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he purpose of this study is to evaluate ultrasonic su-
ure welding of monofilament suture in an animal
odel of rotator cuff repair with biomechanical and
istologic analyses. We randomly assigned 46 shoul-
ers in 23 rabbits to 1 of 3 treatment groups: sham-
perated (n � 15), knotted (n � 15), and welded (n
16). Supraspinatus defects were surgically created

nd acutely repaired with suture anchors loaded with
ither No. 2-0 Ethibond for knotted group or No. 2-0
ylon for welded shoulders. Eighteen weeks postopera-
ively, all animals were killed, and the shoulders under-
ent either biomechanical testing or histologic analy-

is. The maximum stress of the sham-operated group
20.6 N/mm2) was significantly greater than that of
oth the knotted (10.2 N/mm2) and welded (8.3
/mm2) groups (P � .05), but no differences were
bserved between the knotted and welded groups.
lthough some histologic changes were noted, none
as considered to be significant to distinguish either
roup. (J Shoulder Elbow Surg 2006;15:630-638.)

ver the past 10 years, the treatment of rotator cuff
athology has evolved toward an all-arthroscopic
pproach. Arthroscopic rotator cuff repair is believed

o be at least as effective as open repair, with the

rom the aSection of Sports Medicine, Rush Medical College, Rush
University Medical Center, Chicago, bDepartment of Orthopae-
dic Surgery, University of Connecticut School of Medicine, Farm-
ington, OSC-MSp2,cDepartment of Anatomy and Cell Biology,
dDepartment of Orthopedic Surgery, Rush Medical College,
Rush University Medical Center, Chicago, IL.

upported by the Rush Sport Medicine Fund, Rush University Med-
ical Center, Chicago, IL, and the AOA Student Research Fellow-
ship, Menlo Park, CA.

eprint requests: Brian J. Cole, MD, MBA, Associate Professor,
Section of Sports Medicine, Department of Orthopedic Surgery,
Rush Medical College, Rush University Medical Center, 1725 W
Harrison St, Suite 1063, Chicago, IL 60612 E-mail:
bcole@rushortho.com.
opyright © 2006 by Journal of Shoulder and Elbow Surgery
Board of Trustees.

058-2746/2006/$32.00
oi:10.1016/j.jse.2005.09.006
bReferences 4, 15-18, 23-25, 34, 39, 40, 42, 43, 48.

30
dded advantages of reduced surgical morbidity,
educed postoperative stiffness, and potentially, a
ore rapid return to baseline shoulder function once

otator cuff healing has occurred.35 In addition, ar-
hroscopically performed repairs avoid detachment
r manipulation of the deltoid muscle, leading to
ecreased postoperative pain, and virtually eliminate

he risk for deltoid detachment.35

Despite the benefits of an arthroscopic approach,
any orthopaedic surgeons prefer open or miniopen

epairs because of the technical skills required to
erform an all-arthroscopic approach.23-25,30 Sur-
eons must choose from different suture material,
not-tying techniques, and uniquely designed instru-
ents. Specifically, suture passing, anchor place-
ent, and suture tying are particularly challenging for
ven the most experienced arthroscopists. Mastering
relatively steep learning curve is required to be-

ome facile at these techniques. Even in experienced
ands, obtaining consistent and secure arthroscopic
nots is difficult compared with openly tied knots, and
rthroscopic knots are, therefore, prone to failure.23

The arthroscopic knot may be the final obstacle
reventing many orthopaedic surgeons from advanc-

ng to all-arthroscopic repair. Arthroscopic knots are
equired to secure tendon-to-tendon sutures and ten-
on-to-bone sutures via suture anchors. Poorly posi-

ioned, loose, or unstable knots will inevitably lead to
ailure. In vitro studies have demonstrated that suture
lippage, rather than suture breakage, is often the
ailure point with arthroscopic rotator cuff repair.
ven minimal amounts of suture elongation or knot
lippage of only 3 mm can lead to clinical evidence of
epair failure.*

Ultrasonic suture welding is an arthroscopic instru-
ent that uses 70 kHz of ultrasonic energy to melt a
onabsorbable monofilament suture together without
amaging the underlying soft tissue. A recent in vitro
tudy comparing the mechanical properties of ultra-
onic suture welding and traditional knot tying dem-
nstrated that welded loops required significantly
reater loads to reach 3 mm of elongation.33 The
umber of cycles to failure was similar in both groups,

ut the knotted loop demonstrated increased variabil-
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ty compared with the welded loop. The elongation to
uture rupture was significantly greater in the knotted
oops, but both groups had greater knot strength than
hat for No. 2 nonabsorbable braided sutures.33 Ul-
rasonic suture welding is an innovative method that
irectly addresses the difficulty of arthroscopic knot

ying and may be used in any procedure that requires
rthroscopically placed knots.

Ultrasonic suture welding of nylon suture offers an
lternative to hand knot tying that may allow the
rthopaedic surgeon to place consistent and reliable
uture loops in an all-arthroscopic manner. Whereas
n vitro studies have demonstrated a more consistent
oop and superior strength of welded loops compared
ith traditional knotted loops at 3 mm of elonga-

ion,33 in vivo examination of welded sutures in rota-
or cuff repair has not been investigated. This is the
rst study to evaluate ultrasonic suture welding in an
n vivo rabbit rotator cuff repair model. The aim of this
tudy is to compare the biomechanical strength of the
ltrasonic suture loops with that of traditionally tied
nots and to describe the gross and histologic fea-
ures. We hypothesize that, using an in vivo animal
odel of rotator cuff repair, ultrasonic suture loops
an repair a detached supraspinatus tendon with a
iomechanical strength similar to that of traditionally

ied knots.

ATERIALS AND METHODS

xperimental design
The Institutional Animal Care and Use Committee of Rush

niversity Medical Center (Chicago, IL) approved all meth-
ds before beginning the study. We obtained 23 male
ew Zealand white rabbits (4-6 lb) and coded them with
umbered ear tags. We randomly assigned 46 shoulders to
of 3 treatment groups: sham-operated (n � 15 shoulders),

notted (n � 15), or welded (n � 16). On day 0, all
nimals were anesthetized and underwent surgery. The
upraspinatus tendon was exposed and left intact in all
ham-operated shoulders. In the 2 repair groups, the su-
raspinatus tendon was incised at its insertion into the
reater tuberosity of the humeral head, and the artificially
reated defect was repaired acutely with either traditionally
ied knots (knotted group) or ultrasonic suture welded loops
welded group). Eighteen weeks after surgery, all animals
ere killed. Ten shoulders from each group (ie, sham-
perated, knotted, and welded) were removed for biome-
hanical testing, and five shoulders were assigned to un-
ergo histologic analysis with the exception of the welded
roup, which had an additional shoulder for histologic
nalysis. Animals were inspected daily by the staff of the
omparative Research Center of Rush University Medical
enter (Chicago, IL).

urgical procedure
Each rabbit was anesthetized with an intramuscular

njection of a ketamine and xylazine cocktail (75–100

g/kg and 10 mg/kg, respectively). The upper extremities b
ere shaved and aseptically prepared for the surgical
rocedure. An incision through the skin and subcutaneous

issue was made just proximal to the acromial process and
xtended to the proximal humerus. The deep fascia was
ncised along the cranial margin of the acromial portion of
he deltoid muscle, and the muscle was retracted caudally.
he supraspinatus tendon was easily visualized, and the
xtremity was internally rotated to also identify the infraspi-
atus tendon. For sham-operated shoulders, the supraspina-
us tendon was isolated but no tear was created. For
xperimental shoulders, the supraspinatus tendon was iden-
ified and a 5-mm full-thickness anteroposterior incision was
reated 1 mm from the insertion into the humeral head to
reate a complete tear of the supraspinatus tendon. A single
.0-mm titanium anchor (Orthopaedic Biosystems Ltd, Smith
Nephew, Andover, MA) was inserted at a 45° angle.5

or knotted shoulders, a simple suture configuration was
sed, such that only one limb of the suture penetrated the
upraspinatus tendon 5 mm into the substance of the ten-
on. A standard arthroscopic knot was used (5 half-hitches
ith the first 2 placed over the same post in the same
irection and the subsequent 3 as alternating posts and
lternating throws)6,7 with a No. 2-0 Ethibond suture (Ethi-
on Inc, Somerville, NJ), and the knot was placed directly
ver the rotator cuff tendon with an arthroscopic knot
usher (Arthrex, Inc, Naples, FL). For welded shoulders, the
upraspinatus tendon was repaired with an ultrasonic su-
ure welding device (Axya Medical Inc, Beverly, MA) via a
ingle No. 2-0 nylon suture placed through the suture
nchor. The tension arm must cross over the nontensioning
rm within the AxyaWeld handpiece J-tips (Axya Medical

nc). The slide button on the handpiece can be moved from
he open position to the advance position. The non tension-
ng arm should be longer than the tensioning arm so that the
urgeon can pull the suture tighter on the soft tissue. The
ensioning arm is grasped as the welding sleeve is ad-
anced to the repair site, and the suture and soft tissue are
eld taught underneath the J-tip. The welding sleeve must
ace the soft tissue at an angle between 20° and 70° to the
urface. Once the desired suture loop tension is obtained,
he slide button can be advanced to the weld position and
ressed to weld the suture together (Figure 1). The slide

Figure 1 Ultrasonic suture welding with No. 2-0 nylon suture.
utton is released back to the open position, and the distal
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ip of the welding sleeve can be gently pressed into the soft
issue to release from the welded suture. Arthroscopic suture
cissors (Arthrex, Inc) were used to cut the tails of the suture
t about 1 mm from the welded portion of the loop. The
epair site was inspected to ensure that the supraspinatus
endon was reapproximated to the greater tuberosity with-
ut evidence of a gap. For all shoulders, the previously
ncised deltoid was approximated anatomically. Antero-
osterior and lateral plain radiographs were obtained from
elected rabbits to ensure proper placement of suture an-
hors. Once the animals recovered from surgery, they were
laced in isolated cages and permitted to ambulate without
estrictions. All animals received buprenorphine (0.3 mg/
L) analgesia on the evening of surgery, postoperative day
, and postoperative day 2.

acroscopic analysis
At week 18, all rabbits were sedated with an intramus-

ular injection of ketamine (50 mg/kg) and killed with an
ntracardiac injection of 5 mL potassium chloride. The shoul-
er region was dissected immediately after death, and the
perated area was examined for healing, suture encapsu-

ation, suture elongation, suture slippage, suture breakage,
oose bodies, and inflammatory reaction. The supraspinatus
nsertion into the humerus with or without a suture loop was
dentified and left intact.

iomechanical analysis
The specimens (humerus and supraspinatus tendon) for

iomechanical analysis were wrapped in saline solution–
oaked in gauze, placed in 2 plastic bags, and frozen at
20°C. On the day of biomechanical testing, specimens
ere thawed at room temperature and kept moistened with
hosphate-buffered saline solution throughout testing. The

hickness and width of each supraspinatus tendon were
easured with digital calipers (Precision Graphic Instru-
ents, Inc, Spokane, WA), and the same investigator was
linded to the experimental groups and performed all mea-
urements. A dumbbell-shaped specimen was created by
se of a scalpel at the supraspinatus insertion site with a
inimum width of 5 mm and a gauge length of 10 mm,8
nd the shape at the midpoint of the defect appeared to
ave a rectangular cross-sectional area. The cross- sectional
rea was calculated as the product of the measured thick-
ess and width. The humerus was potted in a 1.5-in-diam-
ter and 4-in-long cylindrical pipe with bone cement (Isoc-
yl; Lang Dental, Deerfield, IL), leaving only the humeral
ead and supraspinatus tendon exposed. The free end of
he supraspinatus tendon was placed in the cryoclamp (Blue
ay Research, Clearwater, FL), and the chutes of the cryo-
lamp were loaded with dry ice. Specimen strain was
easured via the crosshead displacement of the Instron
echanical testing machine (Instron model 8871; Instron,
anton, MA). Tissue strain was measured by laser exten-

ometer (MTS, Minneapolis, MN) monitoring of photomar-
ers placed on the tendon specimens. The photomarkers for
he laser extensometer were placed at 3 mm and 8 mm from
he tendon insertion. The laser extensometer was positioned
t 381 mm from the sample and calibrated before testing.
he potted tendons were placed in a clamp at a 20° angle

rom the horizontal axis, and the cryoclamp was fastened to o
he load cell on a material testing system so that the su-
raspinatus tendon was pulled at the physiologic angle of
10°.8 A tensile load was applied to each specimen at a
onstant displacement rate of 15 mm/min, and the test was
llowed to continue until a final displacement change of 40
m was achieved. The load, crosshead displacement, and

issue strain were recorded by use of Instron computer
oftware. The specimen strain and specimen modulus were
etermined by the load cell and crosshead displacement,
ut the tissue strain and tissue modulus were calculated from

he laser extensometer. These results were subsequently
xported and analyzed on a spreadsheet (Microsoft Excel
000; Microsoft Corp, Richmond, WA) in order to deter-
ine the maximum load, stress, tissue strain, specimen

train, tissue modulus, and specimen modulus.

icroscopic analysis
After gross examination, the humerus was detached

rom the scapula, with the supraspinatus tendon and muscle
eing kept. intact, and then fixed in 10% neutral buffered
ormalin. Samples were decalcified in aqueous formic
cid/sodium citrate (22%/10%), after which they were
rocessed for paraffin embedding. After decalcification,

he suture loops and suture anchors for the knotting and
elding-treated supraspinatus tendons were carefully re-
oved. Sections for histologic analysis (8 �m) were ob-

ained and placed on glass slides coated with Vectabond
Vector Laboratories, Burlingame, CA) from the entire width
f the attachment of the supraspinatus tendon to the hu-
erus. Alternating sections were stained with safranin O,

ast green,36 to demonstrate proteoglycan, hematoxylin-
osin, or picrosirius red. Sections through the central region
f the tendon were studied in detail.

Collagen orientation of the repaired tendon was examined
y use of the picrosirius red staining method.10,19,27,28 Slides
ontaining sections were placed in xylene at 37°C for 12
ours to remove the strongly birefringent paraffin completely,
ydrated in an ethanol series of decreasing concentration
between 100% and 50%), and then placed in water. Hydra-
ion was used immediately after the removal of paraffin and
efore staining for collagen with picrosirius red F3B (Poly-
ciences, Inc, Warrington, PA). Before staining with a picro-
irius red solution, dewaxed and hydrated sections were
reated at 37°C for 18 hours in 2.0 mg bovine testicular
yaluronidase in 1.0 mL of 0.1-mol/L phosphate buffer at pH
.0 to remove chondroitin sulfate molecules, which might
ask the cationic binding sites of the collagen for the poly-
mine sirius red molecules.29 Sections were then stained for
0 minutes in 0.1% sirius red F3B (Polysciences, Inc, War-
ington, PA) dissolved in saturated picric acid. Sections were
ehydrated in absolute ethanol for 9 minutes (3 changes for 3
inutes each), cleared in a 1:1 mixture of absolute ethanol-
ylene for 3 minutes, and dehydrated in xylene for 9 minutes
3 changes for 3 minutes each) before cover slips were
ounted. Stained sections were analyzed with a Nikon polar-

zation microscope (Fryer Company, Huntley, IL) equipped
ith a lambda/4 compensator plate and interference filter

lambda � 589 nm). The relative sign of induced birefrin-
ence was determined by turning the analyzer in two opposite
irections. The optical properties of the extracellular matrix—

hat is, the presence or absence of birefringence, indicating

rientation of the collagen fibers10,19,27,28—were observed.
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ormal light microscopic observations were made in the same
isual fields where polarization microscopic analyses were
arried out. For normal light microscopy, the polarizer and
nterference filter were removed from the microscope.

The histologic sections were examined by use of a
ustom scoring system based on that used by Carpenter et
l8 but also accounted for (1) transition zone architecture in
ematoxylin-eosin–stained sections, (2) collagen fiber ori-
ntation in picrosirius red–stained sections, (3) proteogly-
an staining in safranin O–stained sections, and (4) bursa
hickness in hematoxylin-eosin–stained sections. In addi-
ion, a number of other histologic features were noted,
ncluding articular cartilage, inflammation, foreign-body
eaction, vascularity, and cellularity.

tatistical analysis
All measurements were entered into a statistical spread-

heet (SPSS for Windows, version 10.0; SPSS, Inc, Chi-
ago, IL), and descriptive statistics were calculated for the
ross-sectional area of the dumbbell-shaped region of the
upraspinatus tendon, maximum load, stress, strain, and
odulus for all shoulders. Paired t tests for right and left

houlders demonstrated no statistical difference (P � .05)
or surface area, maximum load to failure, stress, and
train. One-way analysis of variance was performed be-
ween the different treatment groups, and post hoc analysis
ith Bonferroni-corrected t tests was performed for tests
onsidered to be significant. P � .05 was considered to be
tatistically significant.

ESULTS

urgical procedure

All animals survived without complications until
hey were killed 18 weeks after the operation. In two
notted shoulders, the initial suture anchor pulled out
hile the Ethibond suture was being tightened but the

ubsequent suture anchor with an Ethibond knot was
ecurely fixed in the humeral head. The first 3 at-
empts to screw in the suture anchor failed in another
notted shoulder, but the fourth anchor appeared to
e fixed firmly with axial loading. In one of the
elded shoulders, the loop ruptured immediately af-

er application of the ultrasonic suture welding de-
ice. This shoulder was not included in the final
nalysis; thus, there were 15 shoulders in the welded
roup, instead of 16 shoulders.

acroscopic analysis

Upon macroscopic analysis, the sham-operated
houlders had minimal scarring of the deltoid muscle.
he supraspinatus tendon was intact without any
ross abnormalities. The repaired shoulders revealed
n extensive degree of scar tissue from the supraspi-
atus insertion to the undersurface of the deltoid.
lthough quantitative measurements were not made,

he welded loops were less bulky and lower in profile

ompared with the knotted loops. In the knotted shoul- t
ers, the Ethibond knot was encapsulated in a scar
issue mass. One of the knotted shoulders appeared
o have a healed, mildly displaced humeral head
racture, which was most likely a result of the insertion
f the suture anchor. Loose, small suture fragments
ere observed in 2 welded shoulders, but the welded

oop in each case was intact. Another welded shoul-
er contained a calcified mass just superior to the
utured tendon. There were no specimens with gap
ormation between the tendon and humeral head.
here was no evidence of suture elongation, suture
lippage, or suture breakage for any repaired su-
raspinatus tendons.

iomechanical analysis

The cross-sectional area was significantly greater in
he knotted (17.5 mm2, P � .001) and welded (21.0
m2, P � .008) groups than in the sham-operated
roup (10.5 mm2) (Table I). Although the maximum

oad to failure of the knotted (161.9 N) and welded
161.6 N) groups was less than that of the sham-
perated group (206.4 N), only the stress of the exper-
mental groups (10.2 N/mm2 and 8.3 N/mm2, respec-
ively) was statistically inferior to the control group (20.6
/mm2) (P � .002 and P � .0001, respectively). The

epaired supraspinatus tendons of both experimental
roups were approximately 80% of the tensile strength
f the intact supraspinatus tendons (78.42% for knotted
roup and 78.27% for welded group). There were no
etectable statistical differences between the knotted
nd welded groups. All specimens failed at the tendon-

o-bone junction, and the suture anchor was intact in all
0 specimens. In addition, there were no apparent
ifferences observed between any group for tissue
train, specimen strain, tissue modulus, and specimen
odulus (Table II).

icroscopic analysis

In all specimens, there was good integration of
endon-to-bone healing without any evidence of the
urgically created defect. Apart from the thickening of

able 1 Supraspinatus tendon measurements of experimental
roups

Group
Animal weight

(kg)
Cross-sectional

area (mm2)

ham (n � 10) 8.99 � 0.88 10.47 � 2.06
notted (n � 10) 8.61 � 0.79 17.45 � 5.05
elded (n � 10) 8.89 � 0.77 20.93 � 10.27*

nalysis of variance
(P value) .573 .009

ata are presented as mean � SD.
Denotes statistical significance from sham-operated group at P � .01.
he subdeltoid bursa, there were no histologic signs of
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cute inflammatory changes in any specimen. In ad-
ition, there were no abnormalities in any specimen

n terms of the articular cartilage of the humeral head,
ascularity, and cellularity.

In all sham-treated specimens, the transition zone
rchitecture was regular, with clearly demarcated
ones of tendon, unmineralized fibrocartilage, miner-
lized fibrocartilage, and bone (Figure 2, A). Dense
egular collagen fibers could be seen in all samples
Figure 2, B). Also, an intervening subdeltoid bursa
as apparent between the supraspinatus tendon and

he overlying deltoid muscle fibers in all specimens
Figure 2, C). In 2 of 5 specimens, a random arrange-
ent of collagen fibers could be seen in the articular

ide of the tendon in the picrosirius red–stained sec-
ion, and increased proteoglycan staining was also
bserved in the same area in the safranin O–stained
ections (Figure 2, D). The herring-bone appearance
as consistent with a fibrocartilage differentiation
ithin the substance of these two tendons that was
bserved on the articular side of the supraspinatus

endon adjacent to the tendon-to-bone insertion.
Four of five knotted specimens demonstrated regu-

ar transition zone architecture with tendon fibers
nterdigitating with trabecular bone. Dense, longitu-
inally oriented collagen fibers were visible in all
amples. In 4 of 5 knotted specimens, mild subdeltoid
ursa thickening with loosely arranged connective

issue was noted (Figure 3). One specimen was found
o have irregular transition zone architecture with
oor collagen fiber arrangement of the tendon zone.
thibond suture fragments surrounded by moderately
rregular collage orientation in the immediate area
ere found in 1 supraspinatus tendon. Proteoglycan

taining was absent in all knotted specimens.
In 4 of 5 welded specimens, regular transition

one architecture was observed. Dense longitudinal
ollagen fibers were observed in 2 of 5 welded
pecimens. Moderate or marked subdeltoid bursal
hickening was also observed in all welded samples
Figure 4, A). Three of five welded specimens had

able II Biomechanical characteristics of experimental groups

Group
Maximum
load (N)

Stress (N/
mm2)

s

ham (n � 10) 206.41 � 47.45 20.63 � 7.46 0.
notted (n � 10) 161.86 � 63.28 10.24 � 5.10* 0.
elded (n � 10) 161.55 � 85.36 8.32 � 3.84† 0.

nalysis of variance
(P value) .279 .0001

ata are presented as mean � SD.
Denotes statistical significance from sham-operated group at P � .001.
Denotes statistical significance from sham-operated group at P � .0001.
rregular collagen fiber orientation with correspond- s
ng increased proteoglycan staining consistent with a
erring-bone pattern. In 1 specimen, a widened fibro-
artilage zone of the articular side was seen, and
vidence of early bone formation of the bursal side
ould be demonstrated (Figure 4, B).

ISCUSSION

As anticipated, the results of the biomechanical
ests indicate that the stress to failure was significantly
educed in the knotted and welded groups when
ompared with the sham-operated controls. The max-
mum load to failure of the knotted and welded
roups was less than that in the sham-operated group,
ut the difference was not statistically significant. In
ontrast, the mean cross-sectional area for the knotted
nd welded groups was significantly larger than that

n the sham-operated group; thus, the stress (maxi-
um load divided by cross-sectional area) of the

ham-operated group was statistically greater than
hat in the knotted and welded groups. Even though
he mean cross-sectional area was greater in the
notted and welded groups, the repaired supraspina-
us tendons proved to be weaker than the intact
upraspinatus tendons, implying that the integrity of
he repaired tendon differs from that of native tendon,
hich has been observed in the repaired tendons of
ther animal models.8,41 There was no statistically
ignificant difference between the knotted and
elded groups in terms of stress, strain, or modulus.
he maximum load to failure for the knotted and
elded groups was approximately 80% of that for the

ham-operated tendons. Miyahara et al26 evaluated
endon-to- bone healing in a dog model and demon-
trated that load to failure was roughly 62.5% at 6
eeks and 82.5% at 24 weeks. Gerber et al14 con-
luded that strength of reattached infraspinatus ten-
ons in sheep was 30% at 6 weeks and was 81% at

months compared with that in native tendons.
levins et al3 also demonstrated restoration of 80% of
ormal strength in cynomolgus monkeys 1 year after

ue
at

re

Specimen
strain at
failure

Tissue
modulus (N/

mm2)

Specimen
modulus (N/

mm2)

0.10 0.21 � 0.16 50.74 � 21.58 332.90 � 276.50
0.12 0.15 � 0.15 36.36 � 12.70 338.19 � 214.12
0.15 0.18 � 0.17 32.45 � 17.60 303.32 � 249.67

1 .803 .762 .072
Tiss
train
failu

29 �
30 �
33 �

.63
urgical repair of the rotator cuff with transosseous
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unnels. There was no evidence of impaired healing
ith the suture anchor, and longer-term studies are

equired to determine whether biomechanical
trength continues to improve in the knotted and
elded groups.
The primary objective of this study was to evaluate

he biomechanical and histologic characteristics of
upraspinatus tendons repaired with ultrasonic suture
elded loops and traditionally tied knots at a time
oint reflective of a healed supraspinatus tendon.
rior studies, characterizing the healing process of
epaired rabbit rotator cuff tendons, have shown on-
oing remodeling to occur up to 12 weeks13; thus,
ne relatively late time point at 18 weeks was thought

o provide an adequate comparison of the biome-
hanical strength of healed supraspinatus tendons.
lthough earlier time points may have strengthened

f sham operated group. A, Tendon-to- bone interface
cartilage, and bone zones with hematoxylin-eosin. B,
nt stained with hematoxylin-eosin. C, Sham-operated

raspinatus tendon and deltoid muscle stained with
sham-operated specimens with safranin O staining.

the articular side of the supraspinatus tendon adjacent
Figure 2 Histologic sections (original magnification �20) o
with tendon, unmineralized fibrocartilage, mineralized fibro
Collagen fiber orientation in regular longitudinal arrangeme
group with thin subdeltoid bursa (asterisk) between sup
hematoxylin-eosin. D, Herring-bone appearance in selected
The area of increased safranin O staining was observed on
igure 3 Histologic section (original magnification �20) of knot-
ed group, with moderately thickened subdeltoid bursa. The arrow
he study, we chose to focus on the clinical efficacy of
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wo different suture fixation techniques on tendon-to-
one healing. Previous studies of ultrasonic suture
elding in New Zealand white rabbits did not show
vidence of thermal injury to underlying tissue at time
and at 1 week by gross and histologic analysis.9,33

he purpose of the earlier time points would have
een to determine evidence of thermal injury, which,

f present, might impair the healing response. Addi-
ional time points may provide more information, but
e submit that, based on prior studies, there is no

eason to suggest that thermal injury occurs in sur-
ounding tissue. If so, we expect that the earlier time
oints would reveal similar histologic healing for both

he hand-tied knot specimens and the ultrasonically
elded suture loop specimens. Future in vivo studies
ith multiple time points and a larger sample size are

equired to demonstrate definitively the effect of ultra-
onic energy to surrounding soft tissues.

The biomechanical method has a number of limi-
ations that may have affected the precision of the
esults. Digital calipers were used to measure the
idth and thickness of each specimen, which may
ary depending on the amount of pressure applied.

e acknowledge that optical or indentation probe
echniques are preferred, but the same investigator
as blinded to experimental groups and measured all

pecimens. The specimen preparation involved the
reation of a dumbbell-shaped defect at the tendon-
o-bone interface. The tendon-to-bone junction proved
o be able to withstand greater loads than was ini-
ially anticipated. Once cryoclamps were imple-
ented, numerous pilot studies demonstrated that the

unction of the humeral head and cylindrical pipe was
he most common point of failure. Uhthoff et al47 also

Figure 4 Histologic sections (original magnification �
bursa. The arrow demonstrates the extent of subdeltoid
fibrocartilage on articular side (asterisk) and early bon
xperienced difficulty with the biomechanical setup, r
nd they used a compression bolt in the medullary
anal to augment the fixation of the humerus. Despite
hese interventions, they experienced failure at points
ther than the tendon-to-bone insertion, including the
one, clamp, and tendon midsubstance. In addition,
erber et al14 encountered tearing of the sheep

nfraspinatus tendon at the clamp. In our study, the
umbbell-shaped defect was created in the supraspi-
atus tendon, beginning at the tendon-to-bone junc-
ion and extending proximally into the tendon sub-
tance. With the dumbbell-shaped defect, the failure
oint at the tendon-to-bone junction was consistently
roduced and meaningful comparison between the
xperimental groups was possible. The specimens
ere kept moist with phosphate-buffered saline solu-

ion; however, a phosphate-buffered saline solution
ath provides a more accurate environment to control
or hydration, pH, and temperature. The testing time
nly required roughly 60 to 90 seconds, and there
as no gross evidence of tendon tissue compromise,
nd biomechanical properties appeared to be unal-

ered. Future studies will be performed in a phos-
hate-buffered bath to control for the aforementioned
actors.

The transition zone architecture was relatively pre-
erved, except in 1 case in each of the experimental
roups. The most notable feature of the knotted group
as the presence of a mildly thickened subdeltoid
ursa. The welded group also possessed thickening
f the subdeltoid bursa but to a greater degree. There
ppeared to be a qualitative difference between the
notted and welded groups, which is surprising given
he lower profile and absence of the knot of the
elded sutures to irritate the bursa. An inflammatory

of welded group. A, Marked thickening of subdeltoid
al thickening. B, weld specimen with area of widened
mation of bursal side (arrow).
20)
burs
esponse after surgical detachment and repair of the
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upraspinatus tendon is expected, but the etiology
nd significance of the differing responses are un-
lear. No obvious thermal injury to the tendon oc-
urred with the ultrasonic suture welder at the time of
urgery, and no evidence of thermal necrosis was
vident upon histologic analysis at 18 weeks after
urgery. The different suture materials could be an-
ther possible explanation for the differing bursa
esponses. There may be clinical implications if there
s a significant difference between the knotted and
elded groups, but additional studies with a larger

ample size are necessary. Prior studies of tendon-to-
one healing have noted that the injured tendon is
nable to regain completely normal structure and
trength3; however, these tissues do retain a consid-
rable capacity to heal.46 Uhthoff et al44,46 have
uggested that the initial healing response may
argely be derived from the bursal tissue and advise
gainst bursectomy with rotator cuff tendon repair.
he bursal thickening observed in the experimental
roups, but not the sham-treated group, may suggest
n ongoing healing response after repair of the su-
raspinatus tendon and contribute to greater cross-
ectional area of the repaired tendons.

Because of the lack of an appropriate animal
odel, Soslowsky et al38 conducted a study to deter-
ine the most suitable animal for studying the poten-

ial mechanisms of rotator cuff disease. Of all 33
nimals considered, only the rat satisfied all 34 items
n the checklist and has an acromion that was posi-

ioned immediately over a prominent supraspinatus
endon. The authors acknowledge the superiority of
he rat or primates for studies to further delineate the
tiology or pathophysiology of rotator cuff tendo-
opathy, particularly involving the subacromion. The
abbit rotator cuff model has been used by
everal other groups to characterize tendon-to-bone
ealing,2,21 because the transition zone architecture
s preserved across species. Unfortunately, pilot stud-
es with several rat shoulders performed in our labo-
atory resulted in humeral head fracture with the
nsertion of 1.3-mm titanium screw-in suture anchor
Mitek Worldwide, Norwood, MA), which is even
maller than the 2.0-mm suture anchor used in our
tudy. The rabbit was selected because of size con-
iderations and the primary goal of characterizing the
ealing of the tendon-to-bone interface between two
ifferent suture fixation techniques. The lack of an
cromion in the rabbit shoulder makes it difficult to
omment on the significance of the subdeltoid bursal
hickening observed in the experimentally repaired
roups. These findings may have clinical implications
fter rotator cuff repair possibly leading to impinge-
ent; therefore, longer-term studies with a rat or
rimate model may further delineate the significance
f the bursal thickening. In addition, prospective clin-

cal studies with radiographic imaging may be able
o correlate postsurgical subacromial bursal thicken-
ng with patient symptoms.

The majority of studies evaluating rotator cuff
epair investigate either tendon-to-bone healing via
ransosseous tunnels12,20,22,31,41,45 or ex vivo bio-
echanical analyses of suture anchors.1,11,15,32,37

ur study was designed to characterize an innova-
ive arthroscopic technology in an in vivo model so
hat we might be able to determine whether the
uture anchor, suture material, or suture fixation
ethods interfere with tendon-to-bone healing. We

ubmit that fixation devices should withstand a
inimum amount of load, but it is the healing of the

endon-to-bone interface and ongoing remodeling
rocess that will determine the effectiveness of the
epair. On the basis of our results, we believe that
oth techniques—arthroscopic knot tying with Ethi-
ond and ultrasonic suture welding with nylon—
re functionally efficacious and may be used ac-
ording to surgeon preference. Longer-term studies
ith a larger sample size are required to determine

he significance of the histologic discrepancy ob-
erved between the 3 treatment groups.49
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