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Abstract
Polymerization dynamics, which govern the movement of composite restoratives as 
they cure, dictate that shrinkage occurs in the direction of the most bondable surface or, 
in larger volumes, toward the center mass of the material. When polymerizing, 
composite shrinks toward the wall or walls of the preparation that are the most 
mineralized and dry and away from the walls that are the most moist and organic as 
dictated by the hierarchy of bondability. Immediately sealing the dentin with a dentin 
bonding system after preparation, applying a thin coating of resin, and allowing the 
developing dentin hybrid layer to mature for an appropriate amount of time improves the 
overall bond strength significantly and prevents the shrinkage stress created by larger 
overlying volumes of composite from causing debonding in a process known as 
decoupling with time. Additional techniques, such as deep margin elevation, stress-
reduced direct composite layering, and the placement of fiber reinforcement also 
leverage decoupling with time to improve bond strengths. This article explores the 
development and use of these and other techniques to improve bond strengths to 
dentin, discusses the impact of the hierarchy of bondability on composite failure, and 
presents the biomimetic restorative dentistry protocols that incorporate this information 
to create restorations that possess a long-term seal to prevent reinfection, maintain pulp 
vitality, maximize the preservation of tooth structure, and minimize residual stresses in 
the tooth/restoration complex. 

Twenty-three years ago, a team of researchers from the University of Minnesota set out 
to answer the question, "Do dental composites always shrink toward the curing light?" 
and found that the answer was "No."1 Dental composites shrink toward the most 
bondable surface that they are connected to or toward the center of their mass during 
the first 5 to 30 minutes after placement. Knowledge regarding how composites move 
during curing is referred to as the science of polymerization dynamics. The volume of a 
polymerizing mass of composite greatly influences the direction of its movement as it 
shrinks. The larger the volume of a light-cure composite, the more the shrinkage is 
directed to the center of its mass and away from the walls of the preparation.
A primary goal of biomimetic restorative dentistry protocols is to place small volumes of 
composite that move toward the developing dentin hybrid layer during their maturation. 
This positive dynamic movement can only occur if the initial volume of composite that is 
placed on top of the dentin bonding system is kept very thin (less than 1.5 mm) during 
the first 5 minutes of its polymerization reaction. This is one of the secrets to successful 
biomimetic restorative dentistry. Other protocols of biomimetic restorative dentistry that 
take advantage of polymerization dynamics to achieve long-term success include 
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immediate dentin sealing, resin coating, deep margin elevation, stress-reduced direct 
composite layering, and polyethylene fiber placement.

Dentin Sealing, Resin Coating, and Deep Margin Elevation
For every partial coverage restoration placed using biomimetic restorative dentistry 
protocols, there is a fundamental direct restorative component-the immediate sealing of 
the freshly prepared dentin. In immediate dentin sealing, the freshly prepared dentin is 
infiltrated with resin to create a hybrid layer that mimics the dentinoenamel complex, 
protecting it from bacterial leakage and the remnants of temporary cements. The 
companion concept of immediately placing a thin layer of microfilled flowable composite 
to protect the underlying hybrid layer is referred to as "resin coating." These two 
protocols were introduced in Japan and Europe in the mid-1990s.2-4 Immediate dentin 
sealing and resin coating procedures have been shown to increase the strength of the 
bond to dentin by 400%.5
Introduced in 1998 by Dietschi and Spreafico, deep margin elevation is another 
biomimetic restorative dentistry protocol that leverages polymerization dynamics. Deep 
margin elevation is performed immediately after immediate dentin sealing and resin 
coating to restore subgingival defects.6 By executing deep margin elevation as a 
separate step, the volume of composite used subgingivally was reduced and allowed to 
remain unconnected to any larger masses of composite for a period of time. Deep 
margin elevation allows a strong bond to develop in this most difficult area to restore.7-10
The concepts of immediate dentin sealing, resin coating, and deep margin elevation 
have been used and taught at the University of Geneva, Switzerland, for more than 20 
years, and great successes using these three fundamental protocols in partial coverage 
restorations have been documented and published during that time.10 Why do these 
three techniques produce such a dramatic increase in the bond strength to dentin and, 
subsequently, the longevity of adhesive dentistry? Because traditional techniques used 
to bond partial coverage restorations (with or without subgingival defects) delayed the 
dentin bonding procedure until the time that the final restoration was placed. This 
reduced the potential bond strength by approximately 80% because it failed to allow the 
dentin hybrid layer enough time to mature in a stress-free environment. Enamel hybrid 
layers develop quickly because enamel is dry. However, dentin is moist and flexible, 
making it more difficult to encapsulate with the developing resin polymers of the dentin 
bonding system being used. It requires roughly twice as much time to develop a strong 
bond to dentin as it does to develop a strong bond to enamel,11 but when a mature bond 
to dentin is established, it is roughly twice as strong as the bond to enamel.12

Decoupling With Time
Immediate dentin sealing, resin coating, and deep margin elevation all provide sufficient 
time for the dentin bonding system to create a mature hybrid layer that is better able to 
resist any shrinkage stresses associated with the resin cements or subsequent 
composite layers to which it is connected (ie, "coupled"). Therefore, by delaying or 
"decoupling" the bonded connection between the dentin hybrid layer and the 
subsequent restorative layers for a period of time, the maximum cohesive strength of 
the tooth/restoration complex can be achieved. This concept of first establishing a 

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad

foad



bonded seal of the dentin with a thin layer of resin and then, after a period of time, 
connecting or coupling the rest of the restoration to it has been referred to in the 
literature as "decoupling with time." Decoupling with time can help overcome the 
differences among the multiple types of dental hard tissue involved in bonding 
procedures. Those differences have been used to establish what is referred to as the 
"hierarchy of bondability."

The Hierarchy of Bondability
The hierarchy of bondability dictates the direction of shrinkage of composite layers and 
the amount of stress that is concentrated on the developing dentin hybrid layer. When 
polymerizing, composite shrinks toward the wall or walls of the preparation that are the 
most mineralized and dry and away from the walls that are the most moist and 
organic.13
The hierarchy of bondability is based on the science that has shown that preparations 
have multiple types of dental hard tissues that can be hybridized. These hard tissues 
have different percentages of mineral content, and that level of mineralization affects 
how easy or difficult it is to form a strong bond to each of them. Commonly encountered 
dental hard tissues ranked in the order of their mineral content from the most 
mineralized and dry to the least mineralized and moist include enamel, sound superficial 
dentin, sound intermediate dentin, affected superficial dentin, affected intermediate 
dentin, sound deep dentin, affected deep dentin, and infected deep dentin. The first six 
of these hard tissues can establish bonds in the range of 30 to 50 MPa if C-factor 
stresses are eliminated or delayed and a "gold standard" dentin bonding system is 
used.12,14,15 The last two hard tissues, affected deep dentin and infected deep dentin, 
can only achieve a bonded seal in the range of 10 to 20 MPa.16-18 If the bond strengths 
of immediate dentin sealing and resin coating are allowed to be established during the 
first 5 to 30 minutes, greater durability of the bond to dentin is achieved under occlusal 
loading.19
Because biomimetic restorative dentistry protocols that promote decoupling with time, 
including immediate dentin sealing, resin coating, and deep margin elevation, make all 
of the resin coated dentin surfaces equally bondable, the hierarchy of bondability is 
neutralized.20,21 The stresses from subsequent composite layers will not be 
concentrated on the deep dentin hybrid layer until the deep dentin hybrid layer's 
strength has been maximized. This secures the bond to that most critical part of the 
restoration. Immediate dentin sealing and resin coating result in a strong interface of 
two different materials that mimics the dentinoenamel complex.22

Direct Decoupling Techniques
After immediate dentin sealing, resin coating, and deep margin elevation were 
introduced for indirect and semi-direct approaches, other techniques were developed to 
create direct adhesive restorations that had characteristics similar to those of the 
"biomimetic" indirect restorations. These new techniques also incorporated decoupling 
with time in order to overcome the problems associated with the hierarchy of 
bondability.
Separation
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In 2000, Wilson and colleagues published a technique that introduced the word 
decoupling into the literature.23 Intended to prevent sensitivity after class II direct 
composite restoration in the posterior dentition, this decoupling protocol involved a 
permanent separation of the deepest 1-mm layer of composite from the more superficial 
2-mm layers through the addition of an unbonded separating layer. The technique 
sealed the tooth and prevented the hydrodynamic movement of pulpal fluid that causes 
pain after dental restorations.24 However, because the bottom of the restoration was 
disconnected from the top, the biomechanical function of the tooth under loading was 
altered. This could lead to early tooth fractures and required retention forms similar to 
those of traditional cavity preparations.
Stress-Reducing Direct Composite Layering
In 2002, Deliperi and Bardwell introduced what would become known as the stress-
reducing direct composite layering protocol.25 This technique also had the goal of 
preventing postoperative sensitivity, but it eliminated the need for retention and 
resistance forms in preparations. In the protocol, the dentin and the enamel were 
restored as two different substrates and in three different stages using a selective 
composite technique.
After immediate dentin sealing, the first stage of composite layering involved the 
replacement of the proximal/facial/lingual enamel shell. In the second stage, dentin 
replacement began with the placement of a 0.5-mm to 1.0-mm layer of flowable 
composite on the floor of the preparation over the filled adhesive of the bonding system 
used to hybridize the dentin. Then, after this initial thin increment of composite was 
created, the rest of the dentin was replaced using the same small volume increment 
technique to place 1.0-mm to 1.5-mm, wedge-shaped increments using slow-start pulse 
polymerization protocols, decreasing the C-factor ratio. The third stage involved 
replacing the occlusal surface via a successive cusp buildup protocol.
Although the stress-reducing direct composite layering protocol employed decoupling 
with time, the layers of the restorations were ultimately coupled from top to bottom 
instead of being left disconnected in the manner of the protocol developed by Wilson 
and colleagues. The stress-reducing direct composite layering protocol could also be 
used for cusp replacing restorations.26
In 2004, a comparative study provided solid in vitro clinical evidence to support the use 
of decoupling approaches to improve the strength of bonds to dentin.27 The results 
indicated that the thinner the horizontal layers of composite placed, the higher the 
microtensile bond strength achieved in the deepest floor of the preparations. According 
to the data, a 1-mm horizontal layer achieved a microtensile bond strength of 30 MPa, 
whereas a 4-mm bulk-filled layer only achieved a microtensile bond strength of 11 MPa.
Then in 2014, a team from Brazil produced more in vitro support for the concept of 
decoupling using finite elemental analysis at the University of Tennessee.28 The 
conclusions of these studies reinforce that maximizing the bond strength of the 
adhesive layers nearest the pulp is best accomplished by placing multiple horizontal 
layers of small volume.
Polyethylene Fiber
Another decoupling technique involves placing ultra-high molecular weight woven 
polyethylene fibers into the first thin 0.5- to 1.0-mm layer of flowable microfilled 
composite coupled to the dentin bonding system. This innovation was developed at the 
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Selçuk University in Turkey and the Tokyo Medical and Dental University in Japan under 
the direction of Belli and Inokoshi, respectively.29-31 The technique was shown to 
eliminate the stress to the dentin hybrid layer that causes microleakage. These 
experiments were confirmed in 2007 by El-Mowafy and colleagues32 and in 2009 by 
Ozel and colleages.33 By placing polyethylene fiber in the first 1 mm of composite, an 
effective decoupling of the lowest sealing layers of composite from the overlying layers 
of composite was achieved. In 2008, Erkut and colleagues used scanning electron 
microscope visualization to demonstrate the mechanism of stress relief, which involved 
the fibers separating as the small intertwining masses of composite moved in two 
different directions.34 In 2020, this technique of "decoupling with fiber" was confirmed by 
Sadr and colleagues through in vitro tests that permitted real-time visualization of the 
fibers acting as a decoupling mechanism using optical coherence tomography.35

Maximizing Dentin Bond Strength
Each of the aforementioned decoupling protocols adds to the time that it takes to 
complete the restoration. This extra time for the polymerization reaction allows the 
dentin hybrid layer to mature in its seal and its strength. Every restorative procedure 
takes time to perform, including both amalgam placement and composite placement. Is 
delivering a direct adhesive composite restoration or an indirect bonded restoration 
worth the added time that it takes to place? Only if there is a benefit to the patient 
regarding better outcomes and greater longevity. This is the goal of the "post-amalgam 
era."36
The average age of a large composite restoration in the United States is a little more 
than 5 years. Many protocols utilizing biomimetic approaches have been developed 
during the last 25 years that have been able to extend the life of large composite 
restorations to more than 20 years.10 By combining the best decoupling techniques with 
the concepts of polymerization dynamics and time allowance for the hybrid layer to 
mature, restorations can be created that act like natural tooth structure and that are 
strongly connected from side to side, top to bottom, and front to back with cohesive 
strengths in the range of 30 to 50 MPa-the same as the natural tooth components.37
In a summary of biomimetic restorative dentistry protocols that was published in Inside 
Dentistry in 2017, the authors listed 18 different protocols that have been shown to 
maximize the bond to dentin in the developing hybrid layer.20 Without employing stress 
reducing protocols that permit decoupling with time, it is impossible to achieve long-term 
successes in structurally compromised teeth with large defects from decay and fracture. 
Maximum dentin bond strengths are needed to achieve the goals of biomimetic 
restorative dentistry, which include establishing a long-term seal of dental hard tissues 
to prevent reinfection under the restoration, maintaining pulp vitality, maximizing the 
preservation of tooth structure, and minimizing residual stresses in the tooth/restoration 
complex.

Composite Failure
Why do large non-stress-reduced composite restorations fail? They fail because of 
recurrent decay, fracture of the tooth, and/or fracture of the restoration. All three of these 
failure modes are a manifestation of the stresses of polymerization that in the first hours 
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of placement resulted in either weakening of the dentin hybrid layer, residual strain in 
the remaining tooth structure, internal stress in the polymer networks in the large 
composite mass, or a combination of these conditions.38 Although all of these failure 
modes require repair or replacement, recurrent decay often leads to pulpal infection, 
which may cause pulpal necrosis. A major goal of biomimetic restorative dentistry is to 
prevent this type of failure mode. Therefore, priority is given to avoiding polymerization 
stress on the maturing dentin hybrid layer.
Adhesive dentistry in large defects could be expressed as a simple relationship between 
dentin bonds and the polymerization stress caused by composite shrinkage. If a dentin 
bond can withstand the stresses applied to it during its initial formation, then it can 
better withstand the stresses of occlusion.39 In 1984, Davidson and colleagues were the 
first to study the development of composite-dentin bond strength in relation to 
polymerization shrinkage stress as a function of the polymerization time.40
By utilizing biomimetic restorative dentistry protocols from the published scientific 
literature, occurrences of superficial clinical failure modes, such as the chipping of 
replaced enamel, can be reduced greatly for decades, and the occurrence of 
catastrophic/biologic failure modes, such as those involving dentin and pulpal vitality, 
can be almost completely eliminated.

Biomimetic Restorative Dentistry Protocols
There are seven main protocols used in biomimetic restorative dentistry that help to 
neutralize the hierarchy of bondability and permit decoupling with time to maximize the 
bond strength to dentin41:
1. Create a peripheral seal zone inside the dentinoenamel complex that is free of 
carious dentin by using caries detecting dye. The dye's differential staining will allow the 
hard tissues that will present the most difficulty in establishing the dentin hybrid layer to 
be visualized and then treated in ways to maximize their seal and bonded strength.42
2. Use an immediate dentin sealing technique that can establish a hybrid layer with a 
microtensile bond strength in the 30 to 50 MPa range.5
3. Resin coat the immediately sealed dentin with a 0.5-mm layer of microfilled or 
nanofilled flowable composite to increase the thickness of the adhesive layer of the 
dentin bonding system.4
4. Allow the dentin hybrid layer 5 to 30 minutes to mature before placing an overlying 
increment with a thickness greater than 1.5 mm.25,43,44
5. When the amount of dentin to be replaced is greater than 1.5 mm in thickness, use a 
stress-reducing direct composite layering technique to restore the dentin and then the 
enamel separately.25,43,44
6. When vertical defects are deeper than 4 mm, use a deep margin elevation 
technique.6-9
7. Incorporate polyethylene and fiber glass fibers to relieve polymerization stresses to 
the hybrid layer and improve fracture resistance under occlusal loading.30,31,45-48
The use of all or some of these protocols results in the development a highly bonded 
foundation. This foundation, which has become known as the "bio-base" at the 
Academy of Biomimetic Dentistry in the United States and in the Philippines, is an 
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intrinsic part of every biomimetic restorative dentistry restoration. The bio-base 
eliminates the need for traditional external ferrule.
All of the protocols that occur after immediate dentin sealing (ie, 3 through 7) take time 
to perform. During the time that it takes to perform these five protocols, something very 
critical is happening. The free radical polymerization reaction that is forming the hybrid 
layer in dentin is completing 80% to 90% of its potential monomer conversion, which 
directly relates to it strength. The conversion of monomers to oligomers, then to small 
polymers, and finally, to larger polymers takes 5 to 30 minutes.40,49,50 The adhesive 
layer in the dentin bonding system needs to be a minimum of 80 µm thick to polymerize 
because 10 to 20 µm of its thickness will be inhibited from conversion by the air 
inhibiting of the dentin bonding system initiators that cause the start of monomer chain 
formation.51
Immediate dentin sealing may be performed with either a filled, lightly filled, or unfilled 
dentin bonding system to achieve the goal of high bond strengths. However, the 
combination of a filled dentin bonding system and a flowable composite for the resin 
coating creates an ideal gradient of elasticity that can best absorb stresses from 
polymerization and occlusal loading. The concept of making an unfilled adhesive layer 
thicker by adding a flowable composite as a resin coating or "filled adhesive" is a proven 
biomimetic restorative dentistry protocol.4,29,38The process of resin coating also reduces 
the chance of pulpal fluid transudations turning from nanoleakage into microleakage 
due to perforations of the adhesive layer of the dentin bonding system.52

Discussion
For the overlying composite to not adversely affect the strength of the hybrid layer, the 
polymerization dynamics (ie, directional movements) of the composite layers need to be 
understood in terms of the configuration of the tooth preparation and the volume of the 
composite used. The configuration of the defect in the tooth and the overall volume of 
the restoration both have an effect on the amount of stress associated with the 
polymerization of the different composite layers in the restoration.
Configuration factor or "C-factor," which was established in the mid to late 1980s by 
Davidson, Feilzer, and de Gee, refers to the ratio of a restoration's bonded to unbonded 
surfaces.40,49,50 When composite was bonded to only one surface, the masses of 
composite shrank in mostly one direction and were not very stressful to the bond. 
However, when 3D cavities were filled, the shrinkage toward multiple walls caused so 
much stress that the bonds of the dentin hybrid layers established with dentin bonding 
systems that had strengths in the 18 MPa range failed. This caused gaps in the deepest 
parts of the preparations that were closest to the pulp.40,49,50 None of the early dentin 
bonding systems were able to achieve bonds to flat surfaces (low C-factor) in the 
biomimetic range of 30 to 50 MPa until the late 1980s and early 1990s.
One technique pioneered by Fusayama in the 1980s demonstrated some success in 
higher C-factor preparations using a chemical cure dentin bonding system and a 
chemical cure composite that had a 5-minute gel point delay. This 5-minute delay in the 
polymer formation allowed more time for the dentin bonding system to mature; 
therefore, the polymerization stresses from the volume of composite were delayed.53,54 
Unfortunately, the successes of this "directed shrinkage" technique were not consistent, 
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and there was reported sensitivity from sealed gaps filled with pulpal fluid, which caused 
pain during function from hydrodynamic movement of the fluid.24
Why was the failure of these early techniques always associated with debonding at the 
pulpal floor and not at the enamel margin? Because the movement of the composite 
shrinkage was toward the enamel and away from the pulpal floor as dictated by the 
hierarchy of bondability. This occurred because it is easier for a hybrid layer to develop 
to highly mineralized dental hard tissues such as enamel and superficial dentin than it is 
for it to develop to intermediate dentin, deep dentin, and root dentin, which require more 
time to develop a strong bond.13
Dentin bonds can achieve strengths in the 50 to 60 MPa range, which are potentially 
twice the strong as bonds to enamel in the 25 to 30 MPa range. However, within the first 
3 minutes of polymerization, the early bond strength to enamel is twice as strong (16 
MPa) as the early bond strength to dentin (8 MPa).11 Dentin is only approximately 50% 
hydroxyapatite, whereas enamel is more than 95% hydroxyapatite, so it takes longer for 
the bond to dentin to mature. Dentin is also approximately 30% collagen and 20% 
water, which makes it "slippery" and more difficult for the enveloping polymers to "grab 
ahold of" than the dryer enamel. If you connect or couple an overlying composite mass 
of a larger volume too soon, then the dentin hybrid layer can be stretched to a weaker 
connection or even broken during the first hours of the polymerization reaction. This is 
because the polymerization of the overlying composite is stretching the dentin hybrid 
layer toward its center of mass and away from the dentin.
Another method developed during the 1980s that attempted to overcome the problem of 
polymerization shrinkage was the "semi-direct" technique. This concept involved a 
composite inlay or onlay that was polymerized outside of the mouth and then cemented 
into place using a dentin bonding system and a resin cement applied at the same 
time.55 Removing the large volume of composite from the cavity during shrinkage was a 
good idea, but the clinical results were not great. Again, this was due to the differences 
in the bondable surfaces when the dentin bonding system was applied to the semi-
direct restoration at the same time as the resin cement. Delaying dentin bonding instead 
of immediately sealing the freshly prepared tissues decreased the bond to dentin to less 
than 11 MPa.5 This is because the movement of the shrinking cement layer moved in 
accordance with the hierarchy of bondability. It shrunk toward the most bondable 
surface at the moment of coupling, which was the dry intaglio surface of the composite 
inlay or onlay. The weaker surface was the moist and flexible dentin hybrid layer that 
was being developed at that time.
Although the directed shrinkage and semi-direct techniques that were developed were 
found wanting, new approaches were being developed that were successful. The new 
techniques of immediate dentin sealing, resin coating, and deep margin elevation to 
seal the preparation before the impression was made were game changers that led to 
more protocols that decoupled with time and neutralized the hierarchy of bondability. 
The resin coating or "dual bonding" technique was shown to eliminate the gaps on the 
pulpal and axial walls of restorations2,3 and increase the bond strength to dentin by as 
much as 400% to the range of 50 to 60 MPa when using a gold standard dentin bonding 
system.5
Further testing revealed that delayed composite placement of the direct components of 
direct and indirect restorations were improved with decoupling with time because it 
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takes time for the chemical reactions of the dentin bonding system to occur.6,56-59 All 
biomimetic restorative dentistry techniques delay the coupling of the dentin hybrid layer 
to larger volumes of shrinking composites for a period of time. The time that the dentin 
hybrid layer is allowed to mature can range from 5 minutes for shallow stress-reducing 
direct composite restorations to 2 weeks for indirect final restorations that are bonded to 
bio-bases.
Conclusion
Having small volumes of composite move toward the dentin hybrid layer as they cure is 
the primary goal of biomimetic restorative dentistry protocols. This ensures that large 
layers of composite that are thicker than 1 mm are not connected to the developing 
hybrid layer during at least the first 5 minutes of its polymerization reaction. The 
hierarchy of bondability dictates the direction of the movement of the composite. Thin 
layers move toward the tooth and improve the strength of the hybrid layer. Thick layers 
move away from the tooth and toward the center of their mass, which can weaken or 
break the hybrid layer.1 When the dentin hybrid layer is allowed to fully mature by 
decoupling with time, then all of the surfaces in the hierarchy of bondability become as 
bondable as enamel and can establish high bond strengths in 3 minutes.21 With the 
hierarchy of bondability neutralized by decoupling with time, tooth restoration becomes 
very predictable and all of the goals of biomimetic restorative dentistry can be achieved.
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