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Abstract

Objectives—To investigate the local and
central pathophysiological mechanisms
involved in the acute effects of unilateral
vibration on the digital circulation of
healthy men.

Methods—Finger blood flow (FBF) and
finger skin temperature (FST) in ther-
moneutral conditions, and the percentage
change in finger systolic pressure (FSP%)
after local cooling from 30 to 10°C were
measured in the fingers of both hands in
eight men (aged 23-47 years) who were
not occupationally exposed to hand trans-
mitted vibration. The right hand was
exposed for 30 minutes to sinusoidal
vibration with a frequency of 125 Hz and
an acceleration of 875 m-s~? rms (root
mean square). A control condition con-
sisted of exposure to static load only (10
N) without vibration. The measures of
digital circulation were taken before
exposure to vibration and static load and
at 0, 30, 60, and 90 minutes after the end
of each exposure.

Results—Exposure to static load caused
no significant changes in FBF, FST, or
FSP% in either the test right or the con-
trol left finger. Immediately after vibra-
tion exposure, there was a temporary
increase in FBF in the vibrated right fin-
ger, whereas the non-vibrated left finger
showed no vasodilation. In both the
vibrated and non-vibrated fingers, FBF
and FST were significantly reduced dur-
ing the recovery time. A large variability
between subjects was found for FBF and,
to a lesser extent, for FST. In the vibrated
right hand the decrease in FBF was sig-
nificantly related to cold induced vaso-
constriction in the digital vessels. Such a
relation was not found in the non-
vibrated left hand.

Conclusions—The results of this investi-
gation suggest that acute vibration can
disturb the function of digital vessels
through two different and opposite mech-
anisms. Vibration seems to produce local
vasodilation and to trigger a central sym-
pathetic reflex vasoconstriction that can
be recorded in the ipsilateral and the con-
tralateral finger to vibration. Both local
and central vasoconstrictor mechanisms
are likely to be involved in the responsive-
ness to cold found in the digital vessels of a
vibrated finger.

(Occup Environ Med 1995;52:834-841)

Keywords: acute vibration; digital vasoconstriction;
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Occupational exposure to vibration from hand
held powered tools can give rise to a vasospas-
tic disorder in the fingers commonly called
vibration induced white finger (VWEF).
Nosologically, VWF is a secondary form of
Raynaud’s phenomenon. The finger blanching
attack is caused by episodic spasm of the digital
blood vessels usually triggered by cold expo-
sure. The condition seems to be predomi-
nantly functional in character,’ even though
structural changes in the vessel wall, such as
medial muscular hypertrophy and perivascular
fibrosis, have been reported in histological
studies of the digital arteries of patients with
severe VWF.? Obstructive organic lesions in
finger arteries do not seem to be present in
mild and moderate cases of VWF.!? The epi-
demiological evidence of the reversibility of
white finger symptoms after the end of vibra-
tion exposure tends to support the view that
VWF is a functional disorder, at least at an
early stage.*

The pathogenesis of VWF is still obscure.
Central sympathetic reflex mechanisms,
locally mediated mechanisms, or a combina-
tion of both have been invoked to explain the
nature of the primary lesion in VWF.2%¢

Among the several factors implicated in the
development of VWF, the characteristics of
hand transmitted vibration exposure (magni-
tude, frequency, direction, duration) seem to
play a prominent part in the aetiology of the
temporary and permanent pathophysiological
changes found in the digital vessels of the
exposed workers.” Exposure to acute vibration
has been used in experimental studies with
both humans and animals to elucidate the
mechanisms underlying the adverse effects of
hand transmitted vibration on digital blood
circulation.®'* This type of study may be diffi-
cult to conduct because the physiology of digi-
tal circulation is complex and influenced by
individual and environmental variables.! '
Furthermore, careful control of the experi-
mental conditions is needed to interpret how
changes in the digital haemodynamics depend
on some of the characteristics of hand trans-
mitted vibration.'’

The aim of this study was to investigate the
vascular response to unilateral vibration in the
fingers of healthy men. A vibration frequency
of 125 Hz was used as this frequency is repre-
sentative of several occupational exposures
associated with high occurrence of VWF.”®
The effect of vibration on finger skin tempera-
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ture and finger blood flow in thermoneutral
conditions, and on finger systolic pressure
after local cooling was compared with that
induced by a control condition consisting of
exposure to static load without vibration. As
well as the relations between finger blood flow,
finger skin temperature, and finger systolic
pressure, the local and central pathophysiolog-
ical mechanisms involved in the acute effects
of vibration on digital circulation were also
investigated.

Methods

SUBJECTS

Eight male subjects, aged 23 to 47 (mean
31-4) years, participated in the study. Personal
characteristics, general medical condition, and
health of the fingers were determined for each
man. All were non-smokers and none had
been occupationally exposed to hand transmit-
ted vibration. The subjects read a list of med-
ical contraindications and gave informed
written consent to the study.'® Each subject
was asked not to consume coffee or alcohol for
at least two hours before the tests. The volume
and area of the index and ring fingers of both
hands for each subject were determined by
treating the cross section of each finger as an
ellipse.” The length of the finger and the
depth and width of the proximal interpha-
langeal joint were measured with vernier cal-
lipers to an accuracy of 0-5 mm. The volume
and surface area of the finger were then calcu-
lated.

ASSESSMENT OF DIGITAL CIRCULATORY
FUNCTION

Finger blood flow and finger systolic pressure
were measured by strain gauge plethys-
mography with the Digitmatic DM2000
(Medimatic A/S, Copenhagen). Finger blood
flow (ml 100 ml-! - min™') was obtained by
a venous occlusion technique. A pneumatic
cuff, placed around the proximal phalanx of
the index finger of both hands, was instanta-
neously inflated to a pressure of 60 mm Hg
and volume signals were recorded with mer-
cury in silastic strain gauges placed at the base
of the finger nails. Before the venous occlusion
pressure was applied, the finger was lifted and
gently squeezed to allow venous outflow. For
calibration, an electrical signal was used that
corresponded to a voltage change of 1% that
equalled a change in finger volume of 1% (1
ml blood per 100 ml tissue). The venous
occlusion plethysmographic recordings were
interpreted according to the criteria of
Greenfield et al.*® Three to five plethysmo-
graphic recordings of arterial inflow were
made on each measurement session and the
median value was taken.

Finger skin temperature (°C) was recorded
by thermocouples attached by adhesive tape to
the dorsal surface of the midphalanx of the
same digits in which finger blood flow was
measured. The thermocouples were con-
nected to signal conditioning and to a personal
computer running data acquisition and analysis
software so as to measure the temperature to
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an accuracy of 0-5°C. The room temperature
was measured by a free thermocouple con-
nected to the same system.

Finger systolic pressure (mm Hg ) was mea-
sured during local cooling to 30 and 10
(£1)°C with a digit cooling system connected
to the strain gauge plethysmograph. The cold
test was performed by the method of Nielsen
and Lassen.?! A double inlet plastic cuff (3 x9
cm) for both air filling and water perfusion was
placed around the midphalanx of the ring finger
of both hands. An air filled cuff (2-5%9 cm)
was also applied on the proximal phalanx of
the same fingers for ischaemia during cooling.
The air cuff was pressurised to a suprasystolic
level (210 mm Hg) and the water cuff was per-
fused with water initially at 30°C and then at
10°C. After five minutes of ischaemic cooling,
the reopening pressure of the digital arteries
was measured by strain gauge plethysmogra-
phy. Systolic blood pressure in the upper arm
(mm Hg) was then recorded by a plethysmo-
graphic technique with a standard cuff
(12 x 33 cm). The percentage change of finger
systolic pressure from 30 to 10°C (FSP%),
adjusted for changes in arm systolic pressure
during the cold test, was calculated according
to the following formula:

FSP% = ((FSP3—FSPy.) - 100)/(FSP3— (ASP3,—ASP),.)) (%)

where FSP,, and ASP,,. are the finger systolic
pressure and arm systolic pressure respectively
measured after five minutes ischaemia at
30°C, and FSP,,- and ASP,,. are the finger sys-
tolic pressure and arm systolic pressure
respectively measured after cooling to 10°C
for five minutes. Therefore, an increase in
FSP% means cold induced digital vasocon-
striction. Table 1 gives a list of the abbrevia-
tions for the measures of digital circulation
cited in the text.

EXPERIMENTAL PROCEDURE

The investigation was conducted in a labora-
tory with mean (SD) air temperature of 24-4
(0-7) °C. Subjects wore light clothing and sat
in an upright position on an adjustable chair,
the hands and forearms being positioned on a
table at about the level of the heart. After 20
minutes of acclimatisation, finger blood flow
(FBF) was measured in the index finger of
both hands. The cold test was then performed
simultaneously on the ring finger of both
hands followed by plethysmographic measure-
ment of ASP. Subjects were then asked to
place their right (test) hand facing downward
on a wooden surface (100 mm X 100 mm)
attached to the table of a Derritron VP4 elec-
trodynamic vibrator. Figure 1 shows that a
Kulite force cell was located between the
vibrator and the wooden surface so as to

Table 1 Measures of digital circulation performed during
the investigation

FBF = finger blood flow (ml - 100ml-' - min™)
FST = finger skin temperature (°C)

FSP = finger systolic pressure (mm Hg)

DPI = digital pressure index (%)

FSP% percentage change in finger systolic pressure after

local cooling from 30 to 10°C (%)
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Figure 1 Arrangement for generation of vibration and control of contact force.

measure the downward force exerted by the
hand. An Entran accelerometer was mounted
on the underside of the wooden surface. All
five fingers of the test hand were in contact
with the wooden surface, but the left (control)
hand was positioned palm downward on a
table. Visual feedback through an analogue
meter allowed a constant downward force of
10 N to be maintained by the right hand of the
subject. Vibration was then produced in the
vertical direction for 30 minutes at a frequency
of 125 Hz and a root mean square (rms) accel-
eration of 87-5 m-s~? (unweighted). This cor-
responds to a frequency weighted acceleration
of 112 m-s? (rms) according to the
International Standard ISO 5349 and the
British Standard BS 6842.222° Daily exposure
to this magnitude of vibration for eight years
would give rise to a 10% prevalence of VWF
according to ISO 5349 and BS 6842. Finger
blood flow was measured again immediately
after vibration and at 30, 60, and 90 minutes
after the end of the vibration exposure. It was
not practicable to measure finger blood flow in
the exposed hand during exposure to vibration
because of the difficulty in obtaining plethys-
mographic tracings of acceptable quality. The
cold test was performed at 15, 30, and 60 min-
utes after vibration. Finger skin temperature
and room temperature were recorded through-
out the investigation with measurements taken
before provocation, every five minutes during

Table 2 Mean (SEM) values for the digital circulatory measures performed during four
consecutive days in 20 healthy men at room temperature of 24°C (10 were tested in the
vascular laboratory of Trieste (Italy), and the remaining 10 in that of Southampton

(UK)
Laboratory
Repeated ANCOVA

Time Trieste Southamp

Variable (day) (mn=100 (n=10) Source  Fratio df P value

FST (°C) 1 30-0 (0-2) 30:7(02) T 225 3 0-093
2 30-1 (0-2) 31-0(0-2) L 207 1 0-002
3 30-1 (0-2) 31:3(0:3) TxL 073 3 0-538
4 30-1 (0-2) 312 (0-2)

FBF (ml*100 ml-'*min-') 1 209(3-1) 217(332) T 054 3 0-659
2 206 (3:2) 236 (3-1) L 276 1 0-114
3 20:4 (2:7) 244 (2'8) TxL 052 3 0-488
4 19:9 (2-9) 258 (3:6)

FSP (mm Hg) 1 110 (5-4) 129 (2-9) T 086 3 0-469
2 112 (4-4) 128 (2-3) L 638 1 0022
3 106 (4-2) 127 (3'3) TxL 079 3 0-507
4 107 (5-4) 128 (2-8)

DPI (%) 1 99-3 (3-1) 113 (2-2) T 14112 3 0-349
2 99-2 (2-2) 114 (2-5) L 11-0 1 0-004
3 100 (2-:0) 112 (2:0) TxL 0-91 3 0-442
4 98-9 (2:4) 110 (2-3)

P values are adjusted by FST;

T x L = interaction effect.

sources of variation: T = time effect; L = laboratory effect;

Bovenzi, Griffin, Ruffell

provocation, and every 10 minutes during
recovery. A control condition consisted of
adopting the above procedure, with the vibra-
tion exposure omitted but the contact force on
the wooden surface maintained. The exposed
(vibration) and control (static load) conditions
were presented in a balanced random order in
two separated experimental sessions.

REPEATABILITY OF VASCULAR MEASUREMENTS
To assess the repeatability of the measures of
digital circulation used in the current study, a
preliminary investigation was conducted on 20
healthy men, aged between 21 and 37 years.
Ten subjects were tested in the vascular labo-
ratory of Trieste (Italy) and the remaining 10
in that of Southampton (United Kingdom).
The same strain gauge plethysmographic
apparatus and measuring techniques as for the
present study were used in both laboratories.
On the third left finger FBF, FSP, and FST
were measured on four consecutive days, at
the same time on each day. The FSP was mea-
sured without local cooling and a digital pres-
sure index (DPI) was calculated as the ratio of
finger systolic pressure to arm systolic pres-
sure. The air temperature of the laboratories
was maintained between 23 and 24°C.

STATISTICAL METHODS

Data analysis was performed by the software
BMDP/Dynamic (release 7-0). The data were
summarised with the mean or median as mea-
sures of central tendency. Lower and upper
quartiles, SD, or SEM were used as measures
of dispersion. The coefficient of variation for
the vascular measurements was estimated as
the SD of the distribution expressed as a per-
centage of the mean. The difference between
paired means was tested by the Student’s ¢
test. The relation between two continuous
variables was assessed by the method of the
least squares. The Pearson product moment
correlation coefficient was also calculated. As
the present study entailed serial measurements
of the same variables on the same man at sev-
eral points in time, a sample size of eight men
was estimated to be adequate for this type of
experimental design.?* Repeated measures
analysis of variance (ANOVA) was used to test
the hypothesis of no difference in the vascular
responses under different exposure conditions.
To adjust for the influence of individual and
environmental variables, repeated measures
analysis of covariance (ANCOVA) was
also used. The assumption of symmetry for
the orthogonal polynomial components of
repeated measures was checked by a sphericity
test found in Anderson.?> When the symmetry
assumption was violated, a conservative test of
the repeated measures factor was used by
reducing the degrees of freedom of the F ratio
(Greenhouse-Geisser method).? A P value of
0-05 (two sided) was chosen as the limit of sig-
nificance.

Results
REPEATABILITY OF VASCULAR MEASUREMENTS
Table 2 shows the means (SEMs) for the
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Figure 2 Regression of
finger blood flow (FBF) in
the test finger at room
temperature before and
after 30 minutes exposure to
vibration: FBF = —105-9
+4-95 (RT); r = 0-51

(P <0-001).
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preliminary measures of digital circulation in
four different testing sessions. The coefficients
of variation across trials for 20 men averaged
21-4% for FBF, 4-7% for FSP, and 3-4% for
DPI. ANCOVA for repeated measures
showed no significant difference between the
four sessions for all of the digital circulatory
measures. Pressure indices and FST differed
between laboratories, but the interaction with
testing sessions was not significant, indicating
that the profiles for the two laboratories
had similar shapes. Taking into account that
subsequent experiments took place in one of
the laboratories, the repeatability of vascular
measurements was considered to be accept-
able.

INDIVIDUAL AND ENVIRONMENTAL FACTORS
In the present study, with exposure to either
static load or vibration, FBF was found to be
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positively correlated with finger volume
(0-001<P<0:04) and room temperature
(0-001<P<0-02), while an inverse correlation
with age was found (0-001<P<0-02). As an
example, figure 2 shows the estimated regres-
sion line and the scattergram for pairs of room
temperature and FBF measured in the test fin-
ger before and after 30 minutes exposure to
vibration. The patterns of the relation of FST
with age and room temperature were similar to
those found for FBF. Cold induced increase in
FSP% (digital arterial vasoconstriction) was
inversely correlated with room temperature
(P<0-01), whereas finger systolic pressure and
arm systolic pressure after cooling to 30 and
10°C tended to increase with increasing age
(0:001<P<0-02). These results suggest that
haemodynamics in the digital vessels was sig-
nificantly related to individual characteristics
and environmental conditions. Therefore, in
the analysis of variance for repeated measures
of digital circulation, age and finger volume or
area were used as constant covariates, whereas
room temperature was used as a covariate that
changed across trials. There was no difference
in the mean (SD) values of air temperature
measured in the laboratory during exposure to
static load (24-4 (0-7)°C) and vibration (24-5
(0-7)°C, P>0-1).

STATIC LOAD

Exposure to static load for 30 minutes caused
no significant change in FBF (table 3), FST
(table 4), or FSP% (table 5) in either the test
right hand or the control left hand. A large
within and between subject variability was
found for blood flow measured in both fingers.
Even though FBF and FST tended to fall
after exposure, ANCOVA did not show any

Table 3 Median values and lower and upper quartiles (LQ-UQ) for finger blood flow (ml - 100 ml~' - min~"') measured in eight healthy men before
and after 30 minutes exposure to static load (contact force 10 N) and vibration (acceleration 875 ms=2 rms at 125 Hz)

Static load Vibration exposure
Exposed finger Non-exposed finger Exposed finger Non-exposed finger
Period Median (LQ-UQ) (%) Median (LQ-UQ) (%) Median (LQ-UQ) (%) Median (LQ-UQ) (%)
Before exposure 17-9 (6:6-29-1)  (100) 16-9 (8-5-19-6) (100) 17-2 (10-7-21-8) (100) 13-2 (11:3-26-0) (100)
Recovery (min):
RO 17-0 (8-840-4) (97-4) 16:1 (9:1-17-9) (95:6) 19:6 (10-3-28:5) (117) 13-9 (11-1-23-2) (102)
R 30 16:0 (6:2-24-3)  (101) 12:9 (6:7-25'7) (102) 185 (7-8-24-1) (102) 14:6 (9-4-19-8) (85-5)
R 60 159 (8:1-247)  (92-0) 141 (8:4-187) (94-6) 10-2 (6-8-14-8) (65-2) 8-4 (4-2-16°1) (60-9)
R 90 101 (6-1-22-8)  (83-2) 10-4 (5-8-17-4) (744) 9-4 (5:8-13-9) (55'7) 7-3 (3:4-14'7) 47:7)
ANCOVA
(P value) 0-226 0-333 0-130 0-644 0-002 0-003 < 0-001 <0001

P values are adjusted by age, finger volume, and room temperature; (%) = percentage of value before exposure.

Table 4 Median values and lower and upper quartiles (LQ-UQ) for finger skin temperature (°C) measured in eight healthy men before and after 30

minutes of exposure to static load (contact force 10 N) and vibration (acceleration 875 ms=? rms at 125 Hz)

Static load Vibration exposure
Exposed finger Non-exposed finger Exposed finger Non-exposed finger
Period Median (LQ-UQ) (%) Median (LQ-UQ) (%) Median (LQ-UQ) (%) Median (LQ-UQ) (%)
Before exposure 32:2 (31-3-33-8)  (100) 33-3 (32:1-35-2) (100) 32:3 (30-1-34-4) (100) 33-5 (31:1-36-0) (100)
Recovery (min):
RO 33-1 (31:3-346) (103) 34-6 (32:6-35-9) (102) 34-3 (31-8-35-3) (106) 34-7 (33-6-36-3) (101)
R 30 33-2 (29-1-34:3) (103) 34-2 (29:6-36-0) (101) 33-1 (30-7-34-6) (97-2) 34-2 (32:0-35-4) 97-4)
R 60 31-5 (30-3-33-4) (98-2) 32:7 (29:9-34'8) (98-5) 30-8 (29-0-34-1) (89-9) 31:5 (28-9-35-3) (89-2)
R 90 30-1 (29:3-33-5) (94°1) 31-7 (28:7-34'8) (96-2) 29-6 (27-9-33-6) (865) 30-1 (28-4-34-8) (86-6)
ANCOVA
(P value) 0-103 0-246 0-120 0-350 0-022 0-031 0-004 0-008

P values are adjusted by age, finger area, and room temperature; (%) = percentage of value before exposure.
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Figure 3  Regression
between the change in
finger blood flow (FBF) at
90 minutes after vibration
ended and FBF
tmmediately after vibration
recorded in both the test
and the control fingers. The
change in FBF(y) = ((C-
B)/A) x 100, where A =
EBEF before vibration, B =
FBF immediately after
vibration, C = FBF after
90 mi The perc
FBF immediately after
vibration (x) =
(BIA) % 100. The
regression line was
estimated excluding the
outlier denoted with an
open circle: y = 82:7-1-32
(x); r = —0-84 (outlier
excluded, P < 0-001);

r = —0-72 (all data,

P = 0-002).

(-3

Figure 4 Regression of
finger skin temperature
(FST) on finger blood
flow (FBF) measured
in the test finger before
30 minutes exposure to
vibration and during
90 minutes recovery:
EST = 229 + 3-60
(m(FBE)); r = 0-74
(P<0-001).
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36 — . .
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i finger and of 44% in the test right finger was
) 32— found at 90 minutes after the end of vibration
< s exposure. The percentage reduction in FBF
5 30 over the 90 minutes relative to the FBF before
w L vibration was inversely related to the digital
28— vasodilation that occurred immediately after
| the end of vibration exposure (fig 3).
261 . According to the results of repeated measures
° ANCOVA, vibration induced a significant
i | | | | | | reduction in FST in both fingers, even though
24 1 1 1 1 1L 1L
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significant difference between repeated mea-
surements performed before exposure and
during the recovery time. FBF was signifi-
cantly correlated with FST (P<0-001), but not
with cold induced changes in FSP% (P>0-1).

VIBRATION

Hand transmitted vibration induced a tempo-
rary increase in FBF in the vibrated right fin-
ger (17%, P<0-05) immediately after the end
of exposure (table 3). Then blood flow signifi-
cantly fell during the recovery time (P =
0-:002). The non-vibrated left finger showed
no vasodilatation when vibration stopped and
blood flow fell roughly at a rate of 15% for

the percentage change from the baseline
values was smaller than that found for FBF
(table 4). The general pattern of haemody-
namic changes showed that differences in the
vascular response to vibration between sub-
jects were less pronounced than those seen
with exposure to static load only. The FBF
was found to be highly correlated with FST in
both the vibrated and non-vibrated fingers
(P<0-001). Analysis of data transformation
and residuals showed that logarithmic trans-
formation of blood flow values was the most
appropriate for modelling the relation between
FBF and FST (fig 4). No significant variations
in cold induced change in FSP% after vibra-
tion exposure were found for either finger
(table 5). Nevertheless, in the vibrated right
hand the decrease in FBF was significantly
related to cold induced vasoconstriction in the

Table S Median values (lower and upper quartiles) for the change in finger systolic pressure from 30 to 10°C (%),
adjusted for changes in arm systolic pressure, measured in eight healthy men before and after 30 minutes of exposure to
static load (comtact force 10 N) and vibration (acceleration 875 ms~2 rms at 125 Hz)

Static load Vibration exposure

Period Exposed finger Non-exposed finger Exposed finger Non-exposed finger
Before exposure -0-3 (—7-5-187) 56 (—0-2-17:3) 8:0 (0-17-2) —0:6 (—10-3-8-9)
Recovery (min):

R15 77 (—1-5-19-0) 55 (—4-5-18-2) 70 (—3-2-22-3) 68 (0-10-2)

R 30 11-0 (—2:3-24-0) 7-5 (—2:0-31-3) 70 (—2-1-14:0) 6-4 (0:2-13-7)

R 60 7-8 (1-9-22-4) 3-5(—0-9-15-8) 17-3 (—2:7-26°1) 7-0 (—0-3-17-2)
ANCOVA
(P value) 0-245 0-328 0-284 0-106

P values are adjusted by age, finger volume, and room temperature.
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digital vessels (fig 5). Such a relation was not
found in the non-vibrated left hand.

Discussion

This study showed that both the variability of
the response and the effect of independent
variables other than vibration should be care-
fully taken into account to interpret the reac-
tion of digital circulation to acute exposure to
hand transmitted vibration. Variability
between subjects was particularly evident for
finger blood flow and, to a lesser extent, for
finger skin temperature. The physiological
variations in finger haemodynamics were due,
at least partially, to the influence of individual
characteristics and environmental conditions.
These findings are consistent with reports
from other investigators who found a great
physiological variability of blood flow and skin
temperature in normal fingers with different
stressors.!21527 In his pioneering work, Burton
found wide rhythmic fluctuations in the finger
blood flow of seven normal subjects in com-
fortable environmental conditions such that
successive determinations of flow, made only a
few seconds apart, differed by as much as 50%
from their average value.? It is likely that such
rhythmic fluctuations of vasomotor origin are
linked to the function of fingers as radiators of
body heat to regulate internal temperature.
Investigators have often used finger skin tem-
perature as an indirect indicator of digital
blood flow.?” 3! Nevertheless, in this study the
relation of finger skin temperature with finger
blood flow was far from being simply linear. It
is well known that skin temperature depends
not only on the rate of subcutaneous blood
flow, but also on the rate of evaporation of
sweat and on several environmental variables
such as air temperature, mean radiant temper-
ature, ventilation, and humidity. Under physi-
cal stress finger skin temperature is unable to
follow rapid changes in digital blood flow,
even in acceptable thermal environments.'®
Therefore it was considered that blood flow,
compared with skin temperature, is likely to be
a more reliable measure of the transitory
haemodynamic changes that occur in the
human finger exposed to acute vibration.

As well as environmental conditions, physio-
logical investigations have also shown that the
response of the human finger to various stres-
sors is dependent on age, sex, and body consti-
tution.??3 These findings indicate that several
confounding factors should be controlled to
explain the changes in digital circulatory func-
tion induced by the exposure of interest.

The results of this study indicate that after
adjustment for potential confounders, acute
vibration can induce significant changes in the
blood flow and skin temperature of both the
ipsilateral exposed and the contralateral non-
exposed finger in normal men. In contrast,
alterations in the digital circulation were not
found in a control condition represented by
exposure to static load without vibration. In
the contralateral finger the vibration produced
vasoconstriction, whereas in the ipsilateral fin-
ger there was an initial vasodilation followed

839

by vasoconstriction after the end of vibration.
In the exposed finger the vasodilation found
immediately after vibration diminished the
extent of vasoconstriction compared with the
non-exposed finger. Therefore, the present
results seem to suggest that vibration produces
local vasodilation and triggers a reflex vaso-
constriction that can be recorded in the ipsilat-
eral and the contralateral finger. A further
study to monitor the change of finger blood
flow during exposure to vibration may be
required to determine the degree to which
duration of exposure to vibration influences
the degree of vasoconstriction. Physiological
experiments on isolated preparations of arter-
ies and veins have shown that vibration can
depress the contractile force of smooth mus-
cle.*** Azuma et al also showed that the
responsiveness to noradrenaline of excised
femoral arteries of dogs and rats was consider-
ably reduced during vibration stimulation.?®
These findings were confirmed by in vivo
experiments that reported a decrease in total
vascular resistance in vibrated intact limbs of
dogs.?”* Similar after effects of vibration have
also been found in human skin arterioles.* An
explanation of the vibration induced relaxation
in vascular smooth muscle has been offered by
Ljung and Sivertsson who postulated that
vibration exerts a direct inhibition of the con-
tractile process by affecting the interaction
between actin and myosin filaments.**

In this study, blood flow and skin tempera-
ture in the vibrated and non-vibrated fingers
significantly decreased 60-90 minutes after
vibration ended. The extent of digital vasocon-
striction was inversely related to the dilatation
found immediately after the end of vibration
exposure. It has been hypothesised that vibra-
tion can reduce digital blood flow through a
sympathetic reflex mechanism that provokes
vasoconstriction in both the ipsilateral and the
contralateral finger.® This hypothesis has been
confirmed by various researchers who investi-
gated the vascular response to acute vibration
in the fingers of workers exposed to vibration
such as chain saw operators and other groups
of patients with VWF.!! 124 Hyvirinen et al
found that vibration of 125 Hz was the most
effective vibration frequency in triggering digi-
tal vasospasm in lumberjacks affected with
VWF.2 Welsh reported that digital blood flow
was reduced maximally by a frequency of 120
Hz in male volunteers.’ There is neurophysio-
logical evidence that vibration of this fre-
quency can stimulate skin mechanoreceptors
such as the Pacinian corpuscles, which may
represent the afferent branch of the sympa-
thetic reflex arch elicited by vibration.® +

A vasomotor effect in areas beyond those
excited by vibration has been reported in sev-
eral experimental studies with shorter expo-
sures (one to five minutes) than those of the
present investigation. Sakakibara ez al/ found
both an increase in the skin sympathetic activ-
ity from the right tibial nerve and a decrease in
the amplitude of the plethysmogram from a
toe of the right foot when vibration of 100
m-s~2 at 60 Hz was applied to the left hand for
one minute. Reduction in finger blood flow
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or finger skin temperature on the side con-
tralateral to the site of vibration stimulation
has also been reported by Nasu who used ther-
mography,* by Firkilli and Pyykk6é who used
photoplethysmography,” and by Furuta et al
who used laser Doppler blood flowmetry.'°

In 12 normal subjects exposed for 30 min-
utes to unilateral vibration of 16 m-s-2 at 31-5
Hz, Olsen found a stronger vasoconstrictor
response to cold than that found in this
study.!* This may be due to differences in cold
provocation tests that consisted of both local
and body cooling in the Danish study. In the
present investigation, a significant relation
between the decrease in blood flow in the
index finger and the increase in the vasocon-
strictor response to cold in the ring finger was
found only in the vibrated hand. The response
of arteries and veins to physical and humoral
stimulation after vibration exposure has been
explored by means of several experimental
procedures. With digital nerve blockade, it has
been shown that in human fingers vibration
can induce hyperresponsiveness to cold in the
digital arteries through an exaggerated sympa-
thetic reflex mechanism.' !> Azuma et al found
an increased arterial vasoconstrictor response
to noradrenaline in the hindlimb of anaes-
thetised dogs one hour after the end of vibra-
tory stimulation.* These authors hypothesised
that VWF is a localised circulatory insuffi-
ciency due to vibration induced hyperrespon-
siveness of arterial smooth muscle to
noradrenaline in the vibrated fingers. On the
contrary, Lindblad ez al did not find significant
changes in the contractile response to electri-
cal stimulation nor to noradrenaline in in vitro
preparations of innervated canine arteries
exposed to vibration for three to 16 hours.?
Hence, the role of possible local after effects of
vibration in sensitising the vascular smooth
muscle cells to cold or vasoactive substances is
still unclear.

In summary, the results of this study,
together with those of both in vivo and in vitro
experiments, suggest a complex interaction
between mechanical vibration and digital cir-
culation. It seems that acute vibration can dis-
turb the function of digital vessels through two
different and opposite mechanisms. The
vasodilation found in the vibrated finger
immediately after vibration is probably due to a
direct, local, relaxing effect of vibration on the
smooth muscles of the vessel wall, whereas the
reduction in blood flow recorded in both the
vibrated and the non-vibrated fingers during
recovery may reflect a vibration induced vaso-
constrictor response through a central sympa-
thetic reflex mechanism. The responsiveness
to cold found only in the digital vessels of
vibrated fingers may suggest a combined effect
of local and central vasoconstrictor mecha-
nisms elicited by acute vibration. A role for
central sympathetic mechanisms seems to be
well established in both normal subjects and
patients with various forms of Raynaud’s phe-
nomenon,*® whereas the nature of local mecha-
nisms has not yet been clarified. Both
vibration induced endothelial injury and dys-
function of adrenergic receptors have been
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suggested by some investigators,® 2 but further
research is needed to increase the understand-
ing of the local pathogenic mechanisms
involved in the digital vasoconstriction caused
by hand transmitted vibration. The conduc-
tion of a similar study among people who
show signs and symptoms of VWF could con-
tribute to improvement of the basic patho-
physiological knowledge of the vascular
disorders induced by hand transmitted vibra-
tion.

It has been suggested that the aetiology of
VWF is multifactorial as the probability and
severity of this vascular disorder is the result of
the interrelation between several determinants
both of exposure at the workplace (vibration
characteristics, source of vibration, environ-
mental conditions) and individual aspects
(method of tool use, fitness, susceptibility).” In
the present investigation, the experimental
conditions (magnitude, frequency, and dura-
tion of vibration) were chosen to simulate
vibration exposure at workplaces excluding the
influence of ergonomic factors such as hand
grip or tool operating technique. Consistent
with the results of previous studies, our find-
ings suggest that acute vibration on its own
can affect blood circulation in the normal fin-
ger. The epidemiological evidence of the
reversibility of VWF in the early stages after
the end of exposure suggests that initially the
increase of the vascular tone in the digital cir-
culation may be a transitory disorder. Long
term exposure to harmful vibration combined
with other factors—for example, grip force and
cold—might cause repeated episodes of abnor-
mal vasoconstriction in the finger leading to
permanent changes in the vasculature and the
irreversibility of symptoms in severe cases of
VWF.
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