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Objective The aim of this study was to investigate the performance of four frequency weightings for handtransmitted vibration to predict the incidence of vibration-induced white finger (VWF).

Methods In a longitudinal study of vibration-exposed forestry and stone workers (N=206), the incidence of
VWF was related to measures of vibration exposure expressed in terms of 8-hour frequency-weighted energyequivalent root-mean-square (rms) acceleration magnitude [A(8)] and years of follow-up. To calculate A(8), the
rms acceleration magnitudes of vibration were weighted by means of four frequency weightings: (i) Wh (the
frequency weighting specified in ISO 5349-1:2001); (ii) Wh-bl (the band-limiting component of Wh); (iii) Whf (a
frequency weighting based on finger vibration power absorption); and (iv) WhT (a frequency weighting based on
a Japanese study of VWF prevalence). The relations of VWF to alternative measures of vibration exposure were
assessed by the generalized estimating equations (GEE) method to account for the within-subject dependency
of the observations over time.

Results Data analysis with a GEE logistic model and a measure of statistical fit suggested that calculating A(8)

by weighting the tool rms accelerations with Wh-bl gave better predictions of the cumulative incidence of VWF
than the other alternative measures of daily vibration exposure. Values of A(8) derived from the currently recommended ISO frequency weighting Wh produced poorer predictions of the incidence of VWF than those obtained
with frequency weightings Whf or WhT.

Conclusions This prospective cohort study suggests that measures of daily vibration exposure which give relatively
more weight to intermediate and high frequency vibration are more appropriate for assessing the probability of VWF.

Key terms exposure–response relationship; longitudinal study; vascular disorders; vibration magnitude; VWF.

Occupational exposure to hand-transmitted vibration is
associated with increased risk of developing a secondary
form of Raynaud’s phenomenon called vibration-induced
white finger (VWF). The exposure–response relationship
for this vascular disorder is not yet fully known. In international standard ISO 5349-1:2001 (1), daily exposure to
hand-transmitted vibration is expressed in terms of the
8-hour frequency-weighted energy-equivalent acceleration
[A(8)]. In this ISO standard, the root-mean-square (rms)
accelerations of vibratory tools are weighted by means of
a frequency weighting (called Wh), which assumes that
vibration-induced adverse health effects are inversely
related to the frequency of vibration between 16–1250 Hz.
Annex C to ISO 5349-1 proposes an almost linear
relation between A(8) and the number of exposure years

for a probability of VWF in 10% of a vibration-exposed
population (1). Over the past decades, several epidemiological studies have reported discrepancies between the
observed occurrence of VWF among various vibrationexposed worker groups and that predicted by the ISO
standard. Both over- and underestimation of VWF risk
have been reported by investigators involved in epidemiological research (2–6). Moreover, the findings of experimental investigations have suggested that the frequency
weighting Wh (given in ISO 5349-1) does not seem to
reflect the frequency-dependence of the physiological or
biodynamic responses of the fingers to vibration (7–9).
In addition to the ISO weighting method, a set
of candidate frequency weightings for the evaluation
of workplace vibration exposures is currently under
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c onsideration in the working group on hand-transmitted
vibration (WG 3) of the ISO technical committee ISO/
TC 108/SC 4 concerning human exposure to mechanical vibration and shock (10). These candidate frequency
weightings are based on the findings of either epidemiological studies of vibration-exposed workers or biodynamic investigations of vibration power absorption in
the fingers (9, 11–13).
The aim of this study was to investigate the performance of four alternative frequency weightings to predict
the incidence of VWF in a cohort of forestry and stone
workers recruited in a four-year research project supported by the European Union (EU) and entitled Risks of
Occupational Vibration Injuries (VIBRISKS) (14).

Methods
Subjects and medical investigations
The cohort included 206 vibration-exposed workers
(185 forestry operators and 21 stone workers) who were
unaffected with VWF symptoms at the initial survey
conducted between October 2003 and February 2004. Of
these workers, 146 (70.9%) participated in three followup surveys, and 60 (29.1%) participated in either one or
two follow-up investigations over the calendar period
autumn 2004 to winter 2007. All subjects continued to
work with vibratory tools during the follow-up period.
All subjects gave signed informed consent to participate in the study, which was approved by the local
health authorities. A complete description of the cohort
and the study design have been reported earlier (11, 12).
The diagnosis of VWF was based on the findings of
a medical interview assisted by color charts. The criteria
for the anamnestic diagnosis of VWF, according to the
Stockholm Workshop 1994 scale and the procedure for
the administration of color charts has been described

in detail elsewhere (12, 15, 16). A clinical diagnosis of
white finger was considered positive when the subject,
in addition to subjective symptoms, displayed the welldemarcated blanching of the fingers indicated in the
color charts. Individuals reporting white finger symptoms at the medical interview that were not supported
by color charts were not classified as cases of VWF.
Measurement and evaluation of vibration exposure
Vibration generated by the tools used by the forestry and
stone workers was measured in the field under real operating conditions. Vibration measurements were made at
the cross-sectional survey in winter 2004; no changes in
either the type of tools or operating conditions occurred
over the follow-up period for both the forestry and
the stone workers. Vibration was measured in three
orthogonal directions (x, y, z) according to the procedure
in international standard ISO 5349-1 (1). The vibration time histories were stored in the digital recorder
DAT HEIM DATaRec-A80 (Müller-BBM VibroAkustik
Systeme GmbH, Planegg, Germany) and then analyzed
in the laboratory by the signal analyzer IMC FAMOS
(IMC DataWorks LLC, Madison, WI, USA). Vibration
magnitudes were expressed as rms acceleration over the
frequency range defined in international standard ISO
8041:2005 (1–4000 Hz) (17).
Acceleration magnitudes were weighted using the
frequency weightings displayed in figure 1 (10): (i) Wh
is the frequency weighting specified in ISO 5349-1 (1);
(ii) Wh-bl is the band-limiting component of Wh (17);
(iii) Whf is a frequency weighting based on biodynamic
studies of finger vibration power absorption (9, 10); (iv)
WhT is a frequency weighting based on a Japanese study
of VWF prevalence in worker groups investigated from
1957–1977 (10, 13).
The root-sum-of-squares (also called the vibration
total value) of the rms acceleration frequency weighted
according to Wh, Wh-bl, Whf, or WhT [ahv(Whi)] for the x-,

Figure 1. Comparison of frequency weighting functions for hand-transmitted vibration. [Wh=frequency
weighting as defined in ISO 5349-1:2001 (1); Wh-bl=the
band-limiting component of Wh (17); Whf= a frequency
weighting based on finger vibration power absorption (9, 10); WhT=a frequency weighting based on
a Japanese study of vibration-induced white finger
(VWF) prevalence (10, 13).]
Scand J Work Environ Health 2011, vol 37, no 3

245

Frequency weightings for hand-transmitted vibration

y- and z-axes was calculated:
equation 1

ahv (Whi ) = a 2 hx (Whi ) + a 2 hy (Whi ) + a 2 hz (Whi )

(ms -2 rms )

To evaluate daily exposure duration to vibration,
supervisors directly observed exposure patterns at the
workplace over an entire week period. They used a stopwatch method and recorded the contact time the hands
of the operators were actually exposed to the vibration
from the tools.
Daily exposure durations to 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
white finger).
Daily vibration exposure was evaluated according to
international standard ISO 53491-1 (1) and the European
Directive on mechanical vibration (18), and expressed in
terms of 8-hour frequency-weighted energy-equivalent
rms acceleration magnitude (A(8)Whi):

QIC statistic (20), were used to select the best working
correlation structure in GEE analyses and compare the
fit of GEE longitudinal models including alternative
measures of daily vibration exposure (21, 22). In this
study, an autoregressive correlation structure was specified for parameter estimation in GEE analyses since the
QIC/trace statistics for this structure had smaller values
than those obtained with different working correlations
(eg, exchangeable, unstructured, or independent structures). The model with the smallest QIC value was also
chosen as the best-fitting model for the relation between
VWF and vibration exposure. To aid comparison, a
ΔQIC was calculated as the difference between the QIC
values for a specific exposure model and the model
including A(8) calculated with frequency weighting Wh
(ie, the ISO weighting method). Although fit statistics
for GEE models are still under active research (20),
guidelines for selecting the best-fitting model may be
borrowed from the strength of evidence rules developed
for the AIC method (23): a ΔQIC ≤2 suggests no difference in the fit between models, 4≤ΔQIC≤7 tends to give
support for the model with the smaller QIC, ΔQIC >10
means that the model with the smaller QIC provides a
substantially better fit to the data.

equation 2

A(8)Whi 3

1
(ahvi (Whi )) 2 Ti
º
T0 i 31
n

(ms #2 rms)

where ahvi(Whi) is the vibration total value (frequency
weighted with Wh, Wh-bl, Whf, or WhT) for tool i in ms-2
rms, Ti is the daily duration of exposure to tool i in
hours, and T0 is the reference duration of 8 hours.
Statistical analysis
The statistical analysis of data was performed with the
Stata software, version 11.0 (StataCorp LP, College Station, TX, USA). Continuous variables were summarized
with the median as a measure of central tendency and
quartiles or range as measures of dispersion. Comparisons between paired or unpaired data and correlations
between variables were carried out by means of nonparametric statistics.
The relations of VWF incidence (binary outcome)
to alternative measures of vibration exposure were
assessed by the generalized estimating equations (GEE)
method (logit link) to account for the within-subject
dependency of the observations over time (19). Odds
ratios (OR) and 95% confidence intervals (95% CI) were
estimated from the GEE logistic regression coefficients
and their robust standard errors.
The “quasi-likelihood under the independence model
criterion” (QIC), a modification of the Akaike’s Information Criterion (AIC), as well as the “trace” component of
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Results
Frequency-weighted rms acceleration magnitudes
Table 1 reports the median values of tool rms acceleration magnitudes weighted by means of the four
candidate frequency weightings. Overall, the following
rank order for the machine rms acceleration values was
observed: ahv(Wh-bl)>ahv(Whf)>ahv(WhT)>ahv(Wh) (Friedman’s test for paired data: P<0.001). These findings
were expected since the ISO frequency weighting Wh
produces stronger attenuation of vibration acceleration
with intermediate or high frequency components than
the other frequency weightings. The greater magnitudes
for ahv(Wh-bl), compared with ahv(Whf) and ahv(WhT), are
likely to depend on the different attenuation provided by
these frequency weightings for vibration with frequencies <25–50 Hz or >200–400 Hz (figure 1). The correlations between alternative frequency-weighted rms
accelerations were strong for ahv(Wh-bl) versus ahv(Whf)
or ahv(WhT) (Kendall’s tau 0.90–0.92) and very strong
for ahv(Whf) versus ahv(WhT) (tau 0.98), while poorer rank
correlation coefficients were obtained for ahv(Wh) versus
rms accelerations weighted with the other alternative
frequency weightings (tau 0.27–0.34) (table 2).
Daily vibration exposure in terms of alternative measures of A(8)Whi and exposure duration were significantly
greater among the stone than forestry workers (table 3).

Bovenzi et al

Table 1. Median values of the root-sum-of-squares (vibration total value, ahv) of the root-mean-square (rms) acceleration magnitudes
generated by the vibratory tools of this study. Acceleration magnitudes are weighted by means of the four candidate frequency weightings (Wh, Wh-bl, Whf, WhT) displayed in figure 1.
Tools

N

Chainsaw
Brush saw
Grinder
Straight stone hammer

23
5
7
4

ahv(Wh) (ms-2 rms)

ahv(Wh-bl) (ms-2 rms)

ahv(Whf) (ms-2 rms)

ahv(WhT) (ms-2 rms)

Median

Range

Median

Range

Median

Range

Median

Range

5.2
4.4
4.2
17.1

2.9–9.2
3.1–9.7
1.0–5.9
9.0–23.1

31.7
27.3
60.8
200

19.5–64.1
18.2–40.5
14.0–95.5
130–282

31.5
25.9
47.0
163

19.4–63.8
17.2–38.5
8.4–57.2
100–234

28.4
24.3
43.1
152

17.4–57.3
16.2–36.1
7.7–52.4
91–217

Table 2. Kendall’s rank correlation coefficients between root-mean-square (rms) acceleration magnitudes generated by the vibratory
tools of this study (N=39). The rms acceleration magnitudes (ahv) are weighted according to the four candidate frequency weightings
(Wh, Wh-bl, Whf, WhT) displayed in Figure 1.
Frequency weighted rms
acceleration
ahv(Wh)

ahv(Wh)

ahv(Wh-bl)

1.0

ahv(Whf)

·

ahv(Wh-bl)
ahv(Whf)

0.273
0.337 a

1.0
0.905 b

ahv(WhT)

0.320 a

0.922 b

ahv(WhT)

·

·

·
1.0

·
·

0.983 b

1.0

P<0.05 (Bonferroni adjusted).
b P<0.001 (Bonferroni adjusted).
a

Table 3. Daily vibration exposure in the vibration-exposed workers not affected with vibration-induced white finger (VWF) at baseline.
See text for the definitions of A(8)Wh, A(8)Wh-bl, A(8)Whf, and A(8)WhT.
Vibration exposure

Vibration-exposed workers
Forestry workers (N=185)
Median

Duration of daily exposure (minutes)
A(8)Wh (ms-2 rms)
A(8)Wh-bl (ms-2 rms)
A(8)Whf (ms-2 rms)
A(8)WhT (ms-2 rms)
a

123
3.4
18.5
17.8
16.1

Quartile
63–169
2.5–4.5
13.2–26.0
12.8–24.8
11.6–22.3

Stone workers (N=21)
Median a
346
6.4
88.6
73.5
68.2

Quartile
286–423
5.1–9.6
74.0–125
61.4–104
57.0–96.2

P<0.0001 (Mann-Whitney test).

Incidence of vibration-induced white finger
In the cross-sectional study, the point prevalence of
VWF was 17.3% (43/249) among the vibration-exposed
workers who participated in the follow-up. According
to job title, VWF prevalence was 14.0% (30/215) and
38.2% (13/34) among the forestry and stone workers,
respectively. Over the follow-up period, there were 11
new cases of VWF, giving a three-year incidence of
5.3% [11/(249-43)]. The cumulative incidence of VWF
was 4.3% [8/(215-30)] and 14.3% [3/(34-13)] among the
forestry and stone workers, respectively.
VWF and alternative measures of vibration exposure
Table 4 reports the relations between the incidence
of VWF and vibration exposure over the follow-up
period. In general, all alternative measures of daily

vibration exposure were significantly associated with
an increased risk for VWF over time. The excess risk
for VWF varied from 15–19% per unit increase in daily
vibration exposure [1 ms-2 for A(8)Wh and 10 ms-2 for
A(8)Wh-bl, A(8)Whf, and A(8)WhT]. Duration of exposure
was also a significant predictor of VWF (OR 2.0 per
year of follow-up). The magnitude of the QIC statistic
and the ΔQIC values suggested that the model including
A(8)Wh-bl provided a better fit to the data than the other
alternative measures of daily vibration exposure (ΔQIC
6–14). Moreover, the QIC statistic tended to give more
support to models with A(8)Whf (ΔQIC 6) or A(8)WhT
(ΔQIC 8) as predictors for VWF than that with A(8)Wh.
The difference between A(8)Whf and A(8)WhT models
was negligible (ΔQIC 2).
Table 5 compares the observed incidence of VWF
in the vibration-exposed workers with those predicted
by the alternative measures of daily vibration exposure
Scand J Work Environ Health 2011, vol 37, no 3
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Table 4. Odds ratios (OR) and robust 95% confidence intervals (95% CI) for the association between the cumulative incidence of
vibration-induced white finger (VWF) (medical interview assisted by color charts) and alternative measures of daily vibration exposure
expressed in terms of 8-hour frequency-weighted energy-equivalent root-mean-square (rms) acceleration [A(8)]. A(8) was calculated by
weighting the tool rms acceleration magnitudes according to the four candidate frequency weightings (Wh, Wh-bl, Whf, WhT) displayed in
figure 1. The OR and 95% CI were estimated by the generalized estimating equations (GEE) method. In the logistic models, the measures
of vibration exposure are included as continuous variables. The Wald test for the measures of vibration exposure, and the quasi-likelihood
under the independence model criterion for the comparison between models (QIC) are given.
OR

95% CI

P

QIC

A(8)Wh (ms-2 rms)
Years of follow up (y)
A(8)Wh-bl (× 10 ms-2 rms)

1.19
2.07
1.15

1.03–1.37
1.52–2.82
1.03–1.28

5.62
21.6
5.71

0.018
<0.001
0.017

1198

0

1184

-14

2.05

1.50– 2.80

20.5

<0.001

1.17
2.05
1.18
2.05

1.01–1.34
1.51–2.78
1.02 – 1.38
1.51 – 2.78

4.58
21.1
4.80
21.0

0.032
<0.001
0.029
<0.001

1192

-6

1190

-8

Years of follow up (y)
A(8)Whf (× 10 ms-2 rms)
Years of follow up (y)
A(8)WhT (× 10 ms-2 rms)
Years of follow up (y)

Wald test

∆QIC

Predictors

Table 5. Observed and predicted cumulative incidence of vibration-induced white finger (VWF) (medical interview assisted by color
charts) among vibration-exposed workers by job title and alternative measures of daily vibration exposure in terms of 8-hour energyequivalent acceleration magnitude [A(8)]. A(8) was calculated by weighting the tool root-mean-square (rms) acceleration magnitudes
according to the four candidate frequency weightings (Wh, Wh-bl, Whf, WhT) displayed in figure 1. The predicted incidence of VWF is
estimated by the generalized estimating equations (GEE) method (see models in table 3).
Job title

Forestry workers
Stone workers

Observed VWF
incidence
(%)

Predicted VWF incidence (%)
A(8)Wh

A(8)Wh-bl

A(8)Whf

A(8)WhT

4.3
14.3

5.4
8

5.0
12

5.1
11

5.1
11

(based on the models in table 4). There were minor
discrepancies between the predictions of the various
models (5%) and the observed VWF incidence among
the forestry workers (4%). The A(8)Wh model tended to
underestimate the incidence of VWF among the stone
workers (8%), while the alternative models provided a
better prediction of the outcome [observed incidence
14% versus predicted incidence 12% for A(8)Wh-bl and
11% for A(8)Whf or A(8)WhT].

Discussion
Frequency weightings for hand-transmitted vibration
The characteristics of the ISO frequency weighting for
hand-transmitted vibration have been established since the
late 1970s. The ISO weighting curve was incorporated in
the 1st edition of the international standard ISO 5349:1986
(24) and retained as the Wh frequency weighting in the
current standard ISO 5349-1:2001 (1). Basically, the Wh
weighting is derived from extrapolation of the findings of
a laboratory study of subjective equal sensation contours
as a function of vibration frequency (3–300 Hz) applied
to the hands of a small number of healthy subjects (25).
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Over the working frequency range specified in ISO 5349-1
(6.3–1250 Hz), the shape of the standardized weighting
curve assumes that the sensitivity of the finger–hand–
arm system to vibration is approximately proportional to
vibration acceleration <16 Hz and decreases in inverse
proportion to frequency from 16–1250 Hz. Thus, the ISO
frequency weighting assumes that low frequency acceleration has more importance for adverse health effects than
intermediate and high frequency acceleration. It has been
argued that there is poor experimental or epidemiological
evidence for this assumption and that a frequency weighting based on vibration sensation in the human hand may
be unsuitable for the assessment of chronic upper-limb
disorders provoked by hand-transmitted vibration, including VWF (26, 27).
Physiological studies of the acute response of finger
circulation to hand-transmitted vibration have shown
that vibration with frequencies of 31.5–250 Hz induced
more powerful vasoconstriction in both vibrated and
non-vibrated fingers than vibration with a frequency of
16 Hz at the same weighted rms acceleration magnitude,
suggesting that the ISO frequency weighting may overestimate the vascular effects of low frequency vibration (7).
The results of biodynamic investigations have also
questioned the suitability of the ISO frequency weighting for assessing the severity of hand-transmitted vibra-

Bovenzi et al

tion exposure. Using a method to analyze vibration
power absorption in the fingers, Dong et al (9) concluded that the current standardized frequency weighting could overestimate the effects of low frequency
vibration and greatly underestimate the high frequency
effects, mainly those associated with the vascular and
neurological components of the hand–arm vibration
syndrome. Moreover, these authors found that, for
many vibratory tools, vibration power absorption of the
fingers correlated much better with unweighted than
ISO-weighted acceleration. These findings resulted in a
recent proposal for a new frequency weighting for handtransmitted vibration based on vibration power absorption of the fingers (called Whf in this study) (9, 10).
In the past, several epidemiological studies of crosssectional type showed that the ISO-weighting method
overestimated the risk of VWF among users of machines
with low frequency vibration such as sand rammers or
other percussive tools, while underestimation of VWF
was observed among workers exposed to vibration
containing high frequency components (3–6, 13). As
suggested by some epidemiological studies (12, 13, 26,
27), unweighted rms acceleration might be more appropriate for evaluating the severity of hand-transmitted
vibration. In a Japanese study of worker groups using
a great variety of vibratory tools, Tominaga (13) found
that high frequency vibration had a strong influence on
the occurrence of vascular symptoms and proposed a
new frequency weighting (called WhT in this study) to
improve the exposure–response relationship for VWF in
the study population (10, 13).
Alternative exposure–response relationships for VWF
In this prospective cohort study, the four candidate frequency weightings Wh, Wh-bl, Whf, and WhT were used to
construct alternative measures of daily vibration exposure
expressed as A(8) in accordance with ISO 5349-1 (1). It
should be noted that A(8) is a measure of daily “energy
equivalent” acceleration that assumes a second power
time dependency over a typical work day (ie, ai2ti). Some
authors have questioned the appropriateness of a second
power time dependency to evaluate vibration exposure,
but this subject is beyond the scope of this paper (26, 28).
In this study, we assumed that the physical characteristics of vibration (ie, magnitude, frequency,
and direction) and the duration of exposure were the
major determinants of the vascular effects of handtransmitted vibration. We recognize that there are
other factors, not included in the models of this study,
that may have potential effects on the development of
VWF such as the gripping and pushing forces applied
by the hands of the tool operators and the points of
contact (fingers or hand) with the source of vibration
(1). Unfortunately, there are no currently standardized

methods to measure coupling forces; the extent to
which the dose–response relationship for VWF may be
influenced by these factors could be not determined in
our sample of vibration-exposed workers.
In this study, data analysis with a GEE-logistic
model showed that measures of vibration exposure that
give more weight to intermediate and high-frequency
vibration fitted the VWF outcome better than a measure
derived from the ISO frequency weighting. Moreover, a
measure of statistical fit gave more support to the model
including A(8)Wh-bl rather than A(8)Whf or A(8)WhT, even
though GEE models gave rise to similar predictions
for VWF. The high correlation between ahv(Whf) and
ahv(WhT) and the output from data modeling suggest that
the difference between Whf and WhT is too small to favor
one of these two frequency weightings. It should be
recognized, however, that selecting a model on the basis
of a fit statistic does not always mean that the chosen
model provides the most plausible interpretation of the
occurrence of a health disorder.
In this study, the discrepancy in the predictions of
VWF between the ISO weighting and the other alternative frequency weightings was small for the forestry
workers but more substantial for the stone workers.
These findings may be explained, at least partially, taking into account the differences in the frequency components of vibration spectra produced by the vibratory
tools. Frequency analysis of tool vibration showed that
the highest unweighted rms acceleration magnitudes for
the chainsaws were detected between 100–200 Hz, while
low acceleration values were measured outside this frequency range (figure 2). Conversely, the stone hammers
produced high-magnitude shocks containing energy
over a wide range of intermediate and high frequency
vibration (figure 3). Since the ISO Wh curve greatly
reduces the contribution of high frequency vibration to
the magnitude of frequency weighted acceleration, these
frequency components are likely to play an important
role in the onset of VWF disorders.
The VIBRISKS study is the first of its kind in which
the exposure–response relationship for VWF has been
investigated by means of incidence data. Our findings tend to support those of biodynamic and physiological studies suggesting that, over the frequency
range of vibration measurement required by the ISO
standard (6.3–1250 Hz), greater importance should be
given to vibration frequencies ≥20 Hz. In addition, the
VIBRISKS incidence study strengthens the conclusions of previous cross-sectional surveys showing that
measures of daily or cumulative vibration dose derived
from unweighted rms acceleration were better predictors
of the occurrence of VWF than equivalent doses calculated from ISO-weighted acceleration (27).
In our previous longitudinal studies of the VIBRISKS
research project, we found significant associations
Scand J Work Environ Health 2011, vol 37, no 3
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Figure 2. One-third octave band acceleration spectra in the x-, y- and z-axes for a
chainsaw. Weighted acceleration magnitudes according to the alternative frequency weightings: ahv(Wh)=7.4 ms-2 rms;
ahv(Wh-bl)=56.4 ms-2 rms; ahv(Whf)=57.5
ms-2 rms; ahv(WhT)=52.8 ms-2 rms.

Figure 3. One-third octave band acceleration spectra in the x-, y- and z-axes
for a straight stone hammer. Weighted
acceleration magnitudes according to
the alternative frequency weightings:
ahv(Wh)=9.9 ms-2 rms; ahv(Wh-bl)=134 ms-2
rms; ahv(Whf)=102 ms-2 rms; ahv(WhT)=94.0
ms-2 rms

between VWF and some predictors such as age at entry,
body mass index, or smoking (11, 12). However, the
difference in the OR estimates for A(8)Whi between the
models of this study and multivariable models including
additional predictors was <10%. Therefore, we chose
to present simpler exposure–response relationships for
VWF to make them comparable with the predictive
model recommended in annex C to ISO 5349-1 (1).
There are other limitations in this study that deserve
attention. Vibration measurements were made on the
tools currently used by the forestry and stone workers and
this may be a source of uncertainty for the estimation of
vibration exposure over time. It should be noted, however,
that all forestry operators had work experience limited to
anti-vibration chainsaws and the vibration emission from
the pneumatic tools used by the stone workers has been
found fairly similar over time (3). Thus, the rms acceleration magnitude of vibration measured in the tools of the
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present study may be considered representative of the
lifetime exposure of the study population.
Another limitation of this study is the duration of the
follow-up time. It is known that VWF symptoms may
have latency of several years while the cohort of this
study was followed for a rather short period (three years).
We recognize this limitation, which was mainly due to
constraints of the human and financial resources available
for the VIBRISKS project, but the results of previous
pathophysiological, biodynamic, and epidemiological
studies tend to support our findings that improvements
are possible to the frequency weighting used to predict
the development of VWF in current standards.
Other potential sources of bias for this longitudinal
study (ie, vibration measurement with a rms averaging
procedure, quantification of duration of daily exposure
to hand-transmitted vibration, and pattern of missing
data) have been discussed in detail elsewhere (11, 12).

Bovenzi et al

Evidence for improving frequency weighting
The hand–arm vibration syndrome includes vascular, sensorineural, and osteoarticular disorders (4, 29). This study
focused on the relation between VWF and alternative
frequency weightings for hand-transmitted vibration. Our
findings suggest that frequency weightings that give more
importance to intermediate and high frequency vibration
are associated with more accurate predictions of VWF
incidence than obtained with the current ISO frequency
weighting Wh. It is possible that these findings may be
valid also for vibration-induced sensory disorders in the
fingers since experimental studies have shown that acute
exposures to vibration with frequency of 125–500 Hz
caused the highest temporary threshold shifts in fingertip
vibrotactile perception (30). Several cross-sectional studies have found an increased prevalence of finger sensory
dysfunction among subjects exposed to high frequency
vibration such as dentists and dental hygienists, although
no clear exposure–response relationship for sensory
disorders has been outlined so far (4, 31, 32). An excess
risk for bone and joint disorders in the upper limbs has
been found among workers exposed to low frequency
vibration (<50 Hz) of high magnitude from percussive
tools (4, 29). It is believed that, in addition to vibration,
the ergonomic stressors associated with work with heavy
tools (eg, excessive physical effort, awkward postures)
may play a role in the pathogenesis of these disorders.
Since it is hard to differentiate the independent contributions of mechanical and ergonomic risk factors for the
development of bone and joint injuries, no dose–response
relationship, even tentatively, has yet to be established.
These considerations suggest that the frequency of
vibration is a strong determinant for the mechanisms
of injury among vibration-exposed workers. In ISO
5349-1, it is said that the frequency weighting Wh is
used to assess all biological effects of hand-transmitted
vibration, but the findings of biodynamic, physiological,
and epidemiological studies suggest that it is unlikely
that one frequency weighting may be appropriate to
cover all adverse health effects (ie, vascular, neurological, osteoarticular) associated with vibration exposure.
In Germany, for instance, the VDI (Verein Deutscher
Ingenieure) 2057-part 2 guidelines assume an increased
risk for bone and joint disorders when the proportion of
weighted acceleration <50 Hz is >75% of the total Wh
weighting, while peripheral sensorineural and vascular
disturbances may be expected when such a proportion
comes to vibration with frequencies >50 Hz (33).
One argument for retaining the Wh curve is the large
amount of vibration and health data collected so far with
the current ISO weighting method. Other arguments are
the possible implications that a change in Wh may have
for employers who must manage the provisions of the EU
Directive on mechanical vibration and for designers and

manufacturers of tools, work equipment, and personal
protective equipment (34). We recognize that these arguments are reasonable and deserve attention, but the results
of this and other cross-sectional and longitudinal studies
suggest that there is sufficient epidemiological evidence
for giving more weight to intermediate and high frequency
vibration to evaluate the severity of hand-transmitted
vibration, at least for the vascular and possibly the neurological component of the hand-arm vibration syndrome.
These findings, in addition to those provided by
biodynamic and physiological studies of the frequencydependent effects of vibration, can lead to a better
understanding of the exposure–response relationships
for vibration-induced health disorders and contribute to
an improvement or change in the vibration frequency
weighting currently recommended by the international
standard ISO 5349-1.
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