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Abstract
Purpose: To measure the flexural strength and Weibull characteristics of aged and
nonaged printed interim dental material fabricated with different layer thickness.
Material and methods: Bars (25×2×2 mm) were additively fabricated by using a poly-
mer printer (Asiga Max) and an interim resin (Nexdent C&B MFH). Specimens were
fabricated with the same printing parameters and postprocessing procedures, but with 7
different layer thickness: 50 (control or 50-G group), 10 (10-G group), 25 (25-G group),
75 (75-G group), 100 (100-G group), 125 (125-G group), and 150 μm (150-G group).
Two subgroups were created: nonaged and aged subgroups (n= 10). A universal testing
machine was selected to measure flexural strength. Two-parameter Weibull distribution
values were computed. Two-way ANOVA and Tukey tests were selected for statistical
evaluation of the data (α = 0.05).
Results: Artificial aging methods (p < 0.001) were a significant predictor of the flex-
ural strength computed. Aged specimens acquired less flexural strength than nonaged
specimens. The Weibull distribution obtained the highest shape for nonaged 50-G and
75-G group specimens compared with those of other nonaged groups, while the Weibull
distribution showed the highest shape for aged 125-G specimens.
Conclusions: The flexural strength of the additively fabricated interim material exam-
ined was not influenced by the layer thickness at which the specimens were fabricated;
however, artificial aging techniques reduced its flexural strength. Aged specimens pre-
sented lower Weibull distribution values compared with nonaged specimens, except for
the 125-G specimens.

K E Y W O R D S
3D printing, additive manufacturing technologies, interim dental prostheses, provisional dental material,
vat-polymerization technologies

Digital light processing (DLP) procedures are considered
vat-polymerization additive manufacturing (AM) techniques.
DLP methods are clinically relevant methods to fabri-
cate interim dental materials.1,2 While the methods and
manufacturing technologies used to fabricate them have
been evaluated, the chemical composition, optimal printing
and postprocessing parameters, and mechanical character-
istics of vat-polymerized interim dental materials are still
uncertain.3,4

The characteristics and physical properties of AM interim
materials5–20 including manufacturing accuracy,11,16 chem-
ical composition,9 color,5,12 surface roughness,9,11,14,20

marginal and internal fit,13,16,19 mechanical properti-
es,5,6,8,10,11,15,18 adhesion of the microbiota,11 wear,7 and
impact of accelerating aging techniques5,6,19,10 have been
analyzed in dental literature. An association has been rec-
ognized between the elected fabricating protocols (printing
parameters and postprocessing methods) and the charac-
teristics of the 3D printed devices including interim dental
restoration.4 Furthermore, there is a correlation among the
additive technology, printer, and resin elected to process the
dental device.4 Dental literature has not been able yet to deter-
mine the optimal printing protocol based on the manufactur-
ing trinomial, manufacturing protocol, and dental device.
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Layer thickness has been recognized as one of the man-
ufacturing variables that can affect the surface roughness,
manufacturing accuracy, marginal and internal fit, fabricating
time, and degree of conversion of 3D printed dental devices
including interim dental restorations.3,13,14,17,21 Furthermore,
printed interim restorations exposed to aging techniques
demonstrated lower flexural strength,5,6,10 color stability,5

and internal and marginal discrepancies19 when compared
to nonaged AM interim restorations. While many of the
previously mentioned manufacturing variables have been
evaluated in the scientific literature, the flexural strength and
Weibull characteristics between aged and nonaged 3D printed
interim materials fabricated with varying layer thickness
remain unknown.

The goal of this investigation was to measure the
flexural strength and Weibull characteristics of aged and
nonaged AM interim dental material fabricated with vary-
ing layer thickness (10, 25, 50, 75, 100, 125, and
150 μm). The null hypotheses were that no significant
discrepancy on the flexural strength and Weibull character-
istics would be found among the specimens manufactured
using different layer thicknesses and that no significant
discrepancy on the flexural strength and Weibull char-
acteristics would be found between aged and nonaged
specimens.

MATERIAL AND METHODS

A digital bar-shape (25×2×2 mm)22 specimen was obtained
by using a software program (Blender, version 2.77a;
The Blender Foundation). All the manufacturing meth-
ods were accomplished by a prosthodontist (M.S.) with
more than 10 years of preceding experience managing
vat-polymerization printers.

The virtual bar-shape design was used to additively
fabricate all the interim bars by using a polymer vat-
polymerization printer (Asiga Max; Asiga) and a resin
designated for interim restorations (Nexdent C&B MFH
Shade N1; 3D Systems). The printer was stored in a room
with constant temperature of 23◦C and was calibrated accord-
ing to the manufacturer’s calibration procedure prior to
producing any specimen. A fresh bottle of resin was obtained
to manufacture all the specimens. Except for layer thickness,
the bars of each group were processed all together with iden-
tical printing protocols, including same location in the build
platform, print orientation, and supportive material (Fig 1).
All the bars were positioned in the build platform so that
the layer was perpendicular to the load to be applied in the
fracture resistance test.

Seven groups were produced depending on the layer thick-
ness chosen to fabricate the specimens: 10 (10-G group),
25 (25-G group), 50 (control or 50-G group), 75 (75-G
group), 100 (100-G group), 125 (125-G group), and 150 μm
(150-G group). The 50-G group was treated as the control
group because 50-μm is the layer thickness endorsed by the
manufacturer (Table 1).

After completing the manufacturing procedures, the post-
processing rinsing and polymerization procedures were
completed following the manufacturer’s protocol. First, a
spatula was used to remove the specimens from the build plat-
form. Then, the specimens were washed in a 91% isopropyl
alcohol (IPA) (Isopropyl alcohol 91%; Cumberland Swan)
bath for 3 minutes, followed by a second 91% IPA clean
bath for another 2 minutes. The specimens were dried on a
paper towel and polymerization procedures were completed
(LC-3DPrint Box; 3D Systems) at 300 to 550 nm for 30 min-
utes. Lastly, a removal tool was used to remove the supportive
material. The bars were stored in a light-proof bottle until the
tests were performed.

Twenty bars per group were obtained, and arbitrarily dis-
tributed into 2 subgroups by using a shuffled deck of cards
depending on the artificial aging techniques: nonaged and
aged subgroups (N = 20, n = 10). Sample size was stablished
based on previous investigations.6 In the aged subgroup, the
bars were exposed to thermocycling methods which included
6000 cycles of 3 successive sequences each: (1) 20 sec-
onds (dwelling phase) at 5◦C; (2) 5 seconds (transfer phase)
at ambient air temperature at 23◦C; and (3) 20 seconds
(dwelling phase) at 55◦C.

A universal testing machine (Universal Testing Machine;
ZwickRoell) at a crosshead speed of 1mm/min on a 10-
mm span was elected to measure flexural strength (MPa).22

The bars were loaded to failure and fracture load (N) data
were documented. The flexural strength (σ) was calculated
using the formula: σ=3×Fmax×L/2×b×d2, where Fmax is
the failure load (force) at the fracture point (N), L is the length
of the support span (10 mm), b is the width, and d is the
thickness of the bar.17

Weibull distribution maximum likelihood estimation with-
out a correction factor was used including the Weibull
modulus, scale (m), and shape (0) to interpret the predictabil-
ity and reliability of the flexural strength tests (Minitab
Software V.16; Minitab).23

The Shapiro-Wilk and Kolmogorov-Smirnov tests dis-
closed that the data presented a normal distribution (p <

0.05). Two-way ANOVA and post hoc multiple pairwise com-
parison Tukey tests were selected for statistical evaluation of
the data (α = 0.05) (IBM SPSS Statistics for Windows, v26;
IBM Corp).

RESULTS

Two-way ANOVA indicated that only the accelerating arti-
ficial aging methods (df = 1, MS = 238829, F = 583.16,
P < .001) was a significant predictor of the flexural
strength measured (Fig 2a, Table 2). Additionally, the arti-
ficial aging technique explains the 80.33% difference in the
flexural strength obtained, while the layer thicknesses eval-
uated explains the 1.49% disparity in the flexural strength
computed.

With respect to the group factor, Tukey pairwise com-
parison revealed no significant flexural strength differences
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INFLUENCE OF LAYER THICKNESS ON FLEXURAL STRENGTH 3

F I G U R E 1 (a) Representative specimen orientation. (b) Representative AM specimen. AM, additively manufactured.

TA B L E 1 Characteristics of the groups assessed

Group Subgroup
Layer
thickness

Aging
methods

10-G Aged 10 μm Yes

Nonaged No

25-G Aged 25 μm Yes

Nonaged No

50-G Aged 50 μm Yes

Nonaged No

75-G Aged 75 μm Yes

Nonaged No

100-G Aged 100 μm Yes

Nonaged No

125-G Aged 125 μm Yes

Nonaged No

150-G Aged 150 μm Yes

Nonaged No

among the differing layer thicknesses tested. With respect to
the subgroup predictor, Tukey pairwise comparison demon-
strated significant flexural strength discrepancies between
nonaged (mean of 289.77 MPa) and aged specimens (mean
of 207.17 MPa) (Fig 2b).

The Weibull distribution obtained the highest shape for
nonaged 50-G (control) (45.98) and 75-G group specimens
(42.24) compared with those of other nonaged groups (11.36-
27.12), while the Weibull distribution showed the highest

shape for aged 125-G specimens (68.18) compared with those
of other aged groups (10.62-44.58) (Fig 3).

DISCUSSION

The results of this investigation demonstrated that the spec-
imens fabricated with different layer thicknesses using the
polymer vat-polymerization DLP 3D printer tested, with its
specific manufacturing protocol described, obtained no sig-
nificant discrepancies in the flexural strength computed. But
accelerating artificial aging techniques caused in a signifi-
cant reduction in the flexural strength mean values of the 3D
printed interim material tested. Hence, only the second null
hypothesis was rejected.

The differing layer thicknesses assessed on the speci-
mens manufactured using the selected interim dental resin,
DLP printer, and manufacturing protocol tested on this
investigation did not significantly influence the flexural
strength values obtained. Therefore, just considering the
flexural strength characteristics, interim dental restorations
could be manufactured using any of the layer thicknesses
tested. However, dental literature has shown a correlation
between layer thickness, surface roughness, manufacturing
accuracy, fabricating time, and degree of conversion of AM
dental devices.13,14,17,21 Additionally, the generalization of
the results is not recommended as the characteristics of
the printed device are the result of multiple manufactur-
ing variables such as technology, printer, and resin chosen,
printing parameters, or postprocessing processes performed.
Therefore, additional studies might be needed to assess the
influence of the layer thickness on the mechanical properties
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4 SCHERER ET AL.

F I G U R E 2 (a) Boxplot of flexural strength values obtained among the groups. (b) Main effects plot for flexural strength obtained among the groups.

TA B L E 2 Flexural strength values (MPa) obtained among the groups
tested

Group Subgroup

Flexural strength
mean ± SD values
(MPa)

50-G Nonaged 296.6 ± 11.97

Aged 210.1 ± 6.69

10-G Nonaged 298.9 ± 28.70

Aged 209.3 ± 33.01

25-G Nonaged 290.5 ± 46.01

Aged 220.7 ± 6.98

75-G Nonaged 283.6 ± 10.33

Aged 196.0 ± 7.33

100-G Nonaged 286.6 ± 17.29

Aged 208.9 ± 6.61

125-G Nonaged 282.0 ± 15.30

Aged 202.8 ± 4.16

150-G Nonaged 290.2 ± 24.21

Aged 202.5 ± 14.91

SD, standard deviation.

of varying 3D printed devices before further conclusions can
be done.

Different manufacturing variables can affect the character-
istics of AM interim specimens.5–21 To limit these factors,
the specimens were fabricated from a single bottle of den-
tal resin with the same printing parameters (except for the
layer thickness), location in the build platform, and postpro-
cessing methods. Furthermore, the bar-shape specimens were
fabricated following the ISO recommended dimensions22

with the layer orientation positioned perpendicular to the
load direction of the 3-point bend test to optimize the flex-
ural strength of the printed interim material.15 However, in
the present study, the printer and the material tested were
not from the same manufacturer. The material manufac-
turer offers a vat-polymerization printer; however, the layer

thickness could not be modified as it is a closed system.
Therefore, an open printer was selected to assess the influ-
ence of the material layer thickness on the flexural strength
and Weibull characteristics.

Limited studies have tested the flexural strength of interim
materials processed using AM technologies.5,6 Scotti et al5

reported a flexural strength value of 105.10 ± 9.80 MPa for
the same interim material tested (Nexdent C&B MHF). How-
ever, the specimens had different dimensions (10×0×2 mm)
and no details were provided regarding the printer, printing
parameters, or postprocessing techniques selected to man-
ufacture the specimens. Hence, comparisons with the data
obtained in this investigation are difficult.

Scherer et al6 assessed the influence of different post-
polymerization times (25, 30, 35, 40, and 45 minutes) and
conditions (dry, or inside a container containing water or
glycerin) on the flexural strength of aged and nonaged bar-
shape (25×2×2 mm).22 The specimens were fabricated using
a resin designated to fabricate interim restorations (Nex-
dent C&B MHF) and a polymer printer (Nexdent 5100; 3D
Systems). In the present investigation, the same resin was
used, but a different polymer printer was elected (Asiga
Max; Asiga). Variations in the printing or supportive param-
eters can be expected between both studies; however, further
interpretation of how these discrepancies might impact the
outcome of the printed specimens is unknown. Additionally,
the postpolymerization methods were completed in dry con-
ditions and performed for 30 minutes; thus, the results of
the present investigation could be compared with the 30-
minute and dry-condition postpolymerization groups. Scherer
et al6 reported a mean flexural strength value of 274.85 ±

15.64 MPa for nonaged samples and 267.84 ± 34.34 MPa for
aged samples. Those results agree with the data obtained in
this investigation.

Additional dental literature has evaluated the properties of
printed interim restorations;8,24 however, variations on the
research methodology such as crown-shape specimens, fab-
rication protocols, and testing procedures make comparisons
with the data obtained in this investigation challenging.
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INFLUENCE OF LAYER THICKNESS ON FLEXURAL STRENGTH 5

F I G U R E 3 Weibull modulus for all the groups tested.

Thermal cycling techniques aim to reproduce the deterio-
ration of the material in the oral environment.25 The flexural
strength of AM interim materials seems to be affected by arti-
ficial aging procedures.5,6,10 The results of this investigation
obtained a significant difference between nonaged (mean of
289.77 MPa) and aged specimens (mean of 207.17 MPa).
While the phenomenon is multifactor, water absorption and
matrix degradation of the resin is the suggested cause for this
finding.26,27 However, all the bars tested achieved a clinically
acceptable flexural strength.28

Artificial intelligence (AI) models have been reported for
optimizing manufacturing procedures.29,30 This might be a
tool in the future for establishing printing protocols based on
the manufacturing trinomial and clinical application of the
printed dental device. While the broad availability of print-
ers and materials provide wider manufacturing options for
dental professionals, there is a need for scientific literature
that assesses the properties of these new materials, as well as,
establishing optimal manufacturing protocols.

This investigation has limitations such as reduced additive
technologies, 3D printers, and materials examined. Studies
are suggested to further assess the influence of the different
printing parameters on the fabrication accuracy, marginal and
internal discrepancies, and physical characteristics of printed
interim dental restorations.

CONCLUSIONS

Within the limitations of this in vitro investigation, the vary-
ing layer thickness tested did not affect the flexural strength

and Weibull characteristics of the interim material selected
manufactured with the described DLP printer and printing
protocol. However, artificial aging techniques reduced the
flexural strength of the printed interim material assessed.
Additionally, the Weibull distribution of flexural strength val-
ues on aged specimens were lower than those on nonaged
specimens, with the exception of the 125-G specimens.

C O N F L I C T O F I N T E R E S T
The authors did not have any conflict of interest, financial or
personal, in any of the materials described in this study.

F U N D I N G
This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

R E F E R E N C E S
1. Revilla-León M, Özcan M. Additive manufacturing technologies used

for processing polymers: current status and potential application in
prosthetic dentistry. J Prosthodont. 2019;28:146–58.

2. Horn TJ, Harrysson OLA. Overview of current additive manufacturing
technologies and selected applications. Sci Prog. 2012;95:255–82.

3. Revilla-León M, Meyers MJ, Zandinejad A, Özcan M. A review on
chemical composition, mechanical properties, and manufacturing work
flow of additively manufactured current polymers for interim dental
restorations. J Esthet Restor Dent. 2019;31:51–7.

4. Piedra-Cascón W, Krishnamurthy VR, Att W, Revilla-León M. 3D
printing parameters, supporting structures, slicing, and post-processing
procedures of vat-polymerization additive manufacturing technologies:
a narrative review. J Dent. 2021;109:103630.

5. Scotti CK, Velo MMDeAC, Rizzante FAP, Nascimento TRDeL,
Mondelli RFL, Bombonatti JFS. Physical and surface properties of a

 1532849x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jopr.13582, W

iley O
nline L

ibrary on [14/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 SCHERER ET AL.

3D-printed composite resin for a digital workflow. J Prosthet Dent.
2020;124:614.e1–e5.

6. Scherer MD, Barmak AB, Özcan M, Revilla-León M. Influence of post-
polymerization methods and artificial aging procedures on the fracture
resistance and flexural strength of a vat-polymerized interim den-
tal material. J Prosthet Dent. 2021; https://doi.org/10.1016/j.prosdent.
2021.02.017

7. Myagmar G, Lee J-H, Ahn J-S, Yeo In-SL, Yoon H-In, Han J-S. Wear of
3D printed and CAD/CAM milled interim resin materials after chewing
simulation. J Adv Prosthodont. 2021;13:144–51.

8. Martín-Ortega N, Sallorenzo A, Casajús J, Cervera A, Revilla-León
M, Gómez-Polo M. Fracture resistance of additive manufactured
and milled implant-supported interim crowns. J Prosthet Dent.
2022;127:267–74.

9. Revilla-León M, Morillo JA, Att W, Özcan M. Chemical com-
position, knoop hardness, surface roughness, and adhesion aspects
of additively manufactured dental interim materials. J Prosthodont.
2021;30:698–705.

10. Reymus M, Fabritius R, Keßler A, Hickel R, Edelhoff D, Stawarczyk
B. Fracture load of 3D-printed fixed dental prostheses compared with
milled and conventionally fabricated ones: the impact of resin material,
build direction, post-curing, and artificial agingâ”an in vitro study. Clin
Oral Investig. 2020;24:701–10.

11. Shim JS, Kim J-E, Jeong SH, Choi YJ, Ryu JJ. Printing accuracy,
mechanical properties, surface characteristics, and microbial adhesion
of 3D-printed resins with various printing orientations. J Prosthet Dent.
2020;124:468–75.

12. Revilla-León M, Umorin M, Özcan M, Piedra-Cascón W. Color dimen-
sions of additive manufactured interim restorative dental material.
J Prosthet Dent. 2020;123:754–60.

13. Park G-S, Kim S-K, Heo S-J, Koak J-Y, Seo D-G. Effects of printing
parameters on the fit of implant-supported 3d printing resin prosthetics.
Materials (Basel). 2019;12:2533.

14. Arnold C, Monsees D, Hey J, Schweyen R. Surface quality of 3D-
printed models as a function of various printing parameters. Materials
(Basel). 2019;12:1970.

15. Alharbi N, Osman R, Wismeijer D. Effects of build direction on the
mechanical properties of 3D-printed complete coverage interim dental
restorations. J Prosthet Dent. 2016;115:760–7.

16. Alharbi N, Osman R, Wismeijer D. Factors influencing the dimen-
sional accuracy of 3d-printed full-coverage dental restorations
using stereolithography technology. Int J Prosthodont. 2016;29:503–
10.

17. Favero CS, English JD, Cozad BE, Wirthlin JO, Short MM, Kasper
FK. Effect of print layer height and printer type on the accuracy of
3-dimensional printed orthodontic models. Am J Orthod Dentofacial
Orthop. 2017;152:557–65.

18. Tahayeri A, Morgan M, Fugolin AP, Bompolaki D, Athirasala A,
Pfeifer CS, et al. 3D printed versus conventionally cured provi-
sional crown and bridge dental materials. Dent Mater. 2018;34:192–
200.

19. Angwarawong T, Reeponmaha T, Angwaravong O. Influence of ther-
momechanical aging on marginal gap of CAD-CAM and conventional
interim restorations. J Prosthet Dent. 2020;124:566.e1–e6.

20. Revilla-León M, Jordan D, Methani MM, Piedra-Cascón W, Özcan M,
Zandinejad A. Influence of printing angulation on the surface rough-
ness of additive manufactured clear silicone indices: An inÂ vitro study.
J Prosthet Dent. 2021;125:462–8.

21. Reymus M, Lümkemann N, Stawarczyk B. 3D-printed material for
temporary restorations: impact of print layer thickness and post-curing
method on degree of conversion. Int J Comput Dent. 2019;22:231–7.

22. International Organization for Standardization. ISO 10477:2018 Den-
tistry - Polymer-based crown and veneering materials. https://www.iso.
org/standard/68235.html. Accessed 06/01/2019.

23. Scherer MD, Al-Haj Husain N, Barmak AB, Kois JC, Özcan M,
Revilla-León M. Influence of postprocessing rinsing solutions and
duration on flexural strength of aged and nonaged additively manufac-
tured interim dental material. J Prosthet Dent. 2022; https://doi.org/10.
1016/j.prosdent.2022.03.034

24. Quinn JB, Quinn GD. A practical and systematic review of Weibull
statistics for reporting strengths of dental materials. Dent Mater.
2010;26:135–47.

25. Park SM, Park JM, Kim SK. Comparison of flexural strength of
three-dimensional printed three-unit provisional fixed dental prostheses
according to build directions. J Korean Dent Sci. 2019;12:13–9.

26. Gale MS, Darvell BW. Thermal cycling procedures for laboratory
testing of dental restorations. J Dent. 1999;27:89–99.

27. Topcu FT, Sahinkesen G, Yamanel K. Influence of different drinks on
the colour stability of dental resin composites. Eur J Dent. 2009;3:50–6.

28. ANSI/ADA Specification No. 27: Direct filling resins. American
National Standards Institute, American Dental Association; Revised
1993.

29. Revilla-León M, Gómez-Polo M, Vyas S, Barmak AB, Gallucci GO,
Att W, et al. Artificial intelligence models for tooth-supported fixed and
removable prosthodontics: a systematic review. J Prosthet Dent. 2021
[Epub ahead of print].

30. Matin I, Hadzistevic M, Vukelic D, Potran M, Brajlih T, et al. Devel-
opment of an expert system for the simulation model for casting
metal substructure of a metal-ceramic crown design. Comput Methods
Programs Biomed. 2017;146:27–35.

How to cite this article: Scherer M, Al-Haj Husain
N, Barmak AB, Kois JC, Özcan M, Revilla-León M.
Influence of the layer thickness on the flexural
strength of aged and nonaged additively manufactured
interim dental material. J Prosthodont. 2022;1–6.
https://doi.org/10.1111/jopr.13582

 1532849x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jopr.13582, W

iley O
nline L

ibrary on [14/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.prosdent.2021.02.017
https://doi.org/10.1016/j.prosdent.2021.02.017
https://www.iso.org/standard/68235.html
https://www.iso.org/standard/68235.html
https://doi.org/10.1016/j.prosdent.2022.03.034
https://doi.org/10.1016/j.prosdent.2022.03.034
https://doi.org/10.1111/jopr.13582

	Influence of the layer thickness on the flexural strength of aged and nonaged additively manufactured interim dental material
	Abstract
	MATERIAL AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	CONFLICT OF INTEREST
	FUNDING
	REFERENCES


