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exposure–response relationship among vibration-exposed
male workers with numbness of the hands
by Edlund M, Burström L, Gerhardsson L, Lundström R, Nilsson T,
Sandén H, Hagberg M

This study on hand-arm-vibration (HAV)-exposed workers spanned 16
years; exposure dose was assessed for each individual. The study
may contribute to knowledge about an exposure-response
relationship between neurological symptoms and HAV exposure. To
our knowledge, there are no other studies reporting incidence of
numbness in hands among HAV-exposed workers or how it affects
work performance.
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A prospective cohort study investigating an exposure–response relationship 
among vibration-exposed male workers with numbness of the hands 
by Maria Edlund, MD,1 Lage Burström, PhD,2 Lars Gerhardsson, MD,1 Ronnie Lundström, PhD,2  
Tohr Nilsson, MD, 2 Helena Sandén, MD,1 Mats Hagberg MD 1

Edlund M, Burström L, Gerhardsson L, Lundström R, Nilsson T, Sandén H, Hagberg M. A prospective cohort study 
investigating an exposure–response relationship among vibration-exposed male workers with numbness of the 
hands. Scand J Work Environ Health – online first. doi:10.5271/sjweh.3386

Objective   The aim of this study was to investigate the exposure–response relationship of hand-arm vibration 
exposure to neurological symptoms (numbness) of the hand in a cohort of vibration-exposed workers. 
Methods   The baseline cohort comprised 241 office and manual workers with or without exposure to hand-arm 
vibration. Numbness (the symptom or event) in the hand was assessed for all subjects at baseline and follow-ups 
after 5, 10, and 16 years. The workers were stratified into quartiles with no exposure in the first quartile and increas-
ing intensity of exposure in quartiles 2–4 (groups 1–3). Data analysis was performed using survival analysis (time 
to event). Information on cumulative exposure and years of exposure to event was collected via questionnaires. 
Measurements were performed in accordance with the International Organization for Standardization (ISO) 5349-1.
Results   The hazard ratio (HR) of risk of event (numbness) differed statistically significantly between the non-
exposed group (group 0) and the two higher exposure groups (groups 2 and 3). There was also a significant ratio 
difference between the lowest exposure group (group 1) and the two higher groups. The ratio for group 1 was 
1.77 [95% confidence interval (95% CI) 0.96–3.26] compared with 3.78 (95% CI 2.15–6.62) and 5.31 (95% CI 
3.06–9.20) for groups 2 and 3, respectively.
Conclusion   The results suggest a dose–response relationship between vibration exposure and numbness of the 
hands. This underlines the importance of keeping vibration levels low to prevent neurological injury to the hands. 

Key terms   carpal tunnel syndrome; hand-arm vibration; HAV; sensorineural symptom; survival analysis; work 
performance.
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Hand-arm vibration syndrome (HAVS), caused by hand-
arm vibration (HAV), comprises both vascular and 
sensorineural symptoms with occurrence and progress 
seemingly independent of each other (1). Cases of 
HAVS have been reported mainly in countries with 
colder climates but also in tropical regions (2). The 
most evident sensorineural symptoms are tingling and 
numbness of the hand, and it has been tentatively sug-
gested that the earliest symptoms are more likely to be 
neurological, preceding vascular symptoms (3).

Evidence for an exposure–response relationship 
for HAV exposure and neurological (sensorineural) 
symptoms is not very strong (3, 4). There are few lon-
gitudinal studies investigating this relationship and most 

of the reported studies have been cross-sectional (5–7). 
Establishing an exposure–response relationship would 
increase knowledge on vibration exposure and may help 
to avoid or minimize adverse health effects from HAV 
and quantify the risk for a certain exposure level. 

The aim of this study was therefore to investigate 
the exposure–response relationship of HAV exposure 
to neurological symptoms (numbness) of the hand in 
a cohort of vibration-exposed workers. The majority 
of those with HAVS are considered to suffer from 
neurological symptoms, and the main interest in this 
study is for the neurological component of HAVS as 
the vascular disorder has been more extensively inves-
tigated (3, 8).
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Methods

Cohort

The cohort consisted of male manual and office work-
ers at an engineering plant in Sweden (9). Staggered 
start dates were used for the recruitment constituting 
the baseline: 1st recruitment=1 January 1987, 2nd=31 
January 1992. Of a total of 500 office workers, 61 were 
randomly invited from the employee roster to participate 
in the study. Those accepting participation, along with 
all employed 112 manual workers, comprised the cohort 
of 151 subjects in 1987. In 1992 additional subjects were 
invited to participate, resulting in 241 subjects in total, 
of whom 60 were unexposed and 181 exposed (table 
1). Occupations among the manual workers included 
mainly welders, tool grinders, turners and steel platers. 
Occupations among office workers included salespeople, 
managers, engineers, secretaries, and financial clerks. 
Exclusion criteria were age ≥55 years (1987) and use of 
drugs with the potential to affect the nerve system and 
result in neurological symptoms.

Follow-ups were performed in 1992 (for those 
recruited in 1987) and 1997, 2002, and 2008. The cohort 
consisted of 241 subjects in 1992, and there were 220, 
195, and 197 subjects, respectively, at the follow-ups in 
1997, 2002, and 2008. 

Table 1 presents the study population for the differ-
ent years of recruitment and follow-ups, including the 
number of exposed and unexposed subjects, subjects lost 
to follow-up, and returning subjects (10). 

Data collection on symptoms and exposure

Symptoms. An experienced physician performed a stan-
dardized medical examination and interview focusing 
on neuromuscular symptoms and signs of the hand and 
upper extremity in 1987 (N=151), 1992 (N=241), 1997 
and 2008. In 2002, there was no medical examination 
and data was collected via a questionnaire. During each 
follow-up, a questionnaire on symptoms of the hands 
was used. Numbness was defined as loss of sensation in 
the hands and/or fingers and was considered present if 
the subject answered positively to the screening ques-
tion on suffering from numbness in the hand or fingers. 
The question on numbness was linked to a question on 
debut year. In this way it was possible to reach subjects 
who had missed out on a follow-up and then returned 
to the study. Where reported debut year differed on the 
various follow-up occasions, we selected the earliest 
year or the year that was reported most frequently as the 
year of debut. Subjects were also asked to report current 
or previous diagnosis of carpal tunnel syndrome (CTS), 
hand or arm trauma, and whether they considered the 
reported numbness to affect their work performance. 

As previously mentioned, different expressions may 
be used to indicate sensorineural symptoms. However, 
for reasons of simplicity, and in order to secure a better 
response rate, only numbness was used in the study.

Exposure. The total exposure for each subject was 
assessed by collecting information via an interview, a 
questionnaire, and measurements. The workers were 
asked to write down the debut year of exposure, or age at 
first exposure, and how many minutes per day they had 
used vibrating tools, what sort of tools they had used, 
and what kind of work they had performed at the time. 
Leisure-time exposure was included (11).

Measurements were performed during representative 
working cycles. Time of registration varied between 
2–45 minutes due to the length of the working cycle. 
The daily exposure was assessed by observations lasting 
45–180 minutes in total and covering different tasks and 
parts of a working day. The observer noted the type and 
status of the tool (active or passive) and which hand was 
used. About 15 workers, believed to be representative of 
their group, were observed in each follow-up year. The 
surveyed workers mainly used grinders, hammers, and 
die grinders, and the mean vibration intensity (m/s2) was 
5.5 [standard deviation (SD) 1.9], 10 (SD 2.9), and 1.5 
(SD 0.3) respectively (12).

HAV exposure was reported in both time (minutes 
and hours) and acceleration level (m/s2), in accordance 
with International Organization for Standardization 
(ISO) guidelines (13). The cumulative HAV exposure 
dose (unit h × m/s2) was defined as the product of hours 
(h) of exposure and the hand-arm acceleration value 
(m/s2), in accordance with ISO standard 5349-1. The 
cumulative dose until the onset, or event, of numbness 
was then divided by exposure years until the event to 
create an exposure measure for use when categorizing 
the different exposure groups for application in the sur-
vival analysis. This calculated exposure measure will 

Table 1. Study population at baseline a and follow-up, 1987–2008.

Year 1987 a 1992 a 1997 2002 2008

Total (N) 151 241 220 195 197
Exposed 112 181 165 141 146
Unexposed 39 60 55 54 51

Lost to follow-up (N)
Exposed 16 40 35
Unexposed 5 6 9

Returners b (N)
Exposed 8 26
Unexposed 3 2

a Recruitment to the study was staggered (in 1987 and 1992) with 151 
subjects recruited in 1987 and additional 90 subjects in 1992, result-
ing in N=241 in 1992.

b Subjects who were included in 1987 and/or 1992, were lost to follow-
up (1997 or 2002) but returned in 2002 or 2008. They are included in 
total subjects (and exposed or unexposed).
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represent an average intensity before symptom onset. 
For example, a worker using a hand-held tool with a 
vibration exposure level of 2.5 m/s2 [the EU action level 
(9) for a working day of 8 hours, the A(8) value] for 8 
hours (a working day) and for 220 days (approximately 
corresponding to 1 working year) and continuing to do 
so for 5, 10, 15, and 20 years will end up with exposure 
doses of 22 000 h×m/s2 (5 years), 44 000 h×m/s2 (10 
years), 66 000 h×m/s2 (15 years), and 88 000 h×m/s2 
(20 years). These cumulative doses can then be divided 
by exposure years until the event to produce an average 
intensity measure. 

Statistical analysis

Hazard ratios (HR) were computed by Cox regression 
with adjustment for age (14). Time to the event was 
calculated from 18 years of age to the year or age of the 
event (symptom onset). We used the age of 18 because 
that was the average age of work start (mean 18.4; 
median 18.0; standard deviation (SD) 3.8). (The method 
of survival analysis is not exclusively used for the event 
of death, despite the terminology; the application is for 
different events such as development of symptoms or 
remission of tumors). The cumulative survival probabil-
ity for each exposure group was illustrated in a survival 
curve (figure 1). 

A one-way ANOVA with multiple comparisons 
(Tukey) was performed to detect any statistically sig-
nificant differences in 1992 between groups with respect 
to age and alcohol consumption.

All statistical analyses were performed using PASW 
Statistics 18.0 (SPSS Inc, Chicago, IL, USA).

Ethical approval

Informed consent was obtained from each participant. 
The Regional Ethical Committee in the municipality 
of Umea approved the study, which was performed in 
accordance with the ethical standards laid down in the 
1964 Declaration of Helsinki.

Results

Among exposed workers, the cumulative exposure 
dose until the event ranged from 825–107 602 h×m/s2 
(mean 29 060, SD 25 170), and the number of exposure 
years to the event ranged from 3–56 (mean 30, SD 12). 
When stratifying the workers into quartiles based on 
the cumulative exposure dose per exposure years to the 
event (years at risk), the results were: (i) 1st quartile: 
N=60 unexposed subjects, incidence of numbness in the 
hand=10.3 cases of numbness per 1000 person-years at 
risk; (ii) 2nd quartile: N=60, 49–715 h×m/s2, 14.8 per 
1000; (iii) 3rd quartile: N=60, 716–1 962 h×m/s2, 29.8 
per 1000; and (iv) 4th quartile: N=59, 1 963–4 576 h×m/
s2, 37.7 per 1000.

Two subjects were missing from the exposed group. 
There were 65 exposed and 19 unexposed subjects 
reporting debut of numbness before 1987 or between 
any of the follow-up years. The exposure dose until 
the event was then adjusted to the year of the event by 
using the exposure dose recorded at the next scheduled 
follow-up, multiplied by the quota of years to the event 
and years to the recorded exposure dose. However, there 
was no significant difference between these adjusted and 
non-adjusted values. 

Descriptive characteristics of the study sample 
are presented in table 2. The average age was slightly 
higher among the unexposed subjects compared with all 
exposed subjects and each subgroup. The difference for 
age between group 2 and the unexposed (group 0) was 
statistically significant (P=0.002). The groups (groups 
0, 1, 2, and 3) did not differ much regarding weight, 
height and body mass index (BMI). The use of alcohol 
and tobacco was somewhat higher among the exposed 
subjects, especially alcohol in subgroup 2 and tobacco in 
subgroup 3; however, the differences were not statistically 
significant. There was one subject with rheumatic disease 
and one subject with diabetes among both exposed and 
unexposed subjects. There was one subject with thyroid 
disease among the unexposed subjects. 

During the study, there were emerging new cases of 
disease with a possibility for symptoms of numbness 

Figure 1. Survival functions with cumulative survival probability (cum 
survival) for groups with no or different exposure to hand-arm vibrations 
(HAV). The graph illustrates time to event of numbness. (0=unexposed; 
1=low exposure; 2=medium exposure; 3=high exposure).
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other than from HAV. At the end of the study (2008), 
among the unexposed (group 0) there was one new case 
each of diabetes, thyroid disease, stroke, polyneuropathy, 
and an unspecified severe neurological disease. In the 
lowest exposure group (group 1), there was one case 
each of diabetes, alcoholic abuse, polyneuropathy, and an 
unspecified severe neurological disease. In the medium 
exposure group (group 2), there were two cases of thyroid 
disease and one case of diabetes. In the highest exposure 
group (group 3), there were two cases of stroke, two cases 
of diabetes, and one case of thyroid disease. 

The risk of sensorineural symptoms (numbness) 
differed between the groups (tables 3 and 4). The differ-
ence was statistically significant between the unexposed 
group and the two higher exposure groups, and also 
between the lowest exposure group and the two higher 
groups. However, the difference was not statistically 
significant between the unexposed and the lowest expo-
sure group or between the two higher exposure groups. 

A comparison of unexposed and exposed work-
ers with diagnosed CTS (from assessment by physi-
cian/health facility other than those in this study) and 
hand/arm trauma and reporting symptoms of numbness 
(between 1992–2008), showed a higher prevalence 
among exposed workers, especially for numbness affect-
ing work performance (table 5).

Figure 1 presents survival curves of the different expo-
sure groups based on cumulative dose to the event divided 
by exposure years to the event. It shows cumulative sur-
vival probability and time until the event of numbness. 
The outcome is unknown for those subjects who were 
lost to follow-up (censored). Not all subjects presented 
with the outcome before the end of the study. The median 
survival time for the unexposed subjects was 51 years (no 
SD or 95% CI given). For the exposed groups (ie, groups 
1, 2, and 3), the median survival time was 33.0 (SD 3.07, 
95% CI 27.1–39.0), 25.0 (SD 3.74, 95% CI 17.7–32.3), 
and 18.0 years (SD 2.56, 95% CI 13.0–23.0), respectively.

Discussion

This longitudinal cohort study on HAV-exposed work-
ers spanned prospectively 16 years (from 1992) and 
the exposure dose during this time was assessed for 
each individual. The long follow-up and careful expo-
sure assessment give strength to the research. The 
study may be considered an important contribution to 
knowledge about an exposure–response relationship 
between neurological symptoms and HAV exposure. The 
study includes several different workers with different 
work tasks using a variety of tools, which may further 
strengthen the external validity.

In this study we compared different exposure groups 
(stratified into quartiles) to determine whether the amount 
of exposure contributes to developing symptoms. The 
outcome of time to symptom (numbness) onset differed 
between non-exposed subjects in the first quartile and the 
other three exposure groups with a stronger, statistically 
significant, association for the higher exposure groups 
compared with unexposed subjects.

The incidence of neurological symptoms of the 
hand among office workers with no vibration exposure 
reported in this study may seem fairly high. This may be 
explained by an increased awareness of symptoms due 
to participation in the study and their reported symptoms 
may also be milder. Even the incidence of neurological 
symptoms of the hand in vibration-exposed workers 
may be considered unacceptably high. The incidence of 
neurological symptoms was higher than that of vascular 
symptoms in the same cohort previously published (9). 
Numbness in the hand (fingers) has previously been 
reported to be a more common complaint than white 
fingers among HAV-exposed workers (15). The current 
reporting on numbness affecting work performance to a 
larger extent among exposed workers may be an indica-
tion that symptoms among exposed workers are more 

Table 2. Descriptive data on subjects in 1992 (N=241). [BMI=body mass index]

Variable Exposed subjects  
(N=181)

Unexposed subjects 
(N=60)

Total Group 1 Group 2 Group 3 Group 0

N Mean N Mean N Mean N Mean N Mean

Age (years) 39 41 37 a 39 44 a
Weight (kg) 79 78 78 79 80
Height (cm) 179 180 178 178 180
BMI 25 24 25 25 25
Alcohol 40% b (cl/week) 24 17 37 19 17
Cigarette smokers 58 17 19 24 17
Rheumatic disease 1 1
Thyroid disease 0 1
Diabetes 1 1
a Multiple comparisons between groups with respect to age and alcohol use resulted in statistically significant difference for age between group 2 and 

group 0 (P-value 0.002).
b Calculated from total consumption of wine, beer, and spirits (alcohol 40%). (“Strong beer” 1 cl or spirits 0.13 cl; wine 1 cl or spirits 0.3 cl).
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severe and/or that the work requires more demanding 
manual tasks in general. Other explanations such as 
additional effects from psychological mechanisms may 
also be plausible (16). It is further possible that workers 
with high exposure are more aware of signals and symp-
toms from their hands because they know that vibrations 
are potentially harmful. An effect of aging may also be 
a probable explanation for all participants. 

To our knowledge there are no other studies report-
ing incidence of numbness in the hands, and this com-
plicates a comparison to other studies. There are some 
studies reporting on incidence of CTS (17–19). How-
ever, comparisons to these incidences may be difficult 
to interpret. Atroshi et al (17) report incidence of CTS 
in a Swedish general population. Presenting their data 
as US-standardized annual incidence among men, they 
report an incidence of 125 per 100 000 persons. In a 
Dutch general population, the incidence rate for CTS 
was 2.3 cases per 1000 person-years (18). 

The present findings, which suggest that a dose–
response relationship exists, match the results of similar 

previous longitudinal studies showing evidence for a 
dose–response relationship between HAV exposure and 
neurological (sensorineural) impairment of the hand (4, 
20, 21). However, this relationship has been unclear and 
has not yet been fully established (3). Bovenzi requests 
prospective cohort studies to establish this relation-
ship. (3). We believe that the present study may be an 
important contribution to our knowledge in this area. A 
healthy worker effect among the two groups of higher 
exposed workers may be a cautious explanation as to 
why the difference between these groups is not statisti-
cally significant.

HAV-exposed workers often experience tingling and 
numbness in their fingers (22). These symptoms can be 
intermittent or have a short duration if caused by the 
vibrations per se. However, the associated question on 
the debut year of symptoms may give stronger credibil-
ity to our findings. The concept of numbness in the hand 
can be defined as an absence or loss of tactile sensation 
and may be associated with other symptoms like prick-
ling or burning sensations, even though this may not be 
the only relevant definition. Patients can easily interpret 
symptoms differently or may have another definition for 
the symptom, which may confuse the picture of how 
common the HAVS is (23). 

The exposure may not be entirely limited to vibration 
but may also include ergonomic factors like power grip 
and repetitive hand-wrist movements (3).

Limitations

Some of the subjects in the present study were lost to 
follow-up (Table 1), also there was a long time between 
follow-ups, when subjects were asked about their symp-
toms of numbness, which may have resulted in recall 
bias. On the other hand, we had several follow-ups in 
order to reach those subjects lost at one follow-up. This 
gave subjects several opportunities to recall debut of 
symptoms. The subjects who were lost to follow-up(s) 
as well as the returners were analyzed for age and expo-
sure, however, they did not differ from those who were 
not lost to follow-up(s) (10). 

During the study period, there were emerging new 
cases of disease with the potential to cause numbness. 
The number of cases was between three and five new 
cases in each group and thus did not vary much. In order 
to keep as many workers as possible in the study and to 
avoid decreased power in the analyses these cases were 
not excluded. 

The symptom of numbness in the hand is associ-
ated with both HAVS and CTS, and is therefore useful 
as an outcome (response) measure for neurological 
impairment as it shows the relationship between dose 
of exposure and response. The neurological symptoms 
of HAVS and CTS are very alike and often impossible 

Table 3. Data on event of numbness for all groups. Subjects 
were divided into exposure groups based on cumulative dose to 
the event, divided by exposure years to the event (h × m/s2 per 
exposure years) [95% CI=95% confidence interval].

N Event Censored P-  
value 

Ratio 95% CI

Group 0 a 60 22 38 1
Group 1 60 22 38 0.065 1.77 0.964–3.26
Group 2 60 36 24 0.000 3.78 2.15–6.62
Group 3 59 40 19 0.000 5.31 3.06–9.20
a Unexposed

Table 4. Data on event of numbness for groups 1, 2, and 3. 
Exposure groups based on cumulative dose to the event divided 
by exposure years to the event (h × m/s2 per exposure years). 
[95% CI=95% confidence interval]

P-value Ratio 95% CI

Group 1 1
Group 2 0.009 2.05 1.20–3.52
Group 3 0.000 2.91 1.73–4.92

Table 5. Number of subjects reporting diagnosed a carpal tunnel 
syndrome (CTS), hand/arm trauma and/or numbness affecting 
work performance among all 120 subjects who reported symp-
toms of numbness between 1992 and 2008.

Variable CTS Hand/arm  
trauma

Numbness affecting 
work performance 

Unexposed workers 0 1 3
Exposed workers 7 4 30
a Diagnosed from assessment by physician/health facility other than 

those in present study.
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to tell apart (4). Though it may be somewhat unspecific, 
it is important to investigate the impact of HAV on 
neurological symptoms as it appears that sensorineural 
symptoms or injuries are more resistant to improvement 
than are vascular disorders after cessation of exposure 
to HAV (24, 25).

Concluding remarks

The results show statistically significant differences in 
ratio between unexposed individuals and individuals 
with higher exposure as well as between the lower expo-
sure group and the higher exposure groups, suggesting 
that a dose–response relationship exists between vibra-
tion exposure and numbness of the hands. This under-
lines the importance of keeping vibration levels low to 
prevent neurological injuries to the hands. 
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