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As we embark on this special celebration, we extend our gratitude to all the authors who have
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feedback and guidance, and to our dedicated readers who have embraced the knowledge shared
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* Correspondence: qarnih@ksau-hs.edu.sa (H.A.); drsayed203@gmail.com (M.E.S.)

Abstract: This study aimed to evaluate the differences in the retention of custom-cast non-precious
post and cores (CCNPPCs) (control group), custom-milled titanium post and cores (CMTPCs), custom-
printed titanium post and cores (CPTPCs), and custom-milled zirconia post and cores (CMZPCs), and
to evaluate their mode of failure. The tested null hypothesis was that there were no differences in the
retention of the various custom post and cores tested. A total of 80 post-and-core patterns were made
using pattern resin and were divided into four groups: Group 1—fabricated via conventional casting
using a non-precious casting alloy; Group 2—fabricated using a computer-aided design/computer-
aided manufacturing (CAD/CAM) subtractive technique using titanium; Group 3—fabricated using
a CAD/CAM additive (3D printing) technique using titanium; and Group 4—fabricated using a
CAD/CAM subtractive technique using zirconia. The post and cores were cemented with resin
cement and a universal pull-out test was used to check the retention. The data were statistically
analyzed using one-way ANOVA tests, post hoc tests, and Tukey’s adjustment for multiple compar-
isons. The pull-out test revealed higher retention values for CPTPCs and CMTPCs. When compared
with CMZPCs, the conventional CCNPPCs revealed significantly better retention values (p < 0.05).
Cohesive failure was observed in Groups 1, 2, and 4. However, Group 3 revealed a mixed type of
failure. The CCNPPCs revealed clinically acceptable values, while the CPTPC and CMTPC groups
revealed better overall values of retention and time to failure. The titanium alloy was assessed to be a
promising choice for fabricating dental post-and-core restorations.

Keywords: titanium alloy; zirconia; retention; CAD/CAM; additive manufacturing; subtractive
manufacturing; custom post and core; 3D printing; non-precious alloy

1. Introduction

Post and cores are commonly used to restore endodontically treated teeth with the
extensive coronal structural loss [1]. The retention of the post is a fundamental factor
influencing definitive restoration longevity and success. Post length, shape, diameter and
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surface texture, and the type of cement used are associated factors that may affect the
retention and stability of the post [2].

Custom-cast post and cores (CCPCs) have been reported to have superior adapta-
tion and fit the radicular post-space walls when compared with prefabricated posts [3,4].
Compared with other post-and-core systems, CCPCs are advantageous, as they exhibit
higher resistance to rotational movement forces [5], have a superior success rate [6,7],
and have better retrievability for endodontic re-treatment [6,8]. Various materials can be
used for fabricating custom post and cores. These include gold alloys [9–11], titanium
alloy [9,11], base-metal alloys [9,12–14], zirconium oxide [11,15,16], glass fiber-reinforced
composites [11,17], etc., which can be fabricated by different techniques such as cast-
ing [9–13], CAD/CAM milling [11,12,15–17], and 3D printing [11,12,14]. Various alloys
are used for the fabrication of CCPCs, and most of them exhibit good retention and frac-
ture strength [18,19]. However, CCPCs have been associated with catastrophic abutment
fractures due to their high stiffness [4,5].

Custom post and cores have also been reported to be fabricated out of zirconia to
overcome the esthetic limitations associated with metal CCPCs. Zirconia has been reported
to have high flexural strength, high fracture toughness, chemical stability, biocompati-
bility, favorable optical properties, greater toughness, and maximum adaptability to the
canal, as well as good esthetic characteristics [20,21]. As discussed by Baba et al. [22] and
Ozkurt et al. [23], zirconia as a post-and-core material has a few disadvantages. These
include more frequent root fractures (due to high rigidity) than fiber posts, decreased
retention of the post (due to poor bonding between zirconia and resin cement), and poor
retrievability in cases that need endodontic re-treatment.

Titanium has also gained wide acceptance in dentistry due to its biocompatibility,
excellent corrosion resistance, reduced cost, ease of fabrication, and superior mechani-
cal properties, which make it suitable as a post-and-core material [24–27]. Computer-
aided design/computer-aided manufacturing (CAD/CAM) additive (3D printing) and
CAD/CAM subtractive manufacturing techniques (milling) can be used to manufacture
custom post and cores.

To the best of our knowledge, the current literature lacks the relevant information
assessing the relationship between the retention of custom-cast non-precious post and cores
(CCNPPCs), custom-milled titanium post and cores (CMTPCs), custom-printed titanium
post and cores (CPTPCs) and custom-milled zirconia post and cores (CMZPCs). Therefore,
this study aims to evaluate the differences in the retention of CCNPPCs (control group),
CPTPCs, CMTPCs, and CMZPCs. The tested null hypothesis was that there were no
differences in the retention values of the various tested custom post and cores.

2. Materials and Methods

2.1. Materials

In this study, four different techniques were used to fabricate custom post and cores
(simulating the protocols for post-and-core fabrication) for the maxillary central incisors.
The fabrication techniques used were: the conventional lost-wax casting technique (using a
non-precious alloy), the CAD/CAM subtractive technique (using Grade 5 titanium and
zirconia), and the CAD/CAM additive technique (3D printing) (using Grade 5 titanium
6AL4V). The details of each material used in the study are listed in Table 1.

2.2. Specimen Preparation

Eighty sound human maxillary central incisors, extracted for periodontal reasons, were
selected for this study. The exclusion criteria included the presence of caries, restoration,
root canal treatment (RCT), crack/s, attrition, very long or very short teeth, and/or severe
root curve. Teeth were thoroughly cleaned with a brush after extraction, and a scalpel
and a periodontal curette were used to remove any remaining hard and soft tissues from
the root surfaces. Teeth were subsequently stored in 0.2% sodium azide (Merck KGaA,
Frankfurter Str. 250, Darmstadt, Germany) prior to specimen preparation (ISO 28399;
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2011) [28]. Each tooth was randomly assigned a number (from 1 to 80) and allocated into
one of 4 groups (n = 20 each). Group 1 teeth were restored with custom-cast non-precious
post and cores (CCNPPCs); Group 2 teeth were restored with custom-milled titanium post
and cores (CMTPCs); Group 3 teeth were restored with custom-printed titanium post and
cores (CPTPCs), and Group 4 teeth were restored with custom-milled zirconia post and
cores (CMZPCs).

Table 1. Commercial names and details of materials used in the study.

Group
Material

Trade Name
Manufacturer

Main
Composition

Manufacturing
Technique Used

Group 1 NPG Aalba Dent, Inc., Fulton
Drive, Fairfield, CA, USA

Cu, 80.7%; Al,
7.8%; Ni, 4.3%

Casting
(lost-wax

technique)

Group 2 KERA Ti-5
Disc

Eisenbacher Dentalwaren
ED GmbH

Dr.-Konrad-Wiegand-
Straße, Wörth am
Main, Germany

Ti, 89%; Al, 6.4%;
V, 4.1% Milling

Group 3 Ti-6Al-4V
Renovis Surgical, West
Lugonia Ave, Austin,

TX, USA

Ti, 89%; Al, 6.4%;
V, 4.1% 3D printing

Group 4
BruxZir

Full-Strength
Zirconia

BruxZir; Glidewell
Laboratory Inc., Newport

Beach, CA, USA

Monolithic
zirconia

(zirconium oxide)
Milling

2.2.1. Mounting Teeth in Acrylic-Resin Blocks

Teeth were individually mounted in a special specimen holder using epoxy resin
(Exakto-form; Bredent, Derbyshire, UK) (with an elastic modulus of 12 GPa, which is similar
to the elastic modulus of human bone (18 GPa)) [29] with the use of a test mount former
of 2 cm3 in dimension 2–3 mm below the cementoenamel junction (CEJ). A prefabricated
jig was used to position each tooth in the test mount former during the immersion of the
tooth in acrylic resin to standardize the tooth position to be centralized within the test
mounts. The test mount jig was used to standardize the tooth position while performing
tooth preparation and RCT (Figure 1). To avoid the dehydration of natural teeth due to the
heat generated during the polymerization of acrylic resin, the resin block was cooled in
water [30]. The teeth were prepared to have a 2 mm ferrule and a 1 mm shoulder finish line
(Figure 2) [31–33].

 
Figure 1. Teeth were mounted in acrylic-resin blocks using a test mount former.
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Figure 2. Preparation of tooth to have a 2 mm ferrule and a 1 mm shoulder finish line. (A) Occlusal
view. (B) Lateral view.

2.2.2. Root-Canal Preparation and Obturation

Access-cavity preparation was performed using a size 2 diamond round bur on a
high-speed handpiece with copious water. The working length was established as 1 mm
shorter than the root apex. Root-canal preparation for each tooth was performed up to
size 40/0.06 with a Vortex Blue rotary file (Dentsply Sirona, Tulsa, OK, USA) in a crown-
down fashion. Canals were irrigated with NaOCl 5.25% and EDTA 17% (chelating agent)
(Ultradent Products Inc., South Jordan, UT, USA) to remove organic and inorganic debris
and smear layers [34]. Upon completion of the cleaning and shaping and before obturation,
the prepared root canals were dried with sterile paper points (Sure-endo, Gyeonngi-do,
Republic of Korea). A matching size 40/0.06 gutta-percha master cone (Dentsply Sirona,
Tulsa, OK, USA) coated with AH Plus sealer (Dentsply Sirona GmbH, De-Trey-Straße,
Konstanz, Germany) was used for obturation [34]. Root canals were obturated using the
warm vertical compaction technique with System-B and Obtura (Kerr/Sybron Endo Corp.,
Brea, CA, USA).

2.2.3. Post-Space Preparation

To obtain a standardized length for the posts, the coronal portion of gutta-percha
was removed with System-B (Kerr corporation, Brea, CA, USA) until an adequate length
(11 mm) was achieved [35–38]. Definitive post length and width were prepared and
established with the use of Peeso reamers (Maillefer S.A., Ballaigues, Switzerland) up to
size 3. Each canal was then cleaned using an air/water spray and EDTA to remove debris
and then dried with paper points.

2.2.4. Post-and-Core Fabrication

Eighty custom post-and-core patterns were fabricated with the use of auto-polymerizing
acrylic resin (Pattern Resin LS; GC America, Alsip, IL, USA) and serrated plastic posts.
Each serrated plastic post was relined with acrylic resin and then inserted into the root
canal until the canal space was bound to the walls of the prepared teeth. Then, the core
was built up using a GC pattern and prepared using a diamond bur (ISO No. 010; Brasseler
USA Dental, Georgia) to achieve a core with a 4 mm height (Figure 3). A hole was made
in the coronal part of the GC pattern core and was used to attach the post and core to an
Instron machine (Instron; Model 5585H; Instron Corp., Norwood, MA, USA) during the
pull-out test.
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Figure 3. Pattern resin post-and-core build-up.

Specimens with a post-and-core pattern were randomly divided into 4 groups. Twenty
acrylic-resin pattern posts were cast with a non-precious alloy using the conventional
lost-wax casting technique. Sixty acrylic-resin pattern posts were scanned with a desktop
scanner (3Shape D900L; 3Shape Dental System, Copenhagen, Denmark). The STL files
for each scanned post and core were sent to Core 3D and Renovis for the fabrication of
20 milled titanium (Grade 5) (Ti6AL4V), 20 printed titanium (Grade 5) (Ti6AL4V), and
20 milled zirconia post and cores (Figure 4). The prepared specimens were stored with 100%
humidity at room temperature to simulate the in vivo humidity until they were returned
for testing [39] (Figure 5).

 
Figure 4. Sample of STL file of the proposed design of the specimen.
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Figure 5. (A) Custom-cast non-precious post and core. (B) Custom-milled titanium post and core.
(C) Custom-printed titanium post and core. (D) Custom-milled zirconia post and core.

2.2.5. Surface Treatment of Post and Core

According to the manufacturer’s recommendation, Group 1 (CCNPPCs), Group 2
(CMTPCs), and Group 3 (CPTPCs) post and cores were first treated using ultrasonic
cleaning solution in 96% isopropyl (3 min) and were then airborne-particle abraded (50 μm
Al2O3 at 2.8 bar for 5 s). Group 4 (CMZPCs) post and cores were treated using ultrasonic
cleaning in 96% isopropyl (3 min) and Rocatec soft (30 μm airborne-particle abrasion at
2.8 bar for 12 s) over the entire zirconia surface; finally, silane coupling agent (Espe-Sil;
3M ESPE; Seefeld, Germany) was applied [40].

2.2.6. Post-and-Core Cementation

Resin luting cement, Rely X Unicem resin cement (3M ESPE; Seefeld, Germany), was
used to cement all post and cores. The cement was mixed according to the manufacturer’s
instructions and was coated on the post. Cement was also applied into the root canals by
attaching an elongation tip to the nozzle. After that, posts were gently inserted into the
root canals to reduce the hydrostatic pressure; they were positioned in place under firm
finger pressure, and excess cement was removed (Figure 6). Then, specimens of each group
(n = 20) were kept in normal saline for 24 h in a refrigerator before testing. Thermocycling
(Thermocycling test apparatus; Durant) was performed for all specimens in 2 water tanks
(cold, warm) by immersion at the temperatures of 5 ◦C and 55 ◦C and fixed time intervals
(16 s cold, 16 s warm) for a total of 6000 cycles, which represented 7 months of clinical
use [41].

2.3. Placing Specimens on the Measuring Machine (Instron Testing Machine)

Each tooth with a post and core was subjected to a pull-out test by a universal Instron
testing machine (Instron Corp.) at a crosshead speed of 0.5 mm/min. The device was
calibrated before placing each sample.

To standardize the location and direction of the specimens in the machine, samples
were placed in a custom-made, self-aligning device. A hook-shaped attachment was passed
through the hole created in the custom post and core, which was attached to the Instron
testing machine (ITM). The acrylic-resin blocks held the teeth securely during retention
testing (Figure 7). Force was applied until the cemented post was removed from the
prepared post space. The retention values were recorded as the amount of force required
to dislodge the post and core from the prepared post space [30]. Test specimens were
considered to have failed when the post and core separated from the tooth.
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Figure 6. View of a cemented post and core.

Figure 7. Specimen of mounted post and core in testing assembly for retention test.

2.4. Scanning Electron Microscopy (SEM) Analysis

The modes of failure were classified as follows: (1) adhesive (clean break at the bond),
(2) cohesive (full break in the base material or tooth), and (3) mixed (combination of
adhesive and cohesive failure modes). A precision low-speed Techcut 4tm saw (ALLIED
High-Tech Product, Inc., Compton, CA, USA) was used to slice the roots along the long axis
under constant water irrigation. A stereomicroscope at 50× magnification and a scanning
electron microscope (SEM) (FEI QUANTA 250 FEG, Thermo Fisher Scientific, Waltham, MA,
USA) were used to examine the sectioned root canals, and displaced posts were examined
using a stereomicroscope at the same magnification [42].

2.5. Statistical Analysis

The descriptive statistics were reported as means ± standard deviation and medians
with minimum and maximum values for all variables for each dental-material group.
The one-way ANOVA procedure was used to test if there was a difference in total time

7



Appl. Sci. 2022, 12, 11896

and average load among the treatment groups [43]. Post hoc tests were performed using
Tukey’s adjustment for multiple comparisons. The Games–Howell test was used for
multiple comparisons instead of Tukey’s test if the assumption of equal variances was
not assumed.

The independent-sample Mann–Whitney U test with Bonferroni adjustment was used
to compare the medians of the displacement scores of each group with the gold-standard
control group. Statistical analyses were performed using IBM SPSS Statistics (Version 25;
IBM Corporation 1989, 2018. IBM Corp., Armonk, NY, USA).

3. Results

Descriptive statistics are given as means with 95% confidence intervals (CIs) for the
variables of maximum total time, average total time, average load, and maximum load for
each group (Table 2).

Table 2. Means with 95% confidence intervals for each factor and differences in clinical factors by
the group.

Characteristic

Group 1 Group 2 Group 3 Group 4

p-Value
Differences in Clinical Factors by the Group

(Mean Difference)
(95% CI)

Mean
(95% CI)

Mean
(95% CI)

Mean
(95% CI)

Mean
(95% CI)

Total
Time—Average

(Seconds)

130.3
(112.6,
148.1)

180.4
(147.7,
213.0)

274.0
(217.3,
330.6)

109.6
(84.0,
135.2)

<0.001

Total time Average *
Group 1 vs. Group 2: 20.8 (−19.4, 61.0)

Group 1 vs. Group 3: −143.6 (−222.2, −65.1) #

Group 1 vs. Group 4: −50.0 (−98.3, 1.7) #

Group 2 vs. Group 3: −164.4 (−245.8, −83.1) #

Group 2 vs. Group 4: −70.8 (−124.2, −17.4) #

Group 3 vs. Group 4: 93.6 (8.8, 178.5) #

Total Time—Max.
(Seconds)

261.6
(226.1,
297.1)

360.7
(295.4,
426.0)

547.9
(434.6,
661.1)

219.2
(168.0,
270.3)

<0.001

Total Time Max. *
Group 1 vs. Group 2: 42.5 (−37.9, 122.8)

Group 1 vs. Group 3: −286.2 (−443.3, −129.2) #

Group 1 vs. Group 4: −99.1 (−195.8, −2.4) #

Group 2 vs. Group 3: −328.7 (−491.4, −166.0) #

Group 2 vs. Group 4: −141.6 (−248.3, −34.8) #

Group 3 vs. Group 4: 187.1 (17.4, 356.8) #

Average Load
(N)

131.1
(118.2,
144.0)

150.9
(133.5,
168.2)

156.5
(142.8,
170.1)

96.9
(83.4,
110.5)

<0.001

Average Load **
Group 1 vs. Group 2: −5.6 (−31.2, 20.1)
Group 1 vs. Group 3: 19.7 (−5.9, 45.4)
Group 1 vs. Group 4: 53.9 (28.3, 79.6)

Group 2 vs. Group 3: 25.3 (−0.30, 51.0)
Group 2 vs. Group 4: 59.5 (33.9, 85.2) #

Group 3 vs. Group 4: 34.2 (8.5, 59.8) #

Max. Load
(N)

295.9
(261.0,
330.8)

302.7
(273.1,
332.3)

361.5
(309.8,
413.2)

248.1
(202.9,
293.3)

<0.002

Max. Load **
Group 1 vs. Group 2: −6.8 (−65.6, 52.0)

Group 1 vs. Group 3: −65.6 (−146.2, 15.0)
Group 1 vs. Group 4: 47.8 (−25.8, 121.3)

Group 2 vs. Group 3: −58.8 (−132.0, 14.5)
Group 2 vs. Group 4: 54.6 (−18.6, 127.8)
Group 3 vs. Group 4: 113.4 (40.1, 132.0) #

Max.: maximum; CI, confidence interval; Group 1 (CCNPPCs), Group 2 (CMTPCs), Group 3 (CPTPCs), Group 4
(CMZPCs); * Games–Howell test; ** Tukey’s adjusted post hoc test; # p-value significant at p < 0.05.

Using the one-way ANOVA with Tukey’s adjustment, significant differences in the
average-load variables were observed between the four different groups, with higher values
recorded for Group 3 (CPTPC) in comparison with all other groups (Figure 8).
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Figure 8. Comparison between fabrication materials with the control group.

The mean difference values are shown in Table 2. The load values necessary to create
failure in Group 4 (CMZPCs) were lower when compared with those of Group 3 (CPTPCs),
Group 2 (CMTPCs), and Group 1 (CCNPPCs); furthermore, all groups showed different
distributions at the time of failure and were statistically significantly higher for Group 3
(CPTPCs) and Group 2 (CMTPCs) (p < 0.05). Group 3 (CPTPCs) and Group 1 (CCNPPC
group) required loads of 361.5 N and 295.9 N, respectively, to fail, and the difference was
statistically significant (p < 0.05). When considering Group 4 (CMZPC group) and Group
3 (CPTPCs), they required loads of 361.5 N and 248.1 N, respectively, and this difference
was statistically significant (p < 0.05). The differences in the averages of maximum time
and average total time between Group 3 (CPTPCs), Group 2 (CMTPCs), Group 1 (CC-
NPPCs), and Group 4 (CMZPCs) were significant (p < 0.05), with higher values recorded for
Group 3 (CPTPCs) in comparison with all other groups (Figure 8).

Using the Mann–Whitney U test with Bonferroni adjustment, no significant differences
in the medians of the displacement scores were observed between each group and the
control group (Group 1), as shown in Table 3. All Bonferroni adjusted p-values were >0.05.

Table 3. Comparison of different post-and-core fabrication materials with the control group.

Group 1 Group 2 Group 3 Group 4

Median
(min–max)

Median
(min–max)

Median
(min–max)

Median
(min–max)

Displacement
(mm) 0.2 (0.1–1.0) 0.5 (0.1–1.0) 0.2 (0.1–0.8) 0.1 (0.1–1.0)

p-value significant at p < 0.05.

The failure mode varied between the groups, according to the scanning-electron-
microscopy images. The majority of failures for all tested custom post-and-core systems
were cohesive failures, except for Group 4, which revealed a mixed type of failure, as shown
in Figures 9–12.
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Figure 9. Scanning-electron-microscope image of (A) Sectioned root canal, and (B) displaced post, at
200× magnification, showing cohesive failure mode in Group 1 (CCNPPCs) sample at root/post interface.

 

Figure 10. Scanning-electron-microscope image of (A) Sectioned root canal, and (B) displaced post, at
200× magnification, showing cohesive failure mode in Group 2 (CMTPCs) sample at root/post interface.

 

Figure 11. Scanning-electron-microscope image of (A) Sectioned root canal, and (B) displaced post, at
200× magnification, showing cohesive failure mode in Group 3 (CPTPCs) sample at root/post interface.
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Figure 12. Scanning-electron-microscope image of (A) Sectioned root canal, and (B) displaced post, at
200× magnification, showing cohesive failure mode in Group 4 (CMZPCs) sample at root/post interface.

4. Discussion

This study evaluated the differences in the retention of different types of custom
post and cores. Significant differences in retention were observed when the groups were
compared. Therefore, the tested null hypothesis could be rejected; however, retention
varied according to the fabrication technique and material used for manufacturing custom
post and cores.

Several studies have reported acceptable clinical outcomes with CCNPPCs, which have
been used for many years; hence, they were used as the control group in this study [2,4–8,18].
Advancements in materials science and the use of CAD/CAM have transformed the
approach to fabricating indirect restorations in the field of prosthodontics, including the
fabrication of custom post and cores. These new materials are easier to fabricate when
compared with non-precious alloys. The current literature lacks evidence to support that
the newly introduced custom-printed and -milled titanium post and cores offer comparable
retention and effectiveness.

Various studies have reported that the success of teeth restored with custom post and
cores correlated with the design, technique, and material used for the fabrication of the post
and cores [6,7,42,44,45]. Recently, Wei Liu et al. found that post and cores fabricated with
the CAD-CAM milled technique using a cobalt–chromium alloy could be an alternative to
conventional casting for metal-post-and-core fabrication [46]. However, the retention of
CAD/CAM milled or printed post and cores was neither evaluated nor tested.

The results of the present study showed that there was a significant difference
(p < 0.05) between the retention of teeth restored with custom-printed and -milled titanium
post and cores and that of teeth restored with CCNPPCs and CMZPCs. The retention differ-
ence between the two groups of custom-printed and -milled titanium post and cores was not
significant (p > 0.05), and the CMZPC group revealed significantly lower retention (p < 0.05).
The possible reason for the difference between custom post and cores and the retention
of the zirconia group could lie in the post-surface configuration and roughness of the
printed titanium post, which allows the post-and-core material to form micromechanical
retention locks, whereas the smooth surface of zirconia reduces mechanical retention.
Maya et al. reported similar results, with metal posts revealing significantly greater
retention (495.5 N ± 75.9 N) than zirconia posts (241 ± 89.3 N) [47]. In addition, the
study by Cohen et al. reported that zirconia posts had extremely low retention values
(104.5 ± 34.8) [48]. These findings are consistent with the results of our study. Previous
research has already demonstrated that resin cement can provide greater retention than
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non-resin cement [49,50]. However, this observation was not confirmed in this study, as we
did not evaluate post and cores cemented with non-resin cements.

The finishing and polishing of post-and-core surfaces may improve the fit; however,
this could affect the retention. It was noted that among the custom post and cores, those
that were made from printed titanium required less adjustment and showed a better fit
than the other groups. Studies have reported that differences in retention may also be
due to differences in the adaptation of the posts [51–53]. Poor adaptation can lead to an
increase in resin-matrix cement layer thickness which can increase in cracks, pores, and
micro-spaces. These structural defects can cause stress concentration leading to a reduction
in interface strength [51–53]. Amin et al. [54] reported that a higher volume of resin cement
can also cause higher polymerization shrinkage leading to poor bond strength.

To date, due to the complexity of casting post and cores and the wide range of available
materials, few studies have quantitatively evaluated the fit and accuracy of custom post
and cores using micro-CT scanning, nor have they evaluated the fit and accuracy of custom
post and cores via a visual inspection or direct measurements of the gap filled with cement
material, as the latter has only been used to evaluate the internal fit and adaption of dental
restorations [55,56].

The limitations of this study and recommendations for future ones are listed below:

1. Thermocycling was used for a short period. Further studies with longer thermocycling
periods should be conducted;

2. In the current study, only one type of luting cement was used. Additional studies
using different types of cements should be performed to assess the effect of the type
of cement on the retention of these post and cores;

3. The effects of saliva and temperature changes in the oral cavity were not replicated in
this study. The simulated clinical situations might have affected the results; hence,
further studies that simulate the oral environment are recommended.

5. Conclusions

Within the limitations of the present study and based on the findings, it can be
concluded that custom-printed and -milled titanium post and cores revealed significantly
higher retention and bonding to resin cement than CMZPCs and similar to the control
group. The CMZPCs revealed the lowest retention and adhesion to the resin cement.
Therefore, the use of titanium in the fabrication of printed and milled post and cores was
effective in terms of retention and could be an alternative material of choice to non-precious
alloys. Further studies with in vivo testing are required to confirm the conclusions of
this study.
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Abstract: (1) Background: The properties of CAD/CAM resin-based composites differ due to differ-
ences in their composition. Instrumented indentation testing can help to analyze these differences
with respect to hardness, as well as energy-converting capabilities due to viscoelastic behavior.
(2) Methods: Eleven materials were investigated using instrumented indentation testing. Indentation
depth (hr), Martens hardness (HM), indentation hardness (HIT), indentation modulus (EIT), the
elastic part of indentation work (ηIT), and indentation creep (CIT) were investigated, and statistical
analysis was performed using one-way ANOVA, Bonferroni post-hoc test, and Pearson correla-
tion (α = 0.05). (3) Results: All of the investigated parameters revealed differences between the
analyzed materials. Besides the differences in hardness-associated parameters (hr, HM, and HIT),
instrumented indentation testing demonstrated differences in energy-converting properties. The
subsequent one-way ANOVA revealed significant differences (p < 0.001). A significant (p < 0.01,
Pearson correlation >0.576) correlation between the materials and HM, HIT, or EIT was identified.
(4) Conclusions: Due to the differences found in the energy-converting properties of the investigated
materials, certain CAD/CAM resin-based composites could show superior stress-breaking capabili-
ties than others. The consequential reduction in stress build-up may prove to beneficial, especially
for implant-retained restorations or patients suffering from parafunctions.
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1. Introduction

Due to their clearly deviating properties, resin-based CAD/CAM (computer-aided
design/computer-aided manufacturing) composites are an interesting clinical alternative
to dental ceramics [1]. Similar to direct resin-based composites, resin-based CAD/CAM
composites consist of inorganic fillers embedded in an organic polymer matrix, commonly
using silanes as coupling agents. Their mechanical properties such as modulus of elasticity
or flexural strength are improved due to the standardized polymerization process under
industrial conditions compared to chair-side light-curing polymerization [2]. A variation
of resin-based composites is the so-called polymer-infiltrated ceramic network (PICN),
which comprises a structure-sintered ceramic matrix and a reinforcing polymer network
(ceramic content: 86 wt%; polymer content: 14 wt%). Resin-based CAD/CAM composites
and resin-infiltrated ceramic networks are used for inlays, onlays, and veneers, as well as
tooth- and implant-retained crowns. Some composites are even approved for bridges and
for use in patients suffering from bruxism.

One key benefit of these resin-based materials—as advertised by many manufacturers
—is the dentine-like modulus of elasticity of approximately 10–30 GPa. Although composites
do not reach the high aesthetics of ceramics, they are commonly regarded as less hard
and brittle, and they cause less wear and stress in antagonistic teeth [3]. These qualities
may be beneficial for the rehabilitation of patients suffering from parafunctions such as
bruxism. Energy-dissipation capabilities might also be increased by the utilization of resin-
based CAD/CAM composites with a low modulus of elasticity [4–7]. Implant-supported
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restorations, with their lower tactility and elasticity of the osseointegrated implants, might
benefit from less stress build-up during normal mastication. For example, there is evidence
for improved implant osseointegration with low-modulus titanium implants [8,9]. This
phenomena is mostly attributed to the so-called stress-shielding effect, which is caused by
the differences of the elastic moduli between implant and bone. The mismatch leads to an
insufficient transfer of force and therefore inadequate stimulation of bone remodeling [10].
It is suggested that the stimulation of bone growth may be enhanced by reducing or
adjusting the elastic modulus of the restorative material.

Yet, with respect to the mechanical properties of CAD/CAM resin-based compos-
ites, previous research suggests a fairly inhomogeneous class of materials [11]. This
is mostly attributed to different types, sizes, and amounts of inorganic fillers (approx-
imately 60–85 wt%), as well as the organic matrix [12]. The significant differences in
CAD/CAM resin materials, e.g., flexural strength (150–330 MPa) and modulus of elas-
ticity (10.3–30.0 GPa), may have impacts under clinical conditions. To properly evaluate
the available materials and perhaps even choose certain materials for specific clinical in-
dications, detailed information on their mechanical behavior is essential. One method
for evaluating elastic and viscoelastic behavior is indentation hardness testing. Surface
hardness is defined as the resistance against plastic and therefore permanent deformation
by indentation. Hardness is commonly measured with methods such as Vickers, Rockwell
or Brinell hardness testing. However, indentation testing encompasses more than just
permanent deformation, as elastic or even viscoelastic components can also be determined
by the measurement. These properties can be measured using instrumented indentation
testing, also called Martens hardness (HM) testing. HM is derived from the applied force (F)
divided by the indentation surface (As), which is a function of the indentation depth (h)
(Equation (1)).

HM =
F

AS(h)
(1)

Furthermore, the constant measurement of force and indentation depth provides a
force–indentation depth curve, as well as the fundamentals for additional analysis.

The indentation modulus (EIT), which is determined in the compression mode, is
related but not identical to the modulus of elasticity, which is determined in the flexure
mode [13]. The elastic part of the indentation (expressed by ηIT) could help in the as-
sessment of the use of resin-based CAD/CAM composites for use as stress-breakers for
implant-supported restorations. The time-dependent response to the indentation of a vis-
coelastic material [14] can be expressed as indentation creep (CIT), expressing the relative
increase of strain under constant force application, e.g., due to the rearrangement of polymer
chains. As the deformation caused by creep is of plastic character, CIT can help to estimate
the long-term dimensional and mechanical stability of a material [15–18]. Materials that
significantly differ in these properties could therefore be used for different applications.

The hypothesis of this study was that different CAD/CAM resin-composite materials
show no similarities regarding indentation depth (hr), Martens hardness (HM), indentation
hardness (HIT), indentation modulus (EIT), the elastic part of indentation work (ηIT), and
indentation creep (CIT). The obtained results can help to estimate the energy-conversion
behavior and therefore the clinical performance of the significantly different materials
under masticatory loads, as well as their stress-breaking capabilities.

2. Materials and Methods

Eleven resin-based CAD/CAM materials (n = 6 per material) were investigated using
instrumented indentation testing according to ISO 14577-1 [19]. Table 1 provides an
overview over the tested materials, as well as some of their properties (modulus of elasticity
E (GPa), filler content wt. (%), and fracture strength FS (MPa)) for the better interpretation
of the results of this study. Rectangular specimens (10 × 10 × 2 mm) were produced
in CAD/CAM dental milling machine (98 milling blank, Inlab MC X5, Dentsply Sirona,
Germany) and polished (1000 grit sandpaper, Tegramin 25, Struers, Germany).
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Table 1. Materials, manufacturers, abbreviations (Abbr.), modulus of elasticity (E), filler content (wt.),
fracture strength (FS) according to manufacturer’s specifications or literature: a [20], b [21], c [22], and
d [11]). Filler content classification: low-fill ≤ 74% wt. ≤ compact.

Material Manufacturer Abbr. E [GPa] wt. [%] d FS [MPa]

Cerasmart GC Corp., Tokyo, JP CS 12.1 a 66.9 231
Brilliant Crios Coltene Holding AG, Altstätten, CH BC 10.3 72.0 198
Estelite Tokuyama Dental, Chiyoda, JP EL 13.8 72.4 225
Block HC Shofu Dental GmbH, Ratingen, GER BL 9.5 b 64.1 191
Katana Avencia Kuraray Noritake, Tokyo, JP KA 12.4 58.6 190
KZR CAD Yamakin Co. Ltd., Kochi, JP KC 10.4 69.0 235

Experimental EX 20.0 78.3 200
Lava Ultimate 3M Deutschland GmbH, Neuss, GER LU 12.7 75.4 204 c

Grandio bloc VOCO GmbH, Cuxhaven, GER GB 18.0 84.5 330
VOCO Experimental VOCO GmbH, Cuxhaven, GER VO n/a 79.7 n/a

Vita Enamic VITA Zahnfabrik, Bad Säckingen, GER VE 30.0 85.1 150–160

Testing was carried out with a universal hardness-testing machine (ZwickiLine Z2.5,
ZwickRoell, Germany; see Figure 1).

F=Fmax ; t=10 s

F

h=hmax h=hmin

Displacement 
transducer

a) b)

Figure 1. (a) ZwickiLine Z2.5 and (b) schematic test procedure with maximum indentation
depth (hmax) at application of maximum force (Fmax) and residual indentation depth (hmin) after
stress relaxation.

The Martens hardness (HM) is the ratio of the maximum force to the associated contact
area (N/mm2). Other material parameters, such as indentation modulus, indentation creep,
and plastic and elastic work of deformation, can be characterized from a force–indentation
depth curve. In this study, force, depth and time during the indentation of the diamond
pyramid were continuously recorded. The contact area under load was calculated from
the maximum indentation depth. The indentation depth was constantly monitored at a
loading speed of 0.5 mm/min to a maximum force of Fmax = 10 N using a Vickers indenter
and dwell-time of 10 s. Unloading was performed at 0.1 mm/min. The recorded force–
indentation depth curves were used to calculate indentation depth (hr), Martens hardness
(HM), indentation hardness (HIT), indentation modulus (EIT), the elastic part of indentation
work (ηIT), and indentation creep (CIT) as defined in ISO 14577-1. The Poisson’s ratio of the
diamond indenter was set to νi = 0.07, and that of the resin-based composite materials was
set to νs = 0.3 [23]. The Young’s modulus of the indenter was Ei = 1140 GPa.

Calculations and statistical analyses were performed using SPSS 25.0 for Windows
(IBM, Armonk, NY, USA). The normal distribution of data was controlled using the Shapiro–
Wilk test. Means and standard deviations were calculated and analyzed using ANOVA
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and the Bonferroni test for post-hoc analysis. Pearson correlations were calculated. The
level of significance was set to α = 0.05.

3. Results

The Shapiro–Wilk test confirmed the normal distribution of the tested parameters. The
one-way ANOVA revealed significant differences (p < 0.001) within the parameters. Table 2
shows mean results and statistical Bonferroni post-hoc comparison. Force–indentation-
curves of the investigated materials are shown in Figure 2.

Table 2. Material, abbreviation (Abbr.), mean and standard deviation (in brackets) for indentation
depth (hr), Martens hardness (HM), indentation hardness (HIT), indentation modulus (EIT), elastic
part of indentation work (ηIT), and indentation creep (CIT). Identical superscript letters indicate
column-wise non-significant (Bonferroni post hoc test, p > 0.05) differences between the materials.

Material Abbr. hr [μm] HM [N/mm2] HIT [N/mm2] EIT [kN/mm2] ηIT [%] CIT [%]

Cerasmart CS 22.8 a,b,d,f

(1.7)
441.3 a,b,d,f

(60.1)
688.5 a,b,c,d,f,g

(88.8)
10.2 a,b,d,f,g,h

(1.9)
48.3 a,b,c,d,f,g,h,i,j

(7.0)
4.7 a,b,c,d,e,f,g

(0.5)
Brilliant Crios BC 22.7 a,b,d,f

(0.5)
438.5 a,b,d,f

(40.4)
689.5 a,b,c,d,f,g

(40.0)
10.0 a,b,d,f,h

(1.6)
44.1 a–k

(2.1)
4.9 a,b,c,d,e,f,g

(0.3)
Estelite EL 19.4 c,d,e,g,h,j,k

(0.7)
602.8 c,e,g,h,k

(47.9)
940.2 a,b,c,d,e,f,g,h,j,k

(66.8)
13.9 c,f,g

(1.5)
45.2 a–k

(1.6)
4.5 a,b,c,d,e,f,g,j

(0.3)
Block HC BL 22.1 a,b,c,d,f,g

(0.7)
457.3 a,b,d,f,g,h

(27.4)
724.0 a,b,c,d,f,g

(46.1)
10.2 a,b,d,f,g,h

(0.6)
48.5 a,b,c,d,f,g,h,i,j

(0.7)
4.5 a,b,c,d,e,f,g,h,j

(0.2)
Katana
Avencia

KA 23.0 a,b,d,f

(1.4)
410.8 a,b,d,f

(55.8)
666.5 a,b,c,d,f,g

(88.2)
8.8 a,b,d,f

(1.4)
50.0 a,b,c,d,f,g,h,i

(2.3)
5.0 a,b,c,d,e,f,g

(0.2)
KZR CAD KC 19.7 c,d,e,g,j,k

(1.6)
584.0 c,d,e,g,j,k

(45.1)
920.5 a,b,c,d,e,f,g,h,j,k

(141.6)
13.5 a,c,d,g,h

(0.6)
45.6 a–k

(7.4)
5.1 a,b,c,d,e,f,g

(0.4)

Experimental EX 18.7 c,e,g,h,j,k

(0.1)
694.7 c,e,g,h,j,k

(8.5)
1034.5 c,e,g,h,j,k

(12.3)
17.8 e,j,k

(0.3)
40.5 b,c,e,g,j,k

(0.3)
4.8 a,b,c,d,e,f,g

(0.4)
Lava Ultimate LU 19.1 c,e,g,h,j,k

(3.3)
588.3 c,d,e,g,h,k

(122.6)
1008.7 c,e,g,h,j,k

(331.2)
12.2 a,b,c,d,g,h

(2.2)
50.4 a,b,c,d,f,g,h,i

(4.3)
3.8 d,h,i,j,k

(0.4)
Grandio bloc GB 17.4 c,e,g,h,j,k

(0.8)
771.2 e,j,k

(73.7)
1184.8 c,e,g,h,j,k

(107.8)
18.4 e,j,k

(2.0)
42.7 a,b,c,d,e,g,i,j,k

(1.5)
4.0 c,d,h,j,k

(0.2)
VOCO
Experimental

VO 18.7 c,e,g,h,j,k

(0.3)
692.0 c,e,g,h,j,k

(212.0)
1036.8 c,e,g,h,j,k

(32.3)
17.5 e,j,k

(0.8)
40.2 b,c,e,g,j,k

(0.5)
3.8 h,i,j,k

(0.2)

Vita Enamic VE 13.9
(0.7)

1143.3
(124.7)

1834.2
(198.0)

25.3
(3.0)

49.2 a,b,c,d,f,g,h,i,j

(0.7)
3.2 h,i,k

(0.1)

The mean Martens hardness (HM) ranged from 410.8 ± 55.8 N/mm2 (KA) to
1143.4 ± 124.7 N/mm2 (VE). The ANOVA showed significant (p ≤ 0.001) differences be-
tween the results (Table 2). The residual indentation depth (hr) was between 13.9 ± 0.7 μm
(VE) and 23.0 ± 1.4 μm (KA), with significant differences between the results (ANOVA:
p ≤ 0.001). The indentation hardness (HIT) varied between 666.5 ± 88.2 N/mm2 (KA) and
1834.2 ± 198.0 N/mm2 (VE). The ANOVA confirmed significant (p ≤ 0.001) differences
between the results. The indentation modulus (EIT) ranged from 8.8 ± 1.4 kN/mm2 (KA)
to 25.3 ± 3.0 kN/mm2 (VE), with significant differences between the results (ANOVA:
p ≤ 0.001). The mean elastic part of indentation (ηIT) varied between 40.2 ± 0.5% (VO)
and 50.4 ± 4.3% (LU) (Figure 3). The ANOVA confirmed significant differences between
the mean values (p ≤ 0.001). The indentation creep (CIT) ranged from 3.2 ± 0.1% (VE)
to 5.1 ± 0.4% (KC). The ANOVA showed significant (p ≤ 0.001) differences between
the values.

A highly significant (p < 0.01, Pearson correlation >0.576) correlation between the
materials and HM, HIT or EIT was identified. Negative correlations were established
for hr (−0.623), and CIT (−0.584). No correlation could be determined for ηIT (−0.151,
p = 0.227). A significant (p < 0.001) impact of the material was found on HM (η2 = 0.914),
HIT (η2 = 0.867), EIT (η2 = 0.910), CIT (η2 = 0.771), ηIT (η2 = 0.544), and hr (η2 = 0.814).
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Figure 2. Force–indentation depth curves of the tested composite materials.
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Figure 3. Martens hardness (HM), indentation modulus (EIT), and indentation creep (CIT) scaled to
percentage of maximum value. Materials ordered by increasing amount of inorganic filler content.

4. Discussion

The hypothesis that different CAD/CAM resin-composite materials show no simi-
larities regarding indentation depth (hr), Martens hardness (HM), indentation hardness
(HIT), indentation modulus (EIT), the elastic part of indentation work (ηIT), and indentation
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creep (CIT) could be partly confirmed. The novelty of this study is that the data were
used not only to evaluate the material hardness but also to differentiate the elastic and
viscoelastic surface parameters. In addition, possible clinical consequences of the results
and applications were discussed.

Figure 4 shows the force–indentation depth curves, which highlight individual pa-
rameters investigated in this study. In comparison to research on the Martens hardness of
CAD/CAM resin-based materials, the published HM values for the PICN material (VE)
are distinctly higher (1524–1555 N/mm2) compared to the results of this investigation
(1143 N/mm2) [24,25]. Differences here were due to the transverse contraction number
required for the calculations. With respect to the resin-composite materials with a filler
content of more than 70%, the HM values found in the literature (667–1089 N/mm2) are in
line or above the results of this study (588–771 N/mm2) [24–27]. The HM values reported
in the literature for composites with a filler content below 70% are distinctly below (BC*:
151 N/mm2) [24] or in line (477–573 N/mm2) [25,27] with the values obtained in this
investigation (411–603 N/mm2). The EIT values found in the literature (2.5–30 kN/mm2)
are lower or in line with the results of this study (9–25 kN/mm2) [24]. The CIT values
obtained in this study (3.2–5.1%) were slightly higher compared to those of the literature
(2.6–3.4%) [26,27].

Figure 4. Showcase force–indentation depth curve. Wplastic/elastic = plastic/elastic indentation work;
dF/dh = contact stiffness S; Fmax = maximum force; hmax = maximum indentation depth; hr = depth
at contact stiffness tangent.

Creep and therefore CIT values are characterized by the short horizontal parts of a
depth curve at peak force. EIT values are determined by the slope of the ascending part of
the curve. The curve of VE indicates low CIT and high EIT values, which indicates a low
susceptibility to creep and high resistance against elastic deformation. The curve of KA
in comparison shows a longer horizontal movement at peak force and a less steep slope
of the ascending curve, indicating higher CIT and lower EIT values. In this study, the HM
values started at about 400 N/mm2 for the composite with the lowest filler content and
were almost twice as high for the composite with the highest filler content. Three times
higher values were even identified for PICN, although the inorganic weight content was
slightly comparable to that of the highly filled composite. These results confirm previous
research that indicated at a positive correlation between inorganic filler content and surface
hardness for resin-based composites [28–30]. However, our results also confirm the special
position of PICN [24,31]. As expected, a comparable behavior was also observed for results
of hr, with an approximately 25% lower indentation depth for the highly filled composite or
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even 40% for the PICN. However, there were also exceptions in the resin-based composite
group, since, e.g., materials with the same filler content (BC and ES; approximately 72%)
showed differences of up to 25%. Filler type and size, as well as polymer composition
or the chemical bonding of the fillers, may also affect materials’ surface properties and
explain the differences in materials with similar filler contents [12,32–34]. A correlation
between surface hardness and inorganic filler content [11] could also be observed for the
materials investigated in this study. The relative differences in standard deviations can
be attributed to the uneven filler distribution and the resulting different filler content on
the material surface. Since the composition and topography of a material’s surface have
decisive influence on hardness measurements, results may vary accordingly. In addition, a
different polymerization of the matrix due to a distinct manufacturing process can influence
results [27]. Resin-composite materials are considered to be less hard and brittle and to
cause less stress build-up in antagonistic teeth compared to ceramics. The present material’s
properties were within the range of data of human dentine from literature (indentation
hardness of 0.4–1.1 GPa and indentation modulus of 12.2–22.9 GPa) [35–37]. As the elastic
modulus also resembles that of dentin (approximately 15 GPa) [38], CAD/CAM composites
could be considered when looking for a biomimetic approach for a dentine replacement [39].

With mean indentation creep CIT values between 3.2% and 5.1%, the analyzed resin
composite materials were more resistant to creep compared to human dentine at 8.6 to
10.7% [37]. However, CIT is difficult to interpret in the context of dental materials and their
clinical application, as the duration of teeth contact in a physiological masticatory cycle
is only about 0.1 to 0.2 s [40], whereas the application time is 10 s during instrumented
indentation testing. Assuming only intermittent tooth contact, e.g., while chewing or
swallowing, as well as the natural energy-dissipation capabilities of hard dental tissues
and the periodontal ligament, the differences in CIT seem to be negligible. However,
clenching or bruxism, perhaps even in combination with reduced resiliency in implants or
ankylosed teeth, could increase the significance of creep behavior because the magnitude
and, especially, the duration of stress application may increase. In these cases, creep will
be more relevant for the long-term stability and integrity of the restoration, as stress will
also be induced at the intaglio surface [41,42]. This phenomena could lead to debonding,
permanent deformation, and perhaps ultimately to an insufficient fit of the restoration.
At the tooth–restoration interface, creep could lead to over-contouring or the formation
of gaps, which could significantly reduce clinical performance. The energy-dissipating
capabilities (“damping effects”) are associated with the conversion of energy (storage
and energy dissipation). The obtained ηIT values indicate the work that is converted into
potentially stored elastic energy (welastic), whereas the other part of indentation work is
mostly dissipated throughout plastic deformation or heat (wplastic).

Based on the current data, an indication-driven selection of the investigated materials
could improve clinical performance. For example, the reduced resiliency and tactility of
implants could be compensated for by a material that causes less stress build while being
creep resistant. Such a material must therefore have low EIT and CIT values. The finite
element analysis of inlay or partial crowns with higher elastic moduli points to higher stress
build-up within the restoration while simultaneously causing less stress build-up in the
cement layer and hard dental tissue [43–45]. Materials with high EIT and fracture strength
values yet low CIT values could therefore show superior clinical performance when used for
partial or inlay crowns. Materials with high CIT values should be considered with caution
for permanent restorations. However, the ability to gradually deform under constant stress
could be useful in cases where a certain self-balancing effect is desired. These materials
could therefore be considered for long-term temporary crowns during pre-prosthodontic
treatment, as the viscoelastic behavior could help to self-equilibrate the occlusion. The
parameters presented in this study can be regarded as a relevant contribution to established
parameters such as flexural strength, wear, and filler content.
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5. Conclusions

The authors of this study investigated the mechanical properties (indentation depth
(hr), Martens hardness (HM), indentation hardness (HIT), indentation modulus (EIT), elastic
part of indentation work (ηIT), and indentation creep (CIT)) of CAD/CAM resin-based
composites with instrumented indentation testing. The Martens hardness and energy-
conversion capabilities of eleven different CAD/CAM composites were investigated with
a reference to clinical application. Within the limitations of this study, the following
conclusions can be drawn:

• The clinical behavior of dental restorations can be influenced by selecting materials
based on different elastic and viscoelastic surface parameters.

• Hardness, indentation modulus, and creep vary significantly between different CAD/
CAM resin-based composites.

• Individual CAD/CAM resin-composites show different stress-breaking capacities for
implant-retained crowns. The reduced resiliency and tactility of implants might be
compensated for by a material with low EIT and CIT values.

• Materials with high EIT and low CIT values might be beneficial for partial or inlay
crown applications.
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Abstract: The current literature lacks substantial evidence for the effect of denture base processing
techniques and posterior denture tooth forms on denture tooth shifts due to denture base resin
polymerization. The aim of this study was to evaluate the combined effect of PMMA-based denture
processing techniques (compression packing and injection molding) and posterior tooth forms (semi-
anatomic and non-anatomic) on the linear dimensional shift of denture teeth following denture
processing in both horizontal and vertical dimensions. Two different complete denture fabrication
techniques were used to prepare forty ideal maxillary complete dentures using two different types
of posterior tooth forms. The used fabrication techniques were conventional heat polymerized
compression packing and injection molding. The posterior tooth forms used in the current study were
non-anatomic tooth (0 degrees) and semi-anatomic tooth forms (approximately 20 degrees). Initial
linear measurements (vertical and horizontal) were taken from pre-specified points for the central
incisor and first molar. Specimens were randomly divided into four groups (n = 10), and denture
processing was performed using the two techniques. Final linear measurements were recorded. The
linear change in dimension for all six parameters was calculated by deducting the after values from
the before values. Since the discrepancies were both positive and negative in magnitude, the absolute
value of the difference was taken for further analysis. This value represents the dimensional change.
T-tests were used to compare the mean dimensional changes. Furthermore, the mean dimensional
changes for all the six parameters were compared using a two-way analysis of variance. The alpha
error was set at 5%, and a p-value of less than 0.05 was considered statistically significant. The
injection molding technique showed significantly fewer tooth movements in both the vertical and
horizontal measurements as compared to the conventional compression packing technique. The
non-anatomic tooth showed significantly fewer changes in tooth movement as compared to semi-
anatomic teeth in both the compression and injection techniques. This study can guide the selection
of a proper processing technique for a particular posterior tooth form, thus minimizing occlusal
discrepancies and reducing occlusal corrections during laboratory and clinical remount procedures.
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1. Introduction

Complete edentulism, as defined by a loss of all permanent dentition, is a global health
condition that was reported to affect a range of 7–69% of adult populations worldwide [1].
Even though implant dentistry has changed the approach of treatment planning for com-
pletely edentulous cases, conventional complete dentures remain a valid and sometimes
first option, especially when implants are contraindicated in such cases. Balanced complete
denture occlusion is crucial for the stability and retention of complete dentures in patients
with moderate to severe alveolar ridge resorption [2]. Excessive denture tooth movements
due to processing may compromise the form, esthetics and occlusion and, therefore, mean
that dentures need to be remade [3]. Several factors have been reported to affect the posi-
tional stability of a denture tooth during processing. These factors include the investment
method [4], investment material [5], flasking and polymerization technique [6,7], denture
base thickness [8], flask closure and cooling method [9], palatal form [10] and box prepara-
tion on the heel of the master cast [11]. In addition, Goodacre et al. [12] studied the effect of
the denture processing technique on denture tooth movement and found that CAD–CAM
technology was the most accurate and reproducible in comparison to conventional packing
and injection techniques. The study also reported that the packing technique resulted in
higher vertical tooth movement. However, CAD–CAM technology for denture fabrication
was only implemented in 10% or less of the cases treated in US dental schools [13]. There-
fore, the focus should be directed toward perfecting the techniques that are commonly
used in complete denture practice. Jackson and colleagues [14] reported that the presence
of acrylic teeth has a significant effect on the accuracy of denture bases fabricated using
compression and injection techniques. Several studies have indicated that the injection
technique is more accurate with respect to changing vertical dimension and occlusal er-
rors [15,16]. The case-specific selection approach of the posterior tooth form is important for
maintaining masticatory efficiency and the success of denture treatment [17]. The available
evidence is lacking with regard to the effect of posterior denture tooth form (i.e., cuspal
height) on denture tooth movement due to acrylic resin processing. Hence, the goal of
this study was to evaluate the combined effect of processing techniques (compression
and injection molding) and posterior tooth forms (semi-anatomic and non-anatomic) on
linear dimension changes (horizontal and vertical dimensions) in denture tooth positions
following processing. The null hypothesis of the study was that the variation in posterior
tooth forms and complete denture processing technique has no effect on the dimensional
position of anterior and posterior teeth following processing.

2. Materials and Methods

The research protocol was approved by the research board at the College of Dentistry,
Jazan University (reference number: CODJU-2003I).

2.1. Materials

In this study, two different complete denture fabrication techniques were used to
prepare forty ideal maxillary dentures using two different types of posterior tooth forms.
The fabrication techniques used were: conventional heat polymerized compression molding
and injection molding. The posterior tooth forms used in the current study were non-
anatomic tooth (0 degrees) and semi-anatomic tooth forms (approx. 20 degree). Details of
the materials used in the fabrication of maxillary complete dentures are listed in Table 1.
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Table 1. Materials used in the study.

Denture Base Resin

Trade Name Manufacturer Main Composition Fabrication Technique

Meliodent, Heraeus
Kulzer

Kulzer GmbH, Hanau,
Germany Polymethylmethacrylate

Compression molding,
heat polymerizing

technique

Breflex Polyan IC,
Bredent, Germany

Bredent GmbH &
Co. KG, Senden,

Germany
Polymethylmethacrylate

Injection molding
technique (Thermopress

400 system 2.62)

Acrylic Teeth

Trade Name Tooth Form Manufacturer Main Composition

Acrylic TruSmile
teeth set

Non-anatomic and
semi-anatomic

Jayna Industries,
Ghaziabad, Uttar

Pradesh, India

Prepolymerized
PMMA resin

Other Materials Used in the Study

Material Name Trade Name Manufacturer Main Composition

Dental stone Durguix Protechno, Vilamalla,
Spain Alpha hemihydrate

Modelling wax Spezial sculpturing wax YETI Dentalprodukte
GmbH, Engen, Germany Paraffin wax

Duplicating silicone Precisil duplicating
silicone

YETI Dentalprodukte
GmbH, Engen, Germany

Additional curing
silicone (Vinylsiloxane,
Platincomplexes and

Siliciumdioxid)

2.2. Pouring of the Cast and the Arrangement of Teeth

To standardize the reference points for measurements, a round bur (# 001/027, Quattro,
DFS-Diamon GmbH, Ländenstraße, Riedenburg, Germany) was used to make holes on the
land area of the ideal edentulous maxillary cast, corresponding to the disto-buccal cusps of
the right and left first molars and maxillary right central incisor. The silicone mold made
using this reference cast was used to pour forty ideal casts with grooves in the land area
(Figure 1).

 

Figure 1. Steps of duplicating cast and teeth setup: (A,B) round holes made on cast corresponding
to maxillary right central incisor and disto-buccal cusps of the right and left first molars; (C) ideal
edentulous cast with orientation grooves; (D) custom edentulous silicone mold.
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Two sheets of modelling wax were adapted on the cast, and ideal teeth arrangements
for complete dentures were performed. The arrangements of the teeth on all the casts
were obtained by the duplication of the ideal teeth arrangement from the initial cast, i.e.,
twenty sets of semi-anatomical teeth and twenty non-anatomic teeth. Following this,
vertical grooves were placed on the right central incisor incisal edge (tooth number 1.1) (bur
(# 114/023, Quattro, DFS-Diamon GmbH, Ländenstraße, Riedenburg, Germany)) and the
round holes on the disto-buccal cusps or right and left first molars (tooth number 1.6 and
2.6) (bur (# 001/023, Quattro, DFS-Diamon GmbH, Ländenstraße, Riedenburg, Germany))
(Figure 2).

 
Figure 2. Dentures before processing: (A) vertical groove placed on the right central incisor incisal
edge; (B) round holes on the disto-buccal cusps or right and left first molars.

2.3. Initial Measurements

Linear measurements were taken for all the sets of semi-anatomical and non-anatomical
teeth. Vertical measurements were taken between the mesio-buccal grooves of the first
molar on both the right and left sides, and a round hole was placed on the land area of the
cast and also between the groove placed on the right central incisal edge and the round hole
on the corresponding land area of the cast [11]. Furthermore, horizontal measurements
were taken between the groove on the labial surface of the right central incisor and the
holes placed on the distobuccal cusps of the right and left first molars with the heel area
of the casts. A metallic ruler was snugly fitted on the heel area of the casts to facilitate
these horizontal measurements [11]. Measurements were taken three times for each tooth
position and were then averaged.

2.4. Denture Processing

PMMA denture base resin was selected for the acrylization of the dentures using two
different techniques, namely, the conventional compression molding technique and the
injection molding technique. Following measurements, all forty teeth arrangements were
randomly divided into 4 groups (n = 10) and were processed by conventional compression
molding and injection molding techniques.

G1: Conventional compression molding technique with non-anatomical tooth form;
G2: Injection molding technique with non-anatomical tooth form;
G3: Conventional compression molding technique with semi-anatomical tooth form;
G4: Injection molding technique with semi-anatomical tooth form.
A standardized procedure was followed for the processing of all the dentures accord-

ing to the manufacturer’s instructions. Conventional metal denture flasks were used for the
compression molding technique, and a long curing cycle (74 ◦C for 8 h followed by 100 ◦C
for 1 h) was used to polymerize the resin. For the injection molding technique, special
metallic flasks were used. A Thermopress 400 system 2.62 (2019, Bredent GmbH & Co.,
Senden, Germany) was used. The equipment was programmed at a temperature setting of
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265 ◦C, a heating time of 15 min, an injecting pressure of 9.5 bar and a pressing time of 60 s.
After processing, the dentures were left to cool completely and were not retrieved from
their respective casts (Figure 3).

 

Figure 3. Dentures after processing: G1: conventional compression molding technique with non-
anatomical tooth form; G2: injection molding technique with non-anatomical tooth form; G3: con-
ventional compression molding technique with semi-anatomical tooth form, G4: injection molding
technique with semi-anatomical tooth form.

2.5. Final Measurements

All the plaster over the surface was cleaned for each specimen, and their measurements
(post-processing) were performed at exactly the same positions for all the samples with the
help of the Vernier caliper (SE 784EC Digital Caliper; SE Tools, Lapeer, MI, USA) with an
accuracy of 0.01 mm. All the initial and final measurements were performed by a single
trained investigator. Measurements were taken three times in each dimension and were
then averaged to obtain the final reading.

2.6. Data Analysis

The collected data were tabulated in a Microsoft Excel spreadsheet (Microsoft Inc.,
Redmond, WA, USA), and statistical analysis was performed using SPSS version 24.0
(IBM Corp. Released 2016; IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY,
USA: IBM Corp.). The changes in the dimensions for all six parameters were calculated
by deducting the after values from the before values. These data were mostly normally
distributed, as checked by the Shapiro–Wilk Test (Supplementary Table S1). Since the
discrepancies were both positive and negative in magnitude, the absolute value of the
difference was taken for further analysis. This value represents the dimensional change.
These data showed some deviation from a normal distribution, as shown in Supplementary
Table S2. T-tests were used to compare the mean dimensional changes. Furthermore, the
mean dimensional changes for all the six parameters were compared using a two-way
analysis of variance. The alpha error was set at 5%, and a p-value of less than 0.05 was
considered statistically significant.
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3. Results

The mean linear dimensional changes among the groups are presented in Table 2 and
Figure 4. The maximum linear dimensional changes in the positions of the molar in the
vertical direction were observed in complete dentures with semi-anatomic teeth and that
were processed using the conventional compression molding technique (0.27 ± 0.46 and
0.24 ± 0.61). The smallest changes were observed in complete dentures with non-anatomic
teeth and that were processed using the injection molding technique (0.02 ± 0.59 and
0.017 ± 0.75). The maximum linear dimensional changes in the positions of the incisor in
the vertical direction were observed in complete dentures with semi-anatomic teeth and
that were processed using the conventional compression molding technique (0.21 ± 0.89),
whereas complete dentures with non-anatomic teeth that were processed using the injection
molding technique showed the smallest changes (0.03 ± 0.44).

 

Figure 4. Linear change in dimension of non-anatomic and semi-anatomic processing groups.
# Difference calculated by subtracting the post-processing values from the pre-processing values;
ΔVI, mean linear dimensional change in the position of the incisor in the vertical direction; ΔVLM,
mean linear dimensional change in the position of the left molar in the vertical direction; ΔVRM,
mean linear dimensional change in the position of the right molar in the vertical direction; ΔHI, mean
linear dimensional change in the position of the incisor in the horizontal direction; ΔHLM, mean
linear dimensional change in the position of the left molar in the horizontal direction; ΔHRM, mean
linear dimensional change in the position of the right molar in the horizontal direction.
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Table 2. Mean, standard deviation (linear change in dimension in mm) and intergroup comparison
with respect to non-anatomic and semi-anatomic processing groups.

Group n ΔVI # ΔVLM # ΔVRM # ΔHI # ΔHLM # ΔHRM #

Non-anatomic teeth

Conventional processing technique
(G1) 10 0.04 ± 0.88 0.13 ± 1.31 0.08 ± 0.57 0.11 ± 0.33 0.06 ± 0.43 0.10 ± 0.34

Injection molding technique
(G2) 10 0.03 ± 0.44 0.02 ± 0.59 0.017 ± 0.75 0.004 ± 0.32 0.02 ± 0.49 0.02 ± 0.54

p-value - 0.56 0.003 * 0.055 0.0001 * 0.63 0.004 *

Semi-anatomic teeth

Conventional processing technique
(G3) 10 0.21 ± 0.89 0.27 ± 0.46 0.24 ± 0.61 0.62 ± 0.46 0.65 ± 0.79 0.78 ± 0.63

Injection molding technique
(G4) 10 0.14 ± 0.33 0.19 ± 0.65 0.09 ± 0.78 0.34 ± 0.57 0.35 ± 0.64 0.26 ± 0.50

p-value - 0.04 0.02 0.001 * 0.0001 * 0.0001 * 0.0001 *

# Difference calculated by subtracting the post-processing values from the pre-processing values; * significant
(p < 0.005); ΔVI, mean linear dimensional change in the position of the incisor in the vertical direction; ΔVLM,
mean linear dimensional change in the position of the left molar in the vertical direction; ΔVRM, mean linear
dimensional change in the position of the right molar in the vertical direction; ΔHI, mean linear dimensional
change in the position of the incisor in the horizontal direction; ΔHLM, mean linear dimensional change in the
position of the left molar in the horizontal direction; ΔHRM, mean linear dimensional change in the position of
the right molar in the horizontal direction.

When the linear dimensional changes in the positions of the molar in the horizontal
direction were assessed, it was observed that complete dentures with semi-anatomic teeth
that were processed using the conventional compression molding technique showed the
maximum movement (0.65 ± 0.79 and 0.78 ± 0.63). The least movement was observed
in complete dentures with non-anatomic teeth that were processed using the injection
molding technique (0.02 ± 0.49 and 0.02 ± 0.54). The maximum linear dimensional
changes in the positions of the incisor in the horizontal direction were observed in complete
dentures with semi-anatomic teeth that were processed using the conventional compression
molding technique (0.62 ± 0.46), whereas complete dentures with non-anatomic teeth
that were processed using the injection molding technique showed the smallest changes
(0.004 ± 0.32).

Table 3 depicts the two-way ANOVA comparison among the four groups with respect
to dimensional change. The dimensional change was found to be greater in the conventional
technique as compared to the injection molding technique. Additionally, there was a
statistically significant difference in the non-anatomic teeth as compared to the semi-
anatomic teeth.

Table 3. Two-way ANOVA comparing the tooth forms and processing techniques.

Source
Type III Sum

of Squares
df Mean Square F Sig.

Intercept Hypothesis 26.045 1 26.045 25.969 0.001
Error 9.372 8.940 1.048 a

Tooth form
Hypothesis 17.056 1 17.056 24.104 0.000

Error 117.437 176 0.660 b

Processing
technique

Hypothesis 5.908 2 2.954 5.689 0.001
Error 117.437 176 0.660 b

Dependent variable: dimensional change; a 167 MS (technique) + 0.833 MS (error); b MS (error).

4. Discussion

With respect to their impact on dimensional changes, there was a significant interaction
between the components, i.e., the posterior tooth forms and processing techniques applied.
The statistical analysis revealed that the results were rather pronounced, with the injection
molding technique exhibiting fewer changes during the transition between the waxing
stage and post-processing. Another observed pattern was that the non-anatomic teeth
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positional change was less than that for the semi-anatomic teeth, regardless of the dimension
examined and the processing technique used. The outcomes of the study revealed that
changes in the positions of the molar were the highest in the horizontal dimension as
compared to other dimensions tested for all the groups, when semi-anatomic teeth were
processed using the conventional molding technique. However, the smallest differences
were observed in the non-anatomic group, when the injection processing technique was
used. The significant positional changes in semi-anatomic teeth can be explained by the
complex interlock between the denture teeth and the investment material, which may create
excessive stresses during acrylic polymerization that lead to significant teeth movement.
The results of this study negate the proposed null hypothesis.

In the annals of contemporary dentistry, the introduction of acrylic resins in 1937
was a watershed moment. Their adoption and acknowledgment in prosthodontics are
quite remarkable, as they are proven to be more esthetic and simpler to manipulate to
be used in the laboratory as well as in clinics [18]. Methacrylates, particularly methyl
methacrylate (MMA) acrylic resin, have been used in dentistry as a denture foundation
material since their inception and have been widely employed, since they are regarded as
suitable substances for use in the oral environment [19,20]. Recently, the usage of pour-type
(fluid) resins in the manufacturing of denture bases has expanded dramatically [21].

The dimensional shift that happens during polymerization shrinkage is crucial to the
preservation and stability of the complete denture [22]. The movement of teeth occurs
during and after the production of complete dentures, according to research published in
the literature [9,23]. A careful understanding and consideration of this may allow for the
creation of functioning complete dentures, which require fewer occlusal modifications on
the articulator and minimal corrections in the patient’s mouth. Previous research has found
that the highest amount of tooth movement occurs in the posterior teeth [24]; however, this
study found that the maximal teeth movement occurs solely in the compression molding
semi-anatomic teeth group for this study and also for the molar teeth. Final measurements
were performed after the dentures were recovered from flasking but without removal
from the casts. The observed dimensional changes were greater, as the dentures were
not immersed in water, as suggested previously in the literature [24]. The dimensional
changes produced by water sorption cause expansion, presumably due to the entrance of
water between polymethyl methacrylate molecules [25]. The movement of teeth during
the production of a complete denture is also influenced by a variety of other factors. The
influence of base thickness [8], geometric palatal form [10] and closing flask pressure [26]
has been studied. The flask-closing procedure may cause tooth displacements, and the
post-pressing time association was partially acknowledged. Denture imperfections, in-
cluding base distortion and false tooth displacement, were addressed through meticulous
measurements in the current study.

The literature includes many studies [16,27–29] related to the comparison of the con-
ventional and injection molding processing techniques. Although, in recent decades, the
conventional technique has shown promising results and is still widely used, there is still
continuous ongoing research related to the development of other processing techniques.
The recently introduced injection molding technique has shown promising results, with a
minimal incisal pin opening and reduced adjustments required later. However, the move-
ment of the teeth was in both the horizontal and vertical directions; it showed significant
differences in the vertical dimension when the compression molding technique was used
with PMMA as the material in both the techniques [16]. Bahra et al. [30] studied both
linear and volumetric dimensional changes in six injection molding PMMA denture base
resins and found that the IvoBase system was more accurate as compared to other resins
processed by other curing techniques. Strohaver [29] compared compression and injection
molded complete dentures and found fewer vertical dimension changes in the injection
molding technique. When a comparison was conducted for the accuracy of the linear mea-
surements of chemically distinct injection molding materials (PMMA, nylon and styrene)
to that of compression molding acrylic resin (PMMA) by Parvizi et al. [27], they concluded
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that nylon had the greatest overall distortion and that styrene had the smallest. According
to Sykora [28], the injection molding technique’s higher dimensional accuracy compared
to the conventional method may be due to smaller resin particles, lower polymerization
temperature, the lack of resin layer formation between the flask counterparts and the lack
of the movement of the two halves of the flask during resin packing.

When lingualized balanced occlusion was compared with conventional balanced
occlusion, the increase in the vertical dimension was found to be similar [31]. In 2004,
Parvizi [27] performed a study on dimensional changes between compression and injection
molding techniques using different denture base materials. All the materials used in the
study responded differently with different dimensional changes in antero-posterior and
cross arch measurements. The results of the current study are also in accordance with this
study, showing different changes in both the horizontal and vertical dimensions for both the
type of teeth and the processing technique used. However, in the complete dentures with
non-anatomic teeth that were processed using injection molding technology, the lowest
linear dimensional changes in the incisal and molar positions were found, whereas the
highest dimensional changes were found in the semi-anatomic teeth with the conventional
processing technique.

Venus [32] compared the denture base resins, processing methods and the denture
bases with or without teeth and concluded that the processing technique is a more dominant
variable than denture base resins. Peyton and Craig [33] reported difficulty in controlling
the changes in the vertical dimension and identified pressure during flask closure as the
most significant factor. Other mentioned factors that may be related are due to varied
temperatures of the flask, dough consistency, stone mold strength and other factors. Ad-
ditionally, Zakhari mentioned that teeth are under considerable pressure during packing
and curing in the conventional curing technique [34]. Shippee [35] concluded from his
experiment that, when the volume of acrylic used during final closure is increased, the teeth
are more likely to be intruded; however, it can be reduced if proper venting is provided
for acrylic. Atkinson and Grant (1962) [36] found in their investigation that the movement
of the teeth is mainly due to a change in the dimension of the mold and also due to the
pressure of the acrylic on the teeth and mold. They also proposed that teeth in the mold are
carried to a different position due to the reconstitution of the gypsum on heating, cooling
and compression. Additionally, the short curing technique has shown an increase in the
vertical dimension and a lower number of occlusal contacts [37]. However, in the present
study, utmost precaution was taken to maintain the same amount of acrylic used for each
denture, standardized pressure during flask closure and a long curing cycle to reduce the
effect of these factors on the movement of teeth. However, in the injection molding pro-
cessing technique, the continuous flow of the non-polymerized material from the reservoir
sprue would have compensated for the polymerization shrinkage, as also mentioned by
Anderson [38].

The literature has shown that maximum changes after polymerization and the release
of internal strains occur after polishing and water storage for 24 h. Additionally, it was
shown by Venus [32] that intermolar width increases after water storage and decreases by
shrinkage, suggesting that the fit of the denture improves after storage in water. Addition-
ally, Chuchulska [39] studied four thermoplastic injection molding materials (Bre.flex 2nd
edition, Vertex ThermoSens, Perflex Biosens and Polyan IC) and concluded that shrinkage
is present in all the materials tested for the injection molding technique and that storage in
water affects all the materials. In the current study, the post-processing measurements were
performed after the removal of the dentures from the flasks but without removal from the
casts and without any storage in water, which may be attributed to the more dimensional
changes that were recorded. Complete dentures with non-anatomic teeth that were manu-
factured using the injection molding technique showed the smallest changes. However,
dentures with semi-anatomic teeth that were processed using the conventional compression
molding technique showed the greatest linear dimensional changes in the incisor and molar
positions in both the horizontal and vertical directions in the present study.
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The prevailing literature lacks studies related to the effects of posterior tooth forms
and processing techniques on linear dimensional changes in the teeth. Zakhari [34] used
non-anatomic acrylic teeth and established a combination of plaster and stone to reduce the
change in the vertical dimension. However, this study also suggested stone with a lower
water–powder ratio as an investing medium in order to control expanding acrylic resin.
Woelfel et al. [40] compared different denture base materials in their study and noted that
the sharper defined anatomy of Pilkington–Turner teeth seemed to coincide with more
tooth movement. Carr et al. compared 0-degree teeth and 33-degree teeth and found less
vertical tooth movement in the 0-degree teeth as compared to the 33-degree teeth, when
plaster of Paris was used as compared to stone as an investing medium [5]. They attributed
this to the greater setting expansion of plaster of Paris pushing the teeth into the wax
followed by intrusion back in the mold due to the hydraulic pressure of the acrylic. In the
current study, non-anatomic teeth also showed less tooth movement in both the vertical
and horizontal dimensions as compared to the semi-anatomic teeth. This may be attributed
to the sharper occlusal anatomy of the semi-anatomic teeth as compared to the uniform
occlusal surface of the non-anatomic teeth, and it may also be related to the pressure during
acrylic packing and flask closure.

Although there are continuous advancements in the field of polymers, the acryliza-
tion process and the digitization of procedures, the conventional compression molding
technique is still an easier and cost-friendly substitute that is favored and practiced by
a majority of laboratories. The effect observed in this in vitro study should be checked
in a clinical setup for its clinical relevance. This study did not compare cross arch mea-
surements, palatal adaptation measurements, the effect of different investing media, etc.
Therefore, further studies should be planned with an increased sample size and various
other parameters to check the effects of different tooth forms on denture tooth movement
and their clinical relevancy. This may help in the selection of a proper processing technique
for a particular tooth form, thus minimizing occlusal discrepancies and reducing occlusal
corrections during laboratory and clinical remount procedures.

5. Conclusions

This study aimed to evaluate the combined effect of processing techniques (compres-
sion and injection molding) and posterior tooth forms (semi-anatomic and non-anatomic)
on linear dimension changes (horizontal and vertical dimensions) in denture tooth positions
following processing. Within the limitations of the study, the following conclusions can
be drawn:

• In relation to dimensional changes, there was a significant interaction between the
components, i.e., the posterior tooth forms and the processing technique applied.

• The injection molding technique showed smaller tooth movements in both the ver-
tical and horizontal measurements as compared to the conventional compression
molding technique.

• Non-anatomic teeth show fewer changes in tooth movement as compared to semi-
anatomic teeth in both the compression and injection molding techniques.

• The changes in the position of the molar were highest in the horizontal dimension as
compared to other dimensions tested for all the groups, when semi-anatomic teeth
were processed using the conventional molding technique.

• The smallest differences were observed in the non-anatomic group, when the injection
processing technique was used.

The clinical guideline that can be drawn from this research is that, when non-anatomic
teeth are selected for complete dentures, any denture processing technique can be selected,
as both cause minimal teeth movement. However, when semi-anatomic teeth are selected,
an injection molding processing technique should be preferred to keep tooth movements to
a minimum.
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Abstract: Objectives: The aim of this study was to assess the relationship between tooth shade among
different groups of patients according to their age, gender, and skin color in a Saudi population.
Materials and methods: Participants were divided based on age into Group 1 (10–20 years), Group 2
(21–30 years), Group 3 (31–40 years), and Group 4 (41+ years), and according to gender. Tooth
shade was measured by Vita easyshade, Shade scanner, 3D Master shade system. The skin color
was determined according to the Firzpatrick Scale. It consists of six shades, namely: I, II, III, IV, V,
and VI. The skin complexion of the participants was divided into six categories: white/very fair,
fair, light brown, moderate brown, dark brown, and black. Results: One hundred and ninety-eight
individuals were recruited. Around 70% were males. Females had 25.4% A2 followed by 22% A1, and
22% A3 shade types, while males had B3 shade (18%) followed by A2 and A3 (15.8%). A statistically
significant difference was observed between shade and gender (p < 0.05). A statistically significant
difference was observed between shade and age group (p < 0.05), where increased age was correlated
with darker teeth shades. Shade A1 was correlated with type I skin color in 57.1% of individuals.
Skin color type II had A2 as a dominant shade by 34.1%. A2 and A3 shades were equally observed
in skin color III by 20.3%. Overall, statistically significant differences were observed between shade
and skin color groups (p < 0.05). Conclusions: In conclusion, the most frequent classical shade noted
among male and female participants was shade type A, which represents reddish brownish. Group 2
(21–30 years) had the B3 shade as the most prominent shade type among age groups. Gender, age,
and skin types all showed a significant relation with the tooth shade.

Keywords: tooth shade; skin color; shade and age; skin and shade; Saudi

1. Introduction

Esthetic dentistry has been a concern for patients visiting dental clinics. Patients have
more expectations and are looking for higher esthetic results as a consequence of increased
awareness and the impact of social media [1]. Usually, patients will assess the dentist’s
work by function, comfort, speech, and esthetics. The form and alignment of the teeth
determine the beauty of the smile; the balance between the color of the teeth and the soft
tissues is considered fundamental in determining the satisfaction of the person’s dental
appearance [2,3]. Systems evolved in defining the shade of teeth depend on three attributes:
Hue, Chroma, and Value. The Hue is described as the character of appearance, which is
discernible as (red, green, blue, etc.) and depends on the wavelength of each color. Chroma
is the saturation of the color as it distinguishes a strong color from a weak one. The value is
the color brightness, which compiles the lightness or darkness of the color [4].
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One of the obstacles that most dentists are facing is matching a restoration to a
natural tooth shade. However, patients described pearly white teeth as preferable [2,5].
Identifying the tooth shade will aid dentists in using fewer amounts of shade tabs and
guides required to suit the patients’ desires. This will also aid in providing better esthetic
results according to the patients’ age, gender, and skin color. According to Jahaniri et al.,
young patients were more likely to have teeth with a high value (lighter teeth) [6,7]. Factors
like gender, age, and skin color may contribute to the method of shade selection [8,9].
In Sudan, for instance, shades A3, A2, and A1 were the most common tooth shades,
respectively [10]. Karaman et al., in Turkey, reported that shade A2 was most observed in
central and lateral incisors for all age groups. For the canines, B3 was most observed for
the youngest two groups and A3.5 for the oldest two groups [11]. A study conducted in
Jordan comparing tooth shade to skin color revealed that Jordanians have a light tooth
value and that people with a dark skin complex have lighter teeth [12]. The skin color of an
individual might help the prosthodontist in picking the artificial teeth shade in case of a
complete denture [8]. Jahangiri et al. concluded that 50% of persons with low-value teeth
had fair skin, whereas 17% had dark skin [6]. However, a study in Nepal [13], and another
in India [14], exhibited no difference between all skin colors and tooth shades. Another
study conducted in Korea reported that lighter and less chromatic central incisors were
characteristics of female subjects in all age groups [15]. Gómez-Polo et al. revealed that age
was stronger than gender in all color coordinates. However, females have lighter teeth than
males in the plots [9]. Karaman et al. also showed that gender is statistically not related
to a color value or Chroma [11]. In Saudi Arabia, a study in the southern region found
that the shade gets darker and more yellow with age [16]. However, one ethnic group
was examined in this study and could not be generalized to a Saudi Arabia population.
Nowadays, high expectations from social media and patient awareness demand a quality
level of training and knowledge regarding all aspects of esthetic dentistry. The process of
shade selection is challenging because it is a subjective process. Therefore, patient-centered
treatments and guidance in shade selection lead to a successful outcome when executed
with prior knowledge of how the color is perceived.

Therefore, this research aims to assess teeth shades and their relationship with age,
gender, and skin color in a Saudi population.

2. Materials and Methods

The approval of the Institutional Review Board was granted to conduct a cross-
sectional study on diverse age groups. The sample size was calculated using a G power
software to be 196 Saudi participants (n = 139 males, n = 59 females) visiting the Dental
University Hospital (DUH) at King Saud University in Riyadh, Saudi Arabia. Included
participants were only Saudi to limit the heterogenicity of the skin color and to homoge-
nize the skin color in relation to the age. The inclusion criteria were healthy participants,
above the age of 15 years, with fully erupted maxillary anterior teeth. Participants with no
history of periodontal disease, bleaching, or active orthodontic treatment were included.
The exclusion criteria were participants with anterior teeth having intrinsic and extrinsic
stains, smoking, tobacco chewing, or developmental defects. Furthermore, teeth that are
endodontically treated, restored, or carious were excluded. Any participant who reported
tanned skin, dermatological disease, or undergoing any dermatological treatment was also
excluded. Participants were divided based on gender (male and female) as well as age
(Group 1: 15–20 years, Group 2: 21–30 years, Group 3: 31–40 years, and Group 4: 41 years
and more).

Tooth shade was obtained by VITA Easy shade Advance 4.0® spectrophotometer (VITA
Zahnfabrik, Bad Sackingen, Germany), which was calibrated following the manufacturer’s
instructions. The recorded shade was the closest to the classical shade guide. Prophylaxis
was not carried out before shade selection because dehydration affects the tooth shade
and requires hours to regain the original shade [17,18]. Instead, they were asked to brush
for 3 min prior. Then, the teeth were wiped with a sterile gauze [15]. The tip of the
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spectrophotometer was held at a 90◦ angle against the middle aspect of the labial surface of
tooth #11.

The skin phototypes of all participants were selected utilizing the Fitzpatrick skin
phototypes criteria, skin phototype I: pale white skin, skin phototype II: fair skin, skin
phototype III: darker white skin, skin phototype IV: light brown skin, skin phototype V:
brown skin, and phototype VI: dark brown or black skin [19]. The skin color evaluation
method was determined following Treesirichod’s protocol: a room with fluorescent lighting,
with no interfering outdoor sunlight, and at 20–30 min after enrollment [20]. The sample
size was calculated using the G power software considering a power of 0.95, the effect size
of 0.23, and the alpha set at 0.05 to be 196 participants. Data were analyzed by statistical
software (SPSS 22.0, SPSS) using descriptive statistics, Pearson product-moment correlation,
and chi-square tests. The statistical significance level was set at p < 0.05.

3. Result

One hundred and ninety-eight individuals were recruited from December 2020 until
February 2021. Around 70% were males (n = 139) and the rest were females (n = 59).
Participants were divided into five groups based on age where the majority (n = 78) of
individuals were from Group 2 (21–30 years), followed by 45 individuals from Group 3
(31–40 years), 36 individuals from Group 1 (15–20 years), 25 individuals from Group 4
(41–50 years), and 14 individuals from Group 5 (51 years and more).

In the current study, the most frequent shade noted among male and female partici-
pants (n = 120) was shade type A, which represents reddish brownish. The second most
frequent shade was type B (n = 49), followed by 20 participants with shade type C, and
nine with shade D (Table 1). Most female participants had an A2 shade representing 25.4%,
followed by A2 with 22%, and A3 with another 22% individually, while males had a B3
shade (18%) followed by A2 and A3 (15.8%) (Figure 1). Overall, the results showed a
significant relationship between tooth shade and participant’s gender, with a p-value of
less than 0.05 (Table 2).

 

Figure 1. Relationship between teeth shade and among male and female participants.
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Table 1. Relationship between teeth shade and gender. Most participants had an A2 shade.

Relationship between Shade and Gender *

Gender
Shade

Male Female
Total

A1

No. Participants 8 13 21

% within Shade 38.1% 61.9% 100.0%

% within Gender 5.8% 22.0% 10.6%

A2

No. Participants 22 15 37

% within Shade 59.5% 40.5% 100.0%

% within Gender 15.8% 25.4% 18.7%

A3

No. Participants 22 13 35

% within Shade 62.9% 37.1% 100.0%

% within Gender 15.8% 22.0% 17.7%

A3.5

No. Participants 8 2 10

% within Shade 80.0% 20.0% 100.0%

% within Gender 5.8% 3.4% 5.1%

A4

No. Participants 16 1 17

% within Shade 94.1% 5.9% 100.0%

% within Gender 11.5% 1.7% 8.6%

B2

No. Participants 11 8 19

% within Shade 57.9% 42.1% 100.0%

% within Gender 7.9% 13.6% 9.6%

B3

No. Participants 25 4 29

% within Shade 86.2% 13.8% 100.0%

% within Gender 18.0% 6.8% 14.6%

B4

No. Participants 1 0 1

% within Shade 100.0% 0.0% 100.0%

% within Gender 0.7% 0.0% 0.5%

C1

No. Participants 3 2 5

% within Shade 60.0% 40.0% 100.0%

% within Gender 2.2% 3.4% 2.5%

C2

No. Participants 5 0 5

% within Shade 100.0% 0.0% 100.0%

% within Gender 3.6% 0.0% 2.5%

C3

No. Participants 6 0 6

% within Shade 100.0% 0.0% 100.0%

% within Gender 4.3% 0.0% 3.0%

C4

No. Participants 4 0 4

% within Shade 100.0% 0.0% 100.0%

% within Gender 2.9% 0.0% 2.0%

D3

No. Participants 2 0 2

% within Shade 100.0% 0.0% 100.0%

% within Gender 1.4% 0.0% 1.0%

D4

No. Participants 4 1 5

% within Shade 80.0% 20.0% 100.0%

% within Gender 2.9% 1.7% 2.5%

Total

No. Participants 139 59 198

% within Shade 70.2% 29.8% 100.0%

% within Gender 100.0% 100.0% 100.0%
* p < 0.05.
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Table 2. Pearson Chi-Square test shows the significant level between shade and gender.

Chi-Square Tests

Value df Asymptotic Significance (2-Sided)

Pearson Chi-Square 32.294 a 15 0.006

Likelihood Ratio 38.688 15 0.001

Linear-by-Linear Association 16.805 1 0.000

N of Valid Cases 198
a 19 cells (59.4%) have expected count less than 5. The minimum expected count is 0.30.

According to the age, 33.3% of Group 1 (10–20 years) had shade A2 while Group 2
(21–30 years) and 3 (31–40 years) had 17.9% and 22.2% of shade B3, respectively. Shade A3
accounted for 20% of individuals in Group 4 and 28.6% of Group 5 individuals (Table 3)
(Figure 2). A statistically significant difference was observed between shade and age groups
(p < 0.05) (Table 4). Skin color type IV appeared to be the most dominant type with a total
of 67 individuals, followed by skin color type III with a total of 64 individuals. Forty-one
individuals had type II skin color, 17 individuals had type V skin color, then skin type I
and VI with 7 and 2 individuals, respectively (Table 5).

 

Figure 2. Relationship between teeth shade and age groups. A2 was the most frequent shade in all
age groups.
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Table 3. Relationship between teeth shade and age groups showed a statistical significance.

Relationship between Shade and Age *

Age
Shade

10–20 21–30 31–40 41–50 51>
Total

A1

No. Participants 4 12 4 1 0 21

% within Shade 19.0% 57.1% 19.0% 4.8% 0.0% 100.0%

% within Age 11.1% 15.4% 8.9% 4.0% 0.0% 10.6%

A2

No. Participants 12 12 9 3 1 37

% within Shade 32.4% 32.4% 24.3% 8.1% 2.7% 100.0%

% within Age 33.3% 15.4% 20.0% 12.0% 7.1% 18.7%

A3

No. Participants 8 12 6 5 4 35

% within Shade 22.9% 34.3% 17.1% 14.3% 11.4% 100.0%

% within Age 22.2% 15.4% 13.3% 20.0% 28.6% 17.7%

A3.5

No. Participants 1 4 2 2 1 10

% within Shade 10.0% 40.0% 20.0% 20.0% 10.0% 100.0%

% within Age 2.8% 5.1% 4.4% 8.0% 7.1% 5.1%

A4

No. Participants 3 7 2 4 1 17

% within Shade 17.6% 41.2% 11.8% 23.5% 5.9% 100.0%

% within Age 8.3% 9.0% 4.4% 16.0% 7.1% 8.6%

B2

No. Participants 4 8 5 2 0 19

% within Shade 21.1% 42.1% 26.3% 10.5% 0.0% 100.0%

% within Age 11.1% 10.3% 11.1% 8.0% 0.0% 9.6%

B3

No. Participants 4 14 10 0 1 29

% within Shade 13.8% 48.3% 34.5% 0.0% 3.4% 100.0%

% within Age 11.1% 17.9% 22.2% 0.0% 7.1% 14.6%

B4

No. Participants 0 0 0 1 0 1

% within Shade 0.0% 0.0% 0.0% 100.0% 0.0% 100.0%

% within Age 0.0% 0.0% 0.0% 4.0% 0.0% 0.5%

C1

No. Participants 0 3 1 0 1 5

% within Shade 0.0% 60.0% 20.0% 0.0% 20.0% 100.0%

% within Age 0.0% 3.8% 2.2% 0.0% 7.1% 2.5%

C2

No. Participants 0 1 1 1 2 5

% within Shade 0.0% 20.0% 20.0% 20.0% 40.0% 100.0%

% within Age 0.0% 1.3% 2.2% 4.0% 14.3% 2.5%

C3

No. Participants 0 1 3 2 0 6

% within Shade 0.0% 16.7% 50.0% 33.3% 0.0% 100.0%

% within Age 0.0% 1.3% 6.7% 8.0% 0.0% 3.0%

C4

No. Participants 0 1 0 1 2 4

% within Shade 0.0% 25.0% 0.0% 25.0% 50.0% 100.0%

% within Age 0.0% 1.3% 0.0% 4.0% 14.3% 2.0%

D3

No. Participants 0 0 2 0 0 2

% within Shade 0.0% 0.0% 100.0% 0.0% 0.0% 100.0%

% within Age 0.0% 0.0% 4.4% 0.0% 0.0% 1.0%

D4

No. Participants 0 3 0 2 0 5

% within Shade 0.0% 60.0% 0.0% 40.0% 0.0% 100.0%

% within Age 0.0% 3.8% 0.0% 8.0% 0.0% 2.5%

Total

No. Participants 36 78 45 25 14 198

% within Shade 18.2% 39.4% 22.7% 12.6% 7.1% 100.0%

% within Age 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

* p < 0.05.
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Table 4. Pearson Chi-Square test shows the significant level between shade and age groups.

Chi-Square Tests

Value df Asymptotic Significance (2-Sided)

Pearson Chi-Square 96.008 a 60 0.002

Likelihood Ratio 82.950 60 0.027

Linear-by-Linear Association 16.142 1 0.000

N of Valid Cases 198
a 68 cells (85.0%) have expected count less than 5. The minimum expected count is 0.07.

Table 5. Relationship between shade and skin types. Skin color type IV appeared to be the most
dominant type.

Relationship between Shade and Skin Color *

Skin Color
Shade

I II III IV V VI
Total

A1
No. Participants 4 5 8 1 3 0 21
% within Shade 19.0% 23.8% 38.1% 4.8% 14.3% 0.0% 100.0%
% within Skin color 57.1% 12.2% 12.5% 1.5% 17.6% 0.0% 10.6%

A2
No. Participants 1 14 13 5 3 1 37
% within Shade 2.7% 37.8% 35.1% 13.5% 8.1% 2.7% 100.0%
% within Skin color 14.3% 34.1% 20.3% 7.5% 17.6% 50.0% 18.7%

A3
No. Participants 1 2 13 18 1 0 35
% within Shade 2.9% 5.7% 37.1% 51.4% 2.9% 0.0% 100.0%
% within Skin color 14.3% 4.9% 20.3% 26.9% 5.9% 0.0% 17.7%

A3.5
No. Participants 0 2 0 6 2 0 10
% within Shade 0.0% 20.0% 0.0% 60.0% 20.0% 0.0% 100.0%
% within Skin color 0.0% 4.9% 0.0% 9.0% 11.8% 0.0% 5.1%

A4
No. Participants 1 3 5 6 2 0 17
% within Shade 5.9% 17.6% 29.4% 35.3% 11.8% 0.0% 100.0%
% within Skin color 14.3% 7.3% 7.8% 9.0% 11.8% 0.0% 8.6%

B2
No. Participants 0 6 10 2 0 1 19
% within Shade 0.0% 31.6% 52.6% 10.5% 0.0% 5.3% 100.0%
% within Skin color 0.0% 14.6% 15.6% 3.0% 0.0% 50.0% 9.6%

B3
No. Participants 0 4 6 17 2 0 29
% within Shade 0.0% 13.8% 20.7% 58.6% 6.9% 0.0% 100.0%
% within Skin color 0.0% 9.8% 9.4% 25.4% 11.8% 0.0% 14.6%

B4
No. Participants 0 0 0 1 0 0 1
% within Shade 0.0% 0.0% 0.0% 100.0% 0.0% 0.0% 100.0%
% within Skin color 0.0% 0.0% 0.0% 1.5% 0.0% 0.0% 0.5%

C1
No. Participants 0 1 1 3 0 0 5
% within Shade 0.0% 20.0% 20.0% 60.0% 0.0% 0.0% 100.0%
% within Skin color 0.0% 2.4% 1.6% 4.5% 0.0% 0.0% 2.5%

C2
No. Participants 0 2 2 1 0 0 5
% within Shade 0.0% 40.0% 40.0% 20.0% 0.0% 0.0% 100.0%
% within Skin color 0.0% 4.9% 3.1% 1.5% 0.0% 0.0% 2.5%

C3
No. Participants 0 0 3 2 1 0 6
% within Shade 0.0% 0.0% 50.0% 33.3% 16.7% 0.0% 100.0%
% within Skin color 0.0% 0.0% 4.7% 3.0% 5.9% 0.0% 3.0%

C4
No. Participants 0 0 2 2 0 0 4
% within Shade 0.0% 0.0% 50.0% 50.0% 0.0% 0.0% 100.0%
% within Skin color 0.0% 0.0% 3.1% 3.0% 0.0% 0.0% 2.0%

D3
No. Participants 0 1 0 0 1 0 2
% within Shade 0.0% 50.0% 0.0% 0.0% 50.0% 0.0% 100.0%
% within Skin color 0.0% 2.4% 0.0% 0.0% 5.9% 0.0% 1.0%

D4
No. Participants 0 1 1 1 2 0 5
% within Shade 0.0% 20.0% 20.0% 20.0% 40.0% 0.0% 100.0%
% within Skin color 0.0% 2.4% 1.6% 1.5% 11.8% 0.0% 2.5%

Total
No. Participants 7 41 64 67 17 2 198
% within Shade 3.5% 20.7% 32.3% 33.8% 8.6% 1.0% 100.0%
% within Skin color 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

* p < 0.05.
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Shade A1 was related to type I skin color in 57.1% of individuals. Skin color type
II had A2 as a dominant shade by 34.1%. A2 and A3 shades were equally observed in
skin color type III by 20.3%. A3 shade was observed in 26.9% with skin color IV, while
A1 and A2 shared the most observed shade in skin color V by 17.6% (Table 5). The
relationship between tooth shade and skin color is exhibited in (Figure 3). The results
showed statistically significant differences between shade and skin color groups (p < 0.05)
(Table 6).

 

Figure 3. Relationship between teeth shade and skin color. Skin color type II had A2 as a dominant
shade type.

Table 6. Pearson Chi-Square test shows the significant level between shade and skin type.

Chi-Square Tests

Value df Asymptotic Significance (2-Sided)

Pearson Chi-Square 96.689 a 75 0.047

Likelihood Ratio 100.032 75 0.028

Linear-by-Linear Association 7.172 1 0.007

N of Valid Cases 198
a 81 cells (84.4%) have expected count less than 5. The minimum expected count is 0.01.

4. Discussion

Selecting a proper tooth shade is considered a complex process during prosthetic
rehabilitation, which requires fundamental knowledge of color and esthetic. The dentist’s
skills in determining the right shade play a role in the success of treatment and patient
satisfaction. Multiple factors such as light and background affect tooth color [21]. Some
studies prefer using conventional shade tabs, while others consider digital devices for more
accuracy and precision [22,23]. Digital devices can detect more data about tooth shade,
such as lightness, Chroma, and Hue, which can aid in mimicking the color of adjacent
natural teeth.

According to the present study, there was a relation between shade, gender, and skin
type. The participants of this cross-sectional study belong to a specific ethnic group (Middle
eastern) in a specific country (Saudi Arabia). Considering the regional limitation of the
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data collection and sample size, the most dominant tooth shade observed was shape A2.
Labban et al. studied the Saudi population’s perception of their preference for the desired
tooth shade. In the above-mentioned study, the researchers provided the participants
with a questionnaire consisting of images that had been modified digitally to illustrate
different skin and tooth shade combinations. It was found that people with lighter skin
preferred to have lighter teeth shade [9]. On the contrary, data on the participants’ skin
type and tooth shade were obtained directly without involving participants’ subjectivity
in the data acquisition. Skin color might be valuable when selecting teeth shade for
edentulous patients. In this study, an observation of shade relation to skin color groups
was statistically significant. People with type I skin tones possess lighter tooth shade
(A1 type). Furthermore, darker skin tones such as type IV and V possess darker tooth
shade (A3, A3.5 types). This finding contradicts the previous work of Jahangiri et al. and
Al-Nsour et al., who reported that individuals with dark skin color have lighter teeth in
comparison to individuals with light skin color [6,12]. This might contribute to different
ethnic populations and regional limitations.

The hypothesis that males tend to have darker shades than females was reported in
previous studies. Gómez-Polo et al. study showed that 25.4% of females had A2 shade
while 18% of males had B3 Shade [9]. Kim et al. reported that females’ teeth are lighter and
less chromatic than males’ teeth [15]. In the current study, females tend to have a lighter
shade and less Chroma than males, which was in agreement with previous studies.

Based on our study, aging affects tooth color. Older participants tend to have darker
teeth than younger individuals. Haralur observed that teeth become darker with age
due to multiple factors such as enamel thickness reduction due to wear and secondary
dentin deposition [16]. Furthermore, Karaman et al. reported that a statistically significant
difference between age groups was valid for central and lateral incisors [24].

5. Conclusions

Within the limitations of this study, it can be assumed that females tend to have a
lighter teeth shade than males. Younger individuals have lighter teeth shades than older
people in the Saudi population. The process of shade selection should reflect on the relation
between skin color and teeth shade. In terms of skin type, type IV was the most common
among the Saudi population. Moreover, people with type I skin tones possess lighter teeth.

Author Contributions: Conceptualization and manuscript write-up, H.A. and R.A.; Formal analysis,
A.A.; Investigation, N.A.; Methodology, M.A., F.A. and A.B.O. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance approved by the
Institutional Review Board at King Saud University (Ref. No. 21/0010/IRB on 4 January 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mayekar, S. Shades of a color. Illusion or reality? Dent. Clin. N. Am. 2001, 45, 155–172, vii. [CrossRef]
2. Qualtrough, A.J.; Burke, F.J. A look at dental esthetics. Quintessence Int. 1994, 25, 7–14. [PubMed]
3. Tam, W.K.; Lee, H.J. Dental shade matching using a digital camera. J. Dent. 2012, 40, 3–10. [CrossRef] [PubMed]
4. Fujimoto, J.; Land, M.F.; Rosenstiel, S.F. Contemporary Fixed Prosthodontics; Mosby Elsevier: St. Louis, MI, USA, 2015.
5. Alkhatib, M.N.; Holt, R.; Bedi, R. Prevalence of self-assessed tooth discolouration in the United Kingdom. J. Dent. 2004, 32,

561–566. [CrossRef]
6. Jahangiri, L.; Reinhardt, S.B.; Mehra, R.V.; Matheson, P.B. Relationship Between Tooth Shade Value and Skin Color: An

Observational Study. J. Prosthet. Dent. 2002, 87, 149–152. [CrossRef]

47



Appl. Sci. 2022, 12, 6315

7. Naveh, G.; Grossman, Y.; Bachner, Y.G.; Levin, L. Patients’ self-perception of tooth shade in relation to professionally objective
evaluation. Quintessence Int. 2010, 41, e80–e83.

8. Haralur, S.B.; Dibas, A.M.; Almelhi, N.A.; Al-Qahtani, D.A. The Tooth and Skin Colour Interrelationship across the Different
Ethnic Groups. Int. J. Dent. 2014, 2014, 146028. [CrossRef]

9. Gómez-Polo, C.; Montero, J.; Gómez-Polo, M.; de Parga, J.A.M.V. Celemin-Viñuela A. Natural Tooth Color Estimation Based on
Age and Gender. J. Prosthodont. 2017, 26, 107–114. [CrossRef]

10. Elamin, H.O.; Abubakr, N.H.; Ibrahim, Y.E. Identifying the tooth shade in group of patients using Vita Easyshade. Eur. J. Dent.
2015, 9, 213–217. [CrossRef]

11. Karaman, T.; Altintas, E.; Eser, B.; Yildirim, T.T.; Oztekin, F.; Bozoglan, A. Spectrophotometric Evaluation of Anterior Maxillary
Tooth Color Distribution According to Age and Gender. J. Prosthodont. 2019, 28, e96–e102. [CrossRef]

12. Al-Nsour, H.F.; Al-Zoubi, T.T.; Al-Rimawi, A.S. Relationship between tooth value and skin color in patients visiting Royal Medical
Services clinics of Jordan. Electron. Physician 2018, 10, 6448–6453. [CrossRef] [PubMed]

13. Pradhan, D.; Shrestha, L.; Lohani, J. Tooth Shade and Skin Colour: A Descriptive Cross-Sectional Study. J. Nepal Med. Assoc. 2020,
58, 144–147. [CrossRef]

14. Veeraganta, S.K.; Savadi, R.C.; Baroudi, K.; Nassani, M.Z. Differences in tooth shade value according to age, gender and skin
color: A pilot study. J. Indian Prosthodont. Soc. 2015, 15, 138–141. [CrossRef] [PubMed]

15. Kim, H.K. A study on the color distribution of natural teeth by age and gender in the Korean population with an intraoral
spectrophotometer. J. Esthet. Restor. Dent. 2018, 30, 408–414. [CrossRef]

16. Brodbelt, R.H.; O’Brien, W.J.; Fan, P.L.; Frazer-Dib, J.G.; Yu, R. Translucency of human dental enamel. J. Dent. Res. 1981, 60,
1749–1753. [CrossRef]

17. Miller, A.; Long, J.; Cole, J.; Staffanou, R. Shade selection and laboratory communication. Quintessence Int. 1993, 24, 305–309.
18. Sachdeva, S. Fitzpatrick skin typing: Applications in dermatology. Indian J. Dermatol. Venereol. Leprol. 2009, 75, 93–96. [CrossRef]
19. Treesirichod, A.; Chansakulporn, S.; Wattanapan, P. Correlation between skin color evaluation by skin color scale chart and

narrowband reflectance spectrophotometer. Indian J. Dermatol. 2014, 59, 339–342. [CrossRef]
20. Ardu, S.; Braut, V.; Di Bella, E.; Lefever, D. Influence of background on natural tooth colour coordinates: An in vivo evaluation.

Odontology 2014, 102, 267–271. [CrossRef]
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Abstract: The aim was to evaluate the disinfection of E. coli, S. aureus and S. mutans cultured on
Polymethyl Methacrylate (PMMA) resin polymer using microwave disinfection and sodium perborate
(DC). Biofilms of E. coli, S. aureus and S. mutans were cultured on the PMMA denture base for 24,
36, 48 and 96 h. Specimens were subjected to three disinfection protocols, including microwave
disinfection in distilled water (MW-DW), sodium perborate (denture cleaning tablet) with distilled
water (DC-DW) and a combination of MW-DC-DW for 1 to 5 min. Colony-forming units among
the study groups were analyzed using Kruskal–Wallis and Mann–Whitney tests. For E. coli and
S. aureus cultured on PMMA, the MW-DC-DW group displayed complete disinfection at 2 min of
exposure. However, for both bacteria, the MW-DW disinfection group showed zero CFU at 3 min.
DC disinfection for E. coli and S. aureus displayed zero CFU at 5 min of exposure (p ≤ 0.05). For
S. mutans, MW-DC-DW and MW-DW displayed zero CFU count at 1 min and 2 min, respectively.
In DC-treated samples, CFU were significantly zero at 4 min when compared with the control at
each growth time. A combination of MW irradiation with DC (sodium perborate) showed higher
disinfection percentage of bacterial species on PMMA polymer denture bases compared to MW and
DC alone. PMMA disinfection using DC displayed a lower antimicrobial disinfection percentage
than the combined use of MW and DC as well as MW alone at 1 min or 2 min disinfection for E. coli,
S. aureus and S. mutans.

Keywords: polymers; polymethyl methacrylate; bacteria; disinfection; oral health
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1. Introduction

The artificial replacement of completely missing teeth with restoration of form, func-
tion and esthetics is critical to improving quality of life among edentulous patients [1]. A
majority of edentulous patients experience psychosocial problems due to criticism, em-
barrassment and low confidence levels. For decades, different techniques and materials,
i.e., wood, ivory and metals, have been employed for artificial denture fabrication [2].
Polymethyl methacrylate (PMMA) polymer denture resin material has been the material of
choice for denture fabrication for the last 50 years, and has gained widespread acceptance
due to its simplified processing and equipment, functional longevity, ease of maintenance,
cost-effectiveness and esthetics [3].

The longer life expectancy of the elderly population leads to a higher number of
individuals needing an artificial removable prosthesis [4]. Edentulous patients may lack
manual dexterity and be unable to remove denture plaque. Therefore, PMMA denture
patients are more susceptible to mucosal infections from bacterial and fungal species.
In addition to various bacteria, Candida albicans (fungi) are most commonly associated
with denture-related oral infections [5]. In order to overcome denture-related infections,
different denture cleansers are used to effectively remove stains and food debris from the
denture bases [6]. At present, different PMMA denture cleaning and disinfection techniques
include mechanical, chemical and physical methods. Mechanical methods used for denture
cleaning include the use of a toothbrush with water [7]. In their study, Veres et al. [8]
revealed that 60–90% of denture patients practice mechanical cleaning in association with
products such as toothpaste, soap or water. However, use of an unsuitable toothbrush with a
dentifrice may also lead to surface roughness, which allows more microbial colonization [9].
In order to overcome drawbacks of mechanical cleaning, soaking PMMA denture bases
in chemical disinfecting agents has gained more acceptance in clinical dentistry due to
antimicrobial activity [10]. Chemical agents commonly used for denture cleaning include
sodium hypochlorite, glutaraldehyde and chlorine dioxide, 0.12% Chlorhexidine gluconate,
sodium perborate and alkaline peroxide [11]. The prosthesis is commonly immersed
in the chemical agent for a specific duration for plaque removal and disinfection [11].
Effervescent tablets yielding an alkaline peroxide dilution with water are the preferred
denture cleansers [12]. However, chemical disinfecting agents used for denture cleaning
are known to damage acrylic resin, initiate surface staining or discoloration, and have been
reported to be have cytotoxic ingredients [11].

Apart from mechanical and chemical means of denture disinfection, microwave oven
disinfection is an effortless and inexpensive method for PMMA dentures [13,14]. Mi-
crowave irradiation allows for disinfection of not just bacteria and fungal species, but
can also eliminate viruses [8]. Microwave irradiation can be a convenient, quick and cost
effective household method for disinfecting PMMA dentures [13]. Studies have revealed
that microwave disinfection has more potency for denture disinfection compared to sodium
hypochlorite alone [8]. However, limited evidence is available to validate the disinfection
protocol and standards for microwave irradiation to be a standard disinfection technique
for acrylic dentures.

Previous studies investigating microwave disinfection of acrylic polymers have uti-
lized high power (650 to 1400 watts) and increased exposure times (3 min, 5 min, 8, min,
10 min) [12–14]. However, these irradiation parameters can result in physical damage to
polymeric denture base resin, including its dimensional stability and mechanical prop-
erties [15]. Therefore, it is critical to assess the low power and duration protocol for
microwave irradiation in comparison to chemical disinfection for acrylic denture resin
disinfection. It is hypothesized that the bacterial disinfection (cleaning efficacy) of PMMA
denture base resin with a cleaning tablet or with microwave irradiation at low power (watt)
and duration (1, 2 and 3 min) will be comparable. Therefore, the present study aimed
to evaluate the disinfection efficacy of denture cleaning tablets (sodium perborate) and
microwave irradiation at low power and duration (1, 2 and 3 min) for E. coli, S. aureus and
S. mutans cultured on the PMMA denture base polymer.
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2. Materials and Methods

In the present study, sample preparation was performed at the Dr Ishrat-ul-Ebad
Institute of Oral Health Sciences (Department of Prosthodontics); however, the microbio-
logical testing along with the disinfection interventions were undertaken at the Pakistan
Council of Scientific & Industrial Research Laboratories. (PCSIR). The study assessed the
antibacterial disinfection of PMMA denture resin polymer using individual and combined
use of distilled water (DW), microwave disinfection (MW) and denture cleaning agent (DC).
Disinfection of PMMA polymer was assessed on bacteria cultured at 24, 36, 48 and 96 h
and with disinfecting durations of 1 to 5 min.

2.1. Specimen Preparation

Sample size was calculated using Pass version 11 (NCSS Statistical software, Kaysville,
UT, USA), employing one-way ANOVA with 99% confidence interval, 99% power of
the test, and with means and standard deviation of C. Albicans viable cells in groups:
DW = 7.47 × 105, DC = 4.82 × 105, DW with MW 1 min = 4.49 × 105, DC with MW
1 min = 2.64 × 105, DC with MW 2 min = 0.00, DW with MW 3 min = 0.00, DC with M
3 min =0.00 [16]. Sample size was calculated with at least 10 specimens per sub-group (total
12 subgroups). However, a total of 168 specimens were fabricated (n = 14).

Test specimens (n = 168) of PMMA acrylic resin denture base were fabricated with
the help of modelling wax (Yeti Dental GmbH, Engen, Germany) melted in a wax pot
(Manfredi, San secondo di Pinerolo TO, Italy) and poured into a three-part preformed metal
mold (30 × 30 × 15 mm). Wax patterns were impressed in a metallic denture flask filled
with type III dental stone (Garrico Lab Stone, Heber Springs, AR, USA) to produce PMMA
samples. De-waxing was performed using boiling water for 6 min. Heat polymerized
PMMA acrylic resin was mixed and packed at a doughy stage according to manufacturer
recommendations at a powder: liquid ratio, 2.3 g of polymer powder to 1 mL of liquid
monomer (heat-cured acrylic provided by MR Dental, Plymouth, UK). A Hydraulic press
was used for packing the denture base resin with a sheet of separating plastic between
the two halves. Heat cure PMMA was polymerized in a thermostatically controlled water
bath (Manfredi–Acrydig 12) and processed for 74 ◦C for two hours followed by 100 ◦C for
one hour (Figure 1).

All specimens were allowed to cool at room temperature before de-flasking and were
immersed in distilled water at room temperature for 48 h for residual monomer elimination.
The excess resin was trimmed with a metal bur (Denfac Acrylic trimming burs). All PMMA
specimens were wet-polished with abrasive paper (# 1200, water resistant) and buffed
(Dialap ML150P; Maruto, Tokyo, Japan). Final finishing was performed with an alumina-
based abrasive (particle size: 0.3 μm). Post-finishing, all specimens were autoclaved at
121 ◦C for 15 min. For the purpose of reliability, a single operator prepared all the specimens.

2.2. Study Groups

All specimens were divided into three main groups based on disinfection techniques,
which are as follows.

Group MW-DW: microwave (MW) radiation was used to disinfect the specimens
contaminated with a mixture of three isolates immersed in distilled water in a glass beaker.
The glass container was placed in the microwave oven and the specimens were sterilized
at 450 W. Based on duration of MW radiation, specimens were divided into MW-DW1
(1 min), MW-DW2 (2 min) and MW-DW3 (3 min). Different specimens in each subgroup
were assessed at 24 h, 36 h, 48 h and 96 h, respectively.

Group DC-DW: specimens were immersed in distilled water with a denture cleaning
tablet (sodium perborate) (DC) (Fittydent international, GmbH, Wien, Austria) added to
it. Based on the duration of immersion in DC, the specimens were divided into DC-DW1
(1 min), DC-DW2 (2 min) and DC-DW3 (3 min). Different specimens in each subgroup
were assessed at 24 h, 36 h, 48 h and 96 h, respectively.
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Figure 1. PMMA sample fabrication. (A) PMMA packing in plaster molds and (B) Finished PMMA
samples. (C) Dimensions of each PMMA sample.

Group MW-DC-DW: the glass beaker containing 200 mL of distilled water in which a
denture cleaning tablet was dissolved for five minutes was placed in the microwave oven
and irradiated at 450 W. Based on duration of MW radiation, specimens were divided into
MW-DC-DW1 (1 min), MW-DC-DW2 (2 min) and MW-DC-DW3 (3 min). The temperature
of the solution was kept between 65 ◦C to 71 ◦C with ±2 ◦C. Different specimens in each
subgroup were assessed at 24 h, 36 h, 48 h and 96 h, respectively. With five specimens in
each subgroup, a total of 180 specimens in each disinfection group were employed.

Positive Control Group: in this group the acrylic resin specimens were immersed
in glass beaker (250 mL size) containing 200 mL of distilled water at room temperature.
The glass container was placed in the center of the microwave oven chamber (Samsung
2450 MHz, 800 W) but was not irradiated.

Negative Control Group: the purpose of this group was to establish the disinfection
of the specimens and accuracy of the test. For each bacterium, sterilized specimens were
placed in a container with sterilized water.

2.3. Biofilm Formation Assay

Overnight specimens of 0.1 mL of E. coli (ATCC# 8739), S. aureus (ATCC# 25923) and
S. mutans (ATCC# 25175) subject isolates were inoculated into 100 mL of sterile Tryptic
Soy Broth (TSB-Oxoid, Basingstoke, Hampshire, UK). The group contained a mixture of
all three isolates. The sterile acrylic specimens were inoculated into each flask aseptically
and incubated at 37 ◦C for 24 h, 36 h, 48 h and 96 h. After incubation, the acrylic specimens
were collected and washed with distilled water to remove debris and loosely attached
cells (Figure 2). Specimens were placed in phosphate buffered saline (PBS) (pH-7) and
vortexed for two minutes. After vortexing, the specimens were, as has been explained,
exposed to three treatment regimens in study groups (MW-DW, DC-DW and MW-DC-DW)
at different exposure times. For selective isolation of bacteria, E. coli, S. aureus and S. mutans
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were cultured in Eosin Methylene Blue Agar (EMB Oxoid Basingstoke, Hampshire, UK)
(Figure 3), Baird-Parker Agar with egg yolk tellurite (Fisher Scientific, Port Salvo, Portugal)
(Figure 4) and Brain Heart Infusion (BHI) Broth (Difco, Detroit, MI, USA). The growth was
monitored and CFU were counted.

 

Figure 2. (A) Acquisition of PMMA samples after bacterial incubation. (B) Incubation of PMMA
samples for 24 h, 36 h, 48 h and 96 h.

 

Figure 3. Pure culture of E. coli on EMB agar.

 

Figure 4. Pure culture of S. aureus on Mannitol Salt agar.

53



Appl. Sci. 2022, 12, 5860

2.4. Quantification of Biofilm

The PMMA slides were collected after 24 h to 96 h and adhesion was assessed using
crystal violet binding assay. Bacterial growth was fixed with acetic acid, followed by
staining with 3% crystal violet (Ezzy Stain) and washing with PBS at 7.0 pH. Heat fixation
was performed for 30 s followed by acetone washing. For accuracy of assessment and
measurements, the procedure was repeated twice (per sample).

2.5. Scanning Electron Microscopy

Scanning electron microscopy was carried out for the analysis of the production of
extracellular matrix material and to observe the bacterial presence and disinfection on
acrylic slides. Biofilm slides were divided into 4 mm sections and washed with distilled
water to remove the debris and were then negatively stained with 0.02% Uranyl acetate for
30 s. These 4 mm slides were platinum coated in a coating machine (JEOL 3000 FC, Tokyo,
Japan), and the sections showed the presence of biofilm material when examined directly
in SEM (JOEL-JSM IT-100, Tokyo, Japan).

2.6. Statistical Analysis

Data were entered and analyzed using SPSS (IBM Statistics software version 21, New
York, NY, USA). For average comparison among exposure time, Kruskal–Wallis analysis
was applied to each of the bacteria (E. coli, S. aureus and S. mutan) by treatment and growth
time as CFU count were not normally distributed. The Mann–Whitney test was applied for
pair-wise comparison of each exposure time with treatment and growth time controlled. A
p-value of < 0.05 was considered as statistically significant.

3. Results

Mean CFU comparison for E. coli with the control for each disinfecting regime and
growth time is presented in Table 1. From the results, it was found that all the specimens
incubated at 24, 36, 48 and 96 h and exposed to MW-DW-DC and MW-DW disinfection for
1, 2 and 3 min demonstrated significant difference in mean CFU of E. coli compared to the
control without disinfection. However, for the MW-DW-DC group, complete disinfection
was achieved at 2 min of disinfection at any growth time (p-value < 0.05). Conversely, for
MW-DW disinfection, CFU was significantly zero at 3 min when compared with control
at any growth time (p-value ≤ 0.05). For DC-DW specimens, CFU levels were approxi-
mately zero at five minutes when compared with the control at different growth durations
(p-value ≤ 0.05) (Table 1).

Mean CFU comparison for S. aureus among the control for each disinfecting regime
and growth times is presented in Table 2. For MW-DW-DC, CFU were significantly zero
at 2 min of disinfection when compared with control at any growth time (p-value ≤ 0.05).
For MW-DW specimens, CFU were significantly zero at 3 min of disinfection when com-
pared with control at each growth time (p-value ≤ 0.05). For DC-DW disinfection, CFU
were significantly zero at five minutes when compared with control at each growth time
(p-value ≤ 0.05) (Table 2).

Mean CFU comparison for S. mutans with the control for each disinfecting regime
and growth time is presented in Table 3. For MW-DW-DC, CFU were significantly zero
at 2 min when compared with control (p-value ≤ 0.05). For MW-DW disinfection, CFU
were significantly zero at three mins when compared it with control at each growth time
(p-value ≤ 0.05). For DC-DW, CFU were significantly zero at 5 min when compared with
control at each growth time (p-value ≤ 0.05) (Table 3).
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Table 1. Presenting Mean CFU difference among the test and control (non-disinfected) samples for
E. coli.

Growth Time &
Exposure Time vs.

Control
Control CFU MW-DC-DW MW + DW DC + DW

24 h 2254 MD (p-Value) MD (p-Value) MD (p-Value)
1 min −2166 * −1251* −551
2 min −2254 * −2202 * −1241 *
3 min −2254 * −2254 * −1257 *
4 min −2254 * −2254 * −2165 *
5 min −2254 * −2254 * −2238 *

36 h 4409
1 min −4300 * −2626 * −404
2 min −4409 * −4363 * −1395
3 min −4409 * −4409 * −2310 *
4 min −4409 * −4409 * −4323 *
5 min −4409 * −4409 * −4398 *

48 h 1532
1 min −1359 * −556 * −208
2 min −1532 * −1459 * −324
3 min −1532 * −1532 * −530 *
4 min −1532 * −1532 * −1465 *
5 min −1532 * −1532 * −1524 *

96 h 179
1 min −156 * −77 * −94 *
2 min −179 * −118 * −98 *
3 min −179 * −179 * −107 *
4 min −179 * −179 * −156 *
5 min −179 * −179 * −176 *

* Significant at 5% using Mann–Whitney Test; MW: Microwave; DW: Distilled Water; MD: Mean Difference.

Table 2. Presenting Mean CFU difference among the test and control (non-disinfected) samples for
S. aureus.

Growth Time &
Exposure Time vs.

Control
Control CFU MW-DC-DW MW + DW DC + DW

24 h 1200 MD (p-Value) MD (p-Value) MD (p-Value)
1 min −1119 −293 * −194
2 min −1200 * −1165 * −213
3 min −1200 * −1200 * −399
4 min 1200 * 1200 * −1144 *
5 min 1200 * 1200 * −1200 *

36 h 3017
1 min −2819 * −1928 * −210
2 min −3017 * −2960 * −1710 *
3 min −3017 * −3017 * −2417 *
4 min −3017 * −3017 * −2983 *
5 min −3017 * −3017 * −3017 *

48 h 1175
1 min −994 * −99 −87
2 min −1175 * −1124 * −173
3 min −1175 * −1175 * −188
4 min −1175 * −1175 * −1095 *
5 min −1175 * −1175 * −1175 *

96 h 187
1 min −166 * −98 * −98 *
2 min −187 * −144 * −116 *
3 min −187 * −187 * −118 *
4 min −187 * −187 * −183 *
5 min −187 * −187 * −187 *

* Significant at 5% using Mann–Whitney Test; MW: Microwave; DW: Distil Water; Tab: Tablet; MD:
Mean Difference.
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Table 3. Presenting Mean CFU difference among the test and control (non-disinfected) samples for
S. mutans.

Growth Time &
Exposure Time

vs. Control
Control CFU MW + DW + DC MW + DW DC + DW

24 h 115 MD (p-Value) MD (p-Value) MD (p-Value)
1 min −115 * −109 * −20
2 min −115 * −115 * −39
3 min −115 * −115 * −71
4 min −115 * −115 * −115 *
5 min −115 * −115 * −115 *

36 h 199
1 min −199 * −180 * −103 *
2 min −199 * −199 * −104 *
3 min −199 * −199 * −177 *
4 min −199 * −199 * −199 *
5 min −199 * −199 * −199 *

48 h 81
1 min −81 * −68 * −14
2 min −81 * −81 * −14
3 min −81 * −81 * −38 *
4 min −81 * −81 * −81 *
5 min −81 * −81 * −81 *

96 h 46
1 min −46 * −42 * −6
2 min −46 * −46 * −14
3 min −46 * −46 * −25 *
4 min −46 * −46 * −46 *
5 min −46 * −46 * −46 *

* Significant at 5% using Mann–Whitney Test; MW: Microwave; DW: Distil Water; Tab: Tablet; MD:
Mean Difference.

SEM analysis of the samples showed positive consortia-harboring cocci and bacilli
(Figure 5). Using SEM, live cells of E. coli (rods), S. aureus and S. mutans (cocci) attached to
the PMMA specimens were observed. After the disinfection procedure, dead cells were
observed attached to the PMMA surface in the form of a small, agglomerated, mass of
irregular-shaped cells (Figure 5).

  

Figure 5. Cont.
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Figure 5. (A) Micrograph of biofilm positive consortia harboring cocci and bacilli. (B) Observe the
attachment of mixture of live cells E. coli (rods) S. aureus and S. mutans (Cocci) on PMMA prior to
disinfection. (C) Dead cells attached to the surface of acrylic slide, disinfected by exposure to MW at
450 W for 1 min (24 h). (D) Dead cells attached to the PMMA surface, disinfected by exposure to MW
at 450 W for 1 min (48 h). (E) Dead cells on PMMA surface disinfected by MW with DC for 2 min
(36 h). (F) PMMA surface disinfected with DW with DC for 5 min (24 h).

4. Discussion

The current study was conducted to evaluate the cumulative effect of microwave
disinfection and a denture cleaning tablet (sodium perborate) with reduced time and power
on the elimination of bacterial biofilm from PMMA denture base resin. It was based on the
hypothesis that there will be no significant difference in cleaning efficacy of DC, MW and
their combination on the disinfection of E. coli, S. aureus and S. mutans incubated on the
PMMA denture base. Therefore, the postulated hypothesis was rejected, as all the tested
groups displayed variable results of denture disinfection as compared to the control.

The possibility that a dental prosthesis can be a cause of infection and cross-contamination
between patients and dental staff additionally stresses the need for disinfection [17]. Dental
appliance disinfection poses a significant problem for clinicians, particularly with regards
to removable dentures [18]. The results of the present study revealed that zero mean CFU
was obtained after exposing PMMA to MW irradiation in combination with DC within
2 min (MW-DW-DC). In comparison, zero mean CFU for samples exposed to microwave
alone (MW + DW) was obtained at 3 min. The one-minute exposure of acrylic specimen
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to MW irradiation showed 50% reduction in CFU for E. coli, 24% for S. aureus and 96%
for S. mutans. Conversely, the combination of MW and DC resulted in 97% reduction of
E. coli count, 96% for S. aureus and 100% for S. mutans after 1 min of exposure. Thus, a
combination of MW irradiation with DC showed higher disinfection percentage of bacterial
species in disinfection of PMMA polymer denture bases compared to MW and DC alone.

Considering the effectiveness of microwave disinfection, its role for denture decon-
tamination has gained much attention in the past [19]. Multiple previous pieces of research
have used variable time and power to ascertain its efficacy for denture disinfection [20].
Webb et al. first identified that an unmodified domestic microwave can perform denture
disinfection [10]. In the present study, the efficacy of microwave irradiation on acrylic
resin contaminated with bacterial biofilm at different growth hours (24–36–48–96 h) was
investigated keeping the power 450 W and irradiation time 1, 2 and 3 min. From the results,
it was found that exposure to microwave irradiation took 3 min to achieve complete CFU
count zero, i.e., complete removal of S. aureus, S. mutans and E. coli from acrylic slides.
Moreover, comparative analysis revealed that the increase in incubation period to 36 h
resulted in an increased CFU count. However, this increase in count has not shown any
impact on the disinfection capabilities of microwave radiation. These results are in line
with the outcomes of the studies conducted by Baysan et al. and Dixon et al. [21,22]. These
findings may be due to the fact that microwave irradiation alters structural integrity and
cell membrane permeability [23]. It also has detrimental effects on cell metabolism, thus
leading to bacterial cell death. In contrast to microwave disinfection of PMMA polymer
bases, a combination of chemical disinfection (denture cleaning tablets) and microwaving
effectively and efficaciously disinfects the material faster than microwaving alone, within
2 min of exposure time [24]. It is also important to note that the dentures in the present
study were immersed in distilled water during microwave irradiation, a practice which
has been a technique for eliminating microorganisms [25].

It was also observed that chemical disinfection using DC displayed lower antimicro-
bial disinfection percentage than the combined use of MW and DC and MW alone at 1 min
or 2 min disinfection time for all three bacteria. In the present study, the denture cleaning
tablet used was Fittydent (Fittydent international, GmbH, Wien, Austria) According to the
manufacturer information, the tablets containing sodium perborate not only clean remov-
able dentures but also have antibacterial ability against bad odor microbes, dissolve tough
stains and help in plaque removal [26]. In case of bacterial biofilm, as the exposure time
to the cleaning tablet increases the CFU count decreases, demonstrating the antimicrobial
efficacy of the cleaning tablet used. There was 9% to 61% reduction in CFU count as the
exposure increased from 1 to 3 min, and 96% to 100% of removal of CFU counts when
it was exposed between 4 to 5 min. Thus, the cleaning tablet had more efficacy against
bacterial biofilm when specimens were exposed for 4 to 5 min. The present result was in
agreement with Silva et al., who evaluated the efficacy of commercial denture cleanser
containing sodium perborate on the disinfection of acrylic specimens contaminated with
C. albicans and S. mutans [11]. They reported that denture cleaning tablets have effective
antimicrobial efficacy against streptococcus species as compared to C. albicans [27].

It is worth mentioning that the current study was conducted in vitro, with inherent
limitations when simulating in vivo environment. A more clinically relevant study protocol
could be an ex vivo model, including the disinfection of a patient’s personal dentures in
the oral cavity and experimental MW disinfection in the laboratory for CFU evaluation.
It is pertinent to mention that denture-related stomatitis is commonly associated with
Candida albicans on the denture surface and oral cavity [5]; therefore, further randomized
controlled trials assessing the efficacy of microwave disinfection on the Candida species are
warranted. In light of the findings within the study limitation, MW disinfection in combi-
nation with denture cleaning agents are recommended for PMMA denture disinfection in
denture wearers.
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5. Conclusions

Combination of MW irradiation with DC (sodium perborate) showed higher disinfec-
tion percentage of bacterial species on PMMA polymer denture bases compared to MW
and DC alone. PMMA disinfection using DC displayed lower antimicrobial disinfection
percentage than the combined use of MW and DC as well as MW alone at 1 min or 2 min
disinfection for E. coli, S. aureus and S. mutans.
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Abstract: Introduction. The oral health conditions of migrants coming from middle- and low-income
countries to developed countries have been shown to be poorer than those of the host population.
Since the phenomenon of migration has continued to grow over the past five decades, the oral health
status of migrant populations should be an issue of great concern. Objectives. The objective of our
observational study was to analyse the periodontal health status and the prevalence of dental caries
and lesions of the oral mucosa in a migrant cohort resident in Italy, assessing the association between
the oral health status and the educational level of the included patients. Materials and Methods.
Our research was conducted at the dental department of Policlinico Tor Vergata (Rome, Italy). A
sample of 200 migrants coming from middle- and low-income countries, aged between 3 and 37, was
included in our study. Each patient underwent a physical examination of the oral cavity, recording
the DMFT/dmft index, Community Periodontal Index of Treatment Needs (CPI), and lesions of the
oral mucosa. The one-way ANOVA test was used to establish the correlation between the oral health
status and the educational level of the participants. Results. Many participants (62.5%) showed a
DMFT/dmft Index ≥ 4; only 27% of the migrants had a DMFT/dmft Index lower than 4, and only
21 of them (10.5%) were recorded at 0. A CPI equal to 0 or 1 was observed in 131 patients (65.5%),
while only 30 participants presented a CPI equal to or higher than 4 (15%), and 19.5% (39 patients)
were assigned to code 2 and 3. Significant statistical differences were found in the CPI after adjusting
data for the educational level of the included participants (p-value < 0.01). Conclusions. The data
obtained in our research highlighted poor oral conditions among the analysed migrant population,
recording a high prevalence of dental caries and inadequate oral hygiene habits.

Keywords: migrants; middle-and low-income countries; oral health of migrants; oral hygiene habits;
migrant children’s oral health status; dental caries; gingival bleeding

1. Introduction

The literature has reported that a migration background can affect the oral health
status of individuals [1,2], and, since the number of international migrants has continued
to grow over the past five decades, this issue is salient.

According to the World Migration Report 2022, it is estimated that 218 million people
now in a country other than their country of birth, and it was observed that the number
of migrants is three times higher than in 1970 [3]. The International Migration Report
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by the United Nations [4] highlighted that in 2017 more than 50% of the total number of
international migrants settled in developed countries.

It has been reported that 1.9 million persons migrated to the European Union (EU)
from non-EU countries in 2020, and, in 2021, 5.3% of the entire population living in the EU
were migrants [5].

It has been largely demonstrated that poor oral health can have a negative effect on
general health, consistently impacting daily activities [6–10], so much so that oral health
was defined as a Leading Health Indicator 2020 [11].

Many developing countries, such as Bangladesh, Sri Lanka, Pakistan, and India,
presented a very low oral health literacy [12], which the World Health Organization defined
as “the cognitive and social skills which determine the motivation and ability of individuals
to gain access to, understand and use information in ways which promote and maintain
good health” [13]. Furthermore, the healthcare system in these countries is often less
qualified, not well organized, and without specific regulations [1].

Migrants move from their countries for many reasons, such as conflicts, persecution,
and poverty [14,15], and they face many barriers once they reach the host country: social
and economic inequalities, language and legal status problems, different cultural habits,
and difficulties in accessing healthcare facilities [16,17]. Therefore, the phenomenon of
migration, which includes economic, social, and emotional disruption, may negatively
affect the quality of life of migrants and, consequently, their general health and oral
health [18].

Several authors have demonstrated that people who migrated from middle- and low-
income countries to high-income countries presented a lower oral health status, a condition
due to cultural habits, religiosity, and social behaviours of their native nations [19–21].

Pabbla et al. [22] recorded in his systematic review a significantly higher prevalence
of dental caries and gingival bleeding among migrant children coming from Asian and
African countries compared to the population of the host countries (European countries).
The same study highlighted a general poor knowledge of oral health among migrants and
a lack of monitoring by migrant parents of the oral health of their children.

Serna et al. [23] investigated the dental care utilization among Hispanic migrant farm-
workers in South Florida, showing that most of them did not have a past year dental visit,
and they presented poor oral conditions, having difficulties in accessing healthcare services.

The article by Svensson et al. [24] assessed poor oral hygiene in half of the analysed
migrant children coming from Somalia to Sweden, underlining that 78–82% of them had
never visited a dental department in their native nation, and that, in most cases, parents
did not assist their youngest children during tooth cleaning.

There are different risk factors, which prevent migrant children from maintaining
good oral health, and Reza et al. [25] grouped them into 3 levels: (1) the child level, due to
the different oral hygiene habits, (2) the family level, including economic barriers, parents’
inadequate knowledge of oral health practices, and scant attention to the oral health
condition of their children and (3) the community level, that is, lack of medical insurance.

Considering these, interventions aimed at reducing disparities in access to dental
treatment are necessary [26–28].

This observational study aimed to assess the periodontal health status and the preva-
lence of dental caries and lesions of the oral mucosa of a migrant cohort coming from
middle- and low-income countries to Italy. Furthermore, we investigated the association
between dental caries, periodontal status, and educational level of the included migrants.

2. Materials and Methods

A cross-sectional design was used to realize this observational study, recording the
prevalence of dental caries, oral mucosa lesions, and gingival health status in a migrant
population coming from middle- and low-income countries and resident in Italy. Our
research included 200 migrant subjects, aged between 3 and 37, who visited the dental
department of the Policlinico Tor Vergata (Rome, Italy) in the period from 1 September
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2021 to 31 March 2022. This study was approved by the Fondazione Policlinico Tor Vergata
(Rome, Italy) ethical committee (approval number N. 0001919/2020 del 29/01/2020).

Inclusion criteria were as follows: (a) subjects under the age of 40 years; (b) patients
identified as migrants; (c) persons whose country of origin was identified as middle- or
low-income country; (d) participants aged 18 years and older had to be born in middle-
or low-income countries; (e) parents of patients under the age of 18 had to be born in
middle- or low-income countries; (f) migrants resident in Italy. Persons aged 40 years and
older, migrants identified as asylum seekers or refugees, non-migrant subjects, or migrants
coming from high-income countries were excluded from our study.

The selected sample included 110 female and 90 male subjects aged between 3 and
37 (median age 9.39 years old ± 6.49). This research selected 188 children, of whom 30 were
born in middle- and low-income countries, and 158 were born in Italy but had both parents
whose country of birth was a middle- or low-income country. The subjects selected for our
study came from (Table 1):

Table 1. Country of origin of included patients.

Country
Total

N.

Parents’ Country of
Birth

N.

Child’s Country of Birth
(Aged between 3 and 17)

N.

Adult Subject’s Country of Birth
(Aged between 18 and 37)

N.
Egypt 42 28 11 3
Peru 36 28 7 1

Ecuador 13 12 / 1
The Philippines 12 11 / 1

Tunisia 4 2 1 1
Morocco 10 9 / 1

Montenegro 3 3 / /
Bangladesh 5 4 1 /

Pakistan 1 / 1 /
Algeria 1 1 / /

Romania 13 10 1 2
Sri Lanka 6 5 1 /

Nepal 1 1 / /
Moldavia 5 4 1 /
Albania 13 11 / 2
Turkey 2 2 / /
Kosovo 2 2 / /
Senegal 3 3 / /
Bolivia 1 1 / /

Venezuela 1 / / 1
Bosnia and

Herzegovina 1 / 1 /

India 3 3 / /
El Salvador 7 4 3 /

China 6 6 / /
Ukraine 6 4 2 /

Cameroon 1 1 / /
Mauritius 1 1 / /

Saudi Arabia 1 1 / /
Total 200 158 30 12

Africa (n = 62): Egypt (n = 42), Morocco (n = 10), Tunisia (n = 4), Senegal (n = 3), Algeria
(n = 1), Cameroon (n = 1), and Mauritius (n = 1);

Central and South America (n = 58): Peru (n = 36), Ecuador (n = 13), El Salvador (n = 7),
Venezuela (n = 1), and Bolivia (n = 1);

Europe (n = 45): Romania (n = 13), Albania (n = 13), Ukraine (n = 6), Moldavia (n = 5),
Kosovo (n = 2), Montenegro (n = 3), Bosnia and Herzegovina (n = 1), and Turkey (n = 2);

63



Appl. Sci. 2022, 12, 5774

Asia (n = 35): China (n = 6), India (n = 3), the Philippines (n = 12), Pakistan (n = 1), Sri
Lanka (n = 6), Bangladesh (n = 5), Nepal (n = 1), and Saudi Arabia (n = 1).

2.1. Clinical Methods

Each patient underwent a physical examination of the oral cavity, during which the
following clinical parameters were analysed:

Decayed Missing Filled Teeth Index for permanent dental elements/decayed missing
filled teeth index for primary dental elements (DMFT/dmft) [29–31]. The presence of
caries was determined following the International Caries Classification and Management
System [32].

Community Periodontal Index of Treatment Needs (CPI) [33,34]:
Code 0 → no treatment needs;
Code 1 → bleeding gingiva after gentle probing;
Code 2 → periodontal pockets not deeper than 3 mm, presence of supra- or subgingival

calculus or plaque;
Code 3 → 4–5 mm deep periodontal pockets;
Code 4 → 6 mm or deeper periodontal pockets.
Lesions of oral mucosa or new mucosal formations [35] with the following characteristics:
Acute/chronic onset ulcerative vesciculo-bullous lesions;
Red, blue, or red-purple plan/exophytic lesions, not removable white lesions, white

and red, yellowish, pigmented lesions;
Swelling on palate, tongue, oral floor, vestibular mucosa, and/or gingiva.
The examination was conducted by one clinician, who performed the inspection of

dental elements and the palpation of soft tissues (lips, tongue, cheeks, palate, and oral
floor) of each participant. Periodontal probing was performed by the same operator using a
probe with calibrations given in 3 mm sections. In order to diagnose the presence of caries,
the operator used a dental mirror and a probe, analysing the occlusal, distal, mesial, palatal,
and buccal portion of each dental element.

Aside from the clinical parameters, demographic data were collected: age, sex, country
of birth, and level of education. In the case of minor subjects, the parents’ level of educa-
tion was taken into consideration. All these demographic data were recorded by using
a questionnaire.

The medical history of the included patients was collected before proceeding with the
oral examination, and each person’s data were collected after obtaining informed consent.

2.2. Statistical Methods

The prevalence of dental caries (DMFT/dmft Index), oral mucosa lesions, and gingival
health status (CPI) was obtained using means ± standard deviation and percentages. The
calculation was performed according to country of origin, age group, and sex. The one-way
ANOVA test was performed to analyse the correlation between the educational level and
the clinical parameters (DMFT/dmft Index and CPI).

3. Results

Our study analysed the prevalence of dental caries, gingival health status, and lesions
of oral mucosa in a sample of 200 migrants from middle- and low-income countries. Most
participants (62.5%, 124 migrants out of 200) showed a DMFT/dmft Index ≥ 4; 27% of the
migrants had a DMFT/dmft Index lower than 4, and only 21 of them (10.5%) were recorded
at 0.

A CPI equal to 0 or 1 was observed in 131 patients (65.5%), while only 30 participants
presented a CPI equal or higher than 4 (15%), and 19.5% (39 patients) of them were assigned
code 2 and 3. The CPI results were low in the selected population.

The DMFT/dmft Index and CPI were on average 5.2 ± 2.23 and 1.4 ± 1.24, respectively
(Table 1). Migrants born in Turkey, Pakistan, and Saudi Arabia had the highest mean values
of the DMFT/dmft Index: 9 ± 3, 8, and 8, respectively. Romania had the highest CPI mean
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value (1.76 ± 2.32), while patients born in Senegal, Mauritius, Bolivia, Nepal, and Bosnia
and Herzegovina had no bleeding after gentle probing (CPI = 0).

Higher mean values of DMFT/dmft Index were recorded in migrants coming from
Bangladesh (7.6 ± 3.38), China (7.16 ± 3.43), Egypt (6.11 ± 4.06), Romania (6 ± 3.96), the
Philippines (5.41 ± 4.03), El Salvador (5.42 ± 4.74), Albania (5.15 ± 3.5), and Ukraine
(5.16 ± 2.79) than in those coming from the remaining countries.

The lowest DMFT/dmft Index mean value was found in migrants whose country of
origin was Sri Lanka (1.5 ± 1.5).

Migrants coming from Africa and from Europe were found to have the lowest DMFT/
dmft index (3.8 ± 1.13) and CPI (1.27 ± 0.62), respectively.

Asian countries (China, the Philippines, India, Pakistan, Sri Lanka, Bangladesh, Nepal,
and Saudi Arabia) were recorded to have the highest DMFT/dmft index (6.83 ± 2.82) and a
CPI equal to 1.58 ± 1.26. Participants born in Europe (Romania, Albania, Kosovo, Moldavia,
Montenegro, Bosnia and Herzegovina, Ukraine, and Turkey) had a DMFT/dmft index
higher than those born in Central and South America (Peru, Ecuador, Venezuela, Bolivia,
and El Salvador): 5.36 ± 1.82 and 4.76 ± 0.92, respectively (Figures 1–4).

Patients whose country of origin was Africa (Egypt, Morocco, Tunisia, Algeria, Senegal,
Cameroon, and Mauritius) showed a lower CPI (1.32 ± 1.3) than those coming from Central
and South America (1.75 ± 1.71).

Based on the age range (Table 2), children aged between 3 and 6 years (n = 74) had the
highest dmft index (6.5 ± 4.1). Adult subjects aged between 21 and 37 years (n = 14) had
the highest CPI (3.4 ± 2.77). The DMFT/dmft Index in males was higher than in females
(5.61 ± 4.10 and 4.5 ± 3.12, respectively), but the CPI was lower in males than in females
(1.15 ± 1.67 and 1.45 ± 2.15, respectively) (Table 2). The mean value of the CPI in children
and adolescents (3–6/7–12 and 13–20 years old) was equal to 1.01 ± 0.33, showing better
periodontal health compared to the enrolled adult patients.

 

Figure 1. DMFT/dmft Index and CPI (means) in African patients.
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Figure 2. DMFT/dmft Index and CPI (means) in Central and South American patients.

 

Figure 3. DMFT/dmft Index and CPI (means) in European patients.
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Figure 4. DMFT/dmft Index and CPI (means) in Asian patients.

Table 2. DMFT/dmft Index and CPI: Mean (M) and Standard Deviation (SD) according to the
Country of Origin.

Country of Birth Population Sample DMFT/dmft (M) DMFT/dmft (SD) CPI (M) CPI (SD)
Egypt 42 6.11 4.06 1.35 2.12

Morocco 10 4.6 4.29 0.4 0.66
Tunisia 4 2.5 1.5 3.5 2.29
Algeria 1 3 - 3 -
Senegal 3 3.66 0.94 0 0

Cameroon 1 3 - 1 -
Mauritius 1 4 - 0 -

Peru 36 3.805 2.83 1.08 1.73
Ecuador 13 3.61 2.09 1.69 2.39

Venezuela 1 5 - 5 -
Bolivia 1 6 - 0 -

El Salvador 7 5.42 4.74 1 1.60
The Philippines 12 5.41 4.03 1.5 1.89

China 6 7.16 3.43 0.5 1.11
India 3 5 1.41 1 1.41

Sri Lanka 6 1.5 1.5 0.66 1.49
Nepal 1 12 - 0 -

Albania 13 5.15 3.50 1.53 1.94
Romania 13 6 3.96 1.76 2.32
Ukraine 6 5.16 2.79 1.33 1.97

Moldavia 5 3.8 1.93 0.8 1.6
Turkey 2 9 3 1.5 1.5

Montenegro 3 2.33 0.47 1.66 2.35
Bosnia and

Herzegovina 1 5 - 0 -

Kosovo 2 6.5 2.5 2 2
Pakistan 1 8 - 4 -

Bangladesh 5 7.6 3.38 2 1.26
Saudi Arabia 1 8 - 3 -

Total 200 5.28 2.23 1.4 1.24

Only 32 migrants out of 200 had attended university (DMFT/dmft mean value = 4.7 ± 2.8,
CPI = 0.8 ± 1.5), 35 subjects had a secondary school degree (DMFT/dmft mean value = 5.7 ± 3.4,
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CPI mean value = 2.1 ± 2.4), while most of the included migrants had achieved a high
school degree (DMFT/dmft mean value = 4.8 ± 3.7, CPI mean value = 1.1 ± 1.8) (Table 3).

Table 3. DMFT/dmft Index and CPI: Mean (M) and Standard Deviation (SD) according to Age, Sex,
and Education Level.

Age Range Population Sample DMFT/dmft (M) DMFT/dmft (SD) CPI (M) CPI (SD)

3–6 years old 74 6.5 4.1 0.94 1.57
7–12 years old 98 4.6 3.01 1.45 2.20

13–20 years old 14 1.46 1.54 0.64 1.58
21–37 years old 14 3.8 2.45 3.4 2.77

Female 110 4.5 3.12 1.45 2.15
Male 90 5.61 4.10 1.15 1.67

Secondary School 35 5.7 3.4 2.1 2.4
High School 132 4.8 3.7 1.1 1.8
University 32 4.7 2.8 0.8 1.5

Significant statistical differences were found in the CPI after adjusting data for the
educational level of the included participants (p-value < 0.01); on the contrary, the results
regarding the DMFT/dmft Index were not significant at p-value < 0.01 (Table 4).

Table 4. DMFT/dmft Index and CPI adjusted for Educational Level: ANOVA Test.

Educational Level
DMFT/dmft

(M)
DMFT/dmft (SD) SS df MS F p-Value

Secondary School 5.7 3.4
High School 4.8 3.7 23.57 2 11.78 0.92632 * 0.397728 *
University 4.7 2.8

CPI (M) CPI (SD) SS df MS F p-Value
Secondary School 2.1 2.4

High School 1.1 1.8 35.90 2 17.95 4.85511 ** 0.00874 **
University 0.8 1.5

* Results NOT significant at p value p < 0.01. ** Results significant at p value p < 0.01.

None of the participants presented lesions of the oral mucosa.

4. Discussion

This study assessed the prevalence of dental caries and the health status of periodontal
tissues among 200 migrants coming from developing countries and living in Northern Italy.
To investigate the presence of dental caries we calculated the Decayed Missing Filled Teeth
Index and decayed missing filled index for permanent and primary teeth, respectively.
The DMFT/dmft represents the most important index used in epidemiological studies
regarding the health status of the population, defining the number of decayed teeth, treated
teeth, and the number of teeth missing due to carious lesions. It allows evaluation of the
need for oral health interventions and strategies, to prevent dental decay [29,30]. The
Community Periodontal Index of Treatment Needs was proposed in 1977 by the World
Health Organization to measure periodontal disease and evaluate the treatment needs of
populations [35–37].

Data obtained from the analysis reported, in general, a high prevalence of dental caries
among the included patients, since more than half of them presented a DMFT/dmft ≥ 4,
and only 10.5% had no decayed, filled, or missing teeth. Most of the selected sample was
represented by children (age range 3–17 years old). Most of them were born in Italy but
had both parents whose nation of birth is considered a middle- or low-income country.

In order to compare our data with a control population, we took into consideration the
epidemiological study by Severino et al. [38]: this research evaluated the presence of Early
Childhood Caries (ECC), by analysing the dmft index, in a paediatric Italian population
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composed of 76 children and aged up to 6 years. In the same study, the educational level of
the parents was collected by using a questionnaire, recording that more than 36% and 22%
of mothers and fathers, respectively, had attended college (university). The authors of this
article reported that more than half of the selected patients (59.21%) had never experienced
caries, and that the majority of the parents used to brush their teeth 3 or more than 3 times
a day.

The control group for children older than 6 years could be represented by the popula-
tion sample selected in the study by Campus et al. [39], in which the DMFT/dmft Index and
the CPI were calculated in 5342 Italian children aged 12 years. The national mean DMFT
was equal to 1.09% (95% CI 0.98–1.21), and 23.8% of the patients had gingival bleeding,
while 28.7% had calculus.

On the basis of the data collected from the literature [38,39], and according to the
results of our observational study, it can be stated that the prevalence of dental caries
appears to be higher in the migrant subjects living in Italy and coming from middle- and
low-income countries than in the native population.

Our results are in line with the data recorded by Ferrazzano et al. [40]: the authors of
this paper studied the DMFT index among migrant children with low incomes in South
Italy, demonstrating higher levels of dental caries compared to the non-migrant population
and showing a higher Unmet Restorative Treatment Needs index in migrant children than
that of the native population.

van Meijeren-van Lunteren et al. [41] analysed the oral health-related quality of life
(OHRQoL) in migrant children (coming from Morocco, Indonesia, Suriname, and Turkey)
resident in the Netherlands. This research highlighted that the prevalence of caries-free den-
tition was higher among native children than among migrant participants and suggested
that the low OHRQoL was mediated by the oral health status and the socioeconomic position.

According to the data obtained in our research, higher mean values of DMFT/dmft
Index were recorded in patients coming from Bangladesh, China, Romania, the Philippines,
El Salvador, Albania, and Ukraine. Subjects coming from Sri Lanka had the lowest mean
DMFT/dmft values. No correlation could be found between the prevalence of dental caries
and annual sugar consumption per person; according to the latest research, sugar intakes
in China, the Philippines, and Albania were equal to 6.5 kg, 21.1 kg, and 16.5 kg per capita
in 2019, respectively, while the annual sugar intake in Sri Lanka was recorded to be equal
to 27.6 kg in 2019 [42].

The oral health of children is influenced by the oral hygiene habits of the family
members [43], since family represents the primary socializing agent for children, who
consequently imitate their parents in their oral hygiene practices [44].

The literature reported that, aside from cultural habits, the oral health status of mi-
grant children could be associated with the family’s socioeconomic condition, parental
occupation, parents’ education level, and marital status [45]. Parental knowledge on oral
health and oral-health related behaviour are crucial for the prevention of dental caries in
children, and these mediating factors vary based on cultural and ethnic backgrounds [46].
It was also demonstrated that the social context of migrant families from middle- and
low-human development countries may be unfavourable for children’s oral health [46].

With regard to the CPI, significant statistical differences were found after adjusting
data for the educational level of the included participants (p value < 0.01), but the results
regarding the DMFT/dmft Index were not significant at p value < 0.01. To support our
data, a recent study conducted in the USA demonstrated the association between severe
periodontitis among Whites and African Americans and a low income and low education
level [47].

According to several studies, poor oral health in the migrant population may be associ-
ated with different factors: low socioeconomic status, unemployment, low education, ethnic
background, language difficulties, and inequalities in access to oral healthcare facilities.
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5. Limitations of the Study

Although the number of subjects included in the study was significant, the majority
of the sample was represented by children and adolescents, and only 12 adults out of
200 patients were enrolled. This could be considered as a limitation of our study, in
particular, in the analysis of the periodontal tissue condition.

Our research included the patients who visited the dental department of the Policlinico
Tor Vergata (Rome, Italy). These subjects visited the hospital dental centre, since they
experienced dental problems, but it is assumed that there are many migrants without
dental problems, who consequently do not need dental care. This point could represent a
selection bias.

6. Conclusions

This observational study recorded poor oral health conditions among 200 migrants,
from middle- and low-income countries, resident in Italy. It was demonstrated that the
selected sample presented a high prevalence of dental caries, and a higher level of CPI was
associated with a lower educational level.

Patient-oriented strategies and programmes are needed to improve the oral conditions
of the migrant population.
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Abstract: Wound healing following periapical surgery is influenced by age, gender, smoking, pe-
riapical lesion size, type of root-end filling, method of root-end cavity preparation and the use of
microsurgical or conventional technique. This study aimed to evaluate the influence of various
preoperative factors such as age, gender, smoking, preoperative pain, and preoperative periapical
lesion size on the outcome of surgical endodontic treatment. A thorough history, examination, and
investigation were performed to establish patient age, gender, smoking status, periapical lesion
size, and the presence of preoperative pain. Forty patients aged between 15–57 years presented
with persistent chronic apical periodontitis of single-rooted anterior teeth after conventional re-root
canal treatment were enrolled for periapical surgery. Following periapical surgery, all patients were
recalled for evaluation of periapical healing after 12 months based on clinical and periapical X-ray
examination due to inaccessibility of an advanced imaging system (CBCT). Chi-squared and Fisher’s
exact test were applied, which revealed a statistically significant association of periapical healing with
age (p = 0.025), smoking (p = 0.029), and lesion size (p < 0.001). Although, the success of periapical
healing was higher in males 78.6% (22/28) compared to females 58.3% (7/12) however, no statistically
significant relationship was found between gender and healing (p = 0.254). Patient age, smoking
status, and size of the preoperative lesion had a strong influence on periapical healing after surgical
endodontic treatment.

Keywords: periapical surgery; surgical endodontic treatment; preoperative factors; prospective study

1. Introduction

The treatment of choice for symptomatic, persistent or enlarging periapical lesion after
conventional re-root canal treatment is surgical endodontic treatment, which is aimed at
resecting the root end and then creating a barrier at the apical end of the root with an inert
material [1–3]. The goal of this treatment protocol is to salvage the tooth and prevent it
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from further damage by limiting the entry of microbes and their byproducts into the canal
system, thus promoting the health of the tooth.

The success of surgical endodontic treatment mainly relies on the absence of clinical
signs and symptoms and radiographic resolution of periapical lesions. Studies have shown
that multiple factors may influence the outcome of periapical surgery such as age, gender,
smoking, type of root-end filling material, size of the preoperative periapical lesion, and
the presence of pretreatment signs and symptoms [3,4].

Smoking is considered one of the risk factors that can impede periapical healing.
Smoking disturbs healing by limiting the supply of oxygenated blood and nutrients to
the periapical area [5]. This in turn makes periapical tissue more susceptible to bacterial
infection [6]. Additionally, it alters the synthesis of collagen, expedites bone loss, and
interferes in the tissue repair process around the periapical area [7,8]. Furthermore, smokers
have restricted defense mechanisms due to the deficiency of several immunological factors
such as Tumor necrosis factor alpha (TNF-α) and Human beta defensin-2 (hBD-2) [9].

There have been numerous studies investigating the size of preoperative periapical
lesions with periapical wound healing. It was observed that fibroblasts proliferate into
a large bony defect after periapical surgery and form scar tissues instead of allowing
osteoblasts for osseous regeneration [10], which in turn disrupts healing. However, the
involvement of several molecular and cellular factors makes it more intricate [11]. Few
studies have reported a better healing outcome with smaller lesions [3,12,13] while others
find no statistically significant difference in outcome in relation to the size of periapical
lesions [14,15].

The presence of preoperative signs and symptoms indicates the acute stage of periapi-
cal lesion. Acute lesions usually present with pain and swelling while chronic lesions are
usually asymptomatic with or without the presence of sinus tract. A consensus has been
observed that the presence of preoperative clinical signs and symptoms do not significantly
influence postoperative healing [16,17] however, vice versa has also been reported in some
studies [3,18].

In light of conflicting evidence and lack of prospective studies regarding the factors
that determine the successful outcome, the current study was designed to evaluate the
various preoperative factors affecting the outcome of surgical endodontic treatment.

2. Materials and Methods

2.1. Study Setting and Ethical Approval

This study was conducted at the Department of Operative Dentistry in collaboration
with the Institute of Biomedical Sciences, Dow University of Health Sciences, Karachi from
July 2017 to December 2018 after obtaining ethical approval (IRB-862/DUHS/Approval/2017/50)
from Institutional Review Board, Dow University of Health Sciences. All the recommenda-
tions of the Helsinki Declaration and its later amendments were strictly followed.

2.2. Inclusion and Exclusion Criteria

Initially, 52 patients aged between 15–57 years who presented with chronic apical
periodontitis of single-rooted anterior teeth, characterized radiographically as radiolucency
greater than 4 mm around the root apex with loss of lamina dura and periodontal ligament
space due to incompletely attempted or previously failed root canal treatment or periapical
lesion around an open root apex in the tooth, where root formation was halted prematurely
due to trauma, were enrolled in this study. Medically compromised patients with any
uncontrolled systemic disease (ASA III), patients with pre-existing periodontal disease or
patients in whom the lesion was smaller than 4 mm, multirooted teeth, teeth with cracks
and root fractures, pregnant or lactating women and patients who did not turn up for
follow-up visits were excluded from this study.
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2.3. Clinical Procedure

History, examination, and investigation were performed to ascertain the presence of
certain preoperative factors. Preoperative digital radiographs using the parallel technique
were taken with a cone indicator and reference marker placed on the radiographic sensor
Written informed consent was obtained from the patients.

Conventional re-root canal treatment: Local anesthesia 1:80,000 lidocaine with
epinephrine was administered and a rubber dam was used for isolation. Access to the
root was gained by removing the coronal restoration, followed by application of GP
solvent (Carvene, PREVESTDenPro Prevest Denpro Limited, Jammu, India) and 25 or
30 # H file (Mani, Utsunomiya, Tochigi, Japan) for the removal of radicular filling. Work-
ing length was established by 35 or 40 # K file (Mani, Tochigi, Japan). Canal cleaning
and shaping was performed by modified crown-down technique along with copious
irrigation by 3.0% sodium hypochlorite (CanalPro NaOCl, Coltène/Whaledent, Altstät-
ten, St. Gallen, Altstätten, Switzerland). Calcium hydroxide (Metapaste, Meta Biomed,
Cheongju-si, Chungcheongbuk-do, Korea) was used as an intracanal medicament in be-
tween appointments. Finally, obturation was performed by cold lateral condensation
technique followed by composite coronal restoration.

All patients were recalled after 3 to 6 months for clinical and radiographic evaluation
of the periapical healing after conventional re-root canal treatment. Periapical healing was
observed in seven patients and five patients failed to appear on follow-up visit, therefore
12 patients were excluded from the study. Finally, 40 patients underwent periapical surgery
due to nonhealing periapical lesions (Figure 1).

Periapical Surgery: To begin with, local anesthesia 1:80,000 lidocaine with epinephrine
was administered and a full thickness mucoperiosteal flap was elevated. After identifying
the lesion site, access to the lesion was achieved by performing window preparation in
cortical bone with small round bur No. 2 (Mani, Tochigi, Japan) in a slow-speed handpiece
(Figure 2). The periapical lesion was identified and surgically removed by a surgical curette
(Hibro Int, Tokyo, Japan). Zirconia-coated ultrasonic tip (Pro ultra, Maillefer DENTSPLY,
Ballaigues, Switzerland) was used for apicoectomy and retrograde cavity preparation
(Figure 3). The 3 mm apical fragment of the root was resected perpendicular to the long
axis of the root with minimum or no bevel. Finally, MTA (Pro-root MTA, DENTSPLY
Tulsa Dental Specialties, Johnson city, TX, USA) was used for retrograde filling (Figure 4).
The flap was then repositioned and sutured with a 3/0 silk suture (ETHICON, Johnson
& Johnsons, New Brunswick, NJ, USA). A periapical radiograph was taken after surgery.
Analgesics and antibiotics were prescribed. These patients were recalled after 12 months
for a follow-up visit. Both clinical and radiographic examination was performed at each
follow-up visit (Figure 5). The parameters studied for clinical examination were pain,
swelling, sinus tract, tenderness to palpation, tenderness to percussion, mobility, and
discoloration. Radiographic healing was assessed using Periapical Index (PAI). The radio-
graphic interpretation was carried out by two blinded endodontists. The interexaminer
reliability in evaluating the postoperative radiographs was calculated and presented.

75



Appl. Sci. 2021, 11, 11768

 

Figure 1. Flowchart of Methodology.
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Figure 2. A full-thickness mucoperiosteal flap was reflected and the window was created around the
periapical area of teeth 11 and 21.

 

Figure 3. Retrograde cavity preparation was performed by zirconia-coated ultrasonic tip used for
periapical surgery.

 

Figure 4. The retrograde filling was performed by MTA.

77



Appl. Sci. 2021, 11, 11768

Figure 5. (A). Immediate postoperative periapical radiograph showing periapical radiolucency around the apex of Tooth 12.
(B). Periapical radiolucency decreased in six months. (C). Complete resolution of periapical radiolucency in one year.

2.4. Statistical Analysis

The data were analyzed using a statistical package for social sciences (SPSS Version
25.0. Armonk, NY, USA). The results are presented as frequencies and percentages for age,
gender, smoking, preoperative pain, size of the periapical lesion, and healing. Statistical
associations were performed between periapical healing with age, gender, smoking, preop-
erative pain, size of the periapical lesion using chi-squared and Fisher’s exact test as per
data assumptions. A p-value of 0.05 or less was considered statistically significant.

3. Results

Out of 40 patients, 32 (80%) patients were below 30 years of age while only 8 (20%)
patients were above the age of 30 years. The gender distribution showed that 88 (58.7%)
of the patients were male and 62 (41.3%) were female. Most of the patients, 26 (65.0%),
were nonsmokers. The size of the preoperative periapical lesion was arbitrarily categorized
into 6 mm or less and more than 6 mm for this study. The results showed that half of the
patients had a periapical lesion size of 6 mm or less, while another half had more than 6
mm. Preoperative pain was present in 22 patients (55.01%) (Table 1).

Table 1. Descriptive Statistics for Demographics.

Characteristics N = 40 (%)

Age
<30 years 32 (80.0)
>30 years 08 (20.0)
Gender

Male 28 (70.0)
Female 12 (30.0)

Smoking
Nonsmoker 26 (65.0)

Smoker 14 (35.0)
Preoperative pain 22 (55.0)

Periapical lesion size
≤6 mm 20 (50.0)
>6 mm 20 (50.0)

Postoperative healing 29 (72.5)
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There was a statistically significant association between periapical healing and age
(p-value = 0.025), smoking (p-value = 0.029) and the size of periapical lesion (p-value < 0.001).
After periapical surgery, healing was observed in 29 patients, in which 26 (81.3%) patients
were below the age of 30 years while only 3 (37.5%) patients were above 30 years of age on
one year follow-up. Similarly, 22 nonsmoking patients (84.6%) revealed periapical healing
compared to 7 (50%) smoking patients. Although the success of healing was higher in
males, at 78.6% (22/28), compared to females, at 58.3% (7/12), no statistically significant
relationship was found between gender and healing (p-value = 0.254). Likewise, no sig-
nificant association between the presence of preoperative pain and postoperative healing
(p-value = 0.723) was observed (Table 2).

Table 2. Relationship of Periapical Healing with Age, Gender, Smoking, Preoperative pain, and
Periapical lesion size on one year follow-up.

Characteristics

Periapical Healing

Yes
(n = 29)

No
(n = 11)

Total p-Value

Age in years

0.025 ˆ<30 26 (81.3%) 6 (18.8%) 32
>30 3 (37.5%) 5 (62.5%) 8

Gender
Male 22 (78.6%) 6 (21.4%) 28

0.254 ˆ
Female 7 (58.3%) 5 (41.7%) 12

Smoking
Nonsmoker 22 (84.6%) 4 (15.4%) 26

0.029 ˆ
Smoker 7 (50.0%) 7 (50.0%) 14

Preoperative
pain
Yes 15 (68.2%) 7 (31.8%) 22

0.723 ˆ
No 14 (77.8%) 4 (22.2%) 18

Periapical
lesion size
≤6 mm 20 (100%) 0 (0.0%) 20

<0.001 ¥
>6 mm 09 (45.0%) 11 (55.0%) 20

¥ Chi-squared test, ˆ Fisher’s Exact Test.

4. Discussion

The current study was conducted to evaluate the effect of various preoperative factors
such as age, gender, smoking, preoperative pain, and preoperative periapical lesion size
on the outcome of surgical endodontic treatment. The results of the study showed a
statistically significant relationship between periapical wound healing and age, smoking,
and preoperative lesion size.

Surgical endodontic retreatment is employed in managing recurrent secondary pe-
riapical lesions as a consequence of primary root canal treatment failure [19]. Surgical
endodontic retreatment involves re-root canal treatment with subsequent sectioning of the
apical end of the root followed by retrograde obturation and establishment of the apical
seal of the root canal system. This apical seal facilitates healing of the periapical tissues by
preventing the ingress of microbial irritants into the periapical area and concomitant tissue
reaction [3].

It has now become clinically evident that even if the surgical endodontic treatment
has been conducted using the same procedure, patients respond differently with respect to
periapical wound healing [3,4]. This difference in periapical wound healing may be due to
the presence of various preoperative factors such as pain, swelling, sinus tract, smoking,
and size of the periapical lesion. However, evidence to support the influence of these
preoperative factors on the outcome of periapical surgery are conflicting. In addition, most
of the clinical studies that exist in the literature are retrospective [8,20,21]. The novelty
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of this study lies in following patients prospectively and opening an avenue for further
research in this direction.

Age is considered a prognostic indicator of outcome for many surgical procedures [4].
In this study, 81.3% healing was achieved in patients below 30 years of age. This finding is
in agreement with Kriesler et al. [22] They found a 95% success in patients between 21 to
40 years of age. Contrarily, Barone et al. [23] reported 84% success in periapical healing in
patients above 45 years of age, compared to 68% in patients below 45 years of age. This
study observed no significant relationship between healing and gender. Similarly, a large
number of studies did not find gender as a prognostic factor for periapical surgery [18,24,25].
However, Peñarrocha-Diago et al. reported a higher success in males (60%) compared to
females (40%) at 6 months [26].

The habit of smoking can influence the outcome of periapical surgery by several plau-
sible biological mechanisms. First, smoking interferes with the function of lymphocytes,
leukocytes, macrophages and increases the level of various proinflammatory mediators,
such as TNF- α, IL-6, and C-reactive protein [27,28]. Second, smoking decreases the fibrob-
last migration to the periapical wound area and stimulates the function of osteoclastic cells,
which encourage bone resorption [29]. Third, smoking causes morphological alteration
in the microvasculature, which in turn disturbs the oxygen and nutrient supply to the
periapical wound area [30]. In the current study, a positive trend of healing was observed
in nonsmokers (84.6%). This finding conforms to Lopez et al. [8] and Kirkevang et al. [31],
who found a statistically significant association between smoking and periapical heal-
ing. On the other hand, Rodriguez et al. [32] and Balto et al. [33] reported no significant
difference in periapical periodontitis between smokers and nonsmokers.

The presence of preoperative pain and swelling or sinus tract may also govern the
outcome of periapical surgery as indicated by many studies. Von Arc et al. [20] revealed that
the presence of preoperative signs and symptoms discourages healing. They postulated
that the healing potential of surgical wounds could be significantly affected by the stage
of infection at the time of surgery, which is influenced by preoperative pain and signs.
Similarly, Kreisler et al. [22] also claimed a lower success rate in patients with pretreatment
pain. Contrastingly, the present study did not find any difference in the healing success rate
in relation to the presence of preoperative pain, similarly to Song et al. [34] and Peñarrocha
et al. [35]. The reason for there being no relation between the presence of preoperative
pain and periapical healing after surgical endodontic treatment may be due to the fact that
same treatment protocol was used for every patient and all treatment procedures were
performed by the principal investigator.

Another important prognostic factor in periapical healing is the size of the lesion. In
the present study, 100% successful healing was observed in patients with preoperative
lesions of less than 6 mm, while 45% healing success was evident in patients with more
than 6 mm of preoperative lesion size. A large number of studies have described the
favorable prognosis after periapical surgery in patients with preoperative lesions of less
than 5 mm in diameter [20,26,34]. Alternatively, Barone et al. [23] found an 80% success
rate in periapical lesions of less than 10 mm in size at the time of surgery, compared to 53%
success in periapical lesions of more than 10 mm in size.

Multiple systemic diseases are known to interfere with periapical healing, such as
diabetes, hypertension, osteoporosis, or any uncontrolled systemic disease. Hyperglycemia
increases the level of inflammatory markers and influences the various functions of the
patient immune system [36]. Similarly, hypertension is associated with alterations in
response and differentiation of bone cells at various levels [21]. Moreover, the drug
bisphosphonate is commonly used for the treatment and prevention of osteoporosis and
it is well-established that it reduces bone remodeling [37], therefore patients with these
systemic diseases were excluded from this study, in addition to the patients with a pre-
existing medical condition such as pregnancy and lactating mothers. Further prospective
studies are required to evaluate postoperative healing in relation to the presence of different
chronic systemic diseases using microsurgical techniques.
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The findings of the study must be seen in light of some limitations. First, periapical
surgery was performed by the conventional approach rather than microsurgical. The mi-
crosurgical approach offers numerous benefits such as small osteotomy, easy identification
of root apices, visualization of minor anatomical variations, and preservation of cortical
bone and root length by nearly 90-degree root resection. Several studies have shown the
superiority of microsurgical endodontic treatment in comparison to traditional root-end
surgery [38,39]. Second, the healing was assessed on a digital periapical radiograph, using
a cone indicator and reference marker to ensure constant distance and angle between X-ray
cone and sensor on every shoot. Moreover, exposure time, tube current, and voltage were
the same on recall images. However, the X-ray image obtained was still two-dimensional,
with a high probability of missing details in the third dimension. Nowadays, cone beam
computed tomography (CBCT) is considered a standard of care [40] and has great value
in establishing the correct diagnosis and in evaluating periapical healing after surgical
endodontic treatment. Third, periapical surgery was performed on single-rooted anterior
teeth only, multirooted posterior teeth where surgical access to treatment is difficult and
high chances of variation in root morphology were excluded. Lastly, the sample size of
the study was small due to the constrained study time, therefore; the results should be
interpreted cautiously and may not represent the large population.

There is also a dire need to design a questionnaire which can evaluate the health-
related quality of patients’ life after endodontic surgery, similar to The University of Wash-
ington Quality of Life Questionnaire (UW-QOL) for head-and-neck cancer patients [41].
Future studies are also desirable with the inclusion of a large sample size, multirooted
teeth and various other treatment-related factors such as microsurgical technique, type of
root-end filling, method of root-end resection and retrograde cavity preparation. Addition
of tools such as fractal analysis used for the quantitative evaluation of bone trabeculation
following periapical surgery will also help in the early detection of complex structural
patterns in the trabecular bone [42].

5. Conclusions

Patient age, smoking status, and size of the preoperative lesion had a strong influence
on periapical healing after surgical endodontic treatment. However, other periopera-
tive (treatment-related) factors should also be taken into account to establish conclusive
evidence.
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Abstract: Scurvy is generated by lack of vitamin C; although it is considered a rare and past disease,
scurvy continues to be detected in children with neurodevelopmental disorders and with selective
diet habits. Identifying scurvy can be demanding due to the perceived rarity of the condition, and
it can become a tricky diagnostic question given to the variety of nonspecific symptoms, including
gingival manifestations. This study aims to identify most common clinical features in order to
provide a complete picture of the signs and symptoms, and to offer clinicians the diagnostic tools
for identifying patients suffering from scurvy. We present a case report of a child affected by
scurvy; it has also been performed as a systematic review about scurvy in pediatric population.
A search yielded 107 relevant studies since 1990. Most of the identified cases have shown oral,
musculoskeletal and cutaneous manifestation that improved within a few days of starting vitamin C
therapy. Identifying scurvy’s characteristic clinical features allows a timely diagnosis, thus avoiding
invasive investigations. Pediatric dentists should possess adequate knowledge and experience to
identify the main characteristics of scurvy. This can help facilitate a prompt diagnosis in order to
provide timely intervention to the patient that is relatively ease and safe.

Keywords: clinical manifestations; gingival disorders; oral scurvy; scurvy; vitamin C deficiency

1. Introduction

Ascorbic acid (vitamin C) plays the key role of a cofactor in several metabolic re-
actions involved in tissue growth, development and healing [1]. In fact, ascorbic acid
enables collagen’s hydroxylation [2]; then, it empowers the biosynthesis of carnitine and
norepinephrine, and is also involved in the metabolism of tyrosine and the amidation of
peptide hormones [3]. Vitamin C performs an important function in the immune system
too: scorbutic individuals usually develop a higher incidence of infections, and vitamin C
auxiliary therapy is actually considered for sepsis treatment support [4]. Generally, signs
of ascorbic acid deficiency begin to show after about 30 to 90 days of insufficient vitamin
C intake [5]; clinical findings are directly related to the various metabolic pathway which
ascorbic acid is involved in [6]. Most of characteristic disorders of vitamin C deficiency
can overlap with rheumatological, infectious or hematological diseases, showing a wide
range of musculoskeletal and mucocutaneous manifestations, thus mimicking other pe-
diatric conditions [7]. Scurvy is a well-known but uncommon disease, and nowadays is
considered a rare condition in developed nations [8]. Despite its low frequency in the
population, cases of scurvy still occur in people at risk, including elderly populations, pa-
tients affected by malabsorption syndromes and eating disorders, and, above all, pediatric
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patients with restricted or selective feeding [9]. These categories of people have chronically
low levels of vitamin C, which cannot be intrinsically produced within the human body
and therefore must be obtained via dietary intake [10]. The most common clinical features
are hypertrophy, swelling and bleeding of the gums, follicular hyperkeratosis, lower limbs
swelling and tenderness, poor wound healing [11,12]. Oral cavity signs represent peculiar
characteristics in patients affected by scurvy; nevertheless, gingival overgrowth stands
out as a typical manifestation of several diseases, resulting in differential diagnosis for
idiopathic enlargement, drug-induced enlargement, enlargement associated with systemic
diseases (such as Leukemia or Granulomatous diseases) and neoplastic enlargement (gingi-
val tumors) [13,14]. Serological measurement of vitamin C is a readily available and widely
used laboratory test; despite generally ascorbic acid serum levels accounts for the most
recent food intake, they may be related to the level of reserves and predict the possibility
of developing clinical signs [15]. Dietary restrictions and poor compliance with taking
oral supplements appears to have brought scurvy back to the fore in the pediatric popula-
tion, particularly in patients with neurodevelopmental disorders linked to highly selective
diets [16]. Despite scurvy’s return to clinical practice, the extreme heterogeneity of the
clinical signs makes the identification of patients suffering from scurvy a very demanding
challenge for the pediatric dentist [17]. The purpose of this study is to provide pediatric
dentists with the means to identify clinical parameters and diagnostic tools useful for
detecting patients suffering from scurvy. Here we present a case report of a patient with
scurvy and a systematic review of the literature on scurvy in pediatric population.

2. Case Report

A four-year-old child presented to our department with lower limbs pain and refusal
to walk, with legs fixed in flexion at hips and knees for about four months. The symptoms
were partially managed with non-steroidal anti-inflammatory drugs (NSAIDs). Patient’s
mother did not refer fever, skin rash or weight loss. About familial history, his sister was
healthy, his grandmother suffering from celiac disease and a first-grade cousin was affected
from juvenile idiopathic arthritis (JIA) in therapy with NSAIDs. Patient was born at term
with normal weight and length. His psychomotor development was referred in the norm
up to seven–eight months of age, then patient presented a delay of psychomotor and
language development. Dietary history reveals highly selective eating since the second
year, based exclusively on ham and white meat homogenized, with refusal of fruits and
vegetables. Since about one year the mother reports difficulty in eating, and several
episodes of gingivitis with antivirals and topical antifungals with partial benefit. When
patient came to our department he was in fair general conditions, his weight was 17 kg
(25–50th) and his height was 105 cm (25–50th). The physical examination was difficult
because of the patient’s developmental delay, however it revealed pale and dry skin,
corkscrew hair and signs of follicular hyperkeratosis in the lower and upper limbs. Child
refused to walk, with legs fixed in flexion at hips and knees (“Frog leg-position”). Both legs
were diffusely tender to palpation. The child was uncooperative for oral examination but
erythematous, hemorrhagic, and swollen gums in maxillary anterior region were noted
(Figure 1). The rest of physical examination was normal. Blood examinations revealed low
iron and vitamin D level, while complete blood count, serum chemistries, liver and kidney,
function panel, coagulation panel (prothrombin time, activated partial thromboplastin time,
and international normalized ratio) and inflammatory parameters (C-reactive protein and
erythrocyte sedimentation rate) were normal. Hips, knees and ankle ultrasound did not
reveal joints effusion or signs of tenosynovitis. X-ray of the lower limbs (Figure 2) did not
reveal fractures, but generalized osteopenia and typical features of malnutrition, including
a ground glass appearance, Pelkan spur, which represents a healing metaphyseal pathologic
fracture, and a Wimberger ring sign, which denotes a thin sclerotic cortex surrounding
a lucent epiphysis. Periosteal reaction due to subperiosteal hemorrhage with a dense
provisional calcification immediately adjacent to the physis (Frankel line), and an adjacent
lucent band more diaphyseal in location (Trummerfeld line) were noted. In consideration
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of the result of blood examinations and of the lower limbs X-ray, we hypothesized a state
of nutritional deficiency. Furthermore, peculiar elements of both personal history and
clinical examination, such as selective dietary habits, follicular hyperkeratosis, corkscrew
hair, relapsing gingivitis and joint pain in the absence of signs of local inflammation led to
the diagnostic hypothesis of vitamin C deficiency. This clinical suspicion was confirmed
by the finding of low levels serum vitamin C < 2.4 μmol/L (normal value 26.1–84.6).
Supplementary treatment with oral vitamin C (300 mg daily) and D (800 UI daily) was
started. Patient clinical condition improved with recovery of walking and an oral clinical
healing of the gingival enlargement (Figure 3). One month after discharge, the boy had
normal vitamins’ levels: 35.6 μmol/l (normal value 26.1–84.6).

 

Figure 1. First oral clinical presentation (T0).

 

Figure 2. Lower limb X-ray showing typical features such as radio-dense band (Frenkel line),
marginal spur formation.
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Figure 3. Oral tissues healing presentation after four weeks of Vitamin C administration (Tf).

3. Materials and Methods

A systematic review of the literature was performed through PubMed, ISI Web of
science, and Cochrane Library. “Scurvy”, “vitamin C deficiency”, “Moeller’s disease”,
“Cheadle’s disease”, “scorbutus”, “Barlow’s disease”, “hypoascorbemia”, “lack of vita-
min C”, “scorbutic”, “child”, “children”, “pediatric”, “toddler”, “infant”, “infancy” and
“childhood” were employed as Medical Subject Headings (MeSH) terms (Table 1). Search
operations have been completed in December 2020. The PICOS criteria and PRISMA
checklist have been fulfilled in the review execution [18,19]. Male and female children
(age ≤ 16 y), with confirmed diagnosis of scurvy, characterized by any kind of clinical
manifestation related to vitamin C deficiency was set as population of interest (interven-
tion); “no intervention” was comparison. Comparative studies, cross-sectional studies,
retrospective studies, prospective studies, survey studies, case series and case reports
were included. We aimed to identify the clinical manifestations and diagnostic methods
of scurvy. The inclusion criteria of the selected studies were: presence of any clinical
manifestation in humans, pediatric age, edited in English language, published since 1990.
Review articles and studies without full text available were excluded. Three reviewers,
once the initial results were collected, analyzed the titles and abstracts; then duplicates
were excluded, and all those articles that did not match the inclusion criteria were ruled
out. The full texts of the remaining articles were read in depth by two reviewers to better
assess the content of the studies: demographic data, clinical manifestations, diagnostic
path, therapeutic approach and all the extracted data have been organized in Table S1. The
Risk of Bias in Non-randomized Studies of Interventions (ROBINS I) assessment tool was
employed to evaluate quality of non-randomized studies [20]. This tool analyzes seven
bias domains and each one refers the Risk of Bias (RoB) in five grades: low (LR), moderate
(MR), serious (SR), critical (CR) and no information. The overall evaluation is based on the
combination of these seven domains [21] (Table S2). A study based on a non-randomized
design rarely presents a low level of RoB. The review was submitted and registered on
PROSPERO [22] (registration code: CRD42021225174).
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Table 1. The entire list used in the search and the combinations used in the research phase.

Search Topic

#1

and #10

OR #2

and #10

OR #3

and #10

OR

and #11 and #11 and #11

and #12 and #12 and #12

and #13 and #13 and #13

and #14 and #14 and #14

and #15 and #15 and #15

and #16 and #16 and #16

#4

and #10

OR #5

and #10

OR #6

and #10

OR

and #11 and #11 and #11

and #12 and #12 and #12

and #13 and #13 and #13

and #14 and #14 and #14

and #15 and #15 and #15

and #16 and #16 and #16

#7

and #10

OR #8

and #10

OR #9

and #10

and #11 and #11 and #11

and #12 and #12 and #12

and #13 and #13 and #13

and #14 and #14 and #14

and #15 and #15 and #15

and #16 and #16 and #16
1. Scurvy; 2. Vitamin C deficiency; 3. Moeller’s disease; 4. Cheadle’s disease; 5. Scorbutus; 6. Barlow’s disease;
7. Hypoascorbemia; 8. Lack of vitamin C; 9. Scorbutic; 10. Child; 11. Children; 12. Childhood; 13. Infant;
14. Infancy; 15. Toddler; 16. Pediatric.

4. Results

Systematic Review of the Literature

The initial search yielded 719 results; 171 articles were excluded as they were dupli-
cates. Another 373 articles were excluded following the reading of titles and abstracts.
Reading the full text of the 175 remaining articles, 68 were excluded because they did not
meet our inclusion criteria. At the end of the selection, 107 articles were included in this
systematic review (Figure 4). Details on the 107 selected items and their main contents
such as number of cases, clinical information, diagnostic path, and therapeutic protocol
are summarized in Supplementary Table S1. Through the evaluation of the 107 analyzed
studies, 88 are classified as overall moderate RoB (MR), and 19 as serious overall RoB (SR).
Definitely, in the analysis of 107 non-randomized studies, no article appears to have a
critical RoB in the individual domain or in the analysis of the overall domain and, therefore,
all the studies confirm evidence (Supplementary Table S2). A total number of 134 patients
were described within the 107 selected studies, with a minimum age of 6 months old and
a maximum age of 16 years (mean 6.06 ± 3.81). Only 31 out of the 134 patients (23.1%)
were female, and 103 (76.9%) were male. A total of 69 (51.5%) patients were affected by
neurodevelopmental disorders, and 41 (31.3%) suffered of autistic spectrum disorder. On
the clinical examination, 66 out of 134 (49.3%) patients showed cutaneous manifestations
of scurvy, 92 of 134 (68.7%) patients showed musculoskeletal manifestation and 112 out
of 134 (83.6%) patients showed oral manifestation. Among these 112 patients with oral
manifestations, 1 of 112 (0.89%) was affected by oral ulcers, 1 of 112 (0.89%) had a chronic
glossitis and 110 of 112 (98.21%) had gingival involvement, such as gingival bleeding,
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swelling and hypertrophy. The diagnosis was based on clinical hypothesis for 132 of the
134 patients (99.3%); serological dosage was obtained in 103 out of 134 patients (76.9%),
histological examination was performed in 27 patients (20.1%); an ex juvantibus diag-
nostic approach was carried out in 17 cases (12.7%). The mean vitamin C serum level
was 0.105 ± 0.118 mg/dl ranging from 0.000 to 0.700 mg/dl. Therapy was described in
78/134 patients. Only one patient of the 78 (1.28%) did not undergo vitamin C admin-
istration, but was only prescribed dietary recommendations. The remaining 77 patients
(98.72%) underwent vitamin C therapy with a mean dosage of 384.81 ± 272.74 mg ranging
from 50 to 1500 mg daily.

Figure 4. PRISMA flowchart.

5. Discussion

Main findings encountered in our case report, in fact, meet with the manifestations
most commonly reported in the literature. Hahn et al. described the data obtained from
77 patients but did not mention any oral manifestation [12]. A recent literature review by
Kothari et al. yielded 77 cases and gingival swelling, pain and bleeding were noted in all but
three of the cases in which intraoral findings were described [23]. A review by Ratanachu-
Ek et al. reported 86% of pediatric scurvy cases were initially misdiagnosed; a correct
diagnostic approach should be based on the recognition of clinical manifestations [24]. Oral
soft tissue involvement was the most striking sign that we observed in our patient, and
it was also described in 92 out of the 107 selected studies (83.7% of examined patients).
This important observation is the reason why clinicians that treat children and pediatric
dentists should consider atypical gingival swelling or other gingival manifestations as one
of the early signs of scurvy [25]. Scurvy is rare, but it still occurs among children with
autism and developmental disorders, so this condition should be kept in mind in a clinical
constellation of gingival involvement, lower extremity pain, limp, non-blanching rash,
fatigue, anemia, in particular in children with an history of selective diet [26]. Having a
comprehensive dietary history as part of the data gathering is fundamental to the early
recognition of nutritional deficiency diseases in order to avoid invasive procedures and/or
their severe complications [27].

6. Conclusions

The heterogeneity and time delay of diagnostic path encountered in the analyzed
studies reveal a gap in our knowledge: a more focused clinical approach and a more
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detailed investigation on diet habits, neurodevelopmental disorders and on dermatological
or orthopedic status should make up for this knowledge gap, in order to put dentists
among the first actors against scurvy suspicions. This will lead to:

1. early detection and reduction in a misdiagnosis of scurvy
2. early intervention of vitamin C deficiency
3. subsequent prevention of the morbidities of this extremely distressing condition in

pediatric patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/app11188323/s1. Table S1 Data extraction from included items. Table S2 Risk of Bias assessment.
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Abstract: The purpose of the present study was to evaluate the influence of fabrication techniques
on the surface micro-roughness (Ra) and marginal misfit of cobalt chromium (CoCr) copings.
A mandibular first molar was prepared for a metal ceramic crown. Forty metal copings were
prepared and divided into groups (n = 10). Group 1, Casting-Lost wax technique (Cast-LWT), Group
2, CAD-CAM, Group 3, Selective laser melting (SLM), and Group 4, Digital light processing-Cast
(DLP-Cast). Ra was measured using laser profilometry and marginal misfit was analyzed with
Micro-CT. Analysis of variance (ANOVA), Tukey multiple comparison, and correlation coefficient
tests were applied (p < 0.05). SLM technique showed the highest Ra (2.251 ± 0.310 μm) and the
Cast-LWT group presented the lowest Ra (1.055 ± 0.184 μm). CAD-CAM copings showed statisti-
cally lower Ra compared with SLM samples (p = 0.028), but comparable Ra to DLP-Cast (p > 0.05).
CoCr copings fabricated from the DLP-Cast technique demonstrated the highest marginal misfit
(147.746 ± 30.306 μm) and the lowest misfit was established by SLM copings (27.193 ± 8.519 μm).
The SLM technique displayed lower marginal misfit than DLP-Cast and CAD-CAM (p = 0.001), but
comparable misfit to Cast-LWT copings. Ra influenced the marginal misfit in CAD-CAM, SLM, and
DLP-Cast technique-fabricated copings. (p < 0.01). Marginal misfit and Ra of CoCr copings are
contingent on the different fabrication techniques.

Keywords: marginal misfit; laser profilometry; Micro-CT; selective laser melting; CAD-CAM

1. Introduction

Porcelain-fused-to-metal (PFM) crowns have been widely used in dentistry as a fixed
dental aesthetic replacement for decades [1]. Increased aesthetic demands, advancements
in casting techniques, availability of different alloys, and their use in almost all clinical
conditions account for the popularity of PFM crowns [2]. Precise marginal fit of dental
cast restoration is considered as the most critical and technical feature for the long-term
successful clinical outcomes. Available evidence advocates an acceptable range of marginal
misfit of full veneer crowns to be 100 to 120 μm [3]. However, multiple studies suggest
different ranges of acceptable marginal misfit (10 to 160 μm) [4]. Increased marginal
discrepancy accounts for the 10% of prosthetic failures, i.e., exposure of dental cement to
the oral environment, bacterial penetration and plaque retention, secondary carious lesions,
negative pulp reactions, marginal discoloration, periodontal disturbances, and esthetic and
functional compromise [3].

Primarily, marginal integrity of cast copings are influenced by the surface character-
istics, cast adaptation, and luting adhesives used [5]. Similarly, surface micro-roughness

93



Appl. Sci. 2021, 11, 8328

(Ra) also influences the retention of indirect restoration [3]. It has been proposed that
different fabrication techniques exhibit different Ra levels for cast indirect restorations. The
casting with lost-wax technique (Cast-LWT) is commonly used to fabricate metal copings
for PFM crowns [6,7]. The process involves the carving of inlay wax on a dye that mimics
the anatomy and morphology of the lost tooth followed by spruing, investing, burnout,
and casting with metal ingots [8]. However, it is time consuming and technique and
operator sensitive to achieve a better quality of casting restoration [9]. In order to overcome
these shortcomings, alternate contemporary digitally advanced fabrication techniques have
been developed.

Among various techniques, computer-aided design/manufacturing (CAD-CAM) pro-
vides better standardization [10]. This method works on the principle of subtractive
manufacturing, involving the milling of a solid metal block in to a desired shape of indirect
prosthesis [11]. CAD-CAM offers standard-quality restorations, time efficiency, dimen-
sional accuracy, and reduced risk of health hazards [12,13]. However, subtractive technique
is associated with material wastage along with increased cost and difficult accessibility [14].
Current literature demonstrates conflicting outcomes related to the effect of Ra on the
marginal misfit of metal copings fabricated using the subtractive technique [15,16].

Limitations related to the complexity of design obtained by subtractive technique led
to introduction of novel additive fabrication techniques including selective laser melting
(SLM), selective laser-sintering (SLS), and digital light processing (DLP) [17]. SLM is also
referred to as 3D printing which is based on addition of material layer by layer using high
power-density laser to melt and fuse non-precious alloy powders, particularly titanium and
cobalt-chromium [18]. It can produce complex restoration designs without wasting a large
amount of material. It is also able to produce multiple parts at the same time. However, it is
an expensive technology and requires digital learning with operator skills [19]. Moreover,
Digital light projection (DLP) is a further development in 3D Printing [20]. DLP printers
project a silhouette of an entire layer simultaneously and polymerize it with a single shot
of curing light with faster printing [21]. This method is rapid, precise, and affordable
compared with the SLM technique along with providing a better finish [22]. However, data
related to the influence of these fabrication methods on the Ra and misfit of metal copings
need further investigation.

In a recent study by Kim et al., misfit of restorations was compared among CAD-CAM,
Cast, and SLM methods. It was reported that SLM specimens showed higher misfit
compared with CAD-CAM and cast crowns [23]. In addition, the current literature is
limited on evidence to determine a gold standard among fabrication techniques of metal
restorations [24,25]. It was hypothesized that there is no difference in Ra and marginal
misfit of CoCr copings manufactured from conventional Cast-LWT and contemporary
techniques (CAD-CAM, SLM, DLP-Cast). Therefore, the purpose of the present study was
to evaluate the effect of different fabrication techniques on the Ra and marginal misfit of
CoCr copings.

2. Materials and Methods

The study compared marginal misfit and surface micro-roughness of metal copings
fabricated using Cast-LWT, CAD-CAM, SLM, and DLP-Cast.

2.1. Specimen Preparation

An ivorine mandibular first molar (KaVo Dental, Fruehauf Drive, Charlotte, NC,
USA) was prepared for metal ceramic crown with a high-speed airotor and diamond burs
(NSK Co., Japan). Tooth reduction parameters included 2 mm occlusal and axial, two-plane
reduction on buccal surface, a radial shoulder margin, and a taper of 6◦ using a milling
machine. Preparation margins were finished with a chisel and smoothed with silicon
impregnated burs (Rubberrized abrasives, Lasco Diamond Products, Chatsworth, CA,
USA) (Figure 1). The prepared tooth surface was recorded using polyvinyl siloxane (PVS)
impression material (Putty light technique) and the impression was verified. A replica
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was prepared in wax and was casted using the lost wax technique in nickel-chrome alloy
(Remanium, Dentauram GmbH & Co., Ispringen, Germany).

(A) (B)

Figure 1. Representative image of the prepared tooth specimen. Prepared tooth (A) Occlusal, (B) Buccal.

Forty metal alloy copings were prepared in the study and divided into study groups
according to the fabrication technique (n = 10): Casting-Lost wax technique (Cast-LWT)
(control), CAD-CAM, Selective laser melting (SLM), and Digital light processing with cast-
ing (DLP CAST). The sample size in each group of the study was calculated by performing
a power calculation utilizing data from a similar previous study [11].

2.2. Casting-Lost Wax Technique (Cast LWT)

Wax copings with 0.7 mm thickness and 0.2 mm marginal reinforcements were pre-
pared to fabricate cast CoCr copings by a senior dental technician. The wax patterns
were sprued and invested using phosphate-bonded investment (Fast Fire 15 investment;
Whip Mix, Louisville, KY, USA) with a 16 mL/60 g liquid/powder ratio with a ring-less
technique. A Whip Mix plastic ring was used with bars to provide expansion, and the
molds were removed from the ring after 15 min. After removal of investment, the molds
were allowed to set for 24 h. Wax pattern burn-out was performed using a furnace (PRO-
GRAMIX 50, Ugin’Dentaire, Seyssinet-Pariset, France) at 900 ◦C. CoCr alloy casting was
carried out using a casting machine (FORNAX 35E®, BEGO, Bremen, Germany) at 1500 ◦C
temperature (Wirebond ®C; BEGO, Bremen, Germany) (composition Co 63.3% Cr 24.8%
W 5.3% Mo 5.1% Si 1.0%). The copings were divested with glass beads (50 μm) at 1 bar
pressure, followed by ultrasonic cleaning.

2.3. Computer Aided Design-Computer Aided Manufacture (CAD-CAM)

Master die surface was coated with a uniform layer of Cercon Eye Scan Spray (Degu-
Dent GmbH, 63457 Hanau-Wolfgang, Germany) and scanning was performed using Cercon
Eye scanner (DeguDent GmbH, 63457 Hanau-Wolfgang, Germany). The scan was run us-
ing Cercon Art and contours were mapped and the final image in a steriolithographic (STL)
format was displayed. The copings were designed using Cercon Art software according to
the prescribed dimensions. Cercon Brain (DeguDent GmbH, Hanau-Wolfgang, Germany)
milling machine fabricated the copings in the prescribed design. Ceramill Sintron alloy
blanks (Co-Cr-Amann Girrbach AG, Herrschaftswiese, Koblach, Austria) were secured in
the milling machine and were removed on milling completion.

2.4. Selective Laser Melting (SLM)

To fabricate SLM CoCr alloy copings, the STL file for coping design fabricated for
the CAD-CAM technique was transferred to the Concept Laser Machine (metal laser
melting system; GE Additive company, Boston, MA, USA) with standard parameters. CoCr
alloy (Starbond Easy Powder 30; Scheftner GmbH, Mainz, Germany) (composition, Co
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61%, Cr 27.5%, W 8.5%, Si 1.6%, C, Fe and Mn < 1%) with an alloy powder grain size of
+10/−30 μm and elastic modulus of 225 GPa was used. The coping model was vertically
positioned, and the support material for the printing was designed and attached within
the design software. The printing process was carried out in nitrogen and argon inter
atmosphere. The fiber laser beam (100 W ytterbium (Yb)) hit the powder layer in selective
areas and created a melt pool resulting in the fusion of powder particles. The thickness of
the powder layer was 20 μm. This process was repeated until the coping fabrication was
completed.

2.5. Digital Light Processing-Cast (DLP Cast)

The fourth group was the three-dimensional-printed resin patterns using digital light
processing (DLP) (M-One; MAKEX Technology, Zhejiang, China). A 3D printer (MiiCraft
125; MiiCraft, Jena, Germany) was used with a photo-polymerized biocompatible polymer
resin (Freeprint Temp; DETAX GmbH & Co., Ettlingen, Germany). The printer settings
included 50 μm thickness, 405 nm wavelength, and a curing time of 2.40 s per layer. The
resin copings were casted to metal copings and measured before the final adjustments. A
similar casting process was employed as described in earlier Section 2.2.

All coping samples were assessed for surface micro roughness and marginal misfit on
the master die replica.

2.6. Assessment of Surface Micro Roughness (Ra)

The average surface Ra was calculated in micrometers (μm) using 3D optical non-
contact laser profilometry (LPM) (Contour GT-K 3D Optical Microscope, Bruker®, Tucson,
AZ, USA). The scanning parameters included magnification of 5× with a lens with a single
window of 1 mm × 1 mm, 1× scan speed, and 3% thresholding. The copings were fixed
horizontally on the stage using a mold fabricated with impression material (polyvinyl
siloxane, 3M ESPE, St. Paul, MN, USA). The laser beam of the optical microscope was
placed on the coping surface with the help of stage movement to obtain a good-quality
image. The copings were scanned at five location points and an average was identified. To
manage the precision and surface roughness parameters, a Vision 64 Control and Analysis
Software (Bruker®, Tucson, AZ, USA) was used.

2.7. Marginal Misfit

The coping misfit was assessed in micrometer (μm). Misfit was analyzed with Bruker
micro CT (Skyscan 1173 high-energy spiral scan micro-CT; Skyscan NV, Kontich, Belgium)
to detect micro gaps at selected points. The coping samples were mounted and positioned
inside the specimen chamber and the parameters included 130 kV of source energy at
60 μA at 300 ms of exposure time. To create a good image, a brass filter of 0.25 mm with
a 0.2◦ rotation step for a 360◦ angle and 4-frame average was employed. Post scanning,
reconstruction of 3D images was performed using N-Recon® software (program version
1.6.1.3, Bruker Skyscan, Kontich, Belgium). During this process, parameter adjustments
were performed to enhance image quality. Reconstructed images were loaded in the
Dataviewer® Software (Bruker Skyscan, Kontich, Belgium) to determine image quality
and perform image misfit assessments. The measurements were preformed between the
marginal surface of the coping and the prepared marginal surface of replicas of master die
(Dental stone).

All assessed recordings for surface roughness and marginal misfit were logged in an
Excel sheet and mean and standard deviations were evaluated. Data were analyzed using
Analysis of variance (ANOVA) and Tukey Kramer multiple comparisons test. Correlation
between specimen roughness and misfit was assessed using Pearson correlation. A p value
of <0.05 was considered statistically significant among groups.
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3. Results

3.1. Surface Roughness

Mean and standard deviation for Ra scores of CoCr specimens after using different
fabrication techniques are presented in Table 1. SLM fabricated copings displayed the
highest mean values (2.251 ± 0.310 μm). Cast/LWT specimens presented the lowest mean
Ra score (1.055 ± 0.184 μm). Ra values among all investigated groups were statistically
significant (p < 0.05). SLM specimens showed significantly higher Ra than DLP cast copings
(1.590 ± 0.167 μm) (p = 0.001). Mean Ra of Cast/LWT copings was lower than CAD-CAM
(1.840 ± 0.236 μm) (p = 0.001), SLM (p = 0.001), and DLP cast (p < 0.05) specimens re-
spectively. The micrographs obtained for surface roughness assessment are presented
in Figure 2. The uniform high roughness was observed in SLM samples (2 D) and the
DLP-Cast specimen displayed a smoother surface with minimal localized craters (2 C).

Table 1. Comparison of surface micro-roughness of the CoCr copings.

Study Group
Mean
(μm)

SD
ANOVA
p Value

Cast/LWT
CAD-
CAM

SLM
DLP-
Cast

Cast/LWT 1.055 0.184

0.001 $

1.000

CAD-CAM 1.840 0.236 0.001 * 1.000

SLM 2.251 0.310 0.001 * 0.038 * 1.000

DLP-Cast 1.590 0.167 0.028 0.057 0.001 * 1.000

* Statistical significant difference using Tukey Kramer post hoc test; $ Statistical significant difference using
ANOVA.

Figure 2. Surface roughness (Ra) micrographs for groups (A) Cast/LWT, (B) CAD-CAM, (C) DLP-Cast, and (D) SLM.
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3.2. Marginal Misfit

Means and standard deviation of marginal misfit of CoCr specimens are presented in
Table 2. Samples fabricated from the DLP-Cast technique demonstrated the highest mean
marginal misfit (147.746 ± 30.306 μm), whereas the lowest marginal misfit was established
by SLM-fabricated specimens (27.193 ± 8.519 μm). Moreover, ANOVA revealed that there
was a statistically significant difference in mean marginal misfit among all investigated
groups (p < 0.05). Individual intergroup comparison using Tukey Kramer post hoc test
revealed that copings fabricated from the SLM technique displayed lower marginal misfit
than DLP-Cast (p = 0.001) and CAD-CAM (88.943 ± 20.880 μm) (p = 0.001). However SLM
copings showed higher but comparable misfits to Cast-LWT (47.861 ± 19.693 μm) samples
(p > 0.05). The microCT images of the assessed samples are presented in Figure 3.

Table 2. Comparison of marginal misfit of the CoCr copings.

Study
Group

Mean
(μm)

SD
ANOVA
p Value

Cast/LWT
CAD-
CAM

SLM DLP-Cast

Cast/LWT 47.861 19.693

0.001 $

1.000

CAD-CAM 88.943 20.880 0.031 * 1.000

SLM 27.193 8.519 0.074 0.001 * 1.000

DLP-Cast 147.746 30.306 0.013 * 0.001 * 0.001 * 1.000
* Statistical significant difference among groups shown in corresponding rows and columns using Tukey Kramer
post hoc test; $ Statistically significant difference using ANOVA.

Figure 3. MicroCT images of the assessed samples in groups (A) Cast/LWT, (B) CAD-CAM, (C) DLP-Cast, and (D) SLM.

Figures 4–7 present the correlation between Ra and marginal misfit in CAD-CAM,
Cast-LWT, SLM, and DLP-Cast study samples respectively. It was observed that Ra in-
fluences the marginal misfit in CAD-CAM (81.7%), SLM (94.8%), and DLP Cast (98.6%)
technique-fabricated copings. (p < 0.01). Whereas, copings which are fabricated from
CAST-LWT technique did not display any significant effect of Ra on the marginal misfit on
the specimens of this group (p = 0.435), as displayed in the correlation plot (Figure 5).
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Figure 4. Showing a positive correlation between surface micro roughness and marginal misfit in
CAD-CAM samples. R2 showed 81.7% variation in marginal misfit explained by surface micro
roughness; p-value was less than 0.01, and therefore statistically significant.

Figure 5. Showing a positive correlation between surface micro roughness and marginal misfit
in CAST-LWT samples. R2 showed 7.8% variation in marginal misfit explained by surface micro
roughness; p-value 0.435, and therefore statistically insignificant.
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Figure 6. Showing a positive correlation between surface micro roughness and marginal misfit in
SLM samples. R2 showed 94.8% variation in marginal misfit explained by surface micro roughness;
p-value was less than 0.01, and therefore statistically significant.

Figure 7. Showing a positive correlation between surface micro roughness and marginal misfit
in DLP Cast samples. R2 showed 98.6% variation in marginal misfit explained by surface micro
roughness; p-value was less than 0.01, and therefore statistically significant.

4. Discussion

The present in vitro study was based on the hypothesis that there is no difference
on Ra and marginal misfit of CoCr copings manufactured by conventional (Cast-LWT)
and contemporary techniques (CAD-CAM, SLM, DLP-Cast). However, the existing study
revealed that the additive technique of SLM showed lower misfit and high roughness.
Whereas, the DLP-Cast specimen displayed higher internal misfit and lower Ra than
the conventional technique. Therefore, the postulated hypothesis was rejected. These
outcomes can be attributed to the number of steps, scanning and software limitations, and
non-optimal parameters.
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Contemporary CoCr alloys have gained popularity as compared with conventional
gold alloys due to improved corrosion resistance and low cost [23]. The available literature
showed multiple techniques, i.e., the direct-view measurement technique, the silicone
replica technique, and cross-sectioning to measure the marginal misfit of fabricated cop-
ings [26]. The micro-computed tomography (CT), on the other hand, is comparatively an
advanced method to assess the fit of indirect restoration through processing of scanned
specimens slices, reconstructing the assembly by using software and gaging the misfit [27].
Similarly, in the present study the LPM was used to evaluate the Ra of CoCr copings. It
is an optical system which is used to scan comparatively larger surface areas. It exhibits
advantages over other techniques, i.e., determining surface characteristics such as the
height of the largest profile projection and the depth of the largest profile depression [28].

In the present study it was found that SLM fabrication technique displayed lower
marginal misfit than the other investigated groups. The better performance of the SLM
technique is in line with the results of the study conducted by Fathi et al. [29]. Although,
in the study by Fathi et al., assessments were performed using a silicone impression
technique [29]. This can be explained by the fact that a lesser number of steps involved
in the technique contributes to the precisely fitting copings as compared to other tested
techniques. Moreover, copings fabricated from Cast-LWT displayed higher marginal misfit
as compared with SLM copings. Multiple factors explain the increased misfit of Cast-LWT
compared with SLM samples. Multiple steps are involved in the production of prosthesis
through Cast-LWT and each step poses a risk of incorporating error thus compromising
prosthetic fit [16]. Moreover, the accuracy of cast coping obtained through Cast-LWT
depends on the accuracy of wax pattern and technical accuracy, i.e., wax composition,
tank and block temperature, time specified for cooling of the wax pattern, and the firing
temperature necessary to achieve desirable outcomes [30]. In addition, distortion of inlay
casting wax, its shrinkage, and high investment expansion affects the precision of copings
fabricated with Cast-LWT [31].

In the present study, DLP-Cast copings exhibited the highest marginal misfit compared
with all other techniques. Marginal fit is highly dependent on the material properties
utilized to fabricate copings in the 3D printer [32]. Moreover, resin used in the DLP-
Cast technique undergoes polymerization shrinkage which generates stress, resulting in
distortion of internal and marginal misfit [33]. In addition, the effect of scan spray when
scanning the models cannot be overlooked [4]. These findings are in accordance with the
study conducted by Kim at el., which used M-One printer, resulting in greater marginal
misfit of DLP-Cast than other groups tested [25]. Kim et al. assessed the misfit using
the weight of the silicone material and a digital microscope with sectioned specimens.
Furthermore, it was also found that CAD-CAM displayed a significantly higher marginal
misfit compared with Cast-LWT and SLM copings. This may be because correctness
of internal and the marginal fit of copings produced through the subtractive technique
depends on bur size. Any discrepancy in selection and size of burs relative to the size of
coping results in compromised marginal properties [34]. Moreover, scanning and software
system limitations related to finite resolution plausibly explicate the findings as these might
result in margins with lower fit accuracy [35]. Many studies have compared the marginal
or internal fit of coping and crowns fabricated from CAD-CAM and Cast-LWT [5,12,36].
Yet, it is challenging to conclude the findings of those studies due to variations in sample
size, methods adopted to measure the marginal or internal gap, the type of cement used,
and the CAD-CAM systems chosen. However, results of multiple previous studies are in
line with the finding of the present study and displayed larger marginal or internal misfit
for CAD-CAM fabricated prostheses than conventional techniques [12,37,38].

The influence of the different fabrication techniques on the Ra of CoCr copings have
been addressed, proposing that Ra varies with the type of manufacturing technique [30].
Available literature also suggested that Ra values of any indirect prosthesis should be at
least 0.2 μm [39]. Ra is suggested to influence retention of restorations, but its effect on the
marginal fit is not clear. In the present study, it was found that all fabrication techniques
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demonstrated Ra higher than the recommended threshold. Moreover, the difference in
Ra values among different AM techniques, i.e., DLP-Cast and SLM, can be explained
by different parameters adopted during fabrication [40]. It is suggested that the use of
non-optimal parameters in any of the AM techniques result in porosity and an increase
in the Ra of the prosthesis [41]. In the authors’ opinion, decreased marginal misfit in
SLM-fabricated copings may be due to the highest surface roughness obtained in this
group. Similarly, surface roughness of copings fabricated from the CAD-CAM subtractive
technique depends on the cutting speed and depth of the cutting [42]. Moreover, LWT
copings displayed the lowest Ra score; this may be due to the favorable inlay wax surface
properties along with strict adherence to manufacturer guidelines aiding low Ra [43].

The study showed that additive manufacturing methods like SLM and DLP-cast
showed varying success in producing marginally accurate and smooth metal copings. The
findings suggest that SLM copings have a good marginal fit and high roughness; however,
DLP-Cast specimens display low roughness but a poor marginal fit. Therefore, both of
these techniques need further development and can only be applied in limited clinical
contexts. The findings of the study should be interpreted in light of the possible study
limitations. In the present study, copings were manufactured under ideal circumstances and
controlled conditions. In addition, the outcomes of the study are limited to the materials
and techniques employed in the experiments. Therefore, to translate the findings of the
present study into clinical recommendations, randomized clinical trials assessing the fit
and adaptation of CoCr copings fabricated with additive manufacturing techniques are
warranted.

5. Conclusions

The SLM technique showed an improved coping marginal fit, but high roughness
compared with controls. By contrast, the DLP-Cast specimens had smooth surfaces with
poor marginal fits. Therefore, the application of additive manufacturing methods (SLM
and DLP-Cast) in the fabrication of CoCr metal alloy coping needs further development.
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Abstract: The aim of the present study was to determine the vertical root fracture (VRF) resistance of
roots obturated with TotalFill BC Sealer and AH Plus sealer using lateral condensation and single
cone techniques in comparison to untreated controls. Sixty single rooted mandibular premolars
were sectioned and divided into six groups. Ten teeth were left untreated (positive control-Gp 1)
and fifty teeth were cleaned and shaped. Ten root specimens were left unfilled (negative control-Gp
2) and the remaining roots were divided into 4 groups. Gp 3, GP and AH Plus sealer (AH Plus)
using the cold lateral compaction (LC) technique; Gp 4, GP and AH Plus using the Single Cone
(SC) technique; Gp 5: TotalFill GP and TotalFill BC sealer using the LC technique; Gp 6: TotalFill
GP and TotalFill BC sealer with SC. VRF was performed for all specimens using a universal testing
machine. Analysis of variance (ANOVA) and Tukeys post-hoc multiple comparison test was used to
compare the means among tested study groups. Group 1 (positive control) displayed the highest
fracture resistance (946.61 ± 166.465 N); however, the lowest fracture strength was demonstrated
by the specimens in group 2 (negative control) (433.31 ± 129.350 N). Specimens treated with AH
plus using different obturation techniques (group 3 and 4) showed comparable outcomes (p > 0.05).
Similarly, specimens treated with TotalFill BC sealer with different obturation techniques showed
statistically similar outcomes (p > 0.05). It was also observed that specimens in groups 3, 4, 5 and
6 demonstrated comparable outcomes of fracture strength (p > 0.05). The use of TotalFill-BC sealer
showed similar vertical root fracture resistance as AH plus sealer in root canal treated teeth. Use
of total fill-BC and AH Plus sealer in root canal treatment showed vertical root fracture resistance
comparable to untreated natural teeth (positive controls).

Keywords: sealers; vertical fracture; root filling; fracture resistance; obturation technique

1. Introduction

An endodontically treated tooth is more prone to vertical root fracture (VRF) due
to multiple contributing factors, i.e., caries or trauma, access cavity preparation, root
canal instrumentation, lateral condensation force during obturation, preparation of post
space and functional occlusal loading, which leads to failure [1]. VRF is considered
one of the most common complications of endodontic treatment, eventually leading to
extraction of the tooth [2]. It can occur during or after the root canal treatment (RCT) due
to compromised tooth structure. Therefore, reinforcement of the remaining tooth structure
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is considered as an important aspect of endodontic treatment [3]. Available literature
revealed that bonding of root filling with the radicular dentin strengthens the tooth as well
as increases its fracture resistance [4,5].

Cleaned and shaped root canals obturated with Gutta-percha (GP) and root canal
sealer is considered as the gold standard [6]. GP lack the capability to reinforce the weak-
ened root structure because of their low modulus of elasticity [7]. Therefore, a root canal
sealer is considered as a joint between a canal and a filling material. An ideal root canal
sealer should possess the property of filling the apical and lateral empty spaces and irregu-
larities between GP points and root dentin walls [8]. Moreover, it was also assumed that
sealer, which exhibits adhesion to the canal dentin, results in reinforcement of the tooth
and increases the fracture toughness against the occlusal load by conserving the integrity at
the sealer–dentin interface [9]. Therefore, multiple research methodologies have introduced
different canal sealers [10].

Among different sealers used recently, AH Plus (resin-based root canal sealer) is
considered as a material of choice for canal obturation due to ease of handling, good
mechanical properties, wettability and excellent sealing property [11]. Furthermore, it also
exhibits less polymerization shrinkage, low solubility, and a high degree of stability on stor-
age [12]. Studies have suggested that AH Plus sealer results in increased fracture resistance
of endodontically treated teeth [12,13]. However, a few studies presented contradictory
findings [9,14].

TotalFill BC Sealer on the other hand is a calcium-silicate based bio-ceramic root canal
sealer. It is dispensed in a premixed ready-to-use injectable form that sets in the presence of
water, possesses excellent antimicrobial ability, higher pH, and exceptional biocompatibility.
TotalFill BC sealer can easily penetrate the dentinal tubules due to presence of nanoparticles.
In addition, it does not shrink while setting and demonstrates excellent physical properties.
Available literature revealed that calcium silicate based sealer reinforces the tooth structure
against the VRF and strengthens the tooth. A study conducted by Ghoneim et al. [15]
and Saǧsen et al. [16] showed that bioceramic-based sealer (BC sealer) has the potential to
increase the root fracture resistance [17]. In contrast, Celikten et al. reported that BC sealer
has a significantly lower mean value for fracture than the control group [18].

From the available indexed literature it was found that sufficient data related to
the effect of AH Plus sealer on the fracture resistance of root canal treated tooth are
available. However, data on the influence of TotalFill BC sealer on fracture resistance of
root treated teeth in comparison to commonly used sealers are limited. Therefore, it was
hypothesized that there will be no difference in fracture resistance of roots obturated with
TotalFill BC Sealer and AH Plus sealer. It was also hypothesized that there will be no
difference in root fracture resistance when two different obturation techniques, i.e., lateral
condensation and single cone technique, are employed. Thus, the aim of the present study
was to determine the fracture resistance of roots obturated with TotalFill BC Sealer and
AH Plus sealer using lateral condensation and single cone techniques in comparison to
untreated controls.

2. Materials and Methods

2.1. Specimen Preparation

A total of sixty freshly extracted single rooted mandibular premolars were collected
over a period of 3 months. All the teeth were stored in Hank’s balanced salt solution (HBSS)
till further use. All the specimens were cleaned, sterilized and made ready to examine under
stereo-microscope (Stemi 2000-C, Zeiss, Wetzlar, Germany) at 50× magnification in order
to exclude teeth with open apices, root caries, cracks and/or fractured roots. Any tooth
with a resorption defect or previous root canal treatment was excluded. A pre-operative
radiograph was taken both buccolingually and mesiodistally to confirm the presence of
a single canal. De-coronation was performed at the level of CEJ with the help of a high
speed hand-piece with a wheel diamond bur in order to standardize 13 mm of root length.
The methodology outline is presented in Figure 1.
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Figure 1. Flow chart for study methodology.

2.2. Treatment and Study Groups

Ten samples were kept un-instrumented as positive controls (group 1). A size #15 K
patency file was used to determine the correct working length (WL). For fifty specimens,
the k file was placed in the canal until it extrudeed the apex and then the file was pulled
1 mm shorter to the apex. Fifty specimens were then prepared using the crown-down
technique by Profile rotary system up to #40/0.04 taper file (excluding positive control
specimens-group 1). Between each instrumentation, constant irrigation was performed
with 2.5% NaOCl (1 mL). After completion of the canal preparation, a final rinse was
performed with 2.5% NaOCl (2 mL) for 1 min followed by 2 mL 17% EDTA for 1 min and
10 mL distilled water. Root canal surfaces were dried using paper points and were further
divided into 5 groups (n = 10) based on instrumentation and obturation techniques.

Group 1 (Positive control): Samples were left un-instrumented and unfilled.
Group 2 (Negative control): Roots were instrumented and left unfilled.
Group 3: GP and AH Plus sealer using cold lateral compaction technique.
Group 4: GP and AH Plus sealer using Single Cone technique
Group 5: TotalFill GP and TotalFill BC sealer using cold lateral compaction technique
Group 6: TotalFill GP and TotalFill BC sealer using Single Cone technique.
After completing obturation, periapical radiographs were exposed to assess the quality

of root filling. Any root with inadequate obturation was excluded and replaced with
a newly prepared specimen. The access cavity was closed using temporary filling (3M™
Cavit™). The specimens were kept at 37 ◦C and 100% humidity for 2 weeks to allow
complete setting of the sealer.

2.3. Specimen Testing

To simulate the periodontal attachment, the specimen’s root surface was coated with
a thin-layer of polyvinylsiloxane (PVS) impression material up to 2 mm apical to the coronal
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end of the root. All of the roots were mounted perpendicularly in a poly-vinyl ring filled
with self-cure acrylic resin (Opti-Cryl, South Carolina, Columbia) exposing 2 mm from
the root (cervical). Root fracture resistance was assessed using a universal testing machine
(UTM) (Lloyds, LF, plus, Ametek Inc., Great Britain, UK). All of the samples were placed in
the lower plate of the testing machine and in the upper part a custom-made metal spreader
with a diameter of 0.8 mm was secured. The tip was oriented in the center of the canal
orifice and force was applied vertically to the long axis of the root at a crosshead speed
of 0.5 mm/min until root fracture. A drop in >25% of applied force was observed when
the fractures occurred. The amount of load necessary for root fracture was recorded in
Newtons (N).

2.4. Statistical Analysis

Data related to fracture strength was analyzed using Statistical package for the social
sciences (SPSS V.25, IBM, New York, NY, USA). Normality was assessed using the Kolmo-
gorov–Smirnov test. One-way analysis of variance (ANOVA) and Tukey’s post-hoc multiple
comparison test were used to compare the means among tested study groups.

3. Results

The mean and standard deviations of fracture resistance among the investigated
groups are presented in Table 1.

Table 1. Means and SD of vertical root fracture resistance among study groups.

Study Group Mean SD
ANOVA
(p Value)

1. Positive control 946.61 166.46

p < 0.05

2. Negative control 433.31 129.35
3. GP-AH Plus-LC 733.71 232.57
4. GP-AH Plus-SC 752.77 120.58

5. Totalfill GP-BC-LC 701.11 65.29
6. Totalfill GP-BC-SC 797.46 204.55

SD. Standard deviation, LC. Cold lateral compaction, SC. Single cone, GP. Gutta Percha.

The Kolmogorov–Smirnov test displayed normal distribution of data. Specimens of
group 1 (positive control) displayed the highest fracture resistance (946.61 ± 166.465 N);
however, the lowest fracture strength was demonstrated by the specimens in group 2
(negative control) (433.31 ± 129.350 N). ANOVA revealed that fracture strengths among
study groups were statistically significant (p ≤ 0.05).

Individual comparisons among all the investigated groups established that group 2
displayed significantly lower fracture strength among all experimental groups. Group 1
(positive control) showed higher fracture strength than groups 2 (p < 0.01) and 5 (p = 0.0);
however, it was comparable to groups 3 (p > 0.05), 4 (p = 0.10) and 6 (p = 0.33), respectively.
Specimens treated with AH plus using different obturation techniques (group 3 and 4)
showed comparable outcomes (p = 0.99). Similarly, specimens treated with TotalFill BC
sealer with different obturation techniques showed statistically similar outcomes (p = 0.77).
It was also observed that specimens in groups 3, 4, 5 and 6 demonstrated comparable
outcomes of fracture strength (p > 0.05) (Table 2).
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Table 2. Statistical comparison of root fracture resistance among study groups (Tukey’s post hoc test).

Study Groups Group Comparison p Value

1. Positive control

1 vs 2 0.0000
1 vs 3 0.0541
1 vs 4 0.1003
1 vs 5 0.0166
1 vs 6 0.3300

2. Negative control

2 vs 3 0.0017
2 vs 4 0.0007
2 vs 5 0.0069
2 vs 6 0.0001

3. GP-AH Plus-LC
3 vs 4 0.9998
3 vs 5 0.9976
3 vs 6 0.9508

4. GP-AH Plus-SC
4 vs 5 0.9800
4 vs 6 0.9896

5. Totalfill GP-BC-LC
5 vs 6 0.77136. Totalfill GP-BC-SC

LC. Cold lateral compaction, SC. Single cone, GP. Gutta Percha.

4. Discussion

The present study was based on the hypothesis that there will be no difference in
fracture resistance of root canals obturated with TotalFill BC Sealer and AH Plus sealer.
It was also hypothesized that there will be no difference in fracture resistance when two
different obturation techniques, i.e., lateral condensation and the single cone technique
were used. Thus, the postulated hypothesis was accepted as experimental groups in which
root canals were obturated using different sealers (TotalFill sealer and AH Plus sealer) and
different techniques (lateral condensation technique and Single Cone technique) showed
comparable fracture resistance outcomes. A multitude of reasons are responsible for such
outcomes, including the adhesive properties of the sealer, bioactivity of sealers, instrument
type and instrumentation methods, and root dentin anatomy.

In the present study, in order to avoid inter-operator variability, a single operator
performed all procedures including root canal preparation, irrigation and obturation.
Similarly, for root canal preparation, the crown down technique was adopted as it allows
debris to be expelled from the canal orifice [19]. Moreover, further standardization was
achieved by using AH Plus sealer, which is considered as a gold standard root canal sealer
in dentistry [20].

A sealer is conceived as a joint created between radicular dentin and the root filling
material [13]. Adhesion between an endodontic sealer and root dentin serves two important
purposes [21]. Primarily, the root canal sealer gives a superior seal, which prevents coronal
and apical leakage [22]. Secondly, it inhibits filling material displacement during restorative
procedures. In the present study, it was found that the mean value of fracture loads of
the positive control (433.31 ± 129.350 N) was significantly lower than all other groups tested.
The above findings can be associated with loss of radicular dentin thickness (RDT) and
moisture due to canal instrumentation and the reinforcement effect by both sealers [23,24].

It was also established that positive control specimens, in which no canal instrumentation
performed displayed a fracture strength comparable to group 3 (AH plus sealer + Lateral
condensation technique) (733.71 ± 232.572 N), group 4 (AH plus sealer + Single Cone tech-
nique) (752.77 ± 120.587 N), and group 6 (TotalFill sealer + Single Cone technique)
(797.46 ± 204.557 N). There are various justifications that are accredited to such an out-
come. AH Plus sealer, being epoxy resin-based, unveils some desired proprieties, i.e.,
adhesion by forming a covalent bond between the open epoxide ring and exposed amino
acids in the collagen [25]. Moreover, AH Plus possesses an excellent penetration ability
into the surface micro-irregularities due its creeping property, which results in increased
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fracture strength [11,26]. This finding is in line with the results of the earlier stated studies
by Saǧsen et al. and Topçuoǧlu et al., which suggested that obturation with AH plus root
canal sealers are able to resist the fracture load equivalent to the sound tooth structure in
which no canal preparation and filling was performed [3,16]. Similarly, the comparable
fracture resistance demonstrated by the BC sealer in group 6 specimens to the positive
control group can be explained by its property to produce hydroxyapatite, which leads
to increased chemical bonding of sealer to the canal dentinal walls [11,27]. In addition,
the presence of small “nanoparticles” and their ability to penetrate deeply into isthmuses,
accessory canals and canal irregularities also justifies the higher fracture strength of Total-
Fill sealer [5,28]. This finding is in accordance with the outcomes of several studies that
proposed that BC-based sealers were able to increase the fracture resistance comparable to
that of the intact tooth [29,30].

On the other hand, it was also found that root filling with the lateral condensation
technique and Total fill root canal sealer is able to increase the fracture strength of the speci-
mens but is not comparable to the un-instrumented sound tooth. Similar results were noted
in the study conducted by Saw and Messer [31]. This finding can be explained by the fact
that the finger spreader used for the lateral condensation technique generates stress on
the canal wall that may weaken the tooth resulting in less fracture resistance [32]. Spreader
design and applied forces are suggested as the contributing factors to the appearance of
vertical root fractures during lateral compaction [31]. Moreover, the comparable fracture
resistance among all the groups, which were sealed using TotalFill sealer and AH Plus
sealer, further suggested that the difference in fracture load may be due to the difference
in methodologies used [33]. Saǧsen et al. and Mohammed & Al-Zaka. in their studies
revealed that difference in fracture strength among different sealer groups was due to
variation in the technique opted for obturation [11,16].

The present in vitro study presented some inherent limitations. The diameter of
the root was not standardized in the present study, which has a potential influence on
the fracture resistance of the tooth. Moreover, the impact of canal shape cannot be over-
looked as more tapered canals results in more dentin removal from the canal resulting in
weakening of the specimens. Furthermore, the amount of dentinal tubules present in each
specimen also influences the outcomes of root fracture resistance. As the present study
was an in vitro experiment, more clinical-based studies should be conducted to validate
the findings of the present study for clinical applications.

5. Conclusions

The use of TotalFill-BC sealer showed similar vertical root fracture resistance rein-
forcing effect as AH plus sealer in root canal treated teeth. Use of total fill-BC and AH
Plus sealer in root canal treatment showed vertical root fracture resistance comparable to
untreated natural teeth. Use of different obturation techniques (Single cone and lateral
condensation technique) in the presence of sealers (AH plus and TotalFill) did not show
a significant influence on vertical root fracture resistance.
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Abstract: To examine the association between self-perceived pain (SPP), clinical and radiographic
peri-implant parameters, and biomarker levels among smokers and never smokers with and without
peri-implantitis. Sixty individuals (20 smokers with peri-implantitis [group-1], 20 never smokers
with peri-implantitis [group-2] and 20 never smokers without peri-implantitis [control-group]) were
included. SPP was evaluated using a numeric pain rating scale (NPRS). Peri-implant plaque index
(PI), probing depth (PD), and bleeding on probing (BOP) were recorded. After obtaining the samples,
the levels of TNF-α, MMP-1, and IL-8 were measured. The mean SPP score in group-1, group-2, and
the control group was 1.3 ± 1, 3.4 ± 1, and zero, respectively. The peri-implant mean PD (p < 0.05),
BOP (p < 0.05), PI (p < 0.05), and crestal bone loss (CBL) (p < 0.05) were significantly higher among test
groups than the control group. The levels of TNF-α, MMP-1, and IL-8 were significantly raised among
group-1 and group-2 than the control group. A significant correlation between increasing SPP and
PICF TNF-α, MMP-1, and IL-8 levels was observed based on regression analysis. Proinflammatory
biomarkers were higher in smokers with peri-implantitis than never smokers with and without
peri-implantitis, with a significant association between the proinflammatory cytokines and SPP.

Keywords: cigarette smoking; cytokines; pain; peri-implantitis; peri-implant crevicular fluid; inflammation

1. Introduction

Pain is an unpleasant sensory and emotional experience associated with actual or
potential tissue damage or described in terms of such damage [1]. It can be associated
with inflammation of soft tissue surrounding the dental implant and crestal bone loss
(CBL); also called peri-implantitis [2]. A systematic review reported that the evaluation
of self-perceived pain (SPP) is also a diagnostic parameter of peri-implantitis besides
other diagnostic criteria such as CBL, bleeding on probing (BOP), probing depth (PD),
and suppuration [3]. Furthermore, the International Congress of Implantologists (ICOI)
also suggested SPP to be utilized as a diagnostic parameter for implant failure and peri-
implantitis [4] The numeric pain rating scale (NPRS), developed by Downie et al. [5], is a
valid and reliable scale often utilized to examine the SPP in subjects with musculoskeletal
diseases, for instance, osteoarthritis [6]. The NPRS has also been utilized to evaluate links
with dental implant surgeries [7].
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The abutment screw loosening or failure is a rare, but very unpleasant failure. Several
studies have reported that, after dental implant osseointegration, abutment screw loosening
seems to be the most frequent issue linked with implants [8–11]. Many factors contribute
to the etiology of these technical failures, such as fabrication failures, non-passive fit of
the suprastructures, improper placement technique, fatigue, excessive occlusal load, and
the utilization of unfavorable components including copy products [12]. A few reports
suggest that most of the failures are related to the suprastructure rather than to the dental
implants themselves [13].

Cigarette smoking is a well-established predisposing factor for both peri-implant
and periodontal soft tissue inflammation; [14] and CBL surrounding dental implants and
natural teeth [15]. One justification in this aspect might be that the generation and depo-
sition of advanced glycation end products (AGEs) in the periodontal tissues is increased
by cigarette smoking [16]. The linkage of AGEs with their receptors (RAGE), inflamma-
tory cytokines including matrix metalloproteinase (MMP)-1, interleukin (IL)-8, and tumor
necrosis factor-alpha (TNF-α) are generated by human gingival fibroblasts that stimulate
inflammation [17]. Furthermore, collagen degradation is increased by cigarette smoking via
influencing tissue inhibitors of metalloproteinases [18]. Moreover, the RAGE’s expression
in the gingival tissues is upregulated; the production of reactive oxygen species (ROS)
is stimulated by metabolites of nicotine, i.e., nornicotine which damages the periodontal
tissues. Besides contributing to delayed periodontal wound healing, these variables might
also compromise peri-implant tissue healing. The destructive inflammatory cytokines
cause deteriorating clinical peri-implant parameters including plaque index (PI), PD, gin-
gival index (GI), elevated CBL on the distal and mesial aspects of the dental implant. If
untreated, implant failure may be caused [19]. Alqahtani et al. [20] evaluated the clinical
peri-implant parameters and levels of cotinine in peri-implant crevicular fluid (PICF) of
thirty-five never-smokers and thirty-five tobacco smokers. The findings reported that
cotinine levels and peri-implantitis in the PICF were considerably lower in never smokers
as compared to tobacco smokers. Furthermore, studies have suggested that nicotine harms
human periodontal ligament cells and gingival fibroblasts by increasing the generation
of inflammatory mediators and compromising cellular proliferation [21,22]. Regardless
of its harmful effects on peri-implant and periodontal health, cigarette smoking is not an
absolute contraindication to dental implant treatment [23].

To date, no study has reported the association between PICF levels of TNF-α, MMP-1,
and IL-8 with clinic-radiographic peri-implant parameters (PI, PD, BOP, and CBL) along
with SPP among patients with peri-implantitis. In the current study, it is hypothesized
that clinical and radiographic peri-implant parameters along with pain scores are worse
and the levels of TNF-α, MMP-1, and IL-8 in the PICF are higher in cigarette smokers
with peri-implantitis in comparison with never-smokers with peri-implantitis. The present
study aimed to assess the association between SPP, clinical and radiographic peri-implant
parameters, and levels of PICF TNF-α, MMP-1, and IL-8 among cigarette smokers and
never smokers with and without peri-implantitis.

2. Materials and Methods

2.1. Ethical Considerations

This study was submitted, reviewed, and approved by King Saud University, Riyadh,
Saudi Arabia (UDRC/019-12). After reading the informed consent document, written in
simple Arabic and English, all the volunteering participants provided written informed
consent. The ethical standards of the 1964 Helsinki declaration and national and/or
institutional research committee were strictly followed while performing all the procedures.
All the participants were aware that they had the right to withdraw at any time throughout
the study course without any indirect or direct consequences.
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2.2. Inclusion and Exclusion Criteria

The inclusion criteria comprised of patients with the following characteristics: (1) read-
ing and signing the written informed consent document; (2) patients aged ≥ 25 years who
underwent dental implant treatment; (3) individuals suffering from peri-implantitis, i.e.,
peri-implant BOP at ≥30% sites, PD ≥ 4 mm, and CBL ≥ 3 mm [24]; (4) individuals
without peri-implantitis, i.e., BOP of <30% sites, PD of <4 mm, and CBL of <3 mm [24];
(5) self-reported tobacco consumers: subjects who have been smoking a minimum of one
cigarette/day over the past 2 years [25]; (6) never smokers: persons that stated to have
never utilized tobacco in any form [26].

The exclusion criteria consisted of individuals with the following characteristics:
(1) individuals who refused to participate and/or sign the written consent document;
(2) individuals consuming smokeless tobacco products and/or areca nut; (3) dual smoker,
i.e., persons smoking tobacco along with other nicotinic products including waterpipe, bidi,
and electronic cigarettes; (4) individuals who consumed alcohol habitually; (5) completely
edentulous individuals; (6) individuals with maligned dentition; (7) patients suffering from
medical conditions such as diabetes mellitus, renal and hepatic disorders, cardiovascular
diseases, and patients suffering from the HIV infection; (8) gestation and/or nursing
individuals; (9) individuals who reported to have utilized steroids, NSAIDs, probiotics,
antibiotics and bisphosphonates over the past 3 months.

2.3. Study Design and Participants

This is a retrospective case-control study conducted between January 2019 and
February 2020 at the College of Dentistry, King Saud University, Riyadh, Saudi Arabia. The
participants were classified into three groups on the basis of peri-implant status and self-
reported habits of cigarette smoking: (1) cigarette smokers with peri-implantitis (Group-1);
(2) never smokers with peri-implantitis (Group-2); and (3) never smokers without peri-
implantitis (control-group).

2.4. Questionnaire

Information related to age, sex, highest education level, family history of smoking,
daily frequency and duration of cigarette smoking, daily flossing and tooth brushing,
duration of functional dental implants, location, and the number of dental implants in
either jaw were collected. The questionnaire also collected data relating to SPP utilizing
the NPRS. It was suggested that participants choose a number ranging from 0 to 10 that
most appropriately fit their perceived pain’s intensity with 10 and 0 depicting the worst
pain possible and no pain, respectively [27]. A trained investigator (T.A.) distributed the
questionnaire to all participants.

2.5. Parameters Related to Dental Implant

A calibrated investigator (T.A.) gathered the data from patient’s records relating to the
implant dimensions (diameter x length), jaw location (mandible or maxilla), surface charac-
teristics (smooth or moderately rough surfaces), insertion torque (in Newton centimeters
[Ncm]), implant–abutment connection (platform-switching), prosthetic restoration type
(screw- or cement-retained). “Implant success” was described on the basis of the following
characteristics: (1) existence of a fully functional implant within the oral cavity; (2) self-
evaluated satisfaction of the patient regarding implant and the associated prosthesis [28].

2.6. Evaluation of Peri-Implant Clinic-Radiographic Parameters

As explained elsewhere [20], a trained investigator (F.A.V.) calculated and reported
the peri-implant PD, BOP, PI, and CBL (distal and mesial) around every dental implant, as
recommended by the specific guidelines declared in the consensus report of the Eleventh
European Workshop on Periodontology [29]. To summarize, the peri-implant PD, BOP, and
PI were calculated at 6 sites per implant, i.e., disto-palatal/-lingual, mid-palatal/-lingual,
mesio-palatal/-lingual, distobuccal, mid-buccal, mesiobuccal. Utilizing a graded probe
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(Hu-Friedy, Chicago, IL, USA), the measurement of peri-implant PD was carried out to the
nearest mm. The digital bitewing radiographs, which were standardized utilizing long
cone parallel methods, were employed to record the CBL [30]. The recording of the linear
distance was performed 0.2 cm below the abutment–implant junction to the alveolar crest.
The CBL was defined as the bone loss median measured on mesial and distal aspects of the
dental implant.

2.7. Collection of PICF

PICF collection was carried out as described elsewhere [31]. The mechanical cleaning
of the supragingival plaque present on the implant-supported crown was carried out.
After the careful isolation of the peri-implant sites using sterile cotton, an air syringe was
used for drying purposes. By introducing 1–2 mm of paper points (Periopaper, Pro Flow,
Amityville, NY, USA) into the peri-implant sulcus for 30 s, the collection of PICF samples
was performed. After discarding the samples contaminated with bacteria, blood, or saliva,
the collection of the new specimens was carried out from the same site. An electronic
calibrated gingival fluid device (Periotron 6000, Amityville, NY, USA) was utilized to
measure the fluid sample volume. The elution of the collected PICF was carried out with
1 mL of phosphate-buffered saline (PBS) prior to freezing at −80 ◦C.

2.8. Evaluation of PICF Levels of TNF-α, MMP-1, and IL-8

Centrifugation of PICF samples was carried out at 15,000× g for 15 min. Quantifi-
cation of the levels of biomarkers was performed using enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer’s guidelines (Quantikine, R&D Systems,
Minneapolis, MN, USA) and calculated as pg/mL. A trained investigator (P.A.) carried out
all laboratory-based analysis, (i.e., kappa = 0.78). In brief, the addition of 100 mL samples
and standards were incorporated into the corresponding wells. Then, their incubation was
performed overnight at 4 ◦C after covering them properly. Later, to discard the solution, a
multi-channel pipette was utilized and cleaned four times using a 0.3 mL 1× wash solution.
Post final wash, the removal of the residual liquid was carried out via aspiration. Then, the
inversion of the plate was performed and blotted with sterile paper towels. Inclusion of
0.1 mL of 1× Biotinylated anti-Human CRP Detector Antibody to individual wells was
carried out. Later, this was incubated at room temperature, (i.e., 25 ◦C) for 60 min. The
rewashing of the solution was carried out after disposing it off. Before incubating it at
25 ◦C for 45 min, 0.1 mL of 1× HRP-Streptavidin solution was incorporated into each
individual well. The solution was re-discarded and washed again. To each well, 0.1 mL
of TMB One-Step Substrate Reagent was incorporated and incubation was carried out
at 25 ◦C for half an hour in a dark room. The addition of 50 μL of stop solution to each
well was performed before instantly taking the reading at 450 nm. Prior to each individ-
ual assay, standard curves were produced and employed for plotting outcomes. For the
levels of PICF of TNF-α, MMP-1, and IL-8, the ELISA’s sensitivity was 96%, 97.2%, and
96.8%, respectively.

2.9. Statistical and Power Analysis

The Statistical Package for Social Sciences (SPSS) version 21.0 was used to perform
statistical analysis. The goodness of fit test was carried out to assess the normality of
the data. Unless otherwise specified, the results were shown as mean ± SD of the mean.
To assess between-group differences of non-normal data distribution, the Kruskal–Wallis
nonparametric test was conducted. Bivariate multiple regression analysis was carried out
to evaluate the association between PICF cytokine levels and SPP. A total of 15 patients
were required with 25 dental implants per group to attain a power of 90% with a probing
depth of 1 mm. To allow a 20% attrition for compensation, a total of 20 patients were
selected. A p-value of <0.05 was considered statistically significant.
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3. Results

3.1. General Description of Study Participants

A total of 60 patients (29 males and 31 females) participated in this study and signed
the written informed consent and completed the clinical trial. Group-1 and group-2
participants had a mean age of 41.7 ± 6.6 and 39.4 ± 5.8 years, respectively, while the control
group had a mean age of 38.2 ± 7.3 years. Among the smokers and never smokers with
peri-implantitis, 42 and 36 dental implants were examined, respectively, while 28 dental
implants were evaluated among never smokers without peri-implantitis. Among group-1
and group-2, an average of dental implants in service was 37.4 ± 3.2 and 31.6 ± 2.1 months,
respectively, while among the control group an average of dental implants in use was
29.9 ± 5.0 months (Table 1).

Table 1. Demographics of the study groups.

Characteristics Group-I Group-II Group-III

Total number of samples ‘n’ 20 20 20
Mean age (±SD) 41.7 ± 6.6 39.4 ± 5.8 38.2 ± 7.3

Gender (M/F) 11/9 8/12 10/10
Number of implants assessed 42 36 28

Duration of implants in months (±SD) 37.4 ± 3.2 31.6 ± 2.1 29.9 ± 5.0

3.2. Clinical and Radiographic Peri-Implant Parameters

The peri-implant mean PD (p < 0.05) and mesial (p < 0.05) and distal (p < 0.05) CBL
were significantly higher among group-1 than group-2 and control group. However, the
peri-implant mean BOP (p < 0.05) and PI (p < 0.05) were significantly higher in group-2
when compared with group-1 and the control group. Overall, the peri-implant mean PI
(p < 0.05), BOP (p < 0.05), PD (p < 0.05), and CBL (p < 0.05) were significantly higher among
test groups than the control group. The mean SPP score was highest in group-2 (3.4 ± 1)
when compared with group-1 (1.3 ± 1) and the control group (0 ± 0), respectively (Table 2).

Table 2. Peri-implant clinical parameters of the research groups.

Variables (Mean ± SD)
Group-I
(n = 20)

Group-II
(n = 20)

Group-III
(n = 20)

PI in % (±SD) 41.5 ± 8.3 a 46.6 ± 11.4 a 13.7 ± 5.1 b

BOP in % (±SD) 21.6 ± 6.9 c 53.5 ± 7.7 d 15.8 ± 7.0 e

PD in mm (±SD) 5.0 ± 0.5 f 4.8 ± 0.3 f 1.2 ± 0.8 g

CBL in mm (±SD) 2.9 ± 0.6 h 2.7 ± 0.4 h 0.7 ± 0.02 i

SPP score 1.3 ± 1 j 3.4 ± 1 k 0 ± 0 j

Dissimilar lowercase letters indicate a statistically significant difference (p < 0.05) between groups along rows.
Abbreviations: BOP = bleeding on probing; CBL = crestal bone loss; PD = probing depth; PI = plaque index;
SPP = self-perceived pain.

3.3. Peri-Implant Crevicular Fluid Cytokine Levels and Self-Perceived Pain

PICF levels of TNF-α, MMP-1, and IL-8 were raised significantly among group-1 and
group-2 than the control group (Table 3).

Table 3. Peri-implant crevicular fluid cytokine levels of the study groups.

Cytokines (pg/mL)
Group-I
(n = 20)

Group-II
(n = 20)

Group-III
(n = 20)

TNF-α 648 ± 335 a 395 ± 182 b 87 ± 23 c

MMP-1 4612 ± 2296 d 3179 ± 1498 e 174 ± 82 f

IL-8 442 ± 202 g 387 ± 164 g 53 ± 22 h

Dissimilar lowercase letters indicate a statistically significant difference (p < 0.05) between groups along rows.
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Statistically, a significant association was observed between SPP and TNF-α, MMP-1,
and IL-8 expression in the PICF of test groups and control group as per bivariate multiple
logistic regression analysis (Table 4).

Table 4. Statistical comparisons of the SPP score with PICF cytokines levels.

SPP Score OR 95% CI p-Value

TNF-α

1 0.45 0.32–0.58
2 0.13 0.09–0.17
3 0.72 0.62–0.82 0.032
4 0.32 0.15–0.49
5 0.28 0.22–0.34
6 0.16 0.10–0.22

MMP-1

1 0.15 0.05–0.25
2 0.36 0.31–0.41
3 0.52 0.43–0.61
4 0.23 0.15–0.46 0.044
5 0.19 0.11–0.27
6 0.08 0.05–0.11

IL-8

1 0.16 0.12–0.21
2 0.47 0.40–0.54
3 0.39 0.21–0.57
4 0.61 0.56–0.66 0.0082
5 0.07 0.06–0.08
6 0.26 0.18–0.34

Abbreviations: CI = confidence interval; IL-8 = interleukin-8; MMP-1 = matrix metalloproteinase-1; OR = odds
ratio; PICF = peri-implant crevicular fluid; SPP = self-perceived pain; TNF-α = tumor necrosis factor-alpha.

4. Discussion

It is postulated that SPP, peri-implant clinical, and radiographic parameters are worse
among cigarette smokers with peri-implantitis than never smokers without peri-implantitis.
In this study, the clinic-radiographic peri-implant parameters were poorer among cigarette
smokers with peri-implantitis than never smokers without peri-implantitis; no statistically
significant correlation was observed between SPP and expression of TNF-α, MMP-1, and
IL-8. However, several variables might have altered the findings, therefore, these results
should be interpreted with extreme caution.

A unique ecological niche is formed by the gingival sulcus for bacterial colonization.
The bacterial biofilm in the gingival sulcus promotes inflammation in the surrounding
connective tissues [32]. An inflammatory process is triggered by the imbalance between
host response and microbial challenge at the implant–soft tissue interface [33]. Cytokines,
including IL-6, IL-1B, TNF-a, are released from the cells of neutrophils, macrophages,
connective tissue fibroblasts, dendritic cells, and gingival epithelium. Moreover, a number
of enzymes, including aspartate aminotransferase, alkaline phosphatase, and MMPs, are
formed by osteoclasts, fibroblasts, and neutrophils, resulting in the degradation of connec-
tive tissue collagen and alveolar bone [34,35]. Over 90 different molecular components in
gingival crevicular fluid have been assessed for potential periodontal disease diagnosis
linked with the natural dentition [36]. However, considerably fewer PICF components
have been investigated around dental implants.

In the current study, certain disparities were also observed. For example, clinical
peri-implant examination revealed that PI and BOP were significantly raised in never
smokers with peri-implantitis than smokers with peri-implantitis and the control group.
Moreover, in cigarette smokers, BOP is masked as nicotine causes the vasoconstriction of
gingival blood vessels [37]. From a clinical perspective, the findings of this study conform
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to the proposed hypothesis as scores of peri-implant PD are significantly elevated among
cigarette smokers than never smokers. One explanation for this finding is that cell death
and formation of matrix metalloproteinases are induced and enhanced by cigarette smoke
extracts, respectively, leading to the deterioration of the extracellular matrix proteins such
as collagen [38]. Furthermore, the expression for RAGE is increased four times by nicotine
in human gingival cells [39]; an increased AGE/RAGE interaction aggravates periodontal
tissue inflammation [39].

In the current study, smokers and never smokers with peri-implantitis did not show
a significant difference in CBL. Among all three groups, the subjects had a mean age
between 38 and 42 years. It is well-established that advancing or increasing age is a
predisposing factor for the increased loss of alveolar bone around dental implants and
natural dentition [14]. In one study, Javed et al. [25] reported that alveolar bone loss
around teeth was significantly less among younger non-smokers (≤45 years of age) than
old non-diabetic smokers (≥65 years of age). Furthermore, subjects in group-1 (smokers
with peri-implantitis) had a cigarette smoking history of one cigarette per day over the past
two years. It is possible that participants with such a brief history of tobacco smoking may
exhibit better radiographic bone levels when compared with subjects with a prolonged
history of cigarette smoking, (i.e., >15 packs per year) [14]. However, further research is
required for testing these hypotheses.

The current study reports that TNF-α, MMP-1, and IL-8 levels were significantly raised
among smokers and never smokers with peri-implantitis than never smokers without peri-
implantitis. TNF-α, MMP-1, and IL-8 appear to have a crucial role in the destruction of the
peri-implant tissue. TNF-α is a proinflammatory mediator and its level reflects the bacterial
amount and the levels of inflammation [40]. MMPs are considered to be involved in
wound repair, normal tissue turnover, and periodontal destruction; MMP-1 may initiate the
deterioration of the extracellular matrix. Overproduction of MMP-1 may cause accelerated
degradation of the matrix in pathologic conditions including peri-implantitis [41]. IL-8
increase causes the activation of polymorphonuclear cells and influences their selective
migration from gingival blood vessels. This leads to an increased amount of cells in
a limited time and produces inflammatory conditions. Hence, an excessive quantity
of IL-8 might indicate the incipient stage of peri-implantitis [42]. Several studies have
reported that the secretion of TNF-α, MMP-1, and IL-8 is upregulated by nicotine in
tobacco; which appears to play a vital role in the destruction of alveolar bone around
dental implants and natural dentition [17]. Elevated levels of these proinflammatory
cytokines have been observed in the PICF of patients with peri-implantitis [43]. Moreover,
a meta-analysis reported that cigarette smoking jeopardizes bone-to-implant contact by
impairing new bone formation around the dental implant [44]. Another explanation
in this regard is that cigarette smoking escalates the production and accumulation of
AGEs in periodontal tissues [39]. Strong interfaces between AGEs and RAGEs have been
linked with the production of ROS that promotes oxidative burst within gingival tissues,
functional changes of phagocytosis and chemotaxis of polymorphonuclear cells (PMNs),
alleviated formation of antibodies, increased attachment of bacterial adhesion, and raised
local and systemic burden by escalating the expression of cytokines in the crevicular fluid
and serum [45]. These mechanisms have been associated with the inflammation of oral
connective tissues and destruction of alveolar bone around dental implants and natural
teeth in cigarette smokers [16].

In literature, a dearth of reports exist that assessed SPP and its association with
the inflammatory cytokines’ levels discharged saliva, serum, or PICF. In this aspect, the
authors hypothesized that PICF levels of TNF-α, MMP-1, IL-8 are raised in smokers
with peri-implantitis with high SPP scores than non-smokers with and without peri-
implantitis. The findings of the present study are in opposition with this hypothesis as
no statistically significant association between SPP and PICF levels of TNF-α, MMP-1,
IL-8. One justification in this regard might be that an array of factors such as coping
strategies, cognition, expectations, beliefs, and interpretation influence pain evaluation.
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Furthermore, from these findings, it is not possible to calculate the minimum amount of
proinflammatory cytokines required to evoke SPP in individuals with peri-implantitis.
Despite a well-documented association between pain conditions and cytokines [46,47], the
association between pain perception and cytokine expression in oral fluids remains unclear
and poorly understood. Hence, further research is required in this regard.

Although questionnaires are not particularly reliable regarding clinical peri-implant
parameters, including PI, PD, and BOP [48], they are valid and reliable tools for evaluation
of SPP and other oral symptoms [48]. Moreover, validated and well-designed question-
naires could too yield valuable data in survey-based epidemiological large sample-size
reports [26]. In the current study, NPRS was utilized to assess the SPP following the
recommendations by Downie and co-workers [5] almost forty years ago, who reported
that the NPRS (0–10) was a better method to assess SPP than other scales including the
four-point descriptive and the visual analogue scales. Because NPRS was the only utilized
scale for assessing the SPP, it is difficult to either contradict or support the Downie study [5].
Based on the present study’s findings, the NPRS appears to be an efficient scale for pain
evaluation in periodontology and implant dentistry. However, future studies utilizing
several pain evaluation scales are required to identify the most efficient and suitable pain
scale that can be employed on individuals with peri-implant diseases. It is important to
recognize the limitations of this study. First, the cross-sectional study and self-reported
results that depend on the subject’s recall capacities might have influenced the outcomes
of our findings. The assessment of pain biomarker(s) would have helped to evaluate the
pain parameter on the molecular level. Second, strict criteria were adopted regarding
patient selection. For example, patients with endocrine disorders and tobacco-product
consumers were excluded. As habitually consuming tobacco products is a predisposing
factor of peri-implant diseases [49], it was speculated that the levels of PICF proinflam-
matory cytokines and the severity of SPP are less in never smokers than smokers with
peri-implantitis. The primary strength of this study is the assessment of local proinflamma-
tory cytokines. In terms of accuracy, the use of bitewing radiographs in this study provided
better-standardized measurements. Future research studies using several pain evaluation
scales and biomarkers related to pain and dental implant therapy are required to identify
the most efficient and suitable diagnostic criterion that could be employed on individuals
with peri-implant diseases. In addition, longitudinal reports might help to evaluate the
PICF biomarkers’ evolution over time for better understanding in terms of peri-implant
infections among smokers and non-smokers.

5. Conclusions

Within the limitations of the present study, proinflammatory biomarkers were higher in
smokers with peri-implantitis than never smokers with and without peri-implantitis, with a
significant association between the proinflammatory cytokines and self-perceived pain.
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