widespread use for about 20 years and,
because of the 20-year latency period ex-
pected for human cancer (I18), we would
not expect cancer incidence among ma-
chinists to be related to NDEIA. How-
ever, machinists may have been exposed
to relatively large amounts of NDEIA by
skin absorption and inhalation. We sug-
gest that epidemiological studies be ini-
tiated to screen workers who have been
subjected to NDEIA for prolonged peri-
ods. Until now, N-nitrosamines have not
been directly associated with human can-
cer because no population groups had
been identified that were inadvertently
exposed. Cutting fluid users have the
dubious honor of being the first such pop-
ulation group to be identified.

Note added in proof: Zingmark and
Rappe initially reported NDEIA to be ab-
sent from grinding fluid (2). Since submis-
sion of this manuscript, we were in-
formed by Rappe of a second manuscript
(19) reporting the presence in grinding
fluid stored for 4 to 6 months of a
compound which was claimed to be
NDEIA.
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Perception of Impossible Limb Positions Induced by

Tendon Vibration

Abstract. When the wrist flexor muscle is vibrated and the wrist is passively extend-
ed to a position close to its anatomical limit, the hand is felt to be bent to a position
about 29° beyond its maximum operating range. The mechanism of position sense
must in this case be operating on the basis of extrapolation. Ambiguity of sensed
position can occur in this situation. Some subjects, when opposing the vibration-
induced contraction of biceps, report experiencing multiple forearms.

Until recently, position sense in limbs
was thought to be due solely to the re-
ceptors associated with the joint capsule
and pericapsular tissue (/). However,
evidence now strongly suggests a role for
muscle receptors, especially the primary
endings of muscle spindles (2). In this re-
port I present evidence that vibration of
muscle tendons can result in errors of
position sense as great as 54° when the
muscle is passively stretched. Further-
more, the size of this effect is not re-
stricted by the anatomically given limits
of flexion and extension.

Cat spindle primary endings are highly
sensitive to periodic stretch of small am-
plitude while secondary endings are not
(3). In humans, vibration of a tendon
causes a predictable increase in the con-
tractile activity of the agonist, caused by
autogenous reflex excitation of the alpha
motoneurons and reciprocal inhibition of
the antagonist. This leads to involuntary
movement (¢). When this movement is
stopped by an external agent, the subject
reports a persistent illusion of movement
in the direction appropriate to extension
of the vibrated, and contracting, muscle.
This is associated with an error of posi-
tion sense, also in the direction of exten-
sion, the size of which has been reported
as being between 5.5° (5) and 8° (2) when
the biceps tendon is vibrated at 100
hertz. McCloskey (5) argues that these
position signals are not merely the in-
tegration of those responsible for the

persistent movement illusion, for the
size of the position error does not in-
crease with vibration time. Furthermore,
procedures that lower or abolish the
movement illusion do not similarly affect
the size of the position error. This makes
the existence of the position illusion of
considerable theoretical importance, for
it implies that some of the afference from
the muscles could be used by the brain
as a source of positional information,
as distinct from the notion that vi-
bration merely biases position analysis
by virtue of the volume of movement
information.

Some properties of the muscularly de-
rived position mechanism were studied
in right-handed subjects 6 to 40 years of
age. The majority were university stu-
dents and faculty. The apparatus con-
sisted of a vibrator with a piston 15 mm
in diameter which was driven sinusoidal-
ly at 80 hertz with stroke, under load, of
2 mm. This piston was applied to various
sites on the left'arm. Objective measure-
ment of the position of the left wrist or
hand was achieved by asking the subject,
whose vision was occluded, to make a
mark with a pen held in the right hand on
a vertically mounted Plexiglas sheet ad-
jacent to the left arm. This task used only
the position sense of the two arms. Pre-
cise localization of wrist or hand of the
experimental arm was aided by the ex-
perimenter touching one or the other
with a slender pointed rod. The effect of
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vibration on the position sense of the left
arm or hand was determined by testing
the subject for the accuracy with which
he or she could point with the right hand
to the left wrist or hand, both before and
during vibration.

Vibration of nontendinous areas
around the joint does not give rise to the
illusion of movement (2); however, it is
still desirable to show that the joint about
which the vibrated muscle acts plays no
part in bringing about the position error.
Thus, one object of the first experiment
was to dissociate the experimentally in-
duced position error from contamination
due to joint vibration. The procedure
consisted of vibrating a muscle tendon
which is remote from its site of action,
thereby minimizing the power of stand-
ing waves transmitted to the relevant
joint.

The second objective was to deter-
mine the limiting magnitude of the vibra-
tion-induced error. Vibrating the tendon
of a muscle that is being maintained at a
fixed length while supporting a load of
6.8 kg increases the position error by a
factor of 2 when compared with the ef-
fect of vibration alone (5). This raises the
possibility that the muscularly derived
afferent barrage responsible for position
information may be further increased
by stretching the reflexly contracting
muscle, and that consequently larger po-
sitional errors may be exhibited.

Twenty subjects were used. Each was
seated with his supinated left arm raised
about 65° from the vertical and with the
elbow joint almost fully extended. The
whole arm was supported on a dense
foam-plastic pad. Pretreatment judg-
ments of both arm and hand position
were collected, the experimenter provid-
ing the subject with punctate position in-
formation by touching the skin over the
pisiform bone and on the medial side of
the little finger. The skin over the tendon
of flexor carpi radialis was then vibrated
in the region of the elbow, at a point
about 40 mm from the medial epicon-
dyle. This muscle is a wrist flexor, and
the vibration caused unintentional flex-
ion of the wrist. This reflex contraction
of the muscle was allowed to continue
until  moderate flexion had been
achieved. The experimenter then moved
the subject’s hand, against the con-
traction of the muscle, into a randomly
chosen position of flexion or extension
and maintained it in this position. The
subject was then asked to make judg-
ments of the position of his arm and hand
during this vibration.

Although the vibrator was close to the
elbow, there was no significant dif-
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Table 1. Mean differences and standard devia-
tions (S.D.) of localizing the hand before and
during vibration. All deviations are in the di-
rection of extension. The mean difference in
localization was 22.11°; the standard devia-
tion of differences was 14.15°. The within-sub-
ject standard deviation before vibration was
7.29°; that during vibration was 4.76°. The
mean hyperextension was 28.52°.

Difference Difference
Sub- (deg) Sub- (deg)

ject ————— JeC e —
Mean S.D. Mean S.D.

1 17.3* 6.4 9 7.8 4.5

2 11.2 3.4 10 29.4% 5.2

3 48.7% 3.9 11 12.9 4.1

4 17.8* 7.6 12 28.6% 5.3

5 54.2*% 11.6 13 31.6% 5.4

6 14.6* 6.4 14 7.2 4.8

7 28.5% 7.3 15 14.5% 5.1
8 6.1 5.2 16 28.5% 13.0

*The difference is sufficient to represent a position of
thq hand attainable only by hyperextension of the
wrist.

ference in the judged position of the
forearm (¢t = 0.32, d.f. =19, P> .1).
That is, the elbow joint was not affected
by the treatment. However, all subjects
displayed an error in judged hand posi-
tion in the direction of extension of the
wrist (sign test of direction of differences
in localization before and during vibra-
tion: x? = 0.077, d.f. =1, P> .7 for
forearm; x* = 10.00, d.f. = 1, P < .01
for hand).

The mean error of hand localization
was 22.7°, with all subjects showing uni-
directional errors in the direction of ex-
tension. The between-subject variability
was high [standard deviation (S.D.) =
15.1°], but within-subject variability was
much lower (S.D. = 5.8°). A control
condition in which various sites around
the wrist were vibrated directly yielded
no position illusion.

These observations allow me to con-
clude three things. (i) There is a substan-
tial position error accompanying the vi-
bration of muscle when the associated
joint is largely unaffected by the vibra-
tion. (ii) These data are consistent with
the notion that stretching the muscle
makes it more sensitive to vibration and
there is consequently a larger irrelevent
position signal to the brain. These direct
measures of position error are a factor of
2.8 larger than the greatest of those pre-
viously reported, in which the muscle
was not stretched in opposition to its
own contraction (2). (iii) Since the effect
is unidirectional and occurred for all sub-
jects and in all tested positions, it is rea-
sonable to suggest that the irrelevant po-
sitional information that stems from the
vibrated muscle and that from the joint
receptors in the wrist (and possibly from

other structures) are being analyzed con-
jointly, and together contribute to the fi-
nal sensation of position.

The next problem concerns the rules
of interpretation which the brain uses
when it inspects this afferent bombard-
ment from the vibrated muscle. Suppose
that there is a vibration-induced error of
20° about the elbow joint, and that the

forearm is made to move toward and

steadily beyond a point 20° from the limit
of extension; how will the brain interpret
the available information? If it is as-
sumed that the brain adds the non-
veridical position information from mus-
cles to the position derived from joint in-
formation, then there are only two
possible outcomes. Either the internal
scale for sensed position will define the
limit for the registration of position, or
the limb will be sensed to be in an impos-
sible position, beyond the limit normally
set by the anatomical configuration of
the joint.

The following experiments examined
the effect of vibration of biceps and tri-
ceps tendons when the related muscle
was stretched against its contraction.
The magnitude of the induced position
error was measured in 16 subjects by
asking them to judge when they had at-
tained the position of maximum exten-
sion or flexion of the elbow. The subject
sat with left arm pronated and raised to
65° from the vertical and comfortably
supported at the elbow. During vibration
of the biceps tendon the experimenter
opposed the reflex contraction of the
muscle by slowly moving the forearm in
the direction of extension. The subject’s
task was to report when the arm felt fully
extended. When the triceps was being vi-
brated the procedure was similar; the
arm was flexed by the experimenter, and
the subject had to report when the arm
felt fully flexed. Eleven of the subjects
displayed substantial position errors
when making one or both of these judg-
ments (with vibration of triceps, mean
error = 12.8°; with vibration of biceps,
mean error = 32.7°). The difference be-
tween these two effects cannot yet be ex-
plained, but their respective magnitudes
are larger by factors of 1.6 and 4.1 than
those previously reported (2). This again
suggests that stretching the vibrated
muscle can make available a large irrele-
vant position signal. Three subjects,
however, did not display position errors.

Some subjects are unsure how to inter-
pret the sensations from their arm; one
subject reported ‘‘heaviness’’ of the arm
and another maintained that the forearm
was curving. In an identical pilot experi-
ment, one subject claimed that the arm
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was ‘‘flicking up and down,” another
that there was ‘‘a double image,”” and a
third that the arm was “‘in two places at
once.”’

The eleven subjects who showed
unambiguous position errors in the pre-
vious experiment were vibrated in the
same sites and asked to report on the
sensation accompanying actual move-
ment of the limb beyond the point pre-
viously reported as the limit of extension
or flexion. All of these subjects reported
varying degrees of hyperextension or hy-
perflexion of the joint (6). For many sub-
jects these reports were vivid; their re-
ports contained phrases such as ‘‘the
arm is being broken,”” ‘‘it is being bent
backwards,”” ‘‘my hand is going through
my shoulder,”” and ‘‘it cannot be where
it feels.”” Although no pain is involved in
the procedure, subjects displayed the
overt signs which often accompany pain,
such as writhing, sweating, and gasping.
Once again, vibration of the biceps yield-
ed the greatest effect. This experiment
indicates that there is no set limit for the
internal scale of sensed position.

In the next experiment the magnitude
of the sensation of hyperextension and
hyperflexion was quantified for the wrist
joint. Sixteen subjects were studied un-
der the same experimental arrangements
as in the first experiment. With the left
arm resting on its pad, the subject was
asked to move the hand until maximum
wrist extension was attained. A refer-
ence mark of this position was made on
the adjacent vertical sheet of Plexiglas.
The position closest to this which could
be comfortably maintained was then as-
certained and a further reference mark
made; the experimenter then held the
hand in this position. The blindfolded
subject was then asked to mark with his
right hand the position of the left little
finger on the Plexiglas. Punctate stimula-
tion of the little finger was provided by
the experimenter as an aid to local-
ization. Ten readings were collected.
The subject was then asked to move his
hand to a slightly flexed position and vi-
bration of the flexor carpi radialis com-
menced. As soon as the experimenter
observed reflexive movement of the
hand he slowly moved it into the position
previously defined as a comfortable max-
imum. The subject was then asked to
point to the little finger a further ten
times.

All subjects felt the hand to be bent
backward toward the dorsal surface of
the forearm (Table 1). Although there are
wide individual differences in the magni-
tude of the effect, the within-subject
standard deviations during vibration are
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significantly smaller than those for the
before-vibration data (¢t = 2.42, d.f. =
15, P < .05), which suggests that the po-
sition signals from muscle are fairly pre-
cise. Informal tests of the effects of vi-
brating extensor carpi radialis longus fol-
low the same pattern, with subjects
demonstrating up to 40° of apparent hy-
perflexion of the wrist.

The fact that subjects can demonstrate
that their hands feel to be in impossible
positions supports the idea that position
information from muscle and conven-
tional position sensors, such as joint re-
ceptors, is contributing to the final sensa-
tion of position under these conditions.
Furthermore, it seems likely that the
brain is functioning as an extrapolator to
achieve this sensation.

In the next experiment, 30 subjects
were asked to report their sensory expe-
rience when they voluntarily overcame
the reflex contraction of their biceps, and
to indicate, by pointing, the position of
the limb. Ten subjects could not move
their arm at all; of these, six correctly
reported their immobility, and four
claimed that they experienced move-
ment into extension. The remaining sub-
jects could move their arms, but with dif-
ficulty. Of these, six knew the position of
their arm fairly accurately and nine re-
ported that they were moving the arm
downward rapidly when the limb was
moving slowly. Of the remaining sub-
jects, one reported that his forearm was
curving down from the elbow and four
reported double or multiple images of
their forearm.

All difficulties in moving the arm may
be interpreted as weakness of the triceps
caused by reciprocal inhibition. The er-
rors of localization were in the direction
of extension and ranged from 0° to about
50°; this may be due to the varying de-
grees of the voluntarily imposed stretch
of the biceps. The report of multiple
forearms suggests that for some subjects
muscle and joint position information is
not perfectly integrated and that each
gives rise to a separate sensory experi-
ence.

The experiments reported here allow
me to conclude that the joint about
which the position error occurs is not it-
self responsible for the position illusion.
Furthermore, stretching the reflexly con-
tracting muscle greatly increases the
magnitude of the position error. How-
ever, the limiting magnitude of the effect
has not been determined. The position
error reported here is larger than any
bias of the position senses caused by oth-
er forms of experimental manipulation,
but its magnitude might be further in-

creased by more powerful stretching of
the muscle or greater amplitude of im-
pressed vibration.

The sensory experience of position ac-
cruing from vibrated muscle is referred
unambiguously to the joint about which
it acts. The subject apparently cannot
differentiate between muscular and other
sources of limb position information.
When an irrelevant position signal from
muscle is present, it will apparently be
analyzed together with the normal posi-
tion input associated with the objective
joint angle. Thus at least two sources of
information are involved in position
sense (7). However, the report by some
subjects of double or multiple forearms
when the contraction of the vibrated
muscle is overcome suggests that in-
tegration of this information may occa-
sionally be imperfect.

Both the elbow joint and the wrist can
be perceived to be hyperextended or hy-
perflexed under the conditons reported
here. The anatomy of these joints has
precluded the subject from previous ex-
perience of these positions. It follows
that the sensory limit is not set by the
limits of joint excursion. There is evi-
dence that the position sense of a limb
has to be calibrated before it can be used
in any meaningful way (8). If this is so,
then it is reasonable to suggest that un-
der these experimental conditions the
brain is deriving position information by
extrapolating from the previously cali-
brated position domain.
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