July 13, 2017 22 / 25

http://www.ncbi.nlm.nih.gov/pubmed/11898877
http://www.ncbi.nlm.nih.gov/pubmed/3775313
http://www.ncbi.nlm.nih.gov/pubmed/19277433
https://doi.org/10.1016/j.berh.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/21663847
https://doi.org/10.1016/j.jclinepi.2009.06.006
https://doi.org/10.1016/j.jclinepi.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19631507
http://www.ncbi.nlm.nih.gov/pubmed/12543843
https://doi.org/10.1136/bmj.39343.408449.80
http://www.ncbi.nlm.nih.gov/pubmed/17974687
https://doi.org/10.1002/sim.1091
http://www.ncbi.nlm.nih.gov/pubmed/11746342
http://www.ncbi.nlm.nih.gov/pubmed/7786990
http://www.ncbi.nlm.nih.gov/pubmed/9310563
http://www.ncbi.nlm.nih.gov/pubmed/10877304
http://www.ncbi.nlm.nih.gov/pubmed/10665895
http://www.ncbi.nlm.nih.gov/pubmed/22293245
https://doi.org/10.1136/oem.60.4.287
http://www.ncbi.nlm.nih.gov/pubmed/12660377
http://www.ncbi.nlm.nih.gov/pubmed/3433031
http://www.ncbi.nlm.nih.gov/pubmed/3998876
https://doi.org/10.1016/j.apergo.2004.09.001
http://www.ncbi.nlm.nih.gov/pubmed/15627422
http://www.ncbi.nlm.nih.gov/pubmed/8996728
https://doi.org/10.1371/journal.pone.0180795


26. Koskimies K, Pyykko I, Starck J, Inaba R. Vibration syndrome among Finnish forest workers between

1972 and 1990. Int Arch Occup Environ Health. 1992; 64(4):251–6. Epub 1992/01/01. PMID: 1468793.

27. Mirbod SM, Akbar-Khanzadeh F, Onozuka M, Jamali M, Watanabe K, Inaba R, et al. A four-year follow-

up study on subjective symptoms and functional capacities in workers using hand-held grinders. Ind

Health. 1999; 37(4):415–25. Epub 1999/11/05. PMID: 10547957.

28. Musson Y, Burdorf A, van Drimmelen D. Exposure to shock and vibration and symptoms in workers

using impact power tools. Ann Occup Hyg. 1989; 33(1):85–96. Epub 1989/01/01. PMID: 2705697.

29. Ho ST, Yu HS. A study of neurophysiological measurements and various function tests on workers

occupationally exposed to vibration. Int Arch Occup Environ Health. 1986; 58(4):259–68. Epub 1986/

01/01. PMID: 3781633.

30. Lundstrom R, Nilsson T, Burstrom L, Hagberg M. Exposure-response relationship between hand-arm

vibration and vibrotactile perception sensitivity. Am J Ind Med. 1999; 35(5):456–64. Epub 1999/04/23.

PMID: 10212698.

31. Nilsson T, Burstrom L, Hagberg M, Lundstrom R. Thermal perception thresholds among young adults

exposed to hand-transmitted vibration. Int Arch Occup Environ Health. 2008; 81(5):519–33. Epub 2008/

01/09. https://doi.org/10.1007/s00420-007-0258-0 PMID: 18180945.

32. Nilsson T, Hagberg M, Burstrom L, Kihlberg S. Impaired nerve conduction in the carpal tunnel of platers

and truck assemblers exposed to hand-arm vibration. Scand J Work Environ Health. 1994; 20(3):189–

99. Epub 1994/06/01. PMID: 7973491.

33. Nilsson T, Lundstrom R. Quantitative thermal perception thresholds relative to exposure to vibration.

Occup Environ Med. 2001; 58(7):472–8. Epub 2001/06/19. https://doi.org/10.1136/oem.58.7.472

PMID: 11404453.

34. Sanden H, Jonsson A, Wallin BG, Burstrom L, Lundstrom R, Nilsson T, et al. Nerve conduction in rela-

tion to vibration exposure—a non-positive cohort study. Journal of occupational medicine and toxicol-

ogy (London, England). 2010; 5:21. Epub 2010/07/21. https://doi.org/10.1186/1745-6673-5-21 PMID:

20642848.

35. Bovenzi M, Alessandrini B, Mancini R, Cannava MG, Centi L. A prospective study of the cold response

of digital vessels in forestry workers exposed to saw vibration. Int Arch Occup Environ Health. 1998; 71

(7):493–8. Epub 1998/11/24. PMID: 9826083.

36. Bovenzi M, D’Agostin F, Rui F, Negro C. A longitudinal study of finger systolic blood pressure and expo-

sure to hand-transmitted vibration. Int Arch Occup Environ Health. 2008; 81(5):613–23. Epub 2007/09/

28. https://doi.org/10.1007/s00420-007-0255-3 PMID: 17899159.

37. Borenstein M, Hedges L, Higgins J, Rothstein H. Introduction to Meta-Analysis. Chichester: John

Wileys & Sons Ltd; 2009.

38. Bovenzi M. A follow up study of vascular disorders in vibration-exposed forestry workers. Int Arch

Occup Environ Health. 2008; 81(4):401–8. Epub 2007/07/24. https://doi.org/10.1007/s00420-007-

0225-9 PMID: 17643261.

39. Bovenzi M, Giannini F, Rossi S. Vibration-induced multifocal neuropathy in forestry workers:

electrophysiological findings in relation to vibration exposure and finger circulation. Int Arch Occup Envi-

ron Health. 2000; 73(8):519–27. Epub 2000/12/02. PMID: 11100946.

40. Bovenzi M. A prospective cohort study of exposure-response relationship for vibration-induced white

finger. Occup Environ Med. 2010; 67(1):38–46. Epub 2009/06/17. https://doi.org/10.1136/oem.2009.

046128 PMID: 19528045.

41. Bovenzi M, Franzinelli A, Mancini R, Cannava MG, Maiorano M, Ceccarelli F. Dose-response relation

for vascular disorders induced by vibration in the fingers of forestry workers. Occup Environ Med. 1995;

52(11):722–30. Epub 1995/11/01. PMID: 8535491.

42. Bovenzi M. A longitudinal study of vibration white finger, cold response of digital arteries, and measures

of daily vibration exposure. Int Arch Occup Environ Health. 2010; 83(3):259–72. Epub 2009/09/05.

https://doi.org/10.1007/s00420-009-0461-2 PMID: 19730875.

43. Bovenzi M. Vibration-induced white finger and cold response of digital arterial vessels in occupational

groups with various patterns of exposure to hand-transmitted vibration. Scand J Work Environ Health.

1998; 24(2):138–44. Epub 1998/06/18. PMID: 9630062.

44. Mirbod SM, Yoshida H, Nagata C, Inaba R, Komura Y, Iwata H. Hand-arm vibration syndrome and its

prevalence in the present status of private forestry enterprises in Japan. Int Arch Occup Environ Health.

1992; 64(2):93–9. Epub 1992/01/01. PMID: 1399029.

45. Bovenzi M, Pinto I, Picciolo F, Mauro M, Ronchese F. Frequency weightings of hand-transmitted vibra-

tion for predicting vibration-induced white finger. Scand J Work Environ Health. 2011; 37(3):244–52.

Epub 2010/11/04. https://doi.org/10.5271/sjweh.3129 PMID: 21046061.

Hand-arm vibration syndrome: A systematic review and meta-analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0180795 July 13, 2017 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/1468793
http://www.ncbi.nlm.nih.gov/pubmed/10547957
http://www.ncbi.nlm.nih.gov/pubmed/2705697
http://www.ncbi.nlm.nih.gov/pubmed/3781633
http://www.ncbi.nlm.nih.gov/pubmed/10212698
https://doi.org/10.1007/s00420-007-0258-0
http://www.ncbi.nlm.nih.gov/pubmed/18180945
http://www.ncbi.nlm.nih.gov/pubmed/7973491
https://doi.org/10.1136/oem.58.7.472
http://www.ncbi.nlm.nih.gov/pubmed/11404453
https://doi.org/10.1186/1745-6673-5-21
http://www.ncbi.nlm.nih.gov/pubmed/20642848
http://www.ncbi.nlm.nih.gov/pubmed/9826083
https://doi.org/10.1007/s00420-007-0255-3
http://www.ncbi.nlm.nih.gov/pubmed/17899159
https://doi.org/10.1007/s00420-007-0225-9
https://doi.org/10.1007/s00420-007-0225-9
http://www.ncbi.nlm.nih.gov/pubmed/17643261
http://www.ncbi.nlm.nih.gov/pubmed/11100946
https://doi.org/10.1136/oem.2009.046128
https://doi.org/10.1136/oem.2009.046128
http://www.ncbi.nlm.nih.gov/pubmed/19528045
http://www.ncbi.nlm.nih.gov/pubmed/8535491
https://doi.org/10.1007/s00420-009-0461-2
http://www.ncbi.nlm.nih.gov/pubmed/19730875
http://www.ncbi.nlm.nih.gov/pubmed/9630062
http://www.ncbi.nlm.nih.gov/pubmed/1399029
https://doi.org/10.5271/sjweh.3129
http://www.ncbi.nlm.nih.gov/pubmed/21046061
https://doi.org/10.1371/journal.pone.0180795


46. Hagberg M, Burstrom L, Lundstrom R, Nilsson T. Incidence of Raynaud’s phenomenon in relation to

hand-arm vibration exposure among male workers at an engineering plant a cohort study. Journal of

occupational medicine and toxicology (London, England). 2008; 3:13. Epub 2008/06/19. https://doi.org/

10.1186/1745-6673-3-13 PMID: 18558009.

47. Bovenzi M, Franzinelli A, Strambi F. Prevalence of vibration-induced white finger and assessment of

vibration exposure among travertine workers in Italy. Int Arch Occup Environ Health. 1988; 61(1–2):25–

34. Epub 1988/01/01. PMID: 3198281.

48. Bovenzi M, Giansante C, Fiorito A, Calabrese S. Relation of haemostatic function, neurovascular

impairment, and vibration exposure in workers with different stages of vibration induced white finger. Br

J Ind Med. 1985; 42(4):253–9. Epub 1985/04/01. PMID: 3978045.

49. Bovenzi M. Hand-arm vibration syndrome and dose-response relation for vibration induced white finger

among quarry drillers and stonecarvers. Italian Study Group on Physical Hazards in the Stone Industry.

Occup Environ Med. 1994; 51(9):603–11. Epub 1994/09/01. PMID: 7951792.

50. Nilsson T, Burstrom L, Hagberg M. Risk assessment of vibration exposure and white fingers among

platers. Int Arch Occup Environ Health. 1989; 61(7):473–81. Epub 1989/01/01. PMID: 2789195.

51. Palmer K, Crane G, Inskip H. Symptoms of hand-arm vibration syndrome in gas distribution operatives.

Occup Environ Med. 1998; 55(10):716–21. Epub 1999/02/04. PMID: 9930095.

52. Futatsuka M, Shono M, Sakakibara H, Quoc Quan P. Hand arm vibration syndrome among quarry

workers in Vietnam. J Occup Health. 2005; 47(2):165–70. Epub 2005/04/13. PMID: 15824482.

53. Su AT, Maeda S, Fukumoto J, Darus A, Hoe VC, Miyai N, et al. Dose-response relationship between

hand-transmitted vibration and hand-arm vibration syndrome in a tropical environment. Occup Environ

Med. 2013; 70(7):498–504. Epub 2013/05/07. https://doi.org/10.1136/oemed-2012-101321 PMID:

23645621.

54. Jang JY, Kim S, Park SK, Roh J, Lee TY, Youn JT. Quantitative exposure assessment for shipyard

workers exposed to hand-transmitted vibration from a variety of vibration tools. AIHA J (Fairfax, Va).

2002; 63(3):305–10. Epub 2002/08/14. PMID: 12173180.

55. Yamada S, Sakakibara H, Futatsuka M. Vibration dose, disturbance stage, and examination results and

subjective symptoms in vibration syndrome. Nagoya J Med Sci. 1995; 58(1–2):1–12. Epub 1995/03/01.

PMID: 7659142.

56. Bovenzi M, Della Vedova A, Nataletti P, Alessandrini B, Poian T. Work-related disorders of the upper

limb in female workers using orbital sanders. Int Arch Occup Environ Health. 2005; 78(4):303–10. Epub

2005/03/26. https://doi.org/10.1007/s00420-004-0574-6 PMID: 15791474.

57. Letz R, Cherniack MG, Gerr F, Hershman D, Pace P. A cross sectional epidemiological survey of ship-

yard workers exposed to hand-arm vibration. Br J Ind Med. 1992; 49(1):53–62. Epub 1992/01/01.

PMID: 1733457.

58. Chatterjee DS, Petrie A, Taylor W. Prevalence of vibration-induced white finger in fluorspar mines in

Weardale. Br J Ind Med. 1978; 35(3):208–18. Epub 1978/08/01. PMID: 698134.

59. Brubaker R, MacKenzie C, Hutton S. A study of vibration white finger disease among rock drillers. J

Low Freq Noise Vibration. 1985; 4:66–80.

60. Burdorf A, Monster A. Exposure to vibration and self-reported health complaints of riveters in the aircraft

industry. Ann Occup Hyg. 1991; 35(3):287–98. Epub 1991/06/01. PMID: 1888100.

61. Cherniack M, Morse TF, Brammer AJ, Lundstrom R, Meyer JD, Nilsson T, et al. Vibration exposure and

disease in a shipyard: a 13-year revisit. Am J Ind Med. 2004; 45(6):500–12. Epub 2004/05/28. https://

doi.org/10.1002/ajim.20019 PMID: 15164394.

62. Anttonen H, Virokannas H. Hand-arm vibration in snowmobile drivers. Arctic Med Res. 1994; 53 Suppl

3:19–23. Epub 1994/01/01. PMID: 7710587.

63. Virokannas H, Anttonen H, Niskanen J. Vibration syndrome in railway track maintenance workers. Cent

Eur J Public Health. 1995; 3 Suppl:109–12. Epub 1995/01/01. PMID: 9150986.

64. Bovenzi L, Petronio M, DiMarino F. Epidemiological survey of shipyard workers exposed to hand-arm

vibration. International Archives of Occupational and Environmental Health. 1980; 46:251–66. PMID:

7450890

65. Walker DD, Jones B, Ogston S, Tasker EG, Robinson AJ. A study of white finger in the gas industry. Br

J Ind Med. 1985; 42(10):672–7. Epub 1985/10/01. PMID: 4041384.

66. Burstrom L, Jarvholm B, Nilsson T, Wahlstrom J. White fingers, cold environment, and vibration—expo-

sure among Swedish construction workers. Scand J Work Environ Health. 2010; 36(6):509–13. Epub

2010/06/23. PMID: 20567796.

67. Mirbod SM, Yoshida H, Komura Y, Fujita S, Nagata C, Miyashita K, et al. Prevalence of Raynaud’s phe-

nomenon in different groups of workers operating hand-held vibrating tools. Int Arch Occup Environ

Health. 1994; 66(1):13–22. Epub 1994/01/01. PMID: 7927838.

Hand-arm vibration syndrome: A systematic review and meta-analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0180795 July 13, 2017 24 / 25

https://doi.org/10.1186/1745-6673-3-13
https://doi.org/10.1186/1745-6673-3-13
http://www.ncbi.nlm.nih.gov/pubmed/18558009
http://www.ncbi.nlm.nih.gov/pubmed/3198281
http://www.ncbi.nlm.nih.gov/pubmed/3978045
http://www.ncbi.nlm.nih.gov/pubmed/7951792
http://www.ncbi.nlm.nih.gov/pubmed/2789195
http://www.ncbi.nlm.nih.gov/pubmed/9930095
http://www.ncbi.nlm.nih.gov/pubmed/15824482
https://doi.org/10.1136/oemed-2012-101321
http://www.ncbi.nlm.nih.gov/pubmed/23645621
http://www.ncbi.nlm.nih.gov/pubmed/12173180
http://www.ncbi.nlm.nih.gov/pubmed/7659142
https://doi.org/10.1007/s00420-004-0574-6
http://www.ncbi.nlm.nih.gov/pubmed/15791474
http://www.ncbi.nlm.nih.gov/pubmed/1733457
http://www.ncbi.nlm.nih.gov/pubmed/698134
http://www.ncbi.nlm.nih.gov/pubmed/1888100
https://doi.org/10.1002/ajim.20019
https://doi.org/10.1002/ajim.20019
http://www.ncbi.nlm.nih.gov/pubmed/15164394
http://www.ncbi.nlm.nih.gov/pubmed/7710587
http://www.ncbi.nlm.nih.gov/pubmed/9150986
http://www.ncbi.nlm.nih.gov/pubmed/7450890
http://www.ncbi.nlm.nih.gov/pubmed/4041384
http://www.ncbi.nlm.nih.gov/pubmed/20567796
http://www.ncbi.nlm.nih.gov/pubmed/7927838
https://doi.org/10.1371/journal.pone.0180795


68. Tominaga Y. Vibration exposure and symptoms in postal carriers using motorbikes. Nagoya J Med Sci.

1994; 57 Suppl:235–9. Epub 1994/05/01. PMID: 7708107.

69. Bovenzi M, Ronchese F, Mauro M. A longitudinal study of peripheral sensory function in vibration-

exposed workers. Int Arch Occup Environ Health. 2011; 84(3):325–34. Epub 2010/05/25. https://doi.

org/10.1007/s00420-010-0549-8 PMID: 20496077.

70. Edlund M, Burstrom L, Gerhardsson L, Lundstrom R, Nilsson T, Sanden H, et al. A prospective cohort

study investigating an exposure-response relationship among vibration-exposed male workers with

numbness of the hands. Scand J Work Environ Health. 2013. https://doi.org/10.5271/sjweh.3386

PMID: 24067946.

71. Matsumoto T, Fukaya Y, Sakakibara H, Shibata E. Health status of the workers using mechanized hand

tools in an electric parts’ maker. Cent Eur J Public Health. 1995; 3 Suppl:93–6. Epub 1995/01/01.

PMID: 9150982.

72. Malchaire J, Piette A, Cock N. Associations between hand-wrist musculoskeletal and sensorineural

complaints and biomechanical and vibration work constraints. Ann Occup Hyg. 2001; 45(6):479–91.

Epub 2001/08/22. PMID: 11513798.

73. Brammer AJ, Taylor W, Lundborg G. Sensorineural stages of the hand-arm vibration syndrome. Scand

J Work Environ Health. 1987; 13(4):279–83. PMID: 3324308.

74. Gemne G, Pyykko I, Taylor W, Pelmear PL. The Stockholm Workshop scale for the classification of

cold-induced Raynaud’s phenomenon in the hand-arm vibration syndrome (revision of the Taylor-Pel-

mear scale). Scand J Work Environ Health. 1987; 13(4):275–8. PMID: 3433028.

75. Directive 2002/44/EC. Directive 2002/44/EC of the European parliament and of the Council of 25 June

2002 on the minimum health and safety requirements regarding the exposure of workers to the risks ris-

ing from physical agents (vibration) (sixteenth individual Directive within the meaning of Article 16(1) of

Directive 89/391/EEC). Off J Europe Communities. 2002;L177(13–19).

76. Hewitt S, Mason H. A Critical Review of Evidence Related to Hand—Arm Vibration Syndrome and the

Extent of Exposure to Vibration. HSE Books. 2015 Contract No.: RR1060.

Hand-arm vibration syndrome: A systematic review and meta-analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0180795 July 13, 2017 25 / 25

http://www.ncbi.nlm.nih.gov/pubmed/7708107
https://doi.org/10.1007/s00420-010-0549-8
https://doi.org/10.1007/s00420-010-0549-8
http://www.ncbi.nlm.nih.gov/pubmed/20496077
https://doi.org/10.5271/sjweh.3386
http://www.ncbi.nlm.nih.gov/pubmed/24067946
http://www.ncbi.nlm.nih.gov/pubmed/9150982
http://www.ncbi.nlm.nih.gov/pubmed/11513798
http://www.ncbi.nlm.nih.gov/pubmed/3324308
http://www.ncbi.nlm.nih.gov/pubmed/3433028
https://doi.org/10.1371/journal.pone.0180795

