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ABSTRACT

In this review we focus on the perceptual and psychophysical aspects of som-
esthesis, although some information on neurophysiological aspects will be
included as well; we look primarily at studies that have appeared since 1988.
In the section on touch, we cover peripheral sensory mechanisms and several
topics related to spatial and temporal pattern perception, specifically meas-
ures of spatial sensitivity, texture perception with particular emphasis on
perceived roughness, complex spatial-temporal patterns, and the use of
touch as a possible channel of communication. Other topics under this sec-
tion include the effects of attention on processing tactile stimuli, cortical
mechanisms, and the effects of aging on sensitivity. We also deal with ther-
mal sensitivity and some aspects of haptics and kinesthesis. In the section on
pain, we review work on the gate-control theory, sensory fibers, and higher
neural organization. In addition, studies on central neurochemical effects
and psychophysics of pain are examined.
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INTRODUCTION

Workers in somesthesis have often complained of the difficulty of conveying
to others the importance of the sense of touch and position. For vision and
audition, one can imagine being deprived of sight or hearing, and there are, of
course, blind and profoundly deaf individuals who can help us understand the
nature of their experiences. A head cold lets us know the information derived
from olfaction, but what would it be like to be without somesthesis? In May
1971, Ian Waterman lost all sensation of light touch and kinesthesis below his
neck. The probable cause was a viral infection that destroyed the functioning
of the large-diameter, peripheral fibers. The book Pride and a Daily Marathon

(Cole 1995), a popular scientific account of Mr. Waterman’s experiences, pro-
vides a description of what it is like to lose the sense of touch and position. Mr.
Waterman must monitor all movements visually. If the lights go out unexpect-
edly, he falls down. He still has temperature sensitivity and experiences pain
(cf large-diameter) consistent with neurophysiological evidence of the in-
volvement of small diameter fibers in these modalities. The book allows read-
ers to appreciate the importance of somesthesis and the extraordinary lengths
to which a person must go to cope with its loss. With regard to the personal ex-
perience of pain, a compelling account of a battle with spinal cancer by the ac-
claimed novelist and poet Reynolds Price (1994) provides valuable insights
into the many ways in which pain affects the patient and the enormous psycho-
logical challenges that accompany physical afflictions.

Studies of the perceptual aspects of somesthesis have benefitted from a long
association with parallel neurophysiological experiments. It has been possible
to use the same stimuli with both human subjects (psychophysics) and awake
monkeys (neurophysiology). The connection between perceptual and neuro-
physiological responses is even closer in experiments using percutaneous re-
cording techniques (microneurography) wherein human subjects have micro-
electrodes inserted into their hands and forearms to permit recordings from
single, first-order afferents. Subjects report the sensations elicited by stimuli
applied to the receptive field of neurons at the same time the activity in these
single units is recorded. Human perceptual responses can also be correlated
with records of cortical activity obtained using noninvasive electrophysiologi-
cal or imaging techniques.
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TOUCH

Peripheral Afferents and Mechanoreception

Studies on glabrous (hairless) skin of the hand support the view that there are

four different types of mechanoreceptive afferents. These afferents are charac-

terized by the size of their receptive fields, large vs small, and by the rate at

which they adapt to a sustained indentation, slowly vs rapidly, resulting in a

two-by-two classification system. There are afferents that are slowly adapting,

with small receptive fields, SAIs; slowly adapting, large receptive fields,

SAIIs; rapidly adapting, small receptive fields, RAs [also known as FAIs (fast

adapting)]; and rapidly adapting with large receptive fields. These latter fibers

are associated with Pacinian corpuscles and are thus known as PCs (or FAIIs).

Some areas of the body, such as the perioral region, may lack Pacinian corpus-

cles (Hollins et al 1991). A four-channel model of mechanoreception has been

developed based on correlations with the likely afferents. A summary of much

information about these channels can be found in several sources (Table 2.2,

Cholewiak & Collins 1991; Table 2, Greenspan & Bolanowski 1996; see also

Greenspan & LaMotte 1993). Work on both the psychophysical and the

physiological bases of mechanoreception has recently been reviewed

(Greenspan & Bolanowski 1996). The four-channel model of mechanorecep-

tion maintains that tactile experience results from combined neural activity in

the various mechanoreceptive channels (Bolanowski 1996, Bolanowski et al

1988).
There remain psychophysical results that are not easily explained by the

properties of the first-order afferents and the four-channel model. For exam-
ple, accuracy in localizing stimuli that should activate afferents with large re-
ceptive fields (Pacinian corpuscles) may be nearly as good as that in localizing
stimuli that should activate afferents with small receptive fields (Sherrick et al
1990). Mechanoreceptive afferents have also been examined in hairy skin
(Edin et al 1995), where the number and nature of the receptors are less clear
(Greenspan & Bolanowski 1996, Vallbo et al 1994), as is the number of chan-
nels (Bolanowski et al 1994).

Spatial and Temporal Patterns

SPATIAL SENSITIVITY Interest continues in developing and evaluating meas-

ures of spatial acuity. There has been a long history of criticism of the two-

point threshold as a measure of resolution on the skin. Perhaps like bad theo-

ries, suspect measures are driven out not by data, but by better measures.

Johnson et al (1994) discuss many of the criticisms of the two-point threshold,

chief among them the problem of maintaining a stable criterion for responding

“one” or “two.” They offer support for a different measure, grating orientation.
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In this technique, square-wave gratings are presented to the skin in one of two

orthogonal spatial orientations. The subject’s task is to indicate the orientation.

Performance varies as a function of the width of the grooves (Craig & Kisner

1998; Patel et al 1997; Van Boven & Johnson 1994a,b). The measure shows

promise in neurological testing (Van Boven & Johnson 1994a). A second

promising approach requires subjects to detect the presence of a gap in an oth-

erwise smooth edge (Stevens & Choo 1996, Stevens & Patterson 1995). Both

measures benefit from being able to be tested in a forced-choice procedure.

Essick (1992) and Greenspan & LaMotte (1993) discuss measures of spatial

acuity and other measures of tactile sensitivity that might be used in a clinical

setting.
Sensitivity to spatial features such as curvature, local shape, and orientation

of small objects has also been examined in psychophysical and neurophysio-
logical studies (Goodwin et al 1996; Goodwin & Wheat 1992; LaMotte &
Srinivasan 1993, 1996; LaMotte et al 1996). In general, it appears that the re-
sponses of SAIs are important for encoding these spatial features, with a possi-
ble contribution of RAs (Greenspan & Bolanowski 1996).

TEXTURE The perception of surface texture includes attributes such as

roughness, hardness-softness, elasticity, and viscosity (Loomis & Lederman

1986). Work on various aspects of texture, including roughness perception,

has been summarized in several articles (Johnson & Hsiao 1992, Loomis &

Lederman 1986). Hollins et al (1993) used multidimensional scaling tech-

niques to study the perception of the surface texture of objects. The result was a

three-dimensional space. One of the dimensions corresponded to roughness-

smoothness and a second dimension to hardness-softness. The third dimension

appeared to be related to compressional elasticity. In other studies, subjects at-

tempt to identify or classify an object based on its texture (Klatzky & Leder-

man 1995, Klatzky et al 1989, Reed 1994) or to match surface texture (Van

Doren & Menia 1993). Other researchers have had subjects—both human and

nonhuman—attempt to discriminate differences in texture (Burton & Sinclair

1994, Kops & Gardner 1996, Sinclair & Burton 1991, Trembly et al 1996).
Although there have been some recent studies of hardness-softness (Srini-

vasan & La Motte 1995), roughness continues to be the most widely examined

textural dimension, and a number of studies have examined judgments of the

perceived roughness of surfaces (Connor et al 1990, Connor & Johnson 1992,

Sathien et al 1989). Using surfaces that vary in the spacing between elements,

it was found that the function relating roughness judgments to dot spacing is an

inverted U, with perceived roughness declining as dot spacing increases be-

yond 3 mm (Johnson & Hsiao 1994). Based on these human judgments and

recordings from first-order afferents in monkeys exposed to similar surfaces,

Johnson & Hsiao (1992) offer a model of roughness perception. The model in-
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volves spatially structured responses from SAIs, a between-fiber as opposed to

a within-fiber code (Johnson & Hsiao 1994). The model accounts for the per-

ception of roughness across a spatially extended surface. As the authors indi-

cate, the model does not account for other situations, such as perceiving the

roughness of a surface by touching the surface with a tool. Also relevant to the

issue of SAIs encoding roughness is a study by Stevens (1990) in which sub-

jects judged the perceived roughness of surfaces presented to various parts of

the body. Although there were differences attributable to different sites, an in-

teresting result was that the variations in spatial acuity, and presumably the

distribution of receptors sensitive to spatial variations, did not necessarily cor-

relate with judgments of perceived roughness. For example, in comparing

three sites such as the fingerpad, forearm, and back, spatial acuity would be

highest on the fingerpad and poorest on the back; however, in judging rough-

ness, the same textured surfaces were judged to be slightly rougher on the

forearm than on the fingerpad and less rough on the back. The results suggest

that central mechanisms responsible for roughness are sensitive to the density

of peripheral innervation.
Phillips & Matthews (1993) used a novel technique to alter peripheral affer-

ent discharge and the perception of roughness. They cooled the ulnar nerve at

the elbow on one arm and had subjects scan surfaces with their little fingers,

which are innervated by that nerve. Subjects matched the roughness of sur-

faces scanned by the cooled arm and by the unaffected arm (and hand). Sur-

faces felt significantly smoother on the cooled side, an effect that was corre-

lated with inhibition of high-frequency discharge patterns in the ulnar nerve.

COMPLEX PATTERNS Several chapters provide good reviews of the percep-
tion of complex spatial patterns (Loomis & Lederman 1986, Sherrick 1991),
including braille (Foulke 1991), and neural mechanisms associated with such
patterns (Johnson & Hsiao 1992). Loomis (1990) presents a model of pattern
recognition that is consistent with neurophysiological data and that postulates
that tactile spatial patterns are initially subjected to low-pass spatial filtering.
He presents results comparing the recognition of raised letters and braille cells
to blurred visual representations of the same patterns.

Studies using arrays of tactors have examined some of the interactions that

occur when two spatial patterns are presented in close temporal proximity to

the same site. Pattern identification may be interfered with because the target

pattern is masked by the nontarget pattern (Craig 1995, Mahar & Mackenzie

1993) or because the subject responds with the nontarget pattern (Craig 1996),

an effect referred to as “response competition.” Moving the nontarget pattern

to a separate location reduces masking but still leaves interference due to re-

sponse competition (Craig & Evans 1995, Evans et al 1992, Evans & Craig

1992), an apparent failure of selective attention.
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Accuracy in judging whether two patterns are similar in shape depends on
whether they are presented to the same or different locations. Accuracy de-
clines as the distance between the two locations on the same fingerpad in-
creases (Horner 1995). If subjects are asked to judge the direction of move-
ment across the finger, then the orientation of the hand in space affects the
perceived similarity (Rinker & Craig 1994). Heller (1992) reports effects of
spatial orientation on the identification of braille cells. Other studies of
braille have examined scanning strategies (Davidson et al 1992), the effects of
braille reading on spatial acuity (Stevens et al 1996), and the representation
of braille characters in first-order afferents in humans using microneuro-
graphic techniques (Phillips et al 1990).

Investigators have also studied the ability of subjects to identify raised line
drawings of objects (Loomis et al 1991, Shimizu et al 1993) and have com-
pared the performance achieved by blind and sighted subjects (Heller et al
1996a,b, Heller & Kennedy 1990). In addition, investigators have examined
the identification of raised line drawings of objects as compared to the identifi-
cation of the actual objects by means of haptic exploration. The relatively poor
performance with raised line drawings may be due to a number of factors, such
as the lack of 3-D shape and size information about the real object (Klatzky et
al 1993).

Sensitivity to the movement per se of objects across the skin has been stud-
ied both psychophysically (Essick et al 1991) and neurophysiologically (Es-
sick & Edin 1995, Edin et al 1995). Judgments of the velocity (Essick et al
1996a) and direction of movement (Essick 1991) have been made in response
to a brushing stimulus. Directional sensitivity varies as a function of a number
of factors such as skin site, velocity of movement, and the length of movement
(Essick et al 1991, 1996b). From testing of sites on the fingerpad, hand, and
arm, it was found that directional sensitivity was greater at the more distal sites
(Essick et al 1991), similar to the results obtained with other measures of spa-
tial sensitivity. Directional sensitivity is related to velocity by an inverted U-
shaped function. For example, on the perioral region, sensitivity is better at ve-
locities of 6 cm/sec than at higher or lower velocities (Essick et al 1996b). Gen-
erating the movement with a tactile array produced levels of sensitivity similar
to those obtained with the brushing stimulus (Essick et al 1996b).

COMMUNICATION There continues to be interest in using touch as a channel

of communication, particularly for blind and deaf individuals. Braille, dis-

cussed below, has long been used to communicate written material to the

blind. The Tadoma method of speech reception involves a deaf-blind individ-

ual placing his or her hand on the face of a talker (Loomis & Lederman 1986,

Reed et al 1992). By means of feeling the articulatory gestures, such as lip and

jaw movements, individuals can understand speech at low-normal rates. This
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ability has been cited as evidence for the information-processing capabilities

of the hand (Weisenberger 1992). To explore this ability and to gain better con-

trol of the stimulus, devices have been built that combine both tactile and kin-

esthetic stimulation (Eberhardt et al 1994, Tan et al 1989). One such device,

which provided large-amplitude finger movements and vibratory stimulation

for three fingers, achieved impressive rates of information transmission (Tan

1996).
The book Tactile Aids for the Hearing Impaired (Summers 1992) has chap-

ters on the sense of touch, electrotactile stimulation, and the design of tactile
stimulators. There are also chapters on communicating acoustic information
via touch, the use of single- and multichannel systems, the evaluation of tactile
aids, and the necessity of training users. Kaczmarek & Bach-y-Rita (1995), in
a book on virtual environments, review many of the systems for presenting
information tactually and cover such topics as telepresence, transmitting infor-
mation through gloves, and electrotactile stimulation, as well as practical con-
siderations in using tactile displays.

Attention

Paralleling results with visual stimuli, a number of studies have found that reac-
tion times were faster when subjects were responding to a site at which a vibra-
tory stimulus was expected (80% validly cued trials) as compared to respond-
ing to unexpected sites (20% invalidly cued trials). Bradshaw et al (1992) re-
port a 46-msec advantage for validly cued locations. The advantage for validly
cued locations extends to cross-modal conditions in which visual stimuli cue
tactile locations and the reverse (Butter et al 1989). Post & Chapman (1991)
cued subjects to switch between visual and tactile stimuli. They reported that
reaction times to detect a vibrotactile stimulus, when the subject had been in-
validly cued to the visual modality, increased by more than 100 msec.

Whang et al (1991) developed a task in which subjects were required to de-
tect either the presence of an amplitude change at one of four fingerpads or the
absence of a change. They found that valid cuing did not aid the detection of
the presence of an amplitude change but did assist detection of the absence of
such change. Similarly, Sathian & Burton (1991) found an abrupt change in
texture was unaffected by cuing. The authors suggest that the increase in
stimulation may be processed preattentively.

Neurophysiological correlates of intramodal attention are also being exam-
ined (Hsiao et al 1996). Hsiao et al (1993) trained monkeys to respond to either
visual or tactile stimuli depending upon a cue stimulus. Recording from SI and
SII cortex, they found that discharge rates evoked by the tactile patterns (raised
letters) were altered as a function of whether the visual task or the tactile task
was cued. Importantly, tactile spatial patterns were presented continuously.
Only the cuing changed.
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Cortical Mechanisms

Many of the types of stimuli that have been used in psychophysical experi-
ments and in single-unit studies of peripheral afferents have also been used in
single-unit studies of cortical neurons. There have been examinations of the re-
sponses of cortical cells to such stimuli as textured surfaces, vibration, spatial
patterns, motion, and so forth. These types of studies are discussed by Burton
& Sinclair (1996).

Work with brain-injured patients has helped to establish the nature of tactile

agnosia, the inability to recognize objects through touch (Caselli 1991, 1993).

A case study was conducted with one such patient who had suffered a left, pa-

rietal infarction (Reed & Caselli 1994, Reed et al 1996). The patient showed

significantly poorer object recognition with the right as compared to the left

hand, even though measures of basic touch sensitivity were normal for both

hands. The authors conclude that there can be specific interference in shape

perception independent of other tactile or spatial abilities.
Issues concerning altered sensory inputs, cortical reorganization in adult

animals, and plasticity and its functional significance have been examined

from a number of perspectives; neurophysiological (Garraghty et al 1994),

perceptual (Benedetti 1991b, Craig 1993), and clinical (Halligan et al 1993).

Changes in peripheral input may alter the representation of tactile stimuli in

the somatosensory cortex. For example, cutting the nerves from digit D3 (mid-

dle finger) in monkeys silences the corresponding region in SI, but over time,

stimulating adjacent fingers D2 (index finger) and D4 (ring finger) may acti-

vate cortical cells in the D3 cortical region (Jenkins et al 1990, Merzenich &

Jenkins 1993). An impressive example of reorganization was demonstrated in

a monkey tested 12 years after undergoing deafferentation of an upper limb. In

this monkey, stimulating the face evoked activity in the cortical region that is

normally evoked by stimulation of the upper limb (Pons et al 1991). Clinical

studies have also been carried out with human amputees. In some cases, stimu-

lation of the facial region has elicited reports of sensations in the missing por-

tion of the arm (Ramachandran et al 1992). Training at a particular site on the

skin with intact subjects may result in increased cortical representation, results

that have been observed with both human (Elbert et al 1995) and nonhuman

subjects (Merzenich et al 1988), and may also result in improved dis-

criminability (Recanzone et al 1992).
Cortical reorganization has also been studied using noninvasive techniques

with human subjects (Mogilner et al 1993, Sterr et al 1998, Yang et al 1994).

As with microneurography, there is an advantage in having subjects with

whom one can correlate perceptual and neural responses. In the Mogilner et al

(1993) study, two adult patients were examined. The patients were undergoing

surgical treatment for syndactyly (webbed fingers). Magnetoencephalo-
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graphic images of these patients, prior to surgery, showed a reduced area rep-

resenting the hand. Following surgery, several effects were observed: The cor-

tical hand area expanded, with a greater distance between the thumb and little

finger; the individual digits functioned independently; and one patient re-

ported that the fingers were now perceived as individual entities (Mogilner et

al 1993). These results are consistent with data obtained in recording from sin-

gle units in the cortex of monkeys whose fingers had been surgically joined to

produce an artificial syndactyly (Allard et al 1991). Other noninvasive studies

have used positron emission tomography (PET) to examine cortical responses

to textured surfaces (Burton et al 1997, O’Sullivan et al 1994) and to vibratory

stimuli (Burton et al 1993).

Aging

As compared to younger subjects, older subjects have reduced absolute sensi-
tivity to vibratory stimuli (Schmidt & Wahren 1990), particularly high-
frequency vibration (Gescheider et al 1994b). They also show greater forward
masking (Gescheider et al 1992) and reduced temporal summation (Geschei-
der et al 1994a). Many of these findings have been reviewed by Verrillo
(1993). These effects are more prominent with stimuli that affect Pacinian cor-
puscles. Difference thresholds for intensity, however, remain relatively un-
changed with age, as long as the thresholds are expressed in relative rather than
absolute terms (Gescheider et al 1996).

Spatial acuity, as measured by a variety of tasks, also declines with age

(Stevens & Cruz 1996, Stevens & Patterson 1995, Stevens et al 1996, Wood-

ward, 1993), although it should be noted that there are large individual differ-

ences (Stevens & Patterson 1995, Verrillo 1993). Stevens & Choo (1996)

measured spatial acuity at 13 different body sites and found that sensitivity de-

clined with age at some sites much more than at others. The feet and hands

showed the greatest drop in sensitivity, a result that may be due to reduced cir-

culation.

THERMAL SENSITIVITY

For many years, textbooks and review chapters (Sherrick & Cholewiak 1986)
have been showing a supine figure with vertical lines, the heights of which
indicate spatial acuity measured at various locations on the body. A twin, fra-
ternal rather than identical, has now been created showing warm and cold
thresholds across the body. Based on the results from 60 subjects, this map
shows the facial region to be the most sensitive area of the body and the ex-
tremities, particularly the lower ones, to be considerably less sensitive. Sub-
jects were more sensitive to cold stimuli than to warm ones, and as noted for
tactile sensitivity, thermal sensitivity declined with age (Stevens & Choo
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1998). Thermal testing on the face and in the mouth showed the mouth to be
less sensitive to warming than the facial regions. No differences were seen for
cooling (Green & Gelhard 1987).

Also widely noted in textbooks is the impressive inaccuracy in localizing
warm stimuli unaccompanied by tactile stimulation. Cain (1973) found that
subjects were unable to tell whether a radiant heat source was focused on the
front or back of the torso on a significant portion of trials (14% error rate). Lee
et al (1996) asked subjects to indicate which of two contact thermal stimulators
was raised (or lowered) in temperature. Subjects were more accurate in local-
izing cooling stimuli than warming ones and more accurate when the two ther-
mal probes were positioned to stimulate different dermatomes as compared to
the same dermatome.

The heat grill is part of a classic demonstration of thermal interaction. The
device consists of alternating warm and cool bars that elicit a sensation of pain-
ful heat. A study of this effect combined human and animal work (Craig &
Bushnell 1994). The same stimulus conditions that elicited reports of painful
heat from human subjects were applied to cats’ hindpaws. The analysis of the
response of spinal cord neurons to warm, cool, and “grill” stimuli suggested
that the illusion may result from a central disinhibition process. More recently,
Craig et al (1996) used PET imaging of regional cerebral blood flow in humans
to show that the grill produces activation in the anterior cingulate cortex (a re-
gion also activated by noxious levels of heat and cold), whereas the component
warm and cold stimuli do not. Warm stimuli primarily activated the insula and
SI while cool stimuli produced significant activation in the insula and SII, im-
plying differential cortical processing of these submodalities.

Thermal stimulation has also been investigated for the way it interacts with,
or the effects that it has on, other types of cutaneous sensitivity such as vibra-
tory (Apkarian et al 1994, Green 1987), chemical (Green 1991, 1992), and spa-
tial (Sherrick & Cholewiak 1986, Stevens 1989).

HAPTICS AND KINESTHESIS

Most of the information that we gain by means of touch comes by way of the

hand, which is both a perceptual and manipulative organ. In haptics, which

combines tactile and kinesthetic stimulation, there is a long history of distin-

guishing between active and passive touch and the differences between the two

modes of stimulation. In their review, Loomis & Lederman (1986) propose a

classification system they refer to as “tactual modes.” The five categories of

tactual modes incorporate both the idea of subjects’ control (active) and no

control (passive) over the pickup of information and whether the information

is cutaneous, kinesthetic, or both. (Although active touch, which involves ef-

ferent control, afferent kinesthetic information, cutaneous stimuli, and an ac-

314 CRAIG & ROLLMAN



tive observer, is the most common way of gaining touch information in every-

day life, most of the experimental work has involved the presentation of cuta-

neous stimuli to a passive observer, in large part because that permits greater

stimulus control.)
A traditional issue in haptics is the degree to which active exploration in-

creases the accuracy of the perception of objects. This issue is also important in
studies of neurophysiological responses to spatial patterns. Most of these studies
involve the imposition of a spatial pattern on a passive, nonhuman subject. To
answer the question of whether sensitivity to passively imposed spatial pat-
terns is much less than to patterns actively scanned, human subjects were
tested in a letter-identification task. The subjects were allowed to move their
fingers laterally back and forth a few centimeters over raised letters. This pro-
vided no advantage over having the raised letters scanned across the stationary
fingerpad (Vega-Bermudez et al 1991). Srinivasan & LaMotte (1995) examined
how subjects discriminate the softness of objects under a variety of conditions.
For example, reducing tactile sensitivity by anesthetizing the fingertip resulted
in judgments of softness dropping to chance for samples of rubber. They also
tested active vs passive contact and found that pressing the sample of rubber
down onto the passive fingerpad of the subject produced performance nearly
as good as allowing the subject to actively contact the sample. Chapman
(1994) reviewed work on active and passive touch in light of the intriguing
finding of diminished cortical input, referred to as input “gating,” that occurs
during active touch. Several explanations are offered for the findings that sen-
sitivity is, in fact, not reduced during active as compared to passive touch.

Klatzky, Lederman, and their coworkers have analyzed hand movements
when subjects are asked to identify objects and properties of objects. Based on
these analyses, they identified a series of relatively stereotyped hand movements
they call “exploratory procedures” (EPs). Particular EPs are associated with the
extraction of certain properties of objects. For example, an EP such as lateral
movement is associated with the extraction of texture, the EP of static contact
is associated with the extraction of thermal properties, that of enclosure (mold-
ing the hand around an object) with extracting global shape and volume, and so
forth (Klatzky & Lederman 1993, Lederman & Klatzky 1993). The use of EPs
has been investigated in a variety of tasks, such as in speed of object classifica-
tion (Lederman et al 1993), in identifying, matching, or classifying objects on
the basis of particular properties such as surface texture (Klatzky et al 1987,
1989), and in directed exploration (Lederman & Klatzky 1987), in which sub-
jects are required (constrained) to use a particular EP to explore an object.

Haptic exploration is also involved in a different task, the exploration of the
near space around us (Loomis & Lederman 1986). Several studies have inves-
tigated distortions of this space such as that produced in the horizontal-vertical
illusion (vertical generally judged greater than horizontal) (Heller et al 1993,
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Heller & Joyner 1993), which corresponds to judging lengths of objects ori-
ented tangentially vs radially (Marks & Armstrong 1996) and in judging the
length of objects. In this latter case, Hollins & Goble (1988) showed that ve-
locity had a large effect on perceived length. As velocity increased from 0.5 to
50 cm/sec, perceived length declined by a factor of 3.

Textbooks in sensation and perception occasionally mention Aristotle’s Il-
lusion. In this illusion, two fingers are crossed over one another, such as D3
over D2, and a pencil is placed between the two crossed fingertips. Typically,
subjects report a sensation of two objects. The illusion of double sensation, or
“tactile diplopia,” can also be produced by bringing together nonadjacent fin-
gers (D2 and D4 or D2 and D5) (Benedetti 1986a) or by squeezing adjacent
fingers tightly together and bringing together locations on the adjacent fingers
that are normally apart from one another (Benedetti 1986b). Benedetti has
quantified the crossed-fingers effect by touching each finger with one of two
objects, for example, a sharp point and a small ball. The subjects indicated the
relative position of the two stimuli (Benedetti 1991a). Benedetti has also used
these effects to examine the adaptation of motor and perceptual responses with
altered inputs. In one study relevant to the issue of plasticity, subjects kept
their fingers crossed (D3 over D2) for as long as six months. The crossed fin-
gers were maintained in position for several subjects by putting screws
through the distal ends of the fingernails. Both motor and perceptual responses
showed adaptation over a period of several months (Benedetti 1991a). Readers
of Frank Geldard’s The Human Senses (1972) may be reminded that the days
of “somewhat Spartan” experiments in somesthesis are not over.

Clark & Horch’s (1986) chapter on kinesthesis provides a valuable review
of this topic. Particularly noteworthy from the point of view of understanding
the perceptual aspects are the explanations that are offered of both the psycho-
physical testing procedures and the results of such testing. With regard to kin-
esthetic receptor mechanisms, the consensus continues to be that receptors in
muscles play the major role (Jones 1994, Matthews 1988). The contributions
of other receptors, such as cutaneous and joint receptors, may depend on the
joint being examined (Clark & Horch 1986, Ferrell & Craske 1992). Studies
using nerve block (Ferrell & Smith 1987, 1989), microneurography (Edin
1990), and other techniques (Ferrell 1995) have found evidence that nonmus-
cle receptors may provide kinesthetic information about the hand. The nature
and role of kinesthetic feedback are also discussed in an article by Gandevia &
Burke (1992) and in associated commentaries.

PAIN

Books and articles about pain often begin with attempts to find a suitable defi-

nition for the topic. Many provide the “official” definition offered by the Inter-
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national Association for the Study of Pain (IASP) (Merskey & Bogduk 1994),

“An unpleasant sensory or emotional experience associated with actual or po-

tential tissue damage, or described in terms of such damage.” While that may

do justice to the subject matter, it fails to capture the extensive scholarly, clini-

cal, public, and commercial interest in the topic. For that purpose, a definition

generally given tongue in cheek may be preferable: “Pain is a growth indus-

try.”
There are numerous ways to quantify that interest and that growth and nu-

merous reasons to account for it. In 1973, IASP was formed. By 1975, when
the Society held its first World Congress on Pain, there were 1200 members.
That number increased to 2100 in 1984 and to nearly 4500 by 1996. The num-
bers attending the triennial pain congresses mushroomed from 760 in 1975 to
4300 in 1996. Clearly, academic interest in pain comes from many disciplines,
but psychology figures very prominently among them. About 550 IASP mem-
bers list psychology as their main discipline, a number second only to anesthe-
siology.

Bibliographic databases provide another perspective on the current interest
in pain research. A search of PsycLIT for the period 1990–1997 reveals that
there were 1025 journal articles on the “exploded terms” of “tactual percep-
tion” or “somesthetic perception” if articles related to “pain” are not included.
Performing the reverse search, looking for articles devoted solely to “pain,”
comes up with 4343 references. The medical literature, of course, yields a
much larger sum: Entering “pain” into Medline and asking for references over
the past five years yields an astonishing count of 47,092.

Research on pain touches on every aspect of psychology presented in a typi-
cal introductory psychology course: brain and behavior, psychophysics and
perception, learning and motivation, memory and cognition, individual differ-
ences, development, personality, psychological disorders, and social behavior.
Many of the 81 chapters in the encyclopedic Textbook of Pain (Wall &
Melzack 1994) deal with psychological issues. Psychologists play major roles
in the leadership of the International Association for the Study of Pain and the
American and Canadian Pain Societies, and on the editorial boards of the ma-
jor journals Pain, Pain Forum, Clinical Journal of Pain, and Journal of Pain

and Symptom Management.

Gate-Control Theory

While psychology’s involvement in the field of pain has long been recognized,

Melzack & Wall’s (1965) classic paper on the gate-control theory served as a

major catalyst by moving the field of pain research away from the Cartesian

model of a direct connection between a source of injury and a pain center in the

brain. Their model provided instead for a variable link between injury and
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pain, with descending influences from the central nervous system serving to

modulate afferent activity in response to noxious inputs. Suddenly, it seemed,

pain research and pain management, both of which had largely been the do-

main of the medical profession, were open to many other disciplines, and, over

the years, psychology’s value was established.
The gate-control theory has undergone modifications (Melzack & Wall

1996) since its formulation, but the basic conception remains unchanged.
Small-diameter fibers respond to noxious inputs and convey information to the
dorsal horn of the spinal cord and then to subcortical and cortical structures
subserving three dimensions of pain: sensory-discriminative, motivational-
affective, and cognitive-evaluative. In addition, descending influences from
higher regions act via the midbrain and medulla to exert an inhibitory influ-
ence on the spinal cord and to inhibit the response of transmitting cells to in-
jury.

Clearly, this description is farcically simplistic. Wall & Melzack’s Text-

book of Pain (1994) devotes its first dozen chapters and over 250 pages to an
elaboration of the neurophysiological and neurochemical mechanisms that
might account for pain transmission and modulation. Theoretical develop-
ments regarding pain transmission and encoding continue apace. One such is
Melzack’s (1990) concept of the “neuromatrix,” a genetically determined neu-
ral network subserving body sensation that can be modified by experience. It
has been applied particularly to phantom-limb phenomena. Magnetic source
imaging in phantom-limb patients (Flor et al 1995) has disclosed extensive re-
organization of the somatosensory cortex, an example of neuronal plasticity
that may be revealed repeatedly in future studies of chronic pain conditions.

Sensory Fibers

Considerable interest among neuroscientists has focused on each of the ele-

ments in the complex pain-transmission system. The two sets of highly spe-

cialized peripheral sensory fibers, one myelinated (A-delta) and one unmyeli-

nated (C), are characterized by high thresholds but differ in other respects. C-

fiber nociceptors that respond to both intense mechanical stimulation and high

temperatures (<38°C) show a nice monotonic relationship between number of

impulses and temperature or pressure, but selective analgesia to heat by the

application of capsaicin in humans (Simone & Ochoa 1991) suggests inde-

pendent transducer mechanisms (Meyer et al 1994).
The neural response of C-fiber nociceptors is intimately linked to the nature

of prior stimulation. Presentation of noxious heat 10 sec before a test stimulus
reduces the response to the latter by about 65%; even at 5 min there is a meas-
urable suppression. Likewise, response to a heat pulse of, say, 47°C, is mark-
edly less if the previous stimulus was 47° or 49°C than if it was 41° or 43°C
(Meyer et al 1994).
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Interesting issues about the appropriate neurophysiological measure to use

in correlating human and nonhuman data about C-fiber mechano-heat no-

ciceptors arise from the finding by Tillman et al (1995a) that heat pain thresh-

olds decreased as stimulus ramp rate increased, but the threshold for detecting

an action potential in the C-fiber of the monkey increased with ramp rate.

Tillman et al (1995b) developed a three-layer heat-transfer model to describe

temperature distribution after application of heat to the skin, relating threshold

to base temperature, ramp rate, and duration of the heat step. Their results sug-

gest that the heat threshold for C-fiber mechano-heat nociceptors is deter-

mined by receptor depth.
Schmidt et al (1995) found new classes of C-fiber nociceptors, namely ones

responding only to mechanical stimuli, only to heat stimuli, and ones that were

unresponsive to pressure or heat. Some of each of these units were sensitized

after topical application of the irritants capsaicin or mustard oil, acquiring re-

sponsiveness to a stimulus modality to which they were previously nonrespon-

sive. The discovery that previously silent nociceptors can be recruited by local

injury suggests that central sensitization may result from spatial summation of

a nociceptive barrage, with implications for chronic pain that are discussed be-

low.
A-fiber units have high thresholds to both mechanical pressure and tem-

perature, but since they typically respond to temperatures greater than 50°C, it

is more likely that the C-fiber nociceptors signal pain around the human pain

threshold (~ 45°C). As temperature rises, particularly for long-duration stim-

uli, the A-delta nociceptors begin to respond vigorously (Meyer et al 1994).

Moreover, the A-fiber nociceptors display an extraordinary response to burn

injury, showing both a sharply reduced threshold and a marked increase in re-

sponse rate to thermal stimuli after a 30-sec burn to the hand (Meyer et al

1994). This pattern closely matches the hyperalgesia seen in human observers

following a similar burn.
Single-fiber recordings from A-delta and C-fibers in awake humans have

revealed a great deal about the physiological properties of these units (Tore-

bjork 1994). Curiously, although the A-delta fibers are much larger in diame-

ter than the unmyelinated C-afferents, it is exceedingly difficult to record from

the former, perhaps because the electrode tip must be close to the node of Ran-

vier. Lundberg et al (1992) used small electrodes to stimulate groups of A-

delta and C-fibers, with trains of electrical pulses varying regularly in fre-

quency from 1 to 15 Hz or mimicking some of the irregular patterns seen in mi-

croneurographic recordings. The data indicated that the subjective magnitude

of pain increased monotonically as a function of frequency for the regular pat-

terns, but that even greater peak magnitudes of pain were reported for the ir-

regular but natural patterns.
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Many phenomena are seen in parallel when examining neurophysiological

data and psychophysical ratings. Often, the correlations are evident in periph-

eral recordings, as in studies of primary hyperalgesia at the site of an injury,

but higher-level influences become apparent in studies of secondary hyperal-

gesia, an enhanced level of pain to mechanical stimuli seen in a large area sur-

rounding a burn. Baumann et al (1991) and Simone et al (1991) concluded that

central rather than peripheral sensitization is responsible for these effects.

Higher Neural Organization

The second-order neural organization of the spinal cord reveals both elegance
and complexity, since it is at this level that one finds the interplay between
nociceptive and non-nociceptive afferents, excitatory and inhibitory neuro-
transmitters, and both afferent and descending influences. Nociceptive neu-
rons respond maximally to high intensities, project to higher areas known to be
involved in processing pain information, generate pain experiences when
stimulated electrically, and reduce pain when their activity is inhibited (Fields
1987). About a quarter of the spinal neurons tend to be “high-threshold” or
“nociceptive-specific” but they are outnumbered by “wide-dynamic-range”
(WDR) neurons that have large receptive fields, respond weakly to brushing,
pressure, and mild touch but vigorously to strong pressure, pinch, or high tem-
perature (Price 1988).

Simone et al (1991) injected capsaicin into the skin of human observers.

This produced an immediate burning pain that built over about 15 seconds and

declined over the next half hour, increased the perceived intensity of noxious

stimulation (hyperalgesia), and caused even gentle strokes to be perceived as

painful (allodynia). After a similar treatment in monkeys, both the high-

threshold and WDR cells showed increased activity whose time course corre-

lated with magnitude estimates from the human observers, although the corre-

lation was greater for the activity of the WDR cells. More recently, Pertovaara

(1998) found that secondary hyperalgesia, the altered responsiveness in the re-

gion away from the injury, is submodality-specific; neurogenic inflammation

induced by the injection of mustard oil in the rat enhanced the response of

WDR cells in the dorsal horn to intense mechanical but not thermal stimuli.

Even weak mechanical stimuli produced enhanced spinal activity, suggesting

that the injury engaged a descending facilitatory feedback loop that may en-

force inactivity and thus promote healing.
Submodality specificity was also seen in an elegant study by Torebjork et al

(1992), who demonstrated that the secondary hyperalgesia to mechanical stim-

uli following capsaicin injections is mediated by input from large myelinated

fibers. These fibers normally evoke nonpainful tactile sensations, but nerve

compression, which selectively blocked their capacity to respond, also abol-
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ished the mechanical hypersensitivity in the wide surrounding area. Hyperal-

gesia to heat in that region was unaffected, however, indicating that afferent

signals from other fibers, presumably the C-polymodal nociceptors, must be

responsible for that effect. The mechanical hyperalgesia appears to be due to

reversible changes in central processing.

Central Neurochemical Effects

The role of higher-order centers in such inflammation-produced hyperalgesia
was supported by the findings of Kolhekar et al (1997), who found that block-
ade of receptors for N-methyl-D-aspartate (NMDA) in the rat thalamus signifi-
cantly reduced both thermal and mechanical hyperalgesia induced by injection
of carrageenin in the contralateral hindpaw of the rat. NMDA is an excitatory
amino acid whose receptor, when unmasked, permits previously weak inputs
to be expressed and produces much larger than normal responses in postsynap-
tic cells (McMahon 1994). NMDA is seen to play a role in many chronic pain
states, since it markedly influences central excitability [even more in the neo-
nate (Fitzgerald 1994) than the adult].

NMDA antagonists, then, ought to be helpful in blocking and reversing

central sensitization (Coderre et al 1997, Dubner & Basbaum 1994) and thus

preventing and reducing pain. Stubhaug et al (1997) showed that ketamine, a

selective blocker of the NMDA receptor, when administered postoperatively

in humans, markedly reduced hyperalgesia in the region surrounding the surgi-

cal incision. A recent study used ketamine to enhance the effects of preemptive

analgesia. In this procedure, a local anesthetic or an opiate is administered

prior to general anesthesia in surgery. It is based on the notion, which has re-

ceived considerable support, that it is prudent to block nociceptive inputs from

the site of the operation, even if the pain they would produce is not consciously

experienced. Otherwise, the thinking goes, a strong afferent barrage may alter

the activity of central neurons and lead to extended pain. Barbieri et al (1997)

divided patients into three groups, all of whom received the potent synthetic

opiate, fentanyl, on arrival in the operating room and then a general anesthetic.

One group of patients received ketamine 30 min before this preemptive anal-

gesia treatment. Their visual analog scale ratings of postoperative pain were

sharply reduced compared to those of patients who had the standard procedure

or who received ketamine in the recovery room. Ketamine or fentanyl, given as

an adjuvant to general anesthesia, altered electrocutaneous detection and pain

thresholds for up to 5 days in patients who underwent abdominal surgery

(Wilder-Smith et al 1998).
Psychophysical studies of central sensitization have often focused on the

phenomenon of second pain, seeing it as a correlate of the neurophysiological

“wind-up effect” that occurs after repeated application of an electrical or ther-

mal stimulus. A single application of an intense pulse can elicit both a local-
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ized pricking sensation and, a second or so later, a diffuse throbbing or burning

experience. After repeated applications of thermal pulses, each a second or

two apart, the perceived intensity of the first pain declines to about one third

of its original level while that of the second pain doubles (Price 1994). This

differential effect has been linked to suppression of the A-delta heat nocicep-

tive afferents and central summation of activity initiated by C-fiber polymodal

nociceptive afferents. Price et al (1994) have shown that the cough suppressant

dextromethorphan, which is an NMDA antagonist, attenuated the level of sec-

ond pain, leaving first pain unaffected. Arendt-Nielsen et al (1995), in a related

study, found that ketamine inhibited temporal summation for trains of electri-

cal pulses in human observers, although ratings of a single stimulus were unaf-

fected. These data reinforce the notion that central mechanisms, involving

NMDA-receptors, are involved in temporal summation studies in the labora-

tory and secondary hyperalgesia phenomena in the pain clinic.

Pain Psychophysics

There is a growing interest in combining the elegance of laboratory research
with the relevance of clinical studies. While such traditional measures as pain
threshold and pain tolerance still provide many useful insights into the pain ex-
perience, the tools for studying pain responsiveness have expanded enor-
mously in recent years. The applicability of signal-detection theory methods to
studying noxious signals remains contentious, with both adherents (Clark
1994) and critics (Rollman 1977) debating whether the discrimination of two
intense stimuli provides insights into possible changes in their painfulness.
Irwin & Whitehead (1991), using category scaling and identification tasks
with electrocutaneous stimuli, have attempted some resolution of the conflict-
ing views.

Technological advances have strongly influenced pain investigations, at

both the stimulus and response end, in recent years. It is comforting to see that

good research can still be accomplished on a meager budget. Koltzenburg et al

(1993), who wanted to measure localization ability for noxious stimuli as com-

pared to innocuous ones, asked subjects to localize pin pricks, noxious heat

(using small copper probes heated to 50°C), and chemical irritants (mustard oil

applied to a small cotton ball). The mean mislocalization was about 9 mm,

with no difference among the submodalities and no effects of blocking the

large fibers. Localization of tactile sensations induced by von Frey hairs, sig-

naled by the large fibers, was only marginally better (a mean error of about 6

mm), suggesting that somatotopic representation in the brain for noxious in-

puts is similar to that found for tactile ones.
There has been considerable interest in the scaling of both the intensity and

unpleasantness of pain, using visual analog scales or scaled verbal descriptors

(Gracely 1994), multidimensional scaling (Clark et al 1989), measures of re-
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flex activity (DeBroucker et al 1989), studies of pupil diameter (Chapman et al

1997), somatosensory evoked potentials (Chen & Bromm 1995), and a number

of other methods (Chapman & Loeser 1989, Rollman 1992) designed to elicit

information about the sensory, affective, and to a much smaller extent, cog-

nitive components of pain experiences. These behavioral and physiological

instruments have helped to address fundamental issues such as gender differ-

ences in pain responsiveness (Berkley 1997) and the assessment of pediatric

pain (McGrath & Unruh 1994). Neuroimaging studies have begun to appear in

abundance (Casey et al 1995, Casey & Minoshima 1997), but technical, inter-

pretational, and philosophical issues will remain with us for many years.
Attempts to bridge the laboratory-clinical gap come from studies of pain

perception among pain patients. Naliboff et al (1981) contrasted Chapman’s

(1978) model of hypervigilance with Rollman’s (1979) model of adaptation

level in examining the threshold for noxious input in pain patients. Chapman’s

model suggests that pain patients have diminished pain threshold and tolerance

levels, hyper-responding to both internal and external stimuli. In contrast, the

adaptation-level model suggests that pain patients compare external stimuli to

their endogenous pain, rating the stimuli as less intense than they would if they

did not have a high level of pain as an internal anchor or comparison point.

Both models have received support (Naliboff & Cohen 1989, Rollman 1992),

but for different populations of pain patients.
For example, fibromyalgia patients who have exquisite sensitivity at a

number of tender points also show much lower pain threshold and pain toler-

ance to pressure applied at control sites (Scudds et al 1987). Lautenbacher et al

(1994) showed that fibromyalgia patients had significantly lower pain thresh-

olds when the noxious stimulus was heat or a train of electrical pulses, and

McDermid et al (1996) demonstrated that they have an extremely low discom-

fort threshold for white noise. At the least, fibromyalgia patients generally

show a considerable degree of responsiveness to noxious stimuli, whatever the

origin.
More recent studies have employed psychophysical methods to look at pos-

sible deficiencies of pain modulation in these patients. Using the diffuse nox-

ious inhibitory control paradigm, in which a tonic noxious stimulus (such as a

tourniquet or a long-lasting intense heat stimulus) at one site on the body, such

as the arm, suppresses the pain threshold or rated painfulness of a noxious pha-

sic stimulus (such as electrical shock) applied to a distant body part, both

Kosek & Hansson (1997) and Lautenbacher & Rollman (1997) found less sup-

pression of pain in patients than in controls. It remains to be determined

whether this reflects a dysfunction of physiological inhibition or an attentional

disorder in which the fibromyalgia sufferers concentrate on all noxious inputs

while pain-free individuals channel their attentional capacity to the more last-

ing and noxious input.
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This examination of recent findings on touch, haptics, and pain indicates
that both biological and psychological perspectives are necessary to uncover
the phenomena that make up these areas. The future direction of work on som-
esthesis will be enormously exciting, but it is unlikely that we will see a unified
theory emerging that covers the complexities of the separate modalities and
their interactions, just as it is unlikely that we will see a unified theory that
covers the complexities of vision or hearing. We do expect continued close co-
operation between the psychophysical approach and the neurophysiological
approach, particularly as the latter continues to put increasing emphasis on
central mechanisms. The improved resolution in both the spatial and temporal
dimensions of brain imaging, coupled with increased emphasis on multidi-
mensional behavioral assessment, will enable us to better understand the sen-
sory, affective, and cognitive components of normal and abnormal states. Ba-
sic scientists and clinicians will seek to integrate their models, investigative
tools, and findings in dealing with a wide range of disorders, with behavioral
medicine increasing in scope and influence. Finally, we expect to see an in-
creased emphasis on the complex interactions between modalities as investi-
gators capture the richness of somesthetic experience.
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