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Introduction

Long-term exposure to whole-body vibration (WBV) in 
professional drivers of machines and/or vehicles used in 
industry, agriculture/forestry, and public utilities is associated 
with an excess risk for back symptoms and disorders of the 
lumbar tract of the spine1, 2).  Epidemiological studies and 
reviews have reported a higher occurrence of low back pain 
(LBP), herniated disc and early degeneration of the spine in 
the exposed drivers than in either worker groups unexposed 
to WBV or the general population1, 3–5).  Driving of vehicles 
involves not only exposure to harmful WBV but also to sev-
eral ergonomic risk factors which can affect the spinal system, 
such as prolonged sitting and awkward postures.  Moreover, 
some driving occupations involve heavy lifting and manual 
handling activities (e.g. drivers of delivery trucks), which are 
known to strain the lower part of the back.  Individual charac-
teristics (e.g. age, body mass, and smoking) and psychosocial 
factors are also suggested as potential predictors for LBP6).  It 
follows that injuries in the lower back of professional drivers 
may be considered a complex of health disorders of multifac-
torial origin involving both occupational and non-occupational 
stressors.

The European (EU) Directive on mechanical vibration7) 
provides qualitative and quantitative guidance to protect work-
ers against the risks arising from exposure to vibration at 
work.  In the EU Directive, WBV is defined as ‘the mechani-

cal vibration that, when transmitted to the whole body, entails 
risks to the health and safety of workers, in particular lower-
back morbidity and trauma of the spine’.  Quantitative require-
ments for WBV are in the form of “daily exposure action 
value” and “daily exposure limit value”, which are expressed 
in terms of either eight-hour energy-equivalent frequency-
weighted root-mean-square (r.m.s.) acceleration (A(8) in ms–2 
r.m.s.) or Vibration Dose Value (VDV in ms–1.75).  The highest 
(r.m.s.) value, or the highest VDV of the frequency-weighted 
acceleration (aw), determined in three orthogonal axes (1.4aw,x, 
1.4aw,y, aw,z for a seated or standing worker), are to be used 
for the evaluation of exposure severity.  For WBV, the action 
value, that is the exposure value above which the employer 
must implement technical, administrative and medical surveil-
lance measures for the protection of workers from risks to 
their health and safety, is set at either A(8) 0.5 ms–2 r.m.s. or 
VDV 9.1 ms–1.75.  The exposure limit value, that is the expo-
sure value which shall never be exceeded, is set at either A(8) 
1.15 ms–2 r.m.s. or VDV 21 ms–1.75.

The national laws of European countries have, in general, 
adopted A(8) as the preferred measure of daily exposure to 
WBV.  It has been argued that A(8), compared with VDV, may 
underestimate the adverse health effects of WBV in presence 
of transient vibration, shocks, or repetitive shocks.  Moreover, 
the choice of a single (highest) vibration axis to calculate A(8) 
or VDV has been debated, since multi-axis vibration (vector 
sum) might be more appropriate for certain types of machines 
or vehicles with comparable vibration in two or more axes.

The aim of this prospective cohort study was to investigate 
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the relation between alternative measures of daily vibration 
exposure and the occurrence of LBP outcomes over time in 
a group of Italian professional drivers who were free from 
LBP at baseline.  The drivers were recruited in a four-year 
research project entitled “Risks of Occupational Vibration 
Injuries” (VIBRISKS) and funded by the EU Commission8).  
VIBRISKS is a European research project which seeks to 
improve understanding of the risk of injury from occupational 
exposures to mechanical vibration by means of epidemiologi-
cal studies supported by fundamental laboratory research.

Subjects and Methods

Study population
The VIBRISKS project included a work package devoted 

to epidemiological studies of the adverse effects of WBV on 
musculoskeletal system.  Researchers from four European 
countries were involved in WBV epidemiological work (Italy, 
Sweden, the Netherlands, United Kingdom).  In Italy, the 
study population included all male professional drivers (n=628) 
employed in several industries (marble quarries, marble labo-
ratories, dockyards, paper mills) and public utilities (garbage 
services, public transport) located in various Provinces of 
Italy.  The rate of participation in the initial cross-sectional 
survey in the calendar period October 2003 to February 2004 
was 95.2% (n=598).  In this longitudinal study, the incidence 
of LBP, daily vibration exposure, and other work-related risk 
factors were investigated in a cohort of 202 drivers who were 
not affected with LBP in the previous 12 months at the initial 
survey.  Of these, 110 subjects participated in two follow-
up investigations carried out in the same calendar periods in 
2004–2005 and 2005–2006.  Owing to either organisational 
problems due to time schedules at the workplace or opposi-
tion by the employers, 92 drivers could participate in one-year 
follow-up survey solely. 

Written informed consent to the study was obtained from 
employers and employees at each company. 

A minimum of one year of professional driving in the cur-
rent job was established as the basic criterion for the inclusion 
of drivers in the study population. 

Table 1 reports the distribution of the study population 
by industry and machinery.  Drivers were divided into three 

groups according to the machines and/or vehicles more fre-
quently used in their work activities: earth-moving machines 
in marble quarries and laboratories for Group A, fork-lift 
trucks in marble laboratories, dockyards and paper mills for 
Group B, buses in public transport and garbage machines in 
public services for Group C.

Interview and LBP outcomes
The drivers were interviewed by certified occupational 

health personnel who were trained to administer a structured 
questionnaire developed within the VIBRISKS project9, 10).  
For this purpose, specific meetings were organised to test the 
method of administration of the questionnaire to workers. 

The questionnaire consisted of five major sections which 
have been described in detail in our previous paper11).  Briefly, 
in addition to items on the subject’s personal characteristics (age, 
height, weight, smoking and drinking habits, education, mari-
tal status, physical activity, and annual car driving), the ques-
tionnaire requested information on occupational history in the 
current and previous companies with details about job titles, 
duration of employment, types of machines or vehicles driven, 
daily and cumulative duration of driving on specific machine 
or vehicle, physical load during a typical working day (walking 
and standing, sitting, non-neutral postures, lifting), and aspects 
related to psychosocial factors at work (job decision, job sup-
port from supervisors or co-workers, job satisfaction).  LBP 
was investigated using a modified version of the Nordic ques-
tionnaire on musculoskeletal symptoms12). 

LBP was defined as pain or discomfort in the low back area 
between the twelfth ribs and the gluteal folds (indicated in 
a figure), with or without radiating pain in one or both legs, 
lasting one day or longer in the previous 7 d and the previ-
ous 12 months.  Workers who reported LBP were requested to 
answer to additional questions concerning duration, frequency, 
pain radiation, pain intensity and disability, health care use 
because of symptoms, treatment (e.g. anti-inflammatory drugs 
or physical therapy), and sick leave due to symptoms in the 
previous 12 months. 

Pain intensity in the last 12 months was rated on an 
11-point scale, where 0 is “no pain at all” and 10 is “pain as 
bad as it could be” according to the Numerical Rating Scale 
(NRS) method13). 

Disability due to the last episode of LBP in the previous 
12 months was measured by means of the Roland and Morris 
(R&M) disability scale14).  The workers were requested to 
answer 24 questions concerning daily life activities which 
were impaired by LBP, such as standing up, walking, bending, 
getting dressed, getting out of a chair, etc.  A disability scale 
score for each worker suffering from LBP in the previous 12 
months was obtained by summing up the number of disability 
conditions experienced by the affected worker.

In this study the outcome was LBP in the previous 12 
months treated as a three-level ordinal scale response variable 
expressed in terms of duration of LBP (0, 1–6, ≥ 7 d), pain 
intensity (NRS score: 0, 1–5, 6–10), and disability (R&M 
scale score: 0, 1–12, 13–24).

Measurement and assessment of daily vibration exposure
Vibration measurements were made on representative sam-

ples of industrial machines and vehicles (n=68) used by the 

Table 1.   Distribution of the professional drivers with no low back 
pain in the previous 12 months at baseline, by industry and machin-
ery (n=202)

Group N Industry Machine/vehicle 

A 49 Marble quarries
Marble laboratories

Earth-moving machines (wheel 
loader, excavator, rock crusher) 
Articulated dumper 
Off-road car

B 67 Marble laboratories
Dockyards
Paper mills

Fork-lift truck
Track-type loader
Freight-container tractor
Mobile crane

C 86 Public utilities
Public transport

Garbage truck
Garbage compactor
Bus
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professional drivers.  Vibration was measured at the driver-
seat interface during actual operating conditions according to 
the recommendations of the International Standard ISO 2631-1 
(1997) and the VIBRISKS protocol15, 16).  Details of the 
vibration measurements and sampling procedures are reported 
elsewhere11, 17).

From one-third octave band frequency spectra (1–80 Hz) 
recorded from x-, y-, and z-directions, frequency-weighted 
accelerations (aw,x, aw,y, aw,z) were obtained by using the 
weighting factors suggested in ISO 2631-116).

Vibration signals were averaged by using the root-mean-
square (r.m.s.) method and the root-mean-quad (r.m.q.) meth-
od. 
The r.m.s. value is given by:

The r.m.q. value is given by:

The root-sums-of-squares (sometimes referred to as the ‘vector 
sum’ or ‘total value’, aws) of the r.m.s. acceleration values 
for each machine or vehicle was calculated according to the 
following formula:

aws = (1.4a2
w,x + 1.4a2

w,y + a2
w,z)

1/2 (Eq. 1)

The root-sums-of-quads (awq) of the r.m.q. values for each 
machine or vehicle was calculated as:

awq = (1.4a4
w,x + 1.4a4

w,y + a4
w,z)

1/4 (Eq. 2)

For each operator, questionnaire data, information obtained by 
interviewing employees and employers, and company records 
were used to estimate daily and weekly exposure to WBV 
expressed in driving hours.  In addition, samples of driving 
activities were monitored by a digital chronometer.  Details 
of the sampling method to estimate the actual duration of 
vibration exposure during a typical workday are reported 
elsewhere17).

Daily vibration exposure was expressed in terms of 8-h 
energy-equivalent frequency-weighted r.m.s. acceleration mag-
nitude (A(8)) according to the EU Directive on mechanical 
vibration7):

A(8) = (∑awi(rms)
2.tdi/T(8))

1/2    (ms–2 r.m.s.) (Eq. 3)

where awi(rms) is the weighted r.m.s. acceleration of vehicle i, 
tdi is daily driving hours on vehicle i, and T(8) is a reference 
duration of 8 h. 

In Eq. (3), awi(rms) was included as either aws (Eq. 1), 
(A(8)sum), or the highest value of the frequency-weighted r.m.s. 
accelerations determined on three orthogonal axes, (A(8)max), 
as required by the EU Directive7).

Daily vibration exposure was also expressed in terms of 
vibration dose value (VDV):

VDV = awi(rmq).(tdi.60.60)1/4    (ms–1.75) (Eq. 4)

where awi(rmq) is the weighted r.m.q. acceleration of vehicle i, 
and tdi is daily driving hours on vehicle i. 

In Eq. (4), awi(rmq) was included as either awq (Eq. 2), 
(VDVsum), or the highest value of the frequency-weighted r.m.q. 
accelerations determined on three orthogonal axes, (VDVmax), 
as required by the EU Directive7).

Physical and psychosocial load factors
A combined approach consisting of both direct observation 

of working conditions and the subject’s self-assessment dur-
ing the interview was used to evaluate the physical load in the 
professional drivers.  Photographs and videos were taken at 
the workplace to analyse drivers’ postures during a working 
day.

A perceived physical work load index was calculated from 
eleven questions including standing and walking at work, 
prolonged sitting other than when driving, bending forward, 
twisting, driving with back bent forward or twisted, digging 
and shoveling, working with arms raised and hand above 
shoulder, lifting loads > 15 kg, and lifting with trunk bent or 
twisted.  Heavy physical work was graded by rating the fre-
quency of manual activities on a 3-point response scale (e.g. 
lifting loads > 15 kg with trunk bent and twisted: “not at all”, 
“1–10 times”, “more than 10 times”).  Awkward postures were 
graded by rating the duration of each posture on a 4-point 
time scale (“never”, “less than 1 h”, “1–2 h”, “more than 
2 h”).  A mean value of physical load variables over a typi-
cal working day was calculated for each subject.  In the total 
sample, the average perceived physical load index was divided 
into quartiles (q) which were assumed to correspond to four 
grades of increasing physical load: 1st q=mild load grade, 2nd 
q=moderate load grade, 3rd q=hard load grade, 4th q=very 
hard load grade. 

A measure of perceived psychosocial work environment 
was derived from five questions concerning job decision (three 
questions), job support (one question), and job satisfaction (one 
question)18).  Job decision and job support were measured on 
a 4-point scale (“often”, “sometimes”, “seldom”, “never/almost 
never”), as well as job satisfaction (“very satisfied”, “satis-
fied”, “dissatisfied”, “very dissatisfied”).  The mean value of 
psychosocial load variables was calculated for each subject, 
and in the total sample the new measure of perceived psy-
chosocial work environment was categorised into quartiles of 
increasing psychosocial load: 1st q=good work environment; 
2nd q=reasonable work environment; 3rd q=a little poor work 
environment; 4th q=poor work environment.

Data analysis
The statistical analysis of data was performed with the Stata 

software, version 10.1 (Stata Corporation, 2008).  Continuous 
variables were summarised with the mean as a measure of 
central tendency and the standard deviation (SD) as a measure 
of dispersion. 

Comparisons between independent groups were made with 
the Kruskall Wallis one-way analysis of variance.  Differences 
between categorical data cross-tabulated into contingency 
tables were tested by the χ 2 statistic. 

The associations between LBP (ordinal) outcomes and indi-
vidual- and work-related risk factors were assessed by ran-
dom-intercept ordered logistic regression analysis to account 
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for the within-subject dependency of the observations over 
time (gllamm procedure in Stata)19).  Proportional odds ratios 
(ORs) and 95% confidence intervals (95% CI) were estimated 
from the logistic regression coefficients and their standard 
errors.  The assumption of proportional odds ratios of the pre-
dictor variables across response categories was checked with 
the Stata program gologit2.

Random-intercept ordinal logistic regression analysis was 
performed with a transition model, in which the outcome 
variable for subject i at time-point t (Yit) was related to the 
value(s) of independent variable(s) k for subject i at time-
point t – 1 (Xikt – 1), and to the value of the outcome variable 
Y for subject i at time-point t – 1 (Yit – 1), i.e. the values of 
the predictors and the outcome at one measurement earlier.  It 
is assumed that a transition model (also called autoregressive 
or Markov model) takes into account the temporal sequence 
of cause and effect and ‘captures’ the longitudinal part of the 
relationship20).

Both exposure variables and confounding factors entered the 
logistic model as time-dependent categorical covariates, except 
for age at entry which was included as a time-independent 
continuous variable.  All models included a linear term for 
time effect.  Interactions between covariates were assessed by 
adding appropriate product terms to the logistic models.  The 
significance of additional variables in the models was tested 
by the likelihood ratio (LR) chi-square statistic.  The same 
statistic was used to test for trend (χ 2, 1 degree-of-freedom, 
df) assigning the means of the log of the individual vibration 
exposures as scores for the exposure categories.  The magni-
tude of the LR statistic was used to assess the ‘importance’, 
in statistical terms, of the alternative measures of daily vibra-
tion exposure for the prediction of the outcome.

Results

Vibration measurements
Table 2 reports the mean (SD) values of the frequency-

weighted r.m.s. accelerations measured at the driver-seat inter-
faces on the machines and vehicles used by the professional 
drivers.  The z-axis (vertical) weighted acceleration was the 
dominant directional component of vibration measured in most 
of the machines and vehicles.  In marble quarries, the vibra-
tion total value (aws) of the weighted r.m.s. accelerations aver-
aged 0.57 to 0.69 ms–2 r.m.s. in earth moving machines, and 0.5 
to 1.1 ms–2 r.m.s. in transport vehicles.  The lower aws values 
were measured on garbage machines (0.29–0.31 ms–2 r.m.s.), 
on mobile cranes used in marble laboratories (0.32 ms–2 r.m.s.), 
and on buses (0.34 ms–2 r.m.s.).  The average aws measured 
on the fork-lift trucks used in marble laboratories (1.1 ms–2 
r.m.s.) was two to three times greater than those measured on 
the fork-lift trucks driven in dockyards (0.54 ms–2 r.m.s.) and 
paper mills (0.37 ms–2 r.m.s.).  This finding may be ascribed 
to differences in vehicle design and power, items to be lifted, 
operating conditions, and seat quality between the fork-lift 
trucks used in the various industries.

To evaluate the impulsiveness of WBV generated by the 
machines and vehicles driven by our workers, the crest factor 
(i.e. the ratio of the maximum istantaneous peak value of the 
frequency-weighted acceleration signal to its r.m.s. value) was 
calculated.  According to ISO 2631-116), a crest factor > 9 
suggests that vibration may contain shocks or transients.  In 
this study, the crest factors varied from 5.1 to 12.5 for earth-
moving machines, 5.9 to 9.8 for fork-lift trucks, 3.5 to 5 for 
garbage machines, and 3 to 4 for buses.

Characteristics of the driver groups
At the initial survey, the three driver groups were well 

comparable for several characteristics such as age, body 
mass index, drinking habit, marital status, education, physical 
activity, and annual car driving (Table 3).  Current smokers 
were more prevalent among fork-lift truck drivers (Group B).  
Seniority in current job was greater in the drivers of earth-
moving machines (Group A), while previous jobs with WBV 
exposure were more frequent in the drivers employed in pub-

Table 2.   Frequency-weighted root-mean-square (r.m.s.) acceleration magnitude (aw) of whole-body vibration measured in the x-, 
y-, and z-directions on the seat of industrial machines and transport vehicles (aw,x, aw,y, aw,z)

Sector Machine/vehicle Number of 
vehicles 

measured

Frequency-weighted acceleration magnitude 

aw,x

(ms–2 r.m.s.)
aw,y

(ms–2 r.m.s.)
aw,z

(ms–2 r.m.s.)
aws

(ms–2 r.m.s.)

Marble quarries Wheel loader  7 0.21 (0.04) 0.25 (0.06) 0.35 (0.09) 0.57 (0.11)
Marble quarries Excavator  4 0.24 (0.10) 0.20 (0.10) 0.52 (0.11) 0.69 (0.19)
Marble quarries Rock crusher  1 0.07 (0.01) 0.07 (0.02) 0.66 (0.07) 0.67 (0.12)
Marble quarries Articulated dumper  1 0.14 (0.04) 0.18 (0.10) 0.38 (0.12) 0.50 (0.15)
Marble quarries Off-road car  1 0.33 (0.08) 0.38 (0.09) 0.85 (0.10)  1.1 (0.11)

Marble laboratories Mobile crane  5 0.06 (0.01) 0.07 (0.02) 0.29 (0.06) 0.32 (0.06)
Marble laboratories Fork-lift truck  8 0.30 (0.03) 0.28 (0.07) 0.95 (0.12)  1.1 (0.10)

Paper mill Fork-lift truck 11 0.11 (0.02) 0.11 (0.02) 0.30 (0.05) 0.37 (0.04)
Dockyard Fork-lift truck  8 0.20 (0.08) 0.15 (0.06) 0.40 (0.14) 0.54 (0.17)
Dockyard Track-type loader  3 0.29 (0.15) 0.30 (0.15) 0.49 (0.26) 0.76 (0.39)
Dockyard Freight-container tractor  1 0.16 (0.01) 0.21 (0.01) 0.57 (0.03) 0.68 (0.03)

Public utilities Garbage truck  5 0.10 (0.02) 0.10 (0.02) 0.24 (0.03) 0.31 (0.03)
Public utilities Garbage compactor  1 0.08 (0.02) 0.12 (0.06) 0.21 (0.02) 0.29 (0.05)

Public transport Bus 12 0.07 (0.02) 0.09 (0.04) 0.30 (0.09) 0.34 (0.10)

The vibration total value of frequency-weighted r.m.s. accelerations (aws) is calculated according to International Standard ISO 2631-1 
(1997). Data are given as means (SD).
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lic utilities (Group C).  Perceived physical work load was 
more severe in the drivers of Group A and B than in those of 
Group C (p<0.01), while these latter experienced poor psy-

chosocial work environment more frequently than the other 
two driver groups (p<0.01).

Daily vibration exposure in terms of driving hours was, 

Table 3.   Individual characteristics, daily vibration exposure, physical and psychosocial risk 
factors in the professional drivers with no low back pain in the previous 12 months at baseline 
(n=202) 

Drivers

Group A 
(n=49)

Group B
(n=67)

Group C 
(n=86)

Total sample
(n=202)

Age (yr) 41.3 (9.9) 40.1 (9.9) 41.0 (8.3) 40.8 (9.2)

Height (cm) 176 (7.2) 176 (7.2) 176 (7.2) 176 (7.2)

Weight (kg) 80.6 (11.1) 79.4 (14.8) 81.6 (10.5) 80.6 (12.2)

BMI (kg/m2) 26.1 (3.3) 25.7 (4.5) 26.4 (3.0) 26.1 (3.6)

Smoking                                never
ex-smokers

current smokers

19 (38.8) 
13 (26.5) 
17 (34.7)

24 (35.8) 
9 (13.4) 

34 (50.8)

47 (54.7) 
17 (19.8) 

22 (25.6)a

90 (44.6) 
39 (19.3) 
73 (36.1)

Drinking (units/wk)                      0
1–3
4–6

18 (36.7) 
24 (14.3) 
7 (14.3)

23 (34.3) 
30 (44.8) 
14 (20.9)

41 (47.7) 
29 (33.7) 
16 (18.6)

82 (40.6) 
83 (41.1) 
37 (18.3)

Married 37 (75.5) 38 (56.7) 55 (64.0) 130 (64.4)

Education                               ≤6 yr
7–12 yr 
>12 yr

5 (10.2) 
31 (63.3) 
13 (26.5)

5 (7.5) 
43 (64.2) 
19 (28.4)

4 (4.7) 
56 (65.1) 
26 (30.2)

14 (6.9) 
130 (64.4) 
58 (28.7)

Physical activity: 
never/almost never

1–2 per wk
≥3 per wk

28 (57.2) 
13 (26.5) 
8 (16.3)

39 (58.2) 
15 (22.4) 
13 (19.4)

46 (53.5) 
26 (30.2) 
14 (16.3)

113 (56.0) 
54 (26.7) 
35 (17.3)

Car driving (km/yr)             <8,000
8–24,000
>24,000

13 (26.5) 
32 (65.3) 

4 (8.2)

19 (28.4) 
38 (56.7) 
10 (14.9)

29 (33.7) 
51 (59.3) 

6 (7.0)

61 (30.2) 
121 (59.9) 

20 (9.9)

Previous jobs with 
WBV exposure 

11 (22.5) 16 (23.9) 53 (61.3)b 80 (39.6)

Previous job with 
heavy physical load 

10 (20.4) 18 (26.9) 10 (11.6) 38 (18.8)

Job seniority (yr) 14.4 (11.1) 11.3 (8.9) 9.8 (8.3)d 11.4 (9.4)

Daily driving time (h) 5.6 (2.8) 5.2 (2.3) 6.06 (0.6)c 5.7 (1.9)

A(8)sum (ms–2 r.m.s.) 0.55 (0.18) 0.43 (0.15) 0.32 (0.05)d 0.41 (0.16)

A(8)max (ms–2 r.m.s.) 0.37 (0.13) 0.34 (0.14) 0.26 (0.03)d 0.32 (0.11)

VDVsum (ms–1.75) 11.4 (3.3) 11.2 (4.1) 6.6 (1.2)d 9.3 (3.8)

VDVmax (ms–1.75) 10.0 (3.3) 10.8 (4.1) 5.9 (0.5)d 8.5 (3.7)

Perceived physical work load: 
mild

moderate
hard

very hard 

5 (10.2) 
13 (26.5) 
16 (32.7) 
15 (30.6)

8 (11.9) 
9 (13.4) 

21 (31.4) 
29 (43.3)

39 (45.4) 
27 (31.4) 
14 (16.3) 

6 (6.9)b

52 (25.7) 
49 (24.3) 
51 (25.3) 
50 (24.7)

Perceived psychosocial
work environment: 

good (score 5) 
reasonable (score 6–10) 

a little poor (score 11–15) 
poor (score 16–20)

29 (59.2) 
13 (26.5) 
5 (10.2) 
2 (4.1)

23 (34.3) 
15 (22.4) 
21 (31.3) 
8 (11.9)

5 (5.8) 
15 (17.4) 
25 (29.1) 

41 (47.7)b

57 (28.2) 
43 (21.3) 
51 (25.3) 
51 (25.3)

Data are given as means (SD) or numbers (%). See text for the definition of the measures of daily 
vibration exposure (A(8), VDV).

χ 2 test: ap<0.05; bp<0.01. Kruskal Wallis test: cp<0.05; dp<0.01.
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on average, higher in Group C than in Group B (p=0.03), 
but the estimated A(8) and VDV (both highest axis and sum-
mation over axes) were greater in Groups A and B than in 
Group C (0.001<p<0.05).  Over the follow-up period, there 
were no significant changes in the mean values of daily expo-
sure duration, A(8) and VDV, in all driver groups (results 
not shown).  However, when the measures of daily vibration 
exposure were divided into tertiles, about 72% of the drivers 
showed no change in their exposure category over the follow-
up period, while 10% moved down to a lower tertile category 
(i.e. reduced exposure), and 18% moved up to a higher tertile 
category (i.e. increased exposure).

Incidence of LBP outcomes
In the entire study population, the cumulative incidence of 

LBP over the follow up period was 38.6% (Table 4).  The 
incidence of high pain intensity (NRS score>5) and severe dis-
ability (R&M scale score>12) was 16.8 and 14.4%, respective-
ly.  Although the incidences of duration of LBP, pain intensity 
and disability in the lower back were higher in Group A and 
B than in Group C, the differences were not significant (p=0.07 
to 0.68). 

LBP outcomes and individual- and work-related risk factors
In the entire sample, the risk of LBP outcomes tended to 

increase with age, although not significantly (Table 5).  After 
adjusting for covariates, there were no associations between 
LBP outcomes and several individual characteristics (e.g. 
smoking and drinking habit, education, marital status).  Over 
the follow-up period, the incidence of LBP outcomes was 
higher in the drivers of earth-moving machines and fork-
lift trucks than in those employed in public utilities, but the 
increase in the proportional ORs was not significant.  Previous 
jobs with exposure to either WBV or heavy physical demands 
were not associated with LBP outcomes over time.  Body 

mass index was inversely related to the duration of LBP 
and pain intensity in the lower back (p<0.05), while regular 
physical activity was protective against disability (p=0.014).  
There was a strong association between all forms of LBP and 
perceived physical load at work: the magnitude of the propor-
tional ORs for the incidence of LBP increased significantly 
with the increase of the severity of physical demands.  In the 
driver population, perceived psychosocial work environment 
and psychosomatic symptoms were not associated with the 
development of LBP over the follow-up period.

LBP outcomes and measures of daily vibration exposure
In the entire study population, there were significant dif-

ferences in the crude distribution of the cumulative incidence 
of LBP outcomes across the measures of daily vibration 
exposure divided into tertiles, mainly for VDVsum (Table 6).  
After adjustment for individual characteristics, physical and 
psychosocial risk factors, psychosomatic symptoms, survey 
time, and LBP outcomes at one time earlier, random-intercept 
logistic regression analysis (transition model) showed signifi-
cant associations between the various forms of LBP outcomes 
and nearly all measures of daily vibration exposure, except 
for A(8)max (Table 7).  A statistical test revealed that the final 
models did not violate the assumption of proportional odds of 
the predictors across all cut-off points of the response vari-
ables (mild or severe LBP vs no LBP, severe LBP vs mild or 
no LBP).  Test for trends and the pattern of the proportional 
ORs showed that VDV tended to give better predictions for 
LBP outcomes than A(8), for both measures derived from the 
highest axis (VDVmax vs A(8)max) and measures calculated 
from summation over axes (VDVsum vs A(8)sum).  Duration 
of daily exposure to WBV was also associated with LBP out-
comes, although to a lesser extent than VDVsum for duration 
of LBP and pain intensity.  There was evidence for a strong 
influence of prior episodes of low back complaints on the 

Table 4.   Cumulative incidence of low back pain (LBP) outcomes over the follow up period in 
the professional drivers with no LBP in the previous 12 months at baseline

Outcome Drivers

Group A 
(n=49)

Group B
(n=67)

Group C 
(n=86)

Total sample
(n=202)

LBP in the previous 12 months 23 (46.9) 25 (37.3) 30 (34.9) 78 (38.6)

Duration of LBP in the previous 12 
months (days)

0
1–6

≥7

26 (53.1)
14 (28.5)
9 (18.4)

42 (62.7)
15 (22.4)
10 (14.9)

56 (65.1)
20 (23.3)
10 (11.6)

124 (61.4)
49 (24.2)
29 (14.4)

Pain intensity in the previous 12 
months (numerical scale score)

0
1–5

6–10

26 (53.1)
13 (26.5)
10 (20.4)

42 (62.7)
12 (17.9)
13 (19.4)

56 (65.1)
19 (22.1)
11 (12.8)

124 (61.4)
44 (21.8)
34 (16.8)

Disability due to the last episode of 
LBP  (Roland & Morris disability 
scale score)

0
1–12

13–24

27 (55.1)
14 (28.6)
8 (16.3)

44 (65.7)
9 (13.4)

14 (20.9)

61 (70.9)
18 (20.9)

7 (8.1)

132 (65.3)
41 (20.3)
29 (14.4)

Data are given as numbers (%).
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Table 5.   Association between LBP (ordinal) outcomes over the follow up period (duration of 
LBP, pain intensity, disability) and individual- and work-related factors in the professional 
drivers with no LBP at baseline (n=202) 
Proportional odds ratios (OR)* and 95% confidence intervals (95%CI) are estimated by random-
intercept ordered logistic regression (transition model) to account for the within-subject correlation 
between repeated measures. The likelihood ratio (LR) statistic for the predictors is shown.

Factors Duration of LBP Pain intensity Disability 

OR (95%CI) OR (95%CI) OR (95%CI)

Age (yr)
<35 

35–45
>45

LR statistic (χ 2, 2 df)

1.0 (-)
0.88 (0.39–1.97)
1.37 (0.60–3.15)

1.29 (p=0.53)

1.0 (-)
1.13 (0.24–5.24)
1.85 (0.40–8.64)

0.89 (p=0.64)

1.0 (-)
1.17 (0.33–4.14)
1.72 (0.45–6.52)

0.76 (p=0.68)

Driving occupation
Group C
Group B
Group A 

LR statistic (χ 2, 2 df)

1.0 (-)
1.18 (0.53–2.63)
1.44 (0.61–3.42)

0.76 (p=0.68)

1.0 (-)
1.87 (0.37–9.52)
2.70 (0.42–17.5)

1.52 (p=0.47)

1.0 (-)
3.00 (0.57–15.9)
3.51 (0.54–22.6)

3.31 (p=0.19)

BMI (kg/m2)
<24 

24–27 
>27

LR statistic (χ 2, 2 df) 

1.0 (-)
0.62 (0.29–1.33)
0.35 (0.15–0.81)

9.50 (p=0.009)

1.0 (-)
0.49 (0.18–1.30)
0.27 (0.09–0.82)

6.34 (p=0.042)

1.0 (-)
0.40 (0.10–1.56)
0.38 (0.10–1.42)

2.96 (p=0.23)

Smoking
no smoking 
ex-smoker 

current smoker 

LR statistic (χ 2, 2 df)

1.0 (-)
0.65 (0.27–1.56)
1.18 (0.59–2.36)

1.71 (p=0.42)

1.0 (-)
1.20 (0.21–6.70)
1.89 (0.47–7.55)

0.92 (p=0.63)

1.0 (-)
1.03 (0.22–4.78)
1.55 (0.46–5.23)

0.59 (p=0.74)

Drinking (units/wk)
0 

1–3 
4–6

LR statistic (χ 2, 2 df) 

1.0 (-)
0.75 (0.38–1.50)
0.74 (0.30–1.87)

0.76 (p=0.68)

1.0 (-)
1.0  (0.29–3.48)
0.83 (0.15–4.50)

0.05 (p=0.97)

1.0 (-)
1.32 (0.42–4.17)
1.05 (0.23–4.78)

0.25 (p=0.88)

Married
no

yes

LR statistic (χ 2, 1 df)

1.0 (-)
0.98 (0.47–2.04)

0.01 (p=0.96)

1.0 (-)
1.40 (0.31–6.28)

0.21 (p=0.65)

1.0 (-)
0.84 (0.26–2.76)

0.08 (p=0.79)

Education (yr)
≤6 

7–12 
>12

LR statistic (χ 2, 2 df) 

1.0 (-)
1.23 (0.30–4.98)
1.36 (0.32–5.86)

0.45 (p=0.80)

1.0 (-)
0.91 (0.20–4.17)
0.69 (0.02–35.1)

1.30 (p=0.52)

1.0 (-)
0.66 (0.05–9.28)
0.90 (0.06–14.4)

0.32 (p=0.85)

Physical activity
never/almost never 

1–2 per wk
≥3 per wk 

LR statistic (χ 2, 2 df)

1.0 (-)
1.38 (0.63–2.99)
0.45 (0.15–1.31)

4.78 (p=0.09)

1.0 (-)
1.30 (0.62–2.73)
0.46 (0.18–1.22)

4.20 (p=0.12)

1.0 (-)
1.36 (0.63–2.94)
0.28 (0.09–0.83)

8.56 (p=0.014)

Car driving (km/yr)
<8,000

8–24,000
>24,000

LR statistic (χ 2, 2 df)

1.0 (-)
1.39 (0.64–3.03)
1.13 (0.55–2.31)

0.11 (p=0.95)

1.0 (-)
1.44 (0.39–5.27)
1.08 (0.30–3.94)

0.15 (p=0.93)

1.0 (-)
1.16 (0.33–4.14)
0.87 (0.27–2.88)

0.05 (p=0.97)

Previous jobs with
WBV exposure                        no 

yes

LR statistic (χ 2, 1 df)

1.0 (-)
0.93 (0.47–1.84)

0.04 (p=0.84)

1.0 (-)
0.98 (0.31–3.16)

0.09 (p=0.76)

1.0 (-)
0.63 (0.23–1.75)

1.04 (p=0.31)
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occurrence of subsequent LBP outcomes (ORs 3.2 to 13.4 for 
prior duration of LBP, 3.3 to 5.3 for prior pain intensity, and 
4.1 to 8.8 for prior disability, all p-values <0.001), (results not 
shown).  There were no significant interactions between daily 
vibration exposure, physical load, and psychosocial environ-

ment, and between these work-related risk factors and previ-
ous LBP when appropriate product terms were included in the 
transition models.

Table 5.   (continued)

Factors Duration of LBP Pain intensity Disability 

OR (95%CI) OR (95%CI) OR (95%CI)

Perceived physical work load
 mild 

moderate 
hard 

very hard 

LR statistic (χ 2, 3 df)

1.0 (-)
1.44 (0.57–3.68)
3.21 (1.28–8.09)
3.13 (1.22–7.99)

9.64 (p=0.022)

1.0 (-)
1.58 (0.63–3.97)
2.73 (1.12–6.70)
2.71 (1.07–6.84)

8.54 (p=0.035)

1.0 (-)
1.64 (0.62–4.32)
2.97 (1.16–7.57)
3.93 (1.47–10.5)

9.92 (p=0.019)

Perceived psychosocial
work environment

good 
reasonable

a little poor
poor

LR statistic (χ 2, 3 df)

1.0 (-)
0.87 (0.45–1.65)
1.28 (0.63–2.59)
1.31 (0.65–2.65)

3.17 (p=0.37)

1.0 (-)
0.79 (0.41–1.52)
1.41 (0.70–2.82)
1.29 (0.64–2.59)

3.78 (p=0.29)

1.0 (-)
0.68 (0.35–1.32)
0.75 (0.36–1.55)
1.16 (0.57–2.36)

2.89 (p=0.41)

Psychosomatic symptoms 
in the previous 7 days 

no
yes

LR statistic (χ 2, 1 df)

1.0 (-)
1.92 (0.97–3.81)

5.0 (p=0.08)

1.0 (-)
2.12 (0.78–5.79)

3.77 (p=0.15)

1.0 (-)
1.67 (0.65–4.27)

2.78 (p=0.10)

*Adjusted by age at entry, survey time, and LBP (ordinal) outcomes at one time earlier.

Table 6. Cumulative incidence of LBP (ordinal) outcomes over the follow-up period (duration of LBP, pain intensity, disability) by measures 
of daily vibration exposure in the professional drivers with no LBP in the previous 12 months at baseline (n=202)

Measures of daily 
vibration exposure

Duration of LBP (d/yr) Pain intensity score Disability score

0 1–6 ≥7 0 1–5 6–10 0 1–12 13–24

N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%)

Daily driving time (h)
<5 

5–6
>6 

46 (67.7)
42 (57.5)
36 (59.0)

13 (19.1)
22 (30.1)
14 (23.0)

 9 (13.2)
 9 (12.3)
11 (18.0)

46 (67.7)
42 (57.5)
36 (59.0)

13 (19.1)
19 (26.0)
12 (19.7)

 9 (13.2)
12 (16.4)
13 (21.3)

49 (72.1)
48 (65.8)
35 (57.4)

14 (20.6)
16 (21.9)
11 (18.0)

 5 (7.4)
 9 (12.3)
15 (24.6)

A(8)sum (ms–2 r.m.s.)
<0.3 

0.3–0.4
>0.4 

45 (64.3)
31 (45.6)
48 (75.0)

16 (22.9)
24 (35.3)
 9 (14.1)

 9 (12.9)
13 (19.1)
 7 (10.9)

45 (64.3)
21 (45.6)
48 (75.0)

18 (25.7)
19 (27.9)
 7 (10.9)

 7 (10.0)
18 (26.5)
 9 (14.1)c

52 (74.3)
32 (47.1)
48 (75.0)

14 (20.0)
18 (26.5)
 9 (14.1)

 4 (5.7)
18 (26.5)
 7 (10.9)c

A(8)max (ms–2 r.m.s.) 
<0.25 

0.25–0.30
>0.30 

36 (53.7)
41 (56.9)
47 (74.6)

20 (29.9)
20 (27.8)
 9 (14.3)

11 (16.4)
11 (15.3)
 7 (11.1)

36 (53.7)
41 (56.9)
47 (74.6)

18 (26.9)
20 (27.8)
 6 (9.5)

13 (19.4)
11 (15.3)
10 (15.9)

40 (59.7)
45 (62.5)
47 (74.6)

17 (25.4)
16 (22.2)
 8 (12.7)

10 (14.9)
11 (15.3)
 8 (12.7)

VDVsum (ms–1.75)
<6.5 

6.5–10.5
>10.5 

48 (72.7)
33 (46.5)
43 (66.2)

11 (16.7)
27 (38.0)
11 (16.9)

 7 (10.6)
11 (15.4)
11 (16.9)b

48 (72.7)
33 (46.5)
43 (66.2)

13 (19.7)
22 (31.0)
 9 (13.9)

 5 (7.6)
16 (22.5)
13 (20.0)b

53 (80.3)
36 (50.7)
43 (66.2)

 9 (13.6)
21 (29.6)
11 (16.9)

 4 (6.1)
14 (19.7)
11 (16.9)b

VDVmax (ms–1.75)  
<6.0

6.0–9.1
>9.1 

46 (69.7)
36 (49.3)
42 (66.7)

13 (19.7)
24 (32.9)
13 (17.8)

 7 (10.6)
13 (17.8)
 9 (14.3)

46 (69.7)
36 (49.3)
42 (66.7)

14 (21.2)
21 (28.8)
 9 (14.3)

 6 (9.1)
16 (21.9)
12 (19.1)a

51 (77.3)
39 (53.4)
42 (66.7)

11 (16.7)
19 (26.0)
11 (17.5)

 4 (6.1)
15 (20.6)
10 (15.9)a

Data are given as numbers (row percentages). See text for the definition of the measures of daily vibration exposure (A(8)sum, A(8)max, VDVsum, 
VDVmax).
ap<0.05; bp<0.01; cp<0.005.
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Discussion

The frequency-weighted acceleration magnitudes of vibra-
tion measured on the machines and vehicles of this survey 
are similar to those reported in recent and past investiga-
tions1, 3, 8, 21–26).  Overall, the root-sums-of-squares of the r.m.s. 
accelerations (aws) and the root-sums-of-quads of the r.m.q. 
values (awq) measured on the vehicles of the various compa-
nies ranged 0.24 to 1.21 (mean 0.54) ms–2 r.m.s. and 0.44 to 1.69 
(mean 0.76) ms–2 r.m.q., respectively.  The most severe axis 
acceleration ranged 0.20 to 0.95 (mean 0.41) ms–2 r.m.s. and 
0.41 to 1.48 (mean 0.70) ms–2 r.m.q.. Paired data comparison 
showed that the difference between multi-axis acceleration (aws 
or awq) and the most severe axis acceleration was highly sig-

nificant (p<0.001). 
In this study, we have estimated daily vibration exposure (A(8) 

and VDV) including in Eqs. (3) and (4) different measures 
of frequency-weighted acceleration magnitude (aws and the 
highest r.m.s. acceleration to calculate A(8)sum and A(8)max, 
respectively; awq and the highest r.m.q. acceleration to calcu-
late VDVsum and VDVmax, respectively).  In each driver group 
of this study, A(8)sum and VDVsum were significantly greater 
than A(8)max and VDVmax, respectively (p<0.001).  Since 
most of the European countries have adopted A(8)max as the 
basic indicator for the assessment of daily vibration exposure, 
it is a matter of concern that in the entire driver population 
A(8)max showed the weakest associations with LBP outcomes 
compared with the other measures of daily exposure to WBV.  

Table 7.   Association between LBP (ordinal) outcomes over the follow-up period (duration of 
LBP, pain intensity, disability) and alternative measures of daily vibration exposure in the pro-
fessional drivers with no LBP in the previous 12 months at baseline (n=202) 
Proportional odds ratios (OR)* and 95% confidence intervals (95%CI) are estimated by random-
intercept ordered logistic regression (transition model) to account for the within-subject correlation 
between repeated measures. The likelihood ratio (LR) statistics for the measures of daily vibration 
exposure are shown. See text for the definition of the measures of daily vibration exposure (A(8)sum, 
A(8)max, VDVsum, VDVmax).

Models for the measures of 
daily vibration exposure

Duration of LBP Pain intensity Disability

OR (95%CI) OR (95%CI) OR (95%CI)

Model 1: Daily driving time (h)
<5 

5–6
>6

LR statistic (χ 2, 2 df)
LR test for trend (χ 2, 1 df)

1.0 (-)
1.28 (0.62–2.61)
2.13 (1.07–4.21)

5.28 (p=0.071)
3.87 (p=0.049)

1.0 (-)
1.46 (0.55–3.88)
2.75 (0.85–8.95)

6.05 (p=0.049)
4.60 (p=0.032)

1.0 (-)
2.12 (0.65–6.94)
6.23 (1.50–25.9)

14.7 (p=0.0006)
11.8 (p=0.0006)

Model 2: A(8)sum (ms–2 r.m.s.) 
<0.3 

0.3–0.4
>0.4 

LR statistic (χ 2, 2 df)
LR test for trend (χ 2, 1 df)

1.0 (-)
2.32 (1.22–4.44)
1.64 (0.82–3.29)

8.88 (p=0.012)
2.95 (p=0.086)

1.0 (-)
2.38 (1.24–4.55)
1.79 (0.89–3.60)

9.72 (p=0.008)
3.92 (p=0.048)

1.0 (-)
4.08 (1.31–12.7)
2.58 (0.94–7.05)

18.5 (p=0.0001)
5.43 (p=0.020)

Model 3: A(8)max (ms–2 r.m.s.)
 <0.25 

0.25–0.30
>0.30 

LR statistic (χ 2, 2 df)
LR test for trend (χ 2, 1 df)

1.0 (-)
2.19 (1.13–4.25)
1.58 (0.82–3.03)

5.60 (p=0.061)
1.04 (p=0.31)

1.0 (-)
1.70 (0.89–3.26)
1.51 (0.79–2.86)

2.97 (p=0.23)
1.10 (p=0.29)

1.0 (-)
1.73 (0.88–3.40)
1.56 (0.81–3.00)

3.02 (p=0.22)
1.29 (p=0.26)

Model 4: VDVsum (ms–1.75)
<6.5 

6.5–10.5
>10.5 

LR statistic (χ 2, 2 df)
LR test for trend (χ 2, 1 df)

1.0 (-)
2.84 (1.42–5.68)
2.70 (1.27–5.71)

10.3 (p=0.006)
4.86 (p=0.028)

1.0 (-)
3.22 (1.61–6.44)
3.05 (1.43–6.50)

12.9 (p=0.0016)
6.34 (p=0.012)

1.0 (-)
6.45 (1.53–27.1)
5.74 (1.27–25.9)

16.5 (p=0.0003)
7.51 (p=0.006)

Model 5: VDVmax (ms–1.75)
<6.0 

6.0–9.1
>9.1 

LR statistic (χ 2, 2 df)
LR test for trend (χ 2, 1 df)

1.0 (-)
2.79 (1.39–5.58)
2.44 (1.16–5.15)

9.30 (p=0.0095)
2.61 (p=0.11)

1.0 (-)
3.17 (1.59–6.36)
2.77 (1.31–5.88)

11.9 (p=0.0025)
3.47 (p=0.06)

1.0 (-)
4.94 (1.39–17.5)
4.14 (1.12–15.3)

14.2 (p=0.0008)
4.16 (p=0.041)

*Adjusted by individual characteristics, physical and psychosocial risk factors, psychosomatic symp-
toms, survey time, and LBP (ordinal) outcomes at one time earlier.
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The EU Directive on mechanical vibration7) has established 
daily exposure action values of either A(8)max 0.5 ms–2 r.m.s. 
or VDVmax 9.1 ms–1.75 to reduce the risks from WBV at the 
workplace.  In this study, 23 drivers (11.4%) were exposed 
to A(8)max greater than the daily exposure action value of 
0.5 ms–2 r.m.s., while this figure increased to 48 drivers 
(23.8%) when the action value was expressed in terms of 
A(8)sum, and to 65 drivers (32.2%) when the action value was 
expressed as VDVmax (Table 8).  Of those exposed to VDVmax 
> 9.1 ms–1.75, there were 30 drivers of earth-moving machines 
(61.2% of Group A), 35 drivers of fork-lift trucks (52.2% of 
Group B), and none among drivers of public utility vehicles 
(Group C).  As a result, in our study 21% of the drivers 
would be excluded from prevention programmes if A(8)max, 
instead of VDVmax, was chosen as the preferred measure of 
daily vibration exposure.  A greater number of drivers (n=80, 
39.6%) would be eligible for compulsory health surveillance 
if VDV (see Eq. 4) was estimated on the basis of summation 
over axes (VDVsum).  To support the opinion that health sur-
veillance should not be limited to workers exposed to A(8)max 
> 0.5 ms–2 r.m.s., Figure 1 shows that the cumulative inci-
dence of 12-month LBP, high pain intensity and disability in 
the lower back of our professional drivers tended to increase 
progressively from A(8)max to VDVsum for daily vibration 
exposure greater than the action values established by the EU 
Directive.

The findings of this prospective cohort study suggest that 
healthy professional drivers with regular daily vibration expo-
sure are at risk of developing low back symptoms over a two-
year follow-up period.  There are few longitudinal studies of 
WBV exposed workers in the available literature.  In a series 
of retrospective cohort studies of disability and long term sick 
leave due to back disorders in Dutch crane operators and trac-
tor drivers, the incidence of all back disorders and lumbar 
disc disorders was greater in the WBV exposed groups than 
in unexposed controls27–29).  In a German study, the four-year 
incidence of ‘lumbar syndrome’ in 111 WBV exposed workers 
with no low back symptoms at baseline varied from 46% in 
the low exposure group to 67% in the high exposed group30).  

In the VIBRISKS survey conducted in the Netherlands, the 
one-year incidence of LBP in a cohort of 229 WBV exposed 
operators was estimated around 25%31, 32).  In our cohort 
study, the cumulative incidence of 12-month LBP over a two-
year follow up period ranged from 35% in the driver group 
with lower WBV exposure (public utility vehicles) to 47% 
in the group with higher exposure (earth-moving machines).  
Differences in LBP incidence between studies may be due 
to several factors, among which sample sizes, length of the 
follow-up period, and magnitude of vibration exposures.

In this study, multivariate data analysis showed that mea-
sures of daily vibration exposure averaged according to the 
fourth power method (i.e. VDV) performed better for the 

Table 8.   Distribution of the drivers according to the action values for daily vibration 
exposure established by the EU Directive on mechanical vibration
Data are given as numbers (%). See text for the definition of the measures of daily vibration 
exposure (A(8)sum, A(8)max, VDVsum, VDVmax). 

Measures of daily 
vibration exposure

Drivers

Group A 
(n=49)

Group B
(n=67)

Group C 
(n=86)

Total sample
(n=202)

A(8)max (ms–2 r.m.s.)
<0.5
>0.5

39 (79.6)
10 (20.4)

54 (80.6)
13 (19.4)

 86 (100)
0 (0)

179 (88.6)
 23 (11.4)

A(8)sum (ms–2 r.m.s.)
<0.5
>0.5

20 (40.8)
29 (59.2)

48 (71.4)
19 (28.4)

 86 (100)
0 (0)

154 (76.2)
 48 (23.8)

VDVmax (ms–1.75)
<9.1
>9.1

19 (38.8)
30 (61.2)

32 (47.8)
35 (52.2)

 86 (100)
0 (0)

137 (67.8)
 65 (32.2)

VDVsum (ms–1.75)
<9.1
>9.1

14 (28.6)
35 (71.4)

31 (46.3)
36 (53.7)

77 (89.5)
 9 (10.5)

122 (60.4)
 80 (39.6)

Fig. 1.   Cumulative incidence of 12-month low back pain (LBP), 
high pain intensity (Numerical Rating Scale (NRS) score > 5), and 
disability due to the last episode of LBP in the previous 12 months 
(Roland and Morris (R&M) disability scale score > 12) in the pro-
fessional drivers according to measures of daily vibration expo-
sure dichotomised at the daily exposure action values established 
by the Directive of the European Union on mechanical vibration. 
A(8)max (highest axis) and A(8)sum (root-sum-of-squares) are the 8-h 
energy-equivalent frequency-weighted acceleration magnitude in ms–2 
r.m.s., respectively. VDVmax (highest axis) and VDVsum (root-sum-of-
quads) in ms–1.75 are the vibration dose value, respectively.
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prediction of LBP outcomes than measures which assume a 
second power time dependency (i.e. A(8)).  Test for trends 
and the pattern of the proportional odds ratios suggest that 
exposure-response relationships were more evident when 
WBV exposure was expressed in terms of VDVsum or VDVmax 
rather than A(8)sum or A(8)max, respectively.  The fourth power 
averaging procedure (r.m.q.), compared with the second power 
averaging method (r.m.s.), increases the severity of vibration 
containing peaks or shocks.  In this study, the magnitude of 
the crest factors of vibration generated by the machinery sug-
gests that the drivers of earth-moving machines and fork-lift 
trucks were exposed to impulsive vibration to a greater extent 
than drivers of public utility vehicles.  Considering that LBP 
outcomes were more severe in the drivers of heavy machines, 
it is not unexpected that exposure-response relationships are 
more likely to emerge from measures of vibration exposure 
which include frequency-weighted r.m.q. acceleration rather 
than r.m.s. acceleration.

Duration of daily exposure to WBV also provided good 
indications of the risk for LBP outcomes over time.  This 
finding is consistent with those reported in other epidemio-
logical studies31, 33, 34).  In the Dutch study of the VIBRISKS 
project31), daily exposure duration was significantly associated 
with driving-related LBP (i.e. LBP during or immediately 
after driving a vehicle), and, to a lesser extent, with 12-month 
LBP over one-year follow-up period.  By contrast, the Dutch 
authors did not observe significant associations with other 
measures of daily vibration exposure.  These findings may 
suggest that more importance should be given to daily expo-
sure duration in the current standards and directives for the 
protection of workers against the adverse health effects of 
WBV. 

In this study, a physical work load index, derived from 
combining manual materials handling and awkward postures, 
was a significant predictor of all LBP outcomes.  The excess 
risk for duration of LBP, pain intensity and disability tended 
to increase with the increase of physical load grade.  These 
findings are consistent with those of several epidemiological 
studies, reviews and meta-analyses which concluded that there 
is strong evidence for a positive relationship between (low) 
back disorders and lifting loads, frequent trunk bending and 
twisting, and WBV exposure at workplace1, 4, 5, 31, 35).  This 
view is also supported by the findings of experimental inves-
tigations which showed that non-neutral trunk postures can 
combine with seated WBV exposure to increase the risk of 
degenerative changes in the spine21, 23, 36).

This study showed no clear evidence of an association 
between LBP outcomes and work-related psychosocial factors.  
Our findings of a weak association between work-related 
psychosocial factors and LBP outcomes over time seems to 
reflect the contradictory picture emerging from the review of 
the scientific literature on the subject.  Some authors reported 
that low workplace social support, low job satisfaction, and 
low job decision latitude are risk factors for musculoskeletal 
disorders (back pain included), even though the magnitude 
of this evidence varied across different studies and study 
designs4, 6, 37).  To the contrary, a systematic review of 40 
prospective cohort studies found insufficient evidence for posi-
tive association between LBP and the aforementioned psy-
chosocial risk factors at work38).  The authors pointed out the 

heterogeneity of the reviewed studies, mainly with reference 
to the different definitions of LBP and psychosocial factors 
used in the various investigations, the variety of instruments to 
collect exposure and outcome data, and the lack of standardi-
sation for the metric used to quantify psychosocial variables.  
In the light of these major methodological problems, and con-
sidering that the possible aetiological mechanisms are poorly 
understood, the reviewers concluded that randomness for the 
associations reported in some studies cannot be excluded. 

This study has some limitations.  Quantification of duration 
of daily exposure to WBV may be difficult because recall bias 
cannot be ruled out when daily driving time is estimated by 
means of questionnaire or direct interview of employees and 
employers.  To reduce, at least partially, this bias, a survey 
was conducted in the field to compare subjective estimates 
of daily exposure duration with objective measurements of 
actual driving time during typical working days17).  Systematic 
observations of the variability of work tasks over a one-week 
period indicated that drivers tended to overestimate the dura-
tion of their actual exposure to WBV in the range 5 to 13% 
(mean 11%).  This finding is broadly consistent with the 
results of a national survey in Great Britain which showed a 
good agreement between reported and observed duration of 
exposure to WBV in a sample of drivers of industrial and 
agricultural machines (median ratio of reported to observed 
time: 1.1, interquartile range: 1.0 to 1.2)39).  A further uncer-
tainty in the estimation of daily vibration exposure may arise 
because vibration measurements were made on currently avail-
able machines or vehicles, even though a limited number of 
vibration measurements were also performed on old machin-
ery, mainly in dockyards.  However, it was mentioned above 
that the weighted r.m.s. acceleration magnitude of vibration 
measured in the vehicles of the present study are comparable 
with those published in other reports1, 3, 8, 21–26). 

Longitudinal studies involving outcomes and exposure vari-
ables that vary over time may be affected by feedback bias: 
drivers with LBP may modify their exposure to WBV40).  
Although the sample of this study included drivers not affect-
ed with LBP at baseline, this potential bias cannot be exclud-
ed.  Information on driving activities gathered from repeated 
interviews of the drivers did not reveal substantial changes in 
exposure associated with the onset of LBP during the follow-
up period.  Moreover, transition modelling of data did not 
show significant interactions between measures of vibration 
exposure and previous episodes of low back symptoms, sug-
gesting that feedback bias, if any, should not have affected the 
exposure-response relationships observed in this study.

Conclusions

In this longitudinal study of professional drivers, alterna-
tive measures of daily vibration exposure were found to be 
associated with the risk of developing LBP over time.  Data 
analysis with a transition model, which takes into account the 
temporal sequence between cause and effect and captures the 
longitudinal part of the relationship, suggested that measures 
of daily vibration exposure averaged according to the fourth 
power method (VDVsum or VDVmax) were better predictors of 
LBP outcomes over time than measures which assume a sec-
ond power time dependency (A(8)sum or A(8)max).  A simple 
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measure of duration of daily exposure to hazardous vibration 
also provided good predictions of the risk for LBP.  Physical 
work load, but not psychosocial environment, was significantly 
associated with the occurrence of LBP outcomes over time.
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