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Dose-response relation for vascular disorders
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Abstract

Objectives—To study the relation
between the prevalence of vascular disor-
ders (white finger) and vibration exposure
in a group of 222 forestry workers, of
whom 164 (73-9%) had work experience
limited to antivibration (AV) chain saws
only and 58 (26°1%) had operated both
non-AV and AV chain saws.
Methods—The chain saw operators and
195 control workers never exposed to
hand transmitted vibration were inter-
viewed with health and workplace assess-
ment questionnaires. The diagnosis of
vibration induced white finger (VWF) was
made on the basis of subjective symptoms
of finger blanching and the results of a
cold test with plethysmographic measure-
ment of systolic blood pressure of the
finger. Vibration was measured on a rep-
resentative sample of AV and non-AV
chain saws. Daily vibration exposure was
assessed as eight hour energy equivalent
frequency weighted acceleration (A(8)). A
lifetime vibration dose was estimated for
each of the forestry workers.
Results—The overall prevalence of VWF
among the forestry workers was 23:4%.
The diagnosis of VWF was made in 13:4%
of the forestry workers who handled only
AV chain saws and in 51-7% of those who
had also operated non-AV chain saws in
the past. Raynaud’s phenomenon was
found in 2:6% of the controls. In the
forestry workers, the risk for VWF
showed positive increments with each
increment of vibration dose, suggesting a
monotonic dose-response relation. The
responsiveness to cold in the digital arter-
ies of the forestry workers was also found
to increase with increasing vibration dose
and severity of VWF. The estimated rela-
tion between VWF and vibration exposure
showed that the expected prevalence of
VWF increased almost linearly to either
A(8) (with exposure duration unchanged)
or the number of years of exposure (with
equivalent acceleration unchanged).
Conclusions—In this study of VWF
among forestry workers, the estimated
dose-response relation showed that if the
magnitude of vibration acceleration is
doubled, the total duration of exposure
should be halved to produce an equivalent
effect. On the basis of the assessment of
vibration exposure, the estimated risk for
VWEF in the study population was found to
be lower than that predicted by the inter-

national standard ISO 5349. These find-
ings suggest a revision of the risk esti-
mates for VWF currently provided by ISO
5349.

(Occup Environ Med 1995;52:722-730)
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Excessive exposure to harmful vibration from
hand held powered tools can give rise to a
vasospastic disorder in the fingers of users
called vibration induced white finger (VWF).
Epidemiological studies conducted in the late
1960s and early 1970s reported high occur-
rence of VWF (40%-90%) among forestry
workers who used chain  saws.'!
Subsequently, a gradual decrease in the preva-
lence and incidence of VWF was found in sev-
eral surveys of chain saw operators.'>'5 This
finding was ascribed to both the introduction
of antivibration (AV) chain saws in forest work
and administrative measures curtailing the
duration of saw use each day.!?"

The results of some studies of forestry
workers conducted between 1968 and 1975
have been used to assess quantitatively the
relation between vibration exposure and the
occurrence of VWF.68111620 Taking into
account exposure and epidemiological data
from studies of forestry workers, grinders, rock
drillers, and miners a relation between the
magnitude of frequency weighted acceleration
of vibrating tools and the latent interval for
VWF—that is, the duration of exposure before
the appearance of the first finger blanching
attack—was derived by Brammer.?' The esti-
mated dose-response relation was then
included in the annex A to the international
standard ISO 5349.22 It should be noted that
in the groups of forestry workers investigated
in the early 1970s the risk of developing VWF
was very high because of the great magnitudes
of frequency weighted acceleration produced
by non-antivibration (non-AV) chain saws
(10-25 m-s=%).2 This is confirmed by the
short mean (SD) latent intervals for VWF
found in most of the surveys (4(2) years).!
Nowadays, the observed reduction in the
occurrence of VWF among forestry workers
who use AV chain saws may suggest a revision
of the risk estimates for VWF provided by ISO
5349.2

The aim of this study was to investigate the
prevalence of VWF among forestry workers
currently exposed to hand transmitted vibra-
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tion from AV chain saws. The diagnosis of
VWF was based on subjective symptoms of
finger blanching and the results of a cold
provocation test. From the measurements of
chain saw vibration and the estimation of saw
operating time, both daily vibration exposure
and a lifetime vibration dose were obtained for
each forestry worker. Finally, the relation
between vibration exposure and VWF was
studied.

Materials and methods

SUBJECTS AND MEDICAL INVESTIGATION

The study population included all of the 222
currently active forestry workers who use
chain saws in three forest districts of Tuscany
(Italy). They were identified by consulting the
workforce records of the company. From the
employment registers 10 retired forestry work-
ers were also traced and included in the study
population. Two hundred shipyard workers
engaged in manual activities and never
exposed to hand transmitted vibration formed
the control group. They were mechanics, elec-
tricians, and maintenance operators who
mainly worked outdoors. The controls were
randomly recruited from a population of ship-
yard workers who attended annual compulsory
medical examinations. The personal, work,
and medical history of each worker was taken
by direct interview performed by occupational
health physicians. Health and workplace
assessment questionnaires were also used dur-
ing the interview.?* Both the forestry workers
exposed to vibration and the controls were
questioned about cigarette smoking (pack-
years), alcohol consumption (g/day), meta-
bolic, cardiovascular, and neurological
disorders, previous musculoskeletal injuries,
and use of medicines. Four forestry workers
and five controls were found to be affected
with ischaemic heart disease or occlusive arter-
ial disease of the lower limbs, and two forestry
workers had non-insulin dependent diabetes.
These subjects, together with four forestry
workers with a total saw operating time of
<400 hours, were excluded from data
analysis. Therefore, the final sample consisted
of 222 forestry workers and 195 controls.

The diagnosis of VWF was based on the
simultaneous presence of the following subjec-
tive symptoms and objective test results: (a)
positive history of cold provoked episodes of
well demarcated blanching in one or more fin-
gers after excluding primary Raynaud’s disease
or other secondary forms of Raynaud’s phe-
nomenon; (b) first appearance of finger
blanching after the start of occupational expo-
sure to hand transmitted vibration and experi-
ence of VWF attacks during the last two years;
(c) abnormal digital arterial response to cold
provocation. These diagnostic criteria were
adopted to avoid misclassification of disease
that could lead to biased estimates of the risk
for VWF among the forestry workers.
Clinically, VWF was graded according to the
stages of the Stockholm scale: stage VWFO0 =
no finger blanching attacks; stage VWF1 =
occasional attacks affecting only the tips of one
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or more fingers; stage VWF2 = occasional
attacks affecting distal and middle (rarely
proximal) phalanges of one or more fingers;
stage VWF3 = frequent attacks affecting all
phalanges of most fingers.?’ In the affected
workers the severity of VWF was assessed
according to the stage of the worst hand.

FINGER SYSTOLIC PRESSURE AND COLD
PROVOCATION

The cold test was performed on both the
forestry workers and the controls after a rest
period of 30 minutes in a laboratory room
with a mean (SD) ambient temperature of
22(0-5)°C. Systolic blood pressure of the fin-
ger (FSP) was measured after cold provoca-
tion of a test finger, with the cooling technique
suggested by Nielsen and Lassen.? A double
inlet plastic cuff for both air filling and water
perfusion was placed on the middle phalanx of
the third left finger. In the people with subjec-
tive symptoms of VWF, the most affected fin-
ger was cooled. The test finger was warmed
and cooled with water circulating at 30°C and
10°C with a digit cooling system (Medimatic
A/S, Copenhagen, Denmark). Two air filled
cuffs were applied, one to the proximal pha-
lanx of the test finger (for ischaemia during
cooling) and one to the middle phalanx of a
control finger of the same hand (usually the
fourth finger). The cold test was performed by
pressurising the air cuffs to a suprasystolic
level (210 mm Hg) and perfusing the water
cuff with water initially at 30°C and then at
10°C. After five minutes of ischaemic cooling,
FSP was measured on the test and control
fingers by strain gauge plethysmographic
technique. Arm systolic pressure (ASP) was
measured by a mercury sphygmomanometer
with a standard cuff. The following pressure
indices were derived from the arm and finger
systolic pressures:

(1) The change of systolic blood pressure of
the test finger at 10°C (FSP,,,-) as a percent-
age of the pressure at 30°C (FSP,,.), cor-
rected for the change of pressure in the control
finger during the cold test (FSP,;-
FSPref,lO“):

FSP%,q = (FSP, e - 100)/(FSP, 0 —
(FSPref,30° - FSPrcf,lO")) (%)

(2) The reduction in finger systolic pressure
(R-FSP) by cooling the test finger from 30° to
10°C:

R—FSPwo = (FSP‘,30° - FSP(,lo") - (FSPrcf,30° -
FSP,.;1-) (mm Hg)

(3) The digital pressure index in the test finger
at 30° and 10°C (DPl,.), calculated as the
ratio of FSP to ASP:

DPI,. = (FSP,,- - 100)/ASP,. (%)

To avoid nicotine induced vasoconstrictive
effects on the digital arteries, tobacco users
had stopped smoking for at least two hours
before testing.

In the control subjects of this study, the
lower limit of FSP%,,- (mean — 2SDs) was
72:2%. For epidemiological purposes, the
finding of FSP%,,. < 70% was considered to
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Table 1 Frequency weighted vibration acceleration magnitudes (m-s=2) measured in
three orthogonal directions (@, .., @y G.,.,) at the front and rear handles of the anti-
vibration (AV) chain saws used by the forestry workers (the acceleration magnitudes
measured on non-AV chain saws used in the past are also reported

Front handle Rear handle
Saw type n G o ™ [ ™ L™ Ay e Az hw
AV chain saws 27 3-92 3-73 4-40 4-18 5-95 6-35
1-17) (1-40) (1:35) (1-25) (1-21) 1-75)
Non-AV chain
saws 9-52 8-87 10-5 14-1 100 15-2

(1-85)

(1-64) (1-81) (2-01) (1-76) (1-94)

Values are mean (SD).

be an abnormal response to cold provocation
in the digital arteries of the forestry workers
with subjective symptoms of VWF.

MEASUREMENT AND ASSESSMENT OF VIBRATION
EXPOSURE
Vibration was measured on the front and rear
handles of 27 AV chain saws used in the forest
districts (mean (SD) weight 5-:2 (0-9) kg; bar
length 43 (5) cm; displacement 54 (10) cc,
engine speed 8800 (520) rpm). The sample
included over 90% of the chain saw models
handled by the forestry workers. To assess
previous exposure to hand transmitted vibra-
tion in elderly forestry workers, vibration from
three non-AV chain saws used in the past was
also measured. Vibration measurements were
made in the field during cross cutting opera-
tions performed by skilled workers according
to the procedure suggested by ISO 7505.%
Three Briiel and Kjer (B&K) miniature
accelerometers (B&K 4374) were attached
to an adaptor (B&K 0894) tightened around
the saw handle by means of suitable clamps.
A butyl rubber sheet (B&K DS 0707) was
interposed between the adaptor and the saw
handle. Before vibration measurement, the
accelerometers were calibrated (B&K 4294)
and the accelerometer connecting cables were
taped to minimise errors from triboelectric
effects. The accelerometer signals were ampli-
fied (B&K 2635) and recorded on digital or
FM tape recorders. The acceleration record-
ings were analysed in the laboratory by a digital
frequency analyser. From the one third octave
band frequency spectra (6:3-1250 Hz), the
root mean square (rms) of the frequency
weighted acceleration was obtained after

Table 2 Characteristics of the forestry workers and the controls

Controls Forestry workers
(n =195 (n=222)
Age (y): 45-1 (10-4) 453 (11-8)
Cigarette smoking (pack-y):
0 68 (349) 66 (29'7)
<15 51 (26-2) 65 (29-3)
=15 76 (39-0) 91 (41-0)
Alcohol (g/day):
0 36 (18-5) 32 (14-4)
< 60 108 (55-4) 82 (369)
> 60 51 (26-2) 108  (48:6)*
Duration of exposure (y) — 11-1 (7-6)
Yearly exposure (h/y) — 714 (387)
A@®)T (m's-?) - 4-39 (0-94)
Lifetime vibration dose} — 19-8 (1-9)

(In (m?s-*hd))

*P < 0-001 with x? test.

TA(8) is the frequency weighted energy equivalent acceleration for a period of 8 h.
}Lifetime vibration dose is expressed on a logarithmic (In) scale.

Values are mean (SD) or n (%).

applying the weighting factors recommended
by ISO 5349.22 Table 1 reports the results of
vibration measurements from the front and
rear handles of both AV and non-AV chain
saws. On average, the magnitude of frequency
weighted acceleration from the AV chain saws
varied from 3-73m-'s 2 (front handle) to
6:35 m-s~2 (rear handle). The mean value of
the frequency weighted, dominant, single axis
component of vibration from non-AV chain
saws was greater than that measured on AV
saws, which ranged between 10-5 and
152 m's~2.

The forestry workers were asked to give a
detailed list of the types of chain saw used dur-
ing their professional career. To assess saw
operating time (h/day, days/y, and total years)
several information sources were used: work-
place assessment questionnaires validated by
direct interviews with employers and employ-
ees, employment records, and amount of fuel
used by the chain saws. Daily duration of saw
use was found to vary widely among the
forestry workers, from two to five hours
according to their specific tasks within the
work organisation of the group. The oldest
forestry workers reported duration of saw use
up to seven hours/day in the past. Daily expo-
sure to saw vibration was assessed in terms of
eight hour energy equivalent frequency
weighted acceleration (A(8) in m's~2) accord-
ing to the British standard 6842:

A® = (2 I a0 ) s 2

where T8 is the duration of eight hours, T is
the total duration of the working day in hours,
and a,,(?) is the instantaneous value of the
frequency weighted acceleration in m-s~2.2

On the basis of the estimated periods of saw
use, a lifetime vibration dose for each forestry
worker was calculated by a method of summa-
tion suggested by Griffin:

Lifetime dose =
Q(any? - t)! -ty - t,)? (m?s~*hd)

where a,, is the frequency weighted accelera-
tion measured on the chain saws (m's~2), t, is
the individually estimated daily exposure
(h/day), t; is the number of working days/y,
and t, is the number of years of saw use.?

STATISTICAL METHODS

Data analysis was performed by the BMDP/
Dynamic software (Release 7-:0). Continuous
data was summarised with mean or median as
measures of central tendency and SD or lower
and upper quartiles as measures of dispersion.
The difference between independent groups
was tested by the Kruskal-Wallis one way
analysis of variance and multiple comparisons.
The difference between categorical data tabu-
lated in 2 X k contingency tables was tested
by the yx? statistic. Unconditional logistic
regression analysis was used to assess the asso-
ciation between vibration exposure and VWF.
Prevalence odds ratios (ORs), adjusted for
several covariates, were obtained by taking the
antilog of the estimates of the logistic regres-
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Table 3  Distribution of symproms of vibration induced white finger (VWEF) by stages
among the forestry workers, divided into subjects with work experience with non-
antivibration (non-AV) as well as AV saws, and subjects with experience limited to AV

saws only (Raynaud’s symptoms g the controls are also reported).
Forestry workers
Non-AV and

Controls AV saws AV saws Total

(n=195) (n=164) (n=58) (n=222)
Stages of VWF* (n (%)) (n (%)) (n (%)) (n (%))
VWF0 189 (96-9) 142 (86-6) 28 (48-3) 170 (76-6)
VWF1 4 (2:'1) 8 (4-9) 3(5-2) 11 (5-0)
VWF2 1 (0-5) 7 (43) 17 (29-3) 24 (10-8)
VWF3 0 (0) 7 (43) 10 (17-2) 17 (7-7)
VWF1 +2+3 5 (26) 22 (13-4) 30 (51-7) 52 (23-4)
OR (95% CI) 10 (—) 621 (2:26-17-1) 32:3 (11:2-93-3) 11-8 (4-47-31-1)
*Raynaud’s symptoms in the controls.

ORs (95% ClIs) for VWF (stages 1 + 2 + 3) among forestry workers v controls were adjusted for
age, smoking, and drinking habits by logistic modelling.

Table 4 Dose-response relation for vibration induced white finger among the forestry
workers, divided into categories of lifetime vibration dose (In scale)

Lifetime vibration dose (In(m?s~*hd))

<19 19-20 20-21 >21
(n =54 (n = 56) (n=56) (n = 56)
No (%) 4(7-4) 6 (10-7) 12 (21-4) 30 (53-6)

OR (95% CI)*

IOR (95% CD**

4:06 (1-:06-16-4) 4-65 (1:34-16-1)
1-12 (0-36-3-52)

9-37 (3-10-28-4) 34-3 (11-9-99-2)
1-81 (1-38-2:37) 4-12 (2:01-8-44)

*x%=3-46, P = 0-902; **y2 = 2:32, P = 0-970: Goodness of fit of the logistic model (Hosmer-
Lemeshow statistic).

ORs (95% CIs) adjusted for age, smoking and drinking habits, were obtained by logistic regres-
sion v controls (OR 1-0). IOR contrasts the risk at each category of vibration exposure with the risk
at only the next lower category, omitting the controls from the dose-response analysis.

sion coefficients (exp(b;)). Ninety five per cent
confidence intervals (95% CIs) were calcu-
lated with the estimated coefficients and the
SEMs from the logistic regression. Both expo-
sure variables and confounding factors entered
the logistic model as categorical covariates,
except for age, which was used as a continuous
covariate. The significance of additional vari-
ables in the logistic model was tested by the
likelihood ratio statistic. The goodness of fit of
the logistic model was assessed by the
Hosmer-Lemeshow y? statistic.’® To evaluate
the hypothesis that among the forestry workers
the risk of VWF continued to increase with
further increases in vibration exposure, logistic
regression analysis was used. A logistic regres-
sion model was fitted that included a linear
term for age and a quadratic term for log dose.
The results were summarised by dividing the
exposure into ranges and quoting the fitted
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values as incremental odds ratios IORs). The
IORs contrast the risk for VWF at each expo-
sure category with the risk at the level immedi-
ately below it.>! The controls were excluded
from the quantitative dose-response analysis.

Results

VASCULAR DISORDERS INDUCED BY VIBRATION
The chain saw operators and the controls were
comparable for age and smoking habit (table
2). Alcohol consumption was stronger in the
forestry workers than in the controls (P <
0-001). In the forestry worker group, the num-
ber of years of saw use and the total operating
time averaged 11-1 years and 8000 hours,
respectively. The mean value of daily vibration
exposure estimated in terms of A(8) was 4-39
(SD 0-94) m-s~2. Among the forestry workers,
164 subjects (73-9%) had work experience
limited to AV chain saws only, whereas 58
subjects (26-1%) had operated both non-AV
and AV chain saws. Five controls (2:6%)
reported Raynaud like symptoms at the med-
ical interview (table 3). The overall prevalence
of VWF among the forestry workers was found
to be 23-4% (OR 11-8). Within the forestry
worker group the diagnosis of VWF was made
in 13-4% of the subjects who handled only AV
chain saws and in 51:7% of the subjects who
had also operated chain saws without vibration
isolation systems. Compared with controls,
the adjusted OR for white finger was signifi-
cantly higher for both the forestry workers
with exposure limited to AV saws (OR 6:21)
and the forestry workers with non-AV and AV
sawing experience (OR 32:3, P < 0-0001).
After allowing for age, duration of exposure,
smoking and drinking habits, the OR for VWF
for the operators of non-AV and AV saws v
operators of AV saws only was 4-:00 (95% CI
1-08-14-7, P = 0-026). Moreover, moderate
and severe VWF (stages 2 and 3) were found
more frequently among the forestry workers
with past experience of non-AV chain saws
(P <0-01).

When the forestry workers were divided
into several categories of lifetime vibration
dose, significant associations were found
between the prevalence of VWF and vibration
exposure (table 4). The prevalence of VWF
was found to increase with increasing lifetime

Table 5 Finger systolic pressure (FSP) during local cooling from 30°C to 10°C in the controls and the forestry workers
divided into several categories of lifetime vibration dose (In scale)

Forestry workers (lifetime vibration dose (In(m?’s~*hd))

Controls <19

(n = 195) (n =54

19-20
(n = 56)

20-21
(n = 56)

>21
(n=56)

FSP, ;- (mm Hg)
DPI,- (%)
FSP%, o (%)
R-FSP,,. (mm Hg)
DPI,o (%)

124 (110-140) 126 (122-139)
939 (85:7-99-2) 95:-6 (83-2-100)

100 (90-7-100) 90-2 (76:4-100)
11-5 (0-32-5)

83-3 (67-2-95-5)

0 (0-12-0)
90-0 (81-3-103)

130 (121-145)
93-4 (84:6-105)

132 (119-142) 125 (114-142)
88-8 (78:8-956)
61-2 (36-8-85-3)*

50-0 (18:5-83-0)*

937 (85-8-102)
837 (71-4-957) 778 (59-9-89-6)
29-0 (13-8-573)

74-7 (54-9-90-4)

215 (5:3-36-3)

828 (67-6-94-0) 51-7 (29-8-79-2)*

*P < 0-:0001 Kruskal-Wallis test. FSP%,,- = the finger systolic pressure in the test finger cooled to 10°C as a percentage of pressure
at 30°C (FSP,;); R-FSP ;. = the reduction in finger systolic pressure from 30°C to 10°C; DPI is the digital pressure index at

30°C and 10°C; values are medians (lower and upper quartiles).
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Table 6 Results of the cold provocation test in the forestry workers affected by
vibration induced white finger (VWE), classified according to the Stockholm stages

Stages of VWF
VWF1 VWF2 VWF3
m=11) (n=24) m=17)

FSP,,» (mm Hg)
DPL,. (%)
FSP%, (%)
R-FSP,, (mm Hg)
DPIL,;. (%)

118 (98-136)
81-7 (75:4-97-9)
47-0 (31-:0-55-0)
70-0 (45-:0-92-0)
37-6 (269-55-2)

127 (114-142)
88-3 (80-5-98-4)
45-1 (29-8-54-0)
74-0 (52-0-88-5)
40-0 (25-9-54-5)

122 (102-139)
91-2 (70-2-97-6)
30-8 (0-47-8)*
83-9 (64-:0-108)*
27-0 (0-43-5)**

*P = 0-04; **P < 0-03 Kruskal-Wallis test. Abbreviations are as for table 5; values are medians

(lower and upper quartiles).

vibration dose, and after adjustment for poten-
tial confounders the OR for VWF was signifi-
cantly greater than unity for each category of
vibration dose when compared with the con-
trols. Furthermore, within the forestry worker
group the adjusted estimates of IOR indicated
that the risk for VWF continuously increased
with increasing vibration dose. It is worth not-
ing that the highest incremental risk of VWF
was found for the greatest dose category,
which included most of the subjects with past
exposure to vibration from non-AV chain
saws.

DIGITAL ARTERIAL COLD RESPONSE AND
VIBRATION EXPOSURE

Table 5 shows the results of the cold provoca-
tion test in the controls and the forestry workers
by vibration exposure. In basal conditions with
the water cuff at 30°C, no differences among
the various groups were found for FSP and
DPI measured in the test finger. Finger cool-
ing to 10°C provoked a stronger reduction in
FSP among the forestry workers than among
the controls. Between the controls and the
forestry workers divided into categories of
vibration dose, the change in the digital pres-
sure indices (FSP%,q, R-FSP,,, and DPI,,.)
differed significantly (P < 0-0001). A multiple
comparison test showed that the forestry
workers who had accumulated more than
21 m?’~*hd (In scale) had a significantly
increased cold response compared with those
with a lower vibration dose (P < 0-01). In the
VWF group, the chain saw operators who
reported severe white finger symptoms (stage
3) showed a more intense digital vasospasm
during local cooling to 10°C than those with
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100 A(8) 6:25 m.s™2
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A(8) 1:25 m.s™>
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Expected prevalence of VWF (%)
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01 1 Lol 1 ol
10 100

Duration of exposure (y)

Expected prevalence of vibration induced white finger
(VWF%) among the forestry workers as a function of
eight hour frequency weighted energy equivalent
accelerarion (A(8) in m's~2) and the total duration of
vibration exposure (%y):

VWEF = 0-35381 - (A(8))"%% - (DY (%)

mild or moderate symptoms of finger blanch-
ing attacks (stages 1 and 2, table 6). Among
the forestry workers without VWF, both those
operating AV saws only (n = 142) and those
with non-AV and AV sawing experience (n =
28) showed lower values of FSP%,,. (84% and
77%, respectively) than the controls (P <
0-001).

EXPOSURE-RESPONSE RELATION FOR VWF

For the purposes of comparison with the expo-
sure-response guidances given by some stan-
dards,???® the estimated prevalence of VWF
was regressed on the midpoints of several
intervals of daily vibration exposure (A(8) in
m-s~2?) and total duration of exposure (D, in
years). Even though several models that
involved transformations of the response or
the explanatory variables (arc-sine or power
transformations) were found to fit equally
well,?? a log log model was finally used to make
the results comparable with those reported in
annex A to the standard ISO 5349.22 The form
of the relation between the prevalence of VWF
and vibration exposure could be adequately
modelled by the following equation:

VWEF = 0:35381 - (A(8))" - (D) (%)

The figure gives a graphical presentation of the
results of the regression analysis. For the expo-

Table 7 Frequency weighted vibration accelerarion magnitudes (m-s=? rms) that may be expected to produce finger
blanching in 10% of the forestry workers (for comparison, the corresponding acceleration magnitudes provided by the

British standard 6842 are included in pay

: see figure legend for the estimated regression equation)

Lifetime exposure

Daily
exposure 6 months 1y 2y 4y 8y 16y
8h 48-4 23-9 11-8 5-8 29 1-4
(44-8) (22-4) (11-2) (5:6) (2-8) (1-4)
4h 68-5 33-8 16-7 82 41 2:0
(64-0) (32-0) (16-0) (8:0) (4-0) (2-0)
2h 96-8 47-8 23-6 11-6 57 2-8
(89-6) (44-8) (22-4) (11-2) (5-6) (2-8)
1h 136-9 676 333 16'5 81 4-0
(128-0) (64-0) (32-0) (16-0) (8-0) (4-0)
30 min 193-6 95-6 47-2 233 11-6 57
(179-2) (89-6) (44-8) (22-9) (11-2) (5:6)
15 min 2739 135-1 667 16-2 8

329 -0
(256-0) (128-0) (64:0) (32:0) (16:0) (8:0)
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sure conditions of the chain saw operators of
this study, the fitted model indicates that the
expected percentage of workers affected with
VWF will vary roughly linearly with either
A(8) (with D, unchanged) or total exposure
duration (with equivalent acceleration
unchanged). The regression model was also
used to estimate the frequency weighted accel-
eration magnitudes (a,,) that may be expected
to cause VWF in selected percentiles of workers
exposed to vibration. Table 7 reports the rms
values of a,, for a 10% prevalence of finger
blanching symptoms according to the British
standard 6842.® Except for extremely low
daily and lifetime exposures, there is evidence
for an excellent agreement between the vibra-
tion acceleration magnitudes estimated by our
regression model and those provided by the
British standard.

Discussion

The findings of this study are consistent with
previous reports of a lower prevalence of VWF
among forestry workers exposed to vibration
from AV chain saws than those exposed to
both non-AV and AV saws.!*!5 It seems that
the use of AV chain saws may induce vascular
disorders in the fingers of the exposed workers
as VWF was diagnosed in 13-4% of the
forestry workers with sawing experience lim-
ited to AV saws. Similar findings have also
been reported by other investigators. In a
prospective study of chain saw operators nine
years after the introduction of anti-vibration
measures, Riddle and Taylor found VWF
symptoms in 17% of active sawyers who had
only operated AV chain saws.!* In a recent
Japanese study, Mirbod et al found symptoms
and signs of VWF in 9-6% of 447 private
forestry workers exposed to AV saw vibration
with an acceleration of 2:7-5-1 m-'s~2.3 In
Canada, Brubaker er al reported a 28%
increase in the occurrence of VWF in a group
of forestry workers who had used only large
AV saws (weighted acceleration: 4-0-12-4
m-s~2) during a five year interval.** These find-
ings suggest that health surveillance should be
maintained for saw operators who handle
modern chain saws as the risk of developing
VWF is still present in forest work.

Some epidemiological studies have shown
that the prevalence of VWF tends to remain
high among forestry workers who currently
use AV chain saws and had been exposed to
non-AV saw vibration in the past. In this
study, the prevalence of VWF was 51-7% in
this category of forestry workers. This figure is
slightly greater than those reported in other
surveys (43—-49%).'4343> This may be due, at
least partially, to the fact that AV chain saws
were introduced later in Italy (after 1975-8)
than in other countries.

In this study, the diagnosis of VWF was
established on the basis of a positive history of
finger blanching attacks confirmed by an
abnormal digital arterial cold response. A
monotonically increasing dose-response rela-
tion could be shown in the forestry workers as
the risk for VWF showed positive increments
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with each increment of vibration dose. Some
investigators have used indirect measures of
vibration dose and simple statistics to test the
association between VWF and vibration expo-
sure. For instance, in a group of 266 Japanese
chain saw operators Miyashita et al found a
significant bivariate correlation between the
occurrence of VWF and total hours of vibra-
tion exposure.* Even though the definition of
incremental risk as used in this study may
seem to be very strict, it enables better evalua-
tion of the dose-response relation than the
usual correlation methods and tests for overall
trend.>

In the present investigation, the responsive-
ness to cold in the digital arteries of the
forestry workers was found to increase with
increasing vibration dose and severity of VWF.
This finding indicates that pathophysiological
changes in the digital circulation were closely
related to both exposure and clinical findings.
An exaggerated digital arterial response to cold
at 10°C was also noted in the operators with-
out VWF who only used AV saws. This find-
ing is consistent with previous cross sectional
and longitudinal studies of forestry workers
that pointed out that AV saw vibration can
induce impairment to the vasoconstriction
mechanisms even in chain saw operators
without subjective white finger symptoms
(preclinical Raynaud’s symptoms).>”*® This
gives additional support to the recommenda-
tion that forestry workers who use AV chain
saws should be periodically monitored to
detect early manifestations of VWF.

It is recognised that several sources of bias
can affect cross sectional studies—such as,
selection bias and information bias. In this
study, all of the active forestry workers partici-
pated in the investigation so that self selection
was avoided. To reduce selection bias, former
chain sawyers, who had belonged to the group,
were traced and included in the study popula-
tion. Bias due to migration of workers affected
with VWF to other jobs could not be esti-
mated. According to the registers of the local
department of the National Institute for
Insurance of Occupational Accidents, no
claims for VWF were made by retired or
migrated chain saw operators who had worked
in the surveyed forest districts. This does not
mean that such workers were symptom free,
nevertheless from a survey of the available lit-
erature it was considered that the occurrence
of VWF in the study group was not severely
underestimated. Exposure data were carefully
checked in this study by several methods of
investigation. Furthermore, vibration from
non-AV chain saws previously used in the forest
districts was measured to estimate cumulative
vibration dose for men with long term saw
vibration exposure. The main advantages of
this study were that data on health conditions
and several confounding factors were collected
by direct interview of the workers, and their
subjective finger symptoms were verified
objectively by assessing the digital arterial
response to a standardised, internationally
accepted, cold provocation test.

In this study, the overall prevalence of VWF
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was 23'4% and the latent interval for VWF
among the affected forestry workers averaged
9-8 (range 1-20) years. These figures are close
to those reported in recent surveys of forestry
workers exposed to AV saw vibration.?* > In
general, the results of epidemiological studies
show a pattern of lower prevalence of VWF
associated with longer mean latency in forestry
worker groups who use AV chain saws com-
pared with those exposed in the past to a high
magnitude of vibration from non-AV chain
saws.?! * In addition to the damping of chain
saw vibration, several other factors are likely to
have improved the health of forestry workers,
such as the lighter weight of the modern chain
saws, the reduction in daily vibration expo-
sure, and some changes in the organisation of
forest work.!* "

Annex A to ISO 5349% proposes a dose-
response relation for VWF that can be approx-
imated by the following equation:

L.=(9:5 x C})/A4)

where L, is the exposure time before VWF
(latency), C is the percentage of workers
affected with VWF (prevalence), and A(4) is
the energy equivalent frequency weighted
acceleration for a period of four hours—that is,
A@) = A(S)'\/ 2. On the basis of the observed
prevalence of VWF and the estimated A(4) for
the forestry workers of this study, the ISO
equation predicts that the latent interval for
VWF should average 7-4 years. In terms of
prevalence of VWF, 41% of the forestry work-
ers should be expected to show vascular disor-
ders according to the ISO equation. These
figures indicate an overestimation of the risk
for VWF compared with the observed data.
Several reports have shown that the ISO equa-
tion tends to predict an excessive risk of VWF
among worker groups who use percussive
vibrating tools generating high magnitudes of
vibration in the low frequency range.**** This
tendency to overestimate the risk of VWF by
ISO 5349 has also been found for chain saw
operators. In a longitudinal study of 1330
Japanese state forestry workers, Futatsuka and
Ueno found that the greater the saw vibration
was, the larger the difference in the latencies
for VWF from that predicted by the ISO stan-
dard.!? An overestimation of VWF prevalence
was also found in our previous survey of
forestry workers, 29-2% of whom were
affected with VWF v 50-8% expected by the
standard.* As argued by the Japanese authors,
one explanation for the discrepancy with ISO
5349 could be the heterogeneous exposure of
those forestry workers who had operated non-
AV chain saws and continued sawing with AV
tools.!? Other investigators have pointed out
that the uncertainty of the ISO prediction
might derive from the use of the latent interval
for VWF as a measure of effect.***% Qur clin-
ical practice as occupational health physicians
has shown that the latency time may be
strongly subject to recall bias by the affected
workers. Furthermore, the mean latency takes
into account only the exposure duration of the
subjects who have VWF, neglecting the overall
vibration exposure accumulated by the worker

group from which the cases of VWF arise.* In
this study, we used the prevalence of VWF as a
measure of response. Potential sources of bias
were carefully considered as it is known that
prevalence is dependent on the rate at which
the workforce changes. Despite this inherent
limitation of cross sectional studies, it was
decided that the prevalence of VWF, esti-
mated on the basis of a dichotomous variable
(presence or absence of finger blanching
symptoms substantiated by the results of a
cold test), could be a more reliable indicator of
the effect induced by vibration than a subjec-
tive, very rough, continuous variable such as
the latency for VWF.

In this study, vibration exposure was
assessed according to the frequency weighting
and the second power (energy) time depen-
dency procedure included in current stan-
dards.???® It should be recognised that the
frequency weighting curve of these standards
is derived from experiments on the subjective
and biodynamic responses of the hand arm
system to vibration rather than from studies of
chronic dysfunction induced by vibration in
the digital vessels. Moreover, there are insuffi-
cient experimental and epidemiological data
relating the energy time dependency to the
adverse effects of hand transmitted vibration.
Nevertheless, at the present state of knowledge
the use of a frequency weighting based on the
overall frequency dependence of the hand arm
system seems to be acceptable. It has been
pointed out that the energy time dependency
represents a reasonable method for assessing
at the workplace complex vibration exposures
of different magnitudes and durations.?® It
should be also considered that this time
dependency is currently convenient to mea-
sure.

In this study of forestry workers, the
expected prevalence of VWF was found to be
a function of both daily vibration exposure and
lifetime exposure periods. The estimated dose-
response relation between vibration exposure
and VWF showed that if the daily vibration
exposure, A(8), is doubled, the total exposure
duration (number of years) should be halved
to produce an equivalent effect. This time
dependency for cumulative vibration exposure
conforms to that suggested by the British stan-
dard 6842.® Our findings are also consistent
with ISO predictions for low prevalence of
VWF (around 10%). For higher prevalences
of VWF, the magnitude of vibration exposure
estimated by the dose-response relation of this
study tends to diverge from that predicted by
ISO 5349—for example, for a daily eight hour
continuous exposure at 4 m-s~2, ISO predicts
a 30% prevalence of vascular symptoms after
9-2 years of regular vibration exposure v 16-1
years suggested by this study. This may be due
to several reasons, such as the use of different
indices of exposure duration (the mean latency
for the VWF workers in ISO 5349, the lifetime
exposure for the entire worker group in this
study), and the more severe vibration exposure
of the various occupational groups selected to
formulate the ISO dose-response relation
(weighted accelerations between 12 and 28
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Table 8 Duration of exposure (y) for the onset of vibration induced white finger (VWEF) in various percentages of
Sorestry workers according to the vibration exposure levels of the directive Jor physical agents proposed by the Commission of
the European Union (EUC): daily exposure to hand transmitted vibration is expressed in terms of 8 h frequency weighted
energy equivalent acceleration (A(8); see figure legend for the estimated regression equation)

Percentage of forestry workers affected with VWF

A
EUC level (m-s=? rms) 10 20 30 40 50
Threshold 1 225 429 > 45-0 > 45-0 > 450
Action 25 9-2 175 255 333 41-1
Increased risk 3.5% 6:6 12-6 183 240 295
Exposure limit value 5 46 89 129 169 20-8

*Approximated A(8) value for a short term exposure (~ 15 min) to equivalent acceleration of 20 m-s 2.

m-s~2).2122 It is worth noting that similar con-
siderations could be applied to the results of
our recent survey of stone workers exposed to
vibration, in which both the observed preva-
lence of VWF (30-2%) and the estimated daily
vibration exposure (A(8) = 84 m-'s~?) were
higher than those reported in this study of
forestry workers.*> These findings suggest a
revision of the risk estimates for VWF cur-
rently provided by ISO 5349. A new proposal
should take into account the changes in vibra-
tion exposure that occurred in the industry
during the last two decades, as well as the
dose-response data reported in the most
recent epidemiological studies of worker
groups exposed to vibration.*?6-48

The results of this study were also used to
evaluate the suitability of the vibration expo-
sure levels included in the directive for physi-
cal agents proposed by the Commission of the
European Union (EU).* Table 8 reports the
number of years of vibration exposure that are
expected to cause VWF in selected percentiles
of a worker population according to the EU
vibration levels expressed in terms of A(8).
The predicted years of vibration exposure
were estimated by the regression equation
shown in the figure. According to the widely
prevalent opinion among investigators, it
seems that the threshold value of 1 m-s~2 is
adequately protective for most of the workers
occupationally exposed to hand transmitted
vibration.*>® As expected, the lifetime expo-
sure period for the onset of VWF decreases
with increasing daily vibration exposure. Our
data tend to support the various provisions
(technical, administrative, and medical) speci-
fied in the EU directive for vibration exposure
above the action level (2-5 m-'s~2).* The esti-
mated magnitude of the risk of VWF among
workers exposed to eight hour energy equiva-
lent frequency weighted acceleration of 5
m-s~2 indicates that the value of exposure limit
proposed by the EU Commission is not too
conservative.

In conclusion, in this study of VWF among
forestry workers the estimated dose-response
relation suggests a time dependency for cumu-
lative vibration exposure that is consistent with
that proposed by current standards for hand
transmitted vibration.???®* Owing to both the
introduction of preventive measures in forest
work and some major differences in the assess-
ment of vibration exposure, the estimated risk
of VWF in the study population was found to
be lower than that predicted by ISO 5349.%
In accordance with other epidemiological

reports, our findings tend to support the vibra-
tion exposure levels proposed by the EU direc-
tive for physical agents.* 474
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