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Aims: To investigate alternative relations between cumulative exposures to hand-transmitted vibration
(taking account of vibration magnitude, lifetime exposure duration, and frequency of vibration) and the
development of white finger (Raynaud’s phenomenon).
Methods: Three previous studies have been combined to provide a group of 1557 users of powered
vibratory tools in seven occupational subgroups: stone grinders, stone carvers, quarry drillers,
dockyard caulkers, dockyard boilermakers, dockyard painters, and forest workers. The estimated total
operating duration in hours was thus obtained for each subject, for each tool, and for all tools
combined. From the vibration magnitudes and exposure durations, seven alternative measurements of
cumulative exposure were calculated for each subject, using expressions of the form: dose = ∑am

i ti,
where ai is the acceleration magnitude on tool i, ti is the lifetime exposure duration for tool i, and m =
0, 1, 2, or 4.
Results: For all seven alternative dose measures, an increase in dose was associated with a significant
increase in the occurrence of vibration-induced white finger, after adjustment for age and smoking.
However, dose measures with high powers of acceleration (m > 1) faired less well than measures in
which the weighted or unweighted acceleration, and lifetime exposure duration, were given equal
weight (m = 1). Dose determined solely by the lifetime exposure duration (without consideration of the
vibration magnitude) gave better predictions than measures with m greater than unity. All measures of
dose calculated from the unweighted acceleration gave better predictions than the equivalent dose
measures using acceleration frequency-weighted according to current standards.
Conclusions: Since the total duration of exposure does not discriminate between exposures accumu-
lated over the day and those accumulated over years, a linear relation between vibration magnitude
and exposure duration seems appropriate for predicting the occurrence of vibration-induced white fin-
ger. Poorer predictions were obtained when the currently recommended frequency weighting was
employed than when accelerations at all frequencies were given equal weight. Findings suggest that
improvements are possible to both the frequency weighting and the time dependency used to predict
the development of vibration-induced white finger in current standards.

Occupational exposures to hand-transmitted vibration
result in various disorders, sometimes collectively
known as the “hand-arm vibration syndrome”. The

syndrome includes vascular, neurological, and musculo-
skeletal disorders that may become manifest individually or
collectively. The precise conditions causing each of these
disorders are not known. However, for the best known vascu-
lar disorder, vibration-induced white finger (VWF), several
studies have reported the vibration conditions associated with
an observed incidence, or prevalence, of the condition.

In 1986, an annex to International Standard 5349 included
a dose-response relation between the occurrence of finger
blanching (that is, the onset of VWF) and three measures of
exposure to hand-transmitted vibration: vibration magnitude,
daily exposure duration, and years of exposure.1 The vibration
acceleration was frequency-weighted, on the assumption that
the effects of different vibration frequencies varied according
to an experimental study of the sensations produced by hand-
transmitted vibration.2 The dose-response model included in
the standard has allowed the severity of occupational
exposures to hand-transmitted vibration to be assessed. Some
subsequent epidemiological studies have reported results
consistent with the predictions in the standard3 4; other stud-
ies have reported wide differences.5–8

With difficulties in accurately quantifying vibration expo-
sures over many years, and some difficulty in accurately quan-

tifying the effects of vibration exposures, a rough correspond-

ence between the predictions of the standard and some

observations may seem sufficient. However, when deciding on

preventive actions, it is important to know whether changes to

the vibration magnitude, or vibration frequency, or daily

exposure duration, or years of exposure will change the risk of

injury as predicted by the standard. At a fundamental level,

there is very little information to support the form of the rela-

tions between vibration magnitude, frequency, and exposure

duration as offered in the standard.9 10

A dose-response model for vibration-induced white finger

should include the quantifiable independent variables (for

example, vibration magnitude, vibration frequency, and expo-

sure duration) known to have a large influence on the

outcome (for example, the occurrence or the severity of finger

blanching). Another requirement of a good quantitative model

of the dose-response relation for vibration-induced white fin-

ger is that within all reasonable ranges of each model input,

there must be reason to expect a positive correlation between

the model predictions and the outcome found in practice. For

example, an increase in vibration magnitude, or an increase in

exposure duration, should result in appropriate increases in

the occurrence (or severity) of finger blanching. Finally, for

such a dose-response model, it would be useful to determine

the accuracy of the predictions of the outcome: the accuracy

will reflect the sufficiency of the model form (that is, whether

all variables are appropriately included) and the effects of

errors in measuring the variables. For application to reduce the

injuries from hand-transmitted vibration, the model should

be applicable for different tools and occupations, and not only

apply approximately across a diverse range of tools and occu-

pations.
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This study investigated the relations between the onset of

finger blanching and the characteristics of exposures to hand-

transmitted vibration, specifically the vibration magnitude

and the daily and lifetime exposure duration. The effects of

vibration frequency were investigated by comparing dose-

response models constructed with and without the current

frequency weighting.

METHODS OF INVESTIGATION
Populations studied
The authors have previously conducted studies of VWF with

populations of dockyard workers,11 12 forestry workers,13 and

quarry/stone workers.14 In each of these studies, information

on medical history, employment history, extent, severity, and

development of VWF, and exposure to vibration were obtained

from individual workers during interviews using a structured

questionnaire. Although the questionnaires used in the three

studies were not identical, there were common elements. It

was possible, by combining the three sets of data, to produce a

larger study group of 1557 male subjects comprising seven

occupational groups: stone grinders, stone carvers, quarry

drillers, dockyard caulkers, dockyard boilermakers, dockyard

painters, and forestry workers.

Symptoms of VWF
Subjects were asked to state whether they had experienced

finger blanching. Where the response was positive, the date at

which blanching first occurred was obtained from the

subject. He was also asked to describe the areas of the fingers

affected in the worst attack of blanching; this enabled a

numerical score of blanching severity to be established for

each individual, using the system described by Griffin.9 15

The blanching scores correspond to areas of blanching on the

digits commencing with the thumb. On the fingers a score of

1 is given for blanching on the distal phalanx, a score of 2 for

blanching on the middle phalanx, and a score of 3 for

blanching on the proximal phalanx. On the thumbs the

scores are 4 for the distal phalanx and 5 for the proximal

phalanx.

Diagnosis of VWF in individual cases is difficult because of

the possibility of various other, non-occupational, causes of

the symptoms and signs. Subjects were asked questions about

their general medical history to identify factors likely to result

in vascular or neurological symptoms or signs. Where an

alternative (non-vibration) explanation was apparent for fin-

ger blanching or neurological symptoms (for example, family

history of primary Raynaud’s disease, injuries, medication,

symptoms predating vibration exposure), the subject was

excluded from the study. A total of 29 quarry and stone work-

ers were excluded from a sample of 599; 321 dockyard work-

ers were excluded from a sample of 1242; and 20 forestry

workers were excluded from a sample of 340. Among the 1557

individuals remaining in the study population after this data

cleansing procedure, any relevant symptoms and signs were

assumed to be attributable to vibration exposure. The

questions and the exclusions were designed so that the crite-
ria for the diagnosis of VWF could be reasonably consistent
with international recommendations at the time of the stud-
ies: (1) a positive history of cold provoked episodes of well
demarcated blanching in one or more fingers after excluding
primary Raynaud’s disease or other secondary forms of
Raynaud’s phenomenon; and (2) the first appearance of finger
blanching after the start of occupational exposure to
hand-transmitted vibration.

The significance of the effects of smoking on the
development of VWF has been studied with differing
conclusions.9 In the present study, the subjects were asked
about their smoking habits and categorised as either
non-smokers or smokers of cigarettes, cigars, or pipes.
Ex-smokers were classified as non-smokers if they had
stopped smoking for more than one year.

Table 1 summarises the ages of the subjects in the seven
occupational groups and the prevalence of smoking and VWF
in each group.

Vibration exposure
Subjects were asked to identify (by generic type) the

vibrating tools used during their working life. Tool operating

durations were obtained in hours per day, days per year, and

total number of years, separately for each period of use of

each tool type. The estimated total (that is, lifetime)

operating duration in hours was thus obtained for each sub-

ject, for each tool. The total vibration exposure duration for

each subject was obtained by addition of the operating dura-

tions for the different tools. When VWF, as a binary variable

(yes/no), was related to duration of vibration exposure, total

operating hours and years of usage of vibratory tools were

calculated as those at the time of the study (for the workers

without vascular disturbances) or those at the time of the

onset of symptoms (for the subjects who reported VWF).

When the score of finger blanching severity, as an ordinal

variable, was related to duration of vibration exposure, total

operating time and years of usage of vibratory tools were cal-

culated as those at the time of the study for both VWF and

non VWF workers.
Hand-transmitted vibration was measured on representa-

tive samples of the tools used by the subjects in each of the
study populations. Measurement equipment differed between
the different studies; however, in all cases the measurements
were made using Brüel & Kjaer piezoelectric accelerometers,
with precautions taken to prevent measurement errors from
overloads, d.c. shifts, and cable movement. Vibration magni-
tudes were expressed as root-mean-square acceleration,
frequency-weighted using frequency weighting Wh in accord
with ISO 5349 (1986,1 200116). In addition, unweighted accel-
eration magnitudes were obtained over the same nominal fre-
quency range (6.3–1250 Hz). For each tool, vibration
measurements were made at each hand position in three
orthogonal directions. In each case, the greatest of the three
magnitudes was selected to represent the vibration magnitude
of the tool. Further details are available elsewhere.11 13 14

Table 1 Characteristics of the study populations

Occupational group Number Age* Smokers† VWF

Stone grinders 188 39 (28–48) 83 (44.2%) 26 (13.8%)
Stone carvers 237 41 (26–51) 100 (44.2%) 87 (36.7%)
Quarry drillers 145 43 (28–51) 57 (39.3%) 59 (40.7%)
Dockyard painters 394 33 (25–46) 237 (60.2%) 65 (16.5%)
Dockyard boilermakers 179 42 (31–49) 115 (64.3%) 37 (20.7%)
Dockyard caulkers 94 31 (25–49) 61 (64.9%) 51 (54.3%)
Forestry workers 320 45 (34–55) 178 (55.6%) 107 (33.4%)

Results expressed as number, median (interquartile range), or percentage.
Kruskal-Wallis one way analysis of variance: *p<0.001.
χ2 test: †p<0.001.
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Using the vibration magnitude and exposure durations, it

was possible to construct, for each subject, various alternative

vibration “doses”, of the general form:

where ai and ti are the acceleration magnitude and the

exposure duration respectively, for tool i.
In these doses, the relative importance of the acceleration, a,

(weighted (i.e. awi) or unweighted (i.e. auwi)) and the total

exposure duration, t, depends on the value of m. If m has the

value 2, the relation between a and t is that assumed in root-

mean-square averaging (as suggested in current standards to

evaluate vibration exposure over a working day, for example,

ISO 5349-1, 200116; BS 6842, 198717). Assigning values of 1 or

4 to m decreases or increases, respectively, the “importance” of

the vibration magnitude, a, relative to that of exposure

duration, t. With m = 0, the dose takes no account of vibration

magnitude. Doses with m = 0, 1, 2, and 4 were computed for

each subject, with both frequency-weighted acceleration and

unweighted acceleration.

In addition to the above “doses”, which all increase with

increasing exposure duration, equivalent frequency-weighted

acceleration r.m.s. magnitudes and unweighted r.m.s. accel-

eration magnitudes (ah,w(eq,T) and ah,uw(eq,T) respectively) were

computed for each subject:

Table 2 summarises the vibration exposure patterns for the

seven occupational groups.

Statistical methods
Data analysis was performed using the software Stata (version

6.0, Stata Corporation 1999). Continuous data were summa-

rised with the median as a measure of central tendency and

lower and upper quartiles as measures of dispersion.

Differences between independent groups were tested by the

Kruskal-Wallis one way analysis of variance. Differences

between categorical data tabulated in contingency tables were

tested by the χ2 statistic.

Unconditional logistic regression analysis was used to

assess the association between VWF (binary outcome) and

alternative measures of vibration dose while adjusting for

potential confounding factors such as age and smoking.

Prevalence odds ratios (OR) and 95% confidence intervals

(95% CI) were obtained from the estimated logistic regression

coefficients and their standard errors. The measures of vibra-

tion dose entered the logistic models as either quintile based

design variables or continuous covariates. Age and smoking

were included in the models as continuous and dichotomous

covariates, respectively. Interaction between independent

variables was assessed by the inclusion of appropriate product

terms.

When the outcome was given by the score of finger blanch-

ing, severity was treated as an ordinal scale response variable

(score 0, no blanching; score 1–8, mild blanching; score 9–20,

moderate blanching; score >21, severe blanching); ordinal

logistic regression models were used to assess the association

between the severity of VWF and alternative measures of

vibration dose. Since an approximate likelihood ratio test

showed that the proportional odds assumption for cumulative

logit models (that is, the effects of the explanatory variables
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Table 3 Prevalence of VWF and distribution of finger blanching score in the vibration exposed worker groups

Stone grinders (n=188) Stone carvers (n=237) Quarry drillers (n=145) Painters (n=394) Boilermakers (n=179) Caulkers (n=94)
Forestry workers
(n=320)

Score 0 162 (86.2) 150 (63.3) 86 (59.3) 329 (83.5) 142 (79.3) 43 (45.7) 213 (66.5)
Score 1–8 10 (5.3) 12 (5.1) 13 (9.0) 34 (8.6) 18 (10.1) 16 (17.0) 30 (9.4)
Score 9–20 9 (4.8) 32 (13.5) 27 (18.6) 24 (6.1) 15 (8.4) 24 (25.5) 48 (15.0)
Score >21 7 (3.7) 43 (18.1) 19 (13.1) 7 (1.8) 4 (2.3) 11 (11.7) 29 (9.1)

VWF (score >1) 26 (13.8) 87 (36.7) 59 (40.7) 65 (16.5) 37 (20.7) 51 (54.3) 107 (33.4)
OR (95% CI) 1.0 (–) 4.4 (2.5 to 7.8) 3.7 (2.2 to 6.3) 1.2 (0.7 to 2.1) 1.3 (0.7 to 2.3) 10.2 (5.4 to 19.1) 2.2 (1.3 to 3.6)

Results expressed as number (percentage). Age and smoking adjusted odds ratios (OR) and 95% confidence intervals (95% CI) for VWF among the vibration exposed groups (reference category: stone grinders) were obtained from
logistic regression analysis.

Table 4 Age and smoking adjusted estimates of the odds ratio (OR) and 95% confidence interval (95% CI) for the association between VWF and measures of vibration exposure
expressed in terms of total equivalent r.m.s. acceleration (frequency-weighted: ah,w(eq,T); unweighted: ah,w(eq,T)), and lifetime duration of exposure (total operating hours or years of
exposure)

Models

Quintiles of measures of vibration exposure
LR test
(χ2, 4 df†)

H-L test
(χ2, 8 df†)1st 2nd 3rd 4th 5th

Model 1:
ah,w(eq,T) (ms−2) midpoint 2.6 5.1 7.1 17.0 20.7

OR (95% CI) 1.0 (–) 4.7 (2.9 to 7.6) 3.6 (2.3 to 5.7) 3.9 (2.5 to 6.1) 3.5 (2.2 to 5.8) 60.2* 6.55
Total operating time (h) midpoint 900 3100 6800 15000 37500 (p=0.59)

OR (95% CI) 1.0 (–) 2.2 (1.3 to 3.8) 2.2 (1.3 to 3.7) 5.5 (3.3 to 9.1) 9.7 (5.6 to 16.7) 111.2*
Model 2:
ah,uw(eq,T) (ms−2) midpoint 34.3 49.2 62.7 97.7 120

OR (95% CI) 1.0 (–) 4.9 (3.0 to 7.9) 3.7 (2.3 to 5.8) 4.3 (2.8 to 6.8) 3.3 (2.0 to 5.3) 65.2* 4.51
Total operating time (h) midpoint 900 3100 6800 15000 37500 (p=0.81)

OR (95% CI) 1.0 (–) 2.2 (1.3 to 3.6) 2.2 (1.3 to 3.7) 5.5 (3.3 to 9.2) 9.5 (5.5 to 16.3) 106.2*
Model 3:
ah,w(eq,T) (ms−2) midpoint 2.6 5.1 7.1 17.0 20.7

OR (95% CI) 1.0 (–) 3.7 (2.4 to 5.9) 3.8 (2.4 to 5.9) 4.0 (2.5 to 6.2) 2.5 (1.6 to 4.0) 56.6* 16.8
Years of exposure (y) midpoint 3 7 12 21 33 (p=0.03)

OR (95% CI) 1.0 (–) 2.7 (1.6 to 4.6) 3.2 (1.9 to 5.4) 4.6 (2.7 to 7.8) 7.1 (4.0 to 12.6) 53.1*
Model 4:
ah,uw(eq,T) (ms−2) midpoint 34.3 49.2 62.7 97.7 120

OR (95% CI) 1.0 (–) 4.0 (2.5 to 6.4) 3.9 (2.5 to 6.1) 4.5 (2.9 to 7.0) 2.3 (1.4 to 3.6) 66.8* 19.0
Years of exposure (y) midpoint 3 7 12 21 33 (p=0.02)

OR (95% CI) 1.0 (–) 2.7 (1.6 to 4.6) 3.3 (1.9 to 5.5) 4.7 (2.7 to 8.1) 7.3 (4.1 to 13.1) 53.2*

In the logistic regression models, the measures of vibration exposure were included as quintile based design variables, assuming the lowest quintile as the reference category. The likelihood ratio (LR) test for the measures of vibration
exposure, and the Hosmer-Lemeshow (H-L) test for the goodness of fit of the logistic models are given.
*p<0.001, †df = degrees of freedom.
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on the cumulative response probabilities are constant across

all categories of the ordinal response) was violated, a general-

ised ordered logit regression model was fitted to the data

(program gologit in Stata). This model relaxes the restrictive

proportional odds assumption. Assuming an ordinal depend-

ent variable takes on the values 0, 1, 2, ..., k, the generalised

ordered logit model allows the effects of the explanatory vari-

ables to vary with each of the k−1 points at which the depend-

ent variable is dichotomised.18 The model estimates a set of

regression coefficients that correspond to the possible

cumulative binary logits that can be formed from the catego-

ries of the dependent variable.

The significance of additional variables in the logistic model

was assessed by the likelihood ratio χ2 test. The magnitude of

the likelihood ratio statistic was used to assess the “import-

ance”, in statistical terms, of the alternative measures of

vibration dose for the prediction of the outcome. The Bayesan

information criterion was also used to compare the fit of non-

nested logistic models (program fitstat in Stata).19 The

goodness of fit of the logistic models was assessed by the

Hosmer-Lemeshow χ2 statistic.20

RESULTS
VWF symptoms in the study groups
Table 3 shows the prevalence of VWF and the distribution of

the scores of finger blanching severity in the vibration exposed

groups. Taking the occupational group with the lowest preva-

lence of VWF as the reference category (stone grinders, VWF

13.8%), significantly increased age adjusted and smoking

adjusted ORs for VWF were observed for the stone carvers (OR

4.4, 95% CI 2.5 to 7.8), quarry drillers (OR 3.7, 95% CI 2.2 to

6.3), dockyard caulkers (OR 10.2, 95% CI 5.5 to 19.1), and for-

estry workers (OR 2.2, 95% CI 1.3 to 3.6). These occupational

groups also showed a greater probability of severe symptoms

of VWF (blanching score >21) than the stone grinders, dock-

yard boilermakers, and dockyard painters.

Relation between VWF symptoms and exposure
variables
To assess the separate effects of vibration magnitude and

exposure duration on the probability of the occurrence of

VWF, four different logistic regression models were fitted to

the data. In addition to age and smoking, each of the logistic

models included two measures of vibration exposure: a meas-

ure of vibration magnitude (in terms of either ah,w(eq,T) or

ah,uw(eq,T)) and a measure of exposure duration (in terms of

either total operating hours or years of exposure). These

measures of vibration exposure were included in the logistic

models as quintile based design variables, assuming the low-

est quintile as the reference category (table 4). Each quintile

included approximately 300 individuals. Within each of the

models in table 4, each measure of vibration exposure

(magnitude or duration) has been adjusted for the effect of

the other measure (duration or magnitude). The likelihood

ratio test showed that both vibration magnitude and exposure

duration were significant predictors of VWF probability,

although to differing degrees. The contribution of total

operating hours to the prediction of VWF was greater

(χ2 = 106, 4 df (with ah,uw(eq,T) included in the model); χ2 = 111,

4 df (with ah,w(eq,T) included in the model)) than that of years of

exposure (χ2 = 53, 4 df (with either ah,uw(eq,T) or ah,w(eq,T) included

in the model)). Vibration acceleration magnitude also

contributed significantly to the various models, with a small

improvement for those models that included unweighted

acceleration magnitude compared with those containing

frequency-weighted acceleration magnitude. Similar results

were obtained when the measures of vibration exposure were

included in the logistic models as continuous independent

variables (results not shown). When the observed frequencies

of the outcome variable (VWF) were compared with those

predicted by the different models according to a grouping

method based on deciles of risk,20 the Hosmer-Lemeshow

goodness-of-fit statistic suggested that the logistic models

that included acceleration magnitude (ah,w(eq,T) or ah,uw(eq,T)) and

total operating hours as measures of vibration exposure

Table 5 Age and smoking adjusted estimates of the odds ratio (OR) and 95% confidence interval (95% CI) for the
association between VWF and alternative measures of vibration dose in the total sample of vibration exposed workers
(n=1557)

Dose definition

Quintiles of vibration dose
LR test
(χ2, 4 df†)

H-L test
(χ2, 8 df†)1st 2nd 3rd 4th 5th

Σti (hours) (×102) midpoint 9 31 68 150 375
VWF (%) 8.0 17.0 20.0 37.2 55.6 94.1* 11.8
OR (95% CI) 1.0 (–) 2.2 (1.3 to 3.6) 2.2 (1.3 to 3.6) 4.6 (2.8 to 7.6) 7.2 (4.4 to 11.9) (p=0.16)

Σawiti (ms−2h) (×103) midpoint 6.5 23 50 127 415
VWF (%) 10.0 15.1 22.5 33.0 58.2 106.2* 4.3
OR (95% CI) 1.0 (–) 1.2 (0.7 to 2.0) 2.0 (1.2 to 3.1) 2.9 (1.9 to 4.7) 6.6 (4.1 to 10.5) (p=0.83)

Σawi
2 ti (m2s−4h) (×104) midpoint 4 14.5 42.5 183 735

VWF (%) 10.3 21.2 26.4 29.2 51.8 65.3* 3.6
OR (95% CI) 1.0 (–) 1.7 (1.1 to 2.8) 2.3 (1.4 to 3.6) 2.9 (1.8 to 4.5) 5.0 (3.1 to 7.8) (p=0.89)

Σawi
4ti (m4s−8h) (×106) midpoint 1 6 71.5 661 3686

VWF (%) 11.9 26.4 29.3 26.3 45.0 46.5* 6.8
OR (95% CI) 1.0 (–) 1.9 (1.2 to 3.0) 2.7 (1.8 to 4.3) 2.6 (1.7 to 4.2) 3.8 (2.5 to 5.9) (p=0.56)

Σauwiti (ms−2h) (×104) midpoint 5.5 19 41.5 92.5 256
VWF (%) 8.7 14.4 23.2 32.4 60.1 115.1* 4.4
OR (95% CI) 1.0 (–) 1.4 (0.9 to 2.4) 2.4 (1.5 to 3.9) 3.4 (2.1 to 5.5) 8.4 (5.1 to 13.8) (p=0.78)

Σauwi
2 ti (m2s−4h) (×106) midpoint 3 11.5 27.5 75.5 249

VWF (%) 10.3 16.8 23.3 29.4 59.0 100.2* 5.6
OR (95% CI) 1.0 (–) 1.4 (0.9 to 2.3) 2.0 (1.2 to 3.2) 2.6 (1.6 to 4.0) 6.5 (4.1 to 10.3) (p=0.69)

Σauwi
4ti (m4s−8h) (×1010) midpoint 1 4.5 18 77 274

VWF (%) 12.9 24.6 18.0 27.2 56.0 72.8* 7.9
OR (95% CI) 1.0 (–) 1.6 (1.0 to 2.5) 1.3 (0.8 to 2.1) 2.3 (1.5 to 3.5) 4.6 (3.0 to 7.1) (p=0.44)

In the logistic regression models, vibration dose was included as a quintile based design variable, assuming the lowest quintile as the reference category.
The prevalence of VWF in each quintile of vibration dose is shown. The likelihood ratio (LR) test for the measures of vibration dose, and the
Hosmer-Lemeshow (H-L) test for the goodness of fit of the logistic models are given.
aw = frequency-weighted acceleration; auw = unweighted acceleration; t = total operating time.
*p<0.001,†df = degrees of freedom.

20 Griffin, Bovenzi, Nelson
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performed substantially better (χ2 = 4.5 and 6.6, 8 df) than

those including acceleration magnitude and years of exposure

(χ2 = 16.8 and 19.0, 8 df).

In table 4, each measure of vibration exposure (magnitude

or duration) has been adjusted for the effect of the other

measure (duration or magnitude). The LR statistics values for

fitting together equivalent acceleration and exposure duration
were: model 1, LR = 154.2; model 2, LR = 159.2; model 3,
LR = 96.1; model 4, LR = 106.3 (all with 8 degrees of
freedom, p < 0.001).

Alternative measures of vibration dose for predicting
symptoms
For all seven measures of vibration dose computed from accel-

eration magnitude (awi or auwi) and lifetime exposure duration

(total operating hours), an increase in dose was generally

associated with an increase in the prevalence of VWF (fig 1).

The results of logistic regression analysis confirmed the

association between VWF and the seven alternative measures

of vibration dose. Assuming the lowest quintile of vibration

dose as the reference category, age adjusted and smoking

adjusted ORs for VWF showed a pattern of increased risk with

increased estimated doses (table 5).
The strength of the relation between the alternative meas-

ures of dose and the occurrence of VWF varied between dose
measures. Generally, dose measures with high powers of
acceleration (i.e. m > 1) faired less well than measures in
which the acceleration, awi or auwi, and lifetime exposure dura-
tion, t, were given equal weight. Indeed, dose determined
solely by the duration of exposure (without consideration of
the vibration magnitude) tended to give better predictions
than measures with values of m greater than unity, with the
exception for Σauwi

2ti (m2s−4h, unweighted acceleration). The
magnitude of the likelihood ratio statistic suggested that all
measures of dose were stronger predictors of VWF when the
dose was calculated from the unweighted acceleration than
from the frequency-weighted acceleration. Similar results
were obtained when the measures of vibration dose were
included in the logistic models as continuous covariates
(results not shown).

In all of the logistic models, VWF was found to be associated
with age and smoking. For instance, in the logistic model
including vibration dose of the form Σauwiti (ms−2h, unweighted
acceleration), the estimated OR for an increase of 10 years in
age was 1.5 (95% CI 1.3 to 1.7) and the OR for smoking was
1.6 (95% CI 1.2 to 2.1). There was no evidence of significant
interactions between age, smoking, and alternative measures
of vibration dose when product terms involving these
variables were added to the logistic models.

Figure 1 Prevalence of VWF in the total sample of 1557 vibration exposed workers by quintiles of alternative measures of lifetime vibration
dose. The various measures of vibration dose were estimated as the total lifetime duration of exposure (ti, in h) alone or in combination with the
frequency-weighted (awi, in ms−2) or the unweighted (auwi, in ms−2) acceleration magnitude of vibration produced by the hand held tools used by
the workers (see table 5).

Figure 2 Crude prevalence of increasing scores of finger
blanching severity by quintiles of vibration dose of the form Σauwiti
(ms−2h, unweighted acceleration). Cumulative prevalence adds up to
100% within each category of finger blanching score. Values apply
at the time of the examination.

Vibration-induced white finger 21
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The measures of vibration dose were found to be associated

not only with VWF as a binary outcome (that is, whether or

not finger blanching was present) but also with the severity of

VWF (using the blanching score9 15 to place subjects in one of

four bands) treated as an ordinal response variable. As an

example, fig 2 shows the crude prevalence of increasing scores

of finger blanching severity according to quintiles of vibration

dose (Σauwiti).

When finger blanching score was dichotomised by using

cumulative probabilities (score >1, score >9, score >21), the

estimated generalised ordered logit models showed significant

age adjusted and smoking adjusted associations between the

severity of VWF and all of the alternative measures of

vibration dose (table 6). Using a separate binary regression

approach, the Hosmer-Lemeshow summary goodness-of-fit

statistic indicated good overall fit for each of the individual

logistic regression models (χ2 1.1 to 11.9, 8 df). Similar to the

findings of the ordinary binary logistic models, dose measures

with powers of acceleration equal to unity, as well as doses

calculated from the unweighted acceleration, seem to contrib-

ute better to the fit of the models than those with powers of

acceleration greater than unity and those derived solely from

the frequency-weighted acceleration, respectively. The values

of the likelihood ratio test suggest that the logit models which

included vibration doses with powers of acceleration (either

awi or auwi) greater than unity provide no advantage as

compared with the more simple model using total exposure

duration alone.

The effect of smoking on the severity of VWF was also

investigated. In the model with age and Σauwiti, the ORs (95%

CI) for smoking were: 1.56 (1.21 to 2.00) for VWF score >1,

1.42 (1.07 to 1.88) for VWF score >9, and 1.80 (1.21 to 2.68)

for VWF score >21. A test for trend showed no significant dif-

ference between the three OR values. Identical results (that is,

no significant trend for the ORs for smoking) were obtained

with models including the other measures of vibration dose

and age.

DISCUSSION
It was suggested above that a dose-response model for VWF

should include quantifiable independent variables known to

have a large influence on finger blanching, that there should

be a positive correlation between the model predictions and

the outcome found in practice, and that the accuracy of the

predictions of the outcome should be quantified. In this study,

vibration magnitudes and lifetime exposure durations were

combined in seven different ways to produce lifetime

measures of “dose” for predicting the prevalence and severity

of VWF in the studied populations, taking into account any

effects of age and smoking.

Subject characteristics
In this study, age was a significant predictor of the occurrence

of white finger and this is consistent with the findings of some

previous epidemiological investigations.21 22 As expected, age

was a confounder of the association between digital vascular

symptoms and vibration exposure (that is, age was linked

both to VWF and to the measures of vibration dose). Smoking

was also significantly associated with the onset of finger

blanching, but its confounding effect was minimal because

the crude OR estimates for vibration exposure reduced very

little after adjustment for smoking, from 3% to 7%. In this

study, neither age nor smoking seemed to have acted as effect

modifying variables: logistic regression analysis showed that

there were no interactions of these variables and the various

measures of vibration dose in producing VWF.

Table 6 Age and smoking adjusted estimates of the odds ratio (OR) and 95% confidence interval (95% CI) for the
association between the severity of VWF and alternative measures of vibration dose in the total sample of vibration
exposed workers (n=1557)

Dose definition

Quintiles of vibration dose
LR test
(χ2, 12 df†)1st 2nd 3rd 4th 5th

Σti (hours) (×102) midpoint 9 31 68 150 375
Score >1 OR (95% CI) 1.0 (–) 2.2 (1.3 to 3.6) 2.2 (1.3 to 3.6) 4.6 (2.8 to 7.4) 7.2 (4.4 to 11.9)
Score >9 1.0 (–) 7.7 (2.7 to 22.2) 9.1 (3.2 to 26.0) 17.1 (6.1 to 47.8) 32.9 (11.7 to 92.1)
Score >21 1.0 (–) 6.0 (1.4 to 25.9) 6.1 (1.4 to 26.2) 8.2 (2.0 to 34.3) 24.1 (5.9 to 98.7) 138.9*

Σawiti (ms−2h) (×103) midpoint 6.5 23 50 127 415
Score >1 OR (95% CI) 1.0 (–) 1.2 (0.8 to 2.0) 2.0 (1.2 to 3.1) 3.0 (1.9 to 4.7) 6.5 (4.1 to 10.4)
Score >9 1.0 (–) 3.0 (1.4 to 6.5) 3.5 (1.7 to 7.5) 6.9 (3.4 to 14.3) 15.0 (7.3 to 30.8)
Score >21 1.0 (–) 4.1 (1.2 to 14.3) 4.0 (1.1 to 13.9) 5.8 (1.7 to 19.6) 15.1 (4.6 to 49.2) 139.5*

Σawi
2ti (m2s−4h) (×104) midpoint 4 14.5 42.5 183 735

Score >1 OR (95% CI) 1.0 (–) 1.7 (1.1 to 2.8) 2.3 (1.4 to 3.6) 2.9 (1.8 to 4.5) 4.9 (3.1 to 7.7)
Score >9 1.0 (–) 2.9 (1.5 to 5.7) 3.7 (1.9 to 7.2) 4.7 (2.5 to 9.1) 9.1 (4.8 to 17.2)
Score >21 1.0 (–) 2.5 (1.0 to 6.5) 2.2 (0.8 to 5.7) 3.2 (1.3 to 8.0) 6.8 (2.8 to 16.6) 86.4*

Σawi
4ti (m4s−8h) (×106) midpoint 1 6 71.5 661 3686

Score >1 OR (95% CI) 1.0 (–) 1.9 (1.2 to 3.0) 2.7 (1.8 to 4.3) 2.6 (1.7 to 4.1) 3.8 (2.5 to 5.8)
Score >9 1.0 (–) 2.4 (1.4 to 4.3) 2.8 (1.6 to 4.9) 3.3 (1.9 to 5.8) 4.9 (2.8 to 8.3)
Score >21 1.0 (–) 1.3 (0.6 to 2.8) 1.2 (0.5 to 2.5) 1.8 (0.9 to 3.9) 2.9 (1.5 to 5.7) 62.7*

Σauwiti (ms−2h) (×104) midpoint 5.5 19 41.5 92.5 256
Score >1 OR (95% CI) 1.0 (–) 1.4 (0.9 to 2.4) 2.4 (1.5 to 4.0) 3.4 (2.1 to 5.4) 8.2 (5.0 to 13.4)
Score >9 1.0 (–) 3.0 (1.3 to 7.2) 6.1 (2.7 to 13.9) 7.7 (3.4 to 17.3) 21.8 (9.8 to 48.7)
Score >21 1.0 (–) 4.7 (1.0 to 21.5) 8.4 (1.9 to 36.2) 7.6 (1.8 to 32.6) 24.3 (5.8 to 101) 149.6*

Σauwi
2ti (m2s−4h) (×106) midpoint 3 11.5 27.5 75.5 249

Score >1 OR (95% CI) 1.0 (–) 1.4 (0.8 to 2.2) 2.0 (1.3 to 3.2) 2.5 (1.6 to 4.0) 6.4 (4.0 to 10.2)
Score >9 1.0 (–) 2.4 (1.2 to 4.9) 3.1 (1.6 to 6.0) 4.3 (2.3 to 8.3) 10.6 (5.6 to 20.2)
Score >21 1.0 (–) 1.7 (0.6 to 4.8) 3.0 (1.2 to 7.7) 2.3 (0.9 to 6.0) 7.7 (3.2 to 18.8) 121.3*

Σauwi
4ti (m4s−8h) (×1010) midpoint 1 4.5 18 77 274

Score >1 OR (95% CI) 1.0 (–) 1.6 (1.0 to 2.5) 1.3 (0.8 to 2.1) 2.3 (1.5 to 3.5) 4.6 (3.0 to 7.0)
Score >9 1.0 (–) 2.1 (1.2 to 3.7) 1.6 (0.9 to 2.9) 2.6 (1.5 to 4.5) 5.7 (3.4 to 9.8)
Score >21 1.0 (–) 1.7 (0.8 to 3.7) 1.3 (0.5 to 3.0) 1.8 (0.8 to 3.9) 4.1 (2.0 to 8.5) 84.1*

Values apply at the time of the examination. The outcome is an ordinal variable scaled according to a score of finger blanching severity (score 0 = no
blanching, score 1–8, score 9–20, score >21). The outcome was dichotomised taking account of the ordering by using cumulative probabilities (score
>1, score >9, score >21). In the ordered logistic regression models, vibration dose was included as a quintile based design variable, assuming the
lowest quintile as the reference category. The likelihood ratio (LR) test for the measures of vibration dose is shown.
*p<0.001,†df = degrees of freedom.
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Effects of exposure variables
The consequences of exposures to hand-transmitted vibration

are widely assumed to depend on the frequency of vibration,

the exposure duration, and the vibration magnitude. In addi-

tion, it may be expected that the direction of vibration and

hand-to-tool contact forces may have an effect.

Frequency weighting
Dose measures derived from frequency-weighted acceleration

according to current standards (that is, using frequency

weighting Wh) produced less good predictions of finger

blanching than equivalent doses calculated from unweighted

acceleration. The Wh frequency weighting in International

Standard 5349 assumes that vibration has an effect that

depends on vibration velocity, between 16 and 1000 Hz (that

is, the acceleration weighting decreases in inverse proportion

to frequency). Finding that the unweighted acceleration pro-

vides a better prediction of blanching suggests that the effect

depends more closely on acceleration, but the frequency range

over which this applies is restricted to the range of frequencies

for which the tools studied had their most dominant compo-

nents. There was not an epidemiological, pathological, or

physiological basis for the selection of the Wh characteristic for

predicting VWF in ISO 53499; unweighted acceleration has

been previously suggested for evaluating the severity of hand-

transmitted vibration.23 While the present results indicate that

the use of frequency weighting Wh is not optimum for the pre-

diction of VWF, it should be recognised that finger blanching

is not the only adverse effect of hand-transmitted vibration

and that the various disorders may have different frequency

dependence: some may be better predicted by using weighting

Wh than unweighted acceleration. Furthermore, the frequency

range over which unweighted acceleration may be used to

predict finger blanching is not known.

Time dependency
Although the seven dose models used four different time

dependencies (dose = Σai
mti , where m = 0, 1, 2, or 4) the vibra-

tion magnitudes for all tools were represented by root-mean-

square acceleration: the second power relation was assumed

so as to obtain average measures of tool vibration magnitudes

(that is, root-mean-square acceleration was measured).

Different averaging procedures during vibration measurement

might have changed the relative severity of vibration on

different tools, depending on the impulsiveness of the

vibration. For example, fourth power (or root-mean-quad)

averaging would have increased the magnitudes on percussive

tools, such as chipping hammers and stone working hammers,

relative to the rotary tools, such as grinders and drilling

machines. This might have affected the relative performance

of the seven dose models, and so the current findings are

restricted to situations where the vibration magnitude is

expressed in terms of r.m.s. acceleration.

International Standard 5349 (1986,1 200116) assumes a sec-

ond power time dependency during the day, and daily

exposure to hand-transmitted vibration is represented by an

“energy equivalent” vibration magnitude, the r.m.s. accelera-

tion normalised to a reference period (four hours in ISO 5349,

19861; eight hours in ISO 5349-1, 200116). In an informative

annex, ISO 5349 suggests an almost linear relation between

this daily “energy equivalent” acceleration and the number of

years of exposure for equal probability of developing VWF (e.g.

ahw(eq, 8h) /years = constant).

In the present study, no distinction was made between the

accumulation of exposure duration during the working day

and the accumulation of exposure over days, months and

years (that is, lifetime exposure). However, the total duration

of exposure expressed in hours was found to be a better pre-

dictor of finger blanching than years of exposure (that is, years

in the job). It might be argued that without evidence of a need

for different time dependencies for daily and lifetime

exposures, the additional complexity of having two time

dependencies is unjustified. In this study, a single simple

measure of the total duration of exposure to hazardous vibra-

tion provided a good indication of risk. Refining this dose, by

including vibration magnitude, only improved the predictive

power of the dose when a linear relation between total expo-

sure and acceleration magnitude was used (i.e. m = 1; dose =

Σauwiti). Other combinations of acceleration magnitude and

total exposure duration degraded the power of predicting the

development of finger blanching relative to that achieved with

cumulative exposure duration alone.

One of the problems in assessing the severity of exposures

to hand-transmitted vibration arises from the difficulty in

quantifying the durations of exposures. For example, when

applying the current standards it may not be agreed whether

the predictions apply to a worker’s estimate of the typical

duration of daily exposure to vibration, or the average

duration measured by an observer, which is sometimes much

shorter. The differences between different estimates of

exposure duration means that a dose-response relation based

on duration alone (and shown in table 5 and fig 1) may not

apply to other types of work. The accuracy with which

exposure duration was estimated in this study (and others) is

one of the principal areas of uncertainty (see below).

This study considered the cumulative duration of exposure

and did not investigate how the distribution of durations of

exposure to hand-transmitted vibration (on any day or over

months and years) affects the development of finger

blanching. It is possible that exposure severity may be affected

by periods without vibration (during the day, or over months

and years). Similarly, it is possible that current symptoms are

more influenced by recent exposures than by exposures in the

more distant past.

Vibration magnitude
From the models in table 5 it might be concluded that

exposure duration could be a sufficient measure of exposure

severity for users of the tools investigated in this study. The

models in table 4 suggest that exposure duration in hours was

a better predictor than exposure duration measured in years.

The LR ratios obtained when fitting together the equivalent

acceleration and duration of exposure in the models for table

4 (where acceleration and duration were fitted separately, see

section on relation between VWF symptoms and exposure

variables) have been compared with the LR ratios in table 5

(combinations of acceleration and exposure duration) to con-

sider which type of model provided the better fit to the data.

Using the Bayesan information criterion it seems that, in gen-

eral, the models in table 4 provided better fits than those in

table 5, at least from a statistical viewpoint24 (see table 7).

However, it is recognised that maximising the fit of a model to

available data does not always maximise the value of the

model or, in this case, its relation to the underlying

mechanisms of injury. Nevertheless, table 7 suggests that

vibration magnitude plays a significant role in the prediction

of VWF, even though to a lesser extent than duration of expo-

sure.

Differences between tools and occupations
The analysis of alternative dose measures grouped all tools

and jobs together. However, if a dose measure is to be used to

reduce the risks from exposures to hand-transmitted vibration

it must be applicable to an individual occupation and also to a

specific tool. While the wide range of exposure severities

among the 1557 workers helped to identify differences

between the alternative dose measures, this might have arisen

from high doses being caused mainly by, say, an occupation A
having long exposures to low magnitudes while occupation B
gave low doses from short exposures to higher magnitudes.

Vibration-induced white finger 23
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While a dose measure may be found to be optimum for this

mix of occupations, it might arise from occupation A
involving, say, a different hand grip than occupation B. The

dose-response relation evolved could then present a mislead-

ing indication of the influence of the relations associated with

magnitude, frequency, and duration.

Table 2 shows that most occupations contained overlapping

ranges of exposure durations and acceleration magnitudes,

suggesting that the 1557 subjects formed a fairly homogene-

ous group. When an occupational group variable was included

in the multiple logistic regressions, intercepts were not

significantly different for stone grinders, stone carvers, paint-

ers, boilermakers, and forestry workers. Both quarry drillers

and caulkers (that is, those with the greatest VWF prevalence)

showed different intercepts when compared with the above

groups, while there was no difference in the intercepts when

these two groups (quarry drillers and caulkers) were

compared to each other.

Additional analysis (not presented) showed that the best

overall dose-response model (dose = Σauwiti) gave a fit to the

data as good (for the groups of dockyard painters, dockyard

caulkers, and forestry workers) or better (for the stone carvers

and dockyard boilermakers) than the other alternative dose

measures. In these occupations (that is, dockyard painters,

dockyard caulkers, forestry workers, stone carvers, and dock-

yard boilermakers) the dose measures with high powers of

acceleration (i.e. m > 1) were less satisfactory than measures

in which a and t were given equal weight. This applied to both

weighted and unweighted acceleration, with the exception of

the dockyard painters. Stone grinders were the only occupa-

tion in which higher powers of frequency-weighted accelera-

tion (i.e. m > 1) were better. The stone grinders were the

occupation with the lowest prevalence of VWF and the only

group in which vibration exposure was limited to rotary tools.

The measure of dose determined solely by the duration of

exposure worked well in all groups, with the exception of the

stone grinders.

Uncertainties
The doses were primarily calculated from root-mean-square

acceleration values (for tool types) and lifetime exposure

durations, in hours. Both quantities have several sources of

uncertainty that will have contributed to uncertainty in the

calculated doses.

The suitability of average magnitudes of hand-transmitted

vibration depends on the accuracy of the measurements and

whether they are representative of the exposures.25 In the

present study, further uncertainties arise because the meas-

urements were made on currently available tools used in a few

operations: the tools used by workers, and the vibration mag-

nitudes on the tools and their methods of use may have
changed over the years. In the study of quarry/stone workers,
however, data on current exposure to vibration was considered
a reliable surrogate for past exposure as the type and design of
most vibrating tools had remained fairly similar over time.14 26

In the study of forestry workers, vibration from non-
antivibration chain saws previously used in the forest districts
was measured to estimate cumulative vibration dose for men
with long term saw vibration exposure.

In the studies, daily exposure duration and total years of
tool use were estimated from information obtained by
interviewing employees and employers and by consulting per-
sonnel employment records, when available. However, the
assumed durations of exposure to hand-transmitted vibration
were mainly dependent on the memories and impressions of
the workers. There may be recall bias of lifetime exposures to
hand-transmitted vibration, especially if there are any
implications for either continued employment or compensa-
tion for injuries. In the present studies, the workers were
aware that the results were confidential to the research teams
and there were no issues of compensation or termination of
employment arising from their responses. The investigation
teams made themselves familiar with the jobs involved and

were able to check the accuracy of some of the information

provided. For example, in the case of chain sawyers, several

information sources were used: workplace assessment ques-

tionnaires obtained by direct interviews with employers were

compared with information provided by employees, employ-

ment records, and the amount of fuel used by the chain saws.

The number of years during which the workers had been

exposed to hand-transmitted vibration were constrained by

their employment history and are likely to be more accurate

than estimates of daily exposure duration. Some studies have

found that worker estimates of the durations of daily

exposures to hand-transmitted vibration tend to be greater

than found by observation of tool users, and this bias seems to

be greater for tools used intermittently.27 However, the

likelihood ratio tests in table 4 show that the total operating

duration (in hours) gave a stronger association with VWF

than the exposure duration in years, suggesting that the study

distinguished between individuals with low and high daily

exposure durations. A systematic bias towards increased

exposure duration should not affect the goodness of fit of a

dose model. An overestimate of daily exposure duration will

affect the absolute values of the doses at which effects are

observed, but they may be the most appropriate estimates for

those many situations where dose must be based on worker

estimates of past exposure durations.

The reporting of health symptoms is also subject to uncer-

tainty: blanching scores and dates of onset of symptoms may

Table 7 Differences in the Bayesan information criterion (BIC)* between logistic
models assessing the association between VWF (binary outcome) and alternative
measures of vibration exposure, while adjusting for age and smoking

Dose
ah,w(eq,T) and total
hours

ah,uw(eq,T) and total
hours

ah,w(eq,T) and years
of exposure

ah,uw(eq,T) and years
of exposure

Σti (hours) 30.8 35.8 −27.4 17.2
Σawiti (ms−2h) 18.6 – −39.5 –
Σawi

2 ti (m2s−4h) 59.5 – 1.31 –
Σawi

4 ti (m4s−8h) 78.3 – 20.1 –
Σauwiti (ms−2h) – 14.7 – −38.3
Σauwi

2 ti (m2s−4h) – 30.1 – −22.9
Σauwi

4 ti (m4s−8h) – 54.9 – 1.99

In the logistic regression models, vibration dose, equivalent acceleration, and duration of exposure (total
hours or years) were included as quintile based design variables, assuming the lowest quintile as the
reference category.
*Strength of evidence favouring one model against another model on the basis of the value of the difference
in BIC24: 0–2 = weak evidence; 2–6 = positive evidence; 6–10 = strong evidence; >10 = very strong
evidence. Positive value = model in the column is better than model in the row; negative value = model in the
row is better than model in the column

24 Griffin, Bovenzi, Nelson
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be affected by random or systematic errors. These errors

should have little effect on the comparison of the merits of the

different dose models unless there were systematic differences

associated with the use of different tools. The cross sectional

studies on which the current investigation is based may have

been biased by some individuals leaving vibration exposed

groups prior to the study as a result of the development of

VWF (that is, the “healthy worker effect”). However, it is

thought that in the populations studied this was small: alter-

native employers were often not available and the men

continued to work with vibratory tools, although in some

cases their exposures may have been reduced. For example,

some dockyard workers who were not fit for normal work

were given “light duties” and were included in the study. In

the study of the quarry/stone workers, the registers of the

companies showed that the level of employment was stable

and there was little job mobility within the industry in the

past 15 years. All the active dockyard workers, all the stone

workers, and all the forestry workers participated in the

investigations so that self selection was not a source of bias in

the studies. Moreover, to reduce selection bias, former stone

workers and forestry workers, who had belonged to the study

groups, were traced and included in the study populations.

Even if the studied populations were representative of users of

the vibratory tools included in the study, they may not be rep-

resentative of a wider population of potential tool users:

susceptible subjects may not volunteer for such work or may

leave work with vibratory tools for other reasons. However,

this may not affect the suitability of the data for comparing

alternative dose models for tools similar to those investigated.

The different dose models place differing importance on the

accuracy of measuring exposure duration and acceleration

magnitude. With higher powers of acceleration, it becomes

more important to know the acceleration magnitude. Possibly,

the difficulty in knowing the acceleration on the tools over a

long period is one reason why the higher powers of accelera-

tion produced less accurate dose models. The best dose model

gave equal weight to acceleration magnitude and cumulative

duration of exposure, implying that both should be known to

a similar accuracy. Probably, for exposures on a single day,

acceleration may often be known more accurately than the

exposure duration. However, as vibration magnitudes have

changed over the years it might be reasonable to suppose that

somewhat similar percentage errors may apply to both meas-

ures. The finding of better dose-response models without the

frequency weighting increases the importance of accurately

measuring the higher frequencies of vibration: whereas

frequencies above approximately 200 Hz rarely contribute to

the weighted acceleration, frequencies as high as 500 Hz or

greater may contribute to the unweighted acceleration.28

Implications of findings
Changing the frequency weighting from the current Wh char-

acteristic has important implications for tool manufacturers,

tool purchasers, tool users, and also scientists studying the

development of diseases caused by hand-transmitted vibra-

tion. A simple change from frequency-weighted acceleration

to unweighted acceleration will reverse the assumed rank

order of severity of vibration on some tools.

The study suggests that a linear relation between r.m.s.

acceleration and total exposure duration may be sufficient for

evaluating the severity of vibration exposures. This would

eliminate the need for the so called “energy equivalent” daily

vibration magnitude that is difficult for employers and work-

ers to understand and calculate. The linear relation would

suggest more potential for control of the severity of daily

vibration exposures by limiting exposure duration than with

the present “second power” method (i.e. dose = Σai
2ti). Conse-

quently, the reduction of vibration magnitudes (by engineer-

ing control and design of reduced vibration equipment) would

have less effect on calculated exposure severity. Interestingly,
the current study suggests that useful predictions of the
development of finger blanching can be obtained without
using a measure of vibration magnitude: total estimated
exposure duration provided one of the best predictions. This
suggests that current standards may be overly concerned with
the importance of reducing vibration magnitude (by tool
manufacturers) and underestimate the importance of reduc-
ing vibration exposure duration (by employers and employ-
ees).

It is clear that changing the frequency weighting and time
dependency in current standards will have profound conse-
quences. Any change would merit greater consideration of the
consequences than was given when the original methods were
proposed and standardised, and may not be justified without
further evidence, including that from prospective studies.

The dose models investigated in this study were linear: the
doses were proportional to a measure of duration and
acceleration magnitude, with no threshold (or limiting value)
for either magnitude or duration. In practice, exposures to low
magnitudes of vibration are often ignored and short exposures
are also sometimes neglected. It seems possible that the
mechanisms associated with injury may be complex and not
necessarily linear, such as found with acute vascular responses
during and following exposure to hand-transmitted
vibration.29 It seems unlikely that a satisfactory dose measure
can be developed solely from vibration magnitudes (that is,
ignoring exposure duration), but it might be possible to
develop a useful simple model based solely on cumulative
duration of exposure to vibration above some threshold mag-
nitude. The measures of dose appearing in the tables might be
used to predict the severity of other exposures to hand-
transmitted vibration. For example, using exposure duration
as a continuous variable, model 2 in table 4 predicts that after
3100 hours of exposure to hand-transmitted vibration
approximately 17.5 % (95% CI 15.1 to 20.1%) of persons will
have developed VWF. This compares with an observed 17%
prevalence, as shown in table 5 (dose Σti with a quintile mid-
point of 3100 hours). However, since VWF is at least partially
dependent on vibration magnitude, such simple predictions
will not always apply.

CONCLUSIONS
When knowledge of exposures to hand-transmitted vibration

is restricted to the total duration of exposure, and does not

discriminate between exposures accumulated over the day

and those accumulated over years, a dose formed from a linear

relation between vibration magnitude, a, and exposure

duration, t, can be appropriate for predicting the occurrence of

VWF (i.e. dose = Σaiti).
The accuracy of predictions of VWF was dependent on the

frequency weighting, with poorer predictions when the
currently recommended frequency weighting was employed.
This suggests that more weight should be given in the stand-
ards to vibration at some intermediate or high frequencies
relative to the weight given at low frequencies.

The findings suggest that improvements are possible to both
the frequency weighting and the time dependency in current
standards used to predict the development of VWF.

. . . . . . . . . . . . . . . . . . . . .
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