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Abstract: Tendon adhesion is acknowledged to be a function of both an overwhelming
inflammatory response at the surgical site and the loss of physical separation that is
normally present between the tendons and the synovial sheath. Adhesions bind the flexor
tendons to each other and to surrounding structures, interfering with their normal gliding
function. The clinical result of adhesion formation following flexor tendon surgery is poor
digital function. This study investigated the effect of intraoperative treatments of high
viscosity absorbable gels made of various combinations of hyaluronic acid and nonsteroi-
dal anti-inflammatory drugs, on adhesion formation in a leghorn chicken flexor tendon
model. Forty-eight mature, white leghorn chickens were used to verify the surgical model
and to test five different gel treatments. The gels were formed from: 2% sodium hyaluro-
nate in phosphate buffered saline alone or combined with 1 mg/mL tolmetin sodium; 1
mg/mL naproxen sodium; 0.216 g/mL calcium acetate; or 0.216 g/mL calcium acetate
plus 1 mg/mL naproxen sodium. The gels were applied by injecting 0.2 mL of the specified
composition into the intrasheath space near the conclusion of the surgical procedure.
Gross and histological evaluations were conducted to analyze the efficacy. All of the
treatments significant reduced the extent and severity of postsurgical tendon adhesion in
this animal model as compared with the control (no gel treatment) (p õ 0.05). The
combination of naproxen sodium and calcium acetate in a high viscosity sodium hyaluro-
nate carrier was the most effective composition. The combination of a high viscosity gel
and nonsteroidal anti-inflammatory drugs appears to maintain the natural separation
between the tendons and their sheaths and decrease the tissue inflammatory response
through mediating two of the major stimuli in adhesion formation. q 1997 John Wiley &
Sons, Inc. J Biomed Mater Res (Appl Biomater) 38: 25–33, 1997
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INTRODUCTION periphery.1 This process restores the continuity of collagen
fibers in the tendon, but it obliterates the normal space
between the tendon and the digital sheath, thus interfering

Adhesion formation is a common by-product of the repair with the gliding function. When dense adhesions form fol-
process following many surgical procedures, including lowing flexor tendon surgery, they can severely impair the
flexor tendon surgery of the hand. The inflammatory re- function and range of motion of the affected digit.
sponse can elicit a mass migration of inflammatory cells, During flexor tendon surgery the tendon sheath is incised
capillaries, and fibroblasts to the injured site. Collagen that or excised, sutures are used to appose the tendon ends,
is secreted by the fibroblasts unites the tendon ends but and the affected digit is immobilized to facilitate healing.
also adheres the tendon to other tissue structures at its Matthews and Richards2 found the combination of these

three conditions leads to dense, restrictive, and persistent
adhesions. None of the three events alone or in paired
combinations were able to induce severe adhesion forma-

Correspondence to: Dr. Dennis Powers tion. Of these three events, suturing the injured tendons
had the most adverse effect on the healing process.q 1997 John Wiley & Sons, Inc. CCC 0021-9304/97/010025-09
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While it is acknowledged that sutures, sheath damage, sidewall and uterine horn models to test tolmetin sodium
and tolmetin acid in single doses and continuous delivery.and immobilization all contribute to adhesion formation, it

is difficult to exclude these factors in the clinical environ- An Alzet pump was used for the continuous delivery study.
Continuous delivery of tolmetin sodium for 7 days was ament. Surgeons have explored a variety of different suture

techniques and materials in an attempt to reduce the effect highly effective means of preventing peritoneal adhesions,
even at concentrations as low as 0.01 mg/mL. Rodgers etof these factors in adhesion formation.3 Other research fo-

cused on the effects of repairing the damaged tendon al.13,14 also determined that 2 to 3 days of delivery were
necessary to elicit the beneficial effects of the NSAID.sheath. Pennington4 found that meticulous closure of the

sheath following tendon surgery significantly decreases ad- Single doses of tolmetin sodium were not effective, most
likely due to the rapid clearance from the injured site.hesion formation. He reasoned that integrity of the sheath

enhances the influence of synovial fluid as the primary Continuous drug delivery appears to be an ideal treatment,
but unfortunately it may be impractical in a clinical setting.nutrient pathway for the outer layers of the tendon. Pen-

nington4 also found that when the sheath is left open or is Rodgers et al.13,14,18 also studied the effects of tolmetin
excised during surgery, synovial fluid escapes and is re- acid. The acid form of the drug is relatively insoluble in
placed by fibrin that initiates adhesion formation. More water, so it was solubilized and delivered in varied concen-
recent research by Peterson et al.5 supports the concept of trations of Tween 80, a polysorbate surfactant agent. This
restoring sheath integrity; however, Gelberman et al.6 still was an effective delivery mode for tolmetin acid but not
debate this issue. for tolmetin sodium. The results from the tolmetin acid

study indicate that the drug was most likely compartmental-Tendon immobilization following surgery maintains ap-
position of the sutured tendon ends and allows initial heal- ized by the Tween 80, thus increasing its residence time

in the peritoneum and its effectiveness. Based on theseing to take place. Active mobilization following surgery
can result in gap formation at the tendon ends and can lead results, it appears that the key issue in this type of drug

delivery is the amount of time the drug spends in contactto tendon rupture, due to the low tensile strength at the
repair site initially. Gelberman et al.7,8 noted that early with the injured tissue.
passive mobilization has a pronounced effect on the healing In 1990 Abe and others15 evaluated the efficacy of so-
process in tendons. This effect was related to: initiating the dium tolmetin in a medium of hyaluronic acid and phos-
gliding function at the beginning of the healing process phate buffered saline (PBS). They used the standard injury
that disrupts potential adhesions in the early stages of their of abrasion and devascularization of both uterine horns in
development; a change in cellular response that may be rabbits as their adhesion formation model. Their treatment
induced by the gliding function and its alternating patterns consisted of 15 mL of hyaluronic acid (2.25%) and tol-
of stress and relaxation, thus stimulating the intrinsic re- metin sodium (1 mg/mL) in PBS, administered intraperito-
sponse of the tendon; or ingrowth of cells from the tendon neally via a syringe. Ringer’s lactate and 32% Dextran 70
sheath that can overwhelm the tendon repair. Despite the (Hyskon) were used as controls.
efforts aimed at these three factors, tendon adhesions still Gross observations indicated that those animals treated
represent a significant clinical problem. Even with im- with hyaluronic acid (HA)-tolmetin sodium had signifi-
proved techniques and postoperative therapies, adhesions cantly fewer and less severe adhesions than the control
are the leading cause of functional impairment in digits specimens. They proposed that the efficacy of tolmetin-
following surgery. HA treatments is based on the following mechanisms: me-

According to diZerega, nonsteroidal anti-inflammatory chanical separation of the wounded serosa from the other
drugs (NSAIDs) represent ‘‘the most promising medica- normal serosa by viscous macromolecules (HA); suppres-
ment for future investigation’’ in adhesion prevention re- sion of bleeding by tolmetin-HA, which reduces the num-
search. But early in vivo studies were not as encouraging ber of blood clots that are the scaffolds of permanent adhe-
as the in vitro results had indicated. Table I summarizes a sions; and the pharmacological effect by tolmetin-HA on
few earlier initial evaluations of the NSAID ibuprofen in the function and migration, adherence, phagocytosis, and
different adhesion models.9–12 proteolytic enzyme secretion of postoperative inflamma-

tory cells, which may enhance degradation of the fibrinousOne of the main concerns in administering NSAIDs is
the method of delivery. Systemic delivery of the drugs adhesion.
requires sufficient blood supply to the injured site; how- This study was designed to investigate the effect of
ever, this is often disrupted during surgery. Tissue ischemia intraoperative treatments of high viscosity absorbable gels,
not only stimulates adhesion formation, but it also prevents made of various combinations of HA and NSAID drugs,
the effective systemic delivery of NSAIDs.9 There is a on adhesion formation in a leghorn chicken flexor tendon
distinct need for appropriate and effective local delivery model. In addition, calcium acetate was added as a potential
systems for NSAID drugs. ionic crosslinking agent for two of the formulations. It was

hypothesized that the calcium ion from this salt wouldRodgers et al.14 focused their research on devising new
delivery systems for testing the effects of the NSAID, tol- preferentially exchange with the two sodium ions in the

HA chains or the drug molecules in solution. This couldmetin, on peritoneal adhesions. They used rabbit peritoneal
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TABLE I. Animal Studies to Assess Efficacy of NSAIDs as Adhesion Prevention Adjuvants

Source Animal Model Ibuprofen Dosage Results

Bateman et al. (1981) Rabbit uterine horn linear incisions 10 mg/kg, t.i.d. 1 4 days, IV; Mean adhesion score in
with repair and contralateral or 10 mg/kg, IP control: 0.9; IV: 0.2; IP:
abrasion 0.5

Nishimura et al. (1983) Rabbit uterine horn abrasion, 70 mg/kg 1 2 doses, IM; or No reduction with 2 doses;
crushing, or devascularization 70 mg/kg 1 5 doses, IM significant reduction

with 5 doses
Luciano et al. (1983) Rat uterine horn transection with 12.5 mg/kg, t.i.d. 1 2 days, IP No significant reduction

unilateral reanastomosis and
contralateral cautery

Adapted from diZerega, 1993. IV, intravenous; IP, intraperitoneal; IM, intramuscular; b.i.d., twice daily; t.i.d., three times daily.

Cleaning and Sterilizationeffectively create an ionic crosslink between the drugs and
the HA or the HA chains themselves. The drugs were deliv-

Because HA is highly susceptible to bacterial degradation,ered in a gel because it could be delivered to the operative
aseptic techniques were used throughout the gel preparationsite easier than could a solid film, and the drug release rate
phase of this study. All work with HA was conducted underfor gels is longer than that of liquids. Gross and histological
a laminar flow hood (Labconot PurifierTM Class II Safetyevaluations were conducted to analyze the efficacy.
Cabinet, Labcono Corp., Kansas City, MO) that was regu-
larly sterilized with an internal UV light source. A Mettler
AE 100 analytical balance (Mettler Instrument Corp.,
Hightstown, NJ) was thoroughly cleaned with 70% ethanolMATERIALS AND METHODS
wipes and moved under the hood. It was then leveled and
balanced and exposed to UV light for 24 h. This scale was

Gel Composition used to measure the components of each gel.
Measuring spatulas, magnetic stir bars, and 20-mL dis-Five different gel compositions were designed to study

posable scintillation vials were placed in sterilization bagsthe individual effects of HA (Genzyme Corp., Cambridge,
and steam sterilized. All glassware that was used was acidMA), tolmetin sodium (R. W. Johnson Pharmaceutical
washed, and every article was thoroughly wiped with 70%Research Institute, Spring House, PA), naproxen sodium
ethanol before entering the hood.(Sigma Chemical Co., St. Louis, MO), and calcium acetate

(J. T. Baker, Inc., Phillipsburg, NJ) on adhesion formation.
The sodium hyaluronate used in the study was obtained

Gel Formulationfrom lot C3040 (Genzyme Corp.) and had a molecular
weight of 2.3 1 106 Da. A base concentration of 2% w/v

Twenty 0.200-g aliquots of HA were measured and storedHA in PBS (pH 7.44) was used for each gel. Both the
in scintillation vials at 47C. A stock solution of PBS (pHtolmetin sodium and naproxen sodium were dosed in con-
7.44) was prepared and filter sterilized using a disposablecentrations of 1 mg/mL, while the chosen concentrate of
bottle top filter with a 0.22-mm cellulose acetate membranecalcium acetate was 0.216 g/mL. The individual composi-
(Corning Glass Works, Corning, NY). Two separate stocktion of each gel is as follows:
solutions of tolmetin sodium (1 mg/mL) and naproxen
sodium (1 mg/mL) in PBS were made and filter sterilized

1. HA, 20 mg/mL; as described above. A fourth stock solution of naproxen
2. HA, 20 mg/mL, tolmetin sodium, 1 mg/mL; sodium (1 mg/mL) and calcium acetate (0.216 g/mL) in

PBS was also prepared. All solutions were stored at 47C.3. HA, 20 mg/mL, naproxen sodium, 1 mg/mL;
Gels were made up to 24 h prior to surgical use by4. HA, 20 mg/mL, calcium acetate, 0.216 g/mL; and

adding 10 mL of the appropriate stock solution to 1 aliquot
5. HA, 20 mg/mL, naproxen sodium, 1 mg/mL, calcium of HA. A sterile magnetic stir bar was added to each vial

acetate, 0.216 g/mL. and the vials were sealed prior to removal from the hood.
Following manual agitation, each gel was sonicated (Bran-
son 1200t, Branson Cleaning Co., Shelton, CT) for 1 min.The concentration of calcium acetate was calculated to

allow for maximum ionic crosslinking between the car- The vials were then placed on a Corning Stirrer /Hotplate
and stirred on high for 4 h at room temperature. Followingboxyl groups of the HA backbone and naproxen sodium.

This concentration is also reasonable within the solubility homogeneous mixing, the gels were once again stored at
47C until surgery.range of calcium acetate.
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TABLE II. Semiquantitative Grading Scale forGel Viscosity
Tendon Adhesions

Solutions were prepared with a concentration of 0.1% w/
Grade Evaluationv HA and the appropriate dilutions of the other components

1 No adhesionfor solution viscosity testing. Initial tests were run in a
2 Filmy (separable)307C constant temperature water bath, using a 100 capillary
3 Mild (not separable)viscometer (Ostwald type). Five measurements were taken
4 Moderate (35–60% of area)for each individual solution to determine the inherent vis-
5 Severe (ú60% of area)cosity (hinh ) . The solutions were then stored at 47C for 24

h. A second set of viscosity measurements were recorded Adapted from Rodgers et al. (1990).

24 h after solution preparation to determine the effect of
storage prior to surgery. These tests were also run at a
constant temperature of 307C, with five measurements re-

This type of immobilization relieves tension at the repair
corded for each solution.

site in the tendon and allows the bird to walk easily. Co-
Flex wrap (Andover Coated Products, Inc., Marblehead,
MA) was applied to each cast to minimize contamination,Animal Model
and this wrap was changed regularly.

The white leghorn chicken was chosen as the animal model. All birds were returned to their preoperative housing
The anatomical arrangement of tendons in the foot of the within a few hours of their surgery. Buprenorphine (0.03
chicken is very similar to that of the human hand,16 making mg/kg, IM) was given 12 h postoperatively and subse-
this species clinically relevant. The surgical model we quently every 8 h if needed for pain. Body weight, appetite,
adopted is based on one designed by Daley et al.17 for the behavior, and weight bearing on the casted foot were
specific application of testing biomaterials for adhesion closely monitored to assess postoperative health. An hu-
prevention. Forty-eight female, adult, white leghorns were mane end point was set at 20% loss of body weight.
obtained and were housed for 1 week prior to surgery.
Eight animals were randomly assigned to each group. The

Radiographic Analysisbirds weighed between 1.03 and 2.02 kg preoperatively
and between 0.92 and 2.24 kg at necropsy. A radiopaque gel of 2% w/v HA was formed in 50% PBS

and 50% Hypaquet sodium (Sanofi Winthrop Pharmaceu-
ticals, New York). Initial X rays were taken of a cadaverSurgical Procedure
foot as a baseline for comparison. The gel was then applied
to four cadaver feet using the described surgical procedure.Each animal was given Buprenorphine (0.03 mg/kg, IM)

up to 2 h before surgery as a premedication. Anesthesia Anterioposterior and mediolateral X rays were taken of
each foot to verify the placement of the gel during itswas induced with 2 to 3% ForaneTM in oxygen administered

through a fitted mask. Once induced, the birds were intu- surgical application.
bated with a 3-mm ID endotracheal tube and maintained
using 2 to 3% ForaneTM in oxygen (2 L/min).

Gross Evaluation
To test the effectiveness of each gel, animals were ran-

domly assigned to one of six groups, with eight animals After 2 weeks each chicken was euthanized with carbon
dioxide (CO2) in a precharged chamber. The left foot ofper group. One group served as the control, while the other

five groups each received a different gel treatment. each bird was removed and stored below 07C until gross
evaluations could be conducted.Under tourniquet control, a 2.5-cm incision was made

in the plantar aspect of the long central digit of the chick- All specimens were grossly dissected in groups of at
least 12 for comparative purposes. The feet were thawed,en’s left foot. The tendon sheath, or paratenon, was incised,

exposing the flexor sublimis tendon. The sublimis was re- and observations about inflammation and the skin closure
were noted. Skin sutures were removed and the toe wastracted along with the paratenon to expose the flexor pro-

fundus tendon. A 50% tenotomy was made in the flexor dissected through the original incision. Subcutaneous in-
flammation and adhesion formation were recorded. Theprofundus and sutured with a modified Kessler stitch using

3-0 Chromic (Ethicon, Inc., Somerville, NJ). The para- paratenon was opened through the original incision, and a
semiquantitative grading scale (Table II) was used to eval-tenon was closed with a simple continuous stitch using

3-0 Chromic and the skin was closed with four simple uate the extent and severity of adhesion formation within
the intrasheath region.18 All gross evaluations were madeinterrupted stitches using 3-0 silk. Following closure of the

sheath, 0.20 mL of each gel was delivered to the intrasheath by one investigator (Dr. Ferguson) who was blind to the
treatment used.region by a tuberculin syringe. A gauze dressing was ap-

plied to the foot, covering the incision. Padding and a Each grade division on the scale was associated with a
set of specific gross characteristics. Grade 5 specimensfiberglass cast (Carapace, Inc., Tulsa, OK) were applied

to keep the toes extended and the foot in a neutral position. were characterized by dense, fibrous adhesions covering
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Figure 1. A photomicrograph showing an adhesion between sublimis tendon (T ) and the synovial
sheath (S ) .

virtually the entire surgical field. The adhesions involved sublimis. There was virtually no involvement of the flexor
profundus, and this tendon was able to glide freely in boththe profundus and sublimis tendons, along with the tendon

sheath (Fig. 1) and underlying bone. There were adhesions directions upon manipulation. The adhesions that were
present between the sheath and the sublimis were easilypresent between the tendons and from the tendons to the

surrounding structures. dissected, and the tissue structures separated from each
other with very little applied force.Grade 4 specimens were similar to those in grade 5;

however, the scarring was slightly less extensive. The adhe- A grade of 1 in the chosen scale is representative of no
adhesion formation. Even under ideal surgical conditions,sions were still characterized by dense fibrous scar tissue,

but there was less involvement at the profundus tendon. there will be some degree of scar tissue formation. Scarring
was visible in the subcutaneous tissue of all specimens;Adhesions were most predominant between the flexor

sublimis and the tendon sheath and between the two ten- however, it was proportional to the overall quality of heal-
ing and adhesion formation. Ideally, specimens that aredons.

The specimens that were classified as grade 3 (Fig. 2) classified as grade 1 should appear identical to their preop-
erative condition. This was not the case with any of thewere quite different from the previous two groups. These

adhesions were very predominant between the tendon animals evaluated in this study. However, a number of
specimens were judged to be significantly different fromsheath and the flexor sublimis. In some cases these two

tissue structures were firmly adherent throughout the length the typical grade 2 category. These specimens showed a
very limited incidence of extremely filmy adhesions be-of the surgical field. In other cases the majority of the

adhesions between the sheath and sublimis were filmy non- tween the sheath and the flexor sublimis. The tissue struc-
tures separated immediately upon dissection of the tendonseparable fibrous bands in one or two localized areas. There

was almost no involvement of the flexor profundus tendon. sheath. Ultimately, these specimens were assigned a grade
of 1.5 for the purpose of data evaluation. While they didAny adhesions to this tendon were minimal and filmy in

nature. not meet the stringent criteria established for grade 1, they
were significantly different from grade 2 adhesions in theirGrade 2 adhesions are filmy and easily separable as

defined by the grading scale.13,14 These were easily distin- extent and quality.
guishable from the more severe grades 3 to 5 because there

Statistical Analysiswere no fibrous bands of scar tissue between adjacent tissue
structures. Grade 2 specimens were characterized by thin, Microsoft Excel (version 4.0a) was used to perform analy-

sis of variance (ANOVA) and Student t tests to evaluatewispy adhesions between the tendon sheath and the flexor
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Figure 2. A grade 3, mild, not separable adhesion (a) between the tendon sheath and the flexor
profundus tendon (T ) .

the results of the gel viscosity tests and the in vivo gross ent viscosity in the units of deciliters per gram (dL/g).
Each data point is the average of five measurements.evaluation. The p values less than 0.05 were considered

significant differences, while p values less than 0.01 were Although there are slight fluctuations in the inherent
viscosities of the different gels at 0 and 24 h, none of theseconsidered highly significant.
differences are statistically significant. There is no specific
trend in the data. ANOVA did not indicate any significant
difference in the overall average hinh between the two timeRESULTS AND DISCUSSION
periods (p Å 0.955) . These results confirm the stability
of each gel composition during storage prior to surgery.Gel Preparation and Characterization
These results will be discussed in further detail with re-

Molecular weight and hinh of the polymers were examined
spect to the relationship between hinh and the effectiveness

to verify the stability of the gel compositions during storage
of each gel.

and establish a relationship between gel viscosity and effec-
tiveness in vivo. HA is an absorbable polymer that is sus-
ceptible to bacterial degradation and decrease in molecular Surgery
weight.

The inherent viscosity of each gel was determined im- Initial recovery from anesthesia was rapid and without
complication for all of the animals in the study. Each birdmediately following preparation ( t Å 0 h) and 24 h later

( t Å 24 h) to determine the effect of storage at 47C. None was alert and on its feet within 10 to 15 min. In general,
the chickens exhibited normal behavior from immediatelyof the gels were stored for more than 24 h prior to surgical

implantation; therefore, their stability was not investigated following surgery until euthanasia 2 weeks later. This in-
cluded regular eating habits, alert and active behavior, fullbeyond this time period. The results of the solution viscos-

ity tests are listed in Table III. All data are shown as inher- weight bearing on each foot, no pronounced limping, no

TABLE III. Inherent Viscosity Results

Time HA HA / NS HA / TS HA / CA HA / CA / NS Average
(h) (dL/g) (dL/g) (dL/g) (dL/g) (dL/g) (dL/g)

0 18.91 19.50 19.48 16.10 16.21 18.04
24 18.74 19.64 19.58 16.13 16.05 18.02
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consistent with the location of the surgical field. Mediolat-
eral views of the specimens illustrate the presence of gel
in the soft tissues of the toe [Fig. 3(b)] . This confirms
that the gels were properly delivered to the targeted area
in this surgical model. The gel appeared to fill the repaired
tendon sheath circumferentially at the tendon repair site
and to flow up and down the sheath proximal and distal to
the site of surgical repair.

Gross Evaluation

During the gross evaluation, specimens were categorized
based on the maximum severity of the adhesions present.
For example, if a particular specimen exhibited primarily
thin, filmy adhesions but had one small band of nonsepara-
ble fibrous tissue, it was classified as a grade 3 rather than
grade 2, its predominant type.

The results from the semiquantitative gross evaluation
of each gel composition are shown in Figure 4. This graph
represents the data as a 95% confidence interval about the
mean for each data set. ANOVA was performed on the
data with the null hypothesis that all of the group means
were equal. This hypothesis was rejected and the data were
evaluated further for specific differences.

Results from the statistical analysis, shown in Table IV,
strongly supported the fact that all of the gel treatments
were significantly effective in limiting adhesion formation
as compared with the control. The least significant differ-

Figure 3. Radiographs showing the radio-opaque HA gel (arrow)
ence was between the simple HA gel and the control, whichadjacent to the flexor tendons: (a) AP view and (b) ML view.
yielded a p value much less than 0.01. In addition, all
medicated or crosslinked systems (those with NSAIDs
and/or CA) were significantly more effective than the HA
alone (least significant difference p õ 0.05). There wasneed for additional analgesics, and no significant loss of

body weight (õ20% of presurgery weight) . Four animals no statistical difference between the effectiveness of the
NSAIDs tolmetin sodium and NS.were euthanized and removed from the study due to signs

of unalleviated pain (prolonged limping, depressed eating, The addition of calcium acetate to the HA gel signifi-
cantly improved its effectiveness (põ 0.01). CA displayedand weight loss) . Three of these animals exhibited bruising

of the toes that appeared to be consistent with that of cast a significant positive effect when it was added to the HA-
NS gel. The mean score of the HA / NS / CA gel wasirritation. The other animal’s tendon had completely rup-

tured at the suture site. significantly lower than both the HA / NS score (p õ
0.05) and the HA / CA score (p õ 0.05).

It is apparent that the addition of NSAIDs and CA af-
Necropsy

fected ionic crosslinking and had a profound effect on the
in vivo performance of the gels in this animal model. ItIn general, the tissues of the involved feet appeared healthy

and normal. The skin incisions were completely healed and was hypothesized that such an effect would be partially
due to the anti-inflammatory properties of the two drugsthere were no gross signs of infection. The necropsy results

indicated that all of the implanted materials were suffi- and also to the expected increase in viscosity from cross-
linking the gels. However, the inherent viscosities of theciently sterile.
gels with the CA were substantially lower than expected.
There was actually a decrease in hinh between the simple

Radiographic Analysis
HA and HA-NSAID gels and these crosslinked gels.

HA has a high inherent viscosity because it is an ex-Samples of radiopaque HA gel were injected into four
different cadaver feet, using the surgical procedure from tremely large molecule (MW 2.3 1 106 Da). The increase

in inherent viscosity between the HA gels and the HA-the experimental study. X rays of the feet show that the
gels are concentrated and confined to a localized space NSAID gels is due to the incorporation of the relatively

small drug molecules in the HA gel matrix, although therebetween the distal half of the proximal phalanx and the
proximal half of the medial phalanx [Fig. 3(a)] . This is is no stimulus for chemical interaction between these mole-
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Figure 4. Efficacy and viscosity vs. gel composition. HA, hyaluronic acid; TS, tolmetin sodium; NS,
naproxen sodium; CA, calcium acetate.

cules. Crosslinking increases the molecular weight of a posed: when CA is added to these gels in a closed system
such as a preparation vial or an Ostwald viscometer, it doespolymer and thus increases its viscosity. If this phenome-

non occurs with the addition of a calcium salt to an HA not appear to affect the molecular weight of the HA. The
addition merely changes the ionic concentration of the gel,gel, it should be expressed in terms of the gel viscosities.

However, this was not the case based on the solution vis- resulting in a lower inherent viscosity. However, when
these gels are placed in an open system, such as the in vivocosity tests.

Figure 4 also illustrates the relationships between gel environment, ion exchange occurs and the by-product of
the reaction rapidly diffuses out of the HA matrix, leavingcomposition, inherent viscosity, and in vivo effectiveness.

Hypothetically, gels with the combination of HA, NSAIDs, the Ca/2 ions immobilized in the gel matrix. This leads to
ionic crosslinking of the polymer chains and an increaseand the highest viscosity should result in the optimal in

vivo performance. The HA / CA / NS gel was the most in the viscosity. In this case the reaction by-product is
sodium acetate and in situ crosslinking leaves a highereffective in preventing adhesion formation, as would be

expected based on this theory. However, the viscosity re- viscosity gel at the surgical site. In turn, the increased
viscosity yields a longer in vivo residence time for thesesults are inconsistent and the following explanation is pro-
compositions.

TABLE IV. Statistical Comparisons of Efficacy
Clinical Relevanceof Adhesion Preventions

Least Ultimately the goal in postsurgical tendon adhesion preven-
Significant tion is to restore the functional performance of the affected

Treatment 1 Treatment 2 Difference digit. Dense, fibrous, nonseparable adhesions restrict the
gliding function of the flexor tendons. But filmy, separableControl (n Å 8) HA p õ 0.01
adhesions are much more likely to undergo significant re-HA (n Å 7) HA / TS p õ 0.05
modeling in the clinical setting with treatments such asHA / NS

HA / CA physical therapy. These types of adhesions (categorized as
HA / NS / CA grade 2 or less in this study) take much less force to break

HA / TS (n Å 7) HA / NS No difference and usually never present any significant functional impair-
HA / CA (n Å 7) HA p õ 0.01 ment to the patient.
HA / NS (n Å 8) HA / NS / CA p õ 0.05 Therefore, it is interesting to relate this clinical perspec-
HA / NS / CA (n Å 7) HA / CA p õ 0.05 tive to the results of this animal study. Exactly two-thirds
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5. Peterson, W. W.; Manske, P. R.; Dunlap, J.; Horwitz, D. S.;of all of the treated specimens exhibited adhesions of grade
Kahn, B. S. Effect of various methods of restoring flexor2 or less. The incidence of adhesions less than or equal to
sheath integrity on the formation of adhesion after tendon

grade 2 was 82.76% in all of the medicated and/or cross- injury. J. Hand Surg. 15A:48; 1990.
linked treatment groups. Finally, 100% of the animals in 6. Gelberman, R. H.; Woo, S. L.; Amiel, D.; Horibe, S.; Lee,

D. Influences of flexor tendon sheath continuity and earlythe HA / NS / CA treatment group had scores of 2 or
motion on tendon healing in dogs. J. Hand Surg. 15:69; 1990.less. The success of these materials in this animal study

7. Gelberman, R. H.; Vandeberg, J. S.; Lundborg, G. N.; Ake-indicates the potential for their effectiveness in clinical
son, W. H. Flexor tendon healing and restoration of the glid-

adhesion prevention. ing surface. J. Bone Joint Surg. 65A(1):70; 1983.
8. Gelberman, R. H.; Manske, P. R. Factors influencing flexor

tendon adhesions. Hand Clin. 1:35; 1985.
9. diZerega, G. S. The cause and prevention of postsurgicalCONCLUSIONS adhesions: a contemporary update. Prog. Clin. Biol. Res.

381:1; 1993.
Based on the results of this study, one may conclude that: 10. Bateman, B. G.; Nunley, W. C.; Kitchin, J. D. Prevention

of postoperative peritoneal adhesions with ibuprofen. Fertil.the chosen animal model was both consistent and effective
Steril. 38(1):107; 1982.in producing severe postsurgical adhesions; all gel treat-

11. Nishimura, K.; Nakamura, R. M.; diZerega, G. S. Biochemi-
ments significantly decreased the extent and severity of cal evaluation of postsurgical wound repair: prevention of
postsurgical adhesions in this model; the presence of the intraperitoneal adhesion formation with ibuprofen. J. Surg.

Res. 34:219; 1983.NSAIDs tolmetin sodium and NS significantly increased
12. Luciano, A. A.; Hauser, K. S.; Benda, J. Evaluation of com-the effectiveness of the sodium hyaluronate gel in this

monly used adjuvants in the prevention of post operativemodel; the presence of CA significantly increased the effec-
adhesions. Am. J. Obstet. Gynecol. 146(1):88; 1983.

tiveness of the sodium hyaluronate gel in this model; and 13. Rodgers, K.; Girgis, W.; diZerega, G. S.; Bracken, K.;
the combination of sodium hyaluronate, NS, and CA repre- Richer, L. Inhibition of postsurgical adhesion by liposomes

containing nonsteroidal anti-inflammatory drugs. Int. J. Fer-sents the best potential treatment of those evaluated in this
til. 35(5):315; 1990.animal model.

14. Rodgers, K.; Girgis, W.; diZerega, G. S.; Johns, D. B. Intra-
peritoneal tolmetin prevents postsurgical adhesion formationThe authors acknowledge Genzyme Corporation and Greenville Hospital Sys-
in rabbits. Int. J. Fertil. 35(1):40; 1990.tem/Clemson University Cooperative Research and Education Program for support
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REFERENCES cal cell infiltration in vivo. J. Surg. Res. 49:322; 1990.
16. Craver, J. M.; Madden, M. W.; Peacock, E. E. The effect of

1. Ketchum, L. D. Primary tendon healing: a review. J. Hand sutures, immobilization, and tenolysis on healing of tendons:
Surg. 2(6):428; 1977. a method for measuring work of digital flexion in a chicken’s

2. Matthews, P.; Richards, H. Factors in the adherence of flexor foot. Surgery 64(2):437; 1968.
tendon after repair. J. Bone Joint Surg. 58B(2):230; 1976. 17. Daley, R. A.; Cannistra, L. M.; Walsh, W. R.; Sasken, H. F.;

3. Ketchum, L. D. Suture materials and suture techniques used Akelman, E. A chicken model for flexor tendon adhesion
in tendon repair. Hand Clin. 1:43; 1985. studies. Proc. Orthop. Res. Soc. Annu. Mtg. 38:103; 1992.

4. Pennington, D. G. The influence of tendon sheath integrity 18. Rodgers, K. E. Nonsteroidal anti-inflammatory drugs (NSAIDs)
on vincular blood supply on adhesion formation following in the treatment of postsurgical adhesion. Prog. Clin. Biol.

Res. 358:119; 1990.tendon repair in hens. Br. J. Plast. Surg. 32:302; 1979.

521b/ 8H09$$521B 09-10-97 09:10:44 jbma W-JBM


