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In vitro biomechanical comparison of three different
types of single- and double-row arthroscopic rotator cuff
repairs: Analysis of continuous bone-tendon contact
pressure and surface during different simulated joint
positions
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Hypothesis: We assessed bone-tendon contact surface and pressure with a continuous and reversible
measurement system comparing 3 different double- and single-row techniques of cuff repair with simula-
tion of different joint positions.

Materials and methods: We reproduced a medium supraspinatus tear in 24 human cadaveric shoulders.
For the 12 right shoulders, single-row suture (SRS) and then double-row bridge suture (DRBS) were
used. For the 12 left shoulders, DRBS and then double-row cross suture (DRCS) were used. Measurements
were performed before, during, and after knot tying and then with different joint positions.

Results: There was a significant increase in contact surface with the DRBS technique compared with the
SRS technique and with the DRCS technique compared with the SRS or DRBS technique. There was
a significant increase in contact pressure with the DRBS technique and DRCS technique compared with
the SRS technique but no difference between the DRBS technique and DRCS technique.

Conclusions: The DRCS technique seems to be superior to the DRBS and SRS techniques in terms of
bone-tendon contact surface and pressure.

Level of evidence: Basic Science Study.

© 2010 Journal of Shoulder and Elbow Surgery Board of Trustees.

Keywords: Rotator cuff; double-row repair; biomechanical study; bone-tendon contact surface; bone-
tendon contact pressure

Arthroscopic repair of rotator cuff tears is now a well-

accepted technique with findings comparable to open repair
in terms of clinical and tendon healing results in man
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occurrence of retears, with rates varying from 12% to 94%,
which appear to be more important in patients with large or
massive tears,”!!1518:21,22.25.27.49 Hence, a few authors
have proposed the use of a double-row suture (DRS)
technique rather than the usual single-row suture (SRS)
technique or transosseous suture (TOS) technique.*’

Biomechanical studies comparing SRS, TOS, and DRS
in terms of resistance to failure and reproduction of the
natural footprint of the supraspinatus with measurement
of bone-tendon contact surface and bone-tendon contact
pressure are in favor of the DRS technique, showing
higher loads to failure and higher bone-tendon contact
pressure and surface compared with SRS or TOS
techniques.25122831:32.34.35.38.42.46.48.51

Recent clinical studies have shown good results with
DRS techniques,>"****3%444% and we are only aware of 1
comparative study, though nonrandomized, in favor of DRS
techniques in terms of tendon healing.'® We could find no
comparative clinical study between single-row and double-
row techniques showing significantly better results with one
technique over the other.'”** All biomechanical studies that
showed better bone-tendon contact surface and pressure for
DRS techniques rely on measurement techniques that have
an important limitation: the pressure-sensitive films used
for measurements of contact surface and pressure do not
give continuous or reversible measurements.’”*® This may
lead to misinterpretation of measured contact surfaces and
pressures because measured data may change after knot
tying and with passive shoulder movements encountered
during early physiotherapy. Another limitation of some of
those studies is that only 1 type of DRS technique was
usually examined.

Therefore, the objectives of our biomechanical in vitro
study were (1) to use a new bone-tendon contact surface
and pressure measurement technique allowing continuous
measurement before, during, and after cuff repair and
during simulated shoulder movements and (2) to compare,
in terms of bone-tendon contact surface and pressure, an
SRS technique with a recently published technique® that
will be called the double-row bridge suture (DRBS) tech-
nique and to compare 2 DRS techniques—the DRBS
technique and a new technique called the double-row cross-
suture technique (DRCS), which adds a cross suture to the
DRBS technique.

Material and methods
Specimen preparation and loading simulation

We used 24 fresh-frozen cadaveric shoulders (12 left and 12 right
shoulders) in 12 cadavers (5 female and 7 male cadavers; mean
age, 78 years [range, 53-96 years]). All rotator cuff tendons were
initially intact. All muscles but the rotator cuff muscles were
removed. The distal part of the humerus was fixed in a specially
designed metallic box and embedded with a low—melting point

alloy (MCP 70; Mining & Chemical Products Ltd, Welling-
borough, England).

The scapula was fixed at 3 points, inferior angle, trigonum
spinae, and acromial posterolateral angle, which defined the
reference plane. Fixation was performed with a specially designed
metallic box and MCP 70 for the inferior angle and with screws
and bolts for the other points.

The humeral box was linked to a 3-dimensional system
allowing all the humeral movements relative to the fixed scapula.
To simulate joint anteflexion in the scapular plane, we combined
elevation of the humerus in the scapular plane and external rota-
tion around the humeral axis (Figure 1).

Four static anteflexion positions were analyzed: 30°, 60°, 90°,
and 120°. For each of those static positions, the relative position of
the humerus to the scapula was defined with a combination of 2
angles: elevation angle of the humerus relative to the scapula and
rotational angle of the humerus relative to the scapula, according
to McClure et al** and Stokdijk et al.*’

Supraspinatus and infraspinatus muscle fibers were partially
removed from their fossae, and the tendon of each muscle was
attached to an Ethibond suture (Ethicon, Somerville, NJ) with
Mason-Allen knots, with 1 suture for the supraspinatus tendon and
2 for the infraspinatus tendon.

Sutures were directed through eyelets screwed on the scapula
that allowed a better simulation of muscle traction lines. The
sutures were then linked through a pulley system to an Instron
traction machine (Instron, Norwood, MA), simulating supra-
spinatus and infraspinatus muscle forces.

The traction machine progressively applied a load during
experimentation up to a maximal load of 60 N. The pulley and
suture system allowed us to divide this maximal load into 30 N for
the supraspinatus muscle and 30N for the infraspinatus
muscle, 16:42:47.50

According to Van der Helm,*’ subscapularis muscle activity
during elevation is relatively low (<10 N); we therefore decided to
simulate subscapularis function only by its passive action without
removing the muscle fibers from the subscapularis fossa and
without adding a traction system for the subscapularis muscle.

After fixation of the experimental system in a position simu-
lating a 30° anteflexion position, we removed 1 cm of supra-
spinatus tendon substance starting from the edge of the greater
tuberosity and progressing medially, detaching the whole tendon
from the footprint contact surface. This reproduced a supra-
spinatus full-thickness tear with an artificially created 1-cm
tendon retraction in the frontal plane, simulating a medium tear
(1 cm in the frontal plane and 2 cm in the sagittal plane).

Cuff repair and measurements
Specific material

Cuff repair was conducted with the usual arthroscopic
materials (knot pusher, cuff-penetrating graspers) and with
BioZip anchors double loaded with Fiberforce sutures
(Stryker, Kalamazoo, MI). For single-row anchors, we used
two 6.5-mm anchors placed 2 cm below the edge of the
greater tuberosity, with a 2-cm distance between the
anchors. For double-row anchors, we used two 5-mm
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Figure 1

Left, Global view of testing setup. Right, Detail of contact pressure and surface measurement technique.

Figure 2

anchors placed just lateral to the bone-cartilage junction in
alignment with the 6.5-mm lateral anchors.

For contact surface and pressure measurement, we used
piezoelectric-sensitive films, with a 0- to 13.8-MPa
measurement range (model 4201; Tekscan, South Boston,
MA). This system allows a continuous and reversible
measurement of bone-tendon contact surfaces and
pressures.

After anchors insertion, the piezoelectric-sensitive film
was pierced by the 8 medial sutures and the 8 lateral sutures
and placed on the greater tuberosity. Care was taken not to
destroy the film’s sensitive cells while passing the sutures
through the film.

Suture techniques

For the SRS technique, 1 suture for each anchor was
retrieved 5 mm away from the edge of the supraspinatus
tendon with the usual oblique cuff-penetrating graspers.
Fisherman-like sliding knots were tied, and the lateral row
was hence completed.

For the DRBS technique, 2 suture rows were used: 1
lateral row as described for the SRS technique and 1 medial

Schema of different fixation techniques: SRS (left), DRBS (middle), and DRCS (right).

row. The medial double row was created with a technique
similar to that of Arrigoni et al.> The 4 sutures of each
medial anchor were passed through the supraspinatus
tendon 2 cm medial from its edge with oblique cuft-
penetrating graspers, and the 4 posterior sutures were
passed 2 cm away from the 4 anterior sutures. The first
same-colored sutures were then tied, forming a double-loop
“bridge-type* suture. We reproduced this double-loop
suture with the other colored sutures. This completed the
medial row of the DRBS technique (Figure 2).

For the DRCS technique, 2 suture rows were used: 1
lateral row identical to that used in the SRS technique and 1
medial row. After forming the first loop in a bridge-type
manner, we used the remaining medial suture and placed 1
looped cross-bridge suture between the anteromedial and
posterolateral anchors and 1 looped cross-bridge suture
between the posteromedial and anterolateral anchors
(Figure 2). This completed the DRCS technique.

Regarding experimentation for the 12 left shoulders, we
first achieved the SRS technique and then prepared the
sutures for the medial row of the DRBS technique but
without tying the knots. Measurements were performed
only for the SRS technique. Then, we tied the knots for the
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medial row, and measurements were performed for the
DRBS technique.

Regarding experimentation for the 12 right shoulders,
we first achieved the DRBS technique with only 1 loop for
the medial row, and measurements were performed. Then,
we tied the loops for the DRCS technique, and measure-
ments were performed.

Measurement sequences

Bone-tendon footprint contact pressures and surfaces were
measured in a continuous way: during knot tying, with 1
measurement being performed for each knot tied, and
during traction on the supraspinatus and infraspinatus
tendons for 4 static positions of glenohumeral joint ante-
flexion—30°, 60°, 90°, and 120°. Measurements were
stopped while moving from one position to another.

The contact pressure and surface measured at the
beginning of loading (0 N) were called initial contact
pressure and surface, respectively. At the end of loading
(60 N), they were called final contact pressure and surface,
respectively.

Statistical analysis

Results were analyzed statistically as follows: Paired ¢ tests
were performed for comparison of initial contact surfaces
and pressures (before traction on muscles) for each
different position (30°, 60°, 90°, and 120°) between the
SRS and DRBS techniques, between the DRBS and DRCS
techniques, and between the SRS and DRCS techniques.
Paired ¢ tests were performed for comparison between
initial and final contact surfaces for each different position
(30°, 60°, 90°, and 120°) for the SRS technique, for the
DRBS technique, and for the DRCS technique. Comparison
between initial contact pressure and final contact pressure
was performed for each different position (30°, 60°, 90°,
and 120°) for the SRS technique (paired ¢ test), for the
DRBS technique (paired ¢ test), and for the DRCS tech-
nique (paired ¢ test for 30°, 60°, and 90° values and Wil-
coxon nonparametric test for 120° values).

Results

Qualitatively, measurements indicated different patterns with
greater contact surface for the DRCS technique compared
with the DRBS technique and greater contact surface for the
DRBS technique compared with the SRS technique. During
knot tying, contact pressure and surface variations were
important and difficult to analyze because of important
instantaneous variations of values (Figure 3). Mean initial
contact surfaces for each position are described in Table L.
Initial contact surfaces were significantly superior with
the DRBS technique compared with the SRS technique at

60°, 90°, and 120° of anteflexion. Initial contact surfaces
were significantly superior with the DRCS technique
compared with the DRBS technique and with the DRCS
technique compared with the SRS technique at 30° and 60°
of anteflexion.

Final contact surface was significantly superior to initial
contact surface (Figure 4) at 30° and 60° of anteflexion for
the SRS technique; at 30°, 60°, 90°, and 120° of anteflexion
for the DRBS technique; and at 60° of anteflexion for the
DRCS technique.

Initial contact pressure was significantly superior for the
DRBS technique compared with the SRS technique in all
positions (Figure 5) and for the DRCS technique compared
with the SRS technique at only 30° and 60° of anteflexion.
There was no significant difference between the DRCS and
DRBS techniques in terms of initial contact pressure.

Final contact pressure was significantly superior to
initial contact pressure in only 1 situation: at 120° of
anteflexion for the SRS technique.

Discussion

Clinical and healing results of arthroscopically repaired
cuffs are similar to results obtained after open repair.®**!
However, for large to massive tears, Galatz et al'® found
a retear rate of 94%, and there is still controversy in the
literature about residual symptoms and shoulder function
after retear. Most authors have found decreasing results
regarding shoulder function after retear,'"***"** but those
inferior results may appear more than 2 years after surgery
whereas patients with perfectly healed cuffs continue to
have good clinical results long after 2 years.!' Some retears
after arthroscopic cuff surgery may be because of technical
difficulties in obtaining anatomic repair of the cuff, and
some authors have suggested that double-row fixation
techniques have superior mechanical properties compared
with single-row fixation techniques.

In recently published clinical studies evaluating clinical
results of DRS techniques for rotator cuff repair, the find-
ings tend to compare favorably with those of SRS tech-
niques,”******> with a retear rate as low as 11.4% reported
by Lafosse et al.?’ However, those studies were not
randomized, and to our knowledge, there is no difference to
date in terms of clinical results between SRS and DRS
techniques in comparative studies.'”'”*? In terms of load to
failure and gap formation, many in vitro studies showed the
superiority of variable types of DRS techniques over SRS
techniques.”®>13%3%42 Because we did not use cyclic
loading, we have focused on studies assessing supra-
spinatus footprint contact surface and pressure after
different techniques of repair.

Anatomic studies of the supraspinatus insertion on the
greater tuberosity show that the tendon covers the entire
surface from the edge of the tuberosity to the articular
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Figure 3

Mapping of contact patterns for different situations. The map represents the surface of the sensor containing 24 x 11 different

sensitive cells. The non-active cells (null pressure) are in black, whereas the active cells have a color related to a calibration scale (middle).
The total contact surface is the product of the surface of a cell (3.62 mm?) by the number of active cells. Left, Beginning (fop), intermediate
stage (middle), and end (bottom) of knot tying with SRS technique in left shoulder of one of the tested subjects. Right, Comparison between
DRBS technique (top) and DRCS technique (botfom) in right shoulder of same subject.

Table I Initial and final contact surface values (before and after loading) for different suture techniques at 4 different anteflexion
positions
Contact surface (mm?)
SRS DRBS DRCS
Initial Final Initial Final Initial Final
30°
Mean 133 169 175 196 201 214
SD 39 34.5 23 19.5 20.5 28
60°
Mean 107 119 164 180 189 203
SD 34.5 36.5 32.5 29 23.5 23.5
90°
Mean 120 129 153 165 177 185
SD 34 37 25.5 24.5 19.5 21.5
120°
Mean 140 151 166 176 189 198
SD 25.5 35.5 25 26 17.5 20.5

margin, representing a footprint insertion with a mean area
varying from 155 mm” to 368 mm?.'*'***4" We cannot
compare our results with those anatomic values because we
did not measure the native values in our specimens.
Apreleva et al® reported values ranging from 290 mm? to
391 mm? after 4 different SRS techniques. These values are
higher than ours for the SRS technique (Table I), but their
SRS techniques are not exactly the same as our SRS
technique. Meier and Meier,** in a similar study, showed
values ranging from 238 mm? to 314 mm? for a double-row
mattress-type suture technique compared with values

ranging from 155 mm? to 242 mm? for a TOS technique
and values ranging from 79 mm? to 199 mm?” for an SRS
technique. Our mean contact surface values are within the
range of those of Meier and Meier for the SRS technique
but are inferior to those of Meier and Meier for the DRBS
technique. However, no contact pressure—sensitive film
was used in these 2 studies, where the surfaces were
obtained after digitization of the contour of the tendon
insertion area.

Using a Fuji pressure-sensitive film technique (Fujifilm
Recording Media Germany GmbH, Kleve, Germany),
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Figure 5 [Initial contact pressure (mean and SDs) at the different
anteflexion positions for the SRS and DRBS techniques. The P
value is shown for each paired Student ¢ test comparing the 2
techniques.

Tuoheti et al*® reported values of 50 mm?® for single-row
sutures and 120 mm? for double-row mattress-type sutures.
These values are lower than ours for the SRS technique, as
well as for the DRS technique. An explanation could be the
difference in distance between the anchors (20 mm in our
study vs 10 mm in their study). Park et al*’>® described
a cross-type transosseous-equivalent technique that seems to
be the closest to our DRCS technique. They also used Fuji
pressure-sensitive films, and in their in vitro study, they found
amean value of 124 mm? for the supraspinatus footprint area

for their 4—suture bridge transosseous-equivalent technique
compared with a mean value of 63 mm? for a double-row
mattress-type technique and 100 mm” for a double-row
bridge technique; the latter, however, appears to be quite
different from our bridge technique.

Our mean surface values are higher than those of Park et
al’’*® for equivalent DRBS and DRCS techniques. This
difference may be explained by the limitation of the size of the
measurement area in their technique because of the Fuji film
location within the 4 suture anchors, as well as by the different
distances between the anchors (12.5 mm vs 20 mm).

Within the limits of an in vitro cadaveric study, which
cannot reproduce the exact in vivo situation, we could
prove that the DRCS technique was superior, in terms of
bone-tendon contact surface, to the DRBS technique, which
is itself superior to the SRS technique. This was not the
case for all positions of the joint, but the number of
cadavers may have been insufficient in terms of statistical
power to prove a difference for certain joint positions.

An interesting point was the statistically significant
increase in contact surface after muscle loading for the SRS
and DRBS techniques but not for the DRCS technique. One
could assume that the DRCS technique allows fewer
micromovements of the cuff on the surface of the footprint
during joint movements than the SRS and DRBS
techniques. Allowing fewer micromovements of the cuff
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could be better for permanent bone-tendon contact in the
first weeks of physiotherapy. This could enable better bone-
tendon healing assuming that permanent changes in contact
between bone and tendon during joint movements may
impair tendon healing.

We think that greater surface contact between bone and
tendon could lead to better tendon healing, but multiple
sutures on the tendon and residual high pressure after knot
tying could threaten tendon vascularization and impair
tendon healing.

Contact pressure values increased while passing from the
SRS technique to the DRBS or DRCS technique before
loading. We cannot explain the lack of difference between the
DRBS and DRCS techniques apart from a statistical power
explanation: the difference may be too small to be statisti-
cally significant with our small number of specimens.

To our knowledge, no data on in vivo contact pressure or
data on the best bone-tendon contact pressure for optimal
bone-tendon healing have been published. Values of contact
pressure and surface at the end of knot tying may be closer to
in vivo values in our study than in studies using Fuji pressure-
sensitive films, where only the maximal values of contact
pressure and surface are recorded. Indeed, important varia-
tions of contact pressures and surfaces were observed during
knot tying (Figure 3). This type of variation cannot be
observed with nonreversible pressure-sensitive films, which
could impair results and final conclusions.

We used an open environment to place the sutures in the
cuff, which is different from arthroscopic conditions with
percutaneous portals and cannulas. However, knots were
tied with arthroscopic knot pushers and by well-trained
shoulder arthroscopic surgeons.

Finally, we did not apply cyclic loading, so our data are
representative of the immediate postoperative situation, and
no conclusions can be drawn regarding fatigue resistance of
the suture techniques.

To our knowledge, there is no other biomechanical study
in the literature comparing DRCS, DRBS, and SRS tech-
niques with a high number of cadaveric shoulders, with
continuous measurement of bone-tendon contact surface and
pressure and with simulation of different joint positions.

Conclusions

We found significantly higher contact surface values for
the DRCS technique compared with the DRBS and SRS
techniques and significantly higher contact pressure
values for the DRCS and DRBS techniques compared
with the SRS technique. We can assume, in terms of
contact surface, that the DRCS technique is better than
the 2 other tested techniques. Only a randomized clinical
trial between the SRS and DRCS techniques would be
able to show the superiority of the DRCS technique in
terms of healing and clinical results.

Acknowledgments

The authors thank the European Society for Surgery of
the Shoulder and the Elbow for partial funding of this
study through the 2006 SECEC/ESSSE Research Grant.
We also thank Stryker for its financial support of this
study; the Centre des Don du Corps of the René Des-
cartes Paris V University, where the anatomic specimens
were obtained; and finally, Florent Lachaud and Yann
Huruguen, engineering students, for their technical
support and their involvement in the experiments.

References

1. Anderson K, Boothby M, Aschenbrener D, van Holsbeeck M.
Outcome and structural integrity after arthroscopic rotator cuff repair
using 2 rows of fixation: minimum 2-year follow-up. Am J Sports Med
2006;34:1899-905.

2. Apreleva M, Ozbaydar M, Fitzgibbons PG, Warner JJ. Rotator cuff
tears: the effect of reconstruction method on three-dimensional repair
site area. Arthroscopy 2001;18:519-26.

3. Arrigoni P, Brady PC, Burkhart SS. The double-pulley technique for
double-row rotator cuff repair. Arthroscopy 2007;23:675.e1-675.e4.

4. Bennett WFE. Arthroscopic repair of full-thickness supraspinatus tears
(small to medium): a prospective study with 2- to 4-year follow-up.
Arthroscopy 2003;19:249-56.

5. Brady PC, Arrigoni P, Burkhart SS. Evaluation of residual rotator cuff
defects after in vivo single- versus double-row rotator cuff repairs.
Arthroscopy 2006;22:1070-5.

6. Buess E, Steuber K-U, Waibl B. Open versus arthroscopic rotator cuff
repair: a comparative view of 96 cases. Arthroscopy 2005;21:597-604.

7. Burkhart SS, Barth JR, Richards DP, Zlatkin MB, Larsen M. Arthro-
scopic repair of massive rotator cuff tears with stage 3 and 4 fatty
degeneration. Arthroscopy 2007;23:347-54.

8. Burkhead WZ Jr, Skedros JG, O’Rourke PJ, Pierce WA, Pitts TC. A
novel double-row rotator cuff repair exceeds strengths of conventional
repairs. Clin Orthop Relat Res 2007;461:106-13.

9. Charousset C, Grimberg J, Duranthon LD, Bellaiche L. Arthro-C-scan
analysis of rotator cuff tears healing after arthroscopic repair: analysis
of predictive factors in a consecutive series of 167 arthroscopic repairs
[in French]. Rev Chir Orthop Reparatrice Appar Mot 2006;92:223-34.

10. Charousset C, Grimberg J, Duranthon LD, Bellaiche L, Petrover D.
Can a double-row anchorage technique improve tendon healing in
arthroscopic rotator cuff repair? A prospective, nonrandomized,
comparative study of double-row and single-row anchorage techniques
with computed tomographic arthrography tendon healing assessment.
Am J Sports Med 2007;35:1247-53.

11. Charousset C, Grimberg J, Duranthon LD, Bellaiche L, Petrover D,
Kalra K. The time for functional recovery after arthroscopic rotator
cuff repair: correlation with tendon healing controlled by computed
tomography arthrography. Arthroscopy 2008;24:25-33.

12. Cole BJ, ElAttrache NS, Anbari A. Arthroscopic rotator cuff repairs:
an anatomic and biomechanical rationale for different suture-anchor
repair configurations. Arthroscopy 2007;23:662-9.

13. Curtis AS, Burbank KM, Tierney JJ, Scheller AD, Curran AR. The
insertional footprint of the rotator cuff: an anatomic study. Arthros-
copy 2006;22:603-9.

14. Dugas JR, Campbell DA, Warren RF, Robie BH, Millett PJ. Anatomy
and dimensions of rotator cuff insertions. J Shoulder Elbow Surg 2002;
11:498-503.



Single- and double-row arthroscopic rotator cuff repairs

243

15.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Ellman H, Hanker G, Bayer M. Repair of the rotator cuff. End-result
study of factors influencing reconstruction. J Bone Joint Surg Am
1986;68:1136-44.

. Favre P, Sheikh R, Fucentese SF, Jacob HA. An algorithm for esti-

mation of shoulder muscle forces for clinical use. Clin Biomech 2005;
20:822-33.

Franceschi F, Ruzzini L, Longo UG, Martina FM, Zobel BB,
Maffulli N, et al. Equivalent clinical results of arthroscopic single-row
and double-row suture anchor repair for rotator cuff tears: a random-
ized controlled trial. Am J Sports Med 2007;35:1254-60.

. Galatz LM, Ball CM, Teefey SA, Middleton WD, Yamaguchi K. The

outcome and repair integrity of completely arthroscopically repaired large
and massive rotator cuff tears. J Bone Joint Surg Am 2004;86:219-24.
Gartsman GM, Khan M, Hammerman SM. Arthroscopic repair of full-
thickness rotator cuff tears. J Bone Joint Surg Am 1998;80:832-40.
Gerber C, Fuchs B, Hodler J. The results of repair of massive tears of
the rotator cuff. J Bone Joint Surg Am 2000;82:505-15.

Gleyze P, Thomazeau H, Flurin PH, Lafosse L, Gazielly DF, Allard M.
Arthroscopic rotator cuff repair: a multicentric retrospective study of
87 cases with anatomical assessment [in French]. Rev Chir Orthop
Reparatrice Appar Mot 2000;86:566-74.

Goutallier D, Postel JM, Bernageau J, Lavau L, Voisin MC. Fatty
muscle degeneration in cuff ruptures. Pre- and postoperative evalua-
tion by CT scan. Clin Orthop Relat Res 1994:78-83.

Harryman DT II, Mack LA, Wakn KY, Jackins SE, Richardson ML,
Matsen FA III. Repairs of the rotator cuff. Correlation of functional
results with integrity of the cuff. J Bone Joint Surg Am 1991;73:982-9.
Huijsmans PE, Pritchard MP, Berghs BM, van Rooyen KS,
Wallace AL, de Beer JF. Arthroscopic rotator cuff repair with double-
row fixation. J Bone Joint Surg Am 2007;89:1248-57.

Tannotti JP, Bernot MP, Kuhlman JR, Kelley MJ, Williams GR. Post-
operative assessment of shoulder function: a prospective study of full-
thickness rotator cuff tears. J Shoulder Elbow Surg 1996;5:449-57.

Ide J, Maeda S, Takagi K. A comparison of arthroscopic and open cuff
repair. Arthroscopy 2005;21:1090-8.

Jones CK, Savoie FH III. Arthroscopic repair of large and massive
rotator cuff tears. Arthroscopy 2003;19:564-71.

Kim DH, Elattrache NS, Tibone JE, Jun BJ, DeLaMora SN, Kvitne R,
et al. Biomechanical comparison of a single-row versus double-row
suture anchor technique for rotator cuff repair. Am J Sports Med 2006;
34:407-14.

Lafosse L, Brozska R, Toussaint B, Gobezie R. The outcome and struc-
tural integrity of arthroscopic rotator cuff repair with use of the double-
row suture anchor technique. J. Bone Joint Surg Am 2007;89:1533-41.
Lo IK, Burkhart SS. Double-row arthroscopic rotator cuff repair: re-
establishing the footprint of the rotator cuff. Arthroscopy 2003;19:
1035-42.

Ma CB, Comerford L, Wilson J, Puttlitz CM. Biomechanical evalua-
tion of arthroscopic rotator cuff repairs: double-row compared with
single-row fixation. J Bone Joint Surg Am 2006;88:403-10.

McClure PW, Michener LA, Sennet BJ, Karduna AR. Direct
3-dimensional measurement of scapular kinematics during dynamic
movements in vivo. J Shoulder Elbow Surg 2001;10:269-77.

Meier SW, Meier JD. Rotator cuff repair: the effect of double-row
fixation on three-dimensional repair site. J Shoulder Elbow Surg 2006;
15:691-6.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

Meier SW, Meier JD. The effect of double-row fixation on initial
repair strength in rotator cuff repair: a biomechanical study. Arthros-
copy 2006;22:1168-73.

Mazzocca AD, Millett PJ, Guanche CA, Santangelo SA, Arciero RA.
Arthroscopic single-row versus double-row suture anchor rotator cuff
repair. Am J Sports Med 2005;33:1861-8.

Milano G, Grasso A, Zarelli D, Deriu L, Cillo M, Fabbriciani C.
Comparison between single row rotator cuff repair: a biomechanical
study. Knee Surg Sports Traumatol Arthrosc 2008;16:75-80.

Park MC, ElAttrache NS, Tibone JE, Ahmad CS, Jun BJ, Lee TQ. Part
I: footprint contact characteristics for a transosseous-equivalent rotator
cuff repair technique compared with a double-row repair technique.
J Shoulder Elbow Surg 2007;16:461-8.

. Park MC, Tibone JE, ElAttrache NS, Ahmad CS, Jun BJ, Lee TQ. Part

II: biomechanical assessment for a footprint-restoring transosseous-
equivalent rotator cuff repair technique compared with a double-row
repair technique. J Shoulder Elbow Surg 2007;16:469-76.

Reardon DJ, Maffulli N. Clinical evidence shows no difference
between single- and double-row repair for rotator cuff tears.
Arthroscopy 2007;23:670-3.

Ruotolo C, Fow JE, Nottage WM. The supraspinatus footprint: an
anatomic study of the supraspinatus insertion. Arthroscopy 2004;20:
246-9.

Severud EL, Ruotolo C, Abbott DD, Nottage WM. All-arthroscopic
versus miniopen rotator cuff repair: a long-term retrospective outcome
comparison. Arthroscopy 2003;19:234-8.

Smith CD, Alexander S, Hill AM, Huijsmans PE, Bull AM, Amis AA,
et al. A biomechanical comparison of single and double-row fixation
in arthroscopic rotator cuff repair. J Bone Joint Surg Am 2006;88:
2425-31.

Stokdijk M, Ellers PH, Nagels J, Rozing PM. External rotation in the
glenohumeral joint during elevation of the arm. Clin Biomech 2003;
18:296-302.

Sugaya H, Maeda K, Matsuki K, Moriishi J. Repair integrity and
functional outcome after arthroscopic double-row rotator cuff repair.
A prospective outcome study. J Bone Joint Surg Am 2007;89:953-60.
Sugaya H, Maeda K, Matsuki K, Moriishi J. Functional and structural
outcome after arthroscopic full-thickness rotator cuff repair: single-
row versus dual-row fixation. Arthroscopy 2005;21:1307-16.

Tuoheti Y, Itoi E, Yamamoto N, Seki N, Abe H, Minagawa H, et al.
Contact area, contact pressure, and pressure patterns of the tendon-
bone interface after rotator cuff repair. Am J Sports Med 2005;33:
1869-74.

Van der Helm FC. A finite element musculoskeletal model of the
shoulder mechanism. J Biomech 1994;27:551-69.

Waltrip RL, Zheng N, Dugas JR, Andrews JR. Rotator cuff repair.
A biomechanical comparison of three techniques. Am J Sports Med
2003;31:493-7.

Wolf EM, Pennington WT, Agrawal V. Arthroscopic rotator cuff
repair: 4- to 10-year results. Arthroscopy 2004;20:5-12.

Yu J, McGarry MH, Lee Y-S, Duong LV, Lee TQ. Biomechanical
effects of supraspinatus repair on the glenohumeral joint. J Shoulder
Elbow Surg 2005;14(Suppl 1):65S-71.

Zheng N, Harris HW, Andrews JR. Failure analysis of rotator cuff
repair: a comparison of three double-row techniques. J. Bone Joint
Surg Am 2008;90:1034-42.



	In vitro biomechanical comparison of three different types of single- and double-row arthroscopic rotator cuff repairs: Analysis of continuous bone-tendon contact pressure and surface during different simulated joint positions
	Material and methods
	Specimen preparation and loading simulation

	Cuff repair and measurements
	Specific material
	Suture techniques
	Measurement sequences
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References


