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ALTHOUGH it is generally appreciated that
even temporary immobilization of normally
movable joints can result in a permanent
loss of motion, and that immobilization of
joints surrounded by edematous soft tissue
often produces joint stiffness more quickly
and more severely than immobilization
of nonedematous extremities, the actual
mechanism by which range of motion is
lost and the exact changes in joint struc-
tures which are responsible for decreased
mobility are unknown.2' 7, 910 Analysis of
available data reveals that the pathology of
joint immobility not associated with frac-
tures which grossly alter the contour of
articular surfaces can be divided into two
main categories-extra-articular and intra-
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articular-and that the pathogenesis of in-
tra-articular stiffness involves basic changes
in the physical properties of collagenous
tissue. The purely mechanical checkrein ef-
fect of a proximally adherent tendon, or the
obvious mechanical blocking effect of a

displaced fracture extending across an ar-

ticular surface, usually is obvious by clini-
cal or roentgenologic examination and are

not as perplexing as the joint which be-
comes immobile without having suffered
any direct injury. It is in such a joint (often
distant from the site of an injury or infec-
tion) that loss of motion which can be
more disabling than the primary injury may
occur; the mechanism by which immobili-
zation leads to permanent immobility must
be understood if prevention and satisfac-
tory treatment are to be possible. In 1964
the economic aspect of this problem can be
estimated by the fact that the Industrial
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Commissioin for the State of North Caro-
lina authorized payment of over one mil-
lion dollars in compensation benefits to in-
dividutals for stiff interphalangeal joints that
were not involved directly by an injury yet
became irreversibly stiff duriing periods of
immobilization.

Because surgical release of interphalan-
geal joint contractures is fraught with seri-
ous complications, including arthritis, in-
stability and complete fibrous fusion, phy-
sicians have relied almost entirely on
physical measures, such as application of
heat and cold, mechanical stretching, ultra-
sonlnd etc., to induce mobility. The fact
that occasioinally and unlpredictably there
is recovery of joint motion following such
measures, and the knowledge that the
physical structure of native collagen is not
known to be altered 1b any of these agents
(when thev are applied within physiologic
limits), emphasize our need for additional
basic knowlvedge concerning changes in col-
lagenous tissue following immobility. Once
such changes are clearly defined, wvays by
'Which they can be reversed likely will be-
come apparent, and the prevention and
treatment of small joint stiffiness Nvill be
more predictable and successftul than pres-
ent nonspecific physical measures which
may have no effect other than transient
analgesia.

,hile attempting to solve some of the
problems concerining the pathology and
pathogenesis of joint stiffness, it has been
helpfuil to make several hypotheses wNhich
can be proved or disproved by experimen-
tal methods. The first such hypothesis as-
sumes that morphologic changes leading to
decrease in joint motion are changes occur-
ring primarily in collagenous tissue. This
hypothesis can be proved easily by dissect-
ing an extremity containing a stiff joint in
such a w7ay as to remove completely skin,
muscles, nerve, tendon and loose connective
tissues in successive layers so that only the
bone and the connecting joint capsule and
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collateral ligaments remaiin. Dissection of
numerous stiff htuman finger joints and ani-
mal limbs in this manner reveals that range
of motion is not altered significantly by re-
moving extra-articular soft tissue (see Ex-
periment I). Relief of joiInt immobility oc-
curs only when the dense connective tissue
of the joint capsule or collateral ligaments
or both are divided." Changes in these
primarily collagenous structures are un-
questionably responsible for joint stiffness
and it would seem that elucidation of
pathogenesis is dependent utpon identifying
changes in structures 'which are classified
as dense connective tissue and which coIn-
tain predominately densely packed, highly
polarized collagen fibers.
A second hypothesis is based on the as-

sumption that preseintly wve can define only
two basic chbaiges that appear possible in
collagenous tissue; therefore, joint stiffness
must be the result of one or possibly both
of these changes. These are changes in the
amount of collagen present and chainges in
the method of assembly of various subuinits.
The first involves upsettiing the normal bal-
ance or equilibrium between collagen syn-
thesis and degradation; the second involves
changes in the type or number and position
of variouis cross-links between small sub-
units of both inter- and intramolectular type.
Consideration of various cross-linking pos-
sibilities further complicates the problem,
however, by introduicing the possibility of
a change in elasticity. The notion that joint
stiffness is due to a loss of elasticity is popu-
lar, and before anly other data or hypothe-
ses are developed, it should be discussed
and dispensed with, if possible.

In the opinion of the auithor, it is uni-
fortunate that the question of change in
elasticity has played suchi a prominent role
in the consideration of causes of joint stiff-
ness. Althouigh the basic collagen strtucture
is fun(damentally a triple helix repeating
unit, it is not an elastic unit (either in the
monomeric or polymerized form) because
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JOINT STIFFNESS

of important three dimensional stabilizing
cross-links such as hydrogen bonds, cova-

lent bonds, ester bonds, oppositely charged
electrostatic groups, and van der XVaal in-
teraction.4' 5, 6 The only way for collagenous
tissue to be elastic, therefore, is by virtue
of the physical weave of larger subunits,
much the same as a Nylon stocking can be
made elastic because of the weave of the
individual threads even though a single
Nylon fiber is relatively inelastic.1 Con-
versely, the only wNay a structure which is
elastic because of the physical weave of its
subunits can be made inelastic is to change
the weave of the subunits. In the case of
collagen, such a process would require an

enormous breakdown of collagen, with re-

synthesis and new assembly of subunits-
thus placing pathogenesis of immobility in
the collagen synthesis and breakdown cate-
gory if a change in elasticity is fundamen-
tal. The possibility that development of a

significant number of stronger cross-links
between larger subunits (fibers and fibrils)
is the main cause of joint stiffness is, in my
opinion, unthinkable because of the dis-
tance involved. The relatively small span

of a coordinate bond (3 A average length)
would make chemical cross-linking of this
type impossible due to unfavorable steric
conditions (i.e., too wide a gap to be
bridged), as the distance between fibers is
in the order of a micron.8 Moreover, change

in elasticity is purely conjectural because
collateral ligaments and joint capsules are

not elastic structures in normally movable
joints. The physical weave and polarization
of fibers and fibrils are the same as in fascia
or tendon, which, teleologically speaking,
are structures designed purposefully not to
be elastic so that power can be transmitted
smoothly and structural strength assured.
The capsule of movable joints provides a

non-elastic, redundant, synovial-lined mem-
brane which encloses a space large enough
for the articular surface of one bone to ro-

tate around the articular surface of the

other. 1 In the case of human interphalan-
geal joints, the volar layer of the capsule is
blended inseparably with a fibrocartilagi-
nous plate (volar plate) which, during flex-
ion of the joint, must swing away from the
joint similar to the door of a telephone
booth folding outward upon itself (Fig. 1).
The dorsal capsule is not an elastic struc-
ture which stretches to permit the dorsal
surface of the bones to move away from
each other during rotatory motion but
is, instead, a tough non-elastic membrane
which folds into accordian-like pleats when
the dorsal surfaces of the bones approach
each other during joint extension (Fig. 2).
The collateral ligaments of metacarpal pha-
langeal joints, although definitely not elas-
tic, are loose during joint extension and be-
come tight during joint flexion due to their
unique origin and insertion in respect to
the axis of rotation of the joint; the meta-
carpal phalangeal joints allow limited lat-
eral motion during extension but do not
permit lateral motion during full flexion.
The collateral ligaments on interphalangeal
joints arise and insert at the axis of rotation
of the joint; thus, there is no change in
lateral stability of these joints regardless of
whether they are in flexion or extension. It
is important to note, however, that collat-
eral ligaments of interphalangeal joints do
move in a tangential manner in relation to
the head of the phalanx during joint mo-

tion and that adherence of collateral liga-
ments to an immovable bony surface distal
to the point of origin or proximal to the
point of insertion will restrict motion of the
joint.
Thus the cause of interarticular joint im-

mobility appears to be the result of short-
ening or fixation of collateral ligaments and
joint capsules, and attachment of volar
plates and interphalangeal joint collateral
ligaments to bony surfaces, so that motion
of one in relation to the other is not pos-

sible. Reasoning as we have, that the dis-
tances involved are too great for a shorten-
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FiG. 1. (Left) Dia-
gram of changes in flexi-
ble portion of volar cap-
sule during normal flexion
and a flexion contracture.
Note gliding of volar
plate over volar surface
of phalanx and protru-
sion of redundant lexible
capsule.

FiG. 2. (Right) Dia-
gram of changes in dorsal
joint capsule during nor-
mal extension and an ex-
tension contracture.

CONTRACTUtRE

ing effect to be produced by new cross-links
between redundant pleats in a shortened
position, we come to the conclusion that
new collagen synthesis or collagen reab-
sorption or both must be the fundamental
processes by which interarticular joint stiff-
ness is produced. To test this hypothesis,
the following experiments have been per-
formed.

Materials and Methods
Stiff joints were produced in unselected

mongrel dogs and in Sprague-Dawley fe-
male rats (about 250 Gm.) by immobilizing
the hind legs in acute flexion for 4 weeks. In
dogs, an extra-articular threaded Steinmann
pin was utilized to hold the joint in flexion
similar to a Brittain extra-articular fusion.
The pin was placed far enough distal in the
tibia and far enough proximal in the femur
so that no portion of the pin tract or op-
erative wound would touch any articular
tissue. In the region of the knee joint the
pins were entirely subcutaneous (Fig. 3).

In rats the knee joint was immobilized in
acute flexion by using the shaft of a hollow
19-gauge needle as an extra-articular splint
and inserting a 26-gauge wire through the
shaft of the needle to twist around the bone
at each end to fix the splint in proper posi-
tion. This splint was also subcutaneous in
the vicinity of the joint, and neither the op-
erative wound nor the pin tract was in con-

tact with joint structures.
Inter- and intramocular cross-linking of

collagenous tissue specimens was measured
by placing tissue samples (with a 5-Gm.
weight attached to one end and the other
end attached to a stationary clamp) in a

water bath. The temperature of the gently
agitated water was caused to rise 10 per

minute until the collagen strip was observed
to undergo thermal contraction. The tem-
perature at which thermal contraction oc-

curred was recorded and will be referred
to as the thermal shrinkage temperature.
Thermal shrinkage of collagen is due to the
rupture of inter- and intramolecular cross-
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FIC. 3. (Left) Roentgenogram of canine knee joint immobilized in flexion with an extra-
articular threaded pin.

FIG. 4. (Right) Lysis of collagen substrate 3 days after implantation of a specimen from the
volar capsule of a canine knee joint immobilized in flexion for three weeks. Magnification from
6X.

links; the more cross-links which a speci-
men contains (particularly hydrogen bonds
which are notably temperature sensitive),
the higher the temperature which will be
required to rupture enough bonds to allow
thermal shrinkage. Collagenous tissue speci-
mens from dense connective tissue will
shrink about one third of their natural
length when the thermal shrinkage tem-
perature has been reached; the end point
is sudden and decisive.5

In addition to determining the thermal
shrinkage temperature of the entire tissue
specimen, shrinkage temperature of indi-
vidual fibers was obtained by mechanically
teasing a fiber out of the tissue and thread-
ing it into a glass capillary melting point
tube. The tube was immersed in oil in a

Unimelt melting point apparatus so that
the shrinkage temperature of an unloaded
individual fiber could be measured.
Total hydroxyproline determinations were

made by drying the tissue to constant
weight at 650 C. for 48 hours and then
performing acid hydrolysis for 3 hours in

sealed tubes at 130° C. The Woessner varia-
tion of the Neumann-Logan method for hy-
droxyproline analysis was utilized on the
acid hydrolysates.'3

Collagenolytic activity was measured by
the method of Gross and Lapiere,i in which
1 x 1 mm. tissue specimens were cultured
on reconstituted bovine collagen gels which
had been dialyzed against mammalian Ty-
rode's medium. The tissue cultures were

incubated in a 10 per cent CO2 atmosphere
at 370 C. for 5 days. Collagenolytic activity
produced a clear zone of collagen lysis sur-

rounding the tissue specimen (Fig. 4). Rat
uterus was used as a positive tissue control
in all experiments, and positive tissue cul-
tures were subcultured anaerobically in
thioglycolate broth to be certain that clos-
tridial contamination had not occurred.

Animal Experiments
Experiment I. Eight mongrel dogs had

their left hind limb immobilized in acute
flexion as described above. After 4 weeks
of immobilization, the animals were sacri-
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FIG. 5. (Left) Dissection of muscle and layers of fascia from a stiff canine knee joint. Note
flexion contracture persists after all muscles have been removed.

FIG. 6. (Center) Canine knee joint beginning to extend as volar capsule is incised. Note in-
tact collateral ligament.

FIG. 7. (Right) Complete extension of previously stiff canine knee joint following incision
of volar capsule. Clamp points to intact collateral ligament.

ficed and both hind limbs were disarticu-
lated at the hip joint. The extremity with
the stiff knee joint was mounted on a ring
with the tibia in a horizontal position (Fig.
5). The skin and subcutaneous tissue, su-

perficial fascia, deep fascia and muscles
were dissected away from the limb in suc-

cessive layers to determine which struc-
tures were responsible for maintaining the
900 flexion attitude. After all of the soft
tissue had been removed, specimens of
patella tendon, collateral ligament and volar
joint capsule were removed from both the
ankylosed and the contralateral normally
mobile knee joint; a specimen of deep
femoral fascia, overlying the upper end of
the soleus muscle, was also saved. The con-

tracted volar capsule from the flexed joint
was so small that a satisfactory specimen

of the actual joint capsule was difficult to
obtain. In normal joints, the volar capsule
is only a film of loose connective tissue from
which it was impossible to dissect large
fiber bundles.
Thermal shrinkage temperatures were de-

termined on whole tissue specimens and in-
dividual fibers from all of the specimens
except the loose areolar tissue from the
volar surface of normal joints. This tissue
did not contain enough regularly oriented
collagen fibers to measure individual fiber
thermal contraction temperatures. Gross
tissue thermal contraction temperatures
were measured in all specimens. Approxi-
mately 10 mg. of each specimen was used
for total hydroxyproline analysis. Previous
measurement of the extractable collagen in
similar tissue specimens in an identical ex-
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periment showed no difference in the saline
extractable collagen in contracted as com-

pared to normal joint specimens.

Experiment II. To test the effect of in-
sertion of additional cross-links in joint col-
lagen, two groups of five normal rat knee
joints in which all extra-articular soft tissue
had been removed were utilized. In one

group, the normally mobile knee joints were
placed in an evaporating oven at 370 C.
until 30 per cent of their water had been
removed. By removing weak, naturally oc-

curring water bonds, available cross-linking
sites were brought into more favorable
steric apposition so that stronger cross-

links such as covalent bonds could form.
Thus, both natural and artificial cross-links
were added to these experiments to see if
increasing the number of cross-links would
significantly increase joint stiffness. The
range of motion and force required to acti-
vate the joints were measured as described
above.

In the other group, methyl cross-links
were added by immersing the joints in 1

per cent formaldehyde (pH 3.8) for 24
hours. The thermal shrinkage temperature
of rat tail tendon collagen is increased from
640 C. to 800 C. by this amount of formal-
dehyde tanning because of the addition of
methyl cross-links.

Experiment III. Sixteen Sprague-Daw-
ley rats had their left knee joint immobi-
lized as described above. At 2-day inter-
vals for a period of 4 weeks from the time
of immobilization, two rats were sacrificed
and collagen specimens were taken from
the volar surface and from the collateral
ligaments to be implanted on tissue culture
plates containing bovine collagen substrate.
Each rat served as its own control in that
the collagenolytic activity in tissue from
the immobilized extremity was compared
with tissue from a similar site in the mobile
extremity.

TABLE 1. Comparison of Thermal Shrinkage Tempera-
tures of Collagen from Normal and Contracted Canine

Knee Joints

Tissue Ts ('C.) Fiber Ts ('C.)

Con- Con-
Specimen tracted* Normnal tracted* Normal

Patellar tentlon 69.0 69.2 66.6 66.9
Soleus fascia 69.7 70.0 66.2 66.0

Loose connective
Volar cap)sule 70.3 70.7 tissue-unmeas-

urable

Collateral ligamneint 70.0 71.1 66.8 68.4

* Not significantly clifferent from normal at 1 '7c level.

Results

Experiment I. Figures 5, 6 and 7 show
the results of removing successive layers of
fascia and muscle from a canine extremity
with a 4-week-old flexion contracture of the
knee joint. Although several layers or band-
like condensations of fascia appeared to be
holding the knee in flexion, severance of
these tissues did not release the contracture.
After all of the extra-articular soft tissue
had been dissected from the joint, the knee
was still fixed in 900 flexion (Fig. 6). Re-
lease of the contracture was sudden and
decisive, however, when the visibly short-
ened and tense volar capsule was incised
(Fig. 7). Thus the pathogenesis of flexion
contracture in these joints involved a short-
ening and thickening of the volar capsule
and could not be relieved by dividing su-
perficial bands of dense connective tissue.

Analysis of the biochemical and biophysi-
cal data from the articular and extra-articu-
lar tissues revealed no significant measur-
able difference in the thermal shrinkage
temperature of gross tissue specimens or
individual fibers from contracted compared
to normal joints (Table 1). A highly signifi-
cant finding, however, was the increased
hydroxyproline content of loose and dense
connective tissue in the volar capsule of
contracted joints (Table 2). The elevated
hydroxyproline level in tissue from this area
indicates that synthesis of new collagen in
a strategic area had occurred.
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TABLE 2. Comparison of Amount of Hydroxyproline in
Tissue from Normal and Contracted Canine Knee

Joints

Hydroxyproline
Specimen (pug./10 mg. dry wt.)

Contracted Normal

Patellar tendon 1144 1236
Soleus fascia 931 1021
Volar capsule 1005* 505
Collateral ligament 1262 1266

* Significantly greater than normal, 4.58 at 1% level.

Experiment II. Elimination of relatively
weak water bonds by rather harsh dehydra-
tion caused a severe degree of joint stiffness
(Table 3). Another interesting finding in
this experiment, however, was that less than
5 minutes of rehydration relieved com-
pletely the contracture, thus strongly sug-
gesting that coagulation of serum, blood,
globular protein, etc. were more respon-
sible for the production of joint contracture
under these circumstances than was re-
placement of weak water bonds between
fibrous protein structures. Release of the
contracture was too rapid for the tightly
packed collagenous structures even to be
hydrated thoroughly.

Twenty-four-hour tanning of joint tissues
with 1 per cent formaldehyde resulted in

TABLE 3. Effect of Dehydration and Rehydration on
Rat Knee Joint Mobility

Grams Wt. Required to
Extend from 900 to 1300

5 Min.
Normal 30(70 De- Rehydra-

Joint Hydration hydrated tion

1 2 25+* 3.5
2 5 25+* 2
3 1 25+* 4
4 1 25+* 2.5

* Loss of 30% water renders joints so stiff in 900
flexion that a 25-Gm. load will not produce any exten-
sion.

addition of relatively strong methyl cross-
links to the extent that thermal shrinkage
temperatures of joint collagen were ele-
vated from an average of 62° C. to over
800 C. The effect on joint mobility of add-
ing artificial cross-links was definite and
persistent (Table 4). Again, however, there
were two measurable effects-most likely
due to cross-linking of two different types
of proteins (fibrous proteins and globular
proteins). The contracture produced by
tanning with formaldehyde required a sig-
nificant load to produce extension, but once
the contraction has been overcome and full
extension obtained, only a small fraction of

TABLE 4. EfJect of Adding Mlethtyl Cross-links to Articular Collagen of Rat Knee Jointst

Weight (Gm.) to Produce
Full Extension

Thermal Shrinkage
1st Ex- Repeated Temp. ('C.)
tension Extension

Before After After Before After
Joint Cross-link Cross-link Cross-link Cross-link Cross-link

1 2.0 16.0 8.0 62.0 80.0
2 1.0 15.0 4.5 64.0 80.5
3 2.0 15.5 7.0 63.5 82.0
4 1.5 17.0 6.0 62.5 80.8
5 1.5 8.5 4.0 62.0 83.0

Avg. 1.6 14.4 5.9* 62.8 81.2

* Significantly greater than before cross-linking, 0.1> p >0.01.
t 24 hr. exposure to 1'7s formaldehyde in 900 flexion.
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the load was required to extend fully the
joint again. The force needed to extend the
joint repeatedly, however, was constant in
amount and was definitely more than that
required for extension before methyl cross-
links were added. Grossly, there was no
question but that a persistent "springiness"
in the feel of the joint had been produced
and a constant force was needed to main-
tain complete extension thereafter. The best
explanation for this phenomenon seems to
be that an initial relatively large force was
needed to overcome the temporary effect of
increased cross-linking of globular protein,
while a lesser, more constant load was
needed to overcome the effect produced by
more permanent cross-links between fibrous
protein units.

STIFFNESS

Experiment III. No collagenolytic activ-
ity could be demonstrated in any rat articu-
lar tissues. Moreover, tissues from ten hu-
man joint contractures were also negative
for collagenolytic activity. Subsequently, a

culture of volar capsule collagenous tissue
from a canine knee joint which had been
immobilized in flexion for three weeks was

strongly positive. This is the only positive
culture we have obtained from articular
tissues of either normal or pathologic joints.

Discussion

The hypothesis that the pathogenesis of
joint immobility involves changes primarily
in articular collagenous tissue was proved
correct by the dissection of contracted ca-

nine knee joints in Experiment I. In addi-
tion, similar dissection of human interpha-
langeal joints and rat knee joints in which
the flexor and extensor mechanism (includ-
ing the volar plate) have been dissected
from the joint shows that changes affecting
the joint capsule are responsible for the
production of joint stiffness in other species
(Fig. 8). The second and third experiments
revealed that new collagen synthesis can be
measured in strategic places around an im-

FIG. 8. Human proximal interphalangeal joint
remains stiff in flexion even after flexor mechanism
and volar plate have been dissected from joint and
volar capsule has been divided. Scissors point to
incision in capsule.

FIG. 9. Diagram to illustrate area (arrow) of
newly synthesized collagen binding lower edge of
collateral ligament to head of phalanx. Collateral
ligament has been released by an incision along its
lower edge thereby making it possible for ligament
to glide over phalanx as joint extends.

FIG. 10. Photograph of interphalangeal joint
shown in Fig. 8 after incision diagramed in Fig. 9
was made. Note complete extension of joint and
triangular defect proluced as collateral ligament
moves across head of phalanx.

mobilized joint and that the addition of
natural and artificial cross-links to collage-
nous structures can produce some degree of
joint immobility. Increased cross-linking of
a type which could be measured by changes
in thermal shrinkage temperature of col-
lagen, however, was not found in contracted
canine knee joints. This important negative
finding, plus the positive data that immo-
bility produced by adding cross-links was
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Fic. 11. Microscopic appearance of newly syn-

thesized collagen from area shown in Fig. 9. Tissue
was removed from a 3-month-old flexion contrac-
ture of the interphalangeal joint of the patient
shown in Fig. 8 and 10.

of such a small magnitude that it could be
overcome easily, strongly suggests that the
cause of clinically significant joint stiffness
lies more in the category of new collagen
synthesis than old collagen cross-linking.
Careful dissection of human interphalan-
geal joint contractures adds further evi-
dence to support this statement.
The proximal interphalangeal joint in the

finger of the patient shown in Figure 8 had
been stiff in flexion for 6 months following
a laceration of the soft tissue of the palm
which had required prolonged immobiliza-
tioin because of a secondary wound infec-
tion. There was no direct injury to the
finger or to any structure going to the
finger. Figure 8 shows that after the entire

flexor mechanism (including both tendons,
tendon sheath and volar plate) had been
dissected from the joint, extension was still
not possible. Incision of the volar capsule
also did not produce more than a few de-
grees of joint extension. Careful inspection
of the thickened volar capsule, however,
revealed a dull, greyish-white fibrous onlay
which extended from the volar capsule area

along the inferior surface of the collateral
ligaments and prevented these structures
from moving tangentially across the head
of the phalanx as they are required to do
during extension (Fig. 9). A biopsy of this
abnormal appearing material revealed it to
be primarily fibrous tissue with fiber bundle
organization not unlike that of normal ten-
don (Fig. 11). Incision of the abnormal col-
lagenous tissue where it was attached to
the inferior border of the collateral liga-
ment on both sides of the joint permitted
gliding of the collateral ligaments over the
lateral articular surfaces; normal joint mo-

tion was immediately restored (Fig. 10).
Thus, gross, microscopic, and biochemi-

cal evidence for new collagen synthesis
has been demonstrated as the fundamental
process in the development of joint stiff-
ness. Although increased artificial and natu-
ral cross-links in collagenous structures also
have been shown to influence mobility of
joints, the magnitude of their influence is
so small that the inescapable conclusion
would seem to be that collagen synthesis is
the most important mechanism by which
immobility occurs.

Microscopic examination of newly syn-

thesized collagen on the volar surface of
joints suggests that a remodeling mecha-
nism is in progress. Joints which have been
immobilized for prolonged periods, there-
fore, would not be expected to respond to
physical forces readily because newly syn-

thesized collagen which is becoming regu-

larly polarized will be more resistant to de-
forming physical forces than are randomly
organized fibers. If this is true, a collageno-

10 PEACOCK



JOINT STIFFNESS

lytic enzyme must play an important role
in the remodeling process and should be
measurable by tissue culture methods. The
only success we have had in measuring en-

zyme activity has been the demonstration
of collagenolysis in the volar capsule of a
single immobilized canine knee joint. Tissue
culture methods are extremely vexatious,
and unpredictable results from attempts to
culture rat and human fibrous tissue for 5
days on artificial substrate are not unex-

pected. A single positive culture is impor-
tant, however, for it indicates that the en-

zyme is there and can be demonstrated by
proper technics. Greater concentrations on

this important aspect of new collagen re-

modeling will be required if further data
of this type is to be obtained.
Demonstration of collagen synthesis

around immobilized interphalangeal joints
in human beings is not of much practical
significance at this time. Although results
from these experiments have made it pos-

sible to go to the exact spot of new collagen
formation and excise precisely the newly
synthesized material which is responsible
for immobility, long-term results of such an

operation have been poor. As might be pre-

dicted, arthritis following such a procedure
is severe, and local nerve blocks have been
required to retain motion in operated upon

joints. Edema is often severe, and fusiform
swelling of the digit can be so great that
skin healing is jeopardized and mechanical
splinting of a digit occurs from the hy-

draulic effect of accumulated fluid. Finally,
the operative wound (including the wound
of articular structures) heals by new col-
lagen formation and secondary stiffness de-
velops as the entire cycle of events is re-

peated. Such a cycle has been repeated
several times in some of our patients with-
out any permanent change in interphalan-
geal joint motion.

Prevention of new collagen synthesis or

selected removal of newly synthesized col-
lagen by biophysical or biochemical proc-

esses would seem to hold greater promise
for the control of joint stiffness than at-
tempting to overcome what is basically a

wound healing phenomenon by producing
another wound (surgical). Identification of
the fundamental process by which joint
stiffness occurs, however, is the first step in
developing such measures.

Summary and Conclusions

Flexion contractures of canine and rat
knee joints produced by extra-articular in-
ternal fixation are the result of important
changes in collagenous tissue on the volar
aspect of the joints.

Connective tissue from the volar surface
of joints with flexion contractures contains
approximately twice as much hydroxypro-
line as similar tissue from mobile joints.
There is no significant difference in the

thermal shrinkage temperatures of collagen
from contracted as compared to normal
joints.
An increase in natural and artificial cross-

linking of articular collagen can produce a

change in joint mobility. The magnitude of
change in mobility produced by insertion
of additional cross-links is not great enough
to account for clinically significant joint
stiffness.

Gross, microscopic and biochemical evi-
dence for new collagen synthesis has been
demonstrated as the fundamental process
in the pathogenesis of joint stiffness.

Surgical removal of newly synthesized
collagen from strategic areas around stiff
human interphalangeal joints produces im-
mediate relief of flexion contractures. Long-
term results of removal of excess collagen
from stiff joints have not been satisfactory
because of subsequent collagen synthesis
during the healing process.
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