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in orthopedics. It represents the culmination of advances in many diverse fields such as optics, fluid
dynamics, mechanical engineering, and most recently, orthobiologics. This article reviews the current
state of the art of arthroscopic rotator cuff repair, through the lens of its historical context and evolution
to our present understanding. We review the limitations in the current approach, and glance toward the
future of rotator cuff regeneration with emerging technologies.
© 2021 Published by Elsevier Inc. on behalf of American Shoulder & Elbow Surgeons. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Arthroscopic rotator cuff repair (RCR) has evolved into one of
the most common orthopedic surgical procedures worldwide. This
evolution has been made possible by innovations in a broad di-
versity of fields including optics, anatomy, mechanical engineering,
and biologics. In spite of these advancements, there is still much
work to be carried out to improve healing rates, outcomes, and
long-term durability in this pathology. The purpose of this article is
to summarize the current state of the art in arthroscopic RCR in
terms of techniques, outcomes, and continued challenges.

History

The first known description of a rotator cuff tear dates back to
1788 when Monro depicted a tear in the supraspinatus and infra-
spinatus in his book, “A description of All the Bursal Mucosae of the
Human Body”.”> Attempts at surgical repair, however, were
extremely rare before the early 20™ century. Perthes, in 1906 re-
ported a series of 3 RCRs,%> and Codman reported his surgical
technique to repair supraspinatus ruptures in 2 cases in 1911.%%

Around this same time, endoscopy was beginning to be
explored. In 1912, the Danish surgeon Nordentoft examined a series
of cadaveric knee joints with an endoscope,’’ and in Japan Takagi
used knee arthroscopy to evaluate tuberculosis in 1918.° The first
known arthroscopic series on live patients is credited to the Swiss
surgeon Bircher, when he reported on a series of 21 knee
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arthroscopies in 1922.°° The shoulder would be slow to follow. In

1931, Burman performed a series of cadaveric diagnostic arthros-
copies in the shoulder and correlated his findings after opening the
specimens.?? It would be another 50 years, however, until shoulder
arthroscopy was adopted for clinical use. The first clinical report of
shoulder arthroscopy in the United States was by Andrews,
reporting on its use in the management of partial-thickness tears of
the rotator cuff in 1985." A number of early pioneers such as Bur-
khart, Esch, Abrams, Bell, and Savoie were in collaborative discus-
sions on the feasibility of using the arthroscope to perform RCR in
the early 1990s, but it was Snyder who first presented the tech-
nique of arthroscopic RCR.%

Technical advancements
Tendon mobilization

To arrive at the modern arthroscopic RCR required significant
technological innovations in visualizing the pathology, mobilizing
the retracted tendon or tendons, and reattaching it to bone. It has
long been recognized that over tensioning a rotator cuff tear is
detrimental to healing.>*%° One of the primary goals of arthro-
scopic RCR is to perform adequate releases of the retracted rotator
cuff tendons. Initially, the tissue inferior to the cuff is released from
a contracted capsulolabral complex. It is important to recognize
that a torn retracted rotator cuff often becomes scarred down
anteriorly to the retracted corocohumeral ligament and tissues of
the rotator interval. Tauro'’ described the technique of the
arthroscopic interval slide, whereby massive retracted and immo-
bile supraspinatus tears are released from the interval tissue and
repaired to the native footprint without significant tension. He
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published a clinical study on 43 patients with 32 months follow-up
demonstrating good or excellent results.'°’ Lo and Burkhart pub-
lished their results on interval slides including a “posterior interval
slide” whereby the interval between the supraspinatus and infra-
spinatus is released along the spine of the scapula, allowing indi-
vidual mobilization of the two tendons and improved tension on
massive repairs,”* and reported satisfactory results in 8 of 9 pa-
tients. A more recent follow-up study by Berdusco and Lo,” how-
ever, reported on the clinical outcomes in 15 patients who required
interval slides to complete the repair. While their clinical outcomes
did show improvement, their retear rate by MRI at 2 years showed
retears to the original size in 55% of patients. The authors recom-
mended this procedure as a salvage operation in the setting of
massive immobile and retracted tears.

Even with the best of mobilization techniques, it is often that the
torn edge of a rotator cuff tear cannot be mobilized to reach the
articular margin of the rotator cuff insertional footprint. Sometimes
tears fall short of the footprint but can be successful with medial-
ization. This was a challenge for open surgeons as well. Open sur-
gery taught us to mobilize the cuff which translated into
arthroscopic repair... In 1965, Debeyre et al published a technique
of supraspinatus advancement, whereby the supraspinatus was
elevated from the fossa and translated laterally to reach the cuff
footprint.>* This technique has not been widely adopted. A second
option is to medialize the cuff footprint by removing a section of the
articular margin and attaching the rotator cuff medial to its normal
insertion.>”!% This is a quite simple procedure, and promising
clinical results have been reported with this technique,?””’? and has
been a common technique used by the senior author. There is a
limit to medialization, however, as cadaveric work has shown that
medialization >10 mm results in a compromised range of mo-
tion.'%® The art of mobilizing the torn rotator cuff tendon is one of
the most difficult learning curves for the arthroscopic shoulder
surgeon. A properly mobilized tendon for a low tension repair re-
mains, however, an absolute prerequisite for a successful RCR.

Suture anchors

Once the tendon is visualized and mobilized, it should be
securely attached to the bone. This critical step has its own history
and is told in the evolution of the suture anchor. The suture anchor
is perhaps the single technology that has made the arthroscopic
shoulder surgery adaptable to the masses. This innovation has also
revolutionized the economics of shoulder surgery, providing a
widget that has built companies, and allowed financial incentives
to innovative surgeons and engineers that has resulted in an
incredibly steep technology curve in the pursuit of the ideal surgical
technique. The concept of the suture anchor is fairly straight for-
ward: put a stitch through the torn tendon, and attach that stitch
securely into the bone of the tuberosity. This simple concept,
however, has proven anything but easy, with the guiding principles
of secure bony fixation, minimal iatrogenic insertional damage, and
prevention of longer term joint damage resulting in hundreds of
different approaches.

The first suture anchor was invented by Goble and Somers in
1985 as the “Statak” suture.'°”> They bonded a braided polyester
suture to a headless hex screw, combining the versatility of suture
and the strength and ease of a threaded screw.** Several subse-
quent studies showed that the pullout strength of these early an-
chors was equivalent to suture repairs and superior to tunnels
through bone.>'#%8% Thus the race began. The material of the
implant, its size and design, and the ease of implantation, all
became foci for innovative surgeons and companies alike. In 1995,
F. Alan Barber published the first in a series of articles that would
establish him as an authority on suture anchors.* He studied

76

JSES Reviews, Reports, and Techniques 1 (2021) 75—83

ultimate load with axial pull out to test a range of new to market
anchors every few years for almost two decades. The results of
these and other studies shaped the development of suture an-
chors.'%% In 1997, Burkhart suggested that the mode of failure,
especially when applied to RCRs would be better done as cyclical
loading instead of single load to failure. In two separate experi-
ments, he tested the effect of cyclical loading on simulated cadav-
eric RCRs first with transosseous tunnels and then with anchors. His
studies showed that suture anchors outperformed the transosseous
tunnels and that in cyclical loading, which was a better approxi-
mation of the in vivo condition. In cyclical loading, transosseous
tunnels failed by suture cutting through bone whereas the mode of
failure in single load testing was suture breakage.'”?° This led to
one of many redesigns of suture anchors to minimize pull out from
bone or failure at the junction of the suture/anchor interface
(Fig. 1).12

Further advances in knotless technologies and all-suture suture
anchors have continued to advance us toward what Burkhart called
the “holy grail” of secure bony fixation, minimal iatrogenic inser-
tional damage, and prevention of long-term joint damage. Over the
past two decades, suture anchor advances have achieved the ulti-
mate mechanical goal of shifting the mode of failure from the an-
chor and suture, to pull out of the suture through the tendon itself.
This has led to a revolution in surgical techniques which continues
to be debated today.

Suture techniques

In 1994, Gerber reported on the mechanical strength of repair
techniques for the rotator cuff, in the first of his landmark studies
utilizing the sheep infraspinatus as a model for RCR.** In it, he
found that simple sutures through tendon were “mechanically
poor” and recommended other suture grasping techniques to
minimize the risk of suture pulling through the tendon. Burkhart
demonstrated that simple mattress suture constructs were also less
than satisfactory and emphasized multiple suture tails and load
sharing techniques to minimize suture pull out through tendon.'®
More recently, Burkhart et al have described a “load sharing rip
stop” repair construct.”” This technique places simple sutures
beyond a mattress suture that is placed in the torn rotator cuff, in a
concept similar to the Mason-Allen stitch recommended by Gerber.
Burkhart et al showed that not only did this construct improve
failure loads by 1.7 times but demonstrated that mode of failure by
suture pull out of tendon was nearly eliminated."” In spite of these
advancements, recurrent tear rates have been a persistent short-
coming of RCR. One cited explanation for this is that repair of the
torn tendon using a single row of anchors cannot restore the native
anatomic footprint of the rotator cuff. Apreleva et al demonstrated
that a single row of anchors only reconstituted 67% of the cuff
footprint, which was significantly less than a transosseous tech-
nique which restored 85% of the footprint.> The authors suggested
that a larger footprint of repair may potentially improve the healing
and mechanical strength of repaired tendons and that this could be
better achieved using a double row. Lo and Burkhart introduced the
concept of the double-row RCR in which a single medial row of
anchors is passed medial to the edge of the torn rotator cuff with
mattress stitches, and a second lateral row of anchors is placed
using simple sutures through the edge of the tendon. The authors
proposed that such a technique would restore the medial-lateral
footprint of the cuff. This technique has been modified where the
limbs of the medial row of stitches are passed through the cuff and
taken laterally on top of the residual lateral tendon, into suture
anchors at the lateral margin of the footprint. This modification is
known as the “transosseous equivalent” and it compresses the
tendon against the native footprint.
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Figure 1 Burkhart's original drawing of a suture anchor from April 2000. Reprinted
with permission.'”

The appropriate type of repair that is performed remains
controversial, but it is important to understand that the rotator cuff
is a multilayered structure, and in addition to the classic description
of tear types as U-shaped, L-shaped, and massive retracted tears,'®
more complex horizontal delamination tears of the articular and
bursal surfaces may combine with these traditional tears.>> A
further complicating matter is that the deeper articular-sided layer
in these tears often contains the rotator cable, which has been
shown to be a critical structure to maintaining function’® (Fig. 2).'?

There have since been multiple studies comparing the biome-
chanics and clinical outcomes of both single-row and double-row
techniques, as well as systematic reviews of the same® (Fig. 3).”°

In single-row comparisons, most studies have shown that
techniques that include an anterior to posterior stitch that is
spanned by a medial to lateral stitch, such as the rip-stop, massive
cuff stitch, lasso loop, and modified Mason-Allen outperform sim-
ple and mattress repair constructs.*3678>9395105 15 double-row
techniques, the main comparisons are between traditional
double-row techniques and transosseous equivalent techniques.
These studies have failed to demonstrate a consistent biomechan-
ical advantage of one technique over the other within the double-
row group regarding contact area, contact pressure, gap forma-
tion, or stiffness.5%°96163.77291 The one exception seems to be that
medial-row knot tying outperforms knotless medial-row con-
structs.”>®® Kim et al®® evaluated transosseous equivalent with
medial-row knot tying vs. not tying and found that those with
medial-row knot tying had significantly higher footprint contact
area and interface pressure than those that were not tied. Leek
et al®® found that medial-row knot tying in transosseous RCRs
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resulted in significantly higher stiffness and lower displacement
during cyclical loading.

Much more study has been devoted to comparing single- vs.
double-row repair constructs.>>%476>6970.78 15 pjomechanical an-
alyses, studies show that double-row constructs result in consis-
tently higher contact area*”%>’% and contact pressure.”*’ Ma et al
demonstrated that double-row constructs improved ultimate ten-
sile load,®> whereas other studies by Esquivel*® and Mazzocca’®
failed to demonstrate a difference in load to failure.

When comparing various techniques in the clinical setting,
there have been at least 11 studies that have directly compared
single- vs. double-row techniques for clinical and functional
outcomes,>?126:41:42:46.60.62,6678.84 of these studies, 8 of 11 showed
no difference between single- and double-row repairs. Two
studies®®’® noted differences between groups, but these were for
large tears (>3cm) only. Park et al’® found that double-row repairs
had higher American Shoulder and Elbow Surgeons scores, Con-
stant scores, and Shoulder Strength Index scores than the single-
row group. Ma et al®® found that for large tears, muscle strength
was improved in the double-row group.

Regarding studies that specifically compared double- vs. single-
row repair for healing rates of RCR, 5 of 8 found no difference in
healing.>"#1:6066:84 For the 3 studies that did demonstrate a differ-
ence,*%%62 31| favored the double-row construct. Gartsman®” in a
comparative study of 83 patients at 10 months found double-row
suture bridge repair rates of failure at 7% which was significantly
lower than the 25% rate of his single-row repairs with simple su-
tures. Lapner et al found that standard double-row repair was
associated with higher MRI healing rates than single-row repair
using mattress sutures.’” Finally, Charousset et al demonstrated
improved healing at 6 months in the double-row group (61%)
compared with the single-row group (40%),%° although both groups
demonstrated high retear rates. One study comparing retear rates
between single- and double-row repairs is important to bring up.
Cho et al?’ compared the structural results after single- vs. double-
row (suture bridge) repair. The suture bridge technique tended to
have a lower retear rate than a single-row technique did; however,
when there was a retear, the single row tended to avulse off of the
bone, whereas the double row tore near the musculotendinous
junction. This study raised speculation that a failed double-row
repair might render a revision irreparable.

Finally, there have been several studies that have compared the
clinical outcomes between double-row techniques. Kim et al found
no difference in clinical outcomes or retear rates comparing stan-
dard double-row vs. transosseous techniques.’® Rhee et al
compared knotless suture bridge (with a medial-row Mason-Allen
equivalent) with knotted medial-row suture bridge, and found that
the knotless Mason-Allen suture bridge retear rate (6%) was
significantly lower than the knotted suture bridge group (19%).
Finally, Ryu et al®*® compared a traditional suture bridge construct
with the addition of lateral-row stitches to repair dog ears and
found that this adjunct improved healing rates over the standard
suture bridge construct.

Other approaches

As RCRs were just beginning in the early 1990s, there were
concerns about failure due to overstrain of these repairs. Burkhart
described an arthroscopic tendon-to-tendon repair that was a
modification of a similar technique by Codman.?® Burkhart coined
the term “margin convergence” in 1994”."> He theorized that side-
to-side sutures in a massive cuff would act to decrease the medial to
lateral length of the tear and thereby reduce the overall strain of the
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Figure 2 Burkhart's concept of the suspension bridge theory of rotator cuff repair. (A) Artist's rendition of a large rotator cuff tear, with an intact rotator "Cable". (B) Artist's rendition
of a "suspension bridge" analogy, where the cable of the bridge is analogous to the rotator cuff's cable, distributing forces across the entire construct. Reprinted with permission.'?

W’
il

repair construct. By reinforcing the margin of the cuff, the strain
placed at the repair on the bone could be decreased. He later
published his results in arthroscopic cuff repair, which included a
subset of large U-shaped tears treated with margin convergence.
He reported 95% good to excellent results across the series and that
margin convergence repairs did just as well as those repaired to
bone."* Margin convergence is now a well-accepted technique of
approaching larger tears, and while it certainly helps to close the
defect, it is important to recognize the biomechanical advantages of
this technique on reducing strain on RCRs.

The partial thickness tear

The treatment of partial-thickness rotator cuff tears (PTRCTs)
has been improved by arthroscopy. It has become the gold standard
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Figure 3 Transosseous equivalent double-row repair (left) and single-row repair with 2 double-loaded suture anchors with simple configurations (right). Reprinted with permission.”®

for diagnosis of partial-thickness tears,’> and in the case of
articular-sided tears, has allowed assessment, débridement, and
repair without taking down the intact bursal side, which is neces-
sary in open approaches. Partial-thickness subscapularis tears and
so-called “hidden lesions” of the biceps pulley can be diagnosed
and treated without violation of the superficial cuff and interval
tissue.'%® Partial-thickness tears were originally classified by Ell-
man,’® in terms of location (articular, bursal, and intratendinous)
and by size of a tear (<3 mm, 3-6 mm, >6 mm). This classification
continues to be widely quoted as the size of the grade 3 (>6 mm)
tear generally corresponds to the “50%” trigger for operative repair
recommendations. Weber'%* reported a retrospective series of
PTRCTs involving >50% thickness of the tendon. They demonstrated
superior outcomes in patients after RCR versus rotator cuff
débridement and found that débridement never resulted in healing
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of these lesions. There are several variations on the approach to the
arthroscopic management of PTRCTs. One is whether or not acro-
mioplasty should be concurrently performed. Acromioplasty has
long been a successful method of treatment in open RCRs in the
hands of the senior author. Ellman's original study of PTRCTs agreed
with this, reporting 88% good and excellent results with arthro-
scopic débridement combined with acromioplasty, noting it a
viable option for patients with PTRCTs. Other authors, however,
have demonstrated no clear benefit to the addition of a subacromial
decompression or acromioplasty.”’-?¢ While débridement may be
effective for lower-grade PTRCTs, <50%, this may be variable
depending on location. Cordasco et al*>’ reported good results in
patients with PTRCTs treated with débridement but found that
bursal-sided tears had a much higher failure rate (29%) than
articular-sided tears (3%), which led the authors to recommend
completion of the tear with subsequent repair for bursal-sided le-
sions. Other studies have shown that arthroscopic débridement
alone does not necessarily prevent progression of a PTRCT to a full-
thickness tear. Kartus et al reported this to be the case in 35% of
their patients at a mean of 101 months.>®> Thus, in significant
PTRCTSs, repair is the treatment of choice.

Repair of the PTRCT can be accomplished either by conversion of
the tear to a full-thickness tear and repairing the entire construct (a
“conversion” repair), or by repairing only the torn portion “in situ”
without disturbing the intact tendon fibers. Both techniques have
provided good to excellent results’**>>* in clinical studies.
Comparative studies between conversion and in situ repair tech-
niques have shown biomechanical advantages in the in situ con-
structs,*>®> but clinical studies have failed to demonstrate an
outcome advantage of either technique over the other.>>* Fran-
ceschi et al®’ performed a randomized clinical trial comparing
conversion vs. in situ repair and specifically looked at retear rates,
demonstrating no difference between the two techniques.

The irreparable tear

Unfortunately, some rotator cuff tears cannot be repaired with
native tissue, and strategies to approach these tears have become
the subject of increased attention. The simplest form of treatment is
débridement, which was originally described in an open procedure
by Rockwood in 1995.87 Several arthroscopic techniques have been
reported to include subacromial decompressions, biceps tenoto-
mies, and rotator cuff débridements.'>'%> These techniques have
reported reasonable clinical outcomes especially in the setting
where patients had preserved shoulder motion preoperatively.
Burkhart reported on a series of partial RCRs, with surprisingly
good results. Patients improved UCLA scores from 10 to 28 and had
an average strength gain of 2.3 grades.'? A recent systematic review
evaluated 11 studies on 643 partial repairs.®® The authors’ findings
confirmed Burkhart's original study, in that all studies reported
improved functional outcomes and strength. They did note a nearly
50% retear rate on average, but concluded this technique to be a
useful approach in the setting of the massive irreparable rotator
cuff tear.

Augmentation

In spite of the reported clinical success of partial repairs, the
quest to complete a repair in the absence of sufficient tissue has led
to an increased interest in augmenting or even spanning the RCR.
This concept, like most in surgery, is not new. Neviaser et al’® used
freeze-dried allograft rotator cuff tendons attempt to reconstruc-
tion in 1978. The authors reported good or excellent functional
results in 14 of 16 patients. The modern arthroscopic equivalent of
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Figure 4 Superior capsule reconstruction for irreparable rotator cuff tear. (Tokish,
personal photo).

this was described by Snyder et al,'' wherein he used a human

dermal allograft to augment arthroscopic RCR. The authors re-
ported on 16 patients at a minimum 1-year follow-up and reported
significant improvements in pain and function. In addition, 13 of 16
showed tissue incorporation by MRI. This technique can be
considered an extension graft for the rotator cuff.

Perhaps the most popular recent advance in the area of
arthroscopic RCR augmentation is in the form of the superior
capsular reconstruction (Fig. 4).

Described by Mihata in 2012,”* the technique uses an autograft
tensor fascia lata attached from the glenoid to the greater tuber-
osity, mimicking the superior capsule of the shoulder. He has re-
ported excellent clinical and structural results at 5-year follow-up,
with a low (10%) retear rate.”> Other authors have modified the
technique to using human dermal allograft, and have reported
promising clinical results>>! but further study in defining in-
dications, techniques, and applications is necessary.

Other attempts at augmentative scaffolds have included xeno-
graft scaffolds (Fig. 5%%) extracellular matrix—based structures,
synthetic scaffolds, or hybrids of the two. Most recently, nano-
technology has led to a technique called electrospinning whereby a
synthetic, biodegradable scaffold can be created that mimics the
orientation of the collagen fibers, and may incorporate biological
components such as growth factors or medicinal signaling cells to
foster biocompatibility and improved biomechanical proper-
ties®>9° (Fig. 6).

The concept of biologically enhancing RCR comes from the fact
that in spite of improved mechanical techniques of repair, studies
have noted that retears have not significantly improved.”’ In
response, biologic approaches to tendon regeneration have expo-
nentially increased. Intriguing approaches such as platelet-rich
plasma (PRP), growth factors, amniotic augmentation (Fig. 7), and
medicinal signaling cells (MSCs) have all been applied to arthro-
scopic RCR with varying results. In vitro studies of PRP on rotator
cuff torn tendons show that platelet growth factors may enhance
proliferation of tenocytes and extracellular matrix synthesis.”">*
Clinically, there have now been more than 20 randomized clinical
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Figure 5 Xenograph scaffold for augmentation of rotator cuff repair.”

Figure 6 Electrospun patch at 4 weeks incorporation in a rat model.

trials on PRP use in the setting of arthroscopic RCR. A recent meta-
analysis of 18 of these studies revealed that PRP improves healing
rates (17 vs. 31% retear in the PRP vs. control group, respectively) as
well as pain levels and functional outcomes, although the latter
measures were not always clinically significant.

So-called “stem cell therapy” has also been recently suggested as
a biological augment to RCR. Mesenchymal stem cells (now
renamed medicinal signaling cells, or MSCs) may be a promising
solution as they may provide augmentation directly at the repair
site and stimulate local cells via paracrine signaling. Two clinical
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Figure 7 Amnion streamer delivered into partial-thickness cuff tear. Blue arrow: tail
emerging from 40 mm inserted amnion streamer within the cuff. Black arrow: Amnion
inserter in place with second streamer being deployed.

studies have been published using bone marrow concentrate.
Hernigou et al°® reported that this augmentation of RCRs improved
healing rates at 10 years from 44% in standard RCRs to 87% in MSC
augmented repairs. Many new techniques of biologic enhancement
including exosomes, amniotic tissue, and tissue engineered hybrids
are being explored.

Conclusions

Arthroscopic RCR has been established to alleviate pain and
restore function in a minimally invasive and efficient fashion. Its
rise to prominence has been enabled by the advancements in
several technological fields including biomaterials, optics, and ad-
vances in minimally invasive surgical techniques. The ultimate
outcome after RCR, however, remains elusive, in that retear rates
still remain an area of concern. The rise in biologic strategies to
address these challenges has shown initial promise but further
work in other allied fields such as nanotechnology, biomaterials,
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and our basic science understanding of tissue regeneration is crit-
ical to solving this debilitating condition.
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