
A Primate Model for Studying Focal 
Dystonia and Repetitive Strain Injury: 
Effects on the Primary 
Somatosensory Cortex 

Background and Purpose. Jobrelated repetitive strain injuries (RSIS) are 
increasing, and current treatment strategies often fail to return injured 
people to work. This study documented the neural consequences of using 
two different movement strategies for active, repetitive hand closing and 
opening. Methods. Two owl monkeys were trained for 20 weeks to 
repetitively close a handpiece against an 8% force (3-400 trials per day, 
training at 80%-90% accuracy). One monkey used a highly articulated 
hand-squeezing strategy, and the other monkey used a proximal arm- 
pulling strategy. Changes in motor performance were analyzed, and the 
electrophysiological maps of the hand representation on the trained 
primary sensory cortex (area 3b) were compared with those of untrained 
control animals and the untrained sides of the trained monkeys. Results. 
The monkey using the articulated hand-squeezing strategy showed motor 
deterioration and dedifferentiation of the normally sharply segregated 
areas of the hand representation in area 3b. Mild degradation of the hand 
representation was measured in the monkey using the proximal arm- 
pulling strategy, but there was no motor dysfunction. Conclusion and 
Discussion. Attended, highly articulated, repetitive finger squeezing 
degrades the hand representation and interferes with motor control. A 
proximal, more variable repetitive strategy minimized the sensory degra- 
dation and preserved motor control. Restoring the hand representation 
may be a critical part of treatment for patients with chronic RSI and focal 
hand dystonia. [Byl NN, Merzenich MM, Cheung S, et al. A primate model 
for studying focal dystonia and repetitive strain injury: effects on the 
primary somatosensory cortex. Phys Ther. 1997;77:269-284.1 
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orkers doing automated tasks under 
highly demanding conditions can 
develop discomfort in their arms, wrists, 
and hands. Repetitive strain injuries 

(RSIs), repetitive motion injuries (RMIs), and cumula- 
tive trauma disorders (CTDs) can result from excessive 
and repetitive end-range motions, excessive force, 
stretching, and awkward po~tures , l -~  which can lead to 
chronic soft tissue inflammation, scarring, pain, fatigue, 
muscle spasm, and postural imbalance. Neural tissues at 
the cervical spine, the carpal tunnel, the cubital tunnel, 
or the thoracic outlet can also be compressed as a result 
of the swelling associated with the biomechanical micro- 
t r a ~ m a . ~  Reflex sympathetic dystrophy and occupational 
hand cramps (focal dystonia of the hand) can be later 
complications.5-l4 

Ergonomic modifications of workstations, instrumental 
and tool redesign, prework and postwork exercises, and 
the use of wrist splints have not reduced the incidence of 
RSIs.15J6 The recalcitrant nature of remediation, partic- 
ularly of RSIs and occupational hand cramps, suggests 
that there may be other undiagnosed problems interfer- 
ing with recovery. 

Area 3b of the primary sensory cortex contains the most 
highly organized representations of skin afferents in the 
cortex. The representations of each digit are sharply 
segregated and precisely differentiated.17-l9 The hand 
representation in area 3b is frequently targeted for 
studies in neuroplasticity because electrophysiological 

techniques exist to carefully map the area and each 
cortical penetration can be expected to have a precise, 
small, cutaneous receptive field restricted to only very 
limited surfaces on a single digit.20 The preciseness of 
the representation of the hand in area 3b provides the 
sensitivity needed to guide fine-motor movements of the 
hand. In addition, changes in area 3b can be considered 
to be representative of changes in other areas of the 
cortex (eg, areas 3a, 4, and 1).  

The tasks that lead to RSIs actually simulate the behav- 
ioral conditions that have been shown to remodel the 
primary somatosensory cortical areas in adult monkeys: 
attended, task-specific performance accuracy and repe- 
tition.17-20 Primate studies indicate that the primary 
somatosensory cortical fields representing cutaneous 
(area 3b) and kinesthetic (area 3a and 1) inputs from 
the forelimb and the motor cortical fields can be remod- 
eled by repetitive sensory inputs generated in a behav- 
ioral conditioning t a ~ k . ~ ~ - ~ W a r e f u l l y  controlled input 
conditions result in progressively more refined and 
more differentiated cortical representations of skin, 
muscle, joint afferents, and motor rnovement~.l7-~9~2~-~O 
Degraded representations measured by changes in the 
size, distribution, and overlap of the receptive fields may 
occur in circumstances in which afferent activities are 
(1) highly repetitive, (2) spatially stereotyped, (3) syn- 
chronously engaging normally differentiated sensory 
feedback inputs, and (4) delivered in an attended 
behavior. 17-19,22-25,31,32 
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Varied daily behaviors can be expected to delay the 
development of repe ti tion-induced functional changes, 
even for the most repetitive tasks. Alternatively, the risk 
of an RSI could be increased when a task requires 
co-contractions of the agonists and antagonists (eg, 
writing, hammering) or nearly simultaneous contrac- 
tions of adjacent digits (eg, co-stimulation of skin and 
muscle afferents within the 100-millisecond cortical inte- 
gration time, such as that timed in a piano 
trill) -17-19,29,30,33,34 

In a recent primate an attended, passive, repet- 
itive hand-opening and hand-closing paradigm was 
designed to simulate the conditions surrounding RSI of 
the upper extremity. Two monkeys were trained to place 
their hands on a handpiece that rapidly and nearly 
simultaneously opened all adjacent digits (within 16 
milliseconds) and then closed the digits from one to 
seven times per trial for 300 to 400 trials per day. The 
monkeys trained approximately 1 hour per day, 5 to 6 
days per week. After 12 to 25 weeks, both monkeys 
developed signs that were consistent with RSI or dystonia 
(deterioration in performance accuracy, speed, and effi- 
ciency). Electrophysiological mapping of the primary 
sensory cortex revealed (1) unusually large receptive 
fields, (2)l a loss of the normal separation of receptive 
fields within digit segments and between digits, and 
(3) multiple receptive fields extending across whole 
digits, located on adjacent digits, or located on both the 
glabrous and dorsal surfaces. In striking contrast to 
controls, these overlaps of single and multiple receptive 
fields were recorded even when there were large sepa- - 

rations between cortical penetration sites. The findings 
from this study suggest that RSI is not simply a periph- 
eral, bio~nechanical problem, but may have serious, 
central neural consequences. 

The purpose of our study was to evaluate the behavior- 
ally induced cortical plasticity effects of RSI and focal 
dystonia :;ymptomatology in two owl monkeys, with one 
monkey performing active, repetitive hand opening and 
closing using a highly articulated hand-squeezing strat- 
egy and with the other monkey performing this task 
using a proximal arm-pulling strategy. Our study 
atternptetl to enhance previous RSI research, which 
focused on heavily articulated, rapid, passive opening 
and closing of the hand. We asked the following ques- 
tions: (1) Would there be a measurable change in motor 
control a€ter training? (2) Would the cortical "maps" of 
the skin of the trained hand be degraded after training 
compared with normal control maps or the map repre- 
senting the untrained hand? (3) Would sensory and 
motor findings differ under the training conditions of a 
hand-squeezing strategy versus an arm-pulling strategy? 
and (4) \would there be measurable changes in area 3b 
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Figure 1. 
Sensorimotor training apparatus designed to engage an adult monkey 
in the repetitive exercise of active opening and closing of the hand. 

of the contralateral primary sensory cortex representing 
the untrained hand? 

Method 

Subjects 
Two adult female owl monkeys (Aotus nancimae) (OM 
177, OM 410) served as subjects. Based on their weights 
and a full complement of adult dentition, they were 
judged to be young adults.36 Both animals were neuro- 
logically intact and had not previously been used for 
experiments. Both monkeys had a strong right-hand 
preference on the pretraining food-retrieval task and the 
hand-training task. The hand representation of the 
untrained side of each trained monkey and those of a 
reference group of six untrained owl monkeys were used 
as controls in this study. 

Behavioral Training 
Both monkeys engaged in the behavioral training task 
5 to 6 days per week over 20 weeks. The goal of the 
behavioral training was to create a paradigm of active, 
repetitive opening and closing of the hand. The mon- 
keys were trained in a cage mounted within a sound- 
isolated test chamber. A video system external to the 
cage was used to monitor the animals' behavior during 
training. A short cylinder mounted on the cage front 
guided the monkeys' reach to a handpiece that was 
molded to fit each monkey's vertically oriented hand. A 
pellet feeder was attached to a side wall of the cage. Each 
monkey was initially trained to reach through a cylindri- 
cal opening for slices of fruit. The monkey was then 
trained to reach through a similar opening to grasp a 
handpiece formed from two half cylinders (Fig. 1). The 
handpiece was driven by a spring-loaded solenoid to 
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Table. 
Food-Retrieval Skills Rating Scaleo 

Grade Definition 

5 Successful retrieval on the first attempt; 
movement smooth and efficient 

4 Successful retrieval on the first attempt; 
movement awkward and inefficient 

3 Successful retrieval on the second attempt; 
movement smooth and efficient 

2 Successful retrieval on the second attempt; 
movement awkward and inefficient 

1 Successful retrieval on the third attempt 

0 Successful retrieval on the fourth or fifth attempt 

- 1 Could not retrieve the food item after five 
attempts 

"The food-retrieval ~cale  was designed to measure the efficiency of fine- noto or 
hand skills in two nontarget tasks: ( 1 )  taking food from a tray (food tray 
retrieval) and (2) taking food items through a feeding tube (feeding tube 
retrieval) 

provide a known force against which the monkey had 
to squeeze or pull (80 g over a distance of 7 mm) and to 
provide a safe mechanism to automatically reopen the 
handpiece when the grip force was released. The behav- 
ioral apparatus was controlled by LabVIEWm virtual 
instruments software.* 

The monkeys initiated their tasks by placing their fingers 
and thumb on the handpiece. When the handpiece was 
successfully squeezed to 80 g, the handpiece vibrated at 
250 Hz. After 1.5 seconds, the vibration stopped and a 
light-emitting diode (LED) signaled the completion of 
the holding time. The monkeys then had to complete 
their tasks by maintaining the closure of the handpiece 
and sliding it toward their body (guided by the presence 
of an LED). The monkeys had to maintain all fingers 
and the thumb in contact with the handpiece during the 
entire opening and closing cycle. The feeder delivered a 
pellet each time the monkeys successfully performed 
their tasks. Both monkeys performed approximately 300 
to 400 trials per day (squeezing the handpiece) during a 
1- to 1.5-hour-long daily training period. To achieve this 
target goal, OM 410 was engaged in two training sessions 
per day. After practice trials for approximately 3 weeks in 
the home cages and then approximately 4 weeks of 
"in-cage" training, the monkeys reached a training accu- 
racy of 80% to 90%. Both monkeys began to perform 
this task using an articulated finger-squeezing strategy. 

Motor Performance 
Motor performance was documented at the beginning 
and end of the study. The efficiency and accuracy of task 
performance were measured (number of trials per 

minute and percentage of the trials completed correct- 
ly). Motor performance was also measured in terms of 
food-retrieval efficiency (food tray-retrieval task and 
feeding tube-retrieval task). 

Task performance accuracy was recorded each day based 
on the computer analysis of rewarded trials supple- 
mented by analysis of speed based on 5-minute vide@ 
tape segments. Signs of tremors, pain, and difficulty 
opening and closing the hand were documented from 
the daily observation of the videotape records. Although 
focal dystonia of the hand is very specific to a target task, 
there is commonly some carryover of motor dysfunction 
to similar tasks. Thus, to complete the measurement of 
motor performance, food-retrieval efficency was docu- 
mented. In the food tray task, the monkeys retrieved 
nine pieces of fruit from small individualized wells (2-16 
mm in size). Each trial was rated for efficiency using an 
ordinal scale of -1 to 5 (Table). The average perfor- 
mance was determined across all trials. The feeding tube 
task consisted of nine trials with the monkeys reaching 
through a feeding tube to retrieve small food items 
(presented high, low, to the side, or in the middle of the 
tube), with efficiency rated on the same ordinal scale 
used in the food tray task and with the average perfor- 
mance determined across the trials. 

To evaluate the reliability of the two food-retrieval scales, 
four independent observers who were trained in hand 
movement kinesiology independently viewed the video- 
tapes, which were played in slow motion. All reviewers 
were blinded to the monkeys' identities and status of 
training. The average efficiency performance was deter- 
mined for each food-retrieval task. Using the intraclass 
correlation coefficient (model 3), interrater reliability 
was .97 for the mean item score on the food tray task and 
.86 for the average item score on the feeding tube task. 
Intrarater reliability was .91 for both tasks (24 paired 
comparisons for each task). 

Once the desired performance behavior had been 
reached (80%-90% accuracy), training continued until 
the onset of simulated occupational hand cramps 
(approximately 20 weeks). This condition was measured 
by (1) a drop in performance accuracy to 50%, (2) a 
30% decrease in the rate of performance (average 
number of task repetitions per fixed time interval), 
(3) an observable decline in performance on the food- 
retrieval tasks, and (4) marked difficulty opening or 
closing the hand on the handpiece. This decline in 
motor function did not occur for OM 410; however, after 
20 weeks of training, this monkey was also scheduled for 
electrophysiological mapping to determine how the two 
monkeys differed motorically and electrophysiologically. 

* National lrlrtrument Corp, 6.504 Bridge Point Pkwy, Austin, TX 78730-5039. 
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Normal  Hand Representat ion 

0 

1 mm - 

Surgery and Ele~troph~siology 
The goal of the electrophysiological 
study was to define the neuronal 
responses and the cortical representa- 
tions ("maps") of the hand surfaces in 
area 3b in the trained and untrained 
cerebral hemispheres of the two 
trained monkeys. Anesthesia was 
induced with a 1.5% halothane:75% 
nitrous oxide:25% oxygen gas mixture 
to allow for placement of a venous 
catheter. The monkeys were subse- 
quently anesthetized with sodium pen- 
tobarbital (initial dose: 20-30 mg/kg 
intravenoi~sly) and maintained at a sur- 
gical level of anesthesia by intravenous 
supplementation. Heart rate and blood 
pressure .were monitored. A lactated 
Ringer's solution with 5% dextrose was 
continuously infused (6 pm/mg/h) 
and adjusted to maintain body hydra- 
tion. Core temperature was maintained 
at 38°C. The bladder was evacuated at Figure 2. 
regular intervals. h i r n a l s  were main- Normal hand representation. (A) Hand zone in area 3b of the anterior parietal cortex. (B) 

tained areflexic throughout these 3- to Outline of normal receptive fields on the hand, as correlated with the marked cortical 
penetration sites in Fig. 2C. (C) Topographical representation of the hand on the somatosensory 

4da).-10ng experiments. sul- cortex, area 3b, with sample cortical penetration sites (eg, the numbers moving from distal to 
fate (0.1 mg/12 h) and cefiz0xBt proximal and the letters moving from digit 5 to digit 1 )  correlated with the receptive fields on 
(10-20 mg/kg/l2 h) were adminis- the hand. Area 3b hand zones representing dorsal hand surfaces are shaded black. The letter 
tered at the beginning of these electro- "P" refers to the proximal segment of the digit, "M" refers to the middle segment, and "D" refers 

physiological experiments. The entire to the distal segment. 

experiment was performed using sterile 
surgical PI-ocedures to maintain preparation viability for Parylene-coated tungsten microelectrodesil with 1- to 
the relatively long recording times required to derive 3-MR impedances (at 1 kHz) were used for recording. 
these experimental maps. All microelectrode penetrations were parallel to one 

another and were introduced roughly perpendicular to 
The cortical mapping procedures used in this study have the cortical surface. Each insertion site was marked on 
been described in several earlier reports from our labo- the image of the cortical surface by reference to vascular 
ratory.17-21',22-25,m,37-40 The surgically anesthetized mon- details. Data were collected at a depth of 700 to 800 pm 
keys were mounted in a stereotaxic apparatus. A wide below the cortical surface (corresponding to deep corti- 
craniotom.y exposed the anterior parietal cortex cen- cal layer 3 in area 3b). Recordings were amplified, 
tered on cortical area 3b. The dura was opened and band-pass filtered, and displayed by the use of conven- 
reflected. A well was created with sterile cotton gauze tional electrophysiological methods. 
and filled with high-viscosity silicon oil. A Sony CCD-IRIS 
camerar mounted on a Leica WILD M650 operating Using a manually applied fine-tipped opaque glass 
microscope5 was used to record a computer image of the probe, the receptive fields were defined for each cortical 
cortical surface vasculature ( X  25) and the dorsal and penetration. The skin stimulus criterion of 'tjust-visible 
glabrous surfaces of the trained hand. Vascular land- skin indentation" was used for all receptive-field defini- 
marks were used as a reference in placing electrode tions. S t ~ d i e s 2 ~ - 2 ~ , ~ ~  have shown thatjust-visible indenta- 
penetrations. tions are in the range of 250 to 500 pm, the middle of 

the dynamic range of large-fiber cutaneous mechano- 
receptor a f f e r e n t ~ . ~ ~  

After the penetration site was marked on the cortex, the 
+ Fujisawa US14 Inc, Parkway North Center, 3 Parkway N, Deerfield, IL 60015- receptive field(s) for the sampled neuron (s) was care- 
2548. 

Sony Japan l'echnical Instruments. 348 6th St, San Franscisco, CA 94143. 
Leica AG, Corporate Posutrasse 28 (Rathaus), PO Box 1243, CH-9001 

St Gallen, Swilzerland. 11 Microprobe Inc, Box 87, Clarksburg, MO 20871. 

Physical Therapy . Volume 77 . Number 3 . March 1997 



Figure 3. 
Line graph illustrating change in speed of performance on repetitive 
active hand closing and opening task for OM 177 and OM 41 0. 

l6 -- 

r' ::: 
z 4 

fully drawn to scale on the computer-stored hand image 
by using a mouse cursor and MAP cortical mapping 
software (in-house software) .41 When receptive fields 
overlapped onto different functional hand surfaces, cor- 
tical representational boundaries were drawn to reflect 
proportional overlaps. Both monkeys were mapped over 
a period of 72 to 96 hours. Both the contralateral trained 
hemisphere and the ipsilateral untrained hemisphere 
were mapped. Normal reference maps of area 3b of the 
primary sensory cortex in untrained monkeys also served 
as controls for this study (Fig. 2).z0 The sizes of the 
receptive fields were measured, and the proportions of 
cortical penetrations associated with multiple receptive 
fields were noted (those overlapping adjacent digits on 
the glabrous surface and those extending to the dorsal 

2.- 

surface). 

- 
I I I I I 

Data Analysis 
Reconstruction of the cortical representations and mea- 
surements of the size of the cutaneous receptive fields 
and the cortical area 3b were done using MAP soft- 
ware.41 The dependent variables for motor performance 
included task performance speed and accuracy as well as 
food-retrieval efficiency. The dependent variables 
selected to measure the differences in the hand repre- 
sentation in area 3b were (1) the average size of the 
receptive fields and (2) the percentage of receptive 
fields with multiple components extending across seg- 
ments of a single digit, extending to adjacent digits, or 
extending across the dorsal and glabrous surfaces. 

1 2 3 4 5 

Month of Training 

Page Test for or'Lknd Analysis 

z ,,, S.91, P<.OOOl OM 177 

z ,,, = not significant 

The paired Student's t test was used to evaluate the 
significance of the change in task performance speed 

(P<.05) for each monkey. The z test for proportional 
differences was used to measure each monkey's decline 
in accuracy on task performance and decrease in effi- 
ciency for each of the food-retrieval tasks (P<.05). 

The Student's t test was used to compare the differences 
in receptive field size for the trained animals, the control 
animals, and the untrained side (with P<.0 167 to con- 
trol for multiple testing). The chi-square test was applied 
to evaluate the differences between the trained and 
untrained sides and the untrained control animals in 
terms of the proportion of cortical penetrations with 
multiple receptive fields (those extending across seg- 
ments of individual digits, those extending to adjacent 
digits, or those extending to both the glabrous and 
dorsal surfaces). Post hoc pair-wise differences were ana- 
lyzed using the z test for proportional differences, with 
the pair-wise contrasts of interest: (1) trained hand 
squeezing versus untrained controls, (2) trained arm 
pulling versus untrained controls, (3) trained hand 
squeezing versus untrained controls, (4) trained arm 
pulling versus untrained controls, (5) trained hand 
squeezing versus trained arm pulling. These contrasts 
were tested at P<.01 to control for the multiple 
testing.42 

Results 

Temporary Behavioral Changes 
After 3 weeks of in-cage training at the grasping task, 
both monkeys were able to successfully and reliably 
squeeze the handpiece with 80% to 90% accuracy. After 
4 to 5 weeks of training, both monkeys began to have 
difficulty completing the task. After a week of poor 
behavioral performance, both monkeys adjusted to and 
then overcame this problem by reducing the tension of 
their grip on the handpiece (as noted by observing the 
videotapes). The monkeys then resumed normal train- 
ing. OM 177 continued to use a hand-squeezing strategy, 
whereas OM 410 spontaneously changed from a hand- 
squeezing strategy to a more proximal elbow and shoul- 
der pulling strategy. Rather than squeezing with the 
finger flexors and extensors, the hand was functionally 
positioned on the handpiece, then the monkey pulled 
back with the shoulder and elbow muscles. The pulling 
was of sufficient force to both close the handpiece and 
bring the handpiece platform to contact the LED to 
complete the required task. This monkey also refused to 
train for more than 30 minutes in any given training 
session and had to be trained twice a day to achieve 300 
to 400 daily trials. 

Final Measuremenk of Motor Performance 
OM 177 (using an articulated hand-squeezing strategy) 
began to fail more than 50% of the trials after 5 months 
of training, meeting the target training goal for sched- 
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uling the electrophysiological mapping studies. OM 177 
also showed a 60% decline in the speed of task perfor- 
mance (Ps.001). Despite the difficulty performing the 
task, OM 177 continued to work for 1 to 2 hours a day. 
There weire no indications that there was any pain. OM 
410 performed initially at a slower speed compared with 
OM 177. Over the training period, however, there was 
no decline in speed (Fig. 3). 

Simultaneously with a dramatic deterioration in task 
performance, OM 177 also exhibited deterioration in 
food-retrieval performance. Based on 18 trials scored by 
four observers (72 measurements), the food-retrieval 
scores decreased from 4.82 (SD=0.38) to 3.42 (SD=1.5) 
(P5.0001) on the food tray task and from 4.79 
(SD=0.41) to 2.83 (SD=0.73) (PS.OOO1) on the feeding 
tube task (Fig. 4). 

OM 410 (using an arm-pulling strategy) trained for 5 
months and still did not show any signs of motor 
difficulty, with a performance accuracy maintained at 
80% (Fig., 3). This monkey also continued to perform 
the food-retrieval tasks without deterioration (Fig. 4), 
receiving scores of 4.94 (SD=0.25) and 4.75 (SD=0.77) 
at the beginning and end of training, respectively, on the 
food tray task and scores of 4.50 (SDz0.67) and 4.41 
(SD=1.78) at the beginning and end of training, respec- 
tively, on the feeding tube task. The monkey was sched- 
uled for mapping to determine whether there had been 
any changes in the representation of the hand on the 
somatosensory cortex, even though there was no mea- 
surable deterioration of motor performance. 

In summary, OM 177 met all three criteria defined for 
occupational hand cramps: (1) a decline in the accuracy 
of task performance, (2) a decrease in speed of perfor- 
mance, and (3) a decline in efficiency in food retrieval. 
There were, however, no signs of acute inflammation or 
pain. OM 410 did not meet any of these criteria for 
occupational hand cramps. 

Degradation of Hand Representations in Cortical 
Area 3b 
The representation of area 3b of the primary sensory 
cortex was substantially degraded in OM 177 (hand 
squeezing) and mildly degraded in OM 410 (arm pull- 
ing). This degradation was marked by clear abnormali- 
ties in the topographic representations of the hand in 
this normally highly ordered cortical zone. 

Cortical representations of the skin were dedifferentiated. 
In normal owl monkeys, digital receptive field areas 
generally range from 1 to 15 mm2, with 90% of receptive 
field areas falling between 2 and 9 mm2.43 The mean size 
of the digital receptive fields in this species is reported to 
be 8.0 mm2 (SD=3.0).43 The mean size of the receptive 

Food Tray Retrieval (TR) Feeding Tube Retrieval (FT) 
Beginning of End of 
Training Training 

Beginning of End of 
Training Training 

Student's t tests 
n=72 (2 trials, 9 items, 4 raters) 

to, ,,,, =8.09, P<.0001 
to, ,,,,=not significant 
to, ,,, ,=5.82, P<.OOOl 
to, ,,, ,=not significant 

Figure 4. 
Line graph illustrating change in efficiency of performance on the 
food-retrieval tasks for O M  177 and O M  4 10. 

fields for the monkey training with the hand-squeezing 
strategy (OM 177) was larger than that of the control 
animals (Fig. 5) on both the trained side (X= 110 mm2, 
SD=50.3; t=19.61, PS.0001) and the untrained side 
(X=40 mm2, SD=22.1; e11.97, PS.001). In OM 410, 
the average receptive field size was larger than that of the 
control animals for both the trained side (X=42 mm2, 
SD=41.2; t=11.88, P5.0001) and the untrained side 
(X=41 mm2, SD=45.4; ~ 1 0 . 9 2 ,  P5.0001). The sizes of 
the receptive fields for the trained and untrained sides of 
OM 410 were not different, but the average size of the 
receptive fields of OM 177 was larger than the average 
size of the receptive fields of OM 410 (t=13.58, 
Ps.0001). 

There were differences in the presence of multiple- 
segment receptive fields between the untrained control 
animals, the untrained side of the trained monkeys, and 
the trained side of the trained monkeys using different 
training strategies (X2=46.36, Ps.001). On the trained 
side of OM 177, 58% of the sampled neurons had 
receptive fields that extended across more than two 
glabrous segments of one finger (z=5.69, P5.0001 com- 
pared with the control animals; ~ 3 . 9 1 ,  PS.OO1 com- 
pared with the ipsilateral untrained side) (Fig. 6). Sev- 
enteen percent of the receptive fields actually covered 
the whole hand ( ~ 5 . 4 1 ,  Ps.0001, compared with 
untrained control animals). The receptive fields involv- 
ing the whole hand appeared to represent Pacinian-type 
responses. In OM 410, only 2% of the receptive fields 
covered all three segments of the digit (Fig. 7) and only 
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Student's t test (n=150 average penetrations) 

trc1177 trained =19.6, f <.00001 

trc1177 untrained ~ 1 9 . 5 ,  P<.00001 

t,/410 trained =13.4, P<.00001 

Figure 5. 
Histogram highlighting the larger size of the digital receptive fields for 
the trained and untrained sides of the trained monkeys compared with 
untrained control monkeys. 

one receptive field demonstrated a Pacinian-type 
response covering the entire hand. These values were 
not different from the values for the untrained control 
animals or the values for the untrained side. 

According to Karni,Z0 the cortical area representing the 
digits in area 3b ranged in size from 3.2 to 5.1 mm2 in 
nine normal owl monkeys.20 The cortical hand zone of 
area 3b could not be accurately measured for OM 177 
(hand-squeezing strategy) because of the abnormally 
large receptive fields, the large number of receptive 
fields covering multiple digits, and the large number of 
Pacinian-type responses covering the entire hand. The 
cortical area 3b in O M  410 (arm-pulling strategy) was 
similar to that of the untrained control animals (4.93 
mm2). 

Breakdown in the normally separated representations 
between the different digits of the hand. There were 
differences in the number of multiple-digit receptive 
fields among the groups (X '=82.71, Ps.0001). Neurons 
sampled in 54% of the penetrations in area 3b of the 
trained side of O M  177 had multiple-component recep- 
tive fields (Fig. 6A, C, D, E) with subfields on more than 
one digit (z= 12.33, P r  .0001 compared with those of the 
control animals; z=8.35, Pr.0001 compared with those 
of the ipsilateral untrained side). On the trained side of 
OM 410 (Fig. 7), neurons sampled in 15% of the 

penetrations in area 3b represented the glabrous sur- 
faces of the fingers with multiple-digit receptive fields 
(z=5.14, P=.0001 compared with control animals where 
the receptive field was small and limited to one seg- 
ment2°a34*44; z=0.196, P2.05 compared with the ipsilat- 
era1 untrained side). There was no difference between 
the trained and untrained sides. OM 177 had more 
multiple-digit receptive fields than did OM 410 ( ~ 3 . 6 3 ,  
P1.001). 

The breakdown in the separate representations of the 
digits in the normally strictly topographically organized 
cortical area is illustrated in another way in Figures 8 
and 9. The glabrous receptive fields were drawn from 
each individual "digit zone" in the area 3b hand map 
and then sorted by digit to show the extension of 
receptive fields to adjacent digits. Although the typical 
cortical representation of a digit is normally very specific 
to a small receptive field in one segment of a single digit 
(Fig. 2C), the representations of each digit had strong 
inputs from adjacent digits in both trained monkeys, 
more so in the monkey using the articulated hand- 
squeezing strategy (OM 177) than in the monkey using 
a proximal arm-pulling strategy (OM 410). 

Breakdown of the normally segregated representations of 
glabrous and dorsal hairy skin. The proportions of 
two-surface receptive fields were different for the three 
groups (x2=46.36, Ps.0001). On OM 177's trained 
side, 77 penetrations had dorsal receptive fields. Of 
these penetrations, 72% (Fig. 6B) included glabrous 
skin surfaces (z=4.34, Ps.001 compared with control 

z= 1.98, P<.05 compared with the 
untrained side). On the trained side of OM 410, only 15 
of the cortical penetrations had a dorsal receptive field 
(Fig. 7). Of these, 20% included the glabrous skin 
surfaces (2= 1.55, P2.05 compared with control animals; 
~ 0 . 7 5 ,  PB.05 compared with the untrained side). OM 
177 had more multiple-component dorsal-glabrous 
receptive fields than did OM 410 (z=4.56, Pr .01) .  

Segmental organization of the representation of the digits. 
Due to the irregular and often slow shifts in receptive 
field location and overlap as a function of distance across 
the cortical map, the detailed topography of the map for 
OM 177 was difficult to reconstruct. The normal, orderly 
receptive field ~ e q u e n c e ~ ~ ~ ~ *  was replaced by a more 
complex sequence of multiple-digit receptive fields and 
unusually large single-digit receptive fields. Although 
this topography was grossly abnormal, a general digit 1 
to digit 5, lateral to medial progression and a general 
digit tip to proximal digit segment, rostrocaudal progres- 
sion were still recorded. The topography of the map for 
OM 410 was much more like that seen in normal, 
untrained monkeys. 
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Dedikrentiation of the hand representa- 
tion in area 3b on the untrained side. 
Mild degradation of the hand represen- 
tation on the somatosensory cortex was 
seen on the untrained hemispheres of 
both of the trained monkeys, and the 
dedifferentiation of the receptive fields 
on the untrained side was similar for 
both monkeys (Fig. 10). The average 
size of the receptive fields on the 
untrained side was about five times 
larger than that of control animals that 
had never been used in any behavioral 
training (t=19.51, PS.0001 for OM 
177; t=13.42, P5.0001 for OM 410). 
There were also more multiple-digit 
receptive fields on the untrained side 
compared with control animals that 
had never been used in any behavioral 
training. For OM 177, 33% of the dor- 
sal receptive fields extended onto the 
glabrous surface ( ~ 2 . 5 6 ,  P<.05) and 
12% of the glabrous receptive fields 
extended to multiple adjacent fingers 
(%=3.14, 1'<.01). For OM 410, 17% of 
the dorsal receptive fields included the 
glabrous surface (2= 1.54, P>.05) and 
11% of the glabrous receptive fields 
extended to multiple digits (z=4.00, 
P5.0001). OM 177 had more multiple- 
component receptive fields than did 
OM 410 ( ~ 3 . 5 8 ,  Ps.001). 

Multiple RFs: 
DorslVGInbroos Sorfacea 

Across Adjacent Digits 

Mulnple RF donaVglabrous 

Muluple RF adjacent d ~ g ~ t s  

a=all drglt segments 
p=prox~mal segment 
m=mrddle segment 

1 mm 

Multiple R F s  per cortical penetration Single RFs per cortical penetration 

Discussion Figure 6. 
This study was designed to determine Cortical penetration sites and associated receptive fields (RFs) in the primary sensory cortex 

whether an attended, highly repetitive (area 3b) of the hand for the trained side of the monkey using a hand-squeezing strategy [OM 
177). Illustrations A, B, and C: Receptive fields on the hand for OM I77 and reconstruction of 

movement (ie' active 
the topographic representations of the hand surface on the somatosensory cortex [area 3b) with 

and closir1g of a handpiece) was associ- penetration sites correlated with the receptive fields on digits E and F, illustrating an abnormal 
ated with an experience-induced degra- "map" of the hand. The magnitude of area 3b with multiple receptive fields was so extensive 

dation in the somatosensory cortex. that separate drawings were necessary to clearly represent this (illustration A representing the 

This assocliation was confirmed. R ~ ~ ~ ~ -  overlap extending from the dorsal to the glabrous surface and illustration B representing the 
overlap to adjacent digits). Illustrations E and F: Outlines of territories over which neurons were 

itive, hand 'queezing 
driven with receptive fields, larger than normal size, on broad hand surfaces, with abbrevia- 

was associated with a loss of motor tions of the cortical penetration sites matched to the topographical draw~ng in illustration C. For 
control and a degradation of the hand this monkey, 54% of the cortical penetrations had multiple receptive fields extending to 

representation on the somatosensory adiacent digits [illustration A] and 72% of the cortical penetrations including a dorsal receptive 

cortex. With an arm-pulling strategy, field extended to the glabrous surfaces (illustration B). 

however, there were no observable 
signs of repetitive strain injury (eg, no indications of egy), stimulation of many small skin locations engaged 
pain and no observable motor dysfunction), but there neurons over a cortical area many times larger than 
was mild (yet statistically significant) degradation of the normal (on the average, 14 times larger than normal). 
hand representation on the somatosensory cortex. More than 50% of the receptive fields covered all of the 

segments of a digit and had multiple-field components 
The sizes of the receptive fields measured in this study on more than one digit, and 70% of the dorsal receptive 
were eve11 larger than those reported following a com- fields had a glabrous extension. By comparison, OM 410 
plete local block of inhibitory inputs in area 3b in (slow arm-pulling strategy) maintained normal motor 
macaque monkeys.43 For OM 177 (hand-squeezing strat- 

Physical Therapy . Volume 77  . Number 3 . March 1997 Byl et al . 277 



medial 
0 cortical penetration 

p=proxlmal segment 

m=middle segment 

- 
1 cm 

B 

Receptive Fields Sorted by Receptive Fields Sorted by 

Receptive Fields Sorted by 
Receptive Fields Sorted by 

Figure 8. 
Glabrous receptive fields recorded in area 3b from the monkey using a 
hand-squeezing strategy (OM 177) sorted by individual digits, includ- 
ing all of the associated receptive fields overlapping to adjacent digits. 
This figure does not include the multiple receptive fields that extended 
from the dorsal surface to the glabrous surface. These reconstructions 
illustrate the lack of independent representations of the digits in area 3b. 

Figure 7. 
Cortical penetration sites and associated receptive fields in the primary electrophysiological mapping. The results of the electre 
sensory cortex (area 3b) of the hand for the trained side of the monkey physiological mapping, however, suggest that the 
using an arm-pulling strategy (OM 41 0). Illustration A: Cortical pen* Untrained side could also be at risk for the development 
trations of the hand representotion for OM 4 10 organized by segment 
and digit. Illustration 8: Example of the size and distribution of the 

of focal dystonia symptoms, because the receptive fields 

receptive fields on the digits being different than normal (see Fig. 2Cj. were larger than normal and some cortical penetrations 
A smaller proportion of the cortical penetrations were associated with had multiple receptive fields. 
multi~le receptive fields compared with OM 177. There were more 
multible receptive fields thanusually seen in untrained monkeys, with ~ ~ d ~ ~ ~ d  changes are consistent with temporal-based 
15% overlapping between adiacent digits and 20% of the dorsal 
receptive fields exknding to the glabrous surface. 

inputs (ie, plasticity), which could arise from Hebblike 
synaptic change  mechanism^.^^ The motor and somate 

performance and demonstrated only modest, but still 
substantial, degradation of the hand representation in 
cortical area 3b. The receptive fields were five times 
larger than normal, with 2% of the glabrous receptive 
fields covering all segments of a single digit, 15% includ- 
ing multiple components that were located on adjacent 
digits, and 20% of the dorsal receptive fields having a 
glabrous component. These findings suggest that a 
repetitive, proximal shoulder and elbow-pulling strategy 
may decrease the risk of severe RSI of the hand, such as 
focal dystonia and occupational hand cramps. Although 
after about 5 weeks of training both monkeys had a 
period during which they refused to work, neither 
monkey had clinical signs of inflammation, redness, or 
swelling of the digits of either hand at the time of the 

sensory changes that occurred in our study are consis- 
tent with the findings for a behavioral task in which 
monkeys were trained to place their hand on a hand- 
piece that repetitively, but passively, opened and closed 
the hand nearly 1,000 times per day.35 The present active 
task provided nearly simultaneous stimulation to adja- 
cent digits and active closing, which is more representa- 
tive of repetitive functional activities. In both the active 
and passive paradigms, neurons at many area 3b sites 
developed responses to multiple-digit and glabrous- 
dorsal input combinations that are not normally 
recorded in this field. Interestingly, when repetitive 
closing of the handpiece did not involve alternating 
squeezing and extending of the fingers (the arm-pulling 
strategy of OM 410), the magnitude of the sensory 
degradation was reduced. 
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eptive Fields Sorted by Digit 2 
Receptive Fields Sort 

Receptive Fields Sorted by Digit 4 

Figure 9. 
Glabrous receptive fields recorded in area 3b from the monkey using an 
arm-pulling strategy (OM 410) sorted by individual digits, including all 
of the associated receptive fields overlapping to adjacent digits. 

How Could the Changes in Area 3b Contribute to the 
Genesis of a Work-Induced Movement Disorder? 
In several studies of primates,47-" the true primary 
sensory cortex (area 3b) has ventral parietal cortical 
fields, which in turn have major topographically ordered 
projections to areas 3a, 4, 1, 2, and 5 and SII. Moreover, 
area 3b has strong orderly projections to at least three 
other functional regions that provide strong direct pro- 
jections into area 4: (1) the supplementary motor corti- 
cal  area^,^^).^^ (2) a strip of cortex in premotor area 6 that 
borders area 4,45 and (3) the subcortical p ~ t a m e n . ~ ~  
With its central position as the true primary somatosen- 
sory cortical field, the substantial changes in the area 3b 
representation of the hand would also be expected to 
substantially influence cortical area 4 consequent to the 
behavioral training,17r43,57-59 explaining the relationship 
of the sensory effects of the repetition to the loss of 
motor control. 

The critical importance of somatosensory cortex inputs 
for motor skill learning has been discussed by Pavlides 
et a1.60 Sensory-guided (using tactile stimulation) motor 
skill learning in macaque monkeys required an intact 
primary sensory cortex. Hikosaka et a161 found digital 
manipulation and grasping of small objects to be grossly 
degraded by temporary anesthesia of restricted sectors of 
the cortical area. Following the induction of micro- 

Figure 10. 
Maps of the hand representation on the primary sensory cortex (area 
3b) on the untrained sidesof the trained monkeys, with abbreviations for 
samples of cortical penetrations on the topographical hand representa- 
tion and their associated receptive fields on the digits for the monkey that 
used a hand-squeezing strategy (OM 177) (illustrations A and B) and 
the monkey that used an arm-pulling strategy (OM 41 0) (illustrations C 
and D). For both monkeys, there were mild signs of dedifferentiation on 
the untrained side: (1) the size of the receptive fields was five times 
normal, (2) some of the receptive fields extended to adjacent fingers 
( 1  5% for O M  177 and 1 1 % for O M  410), and (3) some of the dorsal 
receptive fields extended to the glabrous surface (33% for O M  177 and 
17% for O M  410). 

lesions in area 3b in monkeys trained to perform a task 
involving the retrieval of small objects, similar effects 
were recorded. Cortical microlesions were produced by 
bipolar coagulation of surface vessels following the der- 
ivation of detailed hand representation maps in trained 
owl monkeys. Those microlesions selectively destroyed 
only the area 3b representations of the fingertips, which 
the monkeys had learned to use to palpate and manip 
ulate pellets. Pellet-retrieval performance was dramati- 
cally degraded by the microlesions; the monkeys 
behaved as if their digital surfaces were insensate. The 
monkeys had to peek into their partially opened hand 
on each behavioral trial to determine whether they had 
successfully grasped a pellet (they usually had not). After 
several additional weeks of behavioral training, the mon- 
keys recovered from this striking functional deficit, 
resulting in newly emergent plastic changes in digit-tip 
representations, most strongly expressed in cortical 
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areas 3a and 1 (C Xerri, MM Merzenich, and WM 
Jenkins; unpublished observations). 

Work-induced sensory inputs in the appropriate form 
and generated in the right behavioral context, as in 
these monkeys, could profoundly degrade cortical rep- 
resentational specificity, largely destroying the inde- 
pendent representation of digits and reducing the 
information-bearing capacity of the cortex by expanding 
the dimensions or overlaps of input-specific cortical 
"columns." If the stress is removed from the motor task 
(eg, arm-pulling strategy), however, then degradation of 
cortical representational specificity can be minimized. 

In learning, the effectiveness of nearly simultaneous 
inputs are believed to be integrated by the operation of 
synaptic plasticity mechanisms. A relatively small, consis- 
tent separation of input events may result in the segre- 
gation-and not the integration-of inputs delivered 
into the cortex on a heavy behavioral s ~ h e d u l e . 2 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
The most important conditions that appear to be neces- 
sary to avoid representational degradation include 
(1) inputs must be variable, (2) input activity patterns 
must not be rigidly stereotyped,I7 (3) although inputs 
may not require targeted attention in the work behavior, 
outside of work, sensory discrimination activities must be 
done on a regular basis to maintain the sharp segrega- 
tion of the digits, and (4) repetitive motion events 
should be spaced at 100-millisecond intervals or more to 
minimize simultaneously engaging normally differenti- 
ated sensory inputs. 

Relationship of Pain and Repetition to Dedifferentiation of 
the Hand Representation 
Both monkeys in this study changed the strategy of their 
grip after several daylong periods of difficulty complet- 
ing the hand-closing task. This change in strategy may 
have signaled an episode of pain, discomfort, or loss of 
voluntary grasp control. The monkey that exhibited the 
greatest area 3b representational changes was the mon- 
key that used the heavily articulated hand-squeezing 
strategy and later developed the signs of occupational 
hand cramps. It is not clear whether pain was associated 
with the behavioral changes because the monkey could 
not express this feeling. Inputs from pain afferents could 
conceivably directly alter receptive field dimensions in 
cortical area 3b, as with cutaneous receptive fields in the 
anatomically subordinate dorsal horn system.",64 In 
contrast to spinal experiments, blocking of small fiber 
afferents has been found to generate enlargement of 
cortical receptive  field^,^^,"^ an effect that is also at 
variance with a positive pain-mediated spinal receptive 
field effect. Pain is probably not a necessary element for 
dramatic neuroplasticity effects. In other studies of mon- 

large-scale representational changes have 
been recorded in the absence of pain. 

Frequently in patients with RSI, the resolution of a 
painful tendinitis does not result in complete recovery. A 
nonpainful focal dystonia can emerge in the patient and 
can be sustained for long periods in the absence of frank 
pain. The dystonia also does not disappear when the 
repetitive movement is stopped. The dystonia itself likely 
reflects and possibly directly arises from the degradation 
in the cortical representations that have been induced by 
the "learned" repetitive i n p ~ t s . ~ , ~ ~  Experiments on cor- 
tical plasticity in monkeys have demonstrated major 
cortical representational changes in behaviors that never 
appeared to be painful to the animal.17-19,21,27-3n Pain 
may contribute to the amplification of plasticity effects 
and possibly the genesis of work-induced movement 
disorders. Pain, however, is probably not a necessary 
component in their progressive development. 

Whatever the role of nociceptive inputs, in our view, the 
striking degradation of these cortical maps must have 
neurobehavioral consequences. The monkey using the 
heavily articulated hand-squeezing strategy demon- 
strated motor behavior consequences. In nonhuman 
primates, however, it is difficult to confirm that a motor 
control problem is specifically a focal dystonia. This 
monkey had difficulty with motor retrieval activities as 
well as a deterioration in task performance. There was 
no simple way of assessing the tactile sensibilities or the 
haptic capacities of either of the monkeys. The sensibil- 
ities of OM 177, in our opinion, would certainly be 
expected to be altered in the face of major changes in 
feedback information guiding refined movement 
contr01.~~ 

The Effect of Movement Strategy and the learning 
Origins Hypothesis for RSI 
Our learning origins hypothesis suggests that repetition 
leads to measurable changes in the somatosensory cor- 
tex, which are learned as a consequence of repetition. 
This hypothesis is supported not only by the current 
study but also by a previous study of RSI by the same 
authors.35 Repetitive, nearly simultaneous inputs alter 
brain representations of cutaneous and deep afferent 
feedback signals. These alterations in brain representa- 
tions change the corticifugal distributions and the 
strengths of inputs to sympathetic and pain centers, 
hypothetically contributing to the emergence of an 
inflammatory response or a movement disorder 
expressed in the arm. Serious degradation of the quality 
of sensory feedback could account for the uncontrolled 
co-contractions that commonly occur with occupational 
hand cramps. Human imaging studies have provided 
some additional evidence supporting this view.70 We had 
a magnetic resonance image and a magnetic source 
image taken on a guitarist with focal hand dystonia to 
determine whether there was any difference in the 
somatosensory hand representation compared with the 
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magnetic source images of asymptomatic subjects. The 
image for the patient showed a decrease in the density of 
the somatosensory map of digits 2 and 3, the involved 
dystonic digits of the right hand. This finding in a 
human subject would be consistent with the decrease in 
the size of the cortical representation of the hand and 
the large receptive fields in the trained monkey using 
the articulated hand-squeezing strategy. 

In our study, a reduction in force and speed of the 
repetitive movements, making the forces more variable, 
in addition to interspersing regular activities between 
the trials of repetitive work, not only minimized the 
dedifferentiation of the hand representation on the 
somatosensory cortex, but apparently decreased the risk 
for losing motor control. The multiple receptive fields in 
OM 410 primarily extended to the adjacent digits, 
whereas the majority of the multipledigit cortical pene- 
trations in OM 177 extended to the dorsal surface. These 
findings were also true on the control sides. When 
comparing the maps of the untrained side in Figure 10, 
it appears that OM 410 had a greater proportion of 
multiple receptive fields than did OM 177. The receptive 
field overlaps, however, are only portrayed on the gla- 
brous surface, not on both the glabrous and dorsal 
surfaces. OM 177 had more overlap of the multiple 
receptive fields across the glabrous and dorsal surfaces. 

In our study, we did not determine which factor was 
most important in reducing the risk for sensory degra- 
dation and motor dysfunction: (1) the decreased force 
in finger squeezing, (2) the decreased speed of perfor- 
mance, (3) the more variable sensory input resulting 
from a gross motor movement pattern, or (4) the cage 
activities permitted between the training sessions. More- 
over, we did not attempt to provide any information on 
how long a less-articulated repetitive hand and arm 
strategy could be continued without ultimately, severely 
compromising the sensory organization of the hand and 
degrading motor control. Our findings suggest that 
workers who use highly specific articulated movements 
(eg, rapid alternating extension and flexion of adjacent 
fingers on a keyboard with the wrist excessively 
extended) should seriously consider changing their 
strategy by slowing their speed, taking some regular 
breaks, and using a more proximal movement strategy. 
Although a more proximal arm-pulling strategy may not 
completely eliminate the dedifferentiation of the hand 
representation, the magnitude of the changes should be 
less severe and motor dysfunction may not occur. 

The € k t  of Training on the Untrained Hemisphere 
The monkeys in our study trained only with the domi- 
nant hand. No training was done with the nondominant 
hand. Although there were no signs of tendinitis or focal 
hand dystonia, there were measurable changes in the 

somatosensory map of the untrained hemisphere in area 
3b for both monkeys. This finding is consistent with 
Tempel and Perlmutter's finding of bilateral neural 
dysfunction in patients with focal dystonia." This find- 
ing could explain why patients with RSI, including focal 
dystonia of the hand, often develop symptoms on both 
sides. Furthermore, it suggests that patients with RSI or 
focal dystonia should be treated bilaterally. 

Related Observations in Pafients With RSI 
If the learning hypothesis of RSI genesis is correct, then 
it is conceivable that focal dystonia is a sensory problem 
rather than simply a motor problem.68 Patients with 
tendinitis or focal hand dystonia may have a dysfunction 
in cortical sensory p r o c e s ~ i n g . ~ ~ . ~ ~  In one study of 
patients with RSI,72 dyskinesthesia (poor dynamic joint 
position sense) was measured in patients with tendinitis, 
whereas dysgraphesthesia and astereognosis (problems 
of inaccuracy when interpreting tactile information 
through the skin) were measured in patients with focal 
hand dystonia. Errors in tactile interpretation could 
reflect the degradation in cortical fields in area 3b 
measured in studies of primates. 

The behavioral paradigm used in our study should have 
resulted in the degradation of the cortical areas repre- 
senting muscle afferent, joint afferent, and other pro- 
prioceptive feedback from the hand and forearm (eg, 
motor cortical areas; cortical areas 3a and 2; and other 
parietal cortical areas, including areas 5 and SII). 
Changes in those cortical zones will be the subject of 
later reports in this RSI-RMI-focal dystonia model exper- 
imental series. 

Limitations of the Present Study 
There are several important limitations of our study. 
First, only two monkeys were studied. Second, the mon- 
keys adjusted to an early, emergent movement dysfunc- 
tion by changing the force of hand gripping. Unfortu- 
nately, it was not possible to control the compensatory 
behavior that developed. Third, the compensatory strat- 
egy of arm pulling was associated with a decrease in 
speed and an unwillingness to train for more than 30 
minutes at a time. This compensatory behavior resulted 
in two training sessions per day, which effectively p r e  
vided a daily rest period or a period when other activities 
would break the intensive repetition. Fourth, the deter- 
mination of focal dystonia in the monkeys was based on 
change in speed and accuracy of performance, deterie 
ration in food-retrieval proficiency, and clinical observa- 
tion of motor dysfunction. Cortical sensory testing and 
electromyographic studies during hand grasping could 
not be done, nor could the monkey provide us with 
descriptions of pain, fatigue, awkwardness, and subtle 
involuntary muscle contractions. 
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Although our study did not address treatment condi- 
tions for focal hand dystonia, the findings may have 
important implications for physical therapy manage- 
ment. Restoring normally ordered representations of 
feedback inputs from the tactile and proprioceptive 
receptors of the limb could block the progression of 
dedifferentiation and possibly reestablish a "safe zone" 
of movement operations. Furthermore, the bilateral 
nature of the somatosensory degradation, despite the 
unilateral motor symptoms, suggests that both upper 
extremities should be included in preventive as well as 
restorative therapy. Our study also provides support for 
teaching patients to use a general, more proximal, 
tension-free arm movement strategy wherever possible to 
replace heavy articulated finger movements. 

The redifferentiation of sensory feedback information 
could be accomplished by implementing a series of 
repetitive, cognitively demanding, sensory-discriminative 
haptic and movement exercises designed to progres- 
sively reestablish cortical map order and differentiation. 
Even if the initial origin of the pain and inflammation 
characteristic of RSI is biomechanical, the repetitive 
inputs that generate it must also be degrading represen- 
tations of movements and feedback signals from skin, 
muscles, and joints. The many hundreds to tens of 
thousands of hours of repetitive inputs that lead to RSI 
probably generate what are essentially learned changes 
in forebrain representational zones, which must be 
reversed by a period of sensory learning-based, highly 
attended exercises designed to redifferentiate and re- 
order degraded representations of movements and affer- 
ent feedback sources. 

Conclusion 
The findings from this study provide a new physiological 
foundation for the etiology of chronic RSI and focal 
hand dystonia. Further research is needed to determine 
whether the sensory degradation is reversible following 
sensorydiscriminative treatment and, if so, what dura- 
tion and intensity of sensory training are needed to 
restore the somatosensory representation. 
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