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Sensorineural and Peripheral Vascular Responses Induced
by Exposure to High-Frequency Vibration

II Effects in Females
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Xueyan Xu, PhD, and Daniel Welcome, MS
LEARNING OUTCOMES

• Dental and veterinary technicians develop sensorineural loss
in their hands and fingers.

• This study demonstrated that vibration alone could induce
these symptoms.

• These data can be used by standards committees and
workers using dental tools to protect themselves from the ef-
fects of high-frequency vibration.
Objectives: Dental and veterinary technicians performing dental work are pre-
dominately female. The goal of this study was to determinewhether exposure to
high-frequency vibration, similar to that generated by dental tools, contributes
to changes in sensory and vascular function.Methods: The tails of female rats
were exposed to vibration at 1250 Hz (constant acceleration of 49 m/s2) for
4 hours per day, for 10 days. The effects on sensory nerve function, and vascular
function were measured. Results: Vibration increased sensitivity to applied
pressure but not to transcutaneous electrical stimulation. It also resulted in
changes in blood flow. Conclusions: Changes in vascular and sensorineural
function detected in this study are consistent with the idea that high-frequency
vibration is injurious to soft tissues.

Keywords: sensorineural function, peripheral blood flow, hand-arm vibration
syndrome, females

Exposure to hand-transmitted vibration has been associated with in
an increased risk of developing cold-induced vasospasms that result

in blanching of the fingers and hands,1,2 changes in peripheral sensory
function,3–5 and reduced manual dexterity.6–8 Taken together, these
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symptoms are referred to as hand-arm vibration syndrome (HAVS).9–12

It has been shown that workers in a number of industries, including
construction,13,14 mining15–18 manufacturing,19–21 agriculture and
forestry,22–26 and services27 are at risk of developing HAVS. However,
more recently, there are reports of being at risk of developing sensory
loss among workers in health care, primarily dentists, dental
assistants,28–32 and veterinary technicians33,34 who perform dental
cleaning in animals, similar to that seen in workers with HAVS.

The International Standards Organization (ISO) standard 5349-
1 and 5349-235,36 provide guidance that helps workers, employers, and
people in manufacturing determine the exposure and risk of develop-
ing HAVS. A frequency-weighted curve in that standard provides a
way to predict the risk of developing a disorder or injury based upon
the dominant frequency of vibration a worker is exposed to.35 That
curve provides greater weighting with exposure to vibration in the
lower range of vibration frequencies (ie, less than 60 Hz) and mini-
mizes the exposure measured at middle and higher frequencies. This
curve was developed based on a subject's report of discomfort. Be-
cause lower frequency vibration is transmitted farther up the hand-
arm system, perceived discomfort is greater.37–40 However, both
experimental41–45 and epidemiological46–49 studies have demonstrated
that the risk of developing the vascular and sensorineural symptoms of
HAVS is actually greater with exposure tomidrange frequencies (100–
300 Hz). Modeling studies50 and studies performed using an animal
model51,52 support the hypothesis that injury to the fingers and hands
is greater at higher frequencies because the shear and bending stress of
the exposed tissues is greater at higher frequencies. In addition, there
are data demonstrating that exposure to high-frequency vibration
(greater than 1250 Hz) may also increase the risk of developing
HAVS-like symptoms.53–57

Exposure to high-frequency vibration occurs in workers using
impact tools (eg, impact wrenches, riveting guns, chipper hammers)
and in workers using dental tools (eg, drills, scalers, polishers). Al-
though there are epidemiological data linking the use of tools that emit
high-frequency vibration to sensorineural dysfunction, there are other
risk factors that may contribute to symptoms in these workers includ-
ing awkward postures58–61 and increased grip force used when han-
dling the tool.60,62–68 Experimental studies looking at the effects of
each of these risk factors individually can provide information that
can be used to determine the risk associated with exposure to each
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of these factors individually and in combination. These data can then
be used to improve determining the risk of injury in workers exposed
to vibration at different frequencies and using different tools.

It is difficult to study the combined effects of repeated exposure
to various ergonomic factors and vibration in humans. Therefore, a rat
tail modelwas developed and characterized at the National Institute for
Occupational Safety and Health.51,69 Characterization of this model
demonstrated that the resonant frequency (ie, the frequency that results
in the greatest shear and bending stresses in tissues51) and the physio-
logical responses of the tail were similar to those seen in the human
finger, especially at exposure to vibration frequencies between 100
and 300 Hz.52,70,71 This model was also used to support epidemiolog-
ical data and demonstrated that vascular and sensorineural changes in-
duced by vibration exposure were frequency-dependent, with the
greatest injury occurring with exposure to frequencies at or near the
resonant frequency.52,70,71

A recent study used the rat tail model to determine if high-
frequency vibration affected vascular and sensorineural function in
male rats. In that study, exposure to 1250 Hz resulted in changes
in peripheral vascular and sensorineural function in the tails of male
rats.72 However, as previously mentioned, most workers using dental
tools are females.33,54,56,57 Because cyclic changes in gonadal steroids
can affect both peripheral vascular73 and sensorineural function,74,75

this study examined the effects of a 10-day exposure to high-frequency
(1250Hz) vibration of measures of blood flow, sensorineural function,
and vascular sensitivity to vasoconstricting and vasodilating factors to
determine if the effects of the exposure were similar or different in
females.

METHODS

Animals
Female (n = 16) Sprague-Dawley rats (Hla®(SD)CVF®,

12 weeks of age, were obtained from Hilltop Lab Animals, Inc.
(Scottdale, PA). All rats were free of viral pathogens, parasites, myco-
plasma, Heliobacter, and cilia-associated respiratory bacillus. Upon
arrival, rats were acclimated to the AAALAC International accredited
animal facilities for 1 week. The animal facility is a specific, pathogen-
free, environmentally controlled facility. Rats were housed with two
animals/cage in ventilated micro-isolator units supplied with HEPA-
filtered laminar flow air (Lab Products OneCage; Seaford, DE), Teklad
Sanichip and Shepherd Specialty Paper's Alpha-Dri cellulose, tap wa-
ter, and autoclaved Teklad rodent diet (Harlan Teklad, Madison, WI)
available ad libitum. Rats were housed in pairs and under a controlled
light cycle (12-hour light/12-hour dark) and temperature (22°C–25°C)
conditions. One week following acclimation to the animal facilities,
rats were randomly assigned to the restraint control (controls) or the vi-
bration-exposure group and acclimated to restraint for 5 days. During
this time and throughout the rest of the experiment, reproductive cy-
cles were checked daily, prior to exposure, by monitoring changes in
vaginal cytology as described in Krajnak et al.76 Body weights were
collected throughout the study, and body weights of both groups of an-
imals were similar at the beginning and end of the experiment (con-
trols 1 day: 191 ± 4.76 g, vibrated 1 day 194 ± 5.34 g, controls 10 days:
190 ± 14.06 g, vibrated 10 days: 208 ± 3.91). The use of animals,
housing, exposures, and all other procedures performed on the animals
were reviewed and approved by the Institutional Animal Care and Use
Committee in compliance with the Public Health Service Policy on
Humane Care and Use of Laboratory Animals and the NIH Guide
for the Care and Use of Laboratory Animals.

Vibration Exposures
The apparatus used for exposures and the exposure methods are

described in Welcome et al.51 Rats were acclimated to restraint in
Broome style restrainers prior to beginning the exposure. This was
e136
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done by restraining animals 1 h/d on the first day of acclimation and
then increasing the length of restraint each day until the animals were
acclimated to 4 hours of restraint. Animals were then assigned to either
a control or vibration group. On the days of exposure, animals were
placed in their restrainer. The tails of animals in the vibration group
were centered on a platform attached to a shaker. The animal tails were
kept in place with four pieces of Soft Tape (Neurotron Inc, Aurora,
CO) as previously described.51 Animals in the vibration group were
exposed to 4 hours of tail vibration at 1250 Hz (acceleration of
49 m/s2 root mean squared) between 0700 and 1300 hours for 10 con-
secutive days. Control rats had their tails secured to platforms that
were identical to those used with the vibration-exposed animals, ex-
cept that the platform was mounted on isolation blocks. Control ani-
mals were placed in the same chambers with vibrated animals and
were exposed to the sound generated by the shakers.

Sensorineural Testing
Prior to exposure on days 1, 2, and 9, each rat was placed in a

restrainer prior to exposure, and sensitivity to transcutaneous electrical
stimulation was measured using the current perception threshold
(CPT) test (Neurometer CPT/C; Neurotron Inc, Denver CO). The
250-Hz CPT affects blood flow. Therefore, we measured CPTs on
day 9 of exposure and blood flow on day 10. After cleaning each
animal's tail, electrode gel (Goldtrobe, Neurotron Inc) was placed in
the cup of the stimulating electrode (ATE1925). Soft Tape was used
to attach the electrode to the ventral surface of the tail in the region
near the C15 tail vertebrae. Skin patch dispersion electrodes
(SDE44; Neurotron, Inc) were attached to the animal's tail near the
C12–13 vertebrate of the tail. The Rapid CPT protocol developed by
Neurotron was used. Briefly, transcutaneous electrical stimulation at
2000, 250, and 5 Hz was used to stimulate large myelinated Aβ-nerve
fibers, small myelinated Aδ-nerve fibers, and unmyelinated C-fibers.
For the tests at 2000 and 250 Hz, the initial stimulus was set to
10 mA, and for the test at 5 Hz, the initial stimulus was set to 1 mA.
The intensity increased by 1.0 mA every 2 seconds until the animal
flicked its tail. The amplitude that generated a tail flick was CPT for
that frequency. Three trials were run before changing to the next fre-
quency. The order of stimulus presentations was 2000, 250, and
5 Hz. Because the lower frequencies can interfere with the response
to the 2000-Hz stimulus,77–79 the 2000-Hz frequency was tested first.
CPTs were also measured immediately after exposures. An average
preexposure and postexposure CPTwas calculated and used for statis-
tical analysis.

The Randall-Selitto uses pressure applied to a 1-mm section of
skin to determine the sensitivity of sensory receptors to stimulation.
The Randall Selitto test was performed immediately before and after
exposure on days 1, 5, and 10 of the experiment.67 The test uses a
caliper to gradually apply pressure to the tail. The flat portion of
the caliper was placed on the dorsal surface of the tail, whereas the
stimulating probe (1 mm in diameter) was placed over the C15 and
C18 vertebrae. The pressure was applied by slowly closing the calipers.
The pressure at which the animal moved or vocalized was recorded for
analyses. The tail was marked after the first test to ensure subsequent
tests were performed in the same region. After the first trial, animals
learned to avoid the stimulus (reacted as soon as their tail was touched).
Therefore, only one trial was performed.

Laser Doppler
A Periflux 5000 laser Doppler system was used with a PF 450

thermostatic small-angle probe (Perimed, Stockholm, Sweden) to
measure blood flow.67 On days blood flow was measured, rats were
weighed, placed in restrainers, and put into a sound-attenuating cham-
ber. An animal's tailwas put into a holder that had a Doppler probe em-
bedded in the bottom. Blood flow was measured in the C15–16 region
of the tail. A piece of foamwas placed over an animal's tail to keep it in
© 2025 American College of Occupational and Environmental Medicine
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place during blood flow measurements. If the rat moved its tail away
from the probe, the tail was quickly repositioned. Perfusion units
(PUs) were continuously measured for 5 minutes at 0.2 Hz on days
1, 5, and 10, immediately before and after exposure.

Movement of an animal's tail during the Doppler reading can
result in a brief increase in the Doppler signal, or the signal can be lost.
Therefore, data were smoothed by a biostatistician prior to analyses.
Motion artifacts (greater than 200 Pus) or loss of signal (less than 0.2
Pus), were identified. Means were calculated using the 10 measures be-
fore and after motion artifact or loss of signal, and the running means
were used to estimate the blood flow value during these periods.80

Euthanasia
On day 11 (or the morning after the last exposure), an overdose

of sodium pentobarbital euthanasia solution (i.p., 100–300 mg/kg
body wt.) was administered to each animal. When animals were
deeply anesthetized, they were exsanguinated by cardiac puncture of
the left ventricle. Blood samples were allowed to clot and then they
were centrifuged. Serum was aliquoted and frozen at −80°C. The
C15–18 region of the tail was collected and stored in cold Dulbecco's
modified Eagle's media (DMEM).

Estradiol Assay
ELISAs for estradiol serum samples were collected from ani-

mals after 1, 8, 15, or 30 days of exposure. Blood was collected by car-
diac puncture 24 hours after the last exposure, allowed to clot at room
temperature for 1 hour, and centrifuged at 1500g for 15 minutes at 4°C.
Serum was collected and stored at −80°C until assayed. ELISAs for all
hormoneswere in duplicate samples (50 μL) purchased fromCalbiotech
(El Cajon, CA) and run according to the manufacturer's protocols.

Microvessel
The ventral tail arteries were dissected from the C15–18 region

of the tail. The artery was then mounted on pipettes and maintained at
60 mm Hg in a microvessel chamber (Living Systems, Burlington,
VT). All substances used in the experiments were purchased from
Sigma Chemicals (St Louis, MO) unless otherwise noted. While in
the microvessel chamber, arteries were maintained in HEPES
biocarbonate solution at 37°C in HEPES bicarbonate solution. An
α2C adrenoreceptor agonist (UK14304) was applied in half-log incre-
ments (from −10 to −5.5) to induce a vasoconstriction. The internal di-
ameter was measured 5 minutes after application of each dose of the
drug. This agonist was used because vascular stressors (eg, vibration
and cold) induce an increased responsiveness of arteries to this
drug.81–83 Because α2C receptors are more abundant in the peripheral
blood vessels of females, we hypothesized that exposed females may
show a greater vasoconstriction in response to this drug.73 Arteries
were rinsed and recovered to baseline diameter. Arteries were then
constricted to approximately 50% of their resting baseline diameter
using the α1-adrenoreceptor agonist, phenylephrine. The responsive-
ness to acetylcholine (ACh)-induced redilation was assessed by
adding increasing concentrations of ACh in half-log increments (from
−10 to −5.5 M).

The internal diameter of each artery was continuously mea-
sured using a XC-ST30 video camera and a Nikon T1-SM inverted
microscope. The artery was viewed on a video dimension analyzer
(Living systems), and data were collected and saved using Data-Q In-
struments software (Akron, OH).

Data Analyses
Microvessel data (the internal diameter of the artery after treat-

ment with UK14304 or ACh) was normalized to the baseline artery di-
ameter that wasmeasured prior to any drug treatment. Thesevalues, or the
% change from baseline, were analyzed using 2 (condition) × 10 (dose)
repeated-measures analysis of variance (ANOVA). Dose–response curves
© 2025 American College of Occupational and Environmental Medicine
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were also generated using Prism GraphPad 10.0. These curves were used
to calculate the dose of the drug inducing a 15% constriction (for
UK14304) or 50% redilation (for ACh) for each animal. Averages of
the 15% constriction or 50% redilation were used to determine if there
was a shift in the dose-response curve.

A program that calculated running means was used to smooth
the blood flow data (perfusion units, or PUs).80 The smoothed data
were used to calculate an overall average blood flow prior to vibration
exposure. These datawere analyzed using a 2 (condition) × 3 (1, 5, and
10 days of exposure) ANOVA. Animals were added as a random var-
iable (to account for repeated measures over days of the experiment).
A Fast Fourier Transform was performed to identify the 0.4-Hz peak
and calculate the height of that peak for each animal. These data were
analyzed using 2 (condition) × 3 (1, 5, and 10-day exposure) analysis of
variance (ANOVA) with animal added as a random variable. Blood flow
measures on day 10 were missing for two controls because of a technical
problem. These two animals were removed from the analyses.

Randal-Selitto preexposure data and data collected before ex-
posures on days 2 and 9 were analyzed with a 2 (condition) × 3 (days
of exposure) ANOVA. Animal added as a random variable to account
for repeated measures over days. This analysis determined if there
were effects of vibration on the CPT that occur or are maintained over
the course of the experiment. The acute effects of vibration on the var-
ious days of the exposure (pre-post exposure measures) were analyzed
by subtracting the postexposure value from the preexposure value. The
difference of these measures was analyzed using a 2 (condition) × 3
(days of exposure) ANOVA. Preexposure CPTs at 2000, 250, and
5 Hz were analyzed separately using 2 (condition) × 3 (days of expo-
sure) ANOVAs. Animals were added as a random variable. Pre-post
exposure CPT differences were also calculated and analyzed using 2
(condition) × 3 (days of exposure) ANOVAs.

Serum estradiol concentrations were analyzed using Student's t
tests. All datawere analyzed using JMP 16.1 and SAS 9.4 (SAS Institute,
Cary, NC), unless otherwise noted. Differences with P < 0.05 were con-
sidered statistically significant. Data are reported as the mean ± SEM.

RESULTS

Reproductive Cycles
Reproductive cycles, which were monitored daily during accli-

mation and during exposure, were not affected by the exposure. Ani-
mals in both conditions maintained normal reproductive cycles.

Microvessel Chambers
There were no significant exposure-related differences in the

vasoconstriction induced by the α2C-adrenergic agonist UK14304
(Fig. 1A) or in vasodilation in response to the cholinergic agonist
ACh (Fig. 1B).

Randall-Selitto
Exposure to applied pressure was measured using the Randall-

Selitto preexposure and postexposure. There were no differences in
preexposure responses on day 1 or 5 of the study. However, on day
10, females exposed to high-frequency vibration were more sensitive
to applied pressure than control females (Fig. 2). There were no signif-
icant differences in postexposuremeasures or pre-post exposure differ-
ences (data not shown).

Current Perception Threshold
There were no differences in the responses to the 2000-Hz CPT

across days either preexposure or pre-post exposure (Fig. 3A, B, re-
spectively). Using the 250-Hz stimulus, there was a gradual decrease
in the CPT of animals exposed to high-frequency vibration (Fig. 3C);
after 5 days of vibration, exposure the CPTwas less than after 1 day
e137

al Medicine. Unauthorized reproduction of this article is prohibited.



FIGURE 1. Sensitivity of the ventral tail artery to constriction induced by the α2C-adrenoreceptor agonist, UK14303 (A), and the va-
sodilation to acetylcholine (ACh; B). There were no differences in responses to either vasomodulating substance in arteries from con-
trol animals or those from animals exposed to high-frequency vibration.
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of exposure, and after 10 days of exposure to vibration, the CPT at
250 Hz was less than control values at 10 days after exposure, and they
were also less than measures collected after 1 day of exposure. There
were no significant differences in the 250-Hz pre-post measures (Fig.
3D). Figure 3E shows the CPT after 5 days of exposure to high-fre-
quency vibration. There were no changes in the preexposure CPT at
5 Hz (Fig. 3E) or the pre-post exposure CPT (Fig. 3F).

Blood Flow
Blood flow measured over the 10 days of the experiment and

the average amplitude of the 0.4-Hz signal (or arterial pulse) are shown
in Figures 4A and B, respectively. Preexposure blood flow was greater
after 5 days of exposure to high-frequency vibration as compared to
e138
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after 1 day of exposure. However, after 10 days of vibration exposure,
blood flow returned to baseline levels, but there is a reduction in blood
flow in females exposed to vibration when compared to blood flow con-
trols (Fig. 4A). In females exposed to vibration for 5 days, there is a re-
duction in the 0.4-Hz signal indicating a reduction in pulse amplitude.
After 10 days of exposure, the pulse rate in controls was insignificantly
reduced, but in females exposed to high-frequency vibration, pulse rates
returned to normal (Fig. 4B).

Estradiol Concentrations
Estradiol concentrations are shown in Table 1. There were no

significant differences in circulating estradiol concentration measured
in control and vibration-exposed animals. Estradiol concentrations
© 2025 American College of Occupational and Environmental Medicine
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FIGURE 2. Responses to applied pressure using the Randall-Selitto Anesthesiameter on days 1, 5, and 10 of the experiment. Exposure
to high-frequency vibration resulted in a reduction in the amount of pressure needed to elicit a tail-flick response (or an increase in
sensitivity). *Significantly less than same-day control, P < 0.05. @Significantly less than 1-day exposure, P < 0.05.
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during the luteal phase (the day when estradiol is low and follicles are
developing for ovulation), the day of proestrus (the day ovulation oc-
curs), and the day of estrus (the day after ovulation) are presented in
the table. Because this was a study to determine if females did respond
to high-frequency vibration, the study did not include enough animals
to perform correlations to determine whether there was a relationship
between any of the other measures and vibration exposure.
DISCUSSION
A number of studies have examined the effects of exposure to

high-frequency vibration in humans and demonstrated that workers
using impact tools84–87 and dental tools display sensorineural symp-
toms similar to those seen with HAVS.53–57 However, it is unclear if
these changes are due to vibration exposure, the force applied while
gripping these tools,60,63,65,88–90 or awkward postures taken while
working with the tools.58,89,91–96 To determine if high-frequency vi-
bration, in the absence of other risk factors, contributes to the develop-
ment of the symptoms of HAVS, a previous study examined the effects
of exposure to high-frequency vibration in males using the rat-tail
model developed by NIOSH.51 In that study, the tails of male rats were
exposed to high-frequency vibration, and it was found that exposure to
high-frequency vibration (1250 Hz) resulted in an increased sensitivity
to applied force, using the Randall-Selitto test, after 5 and 10 days of
exposure. Previbration exposure blood flow was also reduced 5 and
10 days after exposure to vibration. These results are consistent with
the hypothesis that vibration alone can affect sensory and peripheral
vascular function.72 In the current study, we looked at the results of ex-
posure to high-frequency vibration in females because the majority of
dental hygienists and veterinary technicians performing dental
cleaning tools are female.33,34,53–57

There were no differences in peripheral vascular sensitivity to
the α-2C adrenoreceptor agonist, UK14304, or to the ACh-receptor
agonist, ACh, in the ventral tail artery of either males72 or females.
The current study and a previous study72 examined the effect of the
α2C-adrenoreceptor agonist because this receptor has been shown to
be sensitive to a number of different tissue stressors,82,83,97–99 includ-
ing the tissue stress induced by vibration.82 In addition, these receptors
are also more highly expressed in the peripheral vasculature of females
and are sensitive to estrogen.73 Because of these differences, it was hy-
pothesized that the effects of exposure to high-frequency vibration on
© 2025 American College of Occupational and Environmental Medicine
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vascular sensitivity to vasoconstricting and dilating factors may be dif-
ferent in males and females. However, this was not the case based on
the current study and the previously published study.72 It is possible
that a longer exposure might have resulted in differences, or that expo-
sure to vibration, along with exposure to cold (another stimulus that
activates these receptors82,83), may have resulted in different responses
between male and female responses. Future studies examining multi-
ple risk factors would provide additional information to determining
whether there are sex differences in the development of symptoms that
characterize HAVS. Determining if vibration exposure differentially
affects the risk of developing HAVS in males and females is important
because females are nowworking in jobswhere they are more likely to
be exposed to occupational hand-arm vibration.100–102

The responses to the Randall-Selitto test were different in males
and females. In males, there was a significant increase in sensitivity to
applied pressure (reduction in force applied to elicit a response) after 5
days of exposure to high-frequency vibration. In the current experi-
ment, there was not an increase in sensitivity to applied pressure until
after 10 days of exposure to high-frequency vibration. It is unclear if
females responded differently from males because there were cyclic
changes in estrogen, progesterone, or both that affected responses.
There are data showing that measures of sensorineural function can
be affected differences in fluctuating steroid hormone levels during
the reproductive cycle, and all females in this study displayed normal
estrous (ie, reproductive) cycles.103–105 The goal of this study was to
determine if there were effects of high-frequency vibration in females.
Females did show sensorineural responses to high-frequency vibration
exposure and based on the results of this study; future studies could
regulate gonadal steroid levels in both males and females to determine
if changes in these hormones affect sensitivity to vibration exposure.

Similar results were also found when the CPTwas used to mea-
sure sensitivity of various nerve fiber types in response to high-fre-
quency vibration exposure. In males, there was a reduction in the
2000-Hz CPT in males after 5 and 10 days of exposure72; however,
there was no reduction in the 2000-Hz CPT in females. As stated
above, fluctuating levels of steroid hormones could have contributed
to this difference. The 2000-Hz CPT primarily stimulates large mye-
linated Aß-fibers.77,106,107 There are data that suggest that steroid hor-
mones can increase the rate of myelin repair,104 and although steroid
hormones (testosterone, estradiol, and progesterone) in both males
and females should have been at normal levels because the animals
e139
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FIGURE 3. Responses of the female rats exposed to control conditions or high-frequency vibration to transcutaneous stimulation (or
the CPT) at 2000, 250, and 5 Hz. Exposure to vibration did not affect the response to the 2000-Hz stimulus (A) or the preexposure
minus postexposure (pre-post) difference at 2000 Hz (B). Exposure to high-frequency vibration resulted in a gradual reduction in
the preexposure response to 250-Hz stimulation on days 5 and 10 of exposure (C) but did not affect the pre-post responses (D). Ex-
posure to high-frequency vibration did not affect either the preexposure responses (E) or the pre-post exposure differences when the
5-Hz stimulation was tested. *Significantly less than same-day control, P < 0.05. @Significantly less than 1-day exposure, P < 0.05.
#Less than 1-day exposure, P < 0.06.
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were young, fluctuations in estrogen and progesterone may have been
protective or increased myelin repair mechanisms and delayed the on-
set of vibration-induced injury in females. The pre-post exposure
changes in the 2000-Hz CPTwere also different in males and females.
Although therewere no significant changes in the pre-post exposure dif-
ferences in either males or females, females tended to show a reduction
e140
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in sensitivity, and males tended to show an increase in sensitivity (on
day 9), to the 2000 Hz CPT.72

In males, the response to the 250-Hz stimulus, which preferen-
tially activates small myelinated Aδ-fibers, was significantly lower in
vibration-exposed animals on 5 and 9 days of exposure to high-
frequency vibration than in animals exposed to control conditions.72
© 2025 American College of Occupational and Environmental Medicine
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FIGURE 4. Average preexposure blood flow (A) in the tail and average 0.4-Hz pulse amplitude (or arterial pulse; B) on days 1, 5, and
10of the experiment. Exposure to high-frequency vibration resulted in an increase in tail blood flowonday 5of the experiment.Onday10,
blood flow returned today1 levels, but blood flowwas lower in vibration-exposed as compared to control animals (A). A similar patternwas
seen in the 0.4-Hz pulse,with average pulse amplitude being lower onday 5 of exposure to vibration but returning to baseline levels on day
10 of exposure (B). *Significantly less than same-day control, P < 0.05. @Significantly less than 1-day exposure, P < 0.05.

TABLE 1. Average SerumConcentrations of Estradiol (± SEM) in
Control Animals and Animals Exposed to High-
Frequency Vibration

Luteal Phase Proestrus Estrus

Control 54.92 (12.5) 79.4 (26.1) 68.57 (8.12)
Vibration 22.7 (0.0) 63.3 (6.11) 54.95 (3.19)

There were no overall differences in estradiol concentrations; however, estradiol was
generally lower in animals exposed to vibration.
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In contrast, females showed a gradual reduction in the 250 Hz, with the
CPT being lower after 5 and 9 days of exposure than after 1 day. These
findings suggest that Aδ-fibers in femalesmay have beenmore sensitive
to the effects of high-frequency vibration than males. Neither males nor
females showed significant changes in pre-post exposure responses.

Neither males nor females showed significant changes in their
response to 5-Hz stimulation, which activates small unmyelinated
C-fibers. However, in males, there was a significant increase in the
pre-post exposure sensitivity to 5-Hz stimulation,72 and an insignifi-
cant reduction in pre-post sensitivity to 5-Hz stimulation on day 9 of
exposure.

In females, exposure to high-frequency vibration resulted in an
increase in average preexposure blood flow on day 5 of exposure. On
day 10 of exposure, average blood flow in vibration-exposed females
returned to day 1 levels, but blood flow was lower in animals exposed
© 2025 American College of Occupational and Environmental Medicine
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to vibration than control animals. In males, there was a significant re-
duction in average preexposure blood flow after 5 days of exposure,
and on day 10, although blood flow levels increased, they were still
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lower than they were on day 1 of exposure. Studies have shown that
both Aß- and Aδ-fibers can increase blood flow in the skin when
stimulated.108,109 In the current study, there was an increase in Aδ-fiber
sensitivity to transcutaneous electrical stimulation on days 2 and 9 of
the study in females. This increase in sensitivity may have played a
role in the increase in blood flow in females on day 5 of the study,
or it may have been due to fluctuating circulating steroid hormone
concentrations or changes in the expression of steroid hormone recep-
tors that occur during the reproductive cycle.104,105 However, on day
10, blood flow was reduced in females. This reduction in blood flow
may have been due to damage to peripheral blood vessels or a main-
tained constriction. The change in blood flow on day 10 may also have
been due to changes in circulating levels of steroid hormones or ste-
roid hormone receptors.104,105

In males, there was a reduction in blood flow on day 5 of expo-
sure. This reduction in blood flow was associated with an increase in
both Aß- and Aδ-nerve fiber sensitivity to transcutaneous electrical
stimulation. The combined effects of vibration on both these nerve fi-
ber types may have led to a reduction in blood flow, whereas in fe-
males, the increased sensitivity of only Aδ-nerve fibers led to an in-
crease in blood flow. On day 10 of exposure, blood flow levels in
males were also lower than blood flow levels on day 1 in animals ex-
posed tovibration, and this reductionwas associated with amaintained
increase in sensitivity of Aß- and Aδ-fibers to transcutaneous electri-
cal stimulation. It is possible that changes in peripheral blood flow oc-
curred more rapidly and were maintained in males because the sensi-
tivity of two different nerve fibers that can affect blood flow were
changed in males, and this change was maintained on day 10 of the
study. It is also possible that fluctuating levels of steroid hormones
played a protective role in females. Steroid hormones do protect the
cardiovascular system in both males and females.110 However, there
are studies showing that cyclic changes in estrogen and progesterone,
and fluctuating changes in the expression of their receptors in various
tissues also have significant effects on vascular function and in vascu-
lar smooth muscle.73,110,111

The amplitude of the 0.4-Hz peak, which is indicative of the ar-
terial pulse, was also reduced on day 5 of exposure in both males and
females and on day 10 of exposure inmales. As stated above, these dif-
ferent responses in males and females may be the result of different re-
sponses of the vascular system, or to the nerves innervating blood ves-
sels, to vibration, or it may be associated with fluctuations in steroid
hormones. Additional studies looking at the effects of steroid hor-
mones need to be performed to specifically look at how steroid hor-
mones may affect vascular and sensorineural function in both males
and females exposed to occupational vibration.

The results of this experiment performed in females and the
previous experiment performed in males demonstrate that exposure
to high-frequency vibration (1250 Hz) affects both the vascular and
sensorineural system in males and females. The ISO 5349 standard
currently places the greatest weighting on vibration frequencies under
60 Hz. However, this study and previous epidemiological,43,45,47

workplace1,53–57,84 and experimental studies52,71,72,86,112,113 demon-
strate that the vascular and sensorineural symptoms that are character-
istic of hand-arm vibration syndrome are prevalent at frequencies
above 60 Hz. The data from this experiment and a previous experiment
in males demonstrate that high-frequency vibration (1250 Hz) induces
the vascular and sensorineural changes that are consistent with symp-
toms of HAVS. These data are important for revision of the ISO 5349
standard, which is being revised to include the effects of higher fre-
quencies and other factors that may contribute to the development of
vibration-induced injuries.
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