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Hair follicle discrimination dysfunction in multiple
sclerosis patients
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SUMMARY A method was developed of assessing somatosensory deficits quantitatively using hair
follicle displacement as a stimulus within a psychophysical signal detection task paradigm. Multi-
ple sclerosis patients with and without somatosensory disturbances could be differentiated and
compared with normal subjects. This method may distinguish patients with somatosensory dys-
function, and dorsal funiculus neuropathology may underlie this distinction.

Concern with the difficulty of assessing sensory per-
ception is common to physiology, psychology and
neurology. However, the outcome of studies of sen-
sory function in these separate but related sciences
have seldom been brought together. Advances in
the neurophysiology of single cells and fibres in the
cutaneous sensory system of the body (somatosen-
sory electrophysiology) and the psychology of
stimulus-response relationships (psychophysics)
may provide answers to questions concerning the
detection of somatosensory dysfunction.
The general problem is how to identify and meas-

ure differences in sensory acuity relating to
physiological organisation (for example, somatosen-
sory pathway anatomy and function), psychophysi-
cal factors (for example, the cognitive significance of
responses), and neurological pathology relating to
disease or injury. For example, both in man and
monkeys, researchers have had difficulty in deter-
mining deficits ensuing from lesions to selected
pathways, such as, the dorsal funiculus.-''0
Although some researchers were able to show sus-
tained sensory deficits in monkeys,' 1-13 a precise,
quantifiable method of demonstrating the tradition-
ally taught pattern of dysfunction eluded them.
Moreover, the attempt to show deficits with simple
passively applied stimuli led to failures which stimu-
lated speculation on differing roles for the dorsal
funiculus pathway'4-'6 and to explanations involving
redundancy of spinal sensory pathways."' Mean-
while, other evidence was coming to light which
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could account for these failures and which suggested
further investigation that might demonstrate these
sensory losses.'8-20 Thus, we showed that
information from hair follicle stimuli was
transmitted to the primary somatosensory cortex
uniquely via the dorsal funiculus in Macaca mulatta
monkeys.'9 20 21 These studies on the monkey
suggested that neurological deficits related to dorsal
column dysfunction would be detected especially
well by tests of hair follicle displacement
discrimination. Further, psychophysical methods
had evolved which enabled us to control for
misleading results deriving from psychophysical
factors (for example response bias) in gross
neurological examination.2' 23 This study combined
our insights on the transmission of hair follicle
displacement sensation in monkeys with
psychophysical methods for analysis of sensory
acuity. The purpose of this present study has been to
create an objective, quantifiable and sensitive means
of detecting somatosensory deficits in patients with
spinal cord neuropathology. We have investigated
patients with sensory pathology caused by the
demyelination or plaque formation associated with
multiple sclerosis.

Methods

Multiple sclerosis patients were solicited from a group
referred to the Department of Hyperbaric Medicine at the
Maryland Institute for Emergency Medical Services Sys-
tems for experimental treatment with hyperbaric oxygen.
All had been diagnosed as having multiple sclerosis by at
least two physicians. Their sensory symptoms were evalu-
ated from medical records, from interviews and from a
neurological examination prior to the testing sessions. Five
patients were selected for study. Three of them-males
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aged 35, 38 and 48-had sensory symptoms which had not
resolved at the time of the study. They all complained of
sensory loss or paraesthesiae-numbness, tingling, temp-
erature sensations-both transiently in the past and at the
time of testing. All could walk, but they had difficulty with
balance, motor control and coordination of the legs.
Two-a male aged 39 and a female aged 28-had no sen-
sory symptoms at the time of the study. The female patient
had experienced sensory paraesthesiae in the past which
had resolved. The male had never complained of sensory
disturbances, but had a great deal of motor difficulty. The
four normal control subjects were drawn from the popula-
tion of the Institute's employees; they were two females
and two males aged 28, 32, 26 and 34 years, respectively.
Female subjects refrained from shaving their legs for two
weeks prior to testing.
By means of electromechanical and logic circuitry a

sequence of events constituting a psychophysical yes/no
discrimination task was presented to subjects in a manner
consistent with signal detection theory (TSD).21 The pro-
cedure and the associated series of events as applied by us
are described below. These events included an alerting
light, a mechnical hair displacement stimulus and a feed-
back light. The lights were standard green and white 7-5

OX.

watt bulbs. The mechanical stimulus was delivered by a
galvanometer (MFE, model R-4-154) which oscillated at a
frequency of 10 Hz. A 1-5 mm long brass rod was attached
at a right angle to the longitudinal axis of the galvanometer
shaft (fig). This rod contacted and displaced hair follicles
1 mm above the skin surface of the subject's leg. Hair folli-
cle displacement was at either 9-45 mm (S+) or 6-20 mm
(S-) measured at the tip of the oscillating rod. Thus, the
difference in hair displacement to be discriminated at the
tip of the rod was 3-25 mm. A blind prevented the subject
from viewing the stimulus delivery. A trough restrained leg
movements while comfortably supporting the leg of the
seated subject (fig). A holder for the galvanometer per-
mitted omnidirectional placement while damping vibra-
tion; it avoided cues being transmitted to the subject via
the leg restraint trough.
The sequence of events was as follows. The central pro-

gramming equipment initiated a discrete trial every eight
seconds, the start of the trial being denoted by a green
lamp. Two seconds later, either of the two amplitudes of
hair displacement was presented with equal probability
(p(S+) = p(S-) = 0.5) in a quasirandom sequence. The
subject identified which of the two stimuli was being pre-
sented either by pressing or refraining from pressing a

Figure Hair follicle displacement stimulus arrangement. The subject sits with his or her leg
resting in an adjustable, plexiglass trough. The hair follicle stimulator is held by a vibration
damping, omnidirectional supporting stand. The stimulator oscillates a brass rod which
displaces hair follicles both rostrally and caudally (depending on the phase of the oscillation)
during each stimulus presentation. The rod oscillates along the long axis ofthe leg. Holes in the
trough permit access to medial, lateral andposterior dermatomes as well as anterior shown here
being stimulated. Inset: Close-up ofstimulator and holder.
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hand held button. A response when S+ was presented was
defined as a correct identification. In all cases a stimulus
was presented for a maximum of 2 seconds. If a button
press response did not occur during this observation inter-
val, the subject was considered to have refrained from
pressing. The alerting lamp and the hair follicle displace-
ment stimulus (either S+ or S-) were extinguished
immediately following the button press response or the
elapse of the two second observation interval. If a correct
identification was recorded, which could either be pressing
the button when S+ was presented or refraining from pres-
sing the button when S- was presented, the white lamp was
illuminated for 0-5 seconds. Incorrect identification did not
cause this (feedback) lamp to be illuminated. Thus, the
subject was presented with a series of discrete trial succes-
sive discriminations. He identified which stimulus had been
presented during each discrete trial by either pressing or
not pressing a push button. Correct identifications were
followed by the illumination of a feedback lamp and incor-
rect identifications were not. This procedure is analogous
to a yes/no signal detection theory paradigm where the
alerting interval is two seconds and the observation and
response intervals are concurrent and two seconds in
length.
The purpose and methods of the experiment were

explained to the subject. The operation of the logic equip-
ment and the sequence of stimulus events was demon-
strated and explained. The subject's right leg was
restrained in an elevated position (in our sample the sen-
sory disturbance had always been worse on this side) and
the area to be stimulated was exposed. The galvanometer
was positioned and the subject began a series of practice
trials. During initial testing of a subject, practice might
involve verbal coaching by the experimenter or allowing
the subject to view the stimuli as they were presented.
With repeated testing sessions the subject gained under-
standing of the experiment and practice might involve as
few as twenty trials. In all cases practice was continued at
least until the subject expressed the desire to proceed to
the actual experimental task. The results of practice were
discarded. During testing and data collection the gal-
vanometer was screened from the subject's view as men-

tioned above, and the experimenter was not in the room
with the subject. Testing continued until a series of 180
discrete trials had been presented. Each subject was tested
repeatedly, various numbers of times at irregular intervals.
The results of the experiment were analysed in

accordance with signal detection theory. Research has
demonstrated the reduced variability inherent in
dependent variables based on the assumptions of signal
detection theory.24 Preliminary research in this laboratory
has confirmed this result25-27 and demonstrated the
independence of the signal detection theory sensitivity
measure d' and the associated criterion or bias measure
beta (/3). These results recommend d' as a superior
dependent variable to employ in experiments of this type.*

Results

Gross neurological sensory examination of the legs
of the multiple sclerosis patients revealed no
obvious deficits in two-point discrimination,
vibratory sensation (tuning fork at 128 Hz), light
touch sensation with cotton wool, pin-prick
sensation, thermal sensation, proprioception (toe
movement) or, in particular, hair displacement
sensation produced by bending individual hairs with
forceps. After subjective testing, these patients were
tested on the objective, psychophysical paradigm.

Following the series of 180 discrete trials, d' was

computed for each subject. For analytic purposes,
mean d' (Md') was computed for each subject over
all blocks of discrete trials presented to that subject.
Each subject's Md' was then based on n x 180
discrete trials. The figures in the table present Md'

*As applied here, d' is a quantitative measure of the capacity of the
somatosensory system to distinguish one stimulus from another.
Subjects who distinguish two given stimuli more accurately will
have a higher d' than those who are less accurate. If somatosensory
capacity is diminished, stimuli are less accurately distinguished and
d' is reduced.

Table

Normal subjects
Subject
Sex
Md'
SD
N'

male
2-205
0-578
13

2

male
2-567
0-448
3

Multiple sclerosis patients (with sensory symptoms)
Subject 1 2
Sex male male
Md' 1-788 1-333
SD 0-478 0 700
N' 13 12

Multiple sclerosis patients (without sensory symptoms)
Subject 1 2
Sex female male
Md' 2-550 2-343
SD 0 99J7 0-668
N' 5 4

3
female
2-345
0-793
4

3
male
1-414
0 357
4

4
female
2-037
0-254
3

All subiects

2-289
0-224

23

All subjects

1-512
0-243
29

All subjects

2-447
0-146
9

N' represents the number of times a subject was presented a block of trials where each block of trials consisted of 180 discrete trials.
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and the standard deviation of d' (SD) for each
subject and for each group of subjects.
The group differentiation, normal, multiple

sclerosis with sensory symptoms and multiple
sclerosis without sensory symptoms, was based on
the assumption that a diagnosis of multiple sclerosis
was not fundamental to sensory dysfunction.
Rather, a history of sensory dysfunction in
somatosensation (for example, paraesthesiae) was
indicative, and therefore no difference in Md' was to
be expected between the normal and multiple
sclerosis without sensory symptom groups. The
validity of this assumption was evaluated by
comparing Md' between these latter two groups
using the Sheffe method. The resulting difference
was found to be insignificant (difference = 0-158,
degrees of freedom = 2/6, probability <
non-significant).
Based on the equivalence of the normal and

multiple sclerosis without sensory symptoms groups,
these subjects were combined to form a single group
(Md' = 2-341, SD = 0*185, n = 6). A confidence
interval was then computed to estimate the limits
within which Md' for this combined group could be
expected to fall. The result of this computation gave
us the interval P (2-092 < u < 2.590) = 0.999.
Comparison of Md' for the multiple sclerosis with
sensory symptoms group, Md' = 1-512, to the range
of this confidence interval strongly suggests that
these d' values were sampled from different
populations. In other words, the score of the group
of multiple sclerosis patients with sensory symptoms
like paraesthesiae in the legs, by being
comparatively low in sensitivity, falls outside the
range of scores which can be expected for the
sensory symptom free, combined group. The
magnitude of the effect of the experimental
differentiation multiple sclerosis patient versus
normal subject accounts for 80% of the sample
variance and 70% of the population variance.

Discussion

Our goal was to determine whether we could
objectively evaluate sensory dysfunction in multiple
sclerosis patients with psychophysical methods,
analysing the data by signal detection theory. The
results showed that this was so. However, we
acknowledge that the small sample size and unequal
number of subjects (cell frequencies) in each group
limit the generality of our analysis. But the
homogeneity of variance and the large number of
discrete trials presented to each subject suggest that
these data are highly reliable. The greater the
number of trials presented to a subject, the smaller
the error of estimating d' for that subject.2'

Concerning the magnitude of the effect, one guide
to it is the proportion of variance accounted for by
the experimental differentiation. When that propor-
tion is about 30%, it is conventionally considered a
small to medium effect size. In the present case, the
magnitude of the effect accounted for more than
70% of the variance. An effect this size would be
termed strong. If we compare the two groups with-
out sensory symptoms-normal subjects and those
with multiple sclerosis-to the multiple sclerosis
group with sensory symptoms, we have samples of
two populations-one without sensory symptoms,
the other with them: these were estimated to differ
by 3-5 standard deviation units. An effect this
strong, the repeated measures design and the rela-
tively small variability in the data should leave little
doubt that a valid difference between these two
samples of subjects was demonstrated.

In the absence of histologically confirmed pathol-
ogy, we are assuming that a history of sensory loss
and paraesthesiae indicate sensory tract
neuropathology. This may or may not be so, but the
normal scores of the multiple sclerosis group with-
out sensory symptoms suggest that there is nothing
intrinsic about multiple sclerosis which causes lower
scores. Recent studies28 in the monkey indicate that
paraesthesiae may result from anterolateral white
matter damage without involvement of other spinal
afferent pathways like the dorsal funiculus.
Nevertheless, our patients had no gross diminution
of sensation to pin-prick, warmth or cold, which are
all sensations which require an intact spinothalamic
tract. This may indicate the difficulty in comparing
sensations inferred in animals with sensations in
humans. On the other hand, it might be that a high
resolution examination of the kinds of sensations in
humans dependent on conduction in the spino-
thalamic tract with proper stimuli and psychophysi-
cal methods like the ones used here would uncover a
sensory deficit not apparent on gross examination.
Whatever the case, we believe the assumption of
sensory tract neuropathology is valid.
The origin of this study was the observation that

the hair follicle projection to the primary
somatosensory cortex in Macaca mulatta was com-
pletely eliminated by a dorsal funicular tractotomy.
Our later studies with behaving Macaca mulatta
monkeys showed that sensory loss on a hair follicle
discrimination task indicated dorsal funiculus
damage.2-27 In humans we have found such results
are independent of hair density, sex, age and other
non-nervous factors. In humans, we cannot know
the precise pathways involved nor the extent of con-
tribution of each. Multiple sclerosis, of course, pre-
sents disseminated neuropathology. We have no
reason to believe, however, that the pathways are
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markedly different in humans from those in
monkeys. The development of the dorsal funiculus
coincided with the evolution of mammals.29 The
appearance of body hair instead of reptilian scales is
a notable morphological change in mammals. It is
reasonable to assume that evolving spinal sensory
pathways would transmit information from the
newly evolved hair follicles. In monkeys and man,
the dorsal funiculus is the dominant, recently
developed, spinal sensory pathway. Consequently,
experimental results on monkeys may be more per-
tinent to the human nervous system than those on
other animals.
We believe that failures to document deficits in

man and monkeys following dorsal funicular lesions
have resulted from choices of stimuli transmitted
redundantly by several pathways," from not taking
into account such processes as fibre sorting,'82030
and from methodological weaknesses in the manner
of applying sensory testing or psychophysics to
animals.3'-33 Some researchers have chosen stimuli
which are related to neurological tests for
somatosensation. Directional, moving touch would
seem to mimic the components of graphaesthesia,
for example. By the use of such a stimulus, a sus-
tained deficit following dorsal funiculus tractotomy
in monkeys has been found.'2 Others have chosen
stereognostic type tasks wherein the animal seems to
require the dorsal funiculus to make an accurate dis-
crimination." Our earlier electrophysiological
results'922 show that several stimulus submodality
complexes, that is, hair follicle displacement, distal
glabrous skin touch and distal proprioception, are
transmitted to the primary somatosensory cortex in
Macaca mulatta uniquely via the dorsal funiculus.
Distal proprioception is already widely used by
neurologists to evaluate-dorsal funiculus dysfunc-
tion. We chose another of these types of passive
stimulation to assess suspected somatosensory dys-
function. When this stimulation is combined with an
appropriate sensitive methodological approach to
evaluating sensation taken from psychophysics,2' 23
we are able to quantify sensory deficits in humans. It
is easier to quantify our task than it would be for
graphaesthetic or stereognostic ones, and such
quantification clearly shows that passive losses
coexist with active ones. We believe psychophysical
testing with the appropriate stimuli allows us to
work out the location (tract) and the extent of a
spinal lesion. As such, it may be developed into a
powerful tool for neurologists.

We thank Dr RA Cowley for his support of this
study and Dr Roy Myers for his assistance in provid-
ing a population of multiple sclerosis patients. Sup-

ported by grant number RG-1207-A-1 from the
National Multiple Sclerosis Society.
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